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Summary

Epidermal progenitor cells (EpPCs) were long thought to
be unipotent, giving rise only to other keratinocytes but
recent studies question this assumption. Here, we
investigated whether mouse EpPCs can adopt other
antigenic and functional phenotypes. To test this, we
injected freshly isolated and cultured EpPCs and transient
amplifying cells into diabetic and non-diabetic mouse
ischemic hindlimb and followed the cells’ fate and the
recovery of the ischemic limb blood flow over time. Both
freshly isolated and cultured EpPCs and transient
amplifying cells were incorporated into the vasculature of
the ischemic limb 2 and 5 weeks post-injection, and some
expressed endothelial cell but not keratinocyte antigens.
Additionally, in the non-diabetic animals, first transient
amplifying cells and then EpPCs accelerated the
restoration of the blood flow. By contrast, in diabetic

animals, only injected EpPCs or unsorted epidermal cells
accelerated the restoration of the blood flow. These data
indicate that epidermal cells can adopt non-skin
phenotypes and functions, and that this apparent
pluripotency is not lost by differentiation of EpPCs into
transient amplifying cells. They also suggest that epidermal
cell therapy might be of therapeutic value in the treatment
of diabetic ischemia. Finally, because epidermal cells are
readily accessible and expandable, they appear to be ideally
suited for use as a non-viral gene delivery therapy.
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Introduction

are precursors of epidermal cells as well as cells from the

The epidermis, the outermost layer of the skin, is a stratifiegebaceous gland (Liang and Bickenbach, 2002; Oshima et al.,
cornified epithelium maintained by division of small 2001; Taylor et al., 2000).
undifferentiated stem and progenitor cells in the proliferative A much broader plasticity has been attributed to bone-
basal layer that replace cells in the stratum corneum that is sh@@rrow stem cells. After injection in an irradiated host, they
into the environment. These undifferentiated cells dividecan form astroglia and microglia in the brain, skeletal muscle
infrequently but, when they proceed through the cell cyclegells, and new hepatic oval cells (Eglitis and Mezey, 1997,
they give rise to both another undifferentiated cell and &errari et al., 1998; Petersen et al., 1999). Hematopoietic stem
progeny, called a transient amplifying (TA) cell (Hall and Watt,cells contribute to epithelial tissues, liver cells and cardiac
1989; Potten and Loeffler, 1990). TA cells divide rapidly andmyocytes, and were also found in the brain (Gussoni et al.,
terminally differentiate into corneocytes (Bickenbach andl999; Jackson et al., 2001; Kopen et al., 1999; Krause et al.,
Dunnwald, 2000). Many fundamental questions related t@001; Lagasse et al., 2000; Mezey et al., 2000; Orlic et al.,
epidermal stem-cell biology, including their potential 2001; Theise et al., 2000a). More surprising, dermal cells
plasticity, remain largely unanswered because of the lack @fxpress markers of neurons, glia, smooth muscle cells and
specific markers. We took a different approach and modified adipocytes when grown in defined culture conditions (Toma et
previously published method for isolating hematopoietic stenal., 2001). Using a mouse model of unilateral hindlimb
cells (Goodell et al., 1996), allowing us to sort mousgschemia, several groups have shown not only that the blood
epidermal cells into two populations: the progenitor cells angontains endothelial cell progenitors (Asahara et al., 1997) but
the more differentiated TA cells. also that these cells can accelerate the restoration of the blood
Until recently, epidermal stem cells and hair-follicle stemflow to the ischemic limb (Kalka et al., 2000; Schatteman et
cells were thought to be unipotent, giving rise only to othenl., 2000).
keratinocytes, consistent with the conventional wisdom that the In these studies, transdifferentiation or reprogramming has
lineage potential of adult stem cells is restricted to the tissugeen substantiated mostly by cell morphology and/or the
of origin. This notion has been challenged by recent findingexpression of antigenic proteins specific to the transplanted
that epidermal stem cells generate cells from different lineagdssue. Few of these reports demonstrated new or restored
when injected into blastocysts and that hair-follicle stem cell§unctional responses. Here, we investigated whether epidermal
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progenitor cells (EpPCs) could adopt a novel fate in phenotypeells, unsorted epidermal cells or dermal fibroblasts (as controls).
and acquire a functional phenotype thus far undescribed frolninjected mice served as additional controls. All surgery was
them. Our rationale was that, because epidermal cells aperformed according to the University of lowa Animal Care and Use

readily accessible and expandable, they could be valuable fePmmittee guidelines. _ _
cell-based therapy of local or systemic disorders. Two mice, each of which had each received® CM-Dil-labeled

progenitor or TA cells were anesthetized 2 months later as described
below and a PE10 catheter was introduced into the abdominal aorta.
. After anchoring the catheter, the vessel was anterogradely perfused
Materials and Methods _ with 200 g of FITC-labeled Bandeira simplicifolia lectin B4 (F-
Isolation and labeling of mouse epidermal cells BSLB4, Vector Laboratories, Burlingame, CA) in 4Q0 of 0.9%
Epidermal cells were obtained from 1-day-old C57BIl/6 mice afNaCl. 5 minutes later, the hindlimbs were perfused with 3-5 ml PBS,
previously described (Hager et al., 1999). Total basal keratinocytehen with 3-5 ml of 4% paraformaldehyde. The muscle and overlying
were incubated in Hoechst 33342 (gbmi-1) for 90 minutes at 37°C  skin from the ischemic limb and contralateral limb muscle were
[with or without 50 mM Verapamil (Sigma, St Louis, MO)], harvested and post-fixed for 4 hours in 2% paraformaldehyde.
resuspended in propidium iodide (Qu§ mtY) and separated into
progenitor and TA cells using a Becton Dickinson FACSDiVa cell )
sorter using the following arrangement. Forward and side scatt&lood-flow analysis
signals were produced using 150 mW at 488 nm from a Coherent 90Caser Doppler imaging was used to assess blood flow in mouse
4 argon ion laser. 100 mW of multi-line ultraviolet light from a hindlimbs (Couffinhal et al., 1998; Schatteman et al., 2000). Mice
Coherent 302C krypton laser was used for Hoechst and propidiumvere anesthetized with ketamine (@4 gi.p.) plus xylazine (1Qug
iodide excitation. Subsequent blue (424/44 BP filter) and red (675/2¢1i.p.) and placed in the supine position. The hindlimbs were gently
BP filter) emissions were split using a 610 SP dichroic filter. Totalmmobilized and scanned using a laser Doppler imager (Moor
unsorted epidermal cells are shown in a two-parameter plot of forwalddstruments, Wilmington, DE), which measures the flux (blood cells
scatter (FSC-A) versus side scatter (SSC-A) in Fig. 1A. An initialper unit area per unit time) of blood. Scans were performed before
amorphous gate was drawn in the plot to avoid debris (data ndlie surgery (to verify that the flow was similar in the two limbs),
shown). Cells satisfying the first gate were passed to a second plotiofmediately after the surgery (to verify that the operated limb was
forward versus side scatter in which another amorphous gate washemic) and every other day for 12 days (to monitor the recovery of
drawn on the population representing the lowest 25% (P2 in Fig. 1Ajhe blood flow). For each time point, between three and five scans
Once these two gates were satisfied, progenitor cells were identifiegere recorded. For analysis, equivalent areas (+5%) of the control and
as those having low blue and red Hoechst content and that weischemic limbs from the same anatomical region of the limbs were
verapamil sensitive (EpPC in Fig. 1C and D). TA cells were obtainedompared. Mean flux in the selected areas was computed using the
by selecting the cells not designated as P2 in Fig. 1A. These cells wenstrument’s imaging software. Data are presented as the mean blood
plotted according to their Hoechst blue and red fluorescence (Fig. 1B)ux in the operated ischemic limb relative to flux in the unoperated
No further gating was necessary for their isolation (Fig. 1B). Someontrol limb. Only mice in which the mean flux in the operated limb
sorted cells were cultured as previously described (Hager et al., 199#%1mediately after surgery was <15% that of the unoperated control
whereas others were used fresh. Before injection, freshly isolatdiuinb were analysed. Potential divergence in flow over time curves was
or cultured cells were labeled with CM-Dil (chloromethyll- analysed using linear-regression analysis. The homogeneity of the
1'-dioctadecyl-3,3,33 -tetramethylindocarbocyanine perchlorate; variance was verified (Levene’s statistic) then a one-way analysis of
Molecular Probes, Eugene, OR), a red fluorescent dye that intercalateziance (Anova) followed by Bonferroni's post hoc analysis was used
into cell membranes. Briefly, sorted cells were resuspendedL8f 1 to compare data at specific time poifRs0.05 was considered to be
cells mt! and incubated in fig mr2 CM-Dil in N medium (Hager statistically significant.
et al., 1999) for 10 minutes at 37°C, 15 minutes at 4°C and 2 hours
at 37°C. Almost all the cells incorporated the dye (98.9+0.4% of . . ] )
EpPCs and 99.5+0.2% of TA cellsz3 for each group). Cells were Tissue preparation, cell preparation and immunolabeling
pelleted and washed once with PBS before use to remowduscle and skin above the injected muscle were collected from both
unincorporated dye. hindlimbs. The liver was also collected. Tissues were fixed in 100%
methanol, embedded in paraffin and sectioned gm7 Slides of

] ) o ) sorted cells were prepared by spreading cells on microscope slides,
Induction of diabetes and hindlimb ischemia drying and fixing in methanol/acetone 70/30 v/v at —20°C for 10
C57BI/6 mice (Harlan, Indianapolis, IN) at 8-12 weeks of age wereninutes. Immunostaining was performed as previously described
treated daily for 5 days with 40 mgKgtreptozocin intraperitoneally (Michel et al., 1996) with minor modifications. Primary antibodies
(i.p.) (Sigma, St Louis, MO), a protocol that reduces the acute effectsere rabbit anti-mouse keratin 14 (1/5000; Babco, Richmond, CA),
of streptozotocin (Kunjathoor et al., 1996). Glucose levels, which areat anti-mouse CD31 (1/200-1/1000; Pharmingen, San Diego, CA),
typically stable for 7 weeks (Kunjathoor et al., 1996), were measurechbbit anti-mouse laminin (1/200; Chemicon, Temecula, CA), rat anti-
using Accu-Check glucometer (Roche, Indianapolis, IN) themouse CD45 (Leukocyte common antigen, Ly-5; 1/100; Pharmingen)
following week as previously described and ranged from 187 mlg ml and rat anti-mouse Sca-1 (Ly-6A/E; 1/200; Pharmingen). Secondary
to 404 mg ntl. Mean glucose levels were similar between the groupsintibodies were anti-rat FITC (1/100; Jackson Laboratories, West
(TA group, 276+61; progenitor group, 268+52; control, 325+70;Grove, PA) and anti-rabbit Cy5 (1/100; Jackson Laboratories).
meants.d.). Except for a gradual weight loss, the health of the midéuclear DNA was labeled with DAPI (Sigma) at the end of the
was not overtly affected by the treatment throughout the experimentataining procedure for 5 minutes at room temperature. An unmasking
period. Surgical induction of unilateral hindlimb ischemia wasprocedure [proteinase K (Roche), i@ mt? for 3 minutes at 37°C]
performed 3 weeks after diabetes induction, as described previouslyas used before staining for CD31. Sections were mounted with
(Schatteman et al., 2000). The same surgery was also performed Brolong? (Molecular Probes, Eugene, OR) and observed under a
non-diabetic 8-12-week-old C57BI/6 mice. 3-5 hours after surgeryNikon Eclipse 800 mounted with a RT-slider Spot digital camera.
the ischemic limb was injected intramuscularly with freshly isolatedmages were taken in black and white, and pseudocolorized. Three
(5%10P cells leglin a total volume of 25il) or cultured (k1P cells independent fields and a total of 1000 cells in at least two separate
legtin a total volume of 25l) CM-Dil-labeled progenitor cells, TA experiments were counted, and the proportion of positive cells
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calculated as the number of positive cells divided by the total numbeibrotome sections (200m) of mouse tissue were examined using a
of cells as determined by DAPI staining. Bio-Rad 1024 confocal microscope (Bio-Rad, Hercules, CA). Both
the rhodamine and fluorescein filters were used for each image

) ) collected during the scanning process. Zkeries was then converted

Capillary density into 32 projected images calculated from the original images

Lower hindlimb muscle from cell-treated and untreated limbs werehroughout 53° of rotation about tkendy axes. Individual projected

harvested 14 days after induction of ischemia, then fixed in methanohages at each point of rotation were captured and two animated

and embedded in paraffin. Muscles were oriented for sectioninghovies of the projected images revolving through a 53° arc were

transverse to the limb and 200-250 serigh¥sections were mounted, subsequently created.

beginning at the most distal end of the tibialis anterior and proceeding

caudally. After rehydration, every 20th section was incubated foh |

1 hour with 5ug mt? biotinylated BSLB (Vector Laboratories, esults

Burlingame, CA), washed three times in PBS, incubated with VectoEharacterization of the sorted progenitor and TA cells

Red (Vector Laboratories) to visualize blood vessels and stained witipidermal cells were sorted into two distinct populations

hematoxylin and eosin, and examined for overall morphology. blue content (Fig. 1). In order to characterize the progenitor
To determine the capillary-to-fiber ratios, the labeled sections wer

photographed at 480 From the pictures, the number of muscle fiberssnd IT'tA' cells_thmg_rf(fa pr?msr-il_)t/), dvye I%beled tfllte t'l\{v%l CP&!'
and BSLB-labeled vessels were counted in two distinct regions, Th@oPulations with different antibodies. Our results (Table 1)

first region contained healthy muscle (as judged by closely abuttingoW that about 90% of both cell populations were positive for

fibers, lack of inflammatory infiltrate and peripheral nuclei) and the<ératin 14, indicating their keratinocyte phenotype. Both cell

second lacked significant inflammatory infiltrate or necrotic cells andypes were negative for CD31 (which labels endothelial cells)

was undergoing muscle repair (as shown by muscle with central nucland Sca-1 [a marker of mouse hematopoietic stem cells (Ma et

and dividing cells). Capillary analysis was not performed in necrotial., 2002; Morel et al., 1998)], whereas 0.9% and 0.2% of the

regions or regions of muscle with extensive inflammatory infiltrate. TA and progenitor cells were positive for CD45 (marker for all
cells of the blood lineage), respectively (Table 1).

Confocal microscopy
Tissue injected with F-BSLBwas embedded in 2% agarose andpreghly jsolated epidermal cells incorporate into the
vasculature and change their phenotype
To determine the fate of freshly isolated epidermal cells
injected into ischemic hindlimbs, we examined biopsies of
muscle tissues taken 2 weeks and 5 weeks after the surgery.
CM-Dil red-fluorescent cells were present in progenitor- and
TA-cell-injected limbs, predominantly in the ischemic leg and
rarely in the control leg. Similar results were observed in
diabetic and non-diabetic animals. Labeled cells were found
between muscle fibers, in connective tissue and in vascular-like
e structures. To determine whether the injected labeled cells
UV Red-A e 1.000) were incorporated into the vasculature and differentiated, we
performed immunostaining for CD31 and laminin. Laminin is
P2 Progenitr calls +verspami a component of the endothelial cell basement membrane and
presents on the ablumenal side of endothelial cells. We found
red, CM-Dil-labeled cells outside and inside the area
delineated by the laminin (data not shown). We also used a
A CD31 antibody, which was detected using an FITC-tagged
" (green fluorescent) secondary antibody. Many red fluorescent
and some CM-Dil anti-CD31 co-labeled (yellow) cells were
}ppc found in the vessels (Fig. 2A-D). This suggests that some
epidermal cells changed their phenotype, because CD31 was
™ g gt O Lo g gy g L not expressed by the progenitor and TA cells before injection
UV Red R W RekA R [Table 1; Fig. 2A, in which the epidermis (arrowheads) is
Fig. 1. FACS analysis of mouse epidermal cells sorted into labeled with keratin 14 (blue) only, and not CD31 (green)]. To

progenitor and TA cells. The figure shows gates for EpPCs and TA €valuate whether the epidermal cells completely or partially
cells as described in Materials and Methods. lost their original characteristics, we performed double-
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Table 1. Phenotypic characterization of sorted mouse epidermal cells

Keratin 14 Pecam 1 Sca-1 CD45
EpPC 92.6+2.9* 0.005+0.01 0.05+0.04 0.203+0.2
TA 89.6+3.61 0.14+0.13 0.0675+0.02 0.89+0.86

*Values are means expressed in percentage of total cellsts.e.m.
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Fig. 3.Confocal images of epidermal cells incorporating into the
vasculature. Epidermal cells were isolated, labeled with the red
fluorescent dye CM-Dil and injected into diabetic mice with an
ischemic leg. One month after the injection, mice were perfused with
FITC-tagged BSLB (a labelled lectin specific for mouse endothelial
cells) before tissue was harvested. Pictures were taken with a
confocal microscope. For this particular exampleseries of 60

focal plans was acquired 1pBn apart. (a-f) Consecutive stacks of
six images each. Notice the red fluorescent cells (epidermal cells
labeled with CM-Dil, arrows) incorporated into the vasculature
delineated by the green fluorescence. Scale baggn25

Fig. 2.Incorporation of freshly isolated epidermal cells into the

vasculature. Freshly isolated epidermal progenitor cells (A,B) and . L
transient amplifying cells (C) were labeled with CM-Dil (red demonstrate incorporation into the vasculature, we performed

fluorescent dye) and injected into a mouse ischemic hindlimb. Two three-dimensional reconstructions of confocal images after
weeks later, biopsies of skin (A,D) and ischemic muscles (B,C,E) F-BSLB4 perfusion. Some injected cells appeared to be
were immunostained for CD31 (to identify endothelial cells; green) incorporated into the vessel wall in the ischemic muscle
and keratin 14 (blue, a marker for epidermal basal cells; A, (Fig. 3, arrows). By digitally rotating the three-dimensional

arrowheads). CM-Dil-labeled (red) cells, co-labeled CM-Dil and  reconstruction, we were able to distinguish cells that were in
anti-CD31 (yellow) cells, but not keratin-14-positive (blue) cells can the vessel wall from those that were only near it. Many CM-

be seen in the vessels. Arrows indicate two capillaries enlarged in Dil-labeled cells were found within the vessel wall [see Movie
(D). No injected cells (red) could be seen in the vasculature (green) T . .
in the contralateral control muscle (E). Notice that the two red dots “thtp.//jcs.blologlsts.org/supplemental/)].

(A) correspond to autofluorescent hair shaft cut in oblique sections

d t CM-Dil-injected cells. Scale b . . —
andareno IHinjected cells. Scale barsjb Cultured epidermal progenitor and TA cells maintain the

ability to incorporate into the neovasculature

labeling immunofluorescence with CD31 and keratin 14, én order to assess whether cells grown in culture could be

marker for basal epidermal cells expressed by progenitor artbtected in the vasculature, we plated epidermal progenitor and

TA cells (our study) (Fuchs and Green, 1980). As shown ifTA cells on collagen-1V-coated dishes and subcultured them

Fig. 2A, keratin 14 (blue) was detected in the basal layer of thgvice. Cells were then CM-Dil labeled and injected into

epidermis (arrowheads). However, keratin 14 was not detectésthemic limbs. As with freshly isolated cells, we were able

in the CM-Dil-labeled cells (red or yellow when co-expressingo detect CM-Dil-labeled cells in CD31-positive vessels of

CD31) in the vasculature of skin or muscle (Fig. 2A-D). Takemmuscle (Fig. 4A,B). These results strongly suggest that

together, these findings suggest that a subset of epidermal celldtured epidermal progenitor and TA cells, like freshly

incorporated into the endothelium, and responded to their neisolated epidermal cells, incorporated into the vasculature after

microenvironment by changing from an epithelial cell to arbeing cultured in vitro, and some of them responded to their

endothelial-cell-like phenotype. new environment and adopted an endothelial-cell-like
To assess whether the injected epidermal cells remained jinenotype.

the muscles, we examined sections of liver and skin above the

injected muscle. CM-Dil labeled progenitor and TA cells were

found incorporated into the vessels of the dermis in th&pidermal cells increase the restoration of the blood

ischemic leg (Fig. 2A,D). However, the rare cells found in thdlow in diabetic ischemic limbs

control leg were never incorporated into vessel structures (Figo determine whether the injected sorted or unsorted epidermal

2E). Occasionally red-fluorescent cells were detected in livezells could exert functions not yet described for skin cells, we

of progenitor- but not TA-cell-injected mice (data not shown)tested their ability to accelerate the restoration of the blood
Because a two-dimensional image does not unambiguouslpw to ischemic tissue of mice in vivo. We initially choose to
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imaging before, immediately after and every other day after
surgery to assess the restoration of blood flow to the ischemic
limb. When fibroblasts or no cells were injected into the
muscle (control animals), the blood flow was restored to only
32% and 33% of its normal level 12 days after the surgery,
respectively (Fig. 6). However, the injection of EpPCs
significantly accelerated the recovery of the blood flow. This
trend was apparent by 8 days, when the blood flow was 39%
of its normal level (Figs 5, 6) and was statistically significant
(P<0.05) at day 10 (44%) and day 12 (55%). By contrast,
although TA cells incorporated into the vasculature, they did
not appear to affect the restoration of the blood flow
significantly (Fig. 6). Interestingly, the presence of unsorted
cells in the ischemic limb accelerated the restoration of the
blood flow and their effect was more profound than the TA
or EpPCs alone. Later time points were not recorded because
the health of diabetic animals typically begins to deteriorate
beginning about 14 days after surgery.

Capillary density and muscle morphology
Fig. 4.Incorporation of cultured epidermal cells into the vasculature. TO determine whether the increased blood flow correlated with
Cultured epidermal progenitor cells (B) and transient amplifying ~ muscle salvage and higher capillary density, distal hindlimb
cells (A) were labeled with CM-Dil (red fluorescent dye) and muscle was examined for morphology and vascularization 14
injected into a mouse ischemic hindlimb. Five weeks later, biopsies days after induction of ischemia. Histological examination
of ischemic muscles were immunostained for CD31 (to identify  revealed four distinct muscle morphologies: (1) healthy muscle
endothelial cells; green). CM-Dil-labeled (red) cells, co-labeled CM-yith peripheral nuclei and tightly abutted fibers (Fig. 7A); (2)
Dil and anti-CD31 (yellow) cells can be seen in the vessels. No gy ccessfully regenerating muscle with little inflammatory
L”éﬁf::l‘ié?glsC(cr;?r)o(f?;‘lljdsgg ?gt)enslgatlréeb\;arscg?ture (green) inthe jnfirate but central nuclei and many dividing cells (Fig. 7B):
' S (3) marginally regenerating muscle, characterized by moderate
to extensive inflammatory infiltrate, occasional necrotic cells,
central nuclei and some dividing cells (Fig. 7C); and (4)
work with diabetic animals because (i) their rate ofnecrotic muscle (Fig. 7D). All mice had similar amounts of
neovascularization is lower than that of normal animals and (ifhealthy muscle, essentially all of which was composed of
the injection of blood-derived angioblasts accelerated bloodarge-diameter fibers. However, although necrotic areas were
flow restoration in diabetic nude mice, whereas it had no effeextensive in untreated and fibroblast-treated limbs, necrotic
on non-diabetic animals (Schatteman et al., 2000). Ischemiagions were not common in TA-cell or EpPC-treated limbs.
was surgically induced in the left hindlimb of adult diabeticinstead large areas of regenerating or marginally regenerating
C57BI/6 mice. In this well-characterized model, the ligation ofmuscle were present in these groups.
the femoral artery and the transection of the collateral vesselsCapillary-per-fiber ratios were determined in healthy and
led to markedly reduced blood flow in the operated leg asuccessfully regenerating muscle and did not differ among cell-
assessed by laser Doppler imaging immediately after thteeated groups. Ratios for EpPC-, TA-cell- and fibroblast-
surgery (Fig. 5) (Couffinhal et al., 1998). treated muscle were 0.91+0.02, 1.04+0.07 and 0.96+0.02 in
Hindlimb blood flow was measured using laser Dopplehealthy muscle, and 1.84+0.23, 1.97+0.31 and 1.97+0.29 in

Fig. 5. Laser Doppler blood-flow images.
Representative images of control (buffer
or fibroblast injected) and diabetic
animals injected with EpPCs. Mice were
monitored before the surgery to verify
the integrity of the blood flow and every
other day after the surgery to evaluate the
restoration of the blood flow. Dark blue
areas represent area with no flow and
white areas represent regions with the
highest flow. Notice the lack of flow
immediately after the surgery. After 12
days, the flux was restored to 33% in the
control buffer-injected animals,
compared with 55% in the progenitor-
cell-injected animals.
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Fig. 6. Restoration of the blood flow in surgically induced ischemia
in diabetic mouse hindlimbs. The data are expressed as the
percentage of blood flow in the operated limb relative to the
contralateral unoperated limb from the same animal. Fluxes were
measured using a scanning laser Doppler and means of between
three and five readings were calculated for each animal at each tim¢
point. Averages of means for 4-16 animals were plotted as a functio
of time. Error bars represent standard error. *, Unsorted cells
significantly different to fibroblast-injected and control animals by ) ) N . .
one-way AnovaR<0.05); F, unsorted and progenitor cells Fig. 7.Histology and vascularization of muscle in ischemic :
significantly different to fibroblast-injected and control animals by ~ hindlimbs 14 days after iliac artery ligation. Hematoxylin and eosin

one-way AnovaR<0.05): ¥, unsorted cells, progenitor cells and TA stained 7um transverse sections of muscle in the lower hindlimb at
cells significantly different from fibroblast-injected and control the level of the distal gastrocnemius muscle. Sections were incubated

animals by one-way Anov#€0.05). The linear regression of the with BSLB4 and reacted with Vector Red to visualize blood vessels
flow from progenitor-cell-injected animals was also significanty ~ (Pright red). (A-C) A limb treated with progenitor cells. (D) A

different from the control animals by one-way AnoR&@.05). fibroblast-treated limb. (A) Healthy muscle. (B) Recovering muscle.
(C) Severely injured recovering muscle with inflammatory infiltrate.

(D) Necrotic muscle. Scale bar, ffn.

regenerating muscle, respectively. Ratios were not determined
in marginally regenerating muscle, in which the extensive gq -

inflammatory infiltrate made it difficult to obtain accurate —e— Progenitor
counts, nor in necrotic regions, in which ratios varied as muc 704 |-®-TA
as tenfold in different areas of a single tissue section. O All epi
60 1 [-7x-Control *

Epidermal TA cells affect the restoration of the blood 50 4
flow in non-diabetic animals

Injection of blood-derived endothelial-cell progenitors 40 1 e
accelerated blood-flow restoration in diabetic nude mice an e O S
not in non-diabetic animals (Schatteman et al., 2000), but 39
related subset of blood-derived cells improved flow in non
diabetic C57BI/6 mice (Kalka et al., 2000). Hence, we teste
the effects of epidermal cells in non-diabetic mice as well. A
with diabetic animals, we measured hindlimb blood flow using
laser Doppler imaging before, immediately after and ever ;| : : : : ,
other day after surgery in control, EpPC- and TA-cell-injectec 0 > 4 6 8 10
mice (Fig. 8). Injection of epidermal cells rapidly acceleratec

the recovery of the blood flow compared with the control. AFIg 8.Rgstor§tion of thg b|90d flow in surgically induced ischemia
profound TA-cell-mediated increase in flow relative to controlsin non-diabetic mouse hindlimbs. The data are expressed as the
was apparent by 2 and 4 day<(.05). EpPCs exhibited a percentage of blood flow in the operated limb relative to the

. - : contralateral unoperated hindlimb from the same animal. Fluxes
similar trend but the effeqt_ was not 3|gn|f|cant until day 8Were measured using a scanning laser Doppler and means of between
Because there was variability in the epidermal cell data (

. = three and five readings were calculated for each animal at each time
in each group) but the trends were similar for both TA anqgint. Averages of means for 5-11 animals were plotted as a function
EpPCs, we also analysed the data by grouping EpPCs and 'of time. Error bars represent standard error. *, Statistically significant
cells together as epidermal cells=10). As a group, the difference from the control animals by one-way AndaQ.05) at

epidermal cells significantly accelerated the restoration of flowdays 2-6 for the TA group, and at days 8-10 for the progenitor group.
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-
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relative to uninjected controls on days 2-10 after induction ofapable of recapitulating an epidermis in vitro (Dunnwald et
ischemia. By day 12, flow in untreated limbs begins to catchl., 2001). Localized in the basal layer of the epidermis, TA
up to that of treated limbs and blood-flow restoration was natells proliferate for a finite period of time before terminally
significantly different between the two groups. The flowdifferentiating. Thus, these cells exhibit characteristics of more
restoration appears to persist, at least in epidermal-cell-treatddferentiated cells. Interestingly, monocytes (differentiated
mice, because flow restoration was 66.6+2.5462] and progenitors of dendritic cells and macrophages) can also
69.9+1.2% §=2) of the control limb at 3 months for EpPC- differentiate into endothelial cells (Fernandez-Pujol et al.,
and TA-cell-treated mice, respectively. Overall, the level o2001; Harraz et al., 2001). Our previous studies showed that,
restoration of the blood flow was higher in the non-diabeti@lthough both EpPCs and TA cells grew in culture, could be
than the diabetic animals (Figs 6, 8). transduced and recapitulated an epidermis on the top of a
bioengineered dermis, only the EpPCs survived in the long
) ) term (Dunnwald et al., 2001). Therefore, it is possible that TA
Discussion cells are lost from the vessel wall later than our biopsies at 5
Many reports have been published recently concerning adukteeks.
stem cells and their plasticity. Typically, these studies describe As with other types of progenitor cell, EpPCs accelerated
phenotypic switches from cell types of the stem-cell tissue ahe restoration of blood flow to the ischemic limbs in diabetic
origin to antigenic phenotypes characteristic of cells frommice (44+3% vs 29+2% at day 10; 55+5% vs 32+1% at day
different tissues. Among these studies, few demonstrated thd2) but the presence of TA cells in the vasculature of diabetic
the donor-derived cells acquired new functions thus faanimals did not. This demonstrates that incorporation of the
unknown to them. Only two reports focused on skin (Liang andells alone is not sufficient to accelerate the restoration of
Bickenbach, 2002; Toma et al., 2001). One of the reasons fbtood flow but rather that acceleration of flow requires a second
the rarity of studies on epidermal stem cells is the lack ofunction to be present.
specific markers and the difficulties isolating these cells. As In contrast to diabetic animals, a significant TA cell-
described here, we optimized a method that allows us to obtamediated increase in flow relative to controls and a progenitor-
an enriched population of mouse EpPCs, giving us thaduced trend towards improvement were apparent by 2 days
opportunity to address basic questions about their biology, fate non-diabetic animals. This increase was maintained by
and, in this report, plasticity. EpPCs or TA cells through day 10. From the data, one might
To test our hypothesis that EpPCs, like many otheconclude that TA cells exert their effects on flow more rapidly
progenitor cells in the adult, are pluripotent, we used a welkthan do progenitors, although (because of variability in the
established diabetic mouse ischemic hindlimb model. In thidata) both cell types might have similar effects on flow
model, ischemia is created by surgical ligation of the femoralestoration in a non-diabetic environment. However, in the
artery and collateral vessels following induction of diabetesliabetic environment, progenitor-mediated improvements in
with streptozocin treatment. Neovascularization occurs rapidlfjow were not suggested until day 8 and were not significant
although more slowly in diabetic than in non-diabeticuntil day 10. It is worth investigating this point further because
animals, and the histological sequence of neovascularizationcould have important clinical applications, especially when
corresponds temporally to blood-flow recovery as measured lan immediate effect is required. TA cells are more numerous
laser Doppler analysis (Couffinhal et al., 1998). This model haand a larger proportion of them are actively dividing compared
been used primarily to evaluate the effect of growth factors owith EpPCs (Tani et al., 2000). Therefore, TA cells could be a
neovascularization (Couffinhal et al., 1998; Taniyama et almore attractive therapeutic candidate than progenitor cells in
2001) but, more recently, it was used to help elucidate whickome cases.
cell types contribute to the formation of new blood vessels. We have previously shown that blood-derived EpPC
For example, bone-marrow transplantation was performed ifunction is impaired by diabetes and that non-diabetic
combination with the induction of ischemia and donor cellprogenitor cells function differently in diabetic than non-
were found in neovessels (Asahara et al., 1999). In otheliabetic environments (Harraz et al., 2001; Schatteman et al.,
experiments, CD3% hematopoietic cells accelerated the2000; Stepanovic et al., 2003). Similarly, in this study, the
restoration of the blood flow in diabetic mice (Schatteman etffects of TA cells were different in the diabetic and non-
al., 2000). diabetic environments, suggesting that TA cells might need co-
We asked whether EpPCs incorporate into the vasculatufactors to exert their effects and that these factors are absent or
after induction of ischemia, and the answer appears to be yekwnregulated in the diabetic mice. Indeed, in the
We detected injected CM-Dil-labeled epidermal cells in théhematopoietic system, co-injection of CD3gtogenitor cells
endothelium of capillaries 2 and 5 weeks after injection. Noanalogous to EpPCs) with putative CDldndothelial cell
only EpPCs but also TA cells (or the daughter cells of thg@recursors (analogous to TA cells) appears to induce the
progenitor cells) were incorporated into the vasculature. lincorporation of the endothelial cell precursors into the
accordance with the recent findings that adult stem cells fromasculature (Harraz et al., 2001). Perhaps co-injection of TA
various tissues are multipotent (Krause et al., 2001; Orlic et akells with progenitor cells would have additive effects such that
2001; Theise et al., 2000b) (for review, see Blau et al., 2001)estoration of the blood flow would be greater than that induced
our results suggest that EpPCs share the same property. Theprogenitor cells alone. In support of our hypothesis, our data
detection of TA cells in the endothelium was somewhat morandicate that injection of total unsorted epidermal cells (which
surprising, although TA cells from the cornea can benclude the progenitor and the TA cells, as well as more
reprogrammed under the influence of embryonic dermiglifferentiated cells) into diabetic mice profoundly accelerates
(Ferraris et al., 2000) and epidermal murine TA cells ardow restoration. This is consistent with the idea that progenitor
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cells are maintained as such by their neighboring progeny amdnstitute a cell-based therapy for ischemia. Because the skin
that cell-cell interactions play a crucial role in determiningis so easy to access and epidermal cells can be expanded in
cellular phenotype. This theory of the ‘niche’ has been reporteculture, the epidermis constitutes a readily available source of
in many tissues and organisms, including the bulge area of tipdastic cells. These cells might be ideal candidates not only for
hair follicle in the skin (Lavker and Sun, 2000; Nishimura etcell-based therapy for ischemia but also for non-viral gene
al., 2002), the bottom of the crypt in the gut epithelium (Pottenelivery in gene therapy and for the long-term delivery of
and Morris, 1988), the limbus of the eye (Cotsarelis et alproteins like insulin in diabetes.
1989), theDrosophila ovary (Song et al., 2002; Xie and
Spradling, 2000) and the middle of the shoot meristem in We thank E. Lazartigues for help with statistical analysis and R.
Arabidopsis(Mayer et al., 1998). Davisson for critical reading of the manuscript. We also thank E.
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