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Abstract

AIM: To compare the efficacy of cell-free derivatives
from Bone marrow derived human mesenchymal stem
cells (hMSCs) in wound therapy.

METHODS: hMSCs have been shown to play an impor-
tant role in wound therapy. The present study sought to
compare efficacy of hMSCs and cell-free derivatives of
hMSCs, which may be clinically more relevant as they
are easier to prepare, formulate and transport. hMSCs
were isolated from human bone marrow and cultured.
Multi lineage differentiation of hMSCs was performed to
confirm their identity. The ability of hMSCs to migrate
was evaluated using /n vitro and /in vivo migration as-
says. Cell lysates and conditioned medium concentrate
was prepared from hMSCs (see Methods for details).
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Wounds were induced in mice and wound areas were
measure before and after cell and cell-free derivative
treatment. RNA and proteins were extracted from the
skin and cytokine levels were measured.

RESULTS: Co-culture of hMSCs with keratinocytes re-
sulted in increased expression of CXCL-12 (SDF1) and
ENA78 (CXCL-5) in the conditioned media indicating
that the hMSCs can respond to signals from keratino-
cytes. Accelerated wound closure was observed when
hMSCs were injected near the site of excisional wounds
in athymic as well as NOD/SCID mice. Interestingly,
cell-free lysates prepared from hMSCs were also ef-
fective in inducing accelerated wound closure and in-
creased expression of SDF1 and CXCL-5 at the wound
bed. Additionally, concentrated media from hMSCs as
well as an emulsion containing lysates prepared from
hMSCs was also found to be more effective in rapid
re-epithelialization than fibroblasts or vehicle-alone
control. Use of cell-free derivatives may help replace
expensive wound care approaches including use of
growth factors, epidermal/dermal substitutes, synthetic
membranes, cytokines, and matrix components, and
most importantly avoid transmission of pathogens from
human and animal products.

CONCLUSION: These results encourage development
of derivatives of hMSCs for wound care and re-epitheli-
alization applications.

© 2012 Baishideng. All rights reserved.

Key words: Stem cell derivatives; Keratinocyte; Mesen-
chymal stem cell; Cytokine secretion; Wound healing,
SDF1; ENA78; Animal models

Peer reviewer: Shihori Tanabe, PhD, Senior Researcher, In
Concurrent with Director for Planning and Coordination’s, Divi-
sion of Safety Information on Drug, Food and Chemicals, Na-
tional Institute of Health Sciences, 1-18-1, Kami-yoga, Setagaya-
ku, Tokyo, 158-8501, Japan

May 26,2012 | Volume 4 | Issue5 |



Mishra P et a/. Cell free derivatives from HMSCs in wound healing

Mishra PJ, Mishra PJ, Banerjee D. Cell-free derivatives from mes-
enchymal stem cells are effective in wound therapy. World J Stem
Cells 2012; 4(5): 35-43 Available from: URL: http://www.wjgnet.
com/1948-0210/full/v4/i5/35.htm DOI: http://dx.doi.org/10.4252/
wjsc.v4.i5.35

INTRODUCTION

Wound healing is a coordinated process comprising an
inflammatory reaction, a proliferative process leading to
tissue restoration, angiogenesis and formation of extra-
cellular matrix accompanied by scar tissue remodeling,
Cellular participants as well as multiple growth factors
and cytokines released by the cells at the wound site regu-
late these processes and finally result in wound closure.
Deregulated healing processes may delay repair and may
eventually lead to chronic wounds, such as those observed
in diabetics, that are expensive and difficult to heal and
may also result in excessive fibrosis, which leads to keloid
formation" ™. Treatment of chronic wounds remains
difficult despite increased understanding of underlying
biological principles, significant developments including
use of recombinant growth factors, bioengineered skin
equivalents and overall improvement in standards of
wound care” ", Clinical trials using bone marrow derived
mesenchymal stem cells in myocardial infarctions and
graft ss host disease have recently been launched"*™ and
encourage investigation of bone marrow derived (BMD)-
human mesenchymal stem cells (hMSCs) for use in other
areas of regenerative medicine including chronic wound
healing;

The bone marrow harbors two major types of stem
cells, the hematopoietic stem cell and mesenchymal stro-
mal/stem cell, termed BMD-hMSCs. HMSCs give tise to
cells of muscle, bone, fat, and cartilage lineagem’zoj. Like
true stem cells, hMSCs have the capacity for self-renewal
and differentiation, and hold promise for clinical applica-
tions in regenerative medicine™ ", hMSCs migrate to
various locations, including sites of hematopoiesis such
as the bone marrow, sites of inflammation and sites of
injury, suggesting that they may play a role in the recovery
process following injury. We and others have demonstrat-
ed that bone marrow derived hMSCs differentiate into
myofibroblast like cells™. In wound healing, myofibro-
blasts are responsible for generation of mechanical forces
that allow proper granulation, tissue contraction and
wound heahngl%’z”. Matrix contraction depends on both
a-smooth muscle actin (a-SMA) expression within cel-
lular stress fibers, and assembly of large focal adhesions
linking myofibroblasts to the matrix™. It is possible that
local induction of myofibroblasts using either hMSCs or
cell-free derivatives obtained from hMSCs may accelerate
wound healing. Previous reports have demonstrated effi-
cacy of murine bone marrow derived hMSCs 77 vitro and
in vivo models including models of chronic wounds® .
Herein, we present evidence that human BMD-hMSCs
and their cell-free derivatives such as lysates and concen-
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trated conditioned medium are effective in wound healing
process.

MATERIALS AND METHODS

Isolation of BUD-hMSCs and culture conditions
Unprocessed bone marrow (36 X 10° cells/ml) was pur-
chased from Lonza (Walkersville, MD). A Ficoll gradient
was used for separation of peripheral blood mononuclear
cells (PBMNCs). Isolated PBMNCs were plated in T75 cm’
tissue culture flasks with MesenCult media (Stem Cell
Technologies, Vancouver) containing hMSC stimulatory
supplements and fetal bovine serum (FBS) for hMSCs.
Once cultures were established, several clones were
isolated and expanded in culture in the same medium.
Established cultures were grown in minimum essential
media (a-MEM) containing 10% FBS and penicillin/
streptomycin. The cultures were incubated at 37 'C in a
humidified atmosphere containing 5% COa. Cells were
subcultured every 4 to 5 d and aliquots from passage 2
to 8 were frozen in liquid nitrogen for use. Cell surface
markers expressed on these cells were determined by
flow cytometry using FITC labeled Abs (BD Biosciences,
San Jose, CA) and included Strol, CD105, CD90, HLA-
ABC and CD44 while they wete negative for CD45, and
CD11b™,

Several of the passages from 2 to 8 were tested for
their ability to differentiate in culture, cytokine produc-
tion and migration towards keratinocytes and were found
to be comparable (data not shown). For the sake of con-
sistency, passage 5 cells were used for all studies reported
here.

Multi lineage differentiation
Expanded cultures of hMSCs were analyzed for myo-
genic, osteogenic and adipogenic differentiation 7# vitro to

determine multipotency according to standard conditions
as described before!™*,

In-vitro Migration assay

Migration assays were carried out as described previ-
ously™. Briefly, Falcon tissue culture plates with 24 wells
along with Falcon cell culture inserts were used for the
migration assay. Conditioned media (CM) from kerati-
nocytes (collected after overnight culture in fresh growth
medium) or keratinocytes (1 X 10%) were plated in the
bottom chamber and incubated overnight at 37 C and
5% COz. Next day, the insert was placed aseptically in the
well with flanges resting in the notches on the top edge of
each well. Naive hMSCs (2 X 10%) were plated on the top
chamber. Following overnight incubation (18h) the assay
was terminated and hMSCs that had migrated through the
membrane (8 um pore size) were stained (after removal
of cells remaining on top with a wet Q-tip) using crystal
violet prepared in methanol and formaldehyde.

In-vivo Migration assay
Fluorescent dye (CFDASE) labeled 5 X 10° hMSCs were
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transplanted locally at the periphery of wounded skin
subcutaneously. Saline (100 pL) was injected subcutane-
ously near the wounds as a control. After 48 h wound
areas were excised and immediately snap frozen using
2-methylbutane and liquid nitrogen in OCT cryo embed-
ding compound. Thin sections were cut and placed onto
glass slides for staining with DAPI and fluorescence mi-
croscopy.

Cell lysate preparation

The hMSC cell lysates were prepared using 5 X 10° cells
for each animal. Cells grown in cultures were washed in
phosphate buffer saline (PBS) collected by brief trypsin-
ization and centrifugation in an Eppendorf centrifuge
(5000 t/min 30 s) to collect the cell pellet. Cell pellet (in a
0.5 mL Eppendorf centrifuge tube placed in ice), re-sus-
pended in ice cold PBS, was sonicated using six bursts for
30 s at half max setting (Vibra Cell, Sonics and Materials,
Danbury, CT). The sonicated cells were centrifuged at 10
000 t/min for 1 min. The lysate (supernatant) was inject-
ed (100 ul) once near excision an wound in the nu/nu (#
= 5) and NOD/SCID (# = 8) mice. Lysate was evaluated
to ensure absence of viable cells by plating it in the tissue
culture plate containing complete growth medium. The
lysate was also analyzed for cytokine content by multiplex
and Elisa as described later.

Ointment preparation

For topical application, protein concentration in
the hMSC cell lysate was detected using standard Brad-
ford method. Cell lysate (1-2 pg total protein/mg) was
admixed with mineral oil based hydrophilic ointment
(Fougera; NY) and applied as an emulsion on the wound

surface.

Conditioned medium concentrate

HMSCs were cultured to 60%-70% confluence under
standard culture conditions as described eatlier. Condi-
tioned medium from hMSCs (5 flasks per experiment
with 2 X 10" cells per flask) was collected and further
concentrated (50 times) by Amicon ultra centrifugal filter
unit with approximately 5 kDa cut-off (Amicon Ultra-15;
Millipore, MA) following manufacturer’s instructions.
Conditioned medium concentrate (100 pl. final concen-
trate resulting from 5 flasks of hMSC culture medium)
from hMSC [hMSC (CMC)] was injected once in the
periphery of each wound. Saline (100 pl) was injected in
the periphery of wounds as a control and served as the
naturally healing group. An aliquot was also analyzed for
cytokine content by multiplex and Elisa as described later.

Induction of wounds and measurement of wound areas

Mice (strain: male nu/nu, and NODSCID mice; age: 4-
5 wk from Taconic Farms, NY) were anesthetized with
ketamine/xylazine and the skin sutface was stetilized
with alcohol wipes. The NODSCID (non obsese diabet-
ic/severe combined immunodeficient model for chronic
wound) mice were shaved to expose skin for wounding,
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Excisional wounds (approximate area 30 to 50 mmZ)
were made in the back of each mouse. For deep wounds,
similar cuts were made aseptically in the back of mice
but the wounds measured approximately 120-140 mm’.
All wounds were covered with transparent adhesive ban-
dage for 48 h post wounding. 5 X 10° hMSCs (including
fluorescently labeled) were injected subcutaneously in the
periphery of each wound in experimental groups. Saline
(100 pL) was injected subcutaneously near the wounds
in a control group. Measurement of wound healing was
carried out using area of ellipse formula (0.5 X length of
Major axis) (0.5 X length of Minor axis) m"". Wound
bearing animals were housed individually during the
course of the experiment.

Cytokine measurement

The cytokine profile of each sample was analyzed using
the Bio-Plex suspension array system (Bio-Rad Labora-
tories, Hercules, CA) and by Elisa assay for CXCL5 and
SDF-1 which was performed on cell-free supernatants
from conditioned medium using the Quantikine human
ENA-78 ELISA kit (R and D Systems; MN) according to
the manufacturer’s instructions. All samples were assayed
in triplicate. CM was harvested from cultured cells (hM-
SCs co-cultured with keratinocytes and alone, cultured
for 48 h) and filtered through cellulose acetate membrane
with 0.45 um pore size (Corning; NY). hMSCs and kera-
tinocytes were co-cultured (1:5) in serum-free keratino-
cyte growth medium (Promocell; Germany), cells alone
(hMSCs and keratinocytes) wete grown as conttrols.

Skin RNA extraction

Skin sections within close proximity of the wounded area
were peeled out after euthanasia from mice (nu/nu age:
4-5 wk from Taconic Farms, NY) injected with hMSCs or
lysates prepared from hMSCs along with naturally healing
and normal mice. The resected section was immediately
dipped in LN2 and transferred to a ceramic mortar filled
with LN2 where skin sections were ground with a cold
pestle until turned into amorphous powder. The powder
was scraped in to a pre-chilled Falcon tube in a dry ice
containing TRIzol (Invitrogen; Catlsbad CA, USA) reagent
(1 mI./40-100 mg of tissue weight). The tube was vortexed
vigorously and transferred into a pre-cleaned homogenizer
and homogenized with 20 up and 20 down strokes. The ho-
mogenized solution was incubated for 5min at room tem-
perature followed by addition of molecular biology grade
chloroform (Sigma, 400 pL/1.5 mL of TRIzol Reagent)
and mixed. The solution was incubated for an additional 5
min at room temperature and centrifuged (Eppendotf table
top centrifuge) at 12 000 X g (15-17 min at 4 'C). The up-
per aqueous phase was collected in a new sterile Falcon
tube and Isopropyl alcohol was added (1:1), mixed thot-
oughly and incubated (10 min at RT) followed by centrif-
ugation (12 000 X g for 10-15 min at 4 C). Supernatant
was aspirated carefully without disturbing the pellet. The
RNA pellet was washed with 500 pl. of 70% ethanol
prepared in RNase free water (GIBCO, Invitrogen))and
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centrifuged (7000 X g for 5 min at 4 'C ). The RNA pel-
let was air dried (20 min) and then resuspended in 40 pyL
RNase free water and stored at -80 C until used.

RT-PCR analysis

RT-PCR analysis was carried out using superscript one
step RT-PCR (Invitrogen, Carlsbad, CA) kit to determine
mRNA expression levels of SDF-1 and CXCL5 in hMSC
and hMSC lysate injected skin (wounded), naturally heal-
ing wounded skin and normal skin.

Primer sequences (F: Forward, R: Reverse) for
SDF-1, CXCL5 and GAPDH (internal control) were
F-5'-GAGAGCCACATCGCCAGAG-3', R-5-TTTC-
GGGTCAATGCACACTTG-3', F-5""TTCATGAGA-
AGGCAATGCTG-3' R-5'-CCCAGGCTCAGACGTA-
AGAA-3" and F-5-ACCACAGTCCATGCCATCAC-3/,
R-5'-"TCCACCACCCTGTTGCTGTA-3' respectively.
PCR conditions were 94 C for 15 s, 50 °C for 30's, 72 'C
for 1 min, and 30 cycles for each target. A final elonga-
tion step was carried out at 72 'C for 7 min. The PCR
product was subjected to agarose gel electrophoresis and

photographed using a Geldoc imager (Bio-Rad XRS).

Immunohistochemistry

For immunohistochemical analysis, animals (nu/nu age:
4-5 wk from Taconic Farms, NY) were euthanized; wound
areas were excised and immediately fixed for 24 h before
processing through a graded seties of alcohols and em-
bedded in paraffin wax. Thin sections (4 microns) were
cut and placed onto glass slides for staining. Primary
antibody was optimized using Ventana Medical Systems
Discovery XT automated immunostainer. Antigen retrieval
was performed using CC1 (Cell Conditioning Solution,
Ventana medical systems, Cat # 950-124). Primaty anti-
body was applied and incubated at 37 'C for 1 h. Univer-
sal secondary antibody (Ventana medical systems, Cat #
760-4205) was applied for 12 min followed by chromo-
genic detection kit DABMap (Ventana Medical Systems,
Cat # 760-124). Slides were counterstained with Hema-
toxylin and dehydrated and cleared before cover slipping
from Xylene.

Statistical analysis

Wound measurements were carried out by the described
method and graphs plotted to show wound closure over
time. The graphs show mean * SE. The number of ani-
mals used in each experiment is indicated in the figure
legends. Students #test was performed to determine
significance of difference between groups (P < 0.05 was
considered significant).

RESULTS

Migration of hMSCs towards keratinocytes in vitro and
locally transplanted hMSCs in vivo

The hMSCs were found to migrate toward keratinocytes
as well as to KCM in greater numbers than to control
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Figure 1 Migration of human mesenchymal stem cells in vitro and in vivo.
A: Human mesenchymal stem cells (HMSCs) were found to migrate toward ke-
ratinocytes as well as to KCM in greater numbers than to control medium using
transwell chamber migration assay; B: Migration of locally transplanted hMSCs
to the injury site. h(MSCs were labeled (CFDASE) and injected at the periphery
of wounded skin subcutaneously. HMSCs (green and arrows in inset) were
found to migrate to the injury site (48 h post injection), scale bar 100 pm.

medium (Figure 1A). Thus, exposure to secreted factors
such as cytokines present in KCM may “prime” hMSCs
to respond and migrate towards keratinocytes. To exam-
ine whether such migration could be observed (albeit
at microscopic level), fluorescently labeled hMSCs were
injected near wound sites. Following incubation for 2 d,
skin sections were processed for microscopy and revealed
that fluorescent dye labeled hMSCs appeared to migrate
towards the repair site in the wounded skin (Figure 1B)
indicating that they may participate directly in wound
healing. Cells of human origin could be discriminated
from mouse cells by their larger nuclei (DAPI staining)
and fluorescent label.

Wound healing in two different mouse models (nude
and NOD/SCID)

To evaluate effect of hMSCs and derivatives on wound
healing, wound area following administration of 5 X 10°
hMSCs or saline control was measured over 15 d in the
nude mouse model (acute wound model) and 25 d in the
NOD/SCID model (chronic wound model) (Figure 2A).
Quantification of the wound area indicated that mice
administered hMSCs showed accelerated wound healing
in both models, compared with saline-treated control. In
the nude mouse model, healing was completed between
6-8 d for the hMSC treated group, (Figure 2B). Further,

in the nude mouse model, animals treated with hMSCs
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Figure 2 Excisional wound healing using human mesenchymal stem cells
injection. A: Schematic representation of excisional wound axes and the area
of interest excised; B: Excisional wound was made aseptically and hMSCs (P
<0.0001, n = 5) were transplanted locally and observed on days 1, 3, 6, 8, 10
and 13; Bar graph represents wound closure over time compared with natural
wound closure. Accelerated wound healing by human mesenchymal stem cells
(hMSCs), hMSC lysate and concentrated conditioned medium from hMSC
(CMC) in nu/nude mice; C: Macroscopic observation and bar graph representa-
tion of hMSC (P < 0.0001, n = 5), hMSC lysate (P < 0.0001, n = 5) and hMSC
(CMC) (P < 0.0001, n = 5) injected wounds compared with naturally healing
group after 1, 3,6 8 10 and 13 d in nude mice. *Indicates statistically significant
difference. Natural healing is essentially completed on day 14 (not shown).

or lysates from hMSCs, or concentrated conditioned
medium from cultured hMSCs (CMC) completed wound
healing in 6-8 d (Figure 2C). Animals allowed to heal
naturally took 13-14 d in the nude model. In the chronic
wound model, natural healing takes 24 d (Figure 3 for
NOD/SCID model). Again, we observed accelerated
wound healing when hMSCs or lysates from hMSCs were
administered. Although natural wound healing occurred
in both models, hMSCs or products derived from hM-
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Figure 3 Accelerated wound healing by human mesenchymal stem cells
and human mesenchymal stem cells lysate in a chronic wound model in
NOD-SCID mice. Graphical representation of NOD-SCID mice injected with
human mesenchymal stem cells (hnMSC) (P < 0.0003; n = 8) and hMSC lysate
(P < 0.0001; n = 8), observed for wound closure after 1, 3, 6, 8,10 and 13 d
and compared with naturally healing group. °Indicates statistically significant
difference. Natural healing in the NOD/SCID model was completed in 24 d (not
shown).

Bl Wound + naive hMSC lysate (1 ug/mg) + ointment
J Wound + naive hMSC lysate (2 ug/mg) + ointment
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60 - [0 Wound + WI38 lysate (2 ug/mg) + ointment
[0 Wound + ointment alone

50 -
1

|

Wound area (mm?)

1 3 6 8
Time post wound (d)

Figure 4 Emulsion containing lysate from human mesenchymal stem
cells contribute significantly to wound healing. Topical application of emul-
sion containing human mesenchymal stem cells (nMSCs) lysate (1-2 pg/mg)
resulted in early wound closure compared with WI38 lysate (1-2 ng) and oint-
ment alone (P < 0.1986; n = 4) as measured on day 8.

SCs cleatly accelerated wound healing in both nu/nu and
NOD/SCID models.

Wound closure using topical emulsion

To examine whether a clinically relevant lysate prepara-
tion in oil based hydrophilic ointment was effective in
wound healing, a mixture was prepared containing ei-
ther 1 or 2 pug/mg of ointment base and applied to the
wound site topically. The hMSCs cell Iysate (1-2 pg lysate
protein/mg of vehicle) when admixed with oil based hy-
drophilic ointment and applied topically at the wound site
resulted in faster rate of wound closure as compared with
fibroblast WI38 lysate (1-2 pg/mg) and ointment alone
(Figute 4). The lysate preparation at 2 pg lysate protein/
mg ointment was significantly better than wound plus
ointment base alone in wound repair. Lysate preparations

May 26,2012 | Volume 4 | Issue5 |



Mishra P et a/. Cell free derivatives from HMSCs in wound healing

from WI38, human fibroblast controls, were not as effec-
tive as lysate preparations from hMSCs.

Cytokine profile

Cytokine profiling revealed that various cytokines were
(i.e., IL8, IL6, MCP-1, G-CSF, MIP-1a and VEGF)
secreted by hMSCs and present in the CM, lysate and
hMSC concentrated conditioned medium. Among the
cytokines measured, greatest increase in levels of SDF-1
and CXCL5 were observed when hMSCs and keratino-
cytes were co-cultured together 7z vitro (Figure 5A and B).
This indicated that hMSCs and keratinocytes may coop-
erate in wound healing by acting in a synergistic manner
to produce predominantly high levels of important cyto-
kines such as SDF-1 (CXCL12) and CXCL5, identified
biologically and statistically significant in our dataset (not
shown); although other factors are cleatly involved.

Increased expression of cytokines in the healing wound
RT-PCR analysis of RNA isolated from normal and heal-
ing wound shows that levels of CXCL5 and SDF-1 were
increased significantly in the healing wound treated with
hMSCs as compared to normal skin (Figure 5C) in agree-
ment with the cytokine protein profile shown in Figure
5A and B.

Immunohistochemical analyses of wound healing

In addition to wound closure as a measure of wound
healing we were interested in determining whether we
could observe histological differences in wound healing
between control (natural wound healing) wounds treated
with hMSCs or derivatives of hMSCs. HE stains and
immunohistochemical staining indicated that adminis-
tration of hMSCs and lysates from hMSCs near wound
sites led to improved regeneration of the skin structure
as compared with sections prepared from animals either
untreated or treated with control WI38 cells(data not
shown). Figure 6 shows restoration of both dermis and
epidermis in skins of mice treated with hMSCs as well as
lysates as compared with controls (Figure 6A-L). A large
number of pancytokeratin positive cells was observed in
the dermis of hMSC treated wounds (Figure 0I) indicat-
ing that administration of hMSCs at the wound site may
have induced increased proliferation of keratinocytes.

DISCUSSION

In the present study, we demonstrate that hMSCs and
cell-free derivatives of hMSCs can be successfully used
to treat wounds using athymic and NOD/SCID mouse
models. These models represent the acute and chronic
wound models respectively. Moreover, as they are inca-
pable of mounting an immune response against human
cells, wound healing can be studied using human MSCs
and derivatives. We also demonstrate that hMSCs re-
spond to the cytokine signals from human keratinocytes,
an abundant cell type in skin. HMSCs migrate towards
keratinocytes as well as toward conditioned medium from
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Figure 5 SDF-1 cytokine measurement in human mesenchymal stem cells
co-cultured with keratinocytes. A: SDF-1 cytokine secretion was measured in
conditioned medium (CM) obtained from human mesenchymal stem cells (hM-
SCs) co-cultured with keratinocytes (MSC + KRT CM) compared with MSC (MSC
CM) (P =< 0.0004; n = 3) and keratinocytes (KRT CM) alone for 48 h using
Multiplex assay. Increased CXCL5 (ENA-78) protein expression; B: Enzyme-
linked immunosorbent assay for CXCL5 protein was performed on cell-free con-
ditioned medium (CM) obtained from cocultured hMSCs + Keratinocytes (KRT
+ MSC CM) and compared with hMSC (MSC CM) alone (P < 0.0002; n = 3)
and Keratinocytes (KRT CM) alone (P < 0.0001; n = 3) respectively. Increased
expression of SDF-1 and CXCL5 was also observed in wounded skin injected
with hMSC and hMSC lysate. “Indicates statistically significant difference; C:
SDF-1 and CXCL5 expression levels were increased in sections from hMSC
and hMSC lysate injected skin (wounded) as compared with naturally healing
(wounded) skin and normal skin, GAPDH was utilized as an internal control. 1:
hMSC injected wound; 2: hMSC lysate injected wound; 3: Natural healing; 4:
Normal skin (without wound).
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human keratinocytes. Accelerated wound healing was
observed when hMSCs were transplanted locally near
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restoration of both dermis and epidermis in skins of mice (nu/nu age: 4-5 wk) treated with human mesenchymal stem cell (hMSC), hMSC lysate and CMC from hMSC;
A-C: Wounded skin sections (day 1); D-F: Wounded skin allowed to heal naturally (day 8); G-I: Large numbers of pancytokeratin positive cells were observed in the
dermis of hMSC administered wounded skin; J-L: hMSC Lysate injected skin sections. Scale bar: 100 pm.

the site of incisional/excisional wounds as well as deep duced number of myofibroblasts can impede wound clo-
wounds in athymic (Nu/Nu) mice and in NOD/SCID sure as myofibroblasts have been shown to be key cells in
(non obese diabetic SCID, representing chronic diabetic wound contraction leading to wound closure. By adminis-
wound) mice when compared with healing in presence of tering hMSCs at wound site we ensured that an adequate
normal human fetal lung fibroblast WI38 cells or saline number of myofibroblasts was available and conttibuted
control. Accelerated wound healing was also observed to proper wound closure. The high contractile force
when concentrates prepared from conditioned medium generated by myofibroblasts is beneficial for physiologi-
of hMSCs were applied to wound site. IHC analysis on cal tissue remodeling but detrimental for tissue function
day 8 revealed comparable repair of the wound site in all when it becomes excessive, such as in hypertrophic scars,
groups examined with matured epidermis, although pan- in virtually all fibrotic diseases and during stroma reaction
cytokeratin staining was variable, it was clear that admin- to tumors” "%,
istration of hMSCs or derivatives was effective in wound During the granulation phase of wound healing, mes-
healing. L.ong term follow up of wound healing revealed enchymal cells are maximally activated in the granulation
that in the human MSC treated animals there was little tissue leading to cell proliferation and synthesis of copi-
evidence of residual scarring (data not shown), although ous amounts of extracellular matrix. Epithelial cells in
natural wound healing as well as healing in presence of turn proliferate and form a layer over the newly formed
lysates or concentrates was accompanied by scar forma- matrix of mesenchymal cells in granulation tissue, lead-
tion (data not shown), underscoring the importance of ing to wound closure. Keratinocytes stimulate fibroblasts
myofibroblasts in prevention of scarring. More impor- to synthesize growth factors, which in turn stimulate
tantly, long-term follow up did not show any adverse re- keratinocyte proliferation in a reciprocal manner. Of par-
action to administration of hMSCs in the animals, point- ticular interest is the observed increase in CXCL5 (also
ing to the safety of these cells. known as ENA78, a known stimulator of keratinocytes)
Impaired recruitment of hMSCs and therefore re- and SDF-1 (CXCL12) secretion from co-cultuted human
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hMSCs and keratinocytes as compared with levels se-
creted by individual cells. Importantly, interaction of ke-
ratinocytes and hMSCs results in increased expression of
CXCLS5 in the healing wound. Although our data points
to the involvement of CXCL5 and SDF-1, there atre
clearly other factors that play an equally important role in
the process of wound healing. We have previously shown
SDF1 produced by hMSCs acts in an autocrine manner
to activate and stimulate migration, signal transduction
in hMSCs wia the Jak/Stat pathwayps]. These stimulatory
signals further increase cytokine production and cross
talk with neighboring cells including keratinocytes, as
observed in the coculture experiments. CXCL5 has been
shown to be a potent stimulator of keratinocytes. From
our results it appears that hMSCs (and their derivatives)
cooperate with keratinocytes to induce accelerated wound
healing. In addition to the cytokine mediated dialog with
keratinocytes, the hMSCs and derivatives appear to partici-
pate in important areas of wound repair possibly by local
generation of myofibroblasts and formation of a matrix
of appropriate tensile strength upon which new layers of
dermis and epidermis are formed. We are currently inves-
tigating these possibilities. These results together suggest
that hMSCs and derivatives will be useful for regenerative
purposes particularly for healing of chronic wounds. One
caveat in the use of mouse models of wound healing is
the fact that wounds in mice heal by contraction, unlike
human wounds. However, we have used excisional rather
than incisional wounds in mice, more closely resembling
the human wound. Indeed, for testing the efficacy of
biologics such as mesenchymal stem cells in preclinical
in vivo models, mice have been used successfully by oth-
ers™ ™, Paracrine factors secreted by hMSCs that play an
important role in wound healing and angiogenesis have
been described by others previously™ ",

The endogenous pathway for wound healing involves
recruitment of MSC from bone marrow at the wound
site followed by keratinocyte-MSC interaction, and in-
creased local cytokine production, resulting in formation
of myofibroblasts from MSC that may cause haemostasis,
inflammation and wound closure. Our studies indicate
that cell-free derivatives of human MSCs are useful for
wound healing purposes and can circumvent the need for
intact cells which are cumbersome to prepare, formulate
and transport.

COMMENTS

Background

Wound healing is a coordinated process comprising of an inflammatory reac-
tion, a proliferative process leading to tissue restoration, angiogenesis and
formation of extracellular matrix accompanied by scar tissue remodeling. Cel-
lular participants as well as multiple growth factors and cytokines released by
the cells at the wound site regulate these processes and finally result in wound
closure. Deregulated healing process may delay repair and may eventually
lead to chronic wounds, such as are found in diabetics, that are expensive
and difficult to heal and may also result in excessive fibrosis leading to keloid
formation. Treatment of chronic wounds remains difficult despite increased
understanding of underlying biological principles, significant developments
including use of recombinant growth factors, bioengineered skin equivalents
and overall improvement in standards of wound care. Clinical trials using bone
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marrow derived mesenchymal stem cells in myocardial infarctions and graft
vs host disease have recently been launched, and encourage investigation of
bone marrow derived human mesenchymal stem cells (hMSCs) for use in other
areas of regenerative medicine including chronic wound healing. The present
study sought to compare efficacy of h(MSCs and cell-free derivatives of hMSCs,
which may be clinically more relevant as they are easier to prepare, formulate
and transport.

Research frontiers

Bone marrow derived mesenchymal stem cells have been shown to play an
important role in wound therapy. The present study sought to compare the ef-
ficacy of hMSCs and cell-free derivatives of hMSCs, which may be clinically
more relevant as they are easier to prepare, formulate and transport.

Innovations and breakthroughs

Co-culture of hMSCs with keratinocytes resulted in increased expression of
CXCL-12 (SDF-1) and ENA78 (CXCL-5) in the conditioned media (CM) indicat-
ing that the hMSCs can respond to signals from keratinocytes. Accelerated
wound closure was observed when hMSCs were injected near the site of
excisional wounds in athymic as well as NOD/SCID mice. Interestingly, cell-
free lysates prepared from hMSCs were also effective in inducing accelerated
wound closure and increased expression of SDF-1 and CXCL-5 at the wound
bed. Additionally, concentrated media from hMSCs as well as an emulsion con-
taining lysates prepared from hMSCs was also found to be effective in rapid re-
epithelialization compared with fibroblast or vehicle alone control.

Applications

Use of cell-free derivatives may help replace expensive wound care approach-
es including use of growth factors, epidermal/dermal substitutes, synthetic
membranes, cytokines, and matrix components, and avoid transmission of
pathogens from human and animal products.

Terminology

BMD-hMSC: Bone marrow derived mesenchymal stem cells are pluripotent
adult stem cells isolated from human bone marrow; Cell-Free Derivatives: Ex-
tracts from hMSCs were referred to as cell-free derivatives; Concentrate: CM
derived from hMSCs; Lysate: cell lysate derived from hMSCs.

Peer review

This research is important since it clarifies role of some humoral factors in-
volved in wound healing. The result is significant for understanding the mecha-
nism of wound healing and finding new therapies in wound treatment. The
hypothesis including migration of hMSCs to keratinocytes is very interesting.
The structure of the manuscript is quite reader-friendly.
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