
Analysis of chemotactic molecules in bone marrow-derived
mesenchymal stem cells and the skin: Ccl27-Ccr10 axis as a
basis for targeting to cutaneous tissues

Vitali Alexeev1, Adele Donahue1, Jouni Uitto1, and Olga Igoucheva1

1Department of Dermatology and Cutaneous Biology, Jefferson Medical College, Thomas
Jefferson University, 233 South 10th Street, Philadelphia, PA 19107

Abstract
Background aims—The adult stem cells produce a plethora of extracellular matrix (ECM)
molecules and have a high potential as cell-based therapeutics for connective tissue disorders of
the skin. However, the primary challenge of the stem cell-based approach is associated with the
inefficient homing of systemically infused stem cells to the skin.

Methods—We examined chemotactic mechanisms that govern directional migration of the
mesenchymal stem cells (MSCs) into the skin by conducting a comprehensive expression analysis
of chemotactic molecules in MSCs and defined cutaneous tissues from normal and hereditary
epidermolysis bullosa (EB)-affected skin.

Results—Analysis of chemokine receptors in short and long-term MSC cultures showed tissue
culture-dependent expression of several receptors. Assessment of epidermis- and dermis-derived
chemokines showed that majority of skin-originated chemotactic signals preferentially recruit
different sets of leukocytes rather than MSCs. Analysis of the chemotactic molecules derived from
EB-affected non-blistered skin showed only minor changes in expression of selected chemokines
and receptors. Nevertheless, the data allowed us to define Ccl27-Ccr10 chemotactic axis as the
most potent for the recruitment of MSCs to the skin. Our in vivo analysis demonstrated that
uniform expression of Ccr10 on MSCs and alteration of Ccl27 level in the skin enhance
extravasation of stem cells from circulation and facilitate their migration within cutaneous tissue.

Conclusions—Collectively, our study provides a comprehensive analysis of chemotactic signal
in normal and EB-affected skin and proof-of-concept data demonstrating that alteration of the
chemotactic pathways can enhance skin homing of the therapeutic stem cells.
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Introduction
Adult bone marrow-derived mesenchymal stem cells (MSCs) have shown great promise for
their potential in developing cell-based therapies for the treatment of acquired and genetic
disorders and as a tool for regenerative therapy (1). Nevertheless, effective engraftment of
the transplanted MSCs into affected tissue after systemic introduction remains a major
limitation. Homing of transplanted MSCs into injured tissue is regulated by multiple
processes, including cell recruitment, migration and adhesion. Although the molecular
mechanisms that govern directional migration of the MSCs are not fully understood, there is
an accumulating body of evidence that chemotaxis plays a crucial role in homing of
circulating MSCs to peripheral tissues. Chemotactic process depends on the signaling
protein molecules, chemokines, which are secreted from the tissues and activate specific G-
protein coupled chemokine receptors on the surface of rolling cells in circulation. Interaction
between chemokines and their respective receptors leads to multiple intracellular events that
allow extravasation of cells from circulation and directional migration towards the area with
the highest chemotactic gradient. A complete understanding of the mechanisms that enhance
MSCs migration in injured tissue, therefore, is critical for improving their repair capacity
and therapeutic application.

Since MSCs are naturally involved in the regeneration/repair of multiple tissues, a number
of studies examined expression of chemokine receptors in MSCs. It has been reported that
human and mouse MSCs express low levels of selected chemokines and receptors (2–4);
however, responsiveness of MSCs to only a few chemokines has been experimentally tested.
For example, it has been shown that mouse MSCs respond by directional migration to
CCL21 (5). When this recombinant chemokine was injected intradermally into wounded
mouse skin, a slightly elevated number of transplanted MSCs migrated toward the injection
site. Directional migration of the MSCs toward CCL25, the only known ligand for the
CCR9, was also shown in an in vitro assay (6). As CCL25 is one of the major chemokines
expressed in intestine and thymus, it is plausible that CCR9+ MSCs are preferentially
recruited to these organs. Yet, no direct in vivo conformation is available to prove this
hypothesis. Another recent study showed that human MSCs can also respond in vitro to
CXCL7, a known ligand for CXCR2 (7). Because MSCs express CXCR4, which provides
retention of stem cells in CXCL12-expressing bone marrow, it was suggested that migration
of CXCR4+ MSCs could be directed to specific sites in the body by CXCL12. For example,
engineered MSCs constitutively expressing CXCR4 were shown to home to the myocardium
in vivo on experimental rat infarction model and protect myocardium from wall thinning (8).
It was also shown that CXCR4 overexpressing MSCs readily engrafted into irradiated
enteric mucosa due to the naturally high CXCL12 expression in irradiated intestine and
ameliorated intestinal permeability and histopathological damage (9).

Further examination of molecular mechanisms that provide chemotactic attraction of MSCs
showed that exposure of these cells to CCL25, CXCL7, CXCL12 leads to significant
induction of genes involved in chemotaxis, homing, cytoskeletal and membrane
reorganization, cell–matrix interaction, and cell motility (6, 7, 10). Significant up-regulation
of interleukin 6 (IL6), interleukin 8 (IL8, CXCL8) and leukocyte inhibitory factor (LIF) was
also observed. Another recent study showed that in MSCs exposed to chemokines CCL5 and
CXCL12 differential activation of signal transducer and activator of transcription (STAT)
proteins was observed (3).

Involvement of MSCs in skin wound repair has also been examined by injecting them into
periphery of wounds or by applying them directly to the wound bed. These applications
were shown to significantly accelerate re-epithelialization, angiogenesis and wound closure
(11). It is conceivable that MSCs can facilitate these processes due to secretion of various
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paracrine signaling molecules, such as VEGF, IGF-1, EGF, KGF, SDF-1, CCL3,3
angiopoietin-1 and erythropoietin (12, 13). However, it was also shown that directional
migration and homing of endogenous MSCs to the skin is not particularly efficient in
physiological and pathological conditions (13). Even intravenous injection of MSCs into
mice with skin wounds showed only transient accumulation of infused MSC to the wounded
skin during first 3 days but that was followed by rapid loss of stem cells from the lesion
during subsequent 3–5 days (5).

Collectively, these studies indicated that recruitment of circulating MSCs to affected tissues
is tightly controlled by chemokines and suggested that limited homing of MSCs to the
homeostatic and wounded skin may result from the inefficacy of appropriate chemotactic
signals that facilitate homing of adult progenitor cells to the skin. To experimentally test this
hypothesis, we examined expression of chemokines in normal skin as well as in and
diseased skin characterized by the disrupted dermal-epidermal junction and blistering. We
also analyzed expression of chemokine receptors in minimal and prolonged MSCs cultures,
and defined appropriate chemotactic axis that can be utilized for the efficient recruitment of
therapeutic MSCs to the skin for the treatment of acquired and hereditary cutaneous
disorders.

Materials and Methods
Mouse strains

Wild-type C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Transgenic type VII collagen-deficient (Col7a1−/−) and laminin γ2-deficient (Lamc2−/−)
mice were generated in the Department of Dermatology and Cutaneous Biology, Thomas
Jefferson University (14, 15). Transgenic laminin β3-deficient mice (Lamb3IAP66) were
obtained from Wadsworth Center State of New York Department of Health (16).

Preparation of primary cells and tissue culture conditions
Primary bone marrow-derived MSCs were isolated from newborn C57BL/6 wild-type mice
as described previously (17). Immunodepletion was carried out using mouse lineage
depletion kit (Miltenyi Biotec, Auburn, CA). MSCs were cultured in MesenCult Growth
Media with supplements (StemCell Technologies, Vancouver, BC, Canada). For isolation of
skin-derived layers as well as resident keratinocytes and fibroblasts, newborn mice were
euthanized by CO2 inhalation and disinfected by consecutively washing with Betadine
Solution™ (Purdue Products L.P., Stamford, CT), 70% ethanol and Hanks’ balanced salt
solution (HBSS) supplemented with penicillin/streptomycin. After removal of limbs, tail and
head, an incision was made on the ventral side of the body, through the skin but not the
peritoneum, and the epidermal layer was carefully pulled off the torso with forceps. To
separate the epidermis in wild-type skin, biopsy was subjected to the proteolytic digestion
with mixture of collagenase I, Dispase II, and DNase I at 37°C for 1 hr with vigorous
agitation to digest collagenous matrix. After separation, entire epidermis was placed into a
500 μl drop of TrypLE Select (Invitrogen, Carlsbad, CA) in a culture dish with the basal
layer downward. After 30 min of incubation at room temperature, a drop of CnT-7 culture
media (Zenbio, Inc., Research Triangle Park, NC) was added onto the epidermis and single
cells were separated from the epidermal sheet by gentle rubbing. Single cell suspension then
was filtered through a 70 μm mesh and collected by centrifugation in CnT-7 media. For
culturing, epithelial keratinocytes were maintained in CnT-7 media on gelatinized tissue
culture plates. For isolation of the dermal component, the remaining skin was cleaned of the
muscle and fat tissues and dermal layer was cut into small pieces. For primary culture of
fibroblasts, dermal pieces were kept in DMEM/F12 supplemented with 10% FBS
(Invitrogen, Carlsbad, CA) for 5 days, after which point tissue pieces were removed and
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fibroblasts were collected by trypsinization for further propagation. In all cases, cells on
early passages (p2–4) were used in experimentation unless stated otherwise. All primary
cells were cultured at 37°C in a humidified 5% CO2-95% air atmosphere.

Microarray and RT-PCR analyses
Oligo GE Mouse Chemokines and Receptors Array (SABiosciences) consisting of 114
related genes was used. The total RNA was extracted using the Qiagen RNAeasy extraction
kit (Valencia, CA). For cRNA probe synthesis, 2 μg of total RNA was amplified and labeled
using TrueLabeling-AMP 2.0 kit (SABiosciences, Frederick, MD). All steps including
amplification, labeling and hybridization were performed according to the manufacturer’s
protocol (SABiosciences). Exposure time of hybridized membranes was adjusted so that the
extent of hybridization was in a linear range. Acquisition of hybridization signals was
quantitatively determined using the GEArray Expression Analysis Suite 2.0 software
(SABiosciences), which reads the hybridization images and matches them to the
corresponding gene on the array. Net expression of each gene was calculated by the mean
intensity of the gene hybridization intensity minus the mean of the control or background
intensity. To provide normalization, the average ratio of expression levels of two principal
genes (GAPDH and β-actin) was determined and introduced as a correction factor. A 2-fold
difference in expression was considered as significant. Reverse-transcription coupled with a
polymerase chain reaction (RT-PCR) was used to confirm microarray data. Reaction was
carried out using one-step RT-PCR kit (ABgene Inc, Rockford, IL) according to the
manufacturer’s protocol. All primers were purchased from Eurofins MWG Operon
(Huntsville, AL) and their sequences are presented in Supplementary Table S1. For
densitometric analysis, the signal intensities of RT-PCR products were quantitated with
Quantity One software (Bio-Rad, Hercules, CA).

Fluorescence-activated cell sorting analysis (FACS)
Receptor expression in primary MSC cultures was determined via FACS using fluorescent-
labeled antibodies generated against Ccr3, Ccr4, Ccr5, Ccr6, Ccr7, Ccr9, Ccr10, Cxcr2,
Cxcr3, Cxcr4, Cxcr7 (BioLegend, San Diego, CA) as described previously (17). Cells
labeled with FITC-, PE-, PerCp/Cy5.5- or Alexa Fluor-647-conjugated antibodies were
analyzed with BD FACSCalibur flow cytometer (BD Biosciences). All measurements were
analyzed with FlowJo analytical software (Ashland, OR).

Generation and characterization of Ccr10-overexpressing MSCs
Full-length mouse Ccr10 receptor with 3′ UTR was amplified from total mouse RNA via
RT reaction using Superscript II RT Kit (Invitrogen) followed by PCR using PFU II high
fidelity polymerase (Stratagene). Resultant cDNA was inserted into pEF2-TOPO vector.
Integrity of the promoter and cDNA was verified by direct DNA sequencing. Minimally
cultured MSCs (passage 1–2) were nucleofected with resultant plasmid (pEF1-mCcr10)
using Lonza nucleofection reaction (T-27 program, nucleofection kit V). Further, pool of
Ccr10-expressing cells was selected with Blasticidin (0.5 mg/ml) for ten days. Expression of
Ccr10 in selected cells was confirmed by RT-PCR, Western blot and indirect
immunofluorescence analyses. For Western blot, nuclear proteins were isolated using NE-
PER Nuclear and Cytoplasmic Extraction kit (Pierce, Rockford, IL). Proteins were separated
by a 4–12% gradient SDS-PAGE and transferred to PVDF membrane followed by the blot
using polyclonal anti-Ccr10 antibodies (ThemoScientific). Immunocomplexes were detected
by using HRP labeled anti-rabbit secondary antibodies (Promega, Madison, WI) and
visualized by using SuperSignal WestFemto substrates (Pierce, Rockford, IL). For indirect
immunofluorescence, Ccr10-immunocomplexes were detected with Alexa-Fluor594-
conjugated secondary antibodies (Invitrogen). Nuclei were counterstained with 46-
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diamidino-2-phenyl indol (DAPI; Sigma, St. Louis, MO). Immunofluorescent images were
obtained on Nikon TS100F fluorescent microscope.

Labeling and transplantation of MSCs into mice
All animal procedures were performed in accordance with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health [NIH] publication No. 86-23) and
approved by the Institutional Animal Care and Use Committee of the Thomas Jefferson
University. Prior to transplantation, MSCmin and MSCCcr10 cells were labeled overnight
with DiOC18 (green) and FM-DiI (red) cell tracer dyes (Invitrogen), respectively, as
described previously (17). For local transplantation, a mixture of MSCmin and MSCCcr10

cells (0.5×106 cells in 50 μl PBS; 1:1 ratio) or MSCCcr10 (0.5×106 cells in 50 μl PBS) cells
alone were injected intradermally (ID) into the dorsal skin of syngenic C57BL6/J mice (n=5/
time point) depilated prior to transplantation. For systemic transplantation, the wild-type
mice (n=5/time point) received FM-DiI-MSCmin and FM-DiI-MSCCcr10 cells (1×106 cells in
200–250 μl PBS per mouse) through the lateral tail vein, respectively. To provide constant
chemotactic gradient, 0.5 μg of recombinant mouse Ccl27 (R&D Systems, Minneapolis,
MN) was injected ID at a distal site from cell infusion site (~2 cm) every two days. For
direct viewing, transplanted cells were detected using IVIS live-imaging system (IVIS
Lumina XR, Caliper LifeSciences). To avoid detection of auto-fluorescence from hairs, all
experimental mice were depilated prior to imaging and exposure time was minimized to a
maximum of 1 sec. All collected skin biopsies were embedded into OCT compound (VWR,
Pittsburgh, PA), frozen, and cryosectioned at a thickness of 7 μm. For histological analysis,
sections were stained with DAPI (Sigma) using a standard protocol. For analysis of cell
engraftment, the entire skin biopsy containing engrafted FM-DiI-labeled cells was subjected
to the proteolytic digestion with mixture of collagenase I, Dispase II, and DNase I followed
by fluorescence-activated sorting of FM-DiI-positive MSCs from single-cell suspension as
described previously (17).

Results and Discussion
Gene expression profile of chemokines and chemokine receptors in mouse MSCs

Several studies have reported expression of various chemokine receptors by human and
mouse MSCs (4, 5, 18). However, multiple inconsistencies observed in these studies have
been attributed to variations in methods of MSCs isolation, culture conditions, and detection
of chemokine receptor expression. Having established rapid and reproducible method of
MSCs isolation with pre-defined phenotypes (17), we examined expression of chemokines
and chemokine receptors in minimally cultured MSCs (MSCmin) and MSCs after prolonged
(>10 passages) culturing (MSCcult). Initial array-based assessment of receptor expression
showed that MSCmin and MSCcult share similar expression pattern, however, several
receptors, such as Ccr1, Ccr2, and Cxcr4, were expressed at higher level in MSCmin than in
MSCcult (Table 1). Analysis of chemokine expression showed that both cultures also express
high level of several ligands, including Ccl1, Ccl2, Ccl5 Cxcl4 Cxcl14, and Cxc3cl1 (Table
1). Interestingly, Ccl19 and Ccl24 were expressed exclusively in MSCmin, whereas a very
lower level of Ccl20 expression was detected only in MSCcult.

The expression profile of selected chemokines and receptors in MSCmin was further verified
by semi-quantitative RT-PCR using gene-specific primers and compared with that of the
MSCcult. Based on this analysis, MSCmin express high levels of Ccr1, Ccr2, Ccr7, Ccr10,
Ccrl1, and Cscr4, consistent with gene array data. However, extended culturing led to a
significant down-modulation of Ccr1, Ccr2, Ccr7 and Cxcr4 expression (Fig. 1A). In
addition, expression of Ccr10 was slightly up-regulated in MSCcult, whereas Ccrl1 remained
unchanged. Prolong culturing also resulted in reduced expression of Ccl19, Ccl24 and
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Cxcl4. Surprisingly, Ccl20, Ccl27, Cxcl12, Cx3cl1 and Il-18 were up-regulated in MSCcult,
whereas expression of Ccl2 and Ccl5 remained unchanged upon culturing.

Considering prior observations that chemokine receptors are not expressed uniformly in
MSCs and that only limited yet uncharacterized subsets of MSCs express specific receptors,
we further examined MSCmin and MSCcult populations for the expression of selected
receptors at protein level via FACS analysis. Although this analysis was limited by the
availability of receptor-specific antibodies, it was observed that more than 60% on MSCmin

expressed low level of Ccr6, whereas 16% of cells were highly positive for Cxcr4 and 14%
for Ccr10. Fifteen to 20 % of min population was also positive for Ccr4 and Cxcr3 (Fig. 1C).
For the majority of chemokine receptors, our data are in good correlation with prior findings
(4, 18). However, relatively high level of Ccr9 protein reported previously (19) was not
observed in our analyses. After prolonged culturing, MSCs continue to express majority of
identified chemokine receptors, however, several differences were observed (Fig. 1C, Table
1). Thus, after extended culturing higher percentage of MSCs expressed Ccr4, Ccr7, Ccr9,
Cxcr2, and Cxcr7, whereas Ccr6, Cxcr4 and Cxcr3 were expressed in lesser number of cells.
Although level of Ccr10 expression in cultured MSCs increased with passages, as
determined by semi-quantitative RT-PCR (Fig. 1A), percentage of Ccr10+ cells did not
change significantly, suggesting that tissue culture conditions enhanced expression of Ccr10
only in a restricted population of MSCs.

Furthering attempts to identify chemotactic pathways that can be utilized for the recruitment
of the MSCs to peripheral tissues, our extensive analysis of chemotactic molecules directly
suggest that Ccr1+MSCs can be recruited to various organs expressing multiple ligands of
this receptor, whereas Cxcr4+MSCs can be recruited only to organs with elevated expression
of Cxcl12. Up to date, only few chemotactic axes, including CXCL12-CXCR4 and CCL21-
CCR7, were tested for the ability to direct systemically transplanted MSCs to the skin (20).
Although recruitment and therapeutic effects of CXCR4+MSCs were reported, expression of
CXCL12 in multiple organs did not provide desirable specificity leading to significant
“dilution” of the therapeutic effect. This chemotactic axis was also shown to be responsible
for the entrapment of systemically administered MSCs in lungs. Moreover, it was suggested
that endogenously high level of CCL21 in secondary lymphoid organs was responsible for
observed non-specific distribution of systemically transplanted MSCs (21). Populations of
MSCs expressing Ccr4, Ccr6, Ccr9, and Ccr10 may provide a more targeted recruitment of
these progenitors to specific tissues expressing cognate chemokines. However, Ccr6+MSCs
could be recruited toward inflamed tissues such as joints in rheumatoid arthritis by its
unique ligand Ccl20 (22) and take part in restoration of damaged cartilage. Ccr9-expressing
MSCs, especially after several passages in vitro, could migrate to intestine which secrets
high levels of Ccl25, a unique ligand of Ccr9, and present there anti-inflammatory properties
and alleviate symptoms associated with inflammatory diseases of intestine such as Crohn’s
disease (19). Taking together, these observations strongly suggest that Ccr10-expressing
MSCs could be recruited to epithelial tissues known to produce high levels of Ccl27 (23)
and take part in its regeneration/repair. However, experimental proof for these hypotheses
has yet to be obtained.

Our analyses also showed that in vitro culturing of MSCs results in down-regulation of
many chemokines and receptors. These findings are in good agreement with prior
observations showing that culturing of human MSCs beyond passage six resulted in a
marked decrease Cxcr4 chemokine receptor and abrogation of chemotactic responsiveness
of these cells to Cxcl12 (3). However, our studies also demonstrated that extended culturing
not only influences on expression of chemokine receptors but also affects expression of
chemokines. Thus, up-regulation of Ccl20, Ccl27 and Cxcl12 and concurrent expression of
their cognate receptors in MSCcult suggest the importance of these autocrine chemotactic
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signals for propagation of MSCs in vitro. These observations also suggest that autocrine
chemotactic signals may abrogate responsiveness of prolonged MSC culture to these
chemokines in vivo after systemic transplantation.

Gene expression profile of chemokines and chemokine receptors in normal and EB-
affected skin

Considering curative potential of MSCs in treatment of skin wounds (5, 12, 13), we
examined the possibility that MSCs can be used as therapeutics for a group of hereditary
mechanobullous skin disorders, collectively known as epidermolysis bullosa (EB). Our
recent studies showed that localized transplantation of congenic MSCs into the skin of type
VII collagen knock-out (KO) mice (Col7a1−/−), which recapitulate human recessive
dystrophic EB, counteracts the blistering phenotype (24). However taking into account
inefficient homing of systemically transplanted MSCs to the skin, we suggested that paucity
of MSCs in the skin can be explained by the absence of appropriate chemotactic signals
recruiting circulating MSCs. To address this question, we examined expression of
chemotactic molecules in the whole skin and in skin resident cells in normal and
pathological conditions using wild-type (WT) mice and EB mouse models. The EB models
consisted, in addition to Col7a1−/−, of mice deficient in the laminin β3 (Lamb3−/−) and
laminin γ2 (Lamc2−/−) mutants, respectively (15, 16). The latter mice recapitulate features
of severe autosomal recessive junctional EB (JEB) in humans (25).

Microarray analysis of chemokine expression revealed that Ccl21a, Il-18, Ccl27, Ccl5,
Cmtm8, Granulocyte-stimulating factor (Csf3), Cx3cl1, Cxcl14, Sdf2, and to lesser extent
macrophage colony-stimulating factor (Csf1), granulocyte-macrophage colony-stimulating
factor (Csf2), and Cmtm3 are expressed in WT skin with the highest expression of Ccl27,
Csf3, Il-8, and Sdf2 (Table 2 and 3). Comparative analysis of chemokine expression in
epidermal and dermal layers of the skin showed that Ccl27 is preferentially expressed in the
epidermis (1.8 times higher than in dermis). Similar ratio was observed in primary mouse
keratinocytes (PMK) and fibroblasts (PMF). This observation also was confirmed by semi-
quantitative RT-PCR (Fig. 1B). Considering the fact that Ccl27 is predominantly expressed
in epithelial tissues to recruit memory T cells as a part of immune surveillance mechanisms
(26), it is plausible that Ccl27 chemokine may provide strongest chemotactic gradient for the
recruitment of Ccr10+MSCs to the skin.

In addition, preferential expression of several other chemokines and related molecules was
observed in the epidermis. Expression of Ccrl1 was found to be epidermis-specific. As this
receptor was shown to be involved in steady-state homing of leukocytes (27, 28), it is likely
that its expression is associated with epidermal Langerhans cells (LC). Our array data also
showed preferential expression of Cxcl14 and Il-18 in the epidermis. However, a more
sensitive RT-PCR analysis demonstrated expression of both chemokines in epidermal and
dermal components (Fig. 1B). As Cxcl14 was shown to be chemotactic to dendritic cells
(DC) (29), it likely plays a significant role in retention of LC in the epidermis and
recruitment of myeloid DC to the dermis as a part of immune surveillance. Similarly, Il-18,
which stimulates production of IFN-γ, polarization of CD4+ T-cell (30, 31) and immune-
mediated bacterial clearance from the skin (32, 33), is also likely play a significant role in
defense against skin infection. Consistent with this notion is the low expression of Ccrl1 and
Cxcl14 in the epidermis of Lamb3−/− and Lamc2−/− null skin and correlative 3-times lower
number of CD11c+ APC in JEB skin. These finding suggest that susceptibility of the JEB
patients to infection may be in part explained by the inefficient recruitment/retention of
these immune sentinels in the skin.

Out of three colony-stimulating factors examined, Csf3 (GM-CSF) expression was on
average 1.7 times higher in the whole epidermis than in the dermis. Conversely, Csf1 and
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Csf2 (M-CSF and G-CSF, respectively) were expressed at low levels mostly in the dermis of
WT and EB skin. This observation suggests a dual function of colony-stimulating factors in
epidermal and dermal layers. In contrast to other chemokines, Cxcl4 (platelet factor 4) was
highly expressed specifically in the dermis and detected in primary fibroblasts. Its
expression was not detected in epithelial layer and PMK by means of array analysis,
however, low level of expression was detected by RT-PCR (Fig. 1B). Cxcl4 chemokine is
normally produced and released from activated platelets and it is chemotactic for
neutrophils, fibroblasts and monocytes expressing a splice variant of the chemokine receptor
Cxcr3, known as Cxcr3b (34). Therefore, it is likely that the majority of Cxcl4 derives from
platelets and not from skin-residing cells. Cmtm3, a member of the CKLF-family of the
MARVEL-domain-containing chemokines, was also preferentially expressed in the dermis
and PMF. However, function of this chemokine is not yet known. Dermal-specific low level
expression of Ccl21a was also observed by means of array and RT-PCR analyses. As Ccl21a
is expressed by lymphatic vessels of the skin (35, 36), it is likely that it is primarily involved
in mobilizing antigen-experience dendritic cells to regional lymph nodes rather than
recruitment of various cell types from circulation to the skin. Expression of Ccl24
(eotaxin-2) was detected in a whole dermis and PMF. This chemokine is normally recruits
eosinophils (37, 38).

Collectively, this wide-range of analyses showed that skin-derived chemotactic signals are
preferentially involved in immune surveillance and steady-state homing of various immune
cells to the skin rather than recruitment of the progenitors such as MSCs from circulation.
Based on these findings, we suggest that skin-specific homing of therapeutic MSCs could be
achieved via targeted alteration of chemotactic signals.

Migration of CCR10-expressing MSCs into normal skin after local and systemic
administration

Direct matching of chemokine receptors expressed by MSCs with skin-derived chemokines
suggests that CCL27-CCR10 chemotactic axis can provide efficient recruitment and homing
of MSCs to the skin after systemic infusion. However, the presence of only a small
percentage of Ccr10-expressing MSCs in the total pool of freshly cultured cells (Fig. 1C)
and up-regulated production of CCL27 by prolonged MSC cultures (Fig. 1A) directly
suggest that autocrine CCL27 may abrogate responsiveness of MSCs to the skin-derived
chemokine. These findings also suggest that homing of systemically administered MSCs to
the skin could be enhanced via the use of cells uniformly expressing CCR10 receptor.

In order to test this hypothesis, we generated minimally cultured MSCs overexpressing
mouse Ccr10 (MSCCcr10) (Fig. 2A) and injected a mixture of fluorescently labeled
MSCCcr10 (red) and minimally cultured native MSCs (MSCmin/green) into the dermis of
adult wild-type syngenic C57BL6/J mice. Subsequently, to provide a steep chemotactic
gradient, 0.5 μg of recombinant mouse Ccl27 was injected ID at a site distal from the cell
administration. One day later, both control MSCmin and MSCCcr10 were found at the
injection site as a mixture of green and red fluorescent signals (Fig 2B,E). During next five
days, however, MSCCcr10 progressively migrated from the site of injection and traveled
through the skin along the Ccl27 chemotactic gradient (Fig. 2C,F,G). In contrast, MSCmin

(green) mostly remained at the site of injection (Fig. 2D,H). When MSCCcr10 cells were
injected alone, similar pattern of distribution and intra-cutaneous migration was observed.
One day after injection, localized red fluorescence was detected at MSC injection site (Fig
3A). After 7 days, high intensity fluorescence was detected at MSC injection site as well as
near the site of chemokine administration (Fig. 3B). Remarkably, red fluorescent signals
were observed throughout approximately 200 mm2 area of examined skin. These
observations suggest that after proteolytic degradation of injected Ccl27, the MSCCcr10 cells
continued lateral migration and populated a large area of the skin. Examination of the cross-
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sections of the skin showed wide distribution of the FMDiI-labeled cells throughout
examined area. Most of cellular migration occurred along the panniculus carnosus, a muscle
layer which in mice underlies cutaneous tissue at the border of lower dermis and adipose
tissue beneath hair bulb (Fig. 3D, E). Also, FMDiI-labeled MSCCcr10 cells were detected in
the upper dermis (Fig. 3F). In addition, histological examination of skin sections containing
transplanted cells did not show any significant inflammatory infiltrate, suggesting that local
chemokine administration does not result in significant inflammatory response. Collectively,
these studies directly demonstrated that MSCCcr10population responded to the Ccl27
chemotactic gradient and that trafficking of MSCs though the skin can be regulated by
Ccl27-Ccr10 chemotactic axis.

To examine whether Ccl27-Ccr10 chemotactic axis is suitable for the recruitment of
systemically injected MSCs to the skin, FMDiI-labeled MSCCcr10 and control native
MSCmin cells were transplanted intravenously (IV) into adult syngenic C57BL6 mice,
respectively. Following IV injection, 0.5 mg of recombinant Ccl27 was administered ID to a
defined area of the dorsal skin. Mice were monitored for 8 days with repetitive
administration of Ccl27 with 2 day intervals to provide constant localized chemotactic
gradient. Despite continuous chemotactic gradient, control mice receiving FMDiI-labeled
MSCmin did not show any significant accumulation of the transplanted cells at the site of
chemokine administration (Fig. 4A). However, migration of transplanted MSCCcr10 cells to
the site of the Ccl27 administration was observed starting from day 1 (Fig. 4A). During a
week, accumulation of fluorescent signals was observed in the majority of experimental
mice which received MSCCcr10 transplant. Immunofluorescent evaluation of the chemokine-
treated skin confirmed very limited migration of MSCmin to the chemokine-treated area
(Fig. 4B, C). A more significant accumulation of the MSCCcr10 was observed in the lower
dermis with some cells associated with blood vessels (Fig. 4D). In the mid and upper
dermis, majority of MSCCcr10 were located in the interfollicular dermis with some cells in a
close proximity to the epidermis (Fig. 4E, F, G). Although varying degree of fluorescent
signals was observed in mice receiving MSCCcr10, these in vivo studies confirmed Ccl27-
mediated recruitment of the systemically administered Ccr10-expressing MSCs to the skin.

Most of our current knowledge on the chemotaxis-mediated recruitment of cells from
circulation to cutaneous tissue comes from the studies on immune cell migration as the latter
plays a significant role in immune surveillance and inflammatory response in the skin. At
present, it is known that a combination of selectins and chemokines plays an important role
in skin-specific T cell homing. For example, expression of L-selectin (CD62L) on the
surface of leukocytes facilitates their attachment to ligands on high endothelial venules and
non-lymphoid vascular endothelium and allows them to immigrate from circulation.
Cytokine-dependent induction of E-selectins at the surface of the endothelium and
expression of E-selectin ligands by leukocytes also play an essential role on leukocyte
rolling and extravasation. Of particular interest to these studies is the observation that CD44,
which is widely expressed on the surface of the bone-marrow derived MSCs, is a ligand for
E-selectin that promotes the rolling interactions (39). Three chemokine receptors, CCR4,
CCR6 and CCR10 expressed by memory T cells, were also shown to mediate T cell
recruitment to the skin (26, 40, 41). Although contribution of each receptor to skin-specific
trafficking is not well defined, it was suggested that interaction between CCR4 and its ligand
CCL17 (TARC) on activated endothelial cells mediates T cell extravasation, whereas
CCR10 further recruits these cells towards the skin epithelia. Taking into account this
hypothesis and our current data on targeted migration of Ccr10+MSCs toward and within the
skin, it is likely that CCR10 alone may promote skin-targeted homing of systemically
administered MSCs. However, as we detected variable degree of MSCCcr10 recruitment after
systemic administration, it is possible that expression of Ccr4 only in 18% of minimally
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cultured MSCs (Fig. 1C) and different levels of inflammation-dependent E-selectin
expression on endothelial cells may also affect recruitment of the MSCCcr10 to the skin.

Overall, these studies demonstrate that Ccl27-Ccr10 chemotactic axis can be used to target
systemically administered MSCCcr10 to the skin providing wide-spread distribution of stem
cells within cutaneous tissue. Our studies also suggest that further analysis of MSC subsets
that express specific chemokine receptors such as Ccr4 and Ccr10, optimization of protocols
for isolation of these subsets from the total pool of MSCs, and development of approaches
providing uniform expression of these receptors in freshly isolated cells may further
improve application of adult stem cells for the treatment of heritable skin disorders, such as
EB.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The analysis of chemotactic molecules in MSCs, epidermal and dermal layers of the wild-
type mouse skin. (A) Comparative RT-PCR-based assessment of receptors and chemokines
in minimally cultured (MSCmin, p3) and prolonged cultured (MSCcult, p 15) stem cells. (B)
The RT-PCR analysis of selected receptors and chemokines in epidermal and dermal layers
of the wild-type mouse skin. The analysis was carried out using gene-specific primers
(Supplemental Table 1). (C) FACS-based analysis of selected chemokine receptors in
MSCmin and MSCcult. Data are presented as percentage of receptor-positive cells. The
values are averages±SD for 3 replicates. Open bars depict MSCmin and filled bars MSCcult.
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Figure 2.
Ccl27-mediated migration of MSCmin and MSCCcr10 in the wild-type mouse skin. (A)
Characterization of Ccr10 expression in minimally cultured (MSCmin, p3), prolonged
cultured (MSCcult, p 15), and minimally cultured Ccr10-overexpressing MSCs (MSCCcr10,
p5) by RT-PCR, Western blot and immunofluorescent analyses. Ccr10 gene was amplified
using gene-specific primers (Supplemental Table 1). The expression of Gapdh gene was
used as an internal control. Western blot analysis was carried out using anti-mouse Ccr10
antibodies. The expression of β-actin was used as a loading control. The expression of
Ccr10 in MSCmin and MSCCcr10 was assessed by indirect immunofluorescence analysis
using Ccr10-specific antibodies (red). Nuclei were counterstained with DAPI (blue). (B–D)
Direct fluorescent imaging of mouse dorsal skin transplanted with a mixture (1:1) of
MSCmin (green) and MSCCcr10 (red) cells at day 1 (B) and day 6 (C and D) after
transplantation. Migration of MSCCcr10 was detected by distribution of red fluorescence
from original site of cell injection (mixture of green and red signals, B) to the site of Ccl27
administration (indicated with an asterisk). Distance (cm) between cell transplantation site
and Ccl27 administration site is indicated on panel C. (E-H) Direct fluorescence detection of
transplanted MSCmin (green) and MSCCcr10 (red) cells on cryosections (7 μm) at day 1 (E)
and day 6 (F–H) after transplantation. Time points (d) indicated at right top corners of the
panels. Asterisk indicates the site of Ccl27 injection. Nuclei were counterstained with DAPI
(blue).
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Figure 3.
Live-imaging of Ccl27-mediated migration of locally transplanted MSCCcr10 in the wild-
type mouse skin. Transplanted cells (red) in the mouse skin were detected at day 1 (A) and
day 7 (B) using IVIS imaging system. Before analysis, the mouse skin was depilated to
allow detection of fluorescent signals. Asterisks indicate the site of Ccl27 injection. (C–F)
Direct fluorescence detection of transplanted MSCCcr10 (red) on cryosections (7 μm) at days
1 (C) and 7 (D–F) after transplantation. Nuclei were counterstained with DAPI (blue). e -
epidermis; d – dermis; hf - hair follicle; hb - hair bulb; pc - panniculus carnosus. Scale bar -
100 μm.
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Figure 4.
Live-imaging of Ccl27-mediated recruitment of systemically transplanted MSCmin and
MSCCcr10 to the skin. (A) The wild-type mice were transplanted with stem cells via tail vein
injection followed by intradermal injections of Ccl27. Assessment of cell recruitment (red
fluorescence) to the skin was done at day 1, 4, and 8, respectively. Time points (d) indicated
at top of the panels. Variations in migration efficiency of MSCCcr10 are depicted by
presentation of two experimental mice with different degree of transplants in the skin.
Asterisks indicate the site of Ccl27 administration. Direct fluorescent images of
representative skin cryosections (7 μm) from MSCmin (B, C) and MSCCcr10 infused mice
(D-G). e - epidermis; d – dermis; hf - hair follicle; bv - blood vessel; dp – dermal papilla.
Nuclei were counterstained with DAPI (blue). Scale bar - 100 μm.
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