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Abstract  

Adult mesenchymal stem cells (MSCs) are used for in vitro and in vivo experiments which are 
based on their ability to migrate and engraft at the site of tissue injuries. Their capacity is influenced by 
both cellular characteristics, as well as environmental conditions. The purpose of this study was to 
assess the efficiency of human adult mesenchymal stem cells (MSCs) transfected with CD29 specific 
siRNA to migrate towards skin inflammatory lesions in CD1 Nu/Nu immunosuppressed mouse model. 
We used GFP-expressing MSCs which were submitted to transfection procedure and assessed the 
transfection efficiency at gene expression level using qualitative and quantitative RT-PCR, while CD29 
protein level was revealed by immunocytochemical methods. For the in vivo experiments, we injected 
CD1 Nu/Nu mice with both control MSCs and CD29low MSCs and monitored migration rate and 
engraftment of cells at the inflammatory skin injury site by in vivo imaging system. The results showed 
that CD29low MSCs have a more rapid migration rate, but fewer cells are found at the site of skin 
injury, compared to un-transfected control MSCs, most of them being located at the level of endogenous 
stem cells niche. We concluded that CD29 specific inhibition in MSCs is not influencing the wound 
healing process, but induces an increase of the migration rate, thus proving the environmental influence 
on cellular migration and engraftment. 
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1. Introduction 
Cellular migration process can be divided in five phases, which comprise cellular 

polarization, extension of pseudopodia, formation of stable adhesions at the pseudopodia 
edges, anterior translocation of cell, and breakage of adhesion molecules and cellular 
retraction at the posterior end. Integrins are part of a major family of migration mediators. 
They are involved in adhesion to extracellular matrix, stabilizing pseudopodia through their 
connections with cytoskeleton, and activating migration signaling molecules.  

Integrin beta 1 (CD29) is part of integrins family, and blockage of CD29 effects on 
intercellular and cell-extracellular matrix interactions can be achieved through several 
methods. Some of these methods include CD29 blockage by using specific neutralizing 
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antibodies anti-CD29 (A.M. SCHOOLEY & al. [1]), and inhibition of gene expression by 
using CD29 specific siRNA or shRNA (J.J. GRZESIAK & al. [2]).  

Optimization of mesenchymal stem cells (MSCs) engraftment at the level of skin lesions 
is critical for developing MSCs-based cellular therapies. Studies regarding cerebral and 
myocardial lesion models showed that engraftment efficiency is directly influenced by MSCs 
delivery protocol at the lesion site (J.M. KARP & al. [3]). MSCs engraftment depends on 
delivery time and site, as well as on number of cells which are administered. However, rapid 
administration of large cell number is shown to increase the MSCs engraftment rate. 

MSCs use in epidermal lesions is not well documented. The impact of MSCs delivery time 
and number are hard to interpret, due to differences between MSCs populations, between lesion 
models, and cellular administration protocols. Up to date, all published protocols indicate that 
MSCs should be delivered immediately after the skin lesion is induced (E.H. JAVAZON & al. 
[4], M. SASAKI & al. [5], M.P. ALFARO & al. [6]). A single study demonstrated that MSCs 
continuous delivery for one-year period in case of chronic wounds resulted in reduced lesion 
size (V. FALANGA & al. [7]); this is the only study which correlates number of delivered 
MSCs and reduction of lesion size. MSCs delivery methods include injection and local 
administration, using different carrier substances, such as Phosphate Buffer Saline (PBS) (E.H. 
JAVAZON & al. [4]), matrigel (Y. WU & al. [8]), fibrin polymers(V. FALANGA & al. [7]), 
and human amniotic membranes (S.S. KIM & al. [9]). Both intravenous injection for systemic 
delivery, and intra-dermal injection combined with local administration represent efficient 
methods for MSCs delivery in skin lesions, but resulted in poor engraftment rate. Engraftment 
rate was significantly increased for MSCs isolated from MRL/MpJ mice, which present 
significant tissue regeneration capacities, as a response to tissue injury (M.P. ALFARO & al. 
[6]). However, increased engraftment efficiency was correlated with augmented formation of 
granulation tissue and angiogenesis(S.S. KIM & al. [9]). 

The purpose of this study was to assess the efficiency of human adult mesenchymal stem 
cells (MSCs) transfected with CD29 specific siRNA to migrate towards skin inflammatory 
lesions. The experiments were performed both in vitro – for testing the transfection efficiency, 
and in vivo – immunosuppressed mouse model of artificially induced-inflammatory process. 

 
2. Materials and Methods 
Inhibition of CD29 expression by using specific siRNA 
siRNA were designed and purchased from Dharmacon (GE Healthcare, CO, USA). Three 

different regions within the integrin beta-1 (CD29) (NCBI accession no. NM_002211.3) 
genes were used – siGenomeSMARTpoolsiRNA, and control siRNA – siGENOMEsiRNA 
non-targeting pool were obtained from the same company. All siRNA contain a 19-bp 
double-stranded (ds) sequence and symmetric3′ overhangs of two deoxythymidines.siRNA 
were delivered into the target cells using the Lipofectamine 2000 transfection reagent (Life 
Technologies, Invitrogen).  

We used green fluorescent protein-expressing human MSCs (GFP-MSCs) cell line (Vitro 
Biopharma, CO, USA), cultured and expanded in MSC-Gro Growth Media (Vitro 
Biopharma), supplemented with 10% Fetal Calf Serum (FCS, Sigma-Aldrich Company), and 
1% Penicillin/Streptomycin antibiotic solution (Sigma-Aldrich Company).Prior to the 
transfection, the cells were permitted to reach 60-70% confluence,and the complete culture 
medium was changed to medium without antibiotics 30 minutes be forelipofection. siRNA 
were diluted in serum-free OptiMEM so that the finalconcentration when added to the cells 
would be 100 nM. Lipofectamine 2000 was mixed anddiluted at the appropriate amount in 
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serum-free OptiMEM. The diluted DNA was mixed with Lipofectamine 2000 in a ratio of 
1:1, and the liposomal-DNA complexes formed after 20-minute incubation at room 
temperature were added to the cells. The transfection medium was changed to complete 
growth medium after 16-20 hours and protein/gene expression was evaluated at different time 
points. MSCs transfected with CD29 specific siRNA were named CD29low MSCs. All 
transfection reagents were purchased fromLife Technologies, Invitrogen.  

Immunocytochemistry and immunofluorescence analysis 
We assessed the CD29protein level following siRNA inhibition in GFP-MSCscells by 

immunohistochemical staining, at 72h after transfection. Transfected cells were spotted on 
CytoSpin coated slides (Thermo Scientific, Bremen, Germany) by cytocentrifugation (6 
minutes, 600rpm, room temperature), fixed with 4%paraformaldehyde, and permeabilized 
with 0.1% Triton X-100. The primary monoclonal mouse anti-human to integin beta 1 (CD29, 
clone P4G11) was purchased from Abcam, (Cambridge, UK) and was tested for human 
specificity and cross-reactivity. Staining protocol continued withsecondarybiotinylated 
antibody binding, fuchsin substrate addition, and hematoxylin (Mayer’s Hematoxylin Lillie’s 
Modification) counterstaining of the nuclei (LSAB+ System-AP, Dako, Glostrup, Denmark) 
following the manufacturer's procedures.  

Approximately 5 mm3 blocks of epidermal tissue from skin lesion were harvested after 
appropriate anesthetic procedures from mice injected with GFP-MSCs, both control and 
CD29 specific siRNA transfected. Tissue fragments were snap-frozen into Killik-cryostat 
embedding medium (Bio-Optica, Milano, Italy) and liquid nitrogen and sectioned (3μm thick) 
using Microm HM 505 E cryostat (Microm GmbH, Walldorf, Germany). Sections, mounted 
on Superfrost Plus Fisher (Thermo Fisher Scientific Inc., Hennigsdorf, Germany) and air 
dried for 30 minutes were fixed in 10% formaldehyde for 30 minutes and stained with the 
following primary antibodies: monoclonal mouse anti-human to integin beta 1 (CD29, clone 
P4G11, Abcam, Cambridge, UK), monoclonal mouse anti-swine vimentin (clone V9, 
Dakocytomation),and monoclonal mouse anti-human cytokeratin (clone AE1/AE3, 
Dakocytomation). The visualization system was obtained by coupling the primary antibody 
with specific fluorochrome-conjugated secondary antibody (AlexaFluor 594; Molecular 
Probes, Life Technologies), while the nuclei were stained with DAPI (Molecular Probes).   

Microscopy analysis was performed on a Nikon Eclipse E800 microscope (Nikon 
Instruments Inc., Melville, NY, USA) equipped with adequate fluorescence filters. 

RNA extraction, RT-PCR, and quantitative RT-PCR 
RNA samples used in this study were isolated from un-transfected GFP-MSCs – positive 

control, CD29 specific siRNA transfected GFP-MSCs, and negative control GFP-MSCs 
(transfected with control siRNA). Total RNA was extracted using GenElute™ Mammalian 
Total RNA Miniprep Kit (Sigma-Aldrich Company). Concentration of each sample was 
measured using Nanodrop ND-1000 spectrophotometer. Sample purity, as indicated by the 
260/280 absorbance ratio, was 1.9-2.02.  

For RT-PCR we used Kit RT-PCR One Step (Qiagen, Hamburg, Germany). mRNA 
expression was qualitatively determined 48 hours after MSCs transfection with CD29 specific 
siRNA. All mRNA samples were adjusted to the concentration of 100 ng / reaction, by adding 
ultrapure, RNA-ase and DNA-ase free water (Qiagen). We amplified a fragment of 173 base 
pairs of CD29 gene, using the primers detailed below, and the following program: 50o-31’, 
95o-15’, (94o-1’, 60o-1’, 72o-1’) – 35 cycles, 72o-10’, and 4o-. The amplified fragments were 
submitted to agarose gel electrophoresis and visualized using Fluor-S Multimager System 
(Fluor-S MultiImager, Bio-Rad, Hercules, CA, USA). 
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Quantitative expression of CD29 in GFP-expressing MSCs was determined at 4 time 
points: 24, 48, 72, and 96 hours after transfection with specific CD29 siRNA. We used 1 μg 
total RNA for every 20 μl reverse transcription reaction performed with the AccuScript High 
Fidelity 1st Strand cDNA Synthesis Kit (Agilent Technologies, Palo Alto, CA). cDNA 
samples were analyzed by quantitative real-time PCR, using  the LightCycler 480 SYBR 
Green I Master (Roche, Florence, SC, USA) and the following primers for CD29: forward 3’- 
GGT-AAA-ACA-ATG-CCA-CCA-AG -5’ and reverse 3’- GGA-TTC-TCC-AGA-AGG-
TGG-TT -5’; GAPDG (glyceraldehyde 3-phosphate dehydrogenase) was chosen as a suitable 
reference gene; the primers were GAPDH forward 5'- GCA-CCG-TCA-AGG-CTG-AGA-
AC-3' and reverse 5'- TGG-TGA-AGA-CGC-CAG-TGG-A -3'. We performed a relative 
basic quantitation based on the ΔΔCt method with the LightCycler480 Software. 

Statistical analysis 
All statistical tests and values were calculated with GraphPad Prism 4 (GraphPad 

Software, San Diego, CA, USA). Data were expressed as mean ± s.e.m. Groups were 
compared using either two-way ANOVA or the Mann-Whitney U test for nonparametric 
values. P<0.05 was considered to be significant. 

Induction of inflammatory skin lesion and visualization of injected cells in mouse 
model 

Experimental model employed 20 CD1 Nu/Nu immunosuppressed male adult mice 
(Charles Rivers Laboratories, Research Models and Services, Germany GmbH), 6-week old, 
75 ± 5 g weight, divided in two groups: control group (n = 10, injected with un-transfected 
GFP-MSCs) and experimental group (n = 10, injected with CD29 specific siRNA, CD29low 
MSCs). Epidermal lesions of 0.5 cm at dorsal paravertebral or ventral sites were induced 24h 
prior to cells injection in both mice groups (control and experimental), after anesthetic 
procedure consisting of 8% Sevofluran (DB01236) induction and 3.5% Sevoflurane/Oxygen 
maintenance. The lesions werenegletely sutured in order to obtain rich inflammatory exudate 
in the following hours (Figure 1). During the entire experiment, vital parameters of the mice 
are carefully monitored.  

 
 

Figure 1.Skin incision at the level of mouse skin, at ventral site, 
sutured for induction of inflammatory exudate. 

 
For in vivo visualization of GFP-MSCs control and CD29low GFP-MSCs migrating at the 

lesion site we injected 1 x 106cells suspended in 50 l saline solution (PBS, Sigma-Aldrich 
Company) near the incision site. Injected cells were tracked using Hamamatsu Aequoria 
System and were visualized dependent on fluorescence intensity. The mice were anesthetized 
with Sevofluran – induction and maintenance, while the dark box in which the animals were 
placed was maintained at 37o C. Cellular migration was tracked until complete healing of the 
wound, taking serial photographs, which were interpreted with the dedicated software of the 
in vivo imaging system. 
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At the end of the experiment, after 7 days, skin samples of the healed wound were harvested 
and processed for further immunofluorescent analysis (described in previous sections). 

All animal experiments described herein comply with the European Convention forthe 
Protection of Vertebrate Animals used for Experimental and Other Scientific 
Purposes(Directive 86/609, Strasbourg, 1986) and the experimental protocol was reviewed 
and approved by the University of Medicine and Pharmacy Timisoara Board for Animal 
Experiments. 

 
3. Results and Discussion 
In vitro assessment of transfection efficiency at proteic level  
Immunocytochemical analysis confirmed the efficiency of CD29 molecule inhibition. 

This molecule had low expression in transfected GFP-MSCs, compared to control MSCs 
(transfected with control siRNA) and untransfected MSCs (Figure 2). Both cytoplasmic and 
membrane protein level was significantly reduced for integrin beta 1 (CD29) 48 hours after 
transfection was performed, compared tocontrol cells.    

 

 
Figure 2.Immunocytochemical analysis of transfected MSCs. Untransfected MSCs (left panel); 
MSCs transfected with control siRNA (middle panel); CD29 specific siRNA transfected MSCs 

(right panel). Optic microscopy, magnification 100x. 

 
Qualitative and quantitative differential expression of specific mRNA 
mRNA expression in GFP-MSCs was qualitatively determined using RT-PCR 48 hours 

after transfection with CD29 specific siRNA was performed, and compared to control MSCs 
(Figure 3, left panel).For quantitative evaluation, we used a dynamic evaluation at different 
time intervals from transfection, using qRT-PCR: 24, 48, 72, and 96 hours. 

 
 

Figure 3.Qualitative and quantitative gene expression for CD29. 48 hours after transfection, 
MSCs transfected with CD29 specific siRNA have a significant decrease of gene expression 

compared to MSCs transfected with control siRNA and un-transfected MSCs (left panel). 
Right panel depicts relative CD29 expression variation in time, 24, 48, and 72 hours after transfection. 
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Timeline variation of CD29 relative gene expression showed progressive increase from 
24 to 72 hours. Considering the entire time interval, quantitative expression is progressively 
increasing up to 72 hours from the transfection procedure, so that it will reach the level of 
control cells at 96 hours after CD29 specific siRNA inhibition, probably to compensate the 
prior blockage in mRNA synthesis (Figure 3, right panel).  

Macroscopic visualization of CD29low MSCs towards inflammatory skin lesions 
using Hamamatsu Aequoria in vivo imaging system 

Both mice model groups taken into this study, control (injected with un-transfected GFP-
MSCs) and experimental group (injected with CD29low GFP-MSCs) were submitted to the 
same procedural steps: incision induction and perilesional injection of 1x106 cells in 50 l 
PBS. Evolution of the skin wound was monitored until complete healing, taking serial 
photographs every 24 hours.   

Figure 4a depicts the initial skin lesion located at dorsal site, 5 mm in size, in control 
mice model.Immediately after GFP-MSCs injection (Figure 4b) (T0), these cells can be 
visualized at the perilesional level, at the injection site. Their fluorescence at this level 
progressively disappears, so that 24 hours after injection the cells left the initial injection site 
(Figure 4c). But, at the intra-lesional level, we can visualize intense fluorescence, with a 
progressively increasing expression at 48, 72 and 96 hours (Figure 4 d, e, f), but it will 
decrease in day 6 after injection (Figure 4h) and completely disappear 7 days after injection 
(Figure 4i), when the wound is completely healed.  

 

 
 

Figure 4.Timeline migration of control GFP-MSCs at the site of inflammatory skin lesion 
in CD1 Nu/Nu mice model. a. visualization of skin lesion; b. moment of cell injection (T0); 

c. T0+24 hours from injection; d. T0+48 hours from injection; e. T0+72 hours from injection; 
f. T0+96 hours from injection; g. day 5 from injection; h. day 6 from injection; i. day 7 from injection 
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Regarding migration of CD29low MSCs at the level of skin lesion in experimental group, 
these cells can be visualized at perilesional level immediately after injection (Figure 5b) (T0). 
Fluorescence of CD29low MSCs progressively decreases, but is not completely abolished 24 
hours after injection (Figure 5c). 48 hours after injection, CD29low MSCs can be observed at 
intra-lesional level (Figure 5d), but 72 hours from experiment beginning the intra-lesional 
fluorescence level is more decreased compared with control mice, at the same time interval 
(Figure 5e). At 6 days time interval (Figure 5h) the fluorescence of injected cells is weak, and 
disappears 7 days after injection (Figure 5i).  

We may conclude that inflammatory skin lesion produced at dorsal site of CD1 Nu/Nu 
mice induces migration of both control GFP-MSCs and CD29low MSCs towards the injury 
site, but migration of CD29low MSCs is partially more rapid compared to control GFP-MSCs, 
part of the cells remaining at the perilesional injection site. 

CD29low MSCs are present in low number at the level of healed inflammatory skin 
lesions 

Both skin samples harvested from control and experimental group, from the level of 
healed injury site, are intense positive for cytokeratin and vimentin expression (Figure 6 
upper and middle panel). There are no significant differences between the skin from CD29low 
MSCs-injected mice and control MSCs-injected mice regarding the healing rate or expression 
of these markers.  Expression of CD29 is positive in both skin samples, but less cells can be 
observed in case of experimental group (Figure 6 lower panel). 

 
 

 
Figure 5.Timeline migration of CD29low MSCs at the site of inflammatory skin 

lesion in CD1 Nu/Nu mice model. a. visualization of skin lesion; b. moment of cell injection (T0); 
c. T0+24 hours from injection; d. T0+48 hours from injection; e. T0+72 hours from injection; 

f. T0+96 hours from injection; g. day 5 from injection; h. day 6 from injection; i. day 7 from injection 
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Figure 6.Immunofluorescent staining of healed skin harvested from mice with inflammatory skin lesions. 

Upper panel – cytokeratin, middle panel – vimentin, lower panel – CD29 staining using Alexa 
Fluor 594 fluorescent staining and DAPI label of the nuclei. Left panel - CD29low MSCs-injected, 

right panel - control MSCs-injected (fluorescence microscopy, magnification 100x). 
 
In control group, the GFP-MSCs injected cells can be found at intra-lesional level, 

epithelial layer, most of them located within the adjacent conjunctive tissue (data not shown). 
Also, both study groups presented human cells located at the level of pilousfollicle, within the 
endogenous stem cells niche, demonstrating microenvironment-dependent MSCs migration. 
Integrin beta1 was previously shown to have a potential therapeutic role in cancer preclinical 
models. Blockage of this molecule using neutralizing antibodies significantly reduced human 
mammary tumor cells growth and development in nude mice (C.C. PARK & al. [10]). Even 
osteosarcoma growth in mice was inhibited using the same method (K. MIURA & al. [11]). 
These data suggest that integrin beta 1 (CD29) blockage, apart from inhibiting MSCs 
migration towards inflammatory lesions, has a beneficial effect in different types of malignant 
tumors. Other two factors could have a contribution to MSCs engraftment – donor 
immunogenicity and perilesional environment. Although several studies suggest that MSCs 
have immunosuppressor effect, other studies show that MSCs produce a host-recipient 
immune response, which leads to reduced engraftment rate (P. BATTEN & al. [12]). Studies 
performed on murine models did not reveal significant differences between use of allogeneic 
or syngeneic MSCs (L. CHEN & al. [13]).Researchers are taking into consideration the 
influence of perilesional environment, which modifies MSCs engraftment, as well as 
metabolic changes which can develop at the level of chronic injury site, such as ischemia or 
hyperglycemia.  It seems that hypoxia has no effect on in vitro MSCs viability, but low 
glucose level in culture media can significantly reduce MSCs survival rate (L.A. MYLOTTE 
& al. [14]). Hypoxia seems to affect MSCs only if it is long lasting and associated with 
nutrients deprivation, which induces death of most cells (E. POTIER & al. [15]). Probably, 
the same mechanism is involved in our study, the injected MSCs being deprived of nutrients 
and normal oxygen amount. Paradoxically, in myocardial injury mouse model, in vitro MSCs 
pre-conditioning to hypoxia increased the in vivo engraftment of these cells(J.M. KARP & al. 
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[3]). Moreover, culture media of MSCs cultivated under hypoxic conditions is more efficient 
in closure of skin lesions compared to culture media harvested from MSCs grown with 
physiological oxygen supply. Possible mediators for increasing hypoxic MSCs efficiency are 
several MSCs-secreted growth factors, such as VEGF andFGFbeta (E.Y. LEE & al. [16]).  

CD29 involvement in MSCs migration was also demonstrated in vivo on myocardial 
infarction mouse model; anti-CD29 monoclonal neutralizing specific antibodies pre-treated 
MSCs resulted in decreased migration of lower cell number engraftment at the level of 
ischemic myocardium (J.E. IP & al. [17]).However, previous studies showed that CD29 
blockage decreased neutrophils migration towards inflammatory pulmonary lesions (V.C. 
RIDGER & al. [18]), while CD29 blockage associated with VCAM-1 inactivation 
significantly reduced hepatic inflammatory lesions (V. ALDRIDGE & al. [19]). Our study 
confirms previous migration studies, showing that CD29low MSC migrate more rapidly, but 
with lower in vivo engraftment rate at the level of inflammatory skin lesion. 

 
4. Conclusion 
Healing rate of skin inflammatory lesions in immunosuppressed mice was similar in case 

of injection of control MSCs or CD29low MSCs, without significant differences between 
healing times, which was 7 days for both study groups. We may conclude that inhibition of 
CD29 with specific siRNA in case of human GFP-MSCs induces an increase in migration 
velocity of CD29low MSCs, but with low engraftment rate of these cells at the injury site, 
perhaps due to low adherence to specific ligands. Engrafted cells will be located within the 
endogenous stem cells niche, thus confirming the influence of microenvironmental conditions 
on cell migration and healing ability.   
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