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Summary

Skin and hair follicle stem cell biology is the focus of
increasing interest, not least because the adult hair follicle
has well defined dermal and epithelial populations that
display distinct developmental properties. Recent evidence
suggests that a number of adult cell populations have much
broader stem cell capabilities than previously thought. To
examine whether this applied to the hair follicle, and with
a view to developing the follicle as a stem cell model system
we investigated whether adult hair follicles were capable
of demonstrating haematopoietic stem cell activity. To
investigate haematopoietic activity in hair follicles we
first used in vitro haematopoietic colony assays. This
demonstrated that rodent hair follicle end bulbs as well as
micro-dissected dermal papilla and dermal sheath cells
actively produced cells of erythroid and myeloid lineages
but that follicle epithelial cells did not. As a more stringent
test, we then transplanted cultured dermal papilla or

intervals of up to one year. Colony assays from bone
marrow of primary recipients revealed that over 70%
of clonogenic precursors were derived from donor hair
follicle cells. When bone marrow from primary mice was
harvested and used to repopulate secondary myeloablated
recipients, multi-lineage haematopoietic engraftment was
observed. Our data show that dermal but not epidermal
compartments of the adult hair follicle have much broader
stem cell activities than previously described. Although the
treatment for many forms of blood disorder, such as
leukemia, often requires transplantation of haematopoietic
stem cells (HSC), their availability can be rate limiting.
Given its easy accessibility, our identification of the hair
follicle as a source of extramedullary haematopoietic stem
cell activity makes it an attractive potential source for
blood stem cell therapeutics and highlights its value as a
model system in adult stem cell biology.

dermal sheath cells from transgenically marked donor mice
into lethally irradiated recipient mice and observed multi-
lineage haematopoietic reconstitution when assayed at
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Introduction Lagasse et al., 2000). Nevertheless major questions remain in

All tissues in the mammalian adult are ultimately derived fronfelation to the limits of plasticity in somatic cells and to what
stem cells. Until recently, these cell types have been groupéxtent the observed reprogramming phenomena derive from
into two broad families: totipotent and lineage-restrictedcell sub-populations, from transformation events that have
(somatic) stem cell types. Totipotent stem cells (such agccurred within donor cell populations when in culture
embryonic stem cells) are characterized by their ability tqMorshead et al., 2002), or as a result of cell fusion (Ying et
contribute to every lineage in the body, as exemplified in viv@l, 2002). One route to addressing these issues may be to
by the formation of germ-line competent chimaeras followingexamine those adult stem cell populations that are most
injection into host blastocysts, or in vitro by differentiation intospecialised and/or have widest potential for differentiation. In
multiple lineages under selected tissue culture conditionghis regard, bone marrow cells have been the model of choice
Adult somatic stem cells have also been characterized for mafgr many researchers. Labelled bone marrow cells injected into
tissues (Spangrude et al., 1991; Gage et al., 1995; Watt, 1998jult mice have been shown to express proteins characteristic
and although possessing substantial capacity to proliferate,df neuronal phenotypes in the brain (Brazelton et al., 2000),
was believed that such cells were capable of differentiation int@nd it was recently shown that a single bone marrow cell could
a limited number of cell types. In the past few years there hag®pulate multiple tissues of irradiated host animals (Krause et
been increasing evidence that adult stem cells may have a flr, 2001). Also while the functional significance of many of
greater differentiation plasticity than previously thought. Bonghe reprogramming/transdifferentiation experiments has still to
marrow is capable of turning into skeletal muscle (Ferrari ebe established, bone marrow cells have been shown to home to
al., 1998); skeletal muscle can turn back into blood (Gussomiamaged target organs and replace injured tissues. For
et al., 1999; Jackson et al., 1999); brain can turn into blooexample, bone marrow cells transplanted into infarcted
(Bjornson et al., 1999) and back again (Eglitis and Mezeynycoardium were able to create new myocardial tissue (Orlic
1997; Brazelton et al., 2000; Mezey et al., 2000); and bonet al.., 2001), and they have been shown to ‘home’ to damaged
marrow can turn into liver (Petersen et al., 1999; Theise et almuscle in irradiated dystrophic mdx mice (Ferrari et al., 1998;
2000a; Theise et al., 2000b; Henegariu and Krause, 200Gussoni, 1999). Bone marrow contains a mesenchymal stem
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cell population that can divide and has the potential t@tem cells are involved in the continuous physiological process
differentiate in culture to many different mesenchymal lineagesf epidermal replacement in normal healthy skin (Taylor et al.,
including bone, cartilage, adipocyte and muscle. By isolatin@000). Interactions between adjacent cells of different types are
small numbers of human bone marrow cells using densitg major theme in many areas of developmental biology. In
gradient centrifugation and showing that they could be induceshammals, interactions between cells derived from the
to differentiate into adipocytic, chondrocytic or osteocyticembryonic ectoderm and mesoderm are central to the
lineages, Pittenger et al. provided good evidence that bordevelopment of many structures, including skin, teeth,
marrow contains a multipotent mesenchymal stem celnammary glands and the digestive and nervous systems. The
population rather than a mixture of committed progenitomammalian hair follicle provides a particularly useful model
populations (Pittenger et al., 1999). for studying these phenomena (Kratochwil et al., 1996).
However, if the plasticity of stem cells is ever to be used ifrollicles are conveniently located in the skin of the animal. The
therapeutics, ease of access to stem cell repositories will ldevelopmental interactions persist into adulthood, in the course
very important and the provision of mesenchymal stem cellsf wound repair and normal follicle growth cycling. Most
from bone marrow requires bone marrow extraction and celinportantly, hair follicles contain readily identified populations
sorting. Several research groups have investigated alternatigéinteracting cells that are clustered in discrete sites. Each cell
sources of adult stem cells. Adipocytes obtained fromtype can be isolated and continues to show pronounced
subcutaneous fat by liposuction have been shown to produggeractive abilities when cultured in vitro. Thus the hair
osteogenic, chondrogenic and myogenic derivatives (Zuk et afgllicle is turning out to be not only a key stem cell repository
2001), but no blood or nerve cells. Stem cells obtained fromwithin skin, but also a major developmental model. Further,
skin dermis can produce neural as well as mesodermglven that access to stem cells of the skin is a relatively simple
derivatives (Toma et al., 2001), but the origin of this stem celprocedure (biopsy) compared with stem cells of (for example)
population is unclear, as the initial dermal population ighe brain or bone marrow, the therapeutic potential and
heterogeneous. However, cells of the hair follicle are highlyplasticity of follicle stem cells needs to be explored. In our
accessible and can also be isolated as discrete populations.laboratory it was previously observed that hair follicle dermal
Unlike some of the cell types whose stem cell potential ipapilla and dermal sheath cultures generated cells expressing
being investigated, hair follicle dermal cells derive from ana variety of blood cell markers (A. J. Reynolds, personal
organ that is unique in the adult mammal in terms of its ranggommunication). Moreover, the collagen capsule of vibrissa
of developmental activities. There is increasing evidence thdollicles encloses sinus cavities, and after extended organ
follicles contain stem cells that play key roles for skin as aulture of totally isolated follicles we observed the
whole, and within the follicle, the lineage relationshipsaccumulation of high numbers of non-erythrocyte blood cells
between the dermal cell populations is well defined (Taylor eddjacent to the dermal sheath within these structures. These
al., 2000; Oshima et al., 2001). Hair follicle dermal cells arebservations indicated that endogenous haematopoietic
perhaps best considered as embryonic type cells retained in progenitor activity could occur within the dermal compartment
adult system, and flexible in their range of activities, rather thaaf the follicle. Given that the therapeutic need for alternate
specialised adult stem cells. The embryonic-like properties afources of haematopoietic stem cells is most pressing, we set
the hair follicle dermal cells derive from the fact that theyout to investigate directly the haematopoietic potential of these
segregate from intrafollicular dermis relatively early on inhair follicle dermal populations. In this paper we report that
follicle development and assume characteristic morphologicdhe follicle dermal sheath and dermal papilla show
and molecular phenotypes. Experimentally we have shown thhbematopoietic activity in vitro and cells cultured from these
adult hair follicle dermal cells have unparalleled capacity testructures can contribute to the regeneration of the entire
induce hair growth when combined with different epidermahaematopoietic system of lethally irradiated mice in vivo.
partners (Jahoda and Reynolds, 1996). Recently we
transplanted follicle dermal_ s_heath tissug from one person Waterials and Methods
another and showed that it induced follicles that grew ha'lféolation of follicle end bulbs and individual components

without undergoing the rejection process normally associate ollicle end bulbs were isolated as previously described (Reynolds
with allografts (Reynolds et al., 1999). Therefore dermaa d Jahoda, 1991). In brief, the proximal tips of adult Zin40 mouse
§heath C_el_ls would appear to PosSsess ~a degree Abrissa follicles, exposed on the internal surface of mystacial skin
immunoprivilege that underlines their potential for use asjaps were removed and placed in Eagle’s minimal essential medium
universal donors in stem cell-based therapies. When the hiiem; Gibco BRL) containing antibiotics. To isolate dermal and
follicle base is experimentally amputated, residual cells of thepithelial components from the end bulb, the outer collagen capsule
dermal sheath (DS; Fig. 1) replace the main inductive dermalas inverted and the dermal sheath (DS) layer, and epidermal matrix
element the dermal papilla (DP), and restore hair growth in were then delicately eased away from around the dermal papillae
unique example of mammalian regeneration. Thus there is alé8P). Papillae were isolated by basal stalk severance and the
clear mesenchymal cell lineage transition from DS to DP cell§émaining cups of DS tissue detached from the collagen capsule.

in this case (apparently) mediated by the follicle epithelium

(Reyn_olds and J_ahoda, 199_6)- ) o _ Establishment and maintenance of DP and DS cell cultures

.FOII'CIe epithelial cells are increasingly studied in relatlon_ ©cell culture was performed as previously described (Jahoda and
skin stem cell and tumor biology. It has long been recognizeg)iver, 1981). Around a dozen papillae, or pieces of sheath tissue were
that in wounded skin new epidermis can derive from skirpooled and cultured in 35 mm Petri dishes. All explants were initially
appendages. However, recent work using sophisticated cefaintained in MEM supplemented with 20% fetal calf serum (FCS,
labeling techniques provides evidence that follicle epitheliaGibco BRL; Renfrew, UK) at 37°C, 5% GOThe cultures were
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routinely passaged as described elsewhere (Reynolds and JahoR&sults

1991). The proximal tips of adult mouse and rat vibrissae follicles
were assessed for haematopoietic potential by two in vitro
Colony forming unit (CFU) assays colony forming unit assays, CFU-GEMM and CFU-A. We

initially dissected the proximal tips of the vibrissae follicles

CFU-GEMM assays were performed according to the manufacturer@t0 three parts: end bulbs, medium and top (Fig. 1) and

instructions (Stem Cell Technologies; Vancouver, Canada), In briefDTUbjeCted them tc.) CFU-GEMM assay (Fig. 2). In three
3x10% cells in a total volume of 0.3 ml were added to 3 ml of'Ndependent experiments 100% of the mouse and rat end bulbs

Methocult medium vyielding triplicate cultures of 1.1 ml each.pProduced macroscopic colonies containing cells of erythroid
Methocult containing cells was dispensed into three 35 mm disheand myeloid lineages (Fig. 2A). 68% of the medium parts of
using a 16G blunt-end needle. Two plates were then placed into a 18ibrissae also produced macroscopic colonies containing cells
mm covered dish containing a third uncovered dish containing 3 mdf myeloid lineages, but not erythroid cells (Fig. 2B), while
of sterile water. Cultures were then placed in a 37°C incubatopnly 11.2% the top part of the vibrissae showed some small
g)gtl):ki?segin |>/|e|t)hoir5:ult is(3as fo_'t'O/WSl):'Llf (10Pgd/ml); l'-'? (10 TE/mR*.identiw which follicle structures contained haematopoietic
ng/ml), Epo (3 units/ml). Dissected parts from the hai : : :
follicle were placed on top of methocult (7-8 in total) and plates wer Otte’?kt)'e." we t_hetn m'c.ro'dlssﬁftedtthe ?n_d butlrt: ?f mmése anld
incubated as above. fat vibrissae into their constituent parts: epithelium, derma
sheath (DS) and dermal papilla (DP), and assessed each
individually by CFU-GEMM assay. Mixed haematopoietic
CFU-A assay colony formation was found to be associated exclusively with
The in vitro CFU-A assay was set up as described previouslihe DS (Fig. 2D) and DP (Fig. 2E). No haematopoietic activity

agar in a modified Eagle’s medium-MEM; Gibco BRL) with ; ; _
conditioned medium from two cell lines (AF1-19T, a source Ofrepeated the same experiments using the second assay, CFU

. . which identifies a primitive haematopoietic precursor
granulocyte macrophage colony stimulating factor, GM-CSF; anélb" . L '
L929, a source of M-CSF) was poured into 3 cm diameter tissu quivalent to CFU-S (Pragnell et al., 1988). Similarly to the

culture grade dishes (1 ml per layer). Dissected DP and DS (5-6 p&f=U-mix, 100% of end bulbs (Fig. 3A) and 70% of the

plate) were placed on top of the 0.3% agar @EM mixture to ~ medium part of vibrissae produced haematopoietic colonies
form the upper layer. When DP or DS cells were assayet)3 containing granulocytes and neutrophils in the CFU-A assay;
cells were added to 0.3% agardaMEM and plated to form an however, only 14.2% of the top parts showed colony formation
upper layer. The dishes were incubated for 11 days at 37°C in (Fable 1). Dissection of DP and DS from both mouse and rat
humidified atmosphere with 5%2G@nd 10% CQ@. The presence end bulbs indicated that haematopoietic activity was closely

or absence of_ haematopoietic progeny was determined by ,”&ssociated with them (Fig. 3B,C,E,F) and not with the
formation of mixed colonies of neutrophils and macrophages with,

. . ; ithelial component. In contr r n ripheral bl
diameters greater than 2 mm after 11 days of incubation. The mlxkgt elial component contrast, aorta and peripheral blood

CFU-GEMM assay

nature of the developing colonies and the high proliferative capacifr lled to generate haematopoietic colonies when tested using

of the clonogenic cell, alongside data on radiation sensitivity, € Same assay. .
anatomical location and sensitivity to mitotic poison indicates that e then established primary explant cultures of DS and DP
DP and DS cells from Zin40 mice cultured as described above we

this assay detects a primitive haematopoietic cell analogous tn
Epidermis
harvested by trypsinisation. 20,000 cells were mixed with 200,00 [

CFU-S (Pragnell et al., 1988; Graham et al., 1990).
nucleated bone marrow cells from Balb/c mice and injectec — f__\
=~ r e |

Hair Shaft e—>

Stem cell transplantation

intravenously into recipient Balb/c mice that had received 1.2 Gy ¢
y-irradiation. Recipients received prophylactic aureomycin in drinkinc
water. For transplantation into secondary recipients, bone marrow w. gf;*:geous
harvested from the primary mice ane12f nucleated cells were

injected into each secondary Balb/c recipient, prepared as describ Outer Root Sheath
above. Epithelium

Papllliary
Dermis
Top

/
/
; Medium
h
A
)
‘\

Dermal Sheath

Analysis of transplant recipients
Bone marrow, spleen and peripheral blood were collected from bot

\
| End Bulb

primary and secondary sacrificed recipients and DNA was extracte

using the Wizard Genomic DNA Purification Kit (Promega, /
Southampton, UK). Thirty five cycles of 94°C (1 minute), 62°C :'qzitfrix > %4

(1 minute) and 72°C (1 minute) were used to amplify lacZ from Saciinadive Dermal Papilla
100 ng of genomic DNA with the following primer pair’-5 Epithelium

CGCTCACATTTAATGTTGATGAAAGC and 5TCCAGATAA-

CTGCCGTCACTCCAA. A second PCR was performed with murineFig. 1. Schematic presentation of the hair follicle. Black lines
Wnt8b specific primers MACGTGGGCTTCGGAGAGGC and 5’ indicate the plane of dissection used to separate the end bulb,
GCCCGCGCCCTGCAGCAGGT as an internal control. medium and top section of the vibrissa (see Fig. 2).
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Fig. 2. Follicle tissues display
haematopoietic activity in vitro. CFU-
GEMM assay results show colony formation
from the end bulb of the mouse vibrissa (A),
the medium section of the mouse vibrissa
(B), the top section of the mouse vibrissa
(C), the dermal sheath dissected from the
mouse end bulb (D), the dermal papilla
dissected from the mouse end bulb (E) and
the epithelium dissected from the mouse en
bulb (F). Haemoglobinised cells produced in
the assay are indicated by arrows.

Fig. 3.Mouse and rat follicle tissues
display haematopoietic activity in vitro.
CFU-A assay results from proximal tip
of rat vibrissa follicle (A); dermal sheath
of rat vibrissa follicle (B); dermal

papilla of rat vibrissa follicle (C);
proximal tip of mouse vibrissa follicle
(D); dermal sheath of mouse vibrissa
follicle (E); and dermal papilla of mouse
vibrissa follicle (F).

cells and carried out CFU-A assays on cells passaged fromnbt exclusively, HSC. To determine the presence of HSC
to 3 times (Fig. 4A,B). Both DS and DP cell cultures displayedctivity in these cultures, we assessed their capacity to generate
haematopoietic activity as shown by the production ofong-term multi-lineage haematopoietic reconstitution of
large haematopoietic colonies in CFU-A assays that wermyeloablated recipient animals. For this we used a competitive
indistinguishable from those formed by conventional bonerepopulation transplantation assay (Harrison, 1980), in which
marrow-derived progenitors (Fig. 4C,D). Flow cytometry ofa given cell population is required to compete in the same
the DP or DS cultures with anti-CD45 monoclonal antibodyrecipient with a genetically distinguishable standard source of
(PharMingen, San Diego, CA) was unable to detect pre-formeuaematopoietic stem cell activity. Nucleated cells from
haematopoietic cells at this level of analysis; however, CD4&nfractionated bone marrow of Balb/c mice 1@cells per
cells were detected in the colonies formed in the CFU-Aanimal) and cultured DS or DP cells from Zin40 micel(®
assays. Coupled with the comparatively small number aofells per animal) were injected intravenously into lethally
haematopoietic colonies formed (approximately 1 in 6000 DRrradiated Balb/c recipients. Zin40 mice were used as the
or DS cells plated in CFU assay), these data suggest that if pssurce of donor tissue because they carry a transgene (LacZ);
formed haematopoietic progenitors are present there must beus cells derived from the hair follicle could be distinguished
only relatively small numbers in each follicle. from host or carrier bone marrow by genotype. Analysis using
Although the CFU data we obtained from both the dissecteBCR is preferable to flow cytometry studies using fluororescein
DP and DS and their respective cultures strongly suggested tegalactoside since our experience has shown high
presence of primitive haematopoietic potential, these in vitrbackground staining of mouse tissues using this technique.
assays detect haematopoietic progenitors that include, but @etween 4 and 5 months post-irradiation we sacrificed eight
transplanted mice and extracted DNA from the spleen, bone
marrow and peripheral blood. PCR analysis for lacZ indicated
the presence of dermal-derived cells in the recipient peripheral
blood, spleen and bone marrow (Fig. 5A; Table 2). A semi-

Table 1. Comparison of CFU-MEGG and CFU-A results
for sections of mouse vibrissa follicles

CFU-mix CFU-A quantitative analysis of lacZ detection using variable
End bulb 100% 100% percentages of transgenic and wild-type splenocytes show that
Medium section 68% 70% this assay can detect low percentages of lacZ-labelled cells
Top section 11.7% 14.2%

against a wild-type background (Fig. 5C). We sacrificed one
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Fig. 4. DP and DS cultured cells display haematopoietic activity in vitro. DS and DP explants were cultured in vitro (A and Behgsaedtiv
subjected to CFU-A assay (C and D, respectively). For comparison, E shows a CFU-A colony formed following plating of bareelsarro

recipient mouse 13 months after transplantation and found th®ood, spleen and bone marrow of these secondary mice 8
presence of dermal-derived cells in the peripheral blood, spleaveeks post-irradiation indicated the presence of dermal-
and bone marrow. We also sorted splenocytes from theerived cells (Table 2). We have also found transgenic
recipient females into different subpopulations (e.g. B cells, haematopoietic cells in all leukocyte populations that have
cells, myeloid cells) using immunomagnetic cell sortingbeen tested from these secondary recipients. Moreover, PCR
(Miltenyi Biotech) and examined each for the presence of thanalysis on single CFU-A colonies from the bone marrow of
transgene. Dermal-derived cells were found to havéwo secondary mice showed that 58% and 77% of colonies
contributed to all haematopoietic lineages studied (Fig. 5BYespectively were lacZ positive.

The proportion of clonogenic haematopoietic precursors that

were derived from the transgenic dermal cultures was then )

assessed by limiting dilution CFU-A analysis of recipient bonddiscussion

marrow. In three recipients that had received a mixture of DFPhe data presented show that cells derived from the dermal
and bone marrow cells, 72%, 73% and 75% of colonies formestructures of the hair follicle have intriguing haematopoietic
from their bone marrow were found to be transgenic by PCRpotential. Cells within the DS and DP generate haematopoietic
Similarly, with two recipients that had received a mixture ofcolonies in vitro, and can contribute to all blood lineages in
DS and bone marrow cells, 80% and 77% of the colonies wekavo for at least 13 months post-transplantation. These
transgenic. Although in our opinion this is strong evidence thatansplanted cells retain this regenerative potential when
cells of the DP and DS contain HSC activity, we then testettansferred to secondary recipients indicating their primitive
this further by transplanting bone marrow from the primarystem cell nature. This follicle-derived activity appears to be
recipients into myeloablated secondary recipients as a robugeneral since we obtained similar in vitro results using rat and
test of stem cell competence. PCR analysis of the periphenalouse follicle tissues. Therefore, in relation to therapeutic

Table 2. Summary of in vivo work

No. of
surviving
No. of recipients Source of cells recipients PCR results
13 primary recipients*  Cultured DS cells from 5 4 analysed up to 5 months after transplantation
Zin40 donors show incorporation of donor cells in the
bone marrow, spleen and peripheral blood
6 primary recipients* Cultured DP cells from Zin40 donors 6 5 analysed up to 1 year after transplantation show incorporation
of donor cells in the bone marrow, spleen and peripheral blood
4 secondary recipients* BM cells from primary recipients that had been 4 2 analysed 2 months after transplantation show incorporation of
transplanted with cultured DS cells from Zin40 donors donor cells in the bone marrow, spleen and peripheral blood
4 secondary recipients* BM cells from primary recipients that had been 4 2 analysed 2 months after transplantation show incorporation of
transplanted with cultured DP cells from Zin40 donors donor cells in the bone marrow, spleen and peripheral blood

*Equal numbers of Balb/c mice were lethally irradiated but not injected: none survived.
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M15 M16 M18 M28 ZIN40 Balb/c
SP BM PB SP BM PB SP BM PB SP BM PB SP BM PB SP BM PB NC

Wwnt8b

B C
Ly6+ CD11b+ CD4+ CD8a+ B220+ CD45+ CD45- Balbic Zind0 100 80 60 40 20 10 6 3 1 0 NC

Fig. 5. (A) PCR analysis shows that cells from the follicle dermis reconstitute bone marrow, spleen and peripheral blood of recipients. The lacZ
gene was detected in the peripheral blood, bone marrow and spleen of the Zin40 donor mouse, but not in the controBegbifole ML b

and M16 were transplanted with ¥ Zin40 dermal sheath cultured cells and @ Balb/c bone marrow cells. M18 and M28 were

transplanted with 2k0* Zin40 dermal papilla cultured cells ang12P Balb/c bone marrow cells. NC, no DNA control. (B) Dermal-derived

cells contribute to all haematopoietic lineages studied: confirmation by PCR. (A) Splenocytes from Balb/c recipient animals transplanted with
dermal cells derived from LacZ transgenic animals (Zin40) were sorted into subpopulations (total leukocytes, CD45+; non-haematopoietic
nucleated cells, CD45—; B cells, B220+; T cells, CD4+/CD8a+; and myeloid cells, CD11b and Ly6) and presence of transgenic leukocytes
determined by PCR. A second PCR was performed with Wnt8b primers as a loading control. (C) Detection of transgenic bgrRCRells

Mixtures of splenocytes from transgenic and non-transgenic animals were mixed in differing ratios from 100% transgenic to 0% transgenic and
subjected to PCR for LacZ and Wnt8b.

provision, our finding of haematopoietic regeneration from anarrow, the high percentage of follicle-derived clonogenic
readily accessible source is highly significant. We can thecells in recipient animals suggesting, indeed, that these cell
begin to ask where the precise cellular origin of thistypes may be capable of out-competing conventional bone
phenomenon originates? marrow HSC. This result is similar to that found in work with
The hair follicle has been shown to be associated witstem cells obtained from skeletal muscle (Jackson et al.,
differentiated blood cells in situ such as CDand CD8 1999). Another alternative is that follicles contain a small
T cells, Langerhans cells, macrophages and mast celiesident population of haematopoietic stem cells. Although
(Christoph et al., 2000). It is also vascularised so there is\wae are confident that the follicle-associated HSC activity is
finite possibility that what we observed was due to thewot a consequence of residual peripheral blood within the
presence of haematopoietic stem cells carried in thdermal structures, we cannot exclude the possibility that
peripheral blood or, potentially, recruited from the endotheliathe activity is a result of prior HSC recruitment from
cells themselves. To address this, we investigated theonventional haematopoietic sites. In this context, a recent
haematopoietic potential of aorta and peripheral blood angkport has shown that adult muscle-derived haematopoietic
they both failed to show haematopoietic activity in our instem cell activity emanates from cells that are haematopoietic
vitro assays. In view of this data and the high proportion oin origin (McKinney-Freeman et al., 2002). Our current work
follicles demonstrating haematopoietic activity it is likely is aimed at distinguishing this possibility from the first one,
that what we have seen with the hair-follicle-derived cells ind from the third option, which is that there are small
a product of endogenous activity for which there are at leastumbers of permissive stem cells resident in the hair follicle
three possible explanations, none of which can be entirelgermis that possess multi-potency. In this context a single
excluded. One is that the apparently lineage-restricted dermlabne-marrow-derived stem cell has been shown to contribute
cells undergo a general reprogramming, possibly vido a number of different organ systems (Krause et al., 2001).
extracellular cues from the new microenvironment into whichMoreover, it was recently reported (Toma et al., 2001) that
they are introduced. There are many recent reports involvingtem cells derived from skin dermis could be grown and
adult cell populations once considered to be lineagdifferentiated in culture to produce multiple differentiation
restricted, showing greater differentiation plasticity, severaproducts including neurons and glia. This work suggests that
of which have involved haematopoietic stem cell activitythere may be a multipotent stem cell present in the dermis of
(Jackson et al., 1999; Gussoni et al., 1999; Bjornson et akkin whose origin is unknown. Within skin, the hair follicle
1999). Our current observations tend to argue against ia seen as providing a discrete well-protected niche, and the
general reprogramming event. Although nearly all folliclesfollicle epithelium has recently been the focus of much skin
demonstrated endogenous haematopoietic activity, the fastem cell and tumor biology research (Taylor et al., 2000;
that 1 in 6000 of cultured cells plated in the CFU experiment®shima et al.,, 2001; Jahoda and Reynolds, 2000). In the
had haematopoietic potential suggests that these cells may @irrent work we found no evidence of haematopoietic activity
quite rare within each follicle. In spite of this, the dermalfrom epithelial tissue isolated from the lower follicle.
cultures appear to be at least as potent as conventional baviereover, the sections of follicle above the base, which
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incorporate the main epithelial stem cell compartmentfkeferences
including the bulge region, revealed a reducedjomson, C. R. R, Rietze, R. L, Reynolds, B. A, Magli, M. C. and
haematopoietic response compared with the end bulb. ThisVescovi, A. L. (1999). Turing brain into blood: a hematopoietic fate

; ; ; ; ; adopted by adult neural stem cells in vigzience283, 534-537.
highlights the follicle dermis as a separate location forB azelton, T.R., Rossi, F. M. V., Keshet, G. I. and Blau, H. M2000). From

progenitor activity. In a recent paper we suggested that, Jqs{marrow to brain: expression of neuronal phenotypes in adult Satence
as follicle epithelial cells are a major stem cell source for skin 290, 1775-1779.

epidermis in wound healing, so follicle dermal cells mightChristoph, T., Muller-Rover, S., Audring, H., Tobin, D. J., Hermes, B.,
play the equivalent role in replacing dermal cells in dermal Cotsarelis, G., Ruckert, S. and Paus, R2000). The human hair follicle

repair (Jahoda and Reynolds, 2001). In the light of recent JT"e Slfzteg”éz_%?g"ar composition and immune. privilege. J.

eVid?nce that folliqle epithelial stem cells are involved in thezgiitis, M. A. and Mezey, E.(1997). Hematopoietic cells differentiate into
continuous physiological process of replacement of both microglia and macroglia in the brains of adult mirec. Natl. Acad.
epidermis in normal healthy skin (Taylor et al., 2000), we also Sci. USA 94, 4080-4085. , _
hypothesised that follicle dermal cells might be involvedrerar, G., Cussella-De Angelis, G., Coletta, M., Paolucci, E., Stornaiuolo,

. lati h lulari f I d . Th A., Cossu, G., and Mavilio, F.(1998). Muscle regeneration by bone
Inregulating the cellularity of norma ermis. € marrow-derived myogenic progenitors. Scie@@8, 1528-1530.

haematOPO!etiC activity _eVi_dent_in the current study now givesage, F. H., Ray, J. and Fisher, L. X1995). Isolation, characterization, and
rise to the idea that, within skin, the protected environment use of stem cells from the CNS. Annu. Rev. Neur@§ci159-192.
of the hair follicle is a key repository for a broad range ofGilliam, A. C., Kremer, I. B., Yoshida, Y., Stevens, S. R., Tootell, E.,

L . L . : Teunissen, M. B. M., Hammerberg, C. and Cooper, K. D(1998). The
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