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The extensive clinical experiments with stem cells, particularly in the treatment of oncohematological diseases, opened
up the possibility of trying out stem cells with nonhematopoietic diseases. Mesenchymal stem cells (MSCs) subsequently
emerged as a promising source for the regeneration and
repair of various tissues in the treatment of a range of diseases
due to their presence in all derived mesenchymal tissues in
the adult solid organs as well as in mesoderm from embryonic
tissue. This, plus their pluripotentiality and the fact that
they were easily obtainable, meant that MSCs represented an
important source for studies in regenerative medicine.
MSCs have been shown to be capable of differentiating in
various types of mesoderm derived cells as well as ectoderm
cells, such as skeletal muscle cells, neurons, cardiomyocytes,
osteocytes, chondrocytes, and others. MSCs in specific cultivation conditions in vitro and in host transplanted tissue,
being niche dependent, arouse clinical interest in stem-cell
therapy for regeneration in nonhematopoietic tissue diseases
and the prospect of creating a mesenchymal stem-cell bank
for research and subsequent clinical use.
In the development of clinical models, always preceded
by preclinical studies, there are various requirements to
guarantee the safety of therapy with stem cells and their
products, including the GMP procedures, cytogenetic control, identification and characterization of cells by immune
cytometric analysis, and demonstration of their pluripotentiality for the prospective use of MSC for tissue regeneration

in nonhematopoietic diseases [1]. In the study of MSCs,
the intrinsic properties—molecular, immunocytochemistry,
isolation, expansion, differentiation, and cryopreservation—
have made great advances and need further discussion. The
fact that MSCs do not express the antigens of histocompatibility means that they can be used in allogeneic transplantation.
The development of methods for isolating the subpopulations
of MSC fractions together with the perspective with this
subpopulation could obtain better results than the total population in replacement therapy for correction of determined
specific function [2].
Researchers and physicians are looking into the physiopathology of some diseases in light of the intrinsic cell
conditions on the development of each disease and are
proposing therapies based on the cells themselves or on
cell-based products. Some diseases are triggered in their
physiopathology by autoimmune mechanisms that could be
stabilized with the paracrine effects of MSCs, such as the antiinflammatory effect [3]; other diseases are triggered by the
senescence of the cells, as in conditions of cellular apoptosis,
and the MSC cells could act with the paracrine effects such as
antiapoptosis and by cell replacement; there are some diseases
which result from the loss of the production of certain
molecules and MSCs could differentiate in cells capable of
producing the molecule [4]; in other diseases, there is an
interruption in signals between the tissue cells, and the MSC
paracrine effects could promote the connections through the
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production of growth factors [5]. On the other hand, in
ischemic diseases, MSCs could be differentiated in specific
types of specialized cells, such as vessels and contractile cells,
cardiomyocytes [6]; in genetic diseases, MSCs could ensure
the delivery of genes for gene therapy [7] and could act in
immunomodulation with vaccines [8].
This issue provides discussions of the points described
above and takes a look into the future of cell therapy in
nonhematopoetic diseases, showing that it is nearer than we
expect! It is reality!
Katherine Athayde Teixeira de Carvalho
Gustav Steinhoff
Juan Carlos Chachques
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The study aims to identify the phenotypic marker expressions of different human adult stem cells derived from, namely, bone
marrow, subcutaneous fat, and omentum fat, cultured in different media, namely, DMEM-Low Glucose, Alpha-MEM, DMEMF12 and DMEM-KO and under long term culture conditions (>P20). We characterized immunophenotype by using various
hematopoietic, mesenchymal, endothelial markers, and cell adhesion molecules in the long term cultures (Passages-P1, P3, P5, P9,
P12, P15, and P20.) Interestingly, data revealed similar marker expression profiles irrespective of source, basal media, and extensive
culturing. This demonstrates that all adult stem cell sources mentioned in this study share similar phenotypic marker and all media
seem appropriate for culturing these sources. However, a disparity was observed in the markers such as CD49d, CD54, CD117,
CD29, and CD106, thereby warranting further research on these markers. Besides the aforesaid objective, it is understood from the
study that immunophenotyping acts as a valuable tool to identify inherent property of each cell, thereby leading to a valuable cell
based therapy.

1. Introduction
The ubiquitous existence of multipotent mesenchymal stem
cells annexes to be a powerful regenerative tool for its use
in cellular therapeutics rendering the replacement of worn
out cells [1, 2]. Despite the recent advancement, stem cell
therapy is still at its infancy, attributed with several hurdles
in regenerative applicability. This might be due to the lack of
an ideal source of stem cells that accounts for the functional
improvement of the diseased. The isolation and applicability

of stem cells derived from the prehistoric source, human bone
marrow, and the contemporary source of human adipose
tissue has revolutionized the field of regenerative medicine
[3–5]. Although these sources outweigh certain uncertainties,
stem cell therapeutics in many cases was unsuccessful [6, 7].
The rationale of this failure in terms of stem cell survival,
proliferation, and regeneration remains unclear.
Although the reason for the same is not fully understood,
researchers combat towards overcoming the recognized barriers such as hyperglycemia, hypoxia and inflammation to
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maximize the beneficial effects of MSC in cellular therapeutics [8, 9]. However, yet another potential reason for
such failure might be due to the lack of understanding
the individual components innate capability that forms the
basis of tissue maintenance, repair, and regeneration. This is
attributed to the fact that stem cells of adipose tissue and
bone marrow reside in a more heterogeneous crude mixture
along with the other constituents such as loose connective
tissue matrix, endothelial cells, vascular smooth muscle cells,
pericytes, leucocytes, mast cells, mesenchymal stem cells, and
immune cells such as resident hematopoietic progenitor cells
and macrophages [10–12]. The in vitro characterization and
maintenance of these heterogenous tissue stem/progenitor
cells are critical aspects when assessing their potential for
clinical application. It is a well-known fact that stem cells
use their receptors for binding other signalling molecules
as a way of communication to carry out their functions of
self-renewal and differentiation. Despite several attempts of
research efforts on revealing their biological properties [10,
13], the phenotypic and functional characteristics of these
stem cells, to date, still remain obscure.
The rationale behind this ambiguity relies on the hypothesis that influence of different media and media composition
may lead to variations in marker expression [14]. In addition,
it is also reported that these markers may or may not be
evident at primitive stages or may get lost with expansion in
vitro or in vivo [15], thereby identity of inherent population
for therapeutic interventions becomes a strenuous task. These
discrepancies based on phenotypic characterization of MSCs
make its applicability indefinite, thereby demanding a quest
for identification of prospective definitive marker profiles of
MSCs in vitro. Being in the regenerative medicine epoch
of treatment of degenerative diseases, it is important to
address this inconclusive tribulation. Hence, identification
of prospective markers of most widely used sources such as
adipose tissue and bone marrow is of utmost importance
to address the following reasons. Firstly, to understand the
innate capability of each cell population according to its
surface expression pattern, secondly, to advance our understanding of basic biological processes of stem cells during selfrenewal and differentiation, that is, their in vivo functionality
and finally, to demarcate and develop valuable cell based
therapies.
In lieu of the above, this study aimed to identify whether
the phenotypic marker expression profiles vary between
sources such as bone marrow and subcutaneous fat under different media (DMEM-Low Glucose, Alpha-MEM, DMEMF12, and DMEM-KO) and under long term culture conditions
(>P20). Omentum fat is also included in the study as its
immense potency is also underway [16–19].

2. Materials and Methods
2.1. Sampling. The protocol followed for all samples was
reviewed and approved by the hospital review board and
ethics committee of Lifeline Multispecialty Hospital, Chennai, India. The samples were collected in-house and the
research pursuit was explained to the patients followed by
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obtaining a written informed consent prior to collection of
samples.
The omentum fat was collected from patients undergoing
exploratory laparotomy. The omentum fat biopsies of 25–40 g
were obtained from 4 subjects (𝑛 = 4) with age group ranging
from 28 to 50 and mean BMI of 26.5±2.1 kg/m2 . The collected
tissues were processed within 4 hours of removal of fat from
patients.
The subcutaneous fat was collected from obese patients
undergoing Bariatric surgery in the form of abdominoplasty.
Subcutaneous fat of 25–50 g was obtained from 4 subjects
(𝑛 = 4) with age group ranging from 35–55 with a BMI
27.3 ± 1.8 kg/m2 after completion of surgery. The tissues were
quantified and were processed within 4 hours of collection.
Human bone marrow samples were obtained from the
iliac crest of patients (𝑛 = 4) undergoing experimental stem
cell therapy for spinal cord injury with mean age of 35.3±3.33
and body mass index (BMI) of 23.5 ± 1.167. All the samples
were processed within 2 hours of collection.
2.2. Cell Isolation
2.2.1. Bone Marrow. Mononuclear cells were isolated from
bone marrow aspirate by density gradient centrifugation
using Ficoll Paque. The aspirates were diluted with twice the
amount of PBS (Invitrogen) and layered on to Ficoll Paque
(Stemcell Technologies) solution in a centrifuge tube. The
layered samples were further centrifuged and the buffy coat
layer containing the mononuclear cells was collected. The
isolated mononuclear cell suspension was washed with PBS
to remove the residual Ficoll content and other contaminants.
The erythrocyte content in the isolated pellet was lysed using
0.7% NH4 Cl and lysis reaction was stopped with 0.9% ice
cold NaCl. The suspension was centrifuged to obtain the
mononuclear cell fraction. The isolated cells were further
resuspended in PBS and its total cell count and viability were
determined by trypan blue exclusion method.
2.2.2. Adipose Tissue. The surgical samples of obtained subcutaneous fat and omentum fat were washed thrice in wash
buffer 1x Phosphate Buffered Saline (PBS) (Hi-Media) containing 1% antibiotic-antimycotic solution (Invitrogen) and
were minced into 2-3 mm in diameter. These minced pieces
were further digested by 0.075% collagenase type-1 (HiMedia) solution. 10% Fetal Bovine Serum (FBS) (Invitrogen)
was used to inhibit the activity of collagenase. The digested
cells were centrifuged at 600 g for 10 minutes at 20∘ C. The
stromal vascular fraction found in the pellet obtained was
washed further and subjected to erythrocyte lysis using 0.7%
NH4 Cl solution for 5 minutes at room temperature. The
cells were subjected to further centrifugation and the pellet
recovered was resuspended in PBS. A single cell suspension
was obtained after filtration after which the cell viability was
evaluated using Trypan Blue staining.
2.3. Cell Culture. Cells isolated from these aforesaid sources were plated at a density of 3 × 105 /25 cm2 flask
(Nunc) and cultured in four different filter sterilized media:
DMEM-LG (Invitrogen), 𝛼-MEM (Invitrogen), DMEM-F12
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(Invitrogen), and DMEM-KO (Invitrogen), each of which
was supplemented with 10% FBS (Invitrogen) and 1%
antibiotic-antimycotic solution. The cells were maintained for
2–4 days before first media change. Standard culture conditions of 37∘ C, 5% CO2 , and 95% humidity were maintained
and 70–80% confluency was obtained. The primary culture
was subcultured until passage 20 with media changes twice
every week.
2.4. FACS Analysis. Flowcytometric characterization was
performed using Becton, Dickinson FACS Aria (BD FACS
Aria). Approximately 1 × 106 cells were stained with saturating concentrations of fluorochrome conjugated antibodies, CD34 PE (BD Biosciences), CD45 APC CY7 (BD
Biosciences), CD133 APC (e-Biosciences), CD31 FITC (BD
Biosciences), HLADR PERCP (BD Biosciences), CD44
FITC (BD Biosciences), CD73 PE (BD Biosciences), CD13
APC (BD Biosciences), CD29 PE (BD Biosciences), CD90
PERCP (e-Biosciences), CD105 APC (e-Biosciences), SSEA4
ALEXAFLOUR (e-Biosciences), CD117 APC (e-Biosciences),
ABCG2 PE (e-Biosciences), CD166 PE (BD Biosciences),
CD106 FITC (BD Biosciences), CD54 PERCP (BD Biosciences), CD 49d PE (e-Biosciences), and ALDH. The cells
were incubated in the dark for 20 minutes at 37∘ C. The
incubated cells were washed thrice with wash flow buffer
consisting of phosphate buffer supplemented with 2% (v/v),
FBS (Sigma Aldrich), and 0.1% (w/v) sodium azide, NaN3
(Sigma Aldrich) and resuspended in 500 𝜇L of BD FACS
flow and vortexed. BD FACS-DIVA Software was used for
sample data acquisition and analysis. The first plot is created
with FSC versus SSC in all experiments. The subsequent plots
were created using the respective flourochrome (𝑥 axis) along
with SSC (𝑦 axis). The FSC Vs SSC were created to identify
the different cell population and to avoid debris. The isotype
control was used to set the gates and the analysis regions. The
readings of each antibody cocktail in respective tubes were
run, analysed, and recorded. All samples were characterized
and recorded with a minimum of 10000 events.
2.5. ALDH Analysis. ALDH analysis was performed using
Aldehyde dehydrogenase kit (Stem Cell Technologies). Dry
ALDEFLUOR reagent was activated by incubating with
DMSO followed by incubation with 2 N HCl at room temperature. The incubated mixture was further added with
ALDEFLUOR assay buffer and stored at −20∘ C. Briefly, 1×105
cells were recovered by centrifugation and resuspended in
assay buffer (1 × 105 cells per mL). The suspended sample
was treated with 5 𝜇L of activated ALDH substrate at 37∘ C in
water bath. The incubated sample was further centrifuged and
the pellet obtained was resuspended in cold ALDEFLUOR
assay buffer. The stained cells were analysed in a flowcytometer with FITC channel. A sample tube containing DEAB
(Diethylaminobenzaldehyde—a specific inhibitor of ALDH)
was ran as control.
2.6. Statistical Analysis. All data obtained from omentum
fat, subcutaneous fat, and bone marrow samples in different
media (𝑛 = 4) were represented as Mean ± Standard Error
Mean (SEM). The data were analysed using One Way Analysis
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of Variance (ANOVA) along with Duncan multiple range test
using SPSS 15.0 (SPSS Inc., Chicago, IL, USA). 𝑃 values were
calculated to determine the statistically significant variations.
Results were considered statistically significant when 𝑃 <
0.05 and 𝑃 < 0.01.

3. Results
3.1. Comparative Expression Profiles of Collated Surface Antigens. The MSCs of early and later passages from omentum
fat, subcutaneous fat, and bone marrow cultured extensively
(until P20) in four different media as illustrated (Figure 1)
were phenotypically characterized (𝑛 = 4) for the diverse
panel of cell surface marker profiles including mesenchymal
stem cell, CD90, CD73, and CD105 as proposed by the
International Society for Cell Therapy (ISCT), hematopoietic
stem cell, CD34, CD45, and CD133, cell adhesion molecules,
CD29, CD49d, CD44, CD166, CD106, CD54, and CD31,
and certain unique markers such as CD13, CD117, HLADR,
ABCG2, CD140b, SSEA4, and ALDH using flowcytometry.
The dotplots of flowcytometric analysis of these diversified markers for omentum fat (Figures 2 and 3) were
illustrated. The comparison of surface antigenic expression
profiles of cultured MSCs at early and later passages of
these aforesaid sources in DMEM-LG (Figure 4), AlphaMEM (Figure 5), DMEM-F12 (Figure 6), and DMEM-KO
(Figure 7) were comprehended graphically in the form of
Mean ± SEM with its statistical significance. Despite the
similarities in most of the markers in all media, some
inconsistent expressions were identified in markers such as
CD117, CD54, and CD49d.
For ease of comparative expression analysis, the articulation of the marker expression was made according to
previously specified range and category (Table 1) such as:
Remarkable (90–100%), high expression (75–89%), moderate
expression (40–74%), low expression (11–39%) and sparse
expression (1–10%) [20].
3.2. Comparative Expression Profiles of Categorized
Surface Antigens
3.2.1. Hematopoietic Stem Cells Markers. Hematopoietic stem
cell markers such as CD34, CD133, CD45, and HLADR were
studied for their expression. It is evident from the analysis
that these markers were found to be sparsely expressed in
early and later passages of all sources in all media except for a
slight higher expression of CD45 at early passage of omentum
fat MSCs cultured in DMEM-F12.
3.2.2. Mesenchymal Stem Cells Markers. The study revealed
a similar remarkable expression of these markers CD90,
CD105, and CD73 throughout the long term culture condition of all sources in all media, as defined by ISCT [21]. The
SSEA4 showed a sparse expression of all sources in all media.
However, an increase in expression was identified in DMEMLG of all sources.
3.2.3. Cell Adhesion Molecules/Surface Enzymes/Side Population. MSCs innate property of transendothelial migration
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Figure 1: Morphology of cultured mesenchymal stem cells. Representative photomicrographs showing morphology of mesenchymal stem
cells at early passage (P3) derived from omentum fat (a), subcutaneous fat (b), and bone marrow (c) and at late passage (P20) derived from
omentum fat (d); subcutaneous fat (e) and bone marrow (f), (Scale-20 𝜇m; Magnification at 20x).

and homing is indebted to the presence of cell adhesion
molecules. Current study includes the following cell adhesion
molecules: CD29, CD44, CD166, CD106, CD31, CD49d,
and CD54, surface enzymes: CD13 and ALDH and side
population: ABCG2 and CD117. The sparse expressions of
CD106 and CD31 were found in all sources of all media.
Similarly, the ALDH expression was found to be lower in all
sources of all media except for its moderate expression in
both early and later passages of DMEM-F12 for OF. Unlike
the expressions of MSC specific markers, the study showed a
varying expression in the markers such as CD54, CD49d, and
CD117 in early and later passages of all sources in all media,
except for its similar expressions of CD54 in early passages
of SF and BM, CD 49d in early passages of OF and CD117 in
both early and later passages of SF in all media as illustrated
(Table 1). On the other hand, the markers such as CD29,
CD44, CD166, and CD13 showed remarkable expressions
throughout the long term culture condition except for its
slight decrease in its expression of CD13 at early passage of
OF at Alpha-MEM and DMEM-KO.

4. Discussion
Over the past 6 years, there are several reports on variations
exhibited in the characterization of cell surface markers at different stages of MSC culture from bone marrow and adipose
tissue [3, 10, 13, 20, 22–26], further making cell surface marker
expression study an arduous task. The expression profile
was identified to change as a function of time in passage
and plastic adherence [27, 28]. Hence, there is a lack of
thorough understanding of the mechanism underlying stem
cell renewal and its functional differentiation. Although, the

maintenance of stemness property such as cell proliferation
and cell differentiation under long term cultures of different
media was studied [9, 19, 29, 30], identification of prospective
definitive markers specific to MSCs of the existing contemporary therapeutic adult postnatal sources such as bone marrow
and adipose tissue remains elusive. Further, it has not yet
been studied what happens to these markers under long term
cultures with different media. This formed the basis of our
present study.
The impact of different culture media (DMEM-LG,
Alpha-MEM, DMEM-F12, and DMEM-KO) exposed to long
term culture conditions of MSCs obtained from OF, SF, and
BM was analysed in detail for diversified surface antigen until
P20 for bone marrow samples and until P25 for adipose tissue
samples. Out of the four samples processed from each source,
unlike omentum fat and subcutaneous fat, only one sample
of bone marrow could grow beyond P20 and rest lost its
potential to grow beyond P15. However, on the other hand,
the influence of different culture media has not lead to marker
expression variations in both early and later passages of all
sources except for certain exhibited marker variations seen
in CD49d, CD54, and CD117.
These marker variations exhibited in our results in
all media was similar to the results of certain previously
published [3, 10, 13, 23, 24, 26]. However, further in-depth
research is of utmost importance on the cell adhesion
molecule that interacts with the cytoskeleton of MSC. This
might enhance the understanding of MSC as an instrument of curative therapeutics involved in the applications
of neovascularisations, angiogenesis, and treatment of other
vascular disorders. This is due to the fact that CD117 serves
as an important growth factor that plays a vital role in cell
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Figure 2: Flowcytometric characterization of MSCs and CAM of omentum fat derived MSC. Characterization of omentum fat derived MSC
at early (P3) and late (P20) passages in DMEM-LG, Alpha-MEM, DMEM-F12, and DMEM-KO for CD90, CD105, CD73, CD29, CD49d,
CD44, CD166, CD106, CD54, and CD31 using flowcytometry.
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Figure 3: Flowcytometric characterization of HSC and unique markers of omentum fat derived MSC. Characterization of omentum fat
derived MSC at early (P3) and late (P20) passages in DMEM-LG, Alpha-MEM, DMEM-F12, and DMEM-KO for CD34, CD45, CD133, HLADR, CD117, ABCG2, ALDH, SSEA4, and CD13 using flowcytometry.
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Figure 4: Marker expression profiling of MSCs cultured in DMEM-Low Glucose (DMEM-LG). Comparative Surface antigenic profiling of
MSCs derived from omentum fat, subcutaneous fat, and bone marrow at early (P3) and late (P20) passages cultured in DMEM-LG.
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Figure 5: Marker expression profiling of MSCs cultured in Alpha-MEM. Comparative Surface antigenic profiling of MSCs derived from
omentum fat, subcutaneous fat, and bone marrow at early (P3) and late (P20) passages cultured in Alpha-MEM.
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Figure 6: Marker expression profiling of MSCs cultured in DMEM-F12. Comparative Surface antigenic profiling of MSCs derived from
omentum fat, subcutaneous fat, and bone marrow at early (P3) and late (P20) passages cultured in DMEM-F12.
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Figure 7: Marker expression profiling of MSCs cultured in DMEM-KO. Comparative Surface antigenic profiling of MSCs derived from
omentum fat, subcutaneous fat, and bone marrow at early (P3) and late (P20) passages cultured in DMEM-KO.
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Table 1: Comparative analysis of ranges of marker expression profile.
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Expression ranges: R: remarkable (>90%); H: high (75–89%); M: moderate (40–74%); L: low (11–39%); S: sparse (<10%). Early (P1, P3, and P5), late (P9, P12,
P15, and P20); OF: omentum fat; SF: subcutaneous fat; BM: bone marrow; LG: low glucose; MEM: minimum essential media; KO: knock-out.

survival, proliferation, and differentiation [31]. CD54 is an
endothelial and leukocyte-associated transmembrane protein
long known for its importance in stabilizing cell-cell interactions and facilitating leukocyte endothelial transmigration.
As a result of these binding characteristics, CD54 has classically been assigned the function of intercellular adhesion
[32]. Similarly, CD49d along with the higher expression of
its counterpart, CD29, together forming VLA4 is supposed
to play a role in mobilization and homing [20, 23, 33, 34].

However, we found a contrary expression pattern in the
markers such as CD49d and CD106 when compared to the
previously published reports. The literature reports that adipose tissue MSCs expresses CD49d and not CD106, whereas
bone marrow MSCs expresses CD106 but not CD 49d. This
reciprocal expression pattern is interesting because CD106
is the cognate receptor of CD49d and both these molecules
represent part of a receptor-ligand pair that has an important
role in hematopoietic stem cell homing to and mobilization
from bone marrow [35–37]. However, our study revealed a
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varying expression pattern of CD49d in all sources including
bone marrow and a similar sparse expression of CD106 was
obtained in all sources, including adipose tissue. Further
research on the discrepancies related to CD49, CD29, and
CD106 might throw light as these molecules together play
a vital interactive role. Besides, CD13 was also identified to
be a potent marker that plays a vital role in angiogenesis and
migration [20, 38].
Besides, the similar remarkable expression patterns of cell
surface markers such as CD90, CD105, CD73, CD29, CD44,
CD166, and CD13 and negative expressions of CD34, CD45,
CD133, CD31, and HLADR obtained in our study have been
detected with highly consistent patterns of expression on the
surface of MSCs by different literatures [3, 22, 24, 39, 40].
This coherence in negative expressions supports the fact that
these marker expressions were lost with passage; and subsequent expansion will select for a relatively homogeneous
cell population compared with the whole cell population
[3, 10, 22, 26, 39–41]. The wealth of knowledge on these
markers about their crucial migration and homing evokes
that these markers impersonate a CAM that performs these
aforesaid functions in MSC. Although the existence and functionality of certain MSC specific markers is known, there is
uncertainty among the specificity and functionality of several
other markers of MSC, thereby demanding further extensive
research.
In addition, this study also analysed for the expression
of ALDH and ABCG2 in all sources of tissue and different
basal media. This is due to the fact that ALDH isozymes
involved in drug resistance and retinoic acid generation
would be crucial for the protection of stem cells against
toxic endogeneuos and exogeneous aldehydes and for their
ability to differentiate [42]; it serves as a key marker for the
prediction of therapeutic efficacy of MSCs. Similarly, ABCG2
plays a role in protecting stem cells by increasing their
survival capacity and proliferation potential, processes which
are fundamental for stem cell maintenance and renewal [43].
In search of a novel marker for prospective isolation of tissue
specific MSC, notion of cracking MSCs pluripotency was
carried by Gang et al. and coworkers for SSEA-4. In coherence
with his reports, our study also showed the expressions of
SSEA4. Its expression was identified to be more in omentum
fat MSCs and in DMEM-LG medium as compared to other
source and media, respectively [44].

5. Conclusion
It was demonstrated that the phenotypic characterization
of MSCs remained unchanged irrespective of source of
tissue, basal media, and extensive culturing. However, further
attention on the markers such as CD49d, CD54, CD117, CD29,
and CD106 of each source is suggested. Besides, our data
clearly shows that any basal media could be used for culturing
these sources.
Although this study resolves the enigma that has been
circulating all over on the identity of tissue specific cell
surface markers, there is a lot more to be explored in all fronts
of phenotypic characterization of stem cells for generation
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of specific MSCs for the specific condition based cell based
therapies.
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Fibrosis is the endpoint of many chronic inflammatory diseases and is defined by an abnormal accumulation of extracellular matrix
components. Despite its slow progression, it leads to organ malfunction. Fibrosis can affect almost any tissue. Due to its high
frequency, in particular in the heart, lungs, liver, and kidneys, many studies have been conducted to find satisfactory treatments.
Despite these efforts, current fibrosis management therapies either are insufficiently effective or induce severe adverse effects. In
the light of these facts, innovative experimental therapies are being investigated. Among these, cell therapy is regarded as one of the
best candidates. In particular, mesenchymal stromal cells (MSCs) have great potential in the treatment of inflammatory diseases.
The value of their immunomodulatory effects and their ability to act on profibrotic factors such as oxidative stress, hypoxia, and
the transforming growth factor-𝛽1 pathway has already been highlighted in preclinical and clinical studies. Furthermore, their
propensity to act depending on the microenvironment surrounding them enhances their curative properties. In this paper, we
review a large range of studies addressing the use of MSCs in the treatment of fibrotic diseases. The results reported here suggest
that MSCs have antifibrotic potential for several organs.

1. Introduction
Healthy tissues can be damaged under various conditions
by acute or chronic stimuli such as mechanical or chemical injuries, infections, or autoimmune reactions. In most
cases, the repair process consists of dead and damaged
cells replacement, thus restoring the organ’s unimpaired
functionality. The first stage of this mechanism, known as
the regenerative phase, corresponds to the replacement of
damaged cells by cells of the same type, thus ensuring
organ functionality. During the second phase, known as
fibroplasia or fibrosis, connective tissue replaces degraded
normal parenchymal tissue. Unchecked fibrosis leads to
substantial remodeling of the ECM (extracellular matrix)
with pathological features which results in the formation of
permanent scar tissue. Fibrosis may ultimately lead to organ
malfunction and death. It mainly originates from chronic
inflammation, tissue ischemia, and imbalance in the ECM
accumulation/degradation ratio [1].
Most organs are susceptible to fibrotic diseases, generally
as a consequence or feature of a preexisting pathology

(Figure 1). Obesity, aging, and environmental aggressions are
the main causes of fibrogenesis. Fibroproliferative diseases
are believed to be responsible for around 45% of deaths in
developed countries [2]. Although considerable efforts are
being devoted to the search for antifibrotic treatments, there
are currently few effective therapies for fibrotic diseases that
do not result in severe secondary effects. Anti-inflammatory
drugs have been considered as the most promising candidates
in clinical trials. A wide range of antioxidants have also been
tested. Nevertheless, most drug therapy protocols have failed
in achieving sufficient antifibrotic effect.
Thus, cell therapy has recently been put forward as a
possibility. In particular, mesenchymal stromal cell (MSC)
therapy seems to be a promising treatment. Indeed, preclinical and clinical trials have shown MSCs’ ability to improve
outcomes in various diseases such as the consequences of
radiotherapy [3], autoimmune pathologies [4], neurodegenerative disorders [5], and other etiological agents. Preclinical
and clinical studies have also put forward the ability of MSCs
to adapt to their environment. Indeed, the regulation of
MSCs’ secretome is highly influenced by the surrounding
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Figure 1: Fibrotic pathologies in various organs. Common features of fibrosis development and progression in various organs and related
diseases (ECM: extracellular matrix).

tissue. Therefore, MSC therapy yields different results with
different pathologies. Consequently, these effects have led
several laboratories to investigate the antifibrotic potential of
MSCs.

2. Common Cellular and Molecular
Mechanisms of Fibrotic Diseases
2.1. Wound Healing: The Initiation of Fibrosis. Tissue injuries
induce damages to resident cells which secrete inflammatory
mediators which initiate an antifibrinolytic-coagulation cascade associated with vascular congestion. A temporary ECM
is formed to serve as a scaffold for dead cells replacement.
Subsequent platelet activation causes the release of various mediators including vasoactive factors (vasodilatation,
increased vascular permeability, and edema by plasma exudation), cytokines, and chemokines that enable the recruitment
of leukocytes. The formation of a fibrin clot serves as a
matrix for cell migration and platelet adhesion. Fibrinolysis
is later activated and leads to the dissolution of the fibrin clot
replaced by a granulation tissue. Plasmin is released from the
fibrin clot and activates the complement system, triggering
the release of chemotactic and vasoactive anaphylatoxins [1,
6].
Next, recruited leukocytes home by adhesion to
molecules such as selectins, integrins, and immunoglobulins.
Phagocytosis of tissue debris, dead cells, and any exogenous
organisms is carried out by macrophages and neutrophils.
They also produce cytokines and chemokines to recruit
endothelial cells necessary for neovascularization. The

interaction of fibroblasts, fibrocytes, or other resident cells,
such as hepatic stellate cells (HSCs), with the microenvironment induces their differentiation into myofibroblasts
which synthesize ECM and growth factors including
profibrotic TGF-𝛽1 (transforming growth factor-𝛽1). The
secretion of autocrine hormones enables the maturation
of myofibroblasts. 𝛼-SMA (𝛼-smooth muscle actin) and
vimentin expression by myofibroblasts are responsible for
their contractile activity [7]. This contractibility is required
for the closure of the wound. The formation of this so-called
granulation tissue is characterized by the presence of many
blood capillaries allowing the supply of nutrients, hormones,
and respiratory gas [1, 2, 6].
Finally, the migration and maturation of epithelial and
endothelial cells then allow the formation of scar tissue
and neovascularization. The provisional ECM is degraded
by matrix metalloproteinases (MMPs) once complete tissue
replacement is achieved. The subtle equilibrium between
MMPs and their inhibitors, tissue inhibitors of metalloproteinases (TIMPs), controls ECM accumulation and degradation throughout the repair process. Thus, it guarantees proper
ECM remodeling by inducing a shift in matrix composition.
Next, myofibroblasts disappear by apoptosis, triggered by
the establishment of a negative activation loop indicating
regeneration of the injured tissue [1, 2, 6].
2.2. Specific Fibrosis Mechanisms. Various fibroproliferative
pathologies share common features. Fibrosis begins as a
normal tissue regeneration process. Resident and recruited
cells are activated to produce a provisional ECM facilitating
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repair. However, in the case of bacterial infection, ischemia,
chronic inflammation, or other persistent stimuli, a constant loop of myofibroblast activation sets in, leading to
excessive ECM accumulation. Activated myofibroblasts also
produce chemokines to recruit cells from the immune system
(macrophages, T- and B-cells, neutrophils, and eosinophils),
thus perpetuating chronic inflammation. The pathologic
matrix progressively invades the tissue, eventually ending
in the presence of a permanent fibrotic scar. Histologically,
fibrosis can be defined by two distinct stages. Development corresponds to the onset of matrix accumulation
where only scattered fibrosis areas are seen in the tissue,
whereas the endpoint is characterized by diffused spans of
ECM possibly distributed through the entire tissue. The
progressive replacement of dead cells by ECM suppresses
organ function and induces stiffness. Ultimately, the best
course of treatment for advanced fibrosis is often organ
transplantation.
Fibrosis is a complex pathology driven by numerous
biological factors such as chronic inflammation and hypoxia.
Ionizing radiation, for example, induces endothelial cell death
and oxidative stress, resulting in prolonged inflammation and
potentially fibrosis. The constant recruitment of inflammatory cells generates an activation loop of myofibroblasts and
maintains a steady pool of profibrotic cells.
One of the main molecular agents inducing fibrosis is
TGF-𝛽1, mainly synthesized by T-cells during the healing
process [8]. TGF-𝛽1 is secreted in a latent form associated
with LAP (latency associated peptide). LAP is cleaved to allow
the activation of TGF-𝛽1 which is able to bind its receptors
TGF-𝛽R1 (transforming growth factor receptor-𝛽1) and TGF𝛽R2. Therefore, there is a large pool of inactive TGF-𝛽1 in the
extracellular environment. Various agents can induce TGF-𝛽1
activation: MMPs [9], reactive oxygen and nitrogen species
(ROS and RNS) [10], cytokines [11], or other stimuli such as
ionizing radiation [12]. The binding of TGF-𝛽1 to its receptors
activates the Smad (small mothers against decapentaplegic
homolog) signaling pathway which induces the transcription
of various genes, including genes encoding members of the
extracellular matrix (collagens mostly) [13]. It also activates
the differentiation of fibrocytes toward functional fibroblasts.
EMT (epithelial-to-mesenchymal transition) and
EndMT (endothelial-to-mesenchymal transition) are also
described as important sources of fibroblasts. Epithelial
or endothelial cells assume a spindle shape, lose their cell
markers, and express typical fibroblast markers such as
FSP-1 (fibroblast specific protein-1), 𝛼-SMA, and vimentin
[14, 15]. They also acquire the ability to produce collagen
and fibronectin (extracellular matrix components) [16].
TGF-𝛽1 has also been shown to decrease the expression and
activity of MMPs and increase the expression of TIMPs [17].
Thus, TGF-𝛽1 is considered to be one of the major factors in
fibrosis development.
Other growth factors take part in prolonged fibrogenesis.
CTGF (connective tissue growth factor) acts synergistically
with TGF-𝛽1 to stimulate the signal transduction pathway
dependent on TGF-𝛽1 [18]. CTGF can also stimulate the
proliferation, migration, and adhesion of fibroblasts and the
production of the extracellular matrix [19, 20].
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Thus, fibrosis is a multicomponent pathology driven
by multiple factors (Figure 2). One of the main issues in
treating fibrosis lies in its self-maintenance. Hence, various
therapies might be considered depending on the stage of
fibrogenesis. Indeed, preventive or curative strategies should
differ based on the ECM components and the mechanisms
involved. Moreover, combined therapies should be used to
simultaneously act on various profibrotic mechanisms and
enhance treatment efficacy.

3. Fibrosis Models
Over the years, many models of fibrosis in animals have been
developed. Mechanical or chemical procedures are used to
mimic damage observed in patients.
Heart. Cardiac fibrosis is characteristic of many heart diseases. Doxorubicin (DOX) or isoproterenol (ISO) is widely
used to induce myocardial infarction (MI). It is hypothesized
that DOX-induced cardiac damage increases the concentration of reactive oxygen species, thus causing injury to
mitochondria, leading to apoptosis and fibrosis [21]. ISO
injection directly into the heart produces diffuse myocardial
cell death and fibrosis, leading to progressive heart failure
[22]. Finally, ligation of the interventricular artery results in
ischemia and eventually leads to fibrosis [23].
Kidney. Interstitial fibrosis and glomerulosclerosis are common features of kidney pathologies such as chronic kidney
disease (CKD), chronic allograft nephropathy (CAN), or
ureteral obstruction. In the reversible unilateral ureteral
obstruction (UUO), fibrosis is induced by oxidative stress
[24]. Atherosclerotic renal artery stenosis (ARAS) is found
among 50% of atherosclerotic patients with other atherosclerotic diseases [25]. In preclinical studies, ARAS is modeled
by placing an irritant coil in one of the main renal arteries to
induce chronic inflammation [26]. Removal of one or both
kidneys and kidney allograft can be performed to create a
CAN model [27]. “Nephrectomy + ischemia-reperfusion +
cyclosporine” (NIRC) is a recent model mimicking CKD.
Oxidative stress caused by ischemia, exacerbated by the
immunosuppressive effect of cyclosporine, induces interstitial fibrosis following ischemia-reperfusion [28]. Lastly, in the
remnant kidney model (RKM), also called 5/6 nephrectomy
(5/6 NX), interstitial fibrosis is induced by removing one
kidney and two-thirds of the second. It is hypothesized
that subsequent oxidative stress and inflammatory reaction
generate fibrosis [29].
Liver. Fibrosis in the liver, or cirrhosis, is the common
endpoint of chronic liver diseases. It originates from not
only numerous pathologies such as alcoholic liver disease
and viral or autoimmune hepatitis but also hepatotoxic drugs
and toxins. Carbon tetrachloride (CCl4 ) induces irreversible
pathologies such as fatty liver, fibrosis, cirrhosis, and cancer
and is mainly used in liver damage models [30].
Lungs. Pulmonary fibrosis is an increasingly frequent pathology due to the growing number of smokers and the pollution
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Figure 2: Fibrosis is a multicomponent pathology driven by multiple factors. Fibrotic diseases are driven by multiple factors such as
inflammatory reaction, hypoxia, and oxidative stress leading to the activation of the TGF-𝛽1 pathway (DC: dendritic cell, EMT: epithelialto-mesenchymal transition, LAP: latency associated protein, MMP: matrix metalloproteinase, RNS: reactive nitrogen species, ROS: reactive
oxygen species, Smad: small mothers against decapentaplegic homolog, TGF: transforming growth factor, and TIMP: tissue inhibitor of
metalloproteinases).

resulting from current lifestyles. The onset of fibrosis in the
bleomycin, mainly originating from DNA single and double
strand breaks, is a major side effect of this drug which
is now widely used in the development of animal models
of pulmonary fibrosis [31]. Exposure to silica also induces

fibrotic responses. The resulting persistent toxic effect causes
chronic inflammation resulting in fibrogenesis [32].
Peritoneum. Peritoneal fibrosis can be initiated by toxins,
infectious peritonitis, or incompatible dialysate products.
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Chlorhexidine gluconate (CG) was one of the first compounds believed to cause encapsulating peritoneal sclerosis
(EPS) during dialysis. Peritoneal exposure to CG leads to an
inflammatory reaction causing fibrosis in animal models [33].
Skin. Skin fibrosis is part of a wide range of human disorders including keloids, hypertrophic scars, and scleroderma.
Subcutaneous injections of bleomycin produce lesions mimicking scleroderma [34]. Radiation exposure can lead to
fibrosis in a number of different organs. Cutaneous radiationinduced fibrosis is caused by a strong inflammatory reaction,
apoptosis, and oxidative stress and is a commonly used
animal model [35]. Another in vivo cutaneous fibrosis model
has been developed in mice by producing full-thickness
wounds which consequently lead to chronic inflammation
[36, 37].
Pancreas. The incidence of chronic pancreatitis is approximately 30 per 100,000 and is increasing over time [38].
Since existing treatments are limited, continuous efforts
are being devoted to preclinical studies in animal models.
Intravenous administration of dibutyltin dichloride (DBTC)
induces damage to the bile duct epithelium. Subsequent
inflammation causes fibrosis in the pancreas [39].
Colon-Rectum. 5 to 10% of patients receiving pelvic radiotherapy develop chronic radiation proctopathy due to the
high radiosensibility of organs in the radiation field (colon,
rectum, and bladder) [3]. Radiation proctopathy is modeled
in animals by delivering a high radiation dose to the rectum
[40]. Radiation-induced damage to the tissue as well as
oxidative stress induces fibrosis in this model.
Common features are characteristic of these animal
models of fibrosis. Chemical compounds, physical agents, or
surgery procedures are used to induce the initial injury. This
protocol is often repeated periodically or maintained over
a prolonged time. Subsequent damage to the tissue induce
chronic inflammation, oxidative stress, and/or hypoxia necessary to activate resident and recruited cells toward a
profibrotic phenotype. In most cases, fibrotic features appear
weeks to months after the initial stimulus.

4. Antifibrotic Effects of Mesenchymal
Stromal Cells Therapy
MSCs are widely described for their immunoregulatory properties. Nevertheless MSCs’ antifibrotic functions are poorly
described. Syntheses of in vivo study outcomes are described
in Table 1 (heart), Table 2 (liver), Table 3 (kidneys), Table 4
(lungs), Table 5 (peritoneum), Table 6 (pancreas), Table 7
(skin), and Table 8 (rectum). The synthesis of in vitro study
outcomes is shown in Table 9.
4.1. Immunological Aspects. Pathogenic fibrosis results from
chronic inflammatory reactions. Recent advances in the
immunobiology of MSCs have led to increased interest in
their use as a new therapeutic modality to address chronic
inflammation associated with fibrosis (Figure 3) [78, 79].
The immunosuppressive effect of MSCs has been extensively
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studied and documented, particularly because of its value
in organ transplantation. MSCs operate on the T and B
lymphocytes by blocking them in the G0/G1 phase of the
cell cycle, inhibiting the production of immunoglobulins
(IgA, IgG, and IgM) and the differentiation of B lymphocytes. MSCs induce a change in polarity in T lymphocytes
from a proinflammatory Th1 state to an anti-inflammatory
Th2 condition [80, 81]. They act in the differentiation and
maturation of dendritic cells and make them tolerogenic
[82]. Furthermore, MSCs inhibit the cytotoxic activity of
natural killer cells on HLA-1 (human leukocyte antigen-1)
negative cells and reduce the production of cytokines: TNF𝛼 (tumor necrosis factor-𝛼), IFN-𝛾 (interferon-𝛾), and IL-10
(interleukin-10) [83]. Therefore, MSCs are of value for the
treatment of diseases with an inflammatory component.
Numerous studies have highlighted the benefits of
immunomodulation by MSCs in the treatment of fibrosis.
MSC-induced decreased TLR (toll-like receptor) expression
suggests their ability to limit chronic inflammation [40].
After the transplantation of MSCs, a decreased infiltration
of monocytes/macrophages, neutrophils, and lymphocytes
in the tissue was observed in various models [40, 69,
70, 73, 74]. This correlates with the decreased expression
of MCP-1 (monocyte chemoattractant protein-1) in some
cases [74]. Additionally, underexpression of VCAM-1 (vascular cell adhesion molecule-1) and ICAM-1 (intercellular
adhesion molecule-1), involved in leukocyte-endothelial cell
interactions, suggests reduced inflammatory cell infiltration
[74]. In a model of radiation-induced skin fibrosis, MSCs
induced macrophage transition toward a regulatory phenotype, thus limiting chronic inflammation causing fibrosis
[76]. Decreased iNOS (nitric oxide synthase) expression after
MSC transplantation suggests a reduction of M1 macrophage
activity [40]. An increased proportion of anti-inflammatory
M2 macrophages were reported after MSC transplantation in
a heart fibrosis model [45] and a radiation-induced proctitis
model [40]. Microvesicles purified from MSC-conditioned
medium, while significantly decreasing the amount of inflammatory cells, produced lower effects compared to MSC
transplantation in the lung [69].
MSCs inhibit the expression of IFN-𝛾, which exerts a
proinflammatory effect by inducing overexpression of IL6 and TNF-𝛼 [67]. The decrease in mRNA expression and
protein concentration of TNF-𝛼, a profibrotic cytokine, was
detected in the tissue after MSC transplantation [40, 58, 60,
65–67, 70, 74, 76, 77]. IL-1𝛼 [76], IL-1𝛽 [70, 76], and IL6 [40, 63, 65, 70, 74] are underexpressed in several fibrosis models following MSC injection. Increased expression
of anti-inflammatory cytokines IL-4 and IL-10 after MSC
transplantation was observed, suggesting the transition of T
lymphocytes to a Th2 profile [65]. Similarly, MSCs induced
increased IL-10 expression and concentration in a model of
cutaneous and rectal radiation-induced fibrosis [40, 76].
Antiapoptotic effects of MSC therapy can also be discussed, as fewer apoptotic events correlate with reduced
inflammation. In fibrotic tissues following MSC transplantation, a decrease in apoptotic events was observed [41, 42, 52,
65]. Accordingly, MSCs may protect resident cells, increasing
functionality and recovery.

Rat

Rat

Rat

Rat

[42]

[43]

[44]

[45]

BM

BM

BM (wild type or
melatonin treated)

FM or BM

2.5 mg/kg 6 times
in 2 weeks

170 mg/kg every
day for 4 days

Ligation of the
interventricular
artery

Ligation of the left
coronary artery

Ligation

Ligation

ISO

DOX

BM

MSC source

Quantity

Route

4 weeks after
ligation

2 weeks after
ligation

4 weeks after
the final ISO
injection
Intramyocardial

Tail vein

Two-layered MSC
sheets

Anterior heart
wall

3 injections of 2.106 cells
or 3 injections of 50 𝜇L
Intramyocardial
of MSC-conditioned
medium

3.106 cells

1 week after the −5.106 cells or −1 mL of
first DOX
MSC-conditioned
injection
medium

Infarction and
30 minutes after
3.107 cells + atorvastatin peri-infarction
reperfusion
zone

Timing

Outcome
(i) Reduced fibrotic area
(ii) Reduced inflammation score
(iii) Decreased apoptosis
(iv) Increased cNOS activity
(v) Atorvastatin increases MSC survival
(i) Reduced fibrotic area (similar effect with
MSC-conditioned medium)
(ii) Increased Bcl-2/Bax ratio (similar effect with
MSC-conditioned medium)
(iii) High concentration of HGF and IGF-1 in
MSC-conditioned medium
(i) Reduced fibrotic area.
(ii) Decreased expression of type I collagen
(iii) Decreased expression of pro-MMP-2, active
MMP-2, and MMP-9
(iv) Decreased concentration of MMP-2 and MMP-9
(v) Increased concentration of HGF
(vi) Increased expression of HGF (sham level)
(i) Reduced fibrotic area (improved effect with
melatonin)
(ii) Stimulation of angiogenesis
(iii) Increased concentration of HGF (improved
effect with melatonin)
(i) Reduced fibrotic area
(ii) Increased proportion of M2 macrophages
(iii) Increased concentration of VEGF
(iv) Increased capillary density in peri-infarct area
(v) Some MSCs engrafted 28 days after
transplantation
(vi) Some engrafted MSCs express 𝛼-SMA and/or
lectin-I
(vii) No significant difference between FM and
BM-MSCs

Influence of fibrosis induction methods, MSC source, timing of injection, quantity of MSCs transplanted, and transplantation route. Outcomes are expressed compared to control groups (i.e., groups treated but not
transplanted with MSCs) unless stated otherwise (𝛼-SMA: 𝛼-smooth muscle actin; BAX: Bcl-2-associated X protein; Bcl-2: B-cell lymphoma 2; BM: bone marrow; DOX: doxorubicin; FM: fetal membrane; HGF:
hepatocyte growth factor; IGF: insulin-like growth factor; ISO: isoproterenol; MMP: matrix metalloproteinase; MSC: mesenchymal stromal cell; NOS: nitric oxide synthase; VEGF: vascular endothelial growth
factor).

Pig

[41]

Treatment

Ligation of the left
coronary artery
Ligation
for 90 minutes
before reperfusion

References Organism Model

Table 1: MSC treatment on preclinical heart fibrosis models.
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Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

[47]

[48]

[49]

[50]

[51]

[52]

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

Organism Model

[46]

References

UC

BM

BM

BM

BM

AM

1 mL/kg twice a week
for 8 weeks

1 mL/kg twice a week
for 2 or 5 weeks

4 weeks CCl4
treatment followed by
4-week SNP treatment

20 mL/kg twice over a
48-hour period

1 mL/kg twice a week
for 8 weeks

BM

MSC source

0.6 mL/kg twice a week
in 1 week

Treatment
1 mL/kg twice a week
for 8 weeks + 100 𝜇g/kg
IL-6 24 and 48 hours
after completion of
CCl4 treatment

106 cells

106 cells

4 weeks after the
beginning of the CCl4
treatment
Immediately
following or 1 week
after CCl4 treatment

After 4 weeks of CCl4
treatment

105 cells

106 cells

106 cells

250 𝜇g of
MSC-secreted
exosomes

6 weeks after CCl4
treatment

Following CCl4
treatment

Local
(liver lobes)

5 injections of 106
cells

52 hours after CCl4
treatment completion

Spleen

Tail vein

Local

Tail vein

Tail vein

Route

Quantity

Timing

Table 2: MSC treatment on preclinical liver fibrosis models.
Outcome
(i) Reduced fibrotic area
(ii) Decreased apoptosis (improved by IL-6
treatment)
(iii) Decreased expression of markers of
apoptosis (Bax, capsase-3, and NF-𝜅B)
(i) Reduced fibrotic area
(ii) Decreased expression of collagens I and
III
(iii) Decreased expression of TGF-𝛽1
(iv) Decreased concentration of TGF-𝛽1 in
serum
(v) Decreased phosphorylation of Smad2
(vi) Decreased EMT as evidenced by the
decrease in N-cadherin and vimentin
positive cells
(i) Reduced fibrotic area
(ii) Decreased expression of 𝛼-SMA
(iii) Decreased expression of collagen type I
(iv) Increased expression of MMP-13
(i) Reduced fibrotic area
(ii) Decreased expression of TGF-𝛽1 and
𝛼-SMA
(i) Reduced fibrotic area
(ii) Decreased expression of NF-kB
(iii) Decreased expression of 𝛼-SMA
(iv) Decreased expression of collagen 1𝛼1
and TIMP-1
(v) Effect improved by SNP treatment
(i) Reduced fibrotic area
(ii) Decreased expression of 𝛼-SMA and
collagen 1𝛼1
(iii) Injection of FGF2 partially reproduces
the effects of MSCs
(i) Reduced fibrotic area
(ii) Increased hepatocyte proliferation
(iii) Increased expression of Bcl-2
(iv) Decreased hepatocyte apoptosis
(v) Reduced number of 𝛼-SMA-positive cells
(vi) Increased SOD activity
(vii) Increased expression of HGF and Bcl-2
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Rat

Rat

Rat

Rat

Rat

Rat

[54]

[55]

[56]

[57]

[58]

[59]

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

AT

MSC source

4 weeks after the
beginning of the CCl4
treatment

5.10 cells

UC

0.5 mL/kg (first
administration)
followed by 1 mL/kg
twice a week for 8
weeks (gavage)

5

5.106 cells

4 weeks after the
beginning of the CCl4
treatment

BM (wild type
or hepatogenic
differentiation)

1 mL/kg twice a week
for 8 weeks

Hepatic portal
vein

106 cells

Reduced fibrotic area

Decreased collagen concentration

(i) Reduced fibrotic area (improved effect
after MSC pretreatment with HGF)
(ii) Decreased inflammation

(i) Reduced fibrotic area
(ii) Improvement of the microvasculature
(iii) Decreased expression of VEGF

Outcome

Local

(i) Reduced collagen deposition
(ii) Decreased concentration of TGF-𝛽1
(iii) Decreased concentration of 𝛼-SMA
(iv) Increased expression of HGF

(i) Reduced fibrotic area (best outcome with
undifferentiated MSCs)
Spleen injection (ii) Highest expression of MMP-2 and
MMP-9 after undifferentiated MSC
transplantation
(i) Decreased fibrotic area (best effect with
predifferentiated MSC + baicalin)
(ii) Decreased concentration of TNF-𝛼 (best
effect with predifferentiated MSC + baicalin)
Tail vein
(iii) Decreased concentration of TGF-𝛽1
(best effect with predifferentiated MSC +
baicalin)
(iv) Decreased collagen concentration (best
effect with predifferentiated MSC + baicalin)

IV

Tail vein

Tail vein or
hepatic portal
vein

Route

3.106 cells

3.107 cells

Following CCl4
treatment
Following CCl4
treatment

BM (wild type
4 weeks after the
or adipogenic or
beginning of the CCl4
hepatogenic
treatment
differentiation)

BM

BM

3.106 cells

2.106 cells

2 days after CCl4
treatment
Following the first
CCl4 injection

Quantity

Timing

1 mL/kg twice a week
for 8 weeks

0.08 mL/kg twice a
week for 6 weeks
0.5 mg/kg twice a week
for 4 weeks

0.5 mg/kg twice a week BM (wild type
for 4 weeks
or HGF-treated)

Treatment
5 mL/kg (first
injection) followed by 3
mL/kg twice a week for
12 weeks

Influence of fibrosis induction methods, MSC source, timing of injection, quantity of MSCs transplanted, and transplantation route. Outcomes are expressed compared to control groups (i.e., groups treated but not
transplanted with MSCs) unless stated otherwise (𝛼-SMA: 𝛼-smooth muscle actin; AM: amniotic membrane; AT: adipose tissue; BAX: Bcl-2-associated X protein; Bcl-2: B-cell lymphoma 2; BM: bone marrow; CCl4 :
carbon tetrachloride; EMT: epithelial-to-mesenchymal transition; FGF: fibroblast growth factor; HGF: hepatocyte growth factor; IV: intravenous; MMP: matrix metalloproteinase; MSC: mesenchymal stromal cell;
NF-𝜅B: nuclear factor kappa-light-chain-enhancer of activated B-cells; SNP: sodium nitroprusside; SOD: superoxide dismutase; TGF-𝛽: transforming growth factor-𝛽; TIMP: tissue inhibitor of metalloproteinase;
TNF-𝛼: tumor necrosis factor-𝛼; UC: umbilical cord; VEGF: vascular endothelial growth factor).

Rat

Organism Model

[53]

References

Table 2: Continued.
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Mouse

Pig

Rat

Rat

Rat

Rat

[61]

[62]

[63]

[64]

[65]

Organism

[60]

References

BM

Excision of the right
kidney, 45-minutes
ischemia in the left
kidney followed by
28-day cyclosporine
A treatment

RKM

NIRC

BM

BM
(melatonin
treated)

Bi-nephrectomization
and single kidney
allograft

Albuminoverload +
uninephrectomy

5/6 nephrectomy

BM

Nephrectomy
followed by 5
intraperitoneal
injections of BSA
(10 mg/g) per weeks
during 4 weeks

Allograft

AT

Irritant coil placed in
the main renal artery

ARAS

MSC source
BM

Treatment
10 days UUO

R-UUO

Model

Local

IV

−2.105 cells or
−2.105 cells every
other week (weeks
2, 4, and 6)
2 weeks after
surgical
procedure

Tail vein

3.106 cells

5.105 cells

IV

(i) Decreased expression of IL-6, IL-7r, IL-23a, and
IL-10
(ii) Decreased concentration of CTGF and 𝛼-SMA
(iii) Decreased expression of fibronectin
(iv) Decreased expression of bFGF
MSC transplantation 7 days after ischemia
reperfusion:
(i) Decreased fibrotic area
(ii) Decreased expression of collagen types I, III, and
IV
(iii) Reduced number of 𝛼-SMA-positive cells
(iv) Decreased activity of MMP-2 (sham level)
MSC transplantation 14 days after ischemia
reperfusion showed no significant improvement
(i) Reduced fibrotic area
(ii) Increased expression of IL-4 and IL-10
(iii) Decreased expression of IL-6 and TNF-𝛼
(iv) Decreased expression of TGF-𝛽1, Smad3,
𝛼-SMA, FSP-1, and vimentin
(v) Decreased expression of collagen type I, collagen
type III, fibronectin, and TIMP-1/MMP-9 ratio
(vi) Increased expression of HO-1
(vii) Decreased expression of MCP-1
(viii) Increased expression of HGF

(i) Reduced expression and concentration of MCP-1
and CCL-5
(ii) Reduced expression and concentration of 𝛼-SMA
(iii) Reduced expression and concentration of
collagen IV

Outcome
(i) Decreased expression of TNF-𝛼, TGF-𝛽1, and
Renal artery 𝛼-SMA
(ii) Increased expression of E-cadherin
(i) Reduced fibrotic area
(ii) Reduced number of CD163 + macrophages
(iii) Increased number of regulatory macrophages
(iv) Increased expression of IL-10
(v) Decreased expression of TNF-𝛼
Local
(vi) Reduced concentration of MMP-2
(vii) Increased expression of VEGF, FLK-1, and
HIF1-𝛼
(viii) Reduced MCP-1 positive area
Route

7 or 14 days
after
ischemiareperfusion

11 weeks after
graft

7 days after
106 cells weekly for
the first BSA
4 weeks
injection

106 cells

106 cells

10 days after
UUO

6 weeks after
ARAS

Quantity

Timing

Table 3: MSC treatment on preclinical kidney fibrosis models.
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Rat

Organism

UUO

Model

MSC source

BM

Treatment

1 to 4 weeks
obstruction
Prior to UUO

Timing

Table 3: Continued.

106 cells

Quantity

Outcome
(i) Decreased collagen concentration
(ii) Decreased expression of TNF-𝛼
(iii) Decreased concentration of TNF-𝛼
Renal artery
(iv) Decreased expression of 𝛼-SMA
(v) Decreased number of FSP-1 positive cells
(vi) Increased expression of E-cadherin
Route

Influence of fibrosis induction methods, MSC source, timing of injection, quantity of MSCs transplanted, and transplantation route. Outcomes are expressed compared to control groups (i.e., groups treated but
not transplanted with MSCs) unless stated otherwise (𝛼-SMA: 𝛼-smooth muscle actin; ARAS: atherosclerotic renal artery stenosis; AT: adipose tissue; BSA: bovine serum albumin; CCL: chemokine ligand; CTGF:
connective tissue growth factor; FGF: fibroblast growth factor; FLK: fetal liver kinase; FSP: fibroblast specific protein; HGF: hepatocyte growth factor; HIF: hypoxia-inducible factor; HO-1: heme oxygenase 1; IL:
interleukin; IV: intravenous; MCP: monocyte chemoattractant protein; MMP: matrix metalloproteinase; MSC: mesenchymal stromal cell; NIRC: nephrectomy + ischemia-reperfusion + cyclosporine; R-UUO:
reversible unilateral ureteral obstruction; TGF-𝛽: transforming growth factor-𝛽; TIMP: tissue inhibitor of metalloproteinase; TNF-𝛼: tumor necrosis factor-𝛼; UUO: unilateral ureteral obstruction; VEGF: vascular
endothelial growth factor).

[66]

References
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Mouse

Mouse

Mouse

Rat

Rat

[68]

[69]

[70]

[71]

Organism

[67]

References

Bleomycin

Bleomycin

Silica

Bleomycin

Bleomycin

Model

MSC source

UC

BM

Human BM

BM

BM

Treatment
0.15 mg
bleomycin
administered
intranasally

4 U/kg
bleomycin
instilled in the
tracheal lumen

200 𝜇g/kg
twice (day 1
and 4 weeks
later) by
intratracheal
injection

3 mg/kg
bleomycin
instilled
intranasally

5 mg/kg
intratracheal
perfusion

12 h after
bleomycin
inhalation

4 days after
bleomycin
inhalation

5.106 cells

106 cells

2.105 cells or
10 𝜇g of MSC
microvesicles

5.105 cells

Immediately
following or 1
week after
bleomycin
inhalation

12 and 14
weeks after
first silica
injection

106 cells

Quantity

24 h after
bleomycin
inhalation

Timing

Tail vein

Tail vein

Tail vein

Jugular vein

Tail vein

Route

Table 4: MSC treatment on preclinical pulmonary fibrosis models.
Outcome
(i) Decreased expression of IL-10, IFN-𝛾, and TNF-𝛼
(ii) Decreased concentration of TGF-𝛽1
(iii) Decreased concentration of pSmad2
(iv) Decreased expression of collagen 1𝛼1
(v) Increased concentration of active MMP-2
(vi) Decreased expression of TIMP-1, TIMP-2, TIMP-3,
and TIMP-4
(i) Reduced collagen concentration (best effect when
MSCs are transplanted immediately after bleomycin
treatment)
(ii) Decreased expression of MMP-2, MMP-9, and
MMP-13
Bronchoalveolar lavage:
(i) Reduced number of neutrophils
(ii) Reduced number of lymphocytes
(iii) Reduced number of macrophages (not significant
after microvesicle injection)
Lung samples:
(i) Reduced fibrotic area (not significant after microvesicle
injection)
(ii) Reduced concentration of collagen I
(iii) Reduced concentration of 𝛼-SMA (not significant
after microvesicle injection)
Bronchoalveolar lavage:
(i) Reduced number of neutrophils
(ii) Reduced number of lymphocytes
(iii) Reduced number of macrophages
(iv) Decreased expression of IL-6 and TNF-𝛼
Lung samples:
(i) Reduced fibrotic area
(ii) Decreased expression of IL-1𝛽
(iii) Decreased expression of TGF-𝛽
(iv) Decreased expression of VEGF
(v) Decreased concentration of RNS
(i) Reduced fibrotic area
(ii) Decreased expression of TGF-𝛽1
(iii) Decreased expression of PDGF-A (/1.4) and PDGF-B
(iv) Decreased expression of IGF-1
(v) MSCs differentiated in alveolar epithelial cells
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Rat

Treatment

MSC source
BM transfected
1.28 U instilled
with HGF
Bleomycin
intratracheally
expression plasmid

Model
3.106 cells

Quantity
Route

Outcome
(i) Reduced Ashcroft score (fibrosis scoring)
Intratracheal instillation (ii) Reduced collagen concentration
(iii) Transfected cells yield better results

Table 4: Continued.
Timing
7 days after
bleomycin
instillation

Influence of fibrosis induction methods, MSC source, timing of injection, quantity of MSCs transplanted, and transplantation route. Outcomes are expressed compared to control groups (i.e. groups treated but not
transplanted with MSCs) unless stated otherwise (𝛼-SMA: 𝛼-smooth muscle actin; BM: bone marrow; HGF: hepatocyte growth factor; IGF: insulin-like growth factor; IL: interleukin; MMP: matrix metalloproteinase;
MSC: mesenchymal stromal cell; PDGF: platelet-derived growth factor; RNS: reactive nitrogen species; pSmad: phosphorylated small mothers against decapentaplegic homolog; TGF-𝛽: transforming growth factor𝛽; TIMP: tissue inhibitor of metalloproteinase; TNF-𝛼: tumor necrosis factor-𝛼; UC: umbilical cord; VEGF: vascular endothelial growth factor).

[72]

References Organism
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Table 5: MSC treatment on preclinical peritoneum fibrosis model.

References Organism Model

[73]

Rat

CG

Treatment

MSC source Timing Quantity

0.1% CG in 2 mL
saline injected
intraperitoneally

BM

Route

Outcome
(i) Decreased infiltration of
monocytes/macrophages
(ii) Reduced number of pSmad2
30
minutes 107 cells Intraperitoneal positive cells
(iii) Decreased number of 𝛼-SMA and
after CG
FSP-1 positive cells
injection
(iv) Decreased concentration of
collagen I and collagen III

Outcomes are expressed compared to control groups (i.e. groups treated but not transplanted with MSCs) unless stated otherwise (𝛼-SMA: 𝛼-Smooth Muscle
Actin; BM: Bone Marrow; CG: Chlorhexidine Gluconate; FSP: Fibroblast Specific Protein; pSmad: phosphorylated Small Mothers Against Decapentaplegic
Homolog).

Table 6: MSC treatment on a preclinical pancreas fibrosis model.
References Organism Model Treatment MSC source Timing

[74]

Rat

8 mg/kg
DBTC
DBTC injected in
the tail
vein

UC

Quantity

Route

Results
(i) Reduced inflammatory cell infiltration
score
(ii) Reduced monocyte/macrophage
infiltration
5 days
after
6
2.10 cells Jugular vein (iii) Reduced expression of MCP-1, VCAM-1,
ICAM-1, IL-6, and TNF-𝛼
DBTC
(iv) Reduced fibrosis score
injection
(v) Reduced expression of TGF-𝛽1
(vi) Reduced concentration of collagen
(vii) Reduced number of 𝛼-SMA-positive cells

Outcomes are expressed compared to control groups (i.e., groups treated but not transplanted with MSCs) unless stated otherwise (𝛼-SMA: 𝛼-smooth muscle
actin; DBTC: dibutyltin dichloride; ICAM: intercellular adhesion molecule; IL: interleukin; MCP: monocyte chemoattractant protein; TGF-𝛽: transforming
growth factor-𝛽; TNF-𝛼: tumor necrosis factor-𝛼; VCAM: vascular cell adhesion molecule).

MSCs may induce regression in pathophysiological processes associated with fibrosis. These effects are in part mediated by a reduction in chronic inflammation. MSCs likely
proceed by a change in immune cell function, an increase in
anti-inflammatory cytokines, and a decrease in proinflammatory cytokines and cell apoptosis. These immune mechanisms
contribute to a modification of the microenvironment, thus
diminishing tissue fibrosis, increasing resident stem cell
proliferation, and eventually leading to tissue regeneration.
4.2. The TGF-𝛽1 Pathway. TGF-𝛽1 has been described as
one of the major players in fibrosis. Its binding to receptors
induces the activation of a signaling cascade leading to
the proliferation of phenotypically profibrotic cells such as
myofibroblasts. In particular, it induces the EMT and EndMT
in part responsible for the proliferation of cells synthesizing
ECM. The TGF-𝛽1 signaling pathway is one of the prime
targets for antifibrotic therapies and its regulation has been
abundantly studied in treatment trials with MSCs. Generally,
MSC transplantation reduces the expression and concentration of TGF-𝛽1 [40, 49, 59, 60, 65, 67, 70, 71, 73–76]. The same
effect is induced by transplanting exosomes isolated from
MSC-conditioned medium [47]. In vitro, Ueno et al. showed
the inhibition of TGF-𝛽1 overexpression induced by glucose
in a coculture model of MSCs and peritoneal mesothelial
cells [73]. This effect was associated with the decrease in the
phosphorylation of Smad-2, as also shown in an exosome

transplantation model [47, 73]. Reduced expression of 𝛼SMA [44, 48, 50, 51, 60, 65, 66, 73] and the lower number
of 𝛼-SMA positive cells [52, 53, 59, 64, 74, 75] suggest a
decrease in the proliferation of myofibroblasts and, to a
lesser extent, of TGF-𝛽1-mediated EMT. In vitro, a reduced
concentration of 𝛼-SMA in a coculture of MSCs and HK2
(human kidney 2) cells pretreated with TGF-𝛽1 suggests a
direct effect by MSCs on phenotypic changes leading to the
accumulation of profibrotic cells [64]. A decreased expression
and concentration of CTGF in several models also participate
in diminishing profibrotic cells proliferation [40, 63].
Interestingly, several studies have underlined the importance of HGF (hepatocyte growth factor) secreted by MSCs
for their antifibrotic effects [44, 47, 73]. MSCs transfected
with an HGF expression plasmid yielded better results than
nontransfected MSCs in a pulmonary fibrosis model [72]. The
use of recombinant HGF partially reproduced the effects of
MSCs in a coculture model with albumin-treated proximal
tubular epithelial cells (PTECs) [62]. The inhibition of TGF𝛽1 expression by HGF and its ability to ameliorate the
degradation of collagen through the increase in MMP-1
concentration highlights the value of such therapy [84].
Moreover, the increased expression of p-Met, which induces
the phosphorylation of c-Met, the HGF membrane receptor,
is also part of the action mechanisms of MSCs [59].
Recently, Qi et al. highlighted the importance of TSG-6
(TNF-stimulated gene 6) in the antifibrotic effect of MSCs. In
addition to suppressing the secretion of TNF-𝛼 by activated

Mouse

Mouse

[76]

[77]

Treatment
Daily
subcutaneous
injection of 0.5,
1, 3, or 5 mg/mL
bleomycin
during 4 weeks
BM

MSC source

Route

Local

Quantity

3 hr after
bleomycin 106 cells
injection

Timing

(i) Reduced number of macrophages and neutrophils
(ii) Decreased expression of TGF-𝛽1
(iii) Reduced number of 𝛼-SMA-positive cells
(iv) Decreased expression of collagen type I
(v) Increased expression of MMP-2, MMP-9, and MMP-13

Outcome

(i) No difference between autologous and allogeneic cells
(ii) Reduced fibrotic area
(iii) Reduced number of CD68 positive cells and CD80
positive cells
(iv) Increased number of CD163 positive cells
6 weeks
35 grays
(v) Modification of macrophages toward a regulatory
5
after
Radiation-induced
BM (autologous or allogenic)
5.10 cells Tail vein
irradiation
phenotype
irradiation
(vi) Increased expression of IL-10
(vii) Increased concentration of IL-10
(viii) Decreased expression of IL-1𝛽 and Serpine1
(ix) Decreased concentration of IL-1𝛼, IL-1𝛽, and TNF-𝛼
(x) Increased expression of PDGF-a
(i) Decreased concentration of TNF-𝛼 (sham level with
TSG-6 silenced MSCs)
(ii) Decreased secretion of TNF-𝛼 by macrophages (no
Four 6 mm
change in the number of macrophages)
Local
full-thickness
24 hr after
(iii) TGF-𝛽1 concentration: increased on day 2; decreased
6
Surgery
BM
10 cells (around the
wounds on the
surgery
on day 5; sham level with TSG-6 silenced MSCs
wound)
back
(iv) Increased concentration of TGF-𝛽3 (sham level with
TSG-6 silenced MSCs)
(v) Decreased 𝛼-SMA expression
(vi) Decreased concentration of collagens 1𝛼1, 1𝛼2, and 3𝛼1

Bleomycin

Model

Influence of fibrosis induction methods, MSC source, timing of injection, quantity of MSCs transplanted, and transplantation route. Outcomes are expressed compared to control groups (i.e., groups treated but
not transplanted with MSCs) unless stated otherwise (𝛼-SMA: 𝛼-smooth muscle actin; BM: bone marrow; IL: interleukin; MMP: matrix metalloproteinase; MSC: mesenchymal stromal cell; PDGF: platelet-derived
growth factor; TGF-𝛽: transforming growth factor-𝛽; TNF-𝛼: tumor necrosis factor-𝛼; TSG-6: TNF-stimulated gene 6).

Mouse

[75]

References Organism

Table 7: MSC treatment on preclinical cutaneous fibrosis models.
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Pig

Treatment

Radiation- High X-ray dose
induced (21 to 29 Grays)

Model

BM

MSC source

Quantity

Route Results
(i) Reduced fibrotic area
(ii) Reduced leukocyte infiltration
(iii) Reduced macrophages infiltration
(iv) Increased M2 macrophages proportion
(v) Reduced expression of iNOS
(vi) Reduced expression of TNF-𝛼, IL-6, and IL-8
27, 34, and 41 days
(vii) Reduced expression of TLR-4 and TLR-5
6
2.10 cells Ear vein
after irradiation
(viii) Increased expression of IL-10
(ix) Reduced expression of col1a2 and col3a1
(x) Reduced expression of TGF-𝛽1 and CTGF
(xi) Decreased collagen-to-MMP-to-TIMP ratio
(xii) Increased expression of VEGF in the rectal mucosa
(xiii) Reduced expression of angiopoietin and PDGF in the rectal mucosa
(xiv) Increased expression of eNOS, VEGF, VEGFR1, and PDGF in the colon

Timing

Table 8: MSC treatment on a preclinical colorectal fibrosis model.

Outcomes are expressed compared to control groups (i.e., groups treated but not transplanted with MSCs) unless stated otherwise (BM: bone marrow; Col: collagen; CTGF: connective tissue growth factor; IL:
interleukin; MMP: matrix metalloproteinase; NOS: nitric oxide synthase; PDGF: platelet-derived growth factor; TGF-𝛽: transforming growth factor-𝛽; TGF-𝛽R: transforming growth factor-𝛽 receptor; TIMP: tissue
inhibitor of metalloproteinase; TLR: toll-like receptor; TNF-𝛼: tumor necrosis factor-𝛼; VEGF: vascular endothelial growth factor; VEGFR: vascular endothelial growth factor receptor).

[40]
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Table 9: Summary of various in vitro studies using MSC-conditioned medium or MSCs cocultured with cells of interest.

References

Culture conditions

Cell type

MSC source

[44]

MSC-conditioned
medium

Cardiac
fibroblasts

BM

[64]

MSC-conditioned
medium

BM

[51]

Coculture: MSCs

TGF-𝛽1-treated
HK2
Fibrotic
hepatocytes

[73]

Coculture: MSCs in
Transwell

HPMCs

BM

[77]

Coculture LPS +
IFN-𝛾-treated MSCs

Activated
macrophages

BM

[62]

MSCs in Transwell
Pretreatment of one or
both cell types with HSA

PTECs

BM

BM

Outcome
(i) Reduced collagens I and III deposit
(ii) Decreased viability
(iii) Decreased expression of 𝛼-SMA
(iv) Increased of MMP-2 and MMP-9 activity
(v) Increased expression of MT1-MMP
(vi) Decreased expression of TIMP-2
MMP-2 −/− MSC-conditioned medium:
(i) No change in collagen concentration
Incubation with anti-HGF antibody:
(i) Reduced MMP-2 and MMP-9 activity
(ii) Decreased expression of MMP-2
(iii) Increased expression of TIMP-2
(i) Decreased concentration of 𝛼-SMA
(ii) Increased concentration of E-cadherin
Increased secretion of FGF2
(i) Decreased expression of TGF-𝛽1
(ii) Decreased expression of fibronectin
(iii) Decreased concentration of pSmad2
(iv) Decreased expression of 𝛼-SMA
(i) Reduced concentration of TNF-𝛼 and IL-12
(ii) Reduced concentration of NO
(i) Reduced expression of TNF-𝛼, IL-6, IL-8, MCP-1,
and CCL-5
(ii) Inhibition of NF-𝜅B nuclear translocation
(iii) Reduced EMT
(iv) Increased expression and concentration of HGF
and TSG-6 by MSCs exposed to HSA
(v) Recombinant HGF or TSG-6 partially reproduces
MSCs’effects

Influence of culture conditions on the outcome. Outcomes are expressed compared to control groups (i.e., groups treated without the use of MSC treatment)
unless stated otherwise (𝛼-SMA: 𝛼-smooth muscle actin; BM: bone marrow; CCL: chemokine ligand; EMT: epithelial-to-mesenchymal transition; FGF:
fibroblast growth factor; HGF: hepatocyte growth factor; HK2: human kidney 2; HPMC: human peritoneal mesothelial cells; HAS: human serum albumin;
HGF: hepatocyte growth factor; IFN-𝛾: interferon-𝛾; IL: interleukin; LPS: lipopolysaccharide; MCP: monocyte chemoattractant protein; MMP: matrix
metalloproteinase; MSC: mesenchymal stromal cell; NF-𝜅B: nuclear factor kappa-light-chain-enhancer of activated B-cells; NO: nitric oxide; proximal tubular
epithelial cell; pSmad: phosphorylated small mothers against decapentaplegic homolog; TGF-𝛽: transforming growth factor-𝛽; TIMP: tissue inhibitor of
metalloproteinase; TNF-𝛼: tumor necrosis factor-𝛼; TSG-6: TNF-stimulated gene 6).

macrophages, this protein induces a change in the TGF𝛽1/TGF-𝛽3 balance, from a profibrotic high ratio to an
antifibrotic low ratio [77]. These results are confirmed in
a coculture model in which recombinant TSG-6 partially
reproduced the effects of MSCs [62].
4.3. Hypoxia/Oxidative Stress. Accumulation of ECM in the
tissue, death of endothelial cells, and increased levels of
reactive oxygen and nitrogen species (ROS and RNS, resp.)
result in hypoxia and oxidative stress during fibrosis. These
factors lead to increased apoptosis and activation of TGF-𝛽1.
The improved vascularization of tissue and a more effective
neutralization of oxidizing radicals would therefore enhance
the effectiveness of antifibrotic therapies.
MSCs’ ability to relieve oxidative stress has already been
shown in several works. First, they seem to increase the
expression and concentration of enzymes responsible for
scavenging free radicals, such as NQO1 (NADPH quinone

oxidoreductase 1), Gr (glutathione reductase), GPx (glutathione peroxidase), and HO-1 (heme oxygenase 1) [85, 86].
Nrf2 (nuclear factor (erythroid-derived 2)-like 2) activation is protective against oxidative stress and induces SOD
(superoxide dismutase) production which decreases ROS
concentration in the liver. MSC treatment correlates with
an increase in Nrf2 and SOD which might reduce ROS
accumulation, thus decreasing oxidative stress [87]. In a
coculture model, an increased survival of cerebellar neurons
is correlated with the secretion of SOD3 by MSCs [88].
MSC-mediated angiogenesis has also been demonstrated.
MSCs are able to secrete a large range of angiogenic factors
such as VEGF (vascular endothelial growth factor), FGF2 (fibroblast growth factor-2), and MCP-1 [89–91]. Some
studies also suggest their ability to promote endothelial cell
proliferation [92, 93]. The reduced expression of VEGF,
associated with improved microcirculation in the tissue after
MSC transplantation, was observed [53]. Mias et al. showed a
stimulation of angiogenesis following treatment with MSCs
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Monocytes

↓ Differentiation into DC
↓ TNF-𝛼, IFN-𝛾
↑ M1 → M2 macrophage
↑ IL-10
↓ Activation
↓ Proliferation

Apoptosis ↓
Respiratory burst ↓

↓ Cytotoxicity
↓ IFN-𝛾
Natural
killer

Neutrophils
MSC

HLA-G, PGE2, TGF-𝛽1,
IL-10, HGF, IDO, and NO

Proliferation ↓
Cell cycle arrest ↓
Th → Treg ↓

↓ Ig release
↓ Proliferation

Th1 → Tc ↓
Th1 → Th2 ↑

↓ Differentiation

IFN-𝛾, IL-2 ↑

↓ Chemotaxis

IL-4, IL-10 ↑

T-cells

B-cells

Figure 3: MSCs exert various effects on immune cells. A summary of MSC-mediated effects on the immune response. Various factors
secreted by MSC exert an inhibitory effect on cells of the immune system which are involved in the fibrotic process (HGF: hepatocyte growth
factor, HLA: human leukocyte antigen, IDO: indoleamine 2,3-dioxygenase, IFN-𝛾: interferon-𝛾, Ig: immunoglobulin, IL: interleukin, MSC:
mesenchymal stromal cell, NO: nitric oxide, PGE2: prostaglandin E2, Tc: cytotoxic T-cell, TGF-𝛽: transforming growth factor-𝛽, TNF-𝛼:
tumor necrosis factor-𝛼, Th: helper T-cell, and Treg: regulatory T-cell).

[44]. The transplantation of MSC sheets into the scarred
myocardium increased neovascularization in a myocardial
infarction model [45]. The authors also reported evidences of
MSCs differentiating to participate in the formation of new
vascular structures.
Conversely, an increased expression of VEGF posttreatment, with the concomitant overexpression of HIF-1𝛼, was
shown in a renal fibrosis model, indicating elevated tissue
hypoxia [61]. HIF-1𝛼 (hypoxia-inducible factor-1𝛼) stimulates the expression of VEGF under hypoxic conditions. In
the same way, in a radiation-induced proctitis model, the
overexpression of VEGF was accompanied by a reduction in
angiopoietin and PDGF expression [40]. It can be hypothesized that insufficient angiogenesis in these models induces
these variations. This gene expression profile may reflect
proangiogenic signals mediated by MSCs. The evaluation of
tissue vascularization would give better insights into MSCs
effect on angiogenesis in these models.
MSCs may therefore act in different ways on hypoxia
and oxidative stress by increasing angiogenesis in the tissue
and by improving the inactivation of ROS and RNS. This
feature, contributing to the inhibition of LAP cleavage from
TGF-𝛽1 and reduction of apoptosis, could contribute to
MSCs’ antifibrotic effects.

4.4. Matrix Remodeling. Excess production of ECM and
the failure to degrade it are the hallmark of fibrosis. Thus,
the ultimate goal in case of fibrotic diseases is to restore
a nonpathological healing process, by inhibiting ECM production and enabling the degradation of its various components. Indeed, the imbalance of MMPs, responsible for the
degradation of ECM, and TIMPs, their inhibitor, results in
improper ECM remodeling, hence preventing restoration to
a nonpathological matrix.
In different fibrosis models, a decreased expression and
concentration of collagen, the main component of the ECM,
were found after MSC transplantation [41, 43–46, 48–53,
56, 58, 59, 64–68, 71, 73, 76]. This effect is also obtained
after transplanting microvesicles or exosomes secreted into
an MSC culture, suggesting a paracrine control of MSCs on
ECM degradation [47, 69].
Changes in the expression and concentration of MMPs
and TIMPs have also been studied. After MSC transplantation, the increased expression of MMP-2, MMP-9, MMP-13,
and MMP-14 has been observed in several fibrosis models
[48, 65, 75]. Following the addition of MSC-conditioned
culture medium to a culture of heart fibroblasts, an increase
in the activity of MMP-2 and MMP-9 was found [44].
Conversely, several studies have shown reduced expression,
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concentration, or activity of MMPs. Accordingly, Alfrano et
al. noted the decreased activity of MMP-2 after transplantation in the NIRC model [64]. In some fibrosis models,
MMP-2, MMP-9, and MMP-13 have a lower expression and
concentration following treatment with MSCs [43, 61, 68].
However, these variations suggest restoration to levels similar
to untreated controls.
MSCs seem to have a repressive effect on the expression of
TIMPs such as TIMP-1 [50, 65]. A reduction in the concentration of TIMP 1 to 4 was shown after MSC transplantation
[67]. In an in vitro model, a decrease in the expression of
TIMP-2 was observed, suggesting that MSCs have a paracrine
effect [44]. Finally, Linard et al. demonstrated a tendency
toward the resolution of fibrosis by calculating the collagento-MMP-to-TIMP ratio, a marker of fibrosis evolution [40,
94].
MMP and TIMP expression are impaired in fibrotic
pathologies. In fact, lower TIMP expression is generally
associated with fibrosis resolution. In cases of heart failure,
an increased expression of MMPs has been observed in
the initial and final phase [95, 96]. It has been shown that
increased MMP-2 activity is associated with pathological
ECM remodeling in the kidney [97]. Thus, decreased activity
following MSC therapy suggests a transition to a nonpathological state. On the contrary, it has been shown that MMP2 is implicated in alveolar regeneration, which could explain
its increased activity after transplantation in a pulmonary
fibrosis model [98]. Finally, as certain MMPs activate latent
TGF-𝛽1, a decrease in their concentration would result in
a lesser activation of downstream effectors. Taken together
with a decreased fibrotic area and ECM component (collagen,
fibronectin, etc.) expression, these results indicate a change in
ECM composition, close to that observed in nonpathological
animals. Hence, MSCs seem to improve ECM quality, allowing the appearance of a microenvironment favorable to tissue
regeneration.
4.5. Transplantation Conditions. Various transplantation
conditions have been assessed in the studies reported in
this work including MSC activation and the optimization
of MSC delivery. First, melatonin has been shown to
improve MSC survival after transplantation, as well as having
proangiogenic abilities [99, 100]. In both occurrences of
this treatment, melatonin-treated MSCs exerted increased
beneficial effects compared to nontreated cells, as evidenced
by reduced ECM deposit and inflammation [44, 63]. Qiao
et al. showed potentiation in predifferentiated MSCs treated
with baicalin, which possesses anti-inflammatory and
antioxidant properties [58]. Cotreatment with atorvastatin
increased the survival and efficacy of MSCs [41].
Multiple transplantation timings have been compared to
investigate their respective effect. Alfarano et al. showed that
transplantation 7 days after ischemia-reperfusion was more
effective on ECM deposition, myofibroblast proliferation, and
MMP activity in their model compared to transplantation
after 14 days [64]. In bleomycin-induced lung fibrosis, Ortiz
et al. also observed greater effectiveness from MSCs when
transplanted earlier [68].
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Interestingly, Ishikane et al. demonstrated that the transplantation of fetal membrane or bone-marrow-derived MSCs
yielded similar results on myocardial infarction [45].
In two different studies, the value of MSC differentiation
before transplantation was observed. In the rat model of
CCl4 -induced fibrosis, opposite effects were reported. Hardjo
et al. showed a higher potential for nondifferentiated MSCs,
compared to adipogenic and hepatogenic differentiation, on
ECM accumulation and MMP expression [57]. Conversely,
in the exact same model, Qiao et al. found that hepatogenic
predifferentiation had no significant influence on the effect of
MSCs [58].
Recently, new delivery procedures have been studied to
improve MSCs engraftment in fibrotic tissues. MSCs grown
in two-layered sheets and transplanted in a rat model of
myocardial infarction were found in significant number 28
days after transplantation. Part of these cells showed evidences of differentiation, participating in neovascularization
of the infarct [45]. Indeed, MSC homing in the damaged tissue is generally transient, which could explain the decreased
long-term benefit often observed. Embedding MSCs in scaffolds or biomaterials could improve their beneficial effects
[101, 102].

5. MSC Clinical Trials
In clinical settings, the transplantation of MSCs has been
studied on numerous pathologies. A systematic review of
clinical trials evaluated the safety of MSC injections. Thirtysix studies were included representing 1012 patients. The
meta-analysis did not reflect any serious complications
related to MSC injections. Only a transient fever was highlighted (reviewed in [103]). Around 30 clinical trials are
currently registered worldwide for evaluating MSC therapy
for fibrosis (http://clinicaltrials.gov). Liver and pulmonary
fibrosis are most widely represented, but some occurrences
of renal and vocal fold treatment exist. MSCs engraft preferentially in the lungs and liver which is the reason for a
higher number of clinical trials on these organs [104]. In
most of these studies, only organ functionality is evaluated
but not fibrosis markers. Thus, it is not clear whether the
improvement of the symptoms and quality of life is due to
fibrosis reduction or the amelioration of other pathological
features.
Bone-marrow-derived MSCs improve liver function in
patients with liver cirrhosis as evidenced by phase I clinical
trials [105–107]. The Model for End-stage Liver Disease
(MELD) score is used to evaluate the mortality risk in
patients with end-stage liver disease (reviewed in [108]). The
mean MELD score is significantly lower after MSC injection
compared to placebo controls. In patients with decompensated liver fibrosis, MSCs significantly improved quality of
life as evidenced by the increase in physical and mental
component scales [105] and through the SF-36 questionnaire
[109]. Inducing hepatic differentiation prior to MSC injection
improved liver function in treated patients [106]. Finally,
fibrosis markers were measured on 30 patients during a phase
I trial [107]. Laminin, hyaluronic acid, and type IV collagen
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were significantly decreased 48 weeks after intervention.
On the other hand, HGF, an antifibrotic growth factor, was
increased after 48 weeks, as compared to nontreated patients.
Based on these clinical trials [107], it appears that MSCs may
exert an antifibrotic effect on liver cirrhosis.
The results of a phase I study show the ability of MSCs
to reduce allograft rejection after renal transplantation [110].
MSCs decreased graft rejection by exerting immunosuppression and probably by preventing interstitial fibrosis. The
absence of a placebo control in this trial did not permit the
comparison and identification of the specific effect of MSCs.
Thus, it is necessary to gather additional clinical data.
MSC therapy has proven to be effective in patients
suffering from complications following acute myocardial
infarction [111, 112]. In the first trial, functional testing showed
an improvement in both heart and lung functions. There
was evidence that MSC treatment led to reverse remodeling,
which could be correlated with fibrosis reduction [113].
Six months after treatment, global symptom scores were
significantly better in the MSC group versus the placebo
group [111]. In the second study, MSC treatment reduced
symptoms associated with ischemic cardiomyopathy. There
was also evidence of reverse remodeling concomitant with
infarct size reduction, probably linked to reduced fibrosis
[112].
Pelvic radiation disease (PRD) is induced in 5 to 10% of
patients within 10 years after abdominopelvic radiotherapy.
Fibrosis to the colon and rectum is the main characteristic
of late complications of radiotherapy. Since no satisfactory
treatment exists for PRD and given the results of MSC
therapy on radiation-induced burns [114], the curative potential of MSCs is being evaluated in clinical trials for PRD
treatment. In particular, 4 patients suffering from serious
intestinal radiation-induced lesions following overdosage of
radiotherapy have been treated. The systemic administration
of MSCs resulted in efficient analgesic and anti-inflammatory
effects as well as hemorrhage reduction [3]. These results
indicate the potential of MSC to diminish the adverse effect
of radiotherapy and possibly radiation-induced fibrosis.
Based on these clinical trials, MSC therapy has proven
to be safe and effective in patients suffering from diseases
associated with fibrosis without the adverse effect of MSC
transplantation. Nevertheless, there is a need for randomized
trials (phase 3) to gather statistically significant data and to
demonstrate MSCs’ efficacy in limiting fibrosis.

6. MSC Therapy versus the Current
Management of Fibrosis
The future of MSC therapy for fibrotic diseases mostly relies
on a comparison with current management strategies. Results
from preclinical and clinical trials highlight the ability of
MSCs to act on fibrosis through different mechanisms: (i)
immunosuppression, (ii) inhibition of the TGF-𝛽1 pathway,
(iii) reduction of hypoxia and oxidative stress, and (iv)
restoration of ECM degradation. Thus, the potential of MSC
therapy lies in the ability to act simultaneously on various
fibrogenesis parameters. There are currently several therapy
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protocols for fibrotic therapies under assessment in clinical
trials. Most of those treatments are designed to act on a single
pathway underlying fibrosis development and progression,
unlike cell therapy.
Presently, therapy protocols for fibroproliferative diseases
mostly consist of symptomatic treatments. For example,
patients with idiopathic pulmonary fibrosis (IPF) are often
prescribed oxygen therapy and vaccination against viral
and bacterial infections of the airways is recommended, if
any exists. Likewise, antifibrotic strategies in the liver are
most effective when they are able to cure the underlying
disease. Many anti-inflammatories and antioxidants have
been unsuccessful candidates for fibrosis treatment [115].
Ultimately, organ transplantation is required to ensure the
survival of patients with fibrosis.
The first example of clinically used pharmacological
antifibrotic agent is pirfenidone, which acts on TGF-𝛽1 activity and inflammation and which has antioxidative properties
[116]. It has been approved for the treatment of IPF in
Europe, Canada, South Korea, and Japan. Preclinical studies
have shown its ability to suppress TGF-𝛽1 gene expression
and to significantly reduce its concentration in lavage fluid
in models of pulmonary fibrosis [117]. Pirfenidone is also
effective in animal models of heart [118], kidney [119], liver
[120], and radiation-induced fibrosis [121]. The FDA has
not yet approved pirfenidone for pulmonary fibrosis based
on a lack of efficacy and survival benefit, especially in
long-term clinical trials [122]. Moreover, a meta-analysis of
clinical trial results shows that pirfenidone induces adverse
gastrointestinal, neurological, and dermatological adverse
effects [123].
Other antifibrotic drugs are currently being examined for
clinical use (reviewed in [6, 124]). Those pharmacological
agents are mainly anti-inflammatory drugs and inhibitors of
the TGF-𝛽1 signaling pathway acting on different molecular
targets. Despite the fact that some of these drugs have been
evidenced to exert antifibrotic effects in animal models, there
is a lack of clinical data that may lead to their approval.
Although some pharmacological compounds have
proven to be effective, the necessity to use multiple drugs
for the treatment of fibrosis is increasingly recognized.
Furthermore, MSCs specifically home to damaged tissues
and are able to behave depending on the surrounding
environment, delivering transiently and locally specific
molecules necessary for restoring tissue homeostasis.
Conversely, drugs affect every organ, regardless of its
pathological state. There is a need for more clinical data
on MSC therapy to ascertain its effectiveness and safety.
However, while inducing minor side effects, MSCs have
shown promising antifibrotic effects, regardless of the organ,
and should be considered as a major candidate.

7. Conclusion
Altogether, the objective analysis of the literature supports
the antifibrotic effect of MSCs. It is sometimes argued that
MSCs could have profibrotic properties because they are
likely to acquire a myofibroblastic phenotype in vitro [125]
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Figure 4: Common outcome of MSC therapy for various fibrotic diseases. Based on the studies reported in this work, several mechanisms
have been underlined, mostly concerning inflammatory reaction and apoptosis, oxidative stress/hypoxia modulation, and extracellular matrix
remodeling. It appears that MSC secretome activates a wide range of antifibrotic pathways (ECM: extracellular matrix, EMT: epithelialto-mesenchymal transition, LAP: latency associated protein, MMP: matrix metalloproteinase, MSC: mesenchymal stromal cell, TGF-𝛽:
transforming growth factor-𝛽, and TIMP: tissue inhibitor of metalloproteinase).

or that the mesenchymal origin of myofibroblasts [126]
indicates profibrotic properties. Nevertheless, there is, to our
knowledge, no example showing MSC transplantation to have
a profibrotic effect on a developing or established disease.
Since fibrosis is a very complex multicomponent process, it can be hypothesized that MSCs act through different secreted factors on multiple pathways (Figure 4).
This assumption is supported by the fact that the role
of transplanted MSC depends mainly on the surrounding
environment.
The principal mode of action of MSCs may be exerted
mainly through inhibition of the TGF-𝛽1 signaling pathway,
mainly by blocking the passage from its latent form to its
active form. The reduction of inflammation in the tissue,
the improvement of angiogenesis, and the reduced oxidative
stress seem to be responsible for this effect. The decrease in
the concentration of activated TGF-𝛽1 would lead to reduced
EMT and myofibroblast proliferation, consequently shifting
the balance between synthesis and degradation of the ECM.
Furthermore, results suggest that MSCs possess the ability
to inhibit TGF-𝛽1 mRNA as well as protein synthesis [47,

58]. Thus, they would act on two different levels, preventing
injury-triggered TGF-𝛽1 overexpression and modifying the
surrounding microenvironment to lessen the concentration
of TGF-𝛽1-activating factors.
Another interesting and extensively studied feature of
MSC therapy against fibrotic diseases is their immunomodulatory ability. In numerous studies reported here, MSCs seem
to reduce immune cell homing in the damaged tissue [61, 70].
This could in part explain the decrease in proinflammatory
cytokines mRNA expression and production. Most notably,
TNF-𝛼 and IFN-𝛾, two major profibrotic cytokines, were
underexpressed in several studies reported here [66, 67].
These observations are consistent with the implementation of
an antifibrotic “virtuous circle” in which fewer immune cells
migrate to damaged tissues, hence reducing proinflammatory
cytokines production. By inhibiting the acute inflammatory
reaction, it is conceivable that MSCs reduce the consequent
chronic inflammation.
Reduced hypoxia and oxidative stress are also an important effect of MSCs in this context [52, 77]. In fact, high
ROS and RNS concentrations, combined with low oxygen
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intake, further increase TGF-𝛽1 activation. It also induces
apoptosis in resident cells, resulting in increasingly elevated
inflammation. The ability of MSCs to improve the neutralization of free radicals, already described in other models,
is supplemented by indications of improved angiogenesis
[44, 45]. The resulting improvement in tissue vasculature
reduces ischemia, allowing better regeneration of the injured
organ.
As expected, the inhibition of the TGF-𝛽1 signaling
pathway induces a substantial remodeling of the ECM
toward a nonpathological state. The decreased expression
and concentration of ECM components, associated with the
restoration of the MMP/TIMP balance, improve the quality of
the connective tissue [43, 64]. This can mostly be explained by
a lower profibrotic cell population (myofibroblasts mainly).
This allows for better homing of the cell types necessary for
regeneration of the damaged tissue, suggesting the possibility
of reversing fibrosis under the influence of MSCs.
MSCs seem to have a paracrine effect highlighted by the
results obtained in studies using MSC-conditioned medium
[42, 44]. Several factors have been put forward as mediating
this effect. First, HGF, an antifibrotic mediator which also has
antiapoptotic properties, should be mentioned. MSC therapy
combined with antibodies against HGF greatly reduces the
effects of the treatment and recombinant HGF administration partially reproduces the effects of MSCs [44, 62]. The
treatment of fibrosis by HGF has already been assessed in
earlier studies and has shown great potential [127]. Moreover,
TSG-6, a recently discovered protein highlighted for its
immunosuppressant effect, seems to play a major role in the
antifibrotic action of MSCs [62]. The use of antibodies or
gene silencing methods significantly reduces MSCs’ ability to
alleviate fibrosis. Indeed, TSG-6 has been demonstrated to
inhibit the secretion of TNF-𝛼 by macrophages and to alter
the TGF-𝛽1/TGF-𝛽3 balance toward an antifibrotic ratio [77].
The study of MSC transplantation conditions also needs
extensive investigation. Data reported in this paper indicate
that the pretreatment of MSCs to potentiate their effect may
yield better outcomes. Equally, transplantation timing after
injury is of great importance. In fact, results suggest that
earlier therapies improve the efficacy of MSCs on fibrosis
[49, 64]. This is to be expected, as inhibition of the acute
inflammatory reaction by MSCs would prevent the onset
of chronic inflammation. MSC source is also an important
factor to be considered. It has been reported in this paper
that fetal membrane and bone-marrow-derived MSCs were
equally effective [45]. The comparison between different
sources of MSCs is an important matter considering the fact
that some tissues, such as adipose tissue, are easier to harvest
and/or contain higher numbers of stem cells. Moreover, the
value of predifferentiation is to be further investigated as
contrary data have been gathered. In any case, supplementary
studies need to be conducted to confirm these effects. Finally,
although preclinical data suggest the strong antifibrotic effect
of MSCs [41, 57, 70], most studies were carried on the
early stages of fibrosis development. Since fibrosis is often
diagnosed in more advanced phases, assessment of the effects
of MSCs on established fibrosis is required in order to
consider the routine use of MSC therapy on such pathologies.
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These observations highlight the great potential of MSCs
in the treatment of fibrotic diseases. Given these results,
MSCs seem to act in the same way, regardless of the organ,
and no occurrence of profibrotic effects has been reported.
However, the mechanisms by which MSCs act on fibrosis
have not yet been clearly elucidated and additional studies
are needed. Besides, concerns about effects promoting certain
pathologies, such as cancer, are still preventing their routine
clinical use. Thus, emphasizing many pathways triggered
by MSC homing is of great importance. Furthermore, the
regulation of phenotypic changes in MSCs needs to be
thoroughly evaluated. As described previously, exposing
MSCs to profibrotic stimuli may trigger various changes
in their secretome, probably leading to variable responses.
Understanding the relative implication of the factors influencing MSC phenotype would provide valuable insight into
potentiation and possible adverse effects. In addition, it has
been shown that microvesicles or exosomes secreted by MSCs
partially reproduce their effect [47, 69]. Describing their
composition and elucidating the triggers influencing their
content are essential. The importance of MSC homing to
damaged tissues also needs to be addressed, mostly in terms
of cell-to-cell contacts and microenvironment influence.
Although few reports show the importance of engraftment
and the differentiation of MSCs [45], these processes are
likely to play a role in the beneficial effects of cell therapy.
Also, optimal treatment protocols remain to be established.
First, the timing of MSC transplantation surely influences
the success of the therapy. The immunomodulatory effect of
MSCs should in fact be most effective when transplantation
is undergone during the acute inflammatory reaction to
prevent the installation of chronic inflammation. Based on
the results reported in this review, it is unclear whether MSCs
could reverse fibrosis in its more advanced stage and fully
restore tissue homeostasis. Nonetheless, MSC therapy for
the treatment of fibrosis in any organ should be strongly
considered and studied as it shows promising potential.
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C. Strup-Perrot, D. Mathé, C. Linard et al., “Global gene expression profiles reveal an increase in mRNA levels of collagens,
MMPs, and TIMPs in late radiation enteritis,” American Journal
of Physiology: Gastrointestinal and Liver Physiology, vol. 287, no.
4, pp. G875–G885, 2004.
D. Reinhardt, H. H. Sigusch, J. Henße, S. C. Tyagi, R. Körfer, and
H. R. Figulla, “Cardiac remodelling in end stage heart failure:
Upregulation of matrix metalloproteinase (MMP) irrespective
of the underlying disease, and evidence for a direct inhibitory
effect of ACE inhibitors on MMP,” Heart, vol. 88, no. 5, pp. 525–
530, 2002.
D. Vanhoutte, M. Schellings, Y. Pinto, and S. Heymans, “Relevance of matrix metalloproteinases and their inhibitors after
myocardial infarction: a temporal and spatial window,” Cardiovascular Research, vol. 69, no. 3, pp. 604–613, 2006.
S. Cheng, A. S. Pollock, R. Mahimkar, J. L. Olson, and D. H.
Lovett, “Matrix metalloproteinase 2 and basement membrane
integrity: a unifying mechanism for progressive renal injury,”
The FASEB Journal, vol. 20, no. 11, pp. 1898–1900, 2006.
T. Yaguchi, Y. Fukuda, M. Ishizaki, and N. Yamanaka,
“Immunohistochemical and gelatin zymography studies for
matrix metalloproteinases in bleomycin-induced pulmonary
fibrosis,” Pathology International, vol. 48, no. 12, pp. 954–963,
1998.
C. Mias, E. Trouche, M. H. Seguelas et al., “Ex vivo pretreatment
with melatonin improves survival, proangiogenic/ mitogenic
activity, and efficiency of mesenchymal stem cells injected into
ischemic kidney,” Stem Cells, vol. 26, no. 7, pp. 1749–1757, 2008.
H. K. Yip, Y. C. Chang, C. G. Wallace et al., “Melatonin
treatment improves adipose-derived mesenchymal stem cell
therapy for acute lung ischemia-reperfusion injury,” Journal of
Pineal Research, vol. 54, no. 2, pp. 207–221, 2013.
C. L. Visage, O. Gournay, N. Benguirat et al., “Mesenchymal
stem cell delivery into rat infarcted myocardium using a porous
polysaccharide-based scaffold: a quantitative comparison with
endocardial injection,” Tissue Engineering A, vol. 18, no. 1-2, pp.
35–44, 2012.
C. Ceccaldi, R. Bushkalova, C. Alfarano et al., “Evaluation of
polyelectrolyte complex-based scaffolds for mesenchymal stem
cell therapy in cardiac ischemia treatment,” Acta Biomaterialia,
vol. 10, no. 2, pp. 901–911, 2014.

26
[103] M. M. Lalu, L. McIntyre, C. Pugliese et al., “Safety of cell therapy
with mesenchymal stromal cells (SafeCell): a systematic review
and meta-analysis of clinical trials,” PLoS ONE, vol. 7, no. 10,
Article ID e47559, 2012.
[104] K. C. Rustad and G. C. Gurtner, “Mesenchymal stem cells home
to sites of injury and inflammation,” Advances in Wound Care,
vol. 1, no. 4, pp. 147–152, 2012.
[105] M. Mohamadnejad, K. Alimoghaddam, M. Mohyeddin-Bonab
et al., “Phase 1 trial of autologous bone marrow mesenchymal
stem cell transplantation in patients with decompensated liver
cirrhosis,” Archives of Iranian Medicine, vol. 10, no. 4, pp. 459–
466, 2007.
[106] P. Kharaziha, P. M. Hellström, B. Noorinayer et al., “Improvement of liver function in liver cirrhosis patients after autologous
mesenchymal stem cell injection: a phase I-II clinical trial,”
European Journal of Gastroenterology and Hepatology, vol. 21,
no. 10, pp. 1199–1205, 2009.
[107] Z. Zhang, H. Lin, M. Shi et al., “Human umbilical cord
mesenchymal stem cells improve liver function and ascites in
decompensated liver cirrhosis patients,” Journal of Gastroenterology and Hepatology, vol. 27, supplement 2, pp. 112–120, 2012.
[108] P. S. Kamath, R. H. Wiesner, M. Malinchoc et al., “A model
to predict survival in patients with end-stage liver disease,”
Hepatology, vol. 33, no. 2, pp. 464–470, 2001.
[109] J. E. Ware Jr. and C. D. Sherbourne, “The MOS 36-item shortform health survey (SF-36). I. Conceptual framework and item
selection,” Medical Care, vol. 30, no. 6, pp. 473–483, 1992.
[110] M. E. J. Reinders, J. W. de Fijter, H. Roelofs et al., “Autologous
bone marrow-derived mesenchymal stromal cells for the treatment of allograft rejection after renal transplantation:Results of
a phase I study,” Stem Cells Translational Medicine, vol. 2, no. 2,
pp. 107–111, 2013.
[111] J. M. Hare, J. H. Traverse, T. D. Henry et al., “A randomized, double-blind, placebo-controlled, dose-escalation study of
intravenous adult human mesenchymal stem cells (prochymal)
after acute myocardial infarction,” Journal of the American
College of Cardiology, vol. 54, no. 24, pp. 2277–2286, 2009.
[112] J. M. Hare, J. E. Fishman, G. Gerstenblith et al., “Comparison
of allogeneic vs autologous bone marrow-derived mesenchymal
stem cells delivered by transendocardial injection in patients
with ischemic cardiomyopathy: the POSEIDON randomized
trial,” JAMA, vol. 308, no. 22, pp. 2369–2379, 2012.
[113] S. Saito, G. Matsumiya, T. Sakaguchi et al., “Cardiac fibrosis and
cellular hypertrophy decrease the degree of reverse remodeling
and improvement in cardiac function during left ventricular
assist,” Journal of Heart and Lung Transplantation, vol. 29, no.
6, pp. 672–679, 2010.
[114] J. J. Lataillade, C. Doucet, E. Bey et al., “New approach to radiation burn treatment by dosimetry-guided surgery combined
with autologous mesenchymal stem cell therapy,” Regenerative
Medicine, vol. 2, no. 5, pp. 785–794, 2007.
[115] R. Rafii, M. M. Juarez, T. E. Albertson, and A. L. Chan, “A
review of current and novel therapies for idiopathic pulmonary
fibrosis,” Journal of Thoracic Disease, vol. 5, no. 1, pp. 48–73, 2013.
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Introduction. Ingestion of corrosive substances may lead to stricture formation in esophagus as a late complication. Full thickness
injury seems to exterminate tissue stem cells of esophagus. Mesenchymal stem cells (MSCs) can differentiate into specific cell
lineages and have the capacity of homing in sites of injury. Aim and Methods. We aimed to investigate the efficacy of MSC
transplantation, on prevention of esophageal damage and stricture formation after caustic esophagus injury in rats. 54 rats were
allocated into four groups; 4 rats were sacrificed for MSC production. Group 1, untreated controls (𝑛: 10). Group 2, membrane
labeled MSCs-treated rats (𝑛: 20). Group 3, biodistribution of fluorodeoxyglucose labeled MSCs via positron emission tomography
(PET) imaging (𝑛: 10). Group 4, sham operated (𝑛: 10). Standard caustic esophageal burns were created and MSCs were transplanted
24 hours after. All rats were sacrificed at the 21st days. Results. PET scan images revealed the homing behavior of MSCs to the injury
site. The histopathology damage score was not significantly different from controls. However, we demonstrated Dil labeled epithelial
and muscle cells which were originating from transplanted MSCs. Conclusion. MSC transplantation after caustic esophageal injury
may be a helpful treatment modality; however, probably repeated infusions are needed.

1. Introduction
Mostly in developing countries, caustic ingestion continues
to be a significant medical problem in different age groups
and is a leading cause of morbidity and mortality in the
pediatric population [1]. Ingestion occurs as an intentional
exposure in adults, while children’s exposure is accidental.
The basic pathophysiologic reaction of tissue subjected to
caustic burn is the deposition, synthesis, and remodeling
of extracellular matrix, and following full thickness injuries

to the wall of esophagus, the normal esophageal tissue is
replaced by connective tissue [2, 3].
Today, the aim of therapy in corrosive esophageal burn
injuries is to prevent development of fibrosis, stricture formation, and perforation [4]. Several types of nonsurgical management such as steroid injections, antibiotics, esophageal
dilatation, stent applications, and surgical treatment options
are used for treatment [2, 4–6]; but current types of treatment
are quiet ineffective for severe corrosive burns. In experimental models, some agents such as vitamins E and C,

2
heparin, mitomycin, penicillamine, caffeic acid, epidermal
growth factor, interferon g, sphingosylphosphorylcholine,
phenethyl ester, progesterone, and estradiol are found to be
effective in different degrees [7–13]. However, they have not
been applied as standard treatment protocols for corrosive
esophageal burn injuries at present.
Mesenchymal stem cells (MSCs) constitute an alternative
source of pluripotent stem cells. They have the capacity to
differentiate into cells of mesodermal lineage, and also have
a much broader differentiation potential. Cells with similar
properties exist in a variety of other tissues, including adipose
tissue, peripheral and umbilical cord blood, placenta, amniotic fluid, fetal tissues, synovial membrane, and deciduous
teeth, but bone marrow MSCs are the best characterized ever
[14–16]. MSCs also have the capacity to home in sites of
injury [17]. Recent studies have shown that bone marrowderived MSCs might play an important role in the repair
processes of injured tissues [18, 19]. Okamoto et al. reported
that bone marrow derived cells can repopulate esophagus
epithelia in humans [20]. They also have shown that bone
marrow derived cells are a potential source from which to
repopulate esophagus epithelia especially during episodes of
inflammation and regeneration, raising the possibility that
clinical therapies to regenerate human esophagus epithelia
with bone marrow cells may be possible [20]. Ringdén
et al. reported that MSC transplantation plays a role in
healing tissue toxicity in patients who had complications
after allogeneic hematopoietic stem cell transplantation [21].
In addition, several groups have demonstrated the ability
of MSCs to secrete angiogenic factors, such as vascular
endothelial growth factor, hepatocyte growth factor, and
interleukin-6 both in vitro [22, 23] and in vivo [24].
There has been no evidence about any effect of MSCs
on improving any form of esophageal injury. The aim of
this experimental study was to investigate the efficacy of
allogeneic MSCs, which intravenously transplanted into a
caustic esophagitis rat model. In this context we aimed to
assess their homing behaviour towards the esophagus injury
site and improve capacity on mucosal healing and reversing
stricture formation.

2. Materials and Methods
This study was approved by the Experimental Ethical Committee of the Gulhane Military Medical Academy, Ankara,
Turkey.
2.1. Study Groups. In order to have 90% power with 5%
type I error level to detect a minimum clinically significant
difference of 50%, 20 rats for treatment group and 10 rats for
each left group (sham, control etc.) had to be recruited to the
study.
The study was performed using 54 albino, male, 2-monthold Sprague-Dawley (SD) rats weighing between 250 and
300 g each. All the rats were obtained from our animal
research center. Rats were kept in experimental animal
production cages which were closed with plastic on bottom
and sides and top with wire fence. Room temperature was
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maintained at 22∘ C. In order to simulate circadian rhythm,
12 h light and dark periods were carried out. The rats were fed
by pellet type fabrication feed that is produced specially for
experimental animals. Four rats were sacrificed and their tibias and femurs were excised. Their marrows were cultured to
obtain MSCs. The remaining 50 animals were randomly allocated into 4 groups. Group 1 (control group), in which caustic
esophageal burns were created but left without treatment (10
rats). Group 2 (MSCs-treated group), in which animals with
caustic esophageal burns were transplanted, and membrane
labelled allogeneic bone marrow derived 1 × 106 mesenchymal
stem cells each one day after injury. They were sacrificed
at 21st day and histopathologic analysis was performed to
esophagus specimens (20 rats). Group 3 (MSCs tracked via
PET imaging) in which stem cells were labeled with fluoro-Dglucose (FDG), and after transplantation, MSCs were tracked
for 4 hours via positron emission tomography in order to
observe their early homing behaviour (10 rats). Group 4
(sham-operated group), in which laparotomy was performed,
esophagus was uninjured and untreated (10 rats).
2.2. Experimental Model. After 12 hours of fasting, each rat
was anesthetized intraperitoneally with xylazine hydrochloride (15 mg/kg) and ketamine hydrochloride (100 mg/kg). A
standardized esophageal caustic burn injury was produced
using the method described by Gehanno and Guedon [25].
Applying sterile surgical techniques, a midline laparotomy
was made and 2 cm of abdominal esophageal segment was
isolated and tied with 2/0 silk sutures distally and proximally.
A 24-F cannula was placed into the isolated segment through
a gastric puncture. The esophageal injury was created by
instilling 20% NaOH solution for 3 minutes until slight
translucency of the esophageal wall and branching of the
vessels were noted, and then the solution was aspirated.
Subsequently, distilled water was used to irrigate the injured
segment for a 60-second period. In the sham operated group,
distal esophageal segments were instilled with 0.09% NaCl
solution only. The laparotomy incision was closed and 10 mL
of saline was administered subcutaneously in each animal.
Rats were not allowed to feed for the next 24 h. All animals
were kept in identical cages that provided food and water
during the study period. On the 21st postoperative day, the
rats were decapitated and distal 1.5 cm esophageal segments
were harvested for histopathologic investigations. Specimens
were placed in 10% buffered formaldehyde solution.
2.3. Bone Marrow (BM) Preparation and BM-Derived Rat
MSC Generation. Briefly, 4 SD rats were sacrificed by decapitation and Bone Marrow (BM) was flushed with L-DMEM
(Gibco Lab, Grand Island, NY) using a 23-gauge needle
from femurs and tibias. The BM cells were then pelleted by
centrifugation at 1000 rpm for 15 min. The BM cells were
gently resuspended using an 18-gauge needle and filtered
through a sterile nylon mesh. The viability was consistently
>95% as determined by trypan blue exclusion. For the MSC
generation, BM cells were plated in 25 cm2 polystyrene flasks
in L-DMEM supplemented with 10% fetal bovine serum
(FBS) in 37∘ C with 5% CO2 conditions (Gibco Lab, Grand
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Table 1: Criteria for histopathologic evaluation.

Criteria

Score

Increase in submucosal collagen
None

0

Mild (submucosal collagen at least twice the thickness of the muscularis mucosa)

1

Marked (submucosal collagen more than twice the thickness of the muscularis mucosa)

2

Damage to muscularis mucosa
None

0

Present

1

Damage and collagen deposition in the muscularis propria
None

0

Mild (collagen deposition around the smooth muscle fibers)

1

Marked (same as mild, with collagen deposition replacing some of the fibers)

2

Island, NY). Cells were allowed to adhere for 72 h followed by
the removal of nonadherent cells and media changed every 3
to 4 days. Adherent cells were detached using trypsin-EDTA
solution-B (EDTA 0.05%, Trypsin 0.25%, with Phenol Red,
Biol. Ind., Israel) at 37∘ C for 10 min, and MSCs were expanded
3-4 times to achieve the desired cell numbers for use in vitro
and in vivo experiments. MSCs were resuspended in DMEM
and diluted to a final concentration of 1 × 106 cells/1 mL.
2.4. Dil Labeling of MSCs. In order to reveal the faith
of the transplanted MSCs in injured tissue, for tracking
procedure, the cells were labeled by 1,1-dioctadecyl-3,3,3,3tetramethylindocarbocyanine (DiI); Vybrant CM-DiI celllabeling solution (Molecular Probes Inc.). MSCs were suspended in DMEM with 1 × 106 cells in 1 mL and labeled
with fluorescent DiI according to the manufacturer’s recommendations [26]. Briefly, 5 𝜇L of cell labeling solution
was added per mL of cell suspension. After mixing well
by gentle pipetting, cells were incubated for 20 minutes
at 37∘ . Then the labeled suspension tubes were centrifuged
at 1500 rpm for 5 minutes and supernatant was removed.
Following labeling, the MSCs were incubated with beta-TCP
in a culture medium. Positive DiI staining was confirmed, and
for each recipient rat, 1 × 106 cells in 1 mL serum were injected
via tail vein of the recipient rat.
2.5. PET Imaging. Stem cells were labeled with fluoro-Dglucose (FDG) following protocols similar to those described
previously [27]. The activities of FDG, administered to the
cell samples, were measured with a standard dose calibrator
(Capintec CRC 10, Capintec Inc., Ramsey, NJ, USA). Cells
were detached under mild conditions in 0.05% trypsin/0.02%
EDTA (Biochrom, Berlin, Germany) for 5 minutes. The
cell suspension was centrifuged at 800 g for 5 minutes and
supernatant was removed. The cell pellet was resuspended
in phosphate-buffered saline (PBS), and recentrifuged at
800 g for 5 minutes. For cell counting, the washed pellet
was resuspended in 1 mL of PBS; the cell concentration
was measured by microscopic examination of 10 𝜇L portions
of the suspension. For labelling, 1 × 106 cells were mixed

with 2-deoxy-2-(18F) fluoro-D-glucose (FDG) at dose of 0.5
mCi/0.5 mL in plastic gamma tube and incubated for 45
minutes at 37∘ C in the benmari. At the end of the incubation
period, the FDG-containing medium was removed and the
MSCs were washed twice with PBS and they were resuspended with 0.3 mL saline.
The animals (which had been kept fasting for at least
4 h) were anesthetized with ketamine (15 mg/kg), and 37–
47 MBq (1.0–1.3 mCi) and FDG labeled stem cells (1 × 106
cells labeled with ∼16 × 106 MBq FDG/300 𝜇L) were injected
via intravenous tail vein. After 60 min of distribution, the
rats underwent a whole body-imaging acquisition including
6 min for the 3-dimensional-mode emission scan and less
than 10 seconds for the transmission scan in PET CT
camera (GE Discovery 690, WI, USA). The images were
reconstructed with optimized parameters. The FDG PET CT
imaging of the animals was repeated to demonstrate the
gastroesophageal junction 1 hour after the oral contrast (2 mL
barium sulfate suspension) administration. The animals were
sacrificed by decapitation method; gastroesophageal junctions were resected and reimaged by PET scanner.
2.6. Histopathologic Evaluation. All samples were detected
by a blind gastrointestinal system pathologist. After 10%
formalin fixation, esophageal resection samples were embedded paraffin blocks crossly. 5 𝜇m thick sections were taken
and then, stained with hematoxylin and eosin (HE) for
general histologic evaluation and with Masson’s trichrome for
detecting collagen deposition to evaluate fibrosis. Firstly, with
an automatized microscope-camera system (OlympusMicro
DP-BSW Ver. 3.3, Olympus Co., Japan), the thickness of
the esophageal wall (WT) and lumen diameter (LD) was
measured, and the stenosis index (SI) was calculated to
evaluate the degree of the stricture (SI = WT/LD). Secondly,
tissue damage was scored on a scale based on 3 different
categories described by Guven et al. (Table 1) [28].
The specimens were also examined by Nikon eclipse 80i
microscope through Y-2EC filter (Wavelength; ex: 540–580
DM 595 BA 600–660) in order to visualize the differentiated
DiI labeled MCSs.
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(a)

(b)

(c)

Figure 1: PET/CT image demonstrated the altered biodistribution between FDG (a) and the labeled stem cells with FDG (b). Prominent
accumulation of the labeled stem cells in the lung was demonstrated by PET/CT (B) and PET image (c).

2.7. Statistical Analysis. All statistical analyses were carried
out using SPSS 15 (SPSS Inc., Chicago, IL, USA) statistical
software for Windows. All data were presented as mean
± standard deviation. Differences in measured parameters
among the three groups were analyzed by the KruskalWallis test. Dual comparisons between groups that present
significant values were evaluated with the Mann-Whitney 𝑈
test. Differences were considered as significant when the 𝑃
value was less than 0.05.

3. Results
All rats which stayed alive for 21 days were evaluated. 44
rats survived throughout the study (6 rats died; 4 from MSC
treated group and 2 from control group). All animals in the
sham-operated group survived during the study while two
control and 4 MSCs treated rats died on different days during
follow-up, after creating esophageal burns.
3.1. PET Imaging: FDG Labeled MSC Tracking. When the
FDG alone was injected into the tail vein of the rats (𝑛: 2),
prominent FDG uptake was noticed in the central nervous
system, muscles of extremities, in liver, and spleen. There was
also prominent activity accumulation in the urinary system
due to physiological excretion of the FDG (Figure 1(a)). On
the other hand, 1 hour after the injection of the labeled
stem cells into the tail vein of the rats (𝑛: 8), prominent
activity caused by labeled stem cells in the lung was detected
(Figures 1(b) and 1(c)). Actually this finding can be expected
when labeled cells with radiopharmaceuticals such as white
blood cells labeled with Tc-99 m HMPAO were reinjected
intravenously; homing of the labeled cells in the lung is a
usual finding on the scan acquired at the first hour [29]. There

was also prominent activity in the lower portion of the injured
esophagus (Figures 2(a)–2(c)). Little activity in the urinary
system and in the central nervous system was also noticed
due to unbound FDG. Altered biodistribution between the
labeled stem cells with FDG and the FDG alone revealed the
success of the labeling process.
3.2. Morphologic and Histopathologic Evaluation. At the end
of the study, the esophagus specimens of the sham-operated
group rats were macroscopically normal and there was no
adhesion (𝑛: 10). In contrast, those of MSCs treated (𝑛: 16)
and control animals’ (𝑛: 10) showed considerable or complete
esophageal obstruction, severe adhesion (possibly due to
perforation), and residual chow in the esophageal lumen.
There was no significant difference between SI values of
MSC treated and control groups. This finding was supported
with histopathologic evaluation. The SI in the treatment and
control group was significantly higher than sham-operated
groups (𝑃 < 0.01).
3.3. Histologic Tracking of DiI Labeled MSCs in Injury Site.
The rats of Group 2 (𝑛: 16) with caustic esophagitis which
received Dil labeled MSCs treatment were sacrificed at the
21st day of caustic injury. The specimens were also examined by Nikon eclipse 80i microscope through Y-2EC filter
(Wavelength; ex: 540–580 DM 595 BA 600–660). We noticed
some esophagus epithelium (Figure 3(a)) and muscle cells
(Figure 3(b)) stained positively for Dil which were originated
from BM derived MSCs. The homing behaviour of MSCs
that we have demonstrated by PET imaging, resulted in
differentiation to epithelium and muscle cells. However, the
number of differentiated cells was far apart from restoring the
original architecture.

Stem Cells International

5

(b)

(a)

(c)

Figure 2: PET/CT image demonstrated the presence of the activity that can be interpreted as to be the activity of the labeled stem cells in
the lower portion of the esophagus containing barium sulphate (a). Esophagogastric junction was resected (b) and imaged (c) by PET/CT to
delineate the prominent activity in the lower portion of the injured esophagus.

(a)

(b)

Figure 3: Epithelial differentiation of Dil labeled MSCs (a). Muscle cell differentiation of transplanted bone marrow derived Dil labeled
MSCs (b).

4. Discussion
Ingestion of caustic materials is a major health problem
with a high degree of morbidity [1]. Extensive damage to
the esophagus can cause serious problems such as fibrosis
and stricture formation [3]. Like many organs, esophagus
was shown to have stromal proliferative “stem” cells by
some illuminative studies carried out, regarding murine
and human samples. Those mentioned cells seem to lie
mostly in basement membrane of the esophagus [30]. The
devastating effects of especially alkaline agents on esophagus
wall by causing full thickness injury are well known. The
destruction of esophageal stem cells during caustic injury
and loss of regeneration capacity of the organ could easily be
asserted for fibrotic healing process instead of renewal, after
such a demolition. There is no valid algorithm accepted for

the treatment of corrosive esophagitis [2, 3]. Esophageal stricture formation after caustic injury occurs at approximately 21
days and is completed from 28 to 42 days [31]. It is now widely
accepted that the acute inflammatory response dominates
the first week after injury, whereas the second week is the
setting for fibroblastic proliferation and collagen formation,
which represent the pathophysiological pathway of stricture
formation [32, 33]. A successful management of corrosive
injury involves prompt recognition and early treatment.
MSCs are a type of mesodermal-derived multipotent
stem cells, found mainly in connective tissues, organs, and
especially abundant in the bone marrow. Because of their
multidirectional differentiation and self-replicating feature,
bone marrow derived MSCs are considered the most potent
for therapeutic application. Under specific induction conditions, bone marrow derived MSCs can differentiate into
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multiple types of tissues, such as bone, fat, cartilage, muscle,
tendon, ligament, neural, liver, myocardium, and endothelial
cells in vivo or in vitro [15, 16, 34]. The multipotency of
bone marrow derived MSCs can be well conserved even
after multiple processes [35–38]. In recent years, it has been
reported that allogeneic MSCs appear to suppress graft versus
host disease (GvHD) and Crohn’s disease as well as induce
regenerative phenomena in the case of stroke, infarct, spinal
cord injury, meniscus regeneration, tendinitis, acute renal
failure, and heart disease in both human and animal models
of disease [39].
Up to date, there has been no research related to the effect
of MSCs transplantation on any form of esophageal disease.
In this experimental study, we examined whether the MSCs
transplantation treatment modality has a beneficial effect on
caustic esophageal injury.
Stem cells which are more prone to differentiate to
specialized cell types might have been used for this experimental procedure like pluripotent stromal cells, isolated from
different organs. For example, Musina et al. isolated MSCs
from menstrual bloods of volunteer women [40]. In the same
context, Hida et al. demonstrated that those same cells are
very capable of differentiation to cardiac precursor-like cells
[41]. Same sort of cells originating from endometrium, with
their high differentiation capacity to muscle cells, seems like
a good candidate to restore esophagus wall and their efficacy
may be sought in our experimental treatment model. Also
another alternative for cell source may be the stem cells
derived from human placenta and fetal membranes where
they are obtained without any invasive procedures and in
vitro expansion potential is significantly higher than BM
derived MSCs [42]. However we have chosen BM derived
MSCs with their well-known features.
Throughout the experimental process, we infused MSCs
only once. However the pathology investigation results of
esophagus specimens were far away from restoring the
original esophagus architecture. Here we think a reasonable
approach may be performing multiple infusions of MSCs in
order to achieve a sustained regeneration. Transplantation
of MSCs via direct injection into injury site seemed also a
feasible way for this study. However, after 20% NaOH injury,
affected esophagus wall sites were very fragile and prone to
perforation. Therefore direct implantation of MSCs may have
resulted in perforation and higher animal mortality rates.
Study results have shown that single dose MSCs transplantation did not improve the esophageal injury in rats;
nevertheless, animal use to predict human response to treatment modalities is apparently a contentious issue [43]. Since
rodent esophagus does not resemble the human’s accurately,
human tissue responses to MSC transplantation may be
more satisfactory. On the other hand, this experimental
study demonstrated intravenously injected MSCs’ first step
in circulation and their subsequent homing to injured tissues
in the esophagus. Histopathology results confirmed both the
homing behaviour and differentiation properties of transplanted MSCs. These results provide evidence for clinical
application as a treatment modality for esophageal diseases
in humans. Nevertheless, time course and dose dependent
studies with different types of stem cells are necessary to
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determine the proper timing and dosage after the injury and
effects on other organs and systems.
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Fatty bone marrow (BM) and defective hematopoiesis are a pathologic hallmark of aplastic anemia (AA). We have investigated
adipogenic and osteogenic potential of BM mesenchymal stem cells (BM-MSC) in 10 AA patients (08 males and 02 females) with
median age of 37 years (range: 06 to 79 years) and in the same number of age and sex matched controls. It was observed that
BM-MSC of AA patients had a morphology, phenotype, and osteogenic differentiation potential similar to control subjects but
adipocytes differentiated from AA BM-MSC had a higher density and larger size of lipid droplets and they expressed significantly
higher levels of adiponectin and FABP4 genes and proteins as compared to control BM-MSC (𝑃 < 0.01 for both). Thus our data
shows that AA BM-MSC have enhanced adipogenicity, which may have an important implication in the pathogenesis of the disease.

1. Introduction
Aplastic anemia (AA) is a bone marrow (BM) failure syndrome characterized by a fatty BM and peripheral pancytopenia. Defects in hematopoietic stem cells (HSC) as well
in the BM stroma have been implicated in the pathogenesis
of AA but the exact cause of the disease is still obscure [1].
We have previously shown in AA an increased apoptosis of
BM cells [2], IL-8 levels [3], and expression of interferon𝜆 and tumor necrosis factor-𝛼 in BM T-cells as well as
their increased levels in BM plasma [4]. These studies point
towards the role of immune mechanisms and bone marrow microenvironment in the pathogenesis of the disease.
Mesenchymal stem cells (MSC) are the key stem cells of
the BM microenvironment that give rise to different stromal
cell types including adipocytes, osteoblasts, endothelial cells,
and stromal fibroblasts and maintain hematopoietic homeostasis in the marrow by cell-cell contact and by producing
various hematopoietic cytokines and growth factors [5, 6].
The AA BM-MSC have been shown to have an abnormal
gene expression profile [7] and abnormal immunological

properties [8, 9] indicating a BM-MSC dysfunction in AA.
It is also recently reported that adipocytes present in the
BM suppress HSC maturation and differentiation and an
imbalance between adipogenic and osteogenic differentiation
of MSC may substantially influence hematopoiesis [10–12].
Thus, in order to further explore the role of BM-MSC in the
disease, we have evaluated their adipogenic and osteogenic
differentiation potential in patients with AA.

2. Materials and Methods
2.1. Subjects and Culture and Phenotypic Characterization of
BM-MSC. Ten AA patients [12], 08 males and 02 females
with median age of 37 years (range: 6 to 79 years), and
the same number of age and sex matched controls were
recruited in the study. After informed consent, 5 mL of
BM was aspirated from the posterior superior iliac crest
of each subject and BM-MSC were isolated, cultured and
phenotypically characterized as per the standard protocol
established in the lab [13]. The cells of 3rd passage were used
in the experiments.
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2.2. Adipogenic Differentiation. BM-MSC in 3rd passage
were treated with adipogenic medium consisting of DMEM
medium (Invitrogen) containing 10% FBS (Hyclone),
500 mM IBMX, 1 mM dexamethasone, 10 mg/mL
insulin, and 100 mM indomethacin (adipogenesis kit,
Chemicon). After 18 days, the cells were fixed and stained
with oil red O stain to visualize the fat droplets in the
cells.
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enhanced chemiluminescence detection system (Amersham
Biosciences, http://www.gelifesciences.com/).
2.6. Statistical Analysis. The results were calculated as mean
± SD. The difference between control and aplastic anemia
patients was evaluated by Student’s t-test.

3. Results

2.3. Osteogenic Differentiation. BM-MSC in 3rd passage
were treated with osteogenic medium consisting of
DMEM medium (Gibco-Invitrogen) containing 10% FBS
(Hyclone), 1 mM dexamethasone, 10 mg/mL glyceraldehyde
3-phosphate, and 0.1 mM ascorbic acid (osteogenesis kit,
Chemicon). After 21 days, the cells were fixed with 4%
paraformaldehyde and stained with alizarin red stain to
visualize mineralization.

3.1. Morphology and Phenotypes. The BM-MSC of patients
with AA exhibited characteristic fibroblastoid morphology
similar to those of controls. Flow cytometric analysis revealed
that BM-MSC of AA patients and controls had similar
expression of CD73 (96.77 ± 2.03% versus 94.68 ± 2.26%),
CD90 (97.96% ± 3.34% versus 98.86 ± 2.64%), and CD105
(92.28 ± 3.88% versus 89.28% ± 3.62%) (𝑃 > 0.5, for all) and
absence of expression of CD34, CD45, and CD14
(Figure 1).

2.4. Reverse-Transcription Polymerase Chain Reaction
(RT-PCR). Expression of adiponectin, fatty acid binding
protein 4 (FABP4) and osteopontin was done by RTPCR. Total RNA of BM-MSC of AA patients and controls
was extracted using RNeasy Mini RNA isolation kit
(Invitrogen). One 𝜇g of total RNA was reverse transcribed
into cDNA using random hexamers (Invitrogen). The gene
primers (MWG Biotech, http://www.mwg-biotech.com/)
used were as follows. Adiponectin: (forward) 5 and
(reverse)
AAGGAGATCCAGGTCTTATTGG-3
5 ACCTTCAGCCCCGGGTAC-3 (accession number: NM
004797.2); FABP4: (forward) 5 -CCTTTAAAAATACTGAGATTTCCTTCA-3 and (reverse) 5 - GGACACCCCCATCTAAGGTT-3 (accession number: NM 001442.2); osteopontin: (forward) 5 -GGATCCCCAGATGCTGTGGCCACATG-3 and (reverse) 5 -CTCGAGTTAATTGACCTCAGAAGATGC-3 (accession number: NM 001040058.1);
and 𝛽-actin: (forward) 5 -GCTCGTCGTCGACAACGGCTC-3 and (reverse) 5 - CAAACATGATCTGGGTCATCTTCTC-3 (accession number: BC016045). The amplicons
were resolved on 2% agarose gel (Sigma-Aldrich) and
pictures were acquired using gel documentation system
(Alpha Imager, http://www.alphainnotech.com/).

3.2. Adipogenic Differentiation and Expression of Adipogenic
Transcripts and Proteins. Oil red O staining of the adipocytes
differentiated from AA BM-MSC had a higher density and
larger size of lipid droplets, as compared to controls (Figure 2:
(iA) and (iB)). The RT-PCR and Western blot analysis showed
significantly higher expression of Adiponectin and FABP4
transcripts and proteins, respectively, in the adipocytes
derived from AA BM-MSC than those of controls (𝑃 < 0.01,
for all) (Figure 2: (ii) and (iii)).

2.5. Western Blotting. The BM-MSC treated with induction
medium or untreated cells were homogenized in lysis buffer
[10 mM Tris-Cl (pH 7.5), 50 mM NaCl, and 1% Triton-X100 containing phenylmethylsulfonyl fluoride (1 mM) and
protease inhibitor cocktail] and centrifuged at 12,000 xg
for 15 min at 4∘ C and the supernatant was estimated for
protein content. 100 𝜇g protein of each sample was subjected to 6% SDS-PAGE and electrotransferred onto nitrocellulose membrane. The membranes were incubated with
antibodies against adiponectin (Abcam), FABP4 (R&D Systems; http://www.rndsystems.com/), osteopontin (Abcam,
http://www.abcam.com/), and 𝛽-actin (R&D Systems) followed by incubation with HRP-conjugated corresponding
secondary antibodies. The signals were detected using an

3.3. Osteogenic Differentiation and Expression of Osteopontin
Gene and Protein. The BM-MSC of patients with AA on
treatment with osteogenic medium exhibited osteogenic
differentiation similar to those of controls as shown by
alizarin red staining (Figure 3: (iA) and (iB)). The RT-PCR
and Western blot analysis showed no significant difference in
the expression of osteopontin gene and protein, respectively,
in osteocytes differentiated from BM-MSC of AA patients
and those of controls (𝑃 > 0.5) (Figure 3: (ii) and (iii)).

4. Discussion
Our study shows that BM-MSC from patients with AA have
morphology, phenotype, and osteogenic potential similar to
those of controls but they exhibit an enhanced adipogenic
potential as revealed by larger size and higher density of
lipid droplets and a higher expression of adipogenic genes
and proteins in adipocytes differentiated from AA patients as
compared to controls.
The only one study available in the literature has demonstrated that AA BM-MSC have a normal phenotype
and can be readily differentiated into adipocytes with
increased expression of genes of adipocytokine signaling
pathway including TRADD, PRKAB2, LEP, SLC2A1,
and SOCS3 [7]. This study has also shown that AA
BM-MSC are difficult to differentiate into osteoblasts
but J. Li et al. have not studied the expression of the
osteogenic genes or proteins in the differentiated cells.
We have also observed a normal phenotype of BM-MSC
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Figure 1: BM-MSC morphology and phenotype. (i) Fibroblastoid morphology of BM-MSC of (A) aplastic anemia patients and (B) control
patients. (ii) Representative dot plots showing phenotype of BM-MSC of (a) aplastic anemia patients and (b) control patients.

from AA patients and demonstrated their enhanced
adipogenicity by oil red staining of differentiated cells
as well as by quantification of the adipogenic gene and
proteins. However, we observed that expression of the
osteopontin gene and proteins was similar to controls.
Another study has reported that AA BM-MSC have a
lower expression of GATA-2, which suppresses adipocytic

differentiation, and a higher expression of peroxisome
proliferator-activated receptor gamma that promotes
adipocytic differentiation [14]. This study also lends support
to our observation of enhanced adipogenic potential of AA
BM-MSC.
Marrow adipocytes have long been viewed as space filler
cells but some recent studies have shown that BM adipocytes
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Figure 2: Adipogenic and osteogenic differentiation of BM-MSC of aplastic anemia patients. (i) Oil red O staining of adipocytes differentiated
from BM-MSC of (A) aplastic anemia patients and (B) controls (bright field microscope view at 20x). (ii) Gene expression of adiponectin
and FABP4 in adipocytes differentiated from BM-MSC of aplastic anemia patients and controls. (a) Representative gel pictures of RT-PCR.
(b) Fold gene expression. (iii) Protein expression of adiponectin and FABP4 in adipocytes differentiated from BM-MSC of aplastic anemia
patients and controls. (a) Representative Western-blot picture. (b) Fold expression of proteins.

Stem Cells International

5

(A)

(B)
(i)

Fold gene expression (A.U.)

2.0

Osteopontin

1.5

1.0

0.5

𝛽-Actin

AA
BM-MSC

0.0

Control
BM-MSC

Osteopontin
Control BM-MSC
AA BM-MSC

(a)

(b)
(ii)
2.0

Fold expression (A.U.)

1.5

66 kDa

Osteopontin

1.0

0.5

42 kDa

𝛽-Actin

0.0
AA
BM-MSC

Osteopontin

Control
BM-MSC

Control BM-MSC
AA BM-MSC

(a)

(b)
(iii)

Figure 3: Osteogenic differentiation of BM-MSC of aplastic anemia patients. (i) Alizarin red staining of osteocytes differentiated from BMMSC of (A) aplastic anemia patients (B) controls (bright field microscope view at 20x). (ii) Gene expression of osteopontin in osteocytes
differentiated from BM-MSC of aplastic anemia patients and controls. (a) Representative gel pictures of RT-PCR. (b) Fold gene expression.
(iii) Protein expression of osteopontin in osteocytes differentiated from BM-MSC of aplastic anemia patients and controls. (a) Representative
Western-blot picture. (b) Fold expression of proteins.
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are negative regulators of hematopoiesis and have a reciprocal
relationship with osteoblasts that promote hematopoiesis [11,
14]. Moreover, it has also been reported that BM adipocytes
produce neuropilin-1, adiponectin, and TNF-𝛼 and each of
which has a suppressive effect on hematopoiesis [15]. We
have shown that adipocytes differentiated from AA BMMSC exhibit higher expression of adiponectin and FABP4
genes and proteins. Although the role of FABP4 in regulation
of hematopoiesis is not known adiponectin is reported to
potentially inhibit hematopoiesis. As BM adipocytes are a
potent source of antihematopoietic cytokine TNF-𝛼 [15],
the present study also supports our previous observation of
increased levels of this cytokine in marrow plasma of patients
with AA [4]. Thus the enhanced adipogenic potential of AA
BM-MSC may contribute to the defective hematopoiesis in
AA.
In summary, our study has demonstrated that BM-MSC
of patients with AA possess an enhanced adipogenic potential
which may have an important role in the pathogenesis of
the disease. Further studies targeting molecular mechanisms
involved in the hematopoietic inhibition by adipocytes and
abnormalities in other biological properties of BM-MSC of
AA patients would add new insights into the pathogenesis
and treatment of the disease.
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Extraordinary progress in understanding several key features of stem cells has been made in the last ten years, including definition
of the niche, and identification of signals regulating mobilization and homing as well as partial understanding of the mechanisms
controlling self-renewal, commitment, and differentiation. This progress produced invaluable tools for the development of rational
cell therapy protocols that have yielded positive results in preclinical models of genetic and acquired diseases and, in several cases,
have entered clinical experimentation with positive outcome. Adult mesenchymal stem cells (MSCs) are nonhematopoietic cells
with multilineage potential to differentiate into various tissues of mesodermal origin. They can be isolated from bone marrow
and other tissues and have the capacity to extensively proliferate in vitro. Moreover, MSCs have also been shown to produce antiinflammatory molecules which can modulate humoral and cellular immune responses. Considering their regenerative potential
and immunoregulatory effect, MSC therapy is a promising tool in the treatment of degenerative, inflammatory, and autoimmune
diseases. It is obvious that much work remains to be done to increase our knowledge of the mechanisms regulating development,
homeostasis, and tissue repair and thus to provide new tools to implement the efficacy of cell therapy trials.

1. Introduction
Since the work of Friedenstein, that firstly described bone
marrow- (BM-) derived stromal cells with the capacity of
differentiation into bone [1], it was thought that nonhaematopoietic stem cell resided in the bone marrow, the so-called
mesenchymal stem cells (MSCs) [2, 3]. The group of Caplan
identified the MSCs from BM for the expression of the
specific antigen markers CD105 and CD73 [4]. Pittenger
defined the MSCs as multipotent stem cell with the ability to
differentiate into adipose tissue, bone, and cartilage [5].
According to this multilineage differentiation potential, it was
believed that MSCs mediated tissue and organ repair [6, 7].
However, further studies assessed that, following specific
molecular cues, MSCs reached the site of injury and allowed
the repair of tissues by means of the expression of different
trophic factors [8–10]. In the last 20 years, MSCs were isolated
from a wide range of tissues [11–14] and organs [15, 16].

Furthermore, it was demonstrated that under specific stimuli MSCs possessed an incredible capacity of transdifferentiation, developing in mesodermal (myocyte, osteocyte,
endothelium, adipocyte, and cardiomyocyte), ectodermal
(neuronal), and endodermal (hepatic, pancreatic, respiratory epithelium) lineages. In the presence of 𝛽-glycerolphosphate, ascorbic acid-2-phosphate, dexamethasone, and
fetal bovine serum, MSCs proliferated as osteoblasts. On the
other side, when they were grown with a serum-free nutrient
medium added with TFG-𝛽 or family-related molecules,
MSCs proliferated as chondrocytes, expressing cartilagespecific extracellular matrix components [17]. Similarly, it
could be possible to induce the formation of adipocytes
by means of peroxisome proliferator-activated receptor-𝛾
(PPAR-𝛾), fatty acid synthetase, and isobutylmethylxanthine
while, on the contrary, IL-1 and TNF-𝛼 blocked MSCsadipogenetic differentiation. As published by Barry and
Murphy, MSCs differentiation into myoblasts was driven by
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5-azacytidine and amphotericin B [17]. Recently, different
works suggested that MSCs were strictly associated with
vessels and possibly with pericytes, the perivascular cells that
surround microvessels [18]. It was demonstrated that pericytes retained the ability to differentiate not only into osteoblasts, adipocytes, and fibroblasts but also into neural
lineages if cultivated with bFGF [19] and into smooth muscle
cells if stimulated with low concentration of oxygen [20]. It
is well known that MSCs are able to express integrins,
adhesion molecules, and chemokine receptors that regulate
their capacity of migration and homing: CCR1, CCR4, CCR7,
CCR10, and CXCR5 [4, 21]. Thanks to the expression of
these molecules, MSCs can reach damaged tissues through
endothelial cell layers and participate not only in tissue regeneration but also in BM microenvironment replenishment
[22]. Stromal derived factor (SDF)-1 is associated with mobilization of stem cells into the periphery and homing to the
site of injury [23, 24]: it was showed that in diverse tissue
injures SDF-1 functions as a MSCs chemoattractant [25–28].
According to these evidences, MSCs were evaluated in several
studies for their safety and efficacy of transplantation. Studies
published by Gao and Herrera confirmed the ability of MSCs
to engraft into various organs following transplantation (liver,
bone, and lung) [29, 30], while the groups of Jackson and
Orlic successfully used them in the preparation of infarcted
myocardium [31–33]. Furthermore, MSCs were noted to
enhance angiogenesis in the myocardium [34] and also to
allow the reduction of myocardial fibrotic area, probably due
to their capacity of increasing the capillary density [35].
Hofstetter and colleagues demonstrated that MSCs exert their
role also indirectly, enhancing the expression of growth factors that allowed the regeneration of damaged tissues [36].
However, further studies are necessary to better identify (i)
all the molecules other than chemokines and adhesion molecules that drive MSCs to the site of injury; (ii) growth media
to obtain reproducible culture techniques and to enhance
safety of expanded MSCs; (iii) host responses to allogenic
MSC therapy.

2. MSCs Isolation
Citofluorimetric analysis performed on MSCs showed that
they express CD44, CD73, CD90, and CD105 receptors while
lacking hematopoietic stem cell markers such as CD14, CD31,
CD33, CD34, and CD45. Due to the absence of specific
mesenchymal cell markers and the heterogeneity of the MSC
populations, the Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy
(ISCT) established three minimal criteria that MSCs isolated
from human bone marrow and other mesenchymal tissues
must have in vitro: (i) adherence to plastic in standard culture
conditions, (ii) display of a specific surface antigen expression
pattern (CD73+ CD90+ CD105+ CD34− CD45− CD11b−
CD14− CD19− CD79a− HLA-DR−), and (iii) multipotency,
that is, differentiation potential along the osteogenic, chondrogenic, and adipogenic lineages [37]. The heterogeneity
of the MSC population is demonstrated by in vitro differentiation assays, where most of the population showed a
differentiation potential towards the classical three cell types.
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3. Immunomodulatory Effects of MSCs
Several studies have demonstrated that MSCs can inhibit
cytotoxic T cells and natural killer (NK) cells [38, 39] by
means of different pathways. MSCs can exert their immunomodulatory functions by secreting suppressors of T-cell
development (TGF𝛽 and hepatocyte growth factor (HGF))
[40] and proliferation such as leukemia inhibitory factor
(LIF) [41] and IFN-𝛾 [42]. Furthermore, MSCs can induce the
expression of TNF-𝛼 and IL-1 leading to unbalanced secretion of chemokines and inducible nitric oxide (iNOS) [43].
More interestingly, the works of Spaggiari et al. [44] and Poggi
et al. [45] showed that MSCs isolated from BM are not recognized by NKs as they express human leukocyte antigen (HLA)
class I molecules. This way, MSCs were seen as the most feasible population of stem cells for cell transplantation experiments. Otherwise, recent studies demonstrated that MSCs
were efficiently lysed by the cytotoxic immune effectors [39,
46]. The work of Jewett et al. showed that IL-2 treated NKs
recognized and destroyed MSCs while IFN-𝛾 had the opposite effect [47]. As the IFN-𝛾 is secreted by monocytes, the
authors postulated that these cells not only served as protector of MSCs but also allowed the differentiation of stem cells
by NF𝜅B dependent and independent pathways [47]. Giuliani
et al. showed that MSCs expressed functional Toll-like receptors (TLR) that promote their proliferation and cytokine
secretion [48]. They also identified a molecule, called MICA,
that formed a complex with other immunoregulatory proteins and together with TLRs ligands protected MSCs against
NKs aggression [48].

4. MSCs and Chronic Diseases
4.1. MSCs and Musculoskeletal Diseases. As for the other
tissues previously described, MSCs were isolated from human
adult skeletal muscle [49, 50]. In addition, Gonçalves described the ability of MSCs to complement dystrophin deficiency [51], and Németh et al. showed that MSCs increased
the survival rate of model animals by the modulation of
macrophage activity [52]. For these reasons, these cells
became feasible to therapeutic application for Duchenne
muscular dystrophy (DMD). Different groups demonstrated
that transplantation of MSCs into murine model of DMD
replenished the host satellite cell compartment—allowing the
expression of dystrophin and ameliorating the dystrophic
phenotype—and also remained as a pool of quiescent satellite
cells [53, 54]. Similarly, de Bari and coworkers isolated MSCs
from human synovial membrane and injected them into mdx
mice, showing MSCs persistence into host muscles up to six
months [55]. Gang et al. demonstrated that MSCs derived
from human umbilical cord blood (UCB-MSCs) differentiated into skeletal muscle and expressed MyoD and myogenin,
muscle-specific transcription factors: transplanted into dystrophic mice, they allowed highly detectable expression of
myosin [56].
The role that MSCs play in regulating inflammation is
now clear. It is a “multistep” event as MSCs could exert their
role as a negative controller/suppressor, by expressing SDF-1
and CCL2 [57], by inhibiting macrophage activation [58]
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or by Th1, NK, and cytotoxic T-cell generation [39]. Alternatively, MSCs could act as positive controller/activator by
enhancing the proliferation of Th2 cells and regulatory T cells
(Treg) [59] and by the expression of immune suppressive
cytokines and enzymes [60, 61]. Given these evidences,
together with the fact that the only functional treatment for
DMD is the corticosteroid therapy that regulates the inflammatory reactions, MSCs were widely used in dystrophic
animal models. Firstly, MSCs were injected into the uterus of
mdx mice at different days of pregnancy: the cells were
observed to engraft in different muscles but their functionality was not altered [62, 63]. Adipose-derived MSCs (ADMSCs) were transplanted into dystrophic mice and they
homed to necrotic fibers. Moreover, AD-MSCs allowed the
re-expression of dystrophin and muscular remodelling, even
if at lower rate [64]. Furthermore, injection of MSCs was seen
to inhibit the expression of creatine kinases whereas increasing the number of centrally nucleated myofibers [65]. According to these evidences, Kong et al. transplanted UCB-MSCs
into animal model of limb girdle muscular dystrophies
(LGMDs), characterized by predominant weakness and wasting of proximal muscles, but they did not obtain promising
results [66]. Although the bones naturally restore without
significant scarring, infections, trauma, and cancer could
impair their functional restoration, causing several bone
defects [67, 68]. Cell-based therapies need to isolate MSCs
from the BM of the patient, to expand and enrich the cells
and to seed them into the most suitable three-dimensional
scaffold and/or matrix [69]. As an example, osteonecrosis is
caused by femoral death due to poor blood supply [70]: three
patients were treated with MSCs infusion with TCP-treated
matrix and good results were obtained [71]. Similarly, Nöth
et al. injected a preparation of MSCs into three patients and
obtained encouraging results, as shown by radiographic and
magnetic resonance imaging examination [72]. MSCs were
also successfully used for spinal fusion disease [73], so that
phase I clinical trials arose [74, 75]. Patients affected by severe
osteogenesis imperfecta were injected systematically with
purified allogenic MSCs: these cells were able to engraft into
host bones, where they proliferated into osteoblasts and
allowed an amelioration in the total bone mineral density [76,
77]. Although these encouraging studies were performed, the
amount of MSCs recruited into the bones was too small in
a clinical point of view. Alternatively, the group of Le Blanc
treated a female fetus with multiple intrauterine fractures
with allogenic fetal MSC [13].
4.2. MSCs and Cardiovascular Diseases. Starting from the
evidences that MSCs not only secreted molecules that exerted
important effects on cellular microenvironment [36] but also
differentiated in vitro into cardiomyocytes [78, 79], these cells
were extensively used for cardiovascular repair. Shake and
Nagaya demonstrated that, following systemically injection
into rodent models of these diseases, MSCs engrafted and
partially repaired the infarcted myocardium [80, 81]. In particular, Nagaya and collaborators showed that transplanted
MSCs increased capillary density and decreased the collagen
volume fraction and the fibrosis in the myocardium of a
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rat suffering from dilated cardiomiopathy [82]. Furthermore,
they also noted a significant ventricular functional recovery
as previously demonstrated [83]. According to these promising evidences, Katritsis et al. treated 11 infarcted patients with
autologous MSCs, together with endothelial progenitor’s
cells, and showed partial improvement of myocardial contractility. Unfortunately, they were not able to decipher the
mechanisms responsible for these phenomena [84]. Similarly,
several infarcted patients that were subjected to coronary
intervention were transplanted with autologous MSCs that
improved left ventricular function [85]. Takahashi and collaborators assessed that the molecules secreted by MSCs were
able to protect the myocardium by preserving its contractile
capacity; in particular, MSCs-derived cytokines inhibited the
apoptosis of cardiomyocytes, allowing the formation of new
vessels in damaged tissues [86].
4.3. MSCs and Liver Disease. Fulminant hepatic failure
(FHF) is a severe disease characterized by massive hepatocellular death: the only treatment is liver transplantation that
requires lifelong immunosuppression and high costs. Different works demonstrated that MSCs-secreted molecules not
only allowed tissue repair of infarcted tissue [82] but furthermore prevented parenchymal cell loss [87]. This way, van Poll
and colleagues reported that, following systemic injection of
MSCs in a rat model for FHF, there was an amelioration of the
pathological phenotype—so that liver injury biomarkers were
not released—and, more interestingly, hepatocellular death
was drastically reduced, while hepatocytes proliferation increased [88]. Concerning cirrhosis, four patients were
injected with autologous MSCs in a phase I trial; they did not
suffer from any side effects, thus improving their quality of
life [89]. Similarly, 8 patients with end-stage liver disease were
treated with MSCs and their condition ameliorated demonstrating that this treatment could be feasible and efficient for
this kind of pathologies [90].
4.4. MSCs and Autoimmune Diseases. Since Riordan et al.
suggested that in the bone marrow one of the most important
functions of MSCs could be the protection of haematopoietic
precursor from inflammatory damage [91], the use of MSCs
as inhibitors of inflammation became conceptually appealing.
This way, MSCs were used to block the development of
chronic inflammatory processes that are typical of DMD
(as described in detail in Section 4.1), autoimmune arthritis,
diabetes, and lupus.
4.4.1. Rheumatoid Arthritis. Rheumatoid arthritis (RA) is
characterized by chronic joint inflammation due to loss of
immunologic self-tolerance. González and colleagues
injected DBA/1 mice that suffered from collagen-induced arthritis, with MSCs derived from human adipose tissue, and
evaluated the inflammatory response of treated animals [92].
They showed that following the injection of AD-MSCs the
levels of inflammatory cytokines and chemokines were decreased as the expansion of antigen-specific Th1/Th17 cell. In
contrast this treatment increased the production of IL-10.
Together with its well-known function as an anti-inflammatory factor [93], recent findings demonstrated that
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IL-10 is fundamental for the development of Tregs that
control self-antigen–reactive T cells and induce peripheral
tolerance in vivo [94]. Interestingly, they found that treated
mice had an increase in the percentage of CD4+ CD25+
FoxP3+ Tregs and suggested that these cells could migrate
to the joints, regulating the suppression of the self-reactive
response [92]. It is known that type-II collagen (CII), one of
the components of hyaline cartilage, acts as an autoantigen in
RA. When CII and the other antigenic peptides are
recognized by T cells, they cause the uncontrolled activation
of immune system cells, leading to destruction of the joints
typical of RA patients. Zheng et al. demonstrated that MSCs
isolated from RA patients exerted immunosuppressive
functions, by inhibiting T-cell proliferation, blocking the
secretion of several proinflammatory cytokines, and allowing
the expression of anti-inflammatory IL-10 [95]. They also
obtained MSCs from chondrocytes and described that,
following transplantation into RA joints, these cells not only
suppressed the inflammation regulating the secretion of
TGF-𝛽 1 but also prevented joints destruction [95].
Similar to the previously described work of González et al.
[92], experimental data from Augello [96] and Mao [97] confirmed the positive effects of MSCs transplantation into animal model of collagen-induced arthritis while others did not
describe any amelioration [98, 99]. Schurgers et al. showed
the discrepancy between the in vitro and in vivo immunosuppression ability of MSCs. In vitro, MSCs inhibited the
proliferation of T cells by regulating the levels of IFN-𝛾
whereas in vivo transplantation of these cells into CIA animal
models did not affect the progression of the disease [100]. As
an explanation, due to problems during intravenously injection, MSCs could not reach the spleen and lymph nodes, so
that they did not exert their functions. As MSC treatment for
this pathology was not efficacious, they also suggested to
focus on Treg as in mice injected with these cells the pathological signs of arthritis were significantly ameliorated [101, 102].
Another work from Bouffi et al. demonstrated that MSCs
elicited their immunosuppressive effect by means of a pathway regulated by the prostaglandine-2. Moreover, they
showed that MSCs operated independently from Treg cell
induction. Finally they suggested that the contradictory effect
of MSCs transplantation could be related to the different age
of the mice used in those studies [103].
4.4.2. Systemic Lupus Erythematosus. Systemic lupus erythematosus (SLE) is an autoimmune disease that can affect any
part of the body [104]. Recent findings demonstrated several
defects in the hematopoietic system of SLE patients, probably
due to unbalanced expression of cytokines and other growth
factors. Interestingly, it was found that bone marrow-derived
CD34+ stem cells overexpressed different surface markers
such as CD123 and CD166 that are closely related to T-cell
development inflammation [105]. Accordingly, Kushida et al.
showed that transplantation of hematopoietic stem cells prevented the onset of the disease in the most commonly studied
mouse model of SLE, the MRL/lpr mice [106]. Sun and
colleagues determined a possible role of BM-derived MSCs in
the haematological disorder typical of SLE patients [107] and
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suggested that MSCs transplantation could be used to ameliorate the autoimmune progression of the disease [108]. In
fact they found that MSCs inhibited T-lymphocytes and Th2
proliferation and B-cell production of autoantibody, so that
the pathological signs of MRL/lpr mice were drastically diminished [108].
4.4.3. Type 1 Diabetes. Type 1 diabetes is an autoimmune
disease mediated by the production of auto-antibody directed
against the 𝛽-cells of the pancreas. As a consequence of
the destruction of these cells, the quantity of insulin produced is not sufficient to control sugar blood level. Despite
the exogenous administration of insulin, long-term consequences of hyperglycemia usually occur, including vascular
degeneration, blindness, and kidney failure. Islet replacement
is the best way to fully reproduce the physiological release
of insulin; however, both the limited availability of transplantable organs and the need for immunosuppression have
limited the application of this strategy [109]. Recently it has
been suggested that MSCs can overcome these problems as
they can be differentiated into glucose-responsive, insulinproducing cells and they possess immunomodulatory properties. It was hypothesized that resident pancreatic MSCs
could be forced to adopt a pancreatic fate in vitro. Thus,
Zulewski et al. reported the isolation of nestin-positive isletderived progenitor cells from rat pancreatic islets and their
ability to differentiate in vitro toward pancreatic endocrine
phenotype [110]. Similarly Huang and Tang described the
correction of hyperglycemia in diabetic NOD-SCID mice
thanks to nestin-positive precursors derived from human
fetal pancreas [111]. However, the results of these studies
were controversial and partially inconclusive [112–115] so that
MSCs from other tissues could be an alternative. Among
them, bone marrow derived MSCs were shown to partially
differentiate into endocrine pancreatic cells [116]; furthermore, in vivo maturation of these cells partially compensated
their low differentiation efficiency in vitro [117]. An intriguing
option comes from studies on umbilical cord blood-derived
MSCs that demonstrated the expression of pancreatic development genes in these cells. Recently a population of UCBderived cells was shown to behave like hES cells, recapitulating the same differentiation steps from early stages to 𝛽cells [118]. In conclusion, before MSCs clinical application in
diabetes further studies are needed to improve MSCs based
protocols and above all to expand our knowledge on MSCs
immunogenicity in a HLA-mismatched context.
4.5. MSCs and Neurodegenerative Diseases
4.5.1. Multiple Sclerosis. Multiple sclerosis is an important
cause of neurological disability in young adults. Although it
is a multifactorial disease, it is known that the presence of an
aberrant immunoresponse leads to patches of damage throughout the brain and spinal cord. Autoreactive T cells cause
myelin destruction and secondary oligodendrocyte and
axonal damage [119]. Despite the efficacy of immunomodulatory or immunosuppressive drugs in controlling the number
of relapses, no current therapy is effective to arrest the
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progressive phase of the disease. The therapeutic potential of
stem cell lies in enhancing myelin regeneration, through the
replacement of lost oligodendrocytes, and therefore in preserving axons, thanks to the neurotrophic support [120].
However, the widespread distribution of lesions and the
gray matter damage render the therapeutic efficacy of
direct mesenchymal injection really low. Furthermore bone
marrow-derived cells ability to make oligodendrocytes was
low [121]. Nevertheless, bone marrow-derived MSCs have
pronounced immune-modulating and immunosuppressive
properties [122, 123] so as they were being tested in clinical
trial for relapsing-remitting multiple sclerosis Mesenchymal
Stem Cells for Multiple Sclerosis (MESEMS) (NCT01854957).
Furthermore it was thought that mesenchymal stem cells promote self-repair by reducing scar formation, by stimulating
the formation of new blood vessel, and by secreting growth
and neuroprotective factors, such as superoxide dismutase-3
[124]. After intravenous injection, many cells entered the CNS
and became widely distributed both in experimental models
and in patients [125–127]: safety studies did not evidence
adverse effect such as tumor formation, except for meningeal
syndrome and some preliminary evidence of beneficial effects
that were reported [128, 129].
4.5.2. Amyotrophic Lateral Sclerosis. Suzuki et al. isolated
MSCs from muscles and genetically modified them to constitutively express glial-derived neurotrophic factor (GDNF).
Then, they transplanted the engineered MSCs into rat model
of amyotrophic lateral sclerosis (ALS), a neurodegenerative
disease in which patients lose motor neurons and suffer
from progressive and lethal paralysis. Interestingly, ALS
rats ameliorated the pathological phenotype, increasing the
number of neuromuscular connections [130].
4.5.3. Parkinson’s Disease. Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the progressive loss
of dopaminergic neurons (DA), especially in the pars compacta of the substantia nigra. The mesostriatal dopaminergic
pathway projects in the striatum and their absence causes
several motor complications, including rigidity, bradykinesia,
and postural instability [131, 132]. DA agonists and Levodopa
(l-dopa) are effective symptomatic therapy, but unfortunately,
with long-term use, they become inefficient and patients
develop significant side effects. Stem cell therapy, with the aim
of replacing lost neurons, is the most promising strategy for
this disease [133]. It has been demonstrated that MSCs cells
can enhance the levels of tyrosine hydroxylase (TH) and dopamine levels after transplantation in PD animal models [134].
Furthermore it has been suggested that these cells contribute
to neuroprotection by secreting trophic factors, like EGF,
VEGF, NT3, FGF-2, HGF, and BDNF or through antiapoptotic signalling [135] without differentiation in neuronal phenotype [136]. For these reasons new strategies, involving the
genetic modification of hMSCs, arose, as a tool to induce
the secretion of specific factors or to increase the percentage
of DA cell differentiation [137]. For example Barzilay
et al. transduced adult-derived bone marrow MSCs with
a lentivirus carrying LMX1a gene: these cells showed an
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expression profile similar to a developing mesodiencephalic
neuron and allowed DA cell differentiation [138].
4.5.4. Alzheimer Disease. Alzheimer disease (AD) is the most
common form of neurodegenerative dementia; affected
patients suffer from progressive loss of memory and intellectual abilities. Major anatomopathological features of AD are
represented by 𝛽-amyloid deposition and neurofibrillary
tangles formation that ultimately end in cholinergic neurons
degeneration. No treatment is currently able to stop the
progression of AD [139]. Recently, different studies tried to
ameliorate neuropathological deficits in animal model of
Alzheimer’s disease through stem cell therapy. In particular,
Shin et al. focused on clearance of amyloid plaque and
they demonstrated that MSCs could enhance the cell
autophagy pathway increasing neuron survival both in vitro
and in vivo [140]. Similarly Ma’s group demonstrated that
adipose-derived MSC, once transplanted in AD model mice,
could modulate the inflammatory environment; in particular
they caused an activation of the microglia that promoted
the expression of alternative markers and A𝛽-degrading
enzymes, while decreasing expression levels of proinflammatory factors [141]. Following promising results from MSCs
treatment for autoimmune diseases, it was thought to modulate the inflammatory environment of AD. In particular
abnormalities of Tregs in cell number and/or function were
observed [142] and it was shown that they could modulate
microglial activation [143]. Yang et al. demonstrated that
umbilical cord-derived MSCs activated Tregs in vitro and
once transplanted in AD animal model, Tregs modulated
microglia activation, increasing neuron survival [144].

5. Clinical Applications of MSCs
Before clinical applications of stem cells we need to understand their biological characteristics in order to obtain therapeutic effects. In case of MSCs, four properties are considered
the most important to guarantee a clinical rescue: (i) the
ability to home to the site of inflammation, following tissue
injury, when injected intravenously; (ii) the ability to differentiate into various cell types; (iii) the ability to secrete multiple bioactive molecules capable of stimulating recovery of
injured cells and of inhibiting inflammation; (iv) the lack
of immunogenicity and the ability to perform immunemodulatory functions [87]. Moreover, the role of MSCs in
therapeutic effects has still to be elucidated. MSCs have the
capacity to migrate and to engraft in site of inflammation,
after local or systemic administration. Various studies demonstrated that, under a variety of pathologic conditions,
MSCs selectively home to sites of injury, indifferently from
the tissue. Ortiz et al. showed that murine MSCs could home
to lung in response to injury, adopt an epithelium-like phenotype, and reduce inflammation in lung tissue of mice challenged with bleomycin [145]. Liu et al. found that transplanted
MSCs could migrate to injured muscle tissues in mdx mice
[64]. Cell migration depends on many signals, including
growth factors, interleukins, and chemokines, secreted by
injured cells and immune cells [146]. Recently Yagi et al.
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demonstrated that the migration of MSCs is under the control
of many tyrosine kinase growth factor receptors like plateletderived growth factor (PDGF) and insulin like growth factor 1
(IGF-1); in addition, several chemokines such as CCR2,
CCR3, CCR4, or CCL5 ameliorate MSCs migration in in vitro
migration assays [147].
The first clinical trial using culture-expanded MSCs
was performed in 1995 and 15 patients were treated with
autologous stem cells [148]. After the first one, a number of
clinical trials have been conducted to test the feasibility and
efficacy of MSCs therapy. From 2011, 206 clinical trials using
MSCs were published on the public clinical trials database
(http://www.clinicaltrials.gov/) showing a very wide range
of therapeutic applications. Most of these trials are Phase I
studies, Phase II, and a combination of Phase I/II studies.
Only a small number of these trials are in Phase III or Phase
II /III. Most of the trials reported lack of adverse effects in
the medium timing, although few of them showed mild and
transient peri-injection effects: in general, MSCs seem to be
well tolerated [87]. Very promising results were obtained by
the injection of autologous and allogenic MSCs in patients
suffering from osteogenesis imperfecta [76] while in vitro
expanded MSCs were used to treat severe [149] and
treatment-resistant [150, 151] GVHD patients. In addition,
many completed clinical trials have demonstrated the efficacy
of MSC infusion for diseases including acute myocardial
ischemia (AMI), stroke, amyotrophic lateral sclerosis (ALS),
and muscular dystrophies.
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that MSCs could aggravate arthritis in collagen-induced
arthritis model by at least upregulating secretion of IL-6,
which favors Th17 differentiation [155]. Secondly, quality
control: in vitro cell amplification needs bacteriological tests
(mainly in liquid medium) to face contaminations. In addition, viability and phenotype tests, oncogenic tests, and endotoxin assay should also be included. For each disease type and
severity, optimal timing of MSCs administration, cell dose,
and schedule of administration need to be decided. Third,
clinical grade production: clinical application of MSC
requires a large number of cells, so in vitro expansion of MSC
is necessary. Studies have suggested that continuous passaging of MSCs could lead to cell transformation. Bernardo et al.
found that MSCs expansion in vitro can be safety until
passage 25 [156]. Fourth, clinical transition: it is obvious that
much work remains to be done to increase our knowledge of
the mechanisms regulating development, homeostasis, and
tissue repair and thus provide new tools to implement the
efficacy of cell therapy trials. Additionally, there is an urgent
requirement to address transplantation related issues, such as
engraftment, angiogenesis, tissue remodeling, and modulation of the immune response. Currently, more randomized,
controlled, multicenter clinical trials are needed to find the
optimal conditions for MSC therapy. In general, we think that
successful cell therapy necessitates continuous interaction
among biologists, clinicians, and patient working groups in
the context of different tissues and diseases.
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time without serious technical problem. MSCs are linearly
restricted; however, there is evidence that MSCs in vitro can
also express property of ectodermal cells [12]. One requisite
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potential, they improve the environment through the release
of neuroprotective factors and they can be engineered to
ensure specific expression and secretion. Moreover, MSCs
promote “bystander” immunomodulation, as they can release
soluble molecules and express immunorelevant receptors that
are able to modify the inflammatory environment. However,
many questions have to be answered both from preclinical
and clinical studies using MSCs before MSCs can be used
in wider clinical practice. First of all the safety: now, after
MSC administration, few adverse effects have been described
in terms of immediate and late effects. The relatively small
number of treated patients does not permit to draw definitive
conclusions on the safety of MSCs. Unfortunately, MSCs have
been reported to promote tumor growth [152] and metastases
[153]. Prockop et al. described that MSCs cultured with the
clinical cell-therapy protocols commonly used showed
potential tumorigenic transformation [154]. Chen et al. found
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Genetic modifications of bone marrow derived human mesenchymal stem cells (hMSCs) using microRNAs (miRs) may be used to
improve their therapeutic potential and enable innovative strategies in tissue regeneration. However, most of the studies use cultured
hMSCs, although these can lose their stem cell characteristics during expansion. Therefore, we aimed to develop a nonviral miR
carrier based on polyethylenimine (PEI) bound to magnetic nanoparticles (MNPs) for efficient miR delivery in freshly isolated
hMSCs. MNP based transfection is preferable for genetic modifications in vivo due to improved selectivity, safety of delivery, and
reduced side effects. Thus, in this study different miR/PEI and miR/PEI/MNP complex formulations were tested in vitro for uptake
efficiency and cytotoxicity with respect to the influence of an external magnetic field. Afterwards, optimized magnetic complexes
were selected and compared to commercially available magnetic vectors (Magnetofectamine, CombiMag). We found that all tested
transfection reagents had high miR uptake rates (yielded over 60%) and no significant cytotoxic effects. Our work may become
crucial for virus-free introduction of therapeutic miRs as well as other nucleic acids in vivo. Moreover, in the field of targeted stem
cell therapy nucleic acid delivery prior to transplantation may allowfor initial cell modulation in vitro.

1. Introduction
Bone marrow derived human mesenchymal stem cells
(hMSCs) have been shown to bear great potential for cell
based therapeutic strategies. The ability of these cells to differentiate into various cell types and to secrete a large spectrum
of antiapoptotic, angiogenic, and immunomodulatory factors
offers the possibility to use them for tissue repair [1–4].
Furthermore, hMSCs are characterized by the expression
of specific stem cell surface markers (e.g., CD29, CD44,
CD73, and CD105) and the absence of hematopoietic markers
(e.g., CD45, CD117) [1]. Moreover, it was shown that CD105
(endoglin) is a suitable surface marker for efficient purification of hMSCs from bone marrow [2]. Currently, several
clinical trials, which involve hMSCs for the treatment of graftversus-host disease, cartilage and meniscus repair, stroke,
spinal cord injury, and Crohn’s disease, are in progress [3].
Moreover, it has been recently shown that microRNA (miR)

based genetic modifications of hMSCs before transplantation
can significantly improve their therapeutic potential and survival rates [4–6]. Furthermore, miRs play an important role
in stem cell regulation by influencing cell proliferation, differentiation, survival, apoptosis, and production of paracrine
factors of hMSCs [4, 7, 8]. To date, several synthetic miRs
are commercially available. However, miR delivery methods
suitable for clinical applications will be crucial. Initially, viral
carriers were widely used to transfer genetic material into
target cells as they provide high transduction efficiency and
long term gene expression. However, clinical applications of
virus based gene carriers are limited as they may induce
toxicity, immunogenicity, mutagenesis, and carcinogenesis
[9, 10]. Thus, various nonviral methods were developed.
Nonviral vectors have the benefit to be noninflammatory,
noninfectious, and less toxic for efficient delivery of nucleic
acids [9]. To date, numerous nonviral transfection carriers
based on cationic lipids and cationic polymers are available
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on the market (lipoplexes and polyplexes, resp.). Thereof,
Lipofectamine and polyethylenimine (PEI) are the best investigated nonviral transfection reagents for efficient nucleic
acid transfer [11–13]. However, the clinical applications of
Lipofectamine and PEI are restricted due to sensitivity and
safety issues. Moreover, nonviral carriers can be combined
with magnetic nanoparticles in order to improve selectivity
and safety of delivery as well as to decrease side effects
[14]. In 2002, Scherer and coworkers invented a novel technique termed “magnetofection.” This technique combines
different well investigated gene delivery vectors (e.g., retrovirus, Lipofectamine, and PEI) with superparamagnetic iron
oxide nanoparticles via salt-induced aggregation. The group
showed that an externally applied magnetic field enhanced
sedimentation of transfection complexes, thus improving
transfection efficiency in vitro and in vivo [15]. In the last
years, magnet based transfection (e.g., Magnetofectamine)
has become a powerful tool for highly efficient and fast
delivery of DNA [15, 16] as well as siRNA [17–19]. Our
own group has developed a paramagnetic nonviral vector
composed of nucleic acids condensed by biotinylated PEI and
bound to streptavidin-coated iron oxide magnetic nanoparticles (MNPs) via biotin-streptavidin interactions. These MNP
containing complexes, carrying therapeutic DNA, could be
targeted by an external magnetic field to the site of interest
in vivo [20]. Recently, we demonstrated that transfection
with DNA/PEI/MNP complexes had a significantly higher
transfection efficiency in cultivated hMSCs compared to
DNA/PEI complexes even without the application of a
magnetic field. We concluded a more rapid and efficient
release of DNA from magnetic complexes compared to PEI
polyplexes [21]. In contrast to DNA/PEI complexes, MNP
containing complexes did not enter the nucleus due to strong
biotin-streptavidin connections but released the DNA in the
perinuclear region [14]. We have recently transferred this
approach to transfection of hMSCs with miR, as the latter
binds to its target mRNAs in the proximity of the nucleus. In
vitro, we could demonstrate that miR/PEI/MNP complexes
had a better long term silencing effect compared to mere
miR/PEI polyplexes, which might be beneficial for clinical
applications [22].
Although freshly isolated hMSCs are more relevant to
clinical use, the quantity of these cells is too low to reach
the desired effect [23, 24]. Thus, for our studies, as well
as for clinical trials, hMSCs so far were expanded in vitro
[21, 22, 25]. However, in vitro expansion of primary hMSCs
is a costly and time-consuming procedure. In addition, the
cells likely also lose their differentiation potential [2] and
dramatically decrease their homing ability [26]. Therefore,
genetic modifications of freshly isolated cells may be crucial
to overcome these barriers and enable their clinical applications without previous in vitro expansion despite their low
numbers available.
In this study, we applied a magnetic nonviral carrier
for efficient miR transfection in freshly isolated hMSCs
and compared it to commercially available magnetic vectors
(Magnetofectamine, CombiMag particles) regarding uptake
efficiency and cytotoxicity. We demonstrate that our novel
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magnetic transfection system is not inferior to the latter with
respect to miR delivery and cellular tolerability.

2. Material and Methods
2.1. Isolation of CD105+ hMSCs. CD105+ cells were freshly
isolated from sternal bone marrow. The bone marrow aspirates were obtained from patients during coronary artery
bypass grafting at the Cardiac Surgery Department of the
University of Rostock as previously described [27]. All donors
gave their written consent to use their bone marrow for
research proposes according to the Declaration of Helsinki.
At first, mononuclear cells (MNCs) were isolated by
density gradient centrifugation. Afterwards, the CD105+ cell
fraction was magnetically isolated using MACS technique
according to the manufacturers’ instructions (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany). Briefly, 1 × 107 MNCs
were incubated with 20 𝜇L of CD105 MicroBeads (Miltenyi
Biotec GmbH) for 30 minutes at 4∘ C. Next, suspension
cells were washed with MACS buffer containing 2 mM
EDTA (Gibco, Carlsbad, CA, USA), 0.5% bovine serum
albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA), and
PBS. Subsequently, magnetically labeled cells were loaded
onto a MS MACS column (Miltenyi Biotec GmbH) and
placed in a magnetic field of a MiniMACS separator (Miltenyi Biotec GmbH). Afterwards, the positive CD105+ cell
fraction was suspended in Mesenchymal Stem Cell Growth
Medium (MSCGM, Lonza, Walkersville, MD, USA) containing 100 U/mL penicillin (PAA, Coelbe, Germany) and
100 𝜇g/mL streptomycin (PAA). Isolated CD105+ cells were
immediately used in further in vitro experiments or expanded
in MSCGM (Lonza) at 37∘ C and 5% CO2 .
2.2. Immunophenotyping of CD105+ hMSCs. Cell surface
markers of freshly isolated and cultured CD105+ hMSCs were
fluorescently labeled with anti-human antibodies CD29APC, CD44-PerCP-Cy5.5, CD45-V500, CD73-PE, CD117PE-Cy7 (BD Biosciences, Heidelberg, Germany), and CD105AlexaFluor488 (AbD Serotec, Kidlington, UK). Respective
mouse isotype antibodies served as negative controls. 3 × 104
events were acquired using BD FACS LSRII flow cytometer
(BD Biosciences) and analyzed with BD FACSDiva Software
6 (BD Biosciences).
2.3. Functional Differentiation Assay of CD105+ hMSCs.
Differentiation capacity of hMSCs was performed using
the Human Mesenchymal Stem Cell Function Identification
Kit (R&D Systems, Minneapolis, MN, USA) according to
the manufacturers’ protocol. After 20 days under differentiation conditions, fatty acid binding protein-4 (FABP-4)
and osteocalcin for adipogenic and osteogenic differentiation were fluorescently labeled, respectively. Nuclei were
counter stained with 4 ,6-diamidino-2-phenylindol (DAPI,
Invitrogen, Carlsbad, CA, USA). Samples were analyzed
using ELYRA PS.1 LSM 780 microscope (Carl Zeiss, Jena,
Germany) and ZEN2011 software (Carl Zeiss, Göttingen,
Germany).
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2.4. Preparation of Polyplex Based Transfection Complexes.
For preparation of polyplex based transfection complexes
(miR/PEI, miR/PEI/MNP, and miR/PEI/CombiMag complexes), Cy3 dye-Labeled Pre-miR Negative Control number 1
(Ambion, Austin, TX, USA) for monitoring uptake efficiency
and cytotoxicity and Pre-miR miRNA Precursor Molecules
Negative Control number 1 (Ambion) for testing complex
formation were used. Branched polyethylenimine (MW =
25 kDa, Sigma-Aldrich) was biotinylated as described previously [22] and was stored in aliquots at 4.41 mM amine
concentration at 4∘ C.
Initially, miR/PEI complexes with different molar ratios
of PEI nitrogen and miR phosphate (N/P ratios) were prepared as previously described [28]. Briefly, miR and PEI were
diluted in equal volumes of 5% glucose solution, mixed, and
incubated for 30 minutes at room temperature.
In order to form miR/PEI/MNP complexes, Streptavidin
Magnesphere Paramagnetic Particles (Promega, Madison,
WI, USA) were sonicated and filtered using 450 nm MillixHV PVDF syringe driven filter (Millipore, Tullagreen, Ireland). MNP filtrate was stored in aliquots at 4∘ C. Afterwards,
1 𝜇g/mL or 2 𝜇g/mL MNPs was added to miR/PEI complexes
and incubated for 30 minutes at room temperature.
For miR/PEI/CombiMag complex formation, CombiMag
reagent (OZ Biosciences, Marseille, France) was sonicated for
20 minutes. Afterwards, 0.025 𝜇L CombiMag per 1 pmol miR
(0.025 𝜇L CombiMag/pmol) was mixed with miR/PEI complexes and incubated for 20 minutes at room temperature. All
transfection complexes were freshly prepared before use.
2.5. Preparation of Lipoplex Based Transfection Complexes.
For the formation of lipoplex based transfection complexes
(miR/Magnetofectamine complexes), Cy3 dye-Labeled PremiR Negative Control number 1 (Ambion) was used for
monitoring uptake efficiency and cytotoxicity.
At first, miR/Lipofectamine 2000 complexes were prepared. Therefore, miR and Lipofectamine 2000 transfection
reagent (0.05 𝜇L Lipofectamine 2000/pmol miR, Invitrogen)
were diluted separately each in 25 𝜇L of Opti-MEM I Reduced
Serum Medium (Gibco) for 5 minutes at room temperature.
Subsequently, miR and Lipofectamine 2000 solutions were
mixed and incubated for 20 minutes at room temperature.
For the formation of miR/Magnetofectamine complexes,
CombiMag reagent (OZ Biosciences) was sonicated for 20
minutes. Afterwards, 0.025 𝜇L CombiMag/pmol was mixed
with miR/Lipofectamine 2000 complexes as described above.
Complexes were incubated for 20 minutes at room temperature according to Magnetofectamine instructions (OZ Biosciences). All transfection complexes were freshly prepared
before use.
2.6. Condensation Assay of Transfection Complexes. The condensation of miR by PEI was studied by gel electrophoresis.
miR/PEI complexes were prepared as described above, mixed
with loading dye (Fermentas GmbH, St. Leon-Rot, Germany), and loaded onto 2% agarose gel containing ethidium
bromide. An electric field of 100 V was applied for 30 minutes
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and image was taken using TS imaging system (Biometra
GmbH, Göttingen, Germany).
2.7. Transfection. For transfection experiments, 1×105 freshly
isolated hMSCs per well were seeded in 48 well plates.
Transfection complexes were prepared as described above
and added drop by drop to the cells. Afterwards, cells were
treated with and without the application of a magnetic
field for 20 minutes using a Super Magnetic Plate (OZ
Biosciences). Subsequently, cells were incubated for 24 hours
at 37∘ C and 5% CO2 .
2.8. Evaluation of Uptake Efficiency and Cytotoxicity. For
quantification of uptake efficiency, hMSCs were transfected
with complexes containing Cy3 dye-Labeled Pre-miR Negative Control number 1 (Ambion) as described above for
24 hours. To investigate cytotoxicity, cells were stained with
Near-IR LIVE/DEAD Fixable Dead Cell Stain Kit (Molecular
Probes, Eugene, OR, USA). Moreover, cells were labeled with
Alexa Fluor 488 mouse anti-human CD105 (clone SN6, AbD
Serotec) and fixed with 4% PFA. 3 × 104 events were acquired
using BD FACS LSRII flow cytometer (BD Biosciences) and
analyzed with BD FACSDiva Software 6 (BD Biosciences).
For determination of uptake efficiency, the number of living
CD105+ Cy3-stained (Cy3+ ) cells in relation to the total cell
number of living CD105+ cells was measured. To evaluate
complex cytotoxicity, the percentage of dead CD105+ cells in
relation to the total cell number of CD105+ cells was recorded.
2.9. Statistical Analysis. For all experiments, statistical analyses were performed by Student’s 𝑡-test using SigmaPlot
11.0 software (Systat Software GmbH, Erkrath, Germany).
Relative expression data of CD marker expressions are shown
as mean ± standard deviation (SD). All other values are
presented as mean ± standard error of the mean (SEM). A
𝑃 value < 0.05 was considered to be statistically significant.

3. Results and Discussion
3.1. Results
3.1.1. Characterization of CD105+ hMSCs. CD105+ hMSCs
were isolated from bone marrow and immediately characterized by multilineage differentiation and specific surface
marker expression before use in further experiments [29,
30]. To investigate the differentiation capacity of hMSCs,
cells were cultivated in adipogenic and osteogenic differentiation medium, respectively, and examined by fluorescent
microscopy. Figure 1 illustrates that cells were able to differentiate into both adipocytes (Figure 1(a)) and osteocytes
(Figure 1(b)). FACS analyses of freshly isolated CD105+ cells
showed high expression of CD44 and CD105, a moderate expression of CD29 and CD45, and no expression of
CD73 and CD117 (Figures 1(c) and 1(d)). Moreover, we
compared the immunophenotype of freshly isolated cells with
expanded CD105+ cells. Cultivated CD105+ hMSCs presented
high expressions of stem cell markers CD29, CD44, CD73,
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and CD105 but had downregulated expression of hematopoietic markers CD45 and CD117 (Figure 1(d)).
3.1.2. Characterization of Transfection Complexes. In order
to examine condensation of miR by PEI, gel electrophoresis
was performed. Thereby, different miR/PEI complexes with
increasing amounts of PEI were investigated. Results demonstrated a big and sharp band for uncondensed miR that was
used as a control (Figure 2(a)). At N/P ratios of 0.1, 0.25,
and 0.5, miR has partly formed complexes with PEI. Due to
the bigger size, miR/PEI complexes remained in the slots,
while uncondensed miR migrated through the gel. However,
the miR signal disappeared completely at N/P ratios greater
than 1.
3.1.3. Transfection Optimization of miR/PEI Complexes. In
order to optimize transfection of freshly isolated CD105+
cells, polyplexes with different N/P ratios (N/P 2.5, N/P 10,
and N/P 33) and miR amounts (5 pmol and 10 pmol) were
tested using flow cytometry. Complexes with an N/P ratio
of 10 combined with 5 pmol miR (56%) and an N/P ratio of
2.5 combined with 10 pmol miR (69%) showed the highest
uptake efficiencies (Figure 2(d)). In order to increase uptake
rates, higher N/P ratios (N/P 33) were investigated. However,
an N/P ratio of 33 did not lead to further enhancement
of uptake efficiencies. Likewise, potential cytotoxicity of
the transfection complexes was investigated (Figure 2(e)).
Thereby, untransfected cells were used as internal control
(29% dead cells) which is reflecting cytotoxicity of the
isolation procedure. Transfection complexes with an N/P
ratio of 10 combined with 5 pmol miR led to moderately
increased cell mortality (17%) compared to controls. Yet,
polyplexes with an N/P ratio of 2.5 combined with 10 pmol
miR showed no significant differences compared to controls
(32% versus 29%). However, an increase in the N/P ratio (N/P
33) did lead to higher cytotoxicity in polyplexes with 5 pmol
miR (57%) as well as with 10 pmol miR (55%). Therefore, with
respect to the highest uptake rates and lowest cytotoxicity,
polyplexes composed of an N/P ratio of 10 combined with
5 pmol miR and complexes with an N/P ratio of 2.5 combined
with 10 pmol miR were considered to represent optimal
compositions and were utilized in further experiments.
3.1.4. Transfection Optimization of miR/PEI/MNP Complexes.
In order to increase selectivity of the carrier and safety for
clinical applications, the two optimized miR/PEI complexes
were combined with different MNP amounts (1 or 2 𝜇g/mL
MNPs). Therefore uptake rates (Figures 3(a) and 3(c)) and
cytotoxicity (Figures 3(b) and 3(d)) of the different complex
compositions as well as the influence of a magnetic field
were investigated by flow cytometry. Magnetic polyplexes
consisting of an N/P ratio of 10 combined with 5 pmol
miR had similar uptake rates (up to 76%) compared to
the corresponding miR/PEI complexes (81%) without the
application of a magnetic field (Figure 3(a)). Moreover,
cytotoxicity of these complexes was investigated. Magnetic
polyplexes with 1 or 2 𝜇g/mL MNPs (27% versus 24%) showed
no cytotoxic effect when compared to miR/PEI complexes
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(30%, Figure 3(b)). Likewise, polyplexes consisting of an N/P
ratio of 2.5 combined with 10 pmol miR coupled to MNPs
were investigated. Uptake rates of magnetic complexes with 1
or 2 𝜇g/mL MNPs (∼65%), respectively, did not significantly
differ compared to appropriate miR/PEI complexes (77%) in
the absence of a magnetic field (Figure 3(c)). Furthermore, no
significant differences in cytotoxicity were observed between
the transfected cells (ranging from 15% to 18%) and the
control (17%, Figure 3(d)). Additionally, the influence of
a magnetic field was investigated. However, no significant
improvement of uptake efficiency and reduction of cytotoxicity were observed when an external magnetic field was
applied (Figure 3). For further experiments, two magnetic
complexes were used: first an N/P ratio of 10 combined with
5 pmol miR bound to 1 𝜇g/mL MNPs and second an N/P ratio
of 2.5 combined with 10 pmol miR bound to 1 𝜇g/mL MNPs.
3.1.5. Comparison of miR/PEI/MNP Complexes to Established
Transfection Reagents. Optimized magnetic polyplexes were
compared to commercially available magnetic vectors: Magnetofectamine and CombiMag particles. Therefore uptake
efficiency (Figures 4(a) and 4(c)) and cytotoxicity (Figures
4(b) and 4(d)) of different transfection complexes were
investigated using flow cytometry. miR/PEI/MNP complexes
with an N/P ratio of 10 combined with 5 pmol miR bound
to 1 𝜇g/mL MNPs showed high uptake rates (68%, Figure 4(a)). Moreover, no significant differences in uptake efficiency were observed between miR/PEI/CombiMag (64%)
and miR/Magnetofectamine (59%) complexes. Mortality
between treated and control cells was comparable and
ranged between 11% and 17% (Figure 4(b)). Moreover,
uptake efficiency and cytotoxicity of miR/PEI/MNP complexes composed of an N/P ratio of 2.5 combined with
10 pmol miR bound to 1 𝜇g/mL MNPs were investigated
and compared to known transfection reagents. Uptake
rates of miR/PEI/MNP complexes reached up to 79%
and were compared to miR/PEI/CombiMag (56%) and
miR/Magnetofectamine (75%, Figure 4(c)). Moreover, cell
mortality of transfected cells (ranging from 9% to 14%)
was not significantly different when compared to untreated
control (9%, Figure 4(d)).
3.2. Discussion. Therapeutic potential of hMSCs can be
improved by genetic modifications with distinct miRs [5,
6]. Our group has recently developed a magnetic nonviral
transfection carrier consisting of biotinylated PEI bound to
streptavidin-coated MNPs for highly efficient miR delivery
(∼75%) and applied it to cultivated hMSCs [22]. In general,
hMSCs can be characterized by multilineage differentiation
potential and the expression of specific surface markers (e.g.,
CD29, CD44, CD73, and CD105) [1]. Our previous studies
have demonstrated that the purified CD105+ fraction of
expanded hMSCs had a beneficial effect in cardiac tissue
regeneration [27]. However, the time-consuming, expensive,
and potentially detrimental cell expansion process might be
avoidable as it has previously been described by Aslan et al.
They tested CD105+ cells freshly isolated from bone marrow
in vitro and in vivo. Importantly, these cells were indeed
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Figure 1: Characterization of CD105+ hMSCs. ((a), (b)) Functional differentiation capacity of freshly isolated CD105+ cells was shown by
immunostaining of FABP-4 (green) for adipocytes (a) and osteocalcin (green) for osteocytes (b) after 20 days in appropriate differentiation
medium. Nuclei were counter stained with DAPI (blue). Scale bars = 50 𝜇m. ((c), (d)) Immunophenotyping of freshly isolated ((c), (d)) and
cultured CD105+ hMSCs (d) was evaluated by flow cytometry after staining of specific cell surface markers. Corresponding isotype controls
were used as negative controls (c). The relative expression values of CD marker expression are shown as mean ± SD; 𝑛 = 2 (d).
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Figure 2: Characterization and transfection optimization of miR/PEI complexes. (a) Condensation of miR/PEI complexes composed of
20 pmol miR and different N/P ratios (ranging between 0.1 and 33) was analysed by gel electrophoresis. miR alone served as positive control.
((b), (c)) Gating strategy of FACS measurements. (b) Untransfected living CD105+ cells were used as negative control. (c) Living CD105+ cells
transfected with Cy3-labeled complexes. ((d), (e)) Optimization of miR amounts and N/P ratios for transfection of freshly isolated hMSCs.
hMSCs were transfected with Cy3-labeled miR/PEI complexes consisting of three different N/P ratios (N/P 2.5, N/P 10, and N/P 33) and two
different miR amounts (5 and 10 pmol). 24 hours after transfection, uptake efficiency (d) and cytotoxicity (e) of complexes were analyzed by
flow cytometry. Untransfected cells were used as control. Values are presented as mean ± SEM; 𝑛 = 3; ∗ = 𝑃 ≤ 0.05.
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Figure 3: Transfection optimization of miR/PEI/MNP complexes. ((a)–(d)) Optimization of MNP amounts for transfection of freshly
isolated hMSCs with (+M) and without (−M) the application of a magnetic field. hMSCs were transfected with Cy3-labeled miR/PEI and
miR/PEI/MNP complexes composed of an N/P ratio of 10 combined with 5 pmol miR ((a), (b)) or an N/P ratio of 2.5 combined with
10 pmol miR ((c), (d)) and three different MNP amounts (0, 1, or 2 𝜇g/mL MNPs). 24 hours after transfection, uptake efficiency ((a), (c))
and cytotoxicity ((b), (d)) of complexes were analyzed by flow cytometry. Untransfected cells were used as control. Values are presented as
mean ± SEM; 𝑛 = 3.

capable of giving rise to hMSCs bearing all typical properties
after expansion [2]. Likewise in our study, freshly isolated
CD105+ cells showed a slightly altered immunophenotype
when compared to hMSCs after expansion (Figures 1(c) and
1(d)). However, our freshly isolated CD105+ cells also did
adhere to plastic surfaces and showed a morphology and phenotype typical for hMSCs in expansion culture (Figure 1(d)).
Moreover, we proofed the ability of these hMSCs derived
from our freshly isolated CD105+ cells to differentiate into
adipocytes (Figure 1(a)) and osteocytes (Figure 1(b)) under
appropriate culture conditions. This clearly confirmed their
stem cell character. Therefore, our findings are in line with
the report of Aslan et al. [2].
To optimize miR transfection of freshly isolated CD105+
hMSCs, we initially tested miR/PEI complexes with different

amounts of miR and PEI. In order to investigate the physicochemical properties of various miR/PEI complexes, condensation of miR by PEI was analyzed using gel electrophoresis
(Figure 2(a)). Results demonstrated that, at N/P ratios from
1 to 33, no signals were observed. Therefore, we concluded
that an N/P ratio 1 was sufficient to condense the whole
amount of miR that is in correspondence with our previous
findings [22]. Appropriate condensation of miR is essential
for effective delivery into cells as it is protecting miR from
early enzymatic degradation [11]. Furthermore, it prevents the
activation of the innate immune system by double stranded
RNA [31].
In order to establish efficient transfection complexes for
miR delivery in freshly isolated CD105+ hMSCs, miR/PEI
complexes with different N/P ratios (2.5, 10, and 33) and miR
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Figure 4: Comparison between optimized miR/PEI/MNP complexes and commercially available magnetic transfection reagents. Freshly
isolated hMSCs were transfected with Cy3-labeled miR/PEI/MNP complexes composed of an N/P ratio of 10 combined with 5 pmol miR
bound to 1 𝜇g/mL MNPs ((a), (b)) or an N/P ratio of 2.5 combined with 10 pmol miR bound to 1 𝜇g/mL MNPs ((c), (d)). For comparison with
commercially available magnetic transfection complexes, appropriate amounts of Lipofectamine 2000 and CombiMag particles were used.
24 hours after transfection, uptake efficiency ((a), (c)) and cytotoxicity ((b), (d)) of complexes were determined by flow cytometry, while a
magnetic field was applied. Untransfected cells were used as control. Values are presented as mean ± SEM; 𝑛 = 3.

amounts (5 and 10 pmol) were tested (Figures 2(c) and 2(d)).
Previous experiments showed that N/P ratios can significantly influence uptake efficiency of transfection complexes
[32]; thus we selected 3 different N/P ratios for optimization
experiments. Delyagina et al. showed that an N/P ratio of
2.5 showed the highest uptake efficiency of plasmid DNA in
cultured hMSCs [21]. We have also demonstrated that miR
was efficiently delivered using the same vector with N/P ratios

of 10 and 33 [22]. Our current results demonstrated that
miR/PEI complexes with 5 pmol provided the highest uptake
efficiency at an N/P ratio of 10 (56%) for fresh hMSCs. In
contrast to miR transfection in expanded hMSCs, we could
further enhance miR uptake in freshly isolated hMSCs by
increasing the miR amount to 10 pmol with an N/P ratio
of 2.5 (69%). Due to the low N/P ratio, cytotoxicity could
be decreased and was comparable to controls (32% versus
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29%). The strategy of using low N/P ratios reduced the
amount of used PEI that might be advantageous for genetic
modifications. That is especially important for freshly isolated
hMSCs as they might react very sensitive to potentially toxic
reagents. Therefore, we decided to use miR/PEI complexes
with an N/P ratio of 2.5 combined with 10 pmol miR for
further experiments and compare it to complexes consisting
of an N/P ratio of 10 combined with 5 pmol miR which were
used in our previous work [22].
Furthermore, we combined optimized miR/PEI complexes with different MNP amounts to enable magnetic
targeting of transfected cells (Figure 3). Based on previous
work, miR/PEI/MNP complexes with 1 𝜇g/mL or 2 𝜇g/mL
MNPs were investigated as they showed a significant increase
in uptake efficiency compared to control (75% versus 50%)
[22]. Our current investigations showed no significant differences in uptake rates and cytotoxicity of magnetic complexes with different compositions. The values of uptake
efficiencies were comparable to those previously obtained
for cultivated hMSCs [22] and were in the range from 56%
to 79% (Figures 3(a) and 3(c)). Moreover, cell mortality
was comparable to controls representing the basic level
of cytotoxicity due to the isolation process (Figures 3(b)
and 3(d)). Additionally, we investigated the influence of a
magnetic field on miR transfection into freshly isolated cells.
We observed no significant differences in uptake efficiency
and cytotoxicity in cells transfected in the presence or absence
of a magnetic field (Figure 3). These findings are in agreement
with our previous data that showed efficient plasmid DNA
transfection in hMSCs without the application of an external
magnetic field [21]. This effect might be explained by the
fact that a magnetic field has no influence on cellular
uptake or intracellular transfection mechanism, as previously
proposed [33].
Furthermore, we compared the performance of our
miR/PEI/MNP vector and commercially available magnetic
transfection reagents in freshly isolated CD105+ cells (Figure 4). Therefore we chose magnetic complexes consisting
of an N/P ratio of 10 combined with 5 pmol miR bound to
1 𝜇g/mL MNPs as they showed good transfection values in
both freshly isolated and cultured hMSCs [22]. Additionally,
we selected complexes with an N/P ratio of 2.5 combined with
10 pmol miR bound to 1 𝜇g/mL MNPs as lower amount of PEI
and MNPs in their composition facilitates their application.
Magnetofectamine is a combined transfection reagent which
consists of Lipofectamine 2000 and CombiMag particles
and can be used for delivery of different nucleic acids in
various cell types in the presence of an external magnetic
field [34]. Lipofectamine is the most effective and best investigated cationic lipid, which can interact spontaneously with
nucleic acids through electrostatic interactions forming stable lipoplexes [13, 35]. CombiMag particles can also serve as
transfection reagent when combined with cationic polymers
or cationic lipids [34]. However, the combination of CombiMag particles with Lipofectamine 2000 is proposed as the
most effective approach. [34]. We could demonstrate that our
miR/PEI/MNP vector was able to reach uptake rates similar
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to Magnetofectamine and miR/PEI/CombiMag complexes
(Figures 4(a) and 4(c)). Moreover, cytotoxicity of all transfection complexes was comparable to controls indicating no
cytotoxic effect of the different nonviral complexes on freshly
isolated hMSCs (Figures 4(b) and 4(d)).
It has previously been shown by our group that both
nonviral and viral magnetic complexes carrying labeled or
therapeutic plasmid DNA can be targeted in vivo [20, 36].
Yet, thereby, no transfection into stem cells was performed.
Furthermore, miR as nucleic acid of interest has so far not
been used for in vivo targeting. This shortcoming led us
to transfer our approach to an efficient delivery of miR
into freshly isolated CD105+ hMSCs using three different
magnetic carrier systems for the first time. All systems investigated yielded around 65% uptake of labeled miR combined
with high cell viability. Therefore, we here introduce a novel
carrier system which provides equal efficiency and cellular
tolerance as commercially available magnetic transfection
reagents.
Overall, the specific properties of the respective magnetic
carriers for various applications may allow for direct nonviral
delivery of therapeutic miRs as well as other nucleic acids in
vivo. Moreover, introduction of these nucleic acids in vitro
prior to cell transplantation may enable stem cell modulation
for targeted stem cell therapy.

4. Conclusion
In this report, we successfully developed magnetic nonviral
carriers for efficient miR transfection into freshly isolated
CD105+ hMSCs. These magnetic vectors were able to reach
high uptake rates (68% versus 79%) with no significant
cytotoxic effect. The performance of the novel miR carrier
equaled that of commercially available magnetic transfection reagents. Magnetic nanoparticle based miR transfection
may become important to optimize stem cells meant for
transplantation, although further preclinical experiments are
required.
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