@'PLOS ‘ BIOLOGY

OPEN 8 ACCESS Freely available online

Macrophages Contribute to the Cyclic Activation of Adult
Hair Follicle Stem Cells

CrossMark

click for updates

Donatello Castellana’, Ralf Paus®3, Mirna Perez-Moreno'*

1 Epithelial Cell Biology Group, BBVA Foundation-CNIO Cancer Cell Biology Programme, Spanish National Cancer Research Centre (CNIO), Madrid, Spain, 2 Institute of
Inflammation and Repair, University of Manchester, Manchester, United Kingdom, 3 Department of Dermatology, University of Miinster, Miinster, Germany

Abstract

Skin epithelial stem cells operate within a complex signaling milieu that orchestrates their lifetime regenerative properties.
The question of whether and how immune cells impact on these stem cells within their niche is not well understood. Here
we show that skin-resident macrophages decrease in number because of apoptosis before the onset of epithelial hair follicle
stem cell activation during the murine hair cycle. This process is linked to distinct gene expression, including Wnt
transcription. Interestingly, by mimicking this event through the selective induction of macrophage apoptosis in early
telogen, we identify a novel involvement of macrophages in stem cell activation in vivo. Importantly, the macrophage-
specific pharmacological inhibition of Wnt production delays hair follicle growth. Thus, perifollicular macrophages
contribute to the activation of skin epithelial stem cells as a novel, additional cue that regulates their regenerative activity.
This finding may have translational implications for skin repair, inflammatory skin diseases and cancer.
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Introduction

Epithelial homeostasis relies on the capability of epithelium to
self-renew over a lifetime because of the presence of diverse
reservoirs of stem cells (SCs). These reside in anatomically distinct
niches that provide them with a specialized microenvironment,
which are becoming increasingly well-defined in the largest and
most accessible mammalian organ, the skin [1]. Besides its
epithelial components, the skin contains both resident and
migratory immune cell populations, whose major role is mainly
attributed to its function as a central line of defense for fighting
infection, as well as promoting skin repair upon injury and
external assaults [2]. During wound repair, coordinated and
carefully balanced crosstalk between epithelial and inflammatory
cells occurs to restore skin homeostasis [2-4]. Failure in this
communication is associated with major wound healing defects,
inflammatory disorders, and malignant transformation [5,6].

The exact functional relationship of specific immune cell
populations in the activation of epithelial progenitor cells in adult
mammalian skin is, however, still poorly defined. Moreover, how
resident immunocytes interact with epithelial SCs in vivo is not
tully understood. Such interactions can be optimally studied in the
best-characterized reservoir of adult skin epithelial SCs, the hair

follicle (HF) bulge [7,8].
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The bulge is located around the level of insertion of the arrector
pili muscle into the HIF epithelium below the sebaceous gland,
enjoys a relative immune privilege [9-11], and is ensheathed by a
specialized mesenchyme, the connective tissue sheath (CTS) [12—
14], which is richly endowed with macrophages and mast cells that
home into this skin compartment early during HF development
[15]. Bulge SCs (HF-SCs) are the essential prerequisite for the
cyclic regeneration of HFs, during which it switches from phases of
growth (anagen) via regression (catagen) to relative quiescence
(telogen) [7,16]. HF entry into anagen requires the activation of
HF-SCs and of progenitors located in the secondary hair germ
(HG) that expand to give rise to a new anagen HF [17-19].

Important for the activation of HF-SCs at the end of telogen is
the close and dynamic interaction with a specialized condensate of
inductive fibroblasts, the dermal papilla (dp), which provides a
specialized microenvironment [14]. Recently, other intercellular
interactions within the HF niche and with its mesenchymal
environment have become appreciated as key elements of HF-SC
activation [12,13]. These elements include signals in the niche
itself that arise from the HF-SC progeny [20], and signals of the
tissue macroenvironment arising from dermal fibroblasts, adipo-
cytes [21] and preadipocytes [22], and nerve fibers [23]. However,
despite their prominence in the HF mesenchyme, including in the
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Author Summary

The cyclic life of hair follicles consists of recurring phases of
growth, decay, and rest. Previous studies have identified
signals that prompt a new phase of hair growth through
the activation of resting hair follicle stem cells (HF-SCs). In
addition to these signals, recent findings have shown that
cues arising from the neighboring skin environment, in
which hair follicles dwell, also participate in controlling hair
follicle growth. Here we show that skin resident macro-
phages surround and signal to resting HF-SCs, regulating
their entry into a new phase of hair follicle growth. This
process involves the death and activation of a fraction of
resident macrophages— resulting in Wnt ligand release —
that in turn activate HF-SCs. These findings reveal
additional mechanisms controlling endogenous stem cell
pools that are likely to be relevant for modulating stem cell
regenerative capabilities. The results provide new insights
that may have implications for the development of
technologies with potential applications in regeneration,
aging, and cancer.

peri-bulge CT'S [15], the role of perifollicular macrophages in HF-
associated epithelial-mesenchymal interactions has remained
unclear.

Recent studies have contributed greatly to our understanding of
the key role of two major signaling pathways in the intrinsic
activation of HF-SCs and the entry of HF into anagen. These
pathways are the stimulatory Wnt/f-catenin signaling pathway
[24,25], and the inhibitory bone morphogenetic protein (BMP)
signals arising from the dp that uphold HF-SCs in a quiescent state
[24,25]. Interestingly, these signals are also exploited by the skin
macroenvironment, which generates synchronized cyclic waves of
BMP activity that decline when Wnt expression waves arise,
thereby controlling HF cycling. These cyclic waves respectively
subdivide telogen into refractory and competent phases for HF
regeneration [21]. Remarkably, HF growth stimulatory signals can
also be propagated during the transition from telogen to anagen
via neighboring HFs [26]. Whether immune cells located in the
perifollicular macroenviroment, such as macrophages, contribute
to the establishment of the refractory and competent phases of
telogen, or in the propagation of the HF growth stimulatory cues is
much less clear.

It is now firmly established that mature HFs have a distinctive
immune system [11,27]. Indeed, both the HF bulb and the HF
bulge represent areas of immune privilege [9,11,28], whose
collapse gives rise to distinct inflammatory hair loss disorders
[10,29]. Interestingly, HFs are constantly in close interaction with
immune cells, namely intraepithelially located T' lymphocytes and
Langerhans cells, and macrophages and mast cells located in the
HF’s CTS [15,30-32]. The HF epithelium also may serve as
portal for the entry of immune cells into the epidermis, such as
dendritic cells [33], as a habitat for both fully functional and
mmmature Langerhans cells [34] and as a potent source of
chemokines that regulate dendritic cell trafficking in the skin [33].

Prior studies have shown that intracutaneous immune cell
populations fluctuate substantially in number and activities during
synchronized HF cycling [27,33,35-41]. While it is known that
this fluctuation results in major changes in skin immune responses
(e.g., inhibition of contact hypersensitivity in anagen skin [35]),
and in the intracutaneous signaling milieu for various immuno-
modulatory cytokines and chemokines [33,42], it is insufficiently
understood whether these hair cycle-associated changes are a
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consequence of HF cycling or if they actively regulate the latter
and/or the hair cycle-associated activity of HF-SCis.

For example, perifollicular mast cells and macrophages have
been implicated in the regulation of HF growth through anagen
and the entry into catagen [15,36—41,43]. Namely, timed release
of the catagen-inducing growth factor, Fgf5, by perifollicular
macrophages may regulate the anagen-catagen switch [36,44],
while clustering of macrophages around isolated HFs may serve to
delete selected pilosebaceous units [30]. Most recently, it has been
shown that loss of 8T cells, which are required for HF neogenesis
induced upon wounding [4], results in hair cycling abnormalities
[42].

Whereas these studies have implicated immune cells in HF
cycling, their role in the spatio-temporal cyclic activation of HF-
SCs, specifically in the physiological entry of telogen HFs into
anagen, remains to be defined. Using the murine hair cycle as a
model system and focusing on macrophages, we have addressed
this important, as yet uncharted aspect of HF-immunocyte
interactions. These studies define a new role for skin-resident
macrophages in the activation of HF-SCs.

Results

Skin-Resident Myeloid Cells Decrease in Number as
Telogen Advances to Anagen

To evaluate the association of HF-SC activation with specific
populations of skin-resident inflammatory cells, we first performed
immunofluorescence analyses in mouse backskin sections isolated
from matched areas of defined phases of spontaneous murine HF
cycling. These analyses were performed from the telogen through
the anagen phase of the first (Figure SIA), and the second
postnatal hair cycle (Figure 1A). The telogen phase of the first HF
cycle lasts only for 1-2 days, whereas the second telogen starts
around postnatal day 44 (P44) and last for 3—4 weeks. Thus, we
subdivided the second telogen in three telogen stages, the early
telogen stage (T'e, Postnatal day 44, P44), mid telogen (IT'm, P55),
late telogen (T1, P69), and included an anagen stage (Ayy, P82)
according to the classification of Muller Rover [45], to perform
our comparative analyses (Figure 1A). The second telogen
corresponded to the refractory and competent telogen phases
[21], as supported by the analysis of BMPs and Wnts transcript
levels (Figure S2).

We observed that the number of Langerhans cells (Langerin),
mast cells (toluidine blue), and T-lymphocytes (CD3) were not
significantly different in these stages (Figures 1B, S1C, and S1D).
However, the number of myeloid cells (F4/80, CD11b, and Grl)
increased at T'm and progressively decreased at T1 before the onset
of HF-SC activation as observed by immunofluorescence (Fig-
ure 1B and 1C) and fluorescence-activated cell sorting (FACS)
analyses (Figure S3). This global decrease was observed in the
dermis (no perifollicular) but also in macrophages located near the
distal (close to the epidermis) and proximal portion of HFs as Te
progresses to anagen (Figure 1D and 1E).

Moreover, analyses of skin whole mount stainings and 3-D
reconstructions showed that ~50% of HFs in telogen exhibited
F4/80" cells, and only 10% of HFs displayed dense perifollicular
inflammatory cell clusters (PICCs) as previously defined (Figure
S4) [30]. Interestingly, in the short transition from telogen to
anagen of the first postnatal HF cycle, a decrease in F4/80 and
CD11b, but not in Grl positive cells was also observed (Figure
S1B). We also confirmed that through the first anagen phase (from
Aqr, to Ayj) there was an increase in the numbers of these cells,
consistent with previous reports [15,36]. Since different popula-
tions of macrophages reside in skin, we performed flow cytometry
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Figure 1. Skin-resident macrophages decrease in number before the onset of anagen. (A) Time course of isolation of backskin samples.
The second telogen period was subdivided into three stages followed by anagen. P44, early telogen (Te); P55, mid telogen (Tm); P69, late telogen (TI);
and P82, anagen (Ay). (B) Fluctuations in the number of skin-resident immune cells during the second hair cycle analyzed by immunofluorescence.
Note the decrease in cells expressing the myeloid markers CD11b, Gr1, F4/80 before the onset of anagen. Each histogram point represents the mean
value of positive cells per 10x magnification field. 10 fields/section/mouse were analyzed; n=4. See also Figure S1. (C) Expression of F4/80 cells
(green) in skin at Te, Tm, Tl, and Ay, stages, counterstained with DAPI (blue). Bar=100 um; *hair shaft autofluorescence. (D) Fluctuations in the
number of perifollicular macrophages during the second hair cycle analyzed by immunofluorescence. Note the decrease in F4/80" at Ay, Each
histogram point represents the mean value of positive cells per 10 x magnification field at 30 um distance from HF [15]. 10 fields/section/mouse were
analyzed; n=4. (E) FACS analysis of single cell suspensions from total skin samples harvested at Te, Tm, and Tl stages. Histograms show the
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percentage of F4/80" cells gated from the CD11b"Gr1 cells (I) and Cd11b~Gr1* (Il) populations; n=7-12. The gating strategy is shown in Figure S3A.
(F) TUNEL*F4/80" cells in Tm. Histograms show the percentage of TUNEL positive cells in the FACS sorted CD11b*F4/80"Gr1~ macrophage
population (I) analyzed in cytospin preparations; n= 3. The gating strategy is shown in Figure S11 A. Note: n refers to the number of mice, per point
per condition. *p=0.05; **p<0.005; ***p<<0.0005. All data used to generate the histograms can be found in Data S1.

doi:10.1371/journal.pbio.1002002.g001

(FACS) analyses in total skin samples during the second telogen
(Figure 1A) to obtain a more detailed analysis of their phenotype
and number.

To analyze the number of F4/80" cells, mature resident
macrophages were gated from either CD11b* or Grl* (Ly6G™)
cells (Figures 1E and S3A). This allowed us to differentiate
CD11b"Grl F4/80" macrophages (I'), from the myeloid
CD11b~ Gr1"F4/80" population (I'). These analyses showed that
CD11b"F4/80*Grl~ macrophages gradually decreased from Te
to Tl, whereas CD11b"F4/80"Gr1* myeloid cells increased in
number at Tm, followed by a significant decrease at Tl
(Figure 1E). Of note, no changes were observed in either the
number of CDI11c¢" cells in total murine skin, or of F4/80" cells
present within this dendritic cell population (Figure S3B).

Next, we asked whether the observed numeric reduction of
macrophages towards the end of telogen and before anagen
induction (Figure 1B and 1E) was due to macrophage apoptosis.
TUNEL analyses of skin sections co-stained with F4/80 revealed
the presence of F4/80*/TUNEL" cells at HF distal, proximal, and
no perifollicular regions (Figures 1F and SI1F). In addition,
TUNEL analyses in FACS-isolated CD11b*Grl1 ™ F4/80" cells
from total skin showed a significant increase in apoptosis, when
isolated from skin that progressed from Tm to TI (Figure 1F),
consistent to the subG1 peak observed in their cell cycle profile
(Figure S1G). Taken together, these data suggest that the telogen-
anagen switch of the hair cycle is associated with an apoptosis-
driven reduction of skin-resident macrophages.

Experimental Ablation of Skin-Resident Macrophages
Induces Precocious HF Entry into Anagen

Our results raised the intriguing hypothesis that the observed
decrease in mature skin resident macrophages may be related to
HF-SC activation and anagen induction. To probe this possibility
and characterize the relevance of macrophages in the activation
HF-SCs, we attempt to use inducible LysMCre-diptheria toxin
receptor (DTR) mice, which express DTR in myeloid cells [46].
After DT administration, myeloid cells are susceptible to ablation.
However, although this model is well-characterized under
conditions of wound repair [47], we did not observe the expression
of LysM" resident cells in skin using the reporter mice LysMCre-
Katushka under steady state conditions, as compared to the
expression in the bone marrow derived macrophages (BMDMs),
liver, and spleen (Figure S5). This observation may be explained
by the fact that at least two different lineages of macrophages exist
in mice, one derived from hematopoietic SCs, and the other
derived from the yolk sac closely associated with epithelial
structures [48]. Thus, we turned to chemical targeting via
clodronate-induced macrophage apoptosis [49] in early telogen
skin, to mimic the reduction in macrophage numbers. We focused
on the second HF cycle, which is routinely exploited in hair
research to dissect hair cycle-regulatory signals [18,24,50-52]. We
performed subcutaneous injections of clodronate-encapsulated
liposomes (CL-lipo), which are specifically engulfed by macro-
phages and induce their apoptosis [49,53]. Because of its
selectivity, this cell ablation system is widely used to explore the
role of macrophages in other systems [54-56].

PLOS Biology | www.plosbiology.org

First, empty PKH67-labeled liposomes were subcutaneously
injected as controls, and backskins from matched areas were
collected to avoid HF regional differences in skin [21,52]. The
specific uptake of the injected PKH67-liposomes by skin-resident
macrophages was confirmed by double immunofluorescence
analyses of PKH67 labeled membranes and F4/80 (Figures 2A
and S6A). Next, we examined the effectiveness of the treatment at
different time points after its administration (Figure 2B), and
observed that F4/80" cell numbers in skin were significantly
reduced at T2 and T4 at HF distal, proximal, and no-perifollicular
regions (Figures 2C and S6B). TUNEL analyses showed an
increase in F4/80% apoptotic cells starting from T1 (Figure
S6C). This reduction was also observed for CD11b* and Gr1™ cells
(Figure S6D). Overall, the final number of resident macrophages
was similar to the one at physiological Tm and TI stages
(Figure 1B).

We then assessed the effect of experimentally decreasing
macrophage numbers at Te on hair growth. Strikingly, histological
analyses revealed that as soon as macrophage levels were reduced
(T2), HF entered into anagen (Figure 2D). At T4, while HFs in
control animals were still in telogen (P52), nearly 100% of the HFs
of CL-lipo-treated mice entered into anagen, as shown by
quantitative hair cycle histomorphometry (Figure 2E). These
differences were phenotypically noticeable by the premature
appearance of the hair coat in the previously shaved backskin of
CL-lipo-treated mice, when compared with controls (T5) (Fig-
ure 2F). Of note, the observed anagen-promoting effects of
macrophage reduction in HF growth does not seem to be strain
specific, since it can also be observed in another mouse strain in
the areas of CL-lipo injection (Figure S6E and S6F).

Next we analyzed the effect of experimentally decreasing
macrophage numbers on bulge HF-SCs, which are characterized
by their slow cycling properties (label retaining cells [LRCs])
[17,57], whereas their progeny divides rapidly to expand and
migrate [18,19] giving rise to the matrix progenitor cells and the
generation of fully mature HFs [18,19,58]. To this end, we
performed pulse-chase strategies using doxycycline-regulated
keratin 5 (K5)tTA (TetOff)-Histone H2B-GFP mice [17]. After
finishing the chase at P56, we treated the mice for two alternate
days with CL-lipo and observed a proportion of LRCs outside the
bulge when compared to controls (Figures 3A and S7A).

Moreover, the precocious entry of HFs into anagen occurred with
no obvious alterations in HF differentiation. Immunostaining
analyses confirmed the presence of Ki67" proliferative cells in the
hair matrix along with the expression of P-cadherin (P-cad), as well
as the distribution of the companion layer marker keratin 6 (K6) and
the extracellular matrix protein tenascin C (TenC), all in the
expected HF locations (Figure 3B). The expression of K6irs, K34,
GATAS3, and the inner root sheet marker trichohyalin (AE15) was
also analyzed in total skin at mRNA level (Figure 3C). Globally,
these data suggest that the reduction of macrophages during telogen
induces a precocious exiting and differentiation of HF-SCis.

CL-lipo Treatment Is Macrophage-Specific and Induces
Neither HF Toxicity Nor Skin Inflammation

As CL-lipo-induced toxicity and inflammation might have
generated this effect, we systematically probed this possibility.
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Figure 2. Reduction of macrophage numbers in early telogen induces precocious HF growth. (A) The specific uptake of liposomes by
macrophages was analyzed by co-immunofluorescence analysis of F4/80" cells (red) and the detection of the liposomal PKH67 label (green) in skin
sections after the injection of PKH67-liposomes. Arrows indicate double labeling; n=2. Bar=20 um. (B) P44 mice were injected in the backskin for
two alternated days with CL-lipo. Samples were collected for analyses at the time indicated in the diagram. (C) Histograms represent the
quantification of F4/80™ cells in the backskin after treatment with CL-lipo and Lipo (left). Also shown is the distribution of F4/80" cells in the backskin
after treatment with CL-lipo (right). 10 fields/section/mouse were analyzed; n=4. (D) Hematoxylin—eosin staining of backskin samples isolated after
treatment with CL-lipo and Lipo controls. Bar=250 pm, n=4. (E) Histomorphometric analysis of HF stages after macrophages reduction. 100 HFs/
mouse were analyzed; n=4. (F) Appearance of the hair coat at T5 (P69), after shaving and treatment with CL-lipo and Lipo controls at TO (P44). **p<<
0.005; ***p<<0.0005. Note: n refers to the number of mice, per point per condition. All data used to generate the histograms can be found in Data S1.
doi:10.1371/journal.pbio.1002002.9002
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Since the rate of intraepithelial HF apoptosis is a very sensitive
indicator of HF damage (dystrophy) [59,60], it is important to note
no major signs of apoptosis were observed in epithelial cells
compared to controls (Figure S6G).

Furthermore, no changes were observed in the number of other
immune cells, including T-cells (CD3), mast cells, and B-cells
(Pax5) in skin (Figure S6D), supporting that CL-lipo treatment was
macrophage-selective. This was further corroborated by the
observation that subcutaneous CL-lipo treatment did not impinge
on the number of monocytes and macrophages of bone marrow,
spleen, or peripheral blood (Figure S7B and S7C).

This finding was in line with the observation that CL-lipo
induced neither an increase in the expression of the prototypic
pro- and anti-inflammatory cytokines, interleukin-10 (IL10) and -
12 (IL12), respectively, in skin (Figure S7D). In addition, no
changes in the expression of the proinflammatory molecule
ICAM1 were observed in skin, even after 2 and 4 d post treatment
(T2 and T3) (Figure S7E). However, ICAM]1 of the HF epithelium
increased at late stages upon CL-lipo treatment (14), consistent
with the documented upregulation of ICAM-1 expression in
anageny; HFs just before their entry into catagen [61].

Reduction of Skin Macrophages Is Associated with

Activation of B-catenin/Wnt Signaling

Due to the recognized fundamental role of Wnt/B-catenin
signaling in HF-SC activation and HF growth [24,62-66], we next
analyzed the distribution of B-catenin after CL-lipo treatment by
immunofluorescence. Interestingly, nuclear B-catenin was detected
in HFs early after CL-lipo treatment (T?2) (Figure 4A). In addition,
under the background of TCF/Lef:H2B-GFP transgenic mice
[67], the CL-lipo treatment induced signs of H2B-GFP expression
in few CD34" bulge cells and in the HG at T2, not observed in
Lipo controls (Figure 4B). This level of activation is consistent with
physiological levels as previously documented [68]. We also
performed RT-PCR analyses in FACS-isolated HF-SCs (Fig-
ure 4C) and observed an increase in their number and in the
relative mRNA expression levels of the Wnt signaling related genes
Lefl [68,69], and mOVO1 [70] and Axin2 [71] starting from T2,
without any changes in the expression levels of the HF-inhibitory
proteins BMP2 and BMP4 (Figure 4D) [18,21,25,72]. As expected
these increases were also observed in total skin at late stages of
anagen when the matrix forms and HFs differentiate (Figure 4E).
These data support an association between macrophages and the
B-catenin/Wnt signaling in the activation of HF-SCs.

Resident Macrophages Express HF-SC Stimulatory Factors
before the Onset of Anagen

To obtain mechanistic insight into how macrophages control
the activation of HF-SCs under physiological steady-state condi-
tions, we performed microarray analysis of the CD11b"Grl ™ F4/
80" skin resident macrophages at physiological Te, Tm, and Tl in
order to characterize changes in their gene expression profile as
HFs progress from telogen to anagen. Figures 5A and S8A show
the results of the comparison between late and early telogen (T1/
Te).

Interestingly, genes involved in the regulation of HF-SC
behavior were found to be the most upregulated ones in
macrophages before the onset of HF-SC activation, among them
Wnt7b and Wntl0a ligands that can activate canonical B-catenin/
Wnt signaling. Moreover, the expression of pro-apoptotic genes
was higher at Tl when compared to Te, consistent with the
observed increase in macrophage apoptosis (Figures 1F, S1F, and
S1G), correlating apoptosis with the expression of Wnts.

PLOS Biology | www.plosbiology.org
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In addition, we confirmed that skin resident macrophages are
highly heterogeneous. Indeed, immunofluorescence analysis re-
vealed that some macrophages coexpressed markers of both M1/
M2 phenotypes, such as iNOS (M1) and Argl (M2), under these
uninflamed conditions (Figure S8B-S8D). In total skin, no changes
were detected in the mRNA expression of cytokines such as IL10
and IL12a, two key cytokines that are important for the alternative
and inflammatory properties of macrophages, respectively (Figure
S8E).

We next validated the increase in the expression levels of Wnt7b
and Wntl0a preceding the onset of anagen. We first performed
quantitative reverse transcription (RT)-PCR assays in FACS-
sorted macrophages isolated from physiological Te, Tm, TI, and
anagen stages. Consistent with the microarray data, the mRNA
expression levels of both Wnt7b and Wntl0Oa increased as HF
transitioned from Te to A (Figure 5B). This increase appeared to
reflect primarily expression changes within macrophages, since
Grl* cells did not display any changes in Wnt7b and Wntl0a
expression (Figure S8F). Wnt7b mRNA levels were maintained at
the beginning of anagen, while Wntl0a levels decreased to ~50%
(Figure 5B).

Interestingly, immunofluorescence analyses revealed the pres-
ence of clusters of perifollicular macrophages (Figures 5C and S4),
reminiscent of PICCs [30], and during the progression of telogen
these exhibited both Wnt7b and WntlOa expression in close
proximity to the HFs and less pronounced in the no perifollicular
zone (Figure 5D and 5E). Although technical limitations in
obtaining sufficient macrophage numbers precluded the biochem-
ical analysis of Wnt7b and Wntl0a protein levels in macrophages
during these stages, these results demonstrate an intriguing
association between macrophage-derived Wnt expression and
HF-SC activation.

Macrophage Apoptosis Is Associated with an Increase of
Wnt7b and Wnt10a

To investigate whether both Wnt7b and WntlOa can be
produced autonomously by macrophages, we turned to in vitro
studies. As expected, the in vitro treatment of BMDM with CL-
lipo was able to stimulate apoptosis in a large fraction of
macrophages (~35%). Most interestingly, this resulted in the
release of cell-accumulated Wnt7b and Wntl0a into the media
(BMDM conditioned media [CM]) (Figure S9A-S9C).

To further assess the effect of apoptosis on the expression and
release of Wnts, we cultured BMDM derived from the LysMCre*/
T iDTR®K! mice, or control BMDM®X! (Figure S9D). DT
treatment triggered the apoptosis of LysMCre™ T iDTRKVE!
BMDM, but not control cells (Figure S9E). Surviving cells,
apoptotic cells, and their respective supernatants were collected
and analyzed by immunoblot. This showed that Wnt7b protein
levels in cell lysates slightly increased in apoptotic LysMCre*’"
iDTR®E! BMDM (Figure S9E). However, both Wnts were
increased in the CM when compared to controls (Figure S9F).

We then stimulated fresh control BMDM cells with the
previously described surviving (LysMCre™* iDTR¥Y®! BMDM),
apoptotic cells (LysMCre™ ' iDTR*YX! BMDM), or their
respective GCM. The stimulation of fresh BMDM with apoptotic
BMDM upregulated the expression of WntlOa (Figure S9G),
whereas no effect in the expression of Wnts was observed upon
stimulation with their CM (Figure S9G).

Overall, these murine macrophage cell culture data suggest that
macrophage apoptosis goes along with the release of Wnts and
that close intercellular interactions between macrophages are
important for apoptotic macrophages to further stimulate the
expression of Wnts of neighboring macrophages.
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Figure 3. Reduction of macrophage numbers in Telogen induces precocious exiting and differentiation of HF-SCs. (A) Representative
backskin sections of K5tTA-pTREH2B-GFP mice, subjected to a pulse-chase treatment with doxycycline, followed by treatment at P56 for two
alternated days with CL-lipo or Lipo controls. Arrows show the mobilization of LRCs (green); n = 3. Dox, doxycycline. (B) Immunofluorescence analysis
of P-cad, Tenascin C (TenC), Keratin6 (K6), and the proliferation marker Ki67; n=4. *Hair shaft autofluorescence. Bar=50 um. (C) Relative mRNA
expression of the differentiation markers trichohyalin (AE15), K6irs, K6, K34, and GATA3 from total backskin samples after treatment with CL-lipo,
normalized to Lipo controls; n=2-4. *p=0.05. All data used to generate the histograms can be found in Data S1.
doi:10.1371/journal.pbio.1002002.g003
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Apoptotic Macrophages Can Activate HF-SCs In Vitro

Next, we probed the causal association of macrophages with
HF-SC activation in vitro by assessing the effect of the BMDM
CM in cultured HF-SC. To this end, we FACS-isolated
CD34"K15-GFP* cells from the backskin of K15-GFP mice
(Figure S10A) [73]. HF-SCs were cultured and stimulated with
CM of BMDM treated with CL-lipo or control liposomes (Lipo)
(Figure S10A). Consistent with the in vivo data reported above
(Figure 4), treatment of HF-SCs with media conditioned by CL-
lipo BMDM significantly and reproducibly induced the expression
of canonical Wnt downstream targets in HIF-SCs, including
CycD1, Lefl, and axin2 (Figure S10B).

As control for specificity, we treated HF-SCs directly with CL-
lipo or Lipo, and no phagocytic uptake was observed by HF-SCs,
neither changes in the expression of the analyzed transcripts
(Figure S10B). In addition, immunofluorescence studies revealed
the expression of K1 and K10 differentiation markers, without an
increase in Ki67" cells when compared to controls (Figure S10C),
in agreement with previous data indicating the capacity of HF-SCs
to differentiate into epidermal lineages in vitro [74]. Overall, these
findings suggest that macrophages contribute to the activation of

HF-SCs.

Inhibition of the Production of Wnts by Skin
Macrophages Delays Anagen

To investigate the involvement of macrophage-derived Wnts in
the activation of HF-SCs and anagen induction under physiolog-
ical conditions, we subcutaneously injected liposomes containing
the specific hydrophobic small molecule inhibitor of Wnts, IWP-2.
IWP-2 is a bona-fide broad Wnt inhibitor that specifically prevents
palmitoylation of Wnt proteins, thereby blocking Wnt their
processing and activity [75-77]. It was to our great advantage
that this inhibitor is embedded and retained in the liposome
membrane. As shown in Figure 2A, the delivery and uptake of
liposomes selectively occurs in phagocytic macrophages. More-
over, IWP2-liposomes have been successfully used to block Wnt
activity derived from macrophages in other systems [78].

Using this approach, we performed treatments at different
telogen stages (Figure 6A, Te, Tm, and TI). Strikingly, the
sustained inhibition of Wnts starting at Tm was sufficient to delay
the HF-SC entry into anagen and prevented the reduction of
macrophage numbers (Figure 6B and 6C). Of note, the treatment
with IWP-2 liposomes at Te (Figure 6D) or at Tl (Figure 6E), did
not have an effect in HF-SCs and HG proliferation, and HF
growth when compared to controls. Overall, these results indicate
that macrophages contribute to the activation of HF-SCs, leading
to a permissive state that allows HF entry into anagen.

Inhibition of the processing of Wnts derived from macrophages
via IWP2-liposomes dampened the anagen-inducing effect of CL-
lipo treatment, as documented by histological and immunofluo-
rescence analysis of P-cad (enriched in the HG) (Figure 6F and
6G), and by the quantitative mRNA expression of HF-differen-
tiation markers in total skin (Figure 6H). Under these conditions,
the treatment with IWP-2 liposomes also abrogated the reduction
of macrophage numbers (Figure 6I).

Taken together, our results suggest that the apoptosis-associated
secretion of Wnts by perifollicular macrophages contributes to the
activation of epithelial HF-SCs, allowing HF entry into anagen.

Discussion

While previous studies have already pointed to a link between
macrophages and the regulation of HF cycling, in particular
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during the anagen-to-catagen transition [15,30,36], the current
study provides the first evidence, to our knowledge, that a selective
reduction in the number of macrophages induces premature
anagen entry. Moreover, our data suggest that changes in the
release of Wnt signals by perifollicular macrophages may
contribute to the establishment of the refractory and competent
phases of telogen, and to the propagation of cues that induce
anagen. Finally, we show that apoptotic macrophages can activate
epithelial HF-SCs in a Wnt-dependent manner, and that
inhibition of Wnts derived from macrophages delays anagen.

Conceptually, this finding reveals that skin-resident macro-
phages function as important mesenchymal regulators of
epithelial HF-SC function under physiological conditions and
identifies a novel link between macrophages and HF cycling.
Given, however, the many similarities between anagen devel-
opment and wound healing on the one hand [79], and the key
role of skin macrophages in wound repair on the other [47], it is
not surprising that macrophages turn out to be involved not
only in matrix scavenging during HF regression [43], but also in
HF-SC activation and anagen induction. Thus, our study
underscores the importance of macrophages as modulators of
tissue regeneration and organ remodeling, well beyond their
function as phagocytes, and highlights that the murine hair cycle
offers an excellent model for further dissection of these
physiological roles.

The fact that a reduction in skin macrophage numbers exerts
strong hair cycle-modulatory effects corresponds to the previously
reported hair cycle-accelerating effects of yd T cell deletion [42],
and points to the need for systematic re-examination of the role of
immunocytes in hair growth control. This line of research should
facilitate the development of novel therapeutic strategies for the
manipulation of undesired human hair loss or growth that target
perifollicular immunocytes, such as macrophages. Particularly
mmportant will be the studies focusing on human inflammatory
permanent alopecias characterized by irreversible HF-SC damage
and macrophage infiltration of the bulge [10].

We noted that ~50% of the HFs of the second postnatal
telogen exhibited perifollicular F4/80" cells. Previous findings of
a much smaller percentage of perifollicular macrophage clusters
(PICGCs) (~2%) [30] likely reflect differences in the hair cycle
stage analyzed (first postnatal anagen and during the transition
of anagen-to-catagen) [30]. Furthermore, our analyses revealed
that the number of macrophages declines as telogen progresses
from the refractory to the competent phases of telogen
(Figures 1 and S1), probably after performing their phagocytic
functions during the basement membrane resorption of invo-
luting catagen HFs [43]. This scenario seems to be different
when growing anagen HFs progress to catagen, as previously
reported during the first HF cycle [15,36], and confirmed here
(Figure S1B).

Future work in this field should strive to use genetic mouse
models to selectively decrease skin macrophage numbers, rather
than having to rely on the clodronate method. However this
process is difficult, given the differential origins of macrophages
[48,80,81]. Our results stress the need to analyze the character-
istics of skin resident macrophages and their differential roles in
homeostasis (fate-mapping studies, linear tracing) to generate
useful genetic mouse models not available to date.

The macrophage expression profiles identified in our studies
underscored the highly heterogeneous phenotype of skin macro-
phages [82-84]. In the context of M1 and M2 macrophages
[82,85], they seem to comprise unpolarized populations since they
co-express both M1/M2 markers in uninflamed, not wounded
conditions. However, a clear upregulation of the expression levels
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Figure 4. Reduction of skin macrophages is associated with activation of f-catenin/Wnt signaling. (A) Immunofluorescence analysis of j3-
catenin (green) and K5 (red) in backskin sections of mice treated with CL-lipo and Lipo controls; n =4. *Hair shaft autofluorescence. Bar=25 um. (B)
Immunofluorescence analysis of CD34 (red) and H2B-GFP signal (green) in T2 backskin sections of TCF/Lef:H2B-GFP transgenic mice treated with CL-
lipo and Lipo controls; n=3. Arrows point to GFP positive cells. Bar=25 um. The gating strategy is shown in Figure S11 B. (C) FACS analysis of single
cell suspensions of CD34*CD49f" HF-SCs (gated) isolated from backskin of mice treated with CL-lipo or Lipo controls at specified time points; n =2-4.
(D) Relative mRNA expression of canonical Wnt/B-catenin target genes and BMP signaling genes in HF-SCs isolated as indicated in (B); n=2-4. (E)
Relative mRNA expression of canonical Wnt/B-catenin target genes and BMP signaling genes in total back-skin samples after treatment with CL-lipo
compared to Lipo controls; n=6. Note: n refers to the number of mice, per point per condition. *»p=0.05. All data used to generate the histograms
can be found in Data S1.

doi:10.1371/journal.pbio.1002002.g004
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of Wnt7b and Wntl0a was observed in macrophages as telogen
progresses to anagen. Intriguingly, our observation that apoptosis
upregulates the expression of Wnts is fully consistent with
observations documented in other systems, including e.g., Hydra
and liver models [55,86]. Wnt7b activity has been implicated in
regenerative processes including macrophage-dependent control
of cell fate decisions in the vasculature [87], lung development
[88], and macrophage-dependent kidney wound repair [89].
Moreover, Wntl0a is upregulated during HF development [90],
and Wntl0Oa missense mutations have been associated with the
human syndromes odonto-onycho-dermal dysplasia [91] and
Schopf-Schulz—Passarge [92,93], both characterized for malfor-
mations in ectodermal structures.

Macrophages have been extensively implicated in the develop-
ment of several tissues, as well as in homeostasis and cancer
[85,94-96]. They have been directly implicated in the regulation
of other adult SC niches such as the hematopoietic SCs [97,98],
mammary SCs [99], and liver [55]. However, macrophage
functions have specific roles depending on the tissue context
[94]. Hence, dissecting the roles of skin-resident macrophages in
homeostatic HF regenerative conditions adds a new relevant facet
of skin biology. It is an important first step in understanding the
functions of macrophages in other contexts such as skin repair,
skin inflammatory diseases, and cancer.

In skin repair, it has been recently documented that macro-
phages play differential roles as wounds heal [47]. Interestingly,
their infiltration upon wounding is required for HF growth [100].
It is well-established that HF-SCs transiently contribute to the
epidermal lineage after injury to support cutaneous wound healing
[17,101-103], and that large full thickness wounds induce HF
neogenesis [4,101]. Hence, future research should target the
mvolvement of different skin epithelial progenitor cells, macro-
phages, and macrophage derived Wnts in these contexts. In
addition, since adult skin HF-SCs, their immediate progeny, and
basal progenitor cells have been identified as cells of origin of skin
carcinomas [104,105], the elucidation of HF-SC interactions with
macrophage-derived Wnts in the context of tumorigenesis
[85,106] is an important question for future studies.

Our study delineates that macrophage-derived Wnts activate
HF-SCs and HF entry into anagen. In addition, our results raise
the possibility that non-apoptotic perifollicular macrophages
operate as an “immunocyte brake” on HF-SC activation, which
is only released by the macrophage apoptosis-associated release of
Wnts. This finding begs the next question to be addressed in
subsequent studies: What triggers and regulates perifollicular
macrophage apoptosis during telogen? For example, does this
numeric decline only reflect the natural completion of the finite
macrophage life span, or does the HF epithelium (including its
SCs) actively participate in the reduction of macrophages?
Overall, we surmise that the outcome of HF-SC activation via
macroenviromental signals is regulated by a whole host of tightly
regulated signaling loops between HF-SCs, adipocytes, immune
cells, the vasculature, and now, based on our findings, with
macrophages.

Determining whether these molecular signals are orches-
trated along with the intrinsic HF-SC regulatory cues will be
valuable to define the multiple hierarchies that underlic HF
regeneration. Once powerful tools of molecular biology at
hand in mice become applicable to human hair research,
including novel in situ-imaging tools to assess HF-SC
activation in humans [107], new translationally and therapeu-
tically relevant insights into the macrophage-epithelial SC
connection and its role in tissue remodeling, organ repair, and
hair diseases may be achievable.
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Materials and Methods

Ethics Statement

All protocols related to animal research were approved by the
Animal Experimental Ethics Committee of the Carlos III Health
Institute, in strict compliance with institutional guidelines and the
international regulations for Welfare of Laboratory Animals.

Mice and Treatments

Experiments were performed with 6- to 12-week old Crl:CD1
(ICR) and FVB/N female mice. Mice were sacrificed at specific
postnatal days (P), and their dorsal skins were dissected and
processed for analyses. To reduce the number of skin-resident
macrophages, 1 mg of clodronate-encapsulated liposomes were
administered to mice via daily subcutaneous injections during two
alternated days (Encapsula Nanosciences). CL-lipo are the one of
the most effective, specific, and extensively used agents to deplete
phagocytic monocytes and macrophages via apoptosis [49,53].
The specific Wnt inhibitor IWP-2 (Roche Diagnostics) was
encapsulated in liposomes (Encapsula Nanosciences) and 50 ug
were injected subcutancously [75,78]. The K5 tTA(TetOff)-
histone H2B-GFP mice [17], the K15-GIFP mice (Jackson Lab)
[103], the Katushka reporter mice [108], and the TCF/Lef:H2B-
GFP transgenic mice (Jackson Lab) [67] have been previously
described. Doxycycline treatments were initiated in 28 d postnatal
mice [17], and maintained until the collection of samples after the
performance of subcutaneous injections of CL-lipo and Lipo at
specified times.

Microarray Analysis

Total RNAs from FACS isolated skin-resident macrophages,
pooled from three littermate mice per point, were purified using
the Absolutely RNA reverse transcription system (Stratagene).
These samples were provided to the CNIO Genomics Core
Facility to perform the quantification, assessment of RNA quality,
labeling, hybridization, and scanning process. Briefly, 0.05-1 ng
RNA were subjected to a preliminary amplification step with a
TransPlex Whole Transcriptome Amplification WTA2 kit (Sig-
ma). 250 ng of sample were reverse transcribed using the Agilent
Oligonucleotide Array-Based CGH for Genomic DNA Analysis -
ULS Labeling for Blood, Cells, Tissues or FFPE (with a High
Throughput option). The recommendations from Sigma for the
integration of TransPlex WTA with the Agilent microarray
workflow were followed, such as the omission of Cot-1 DNA.
250 ng of cDNA were non-enzymatically labeled with either Cy3
or Cy) fluorophores using the ULS technology (Kreatech), and
labeled samples were hybridized to the Mouse Gene Expression
G3 8x60 K array (Agilent) at 65°C for 40 h. Hybridized chips
were scanned using a G2505C DNA microarray scanner (Agilent)
and the obtained images were quantified using the Feature
Extraction Software 10.7 (Agilent). Probesets were considered as
differentially expressed when the absolute fold change was =10-
fold. Unsupervised clustering analysis (UPGMA) was performed
using Pearson correlation. The microarray data from this
publication have been submitted to the GEO database http://
www.ncbinlm.nih.gov/geo/info/linking.html and assigned the
identifier GSE58098.

Flow Cytometry and Cell Sorting

Backskins were minced into small pieces and digested in PBS,
1% BSA, 0.5 mg/ml DNase I, and 0.5 mg/ml collagenase II and
IV for 1 h at 37°C. Single cell-suspensions were obtained via
pipette mechanical dissociation of total skin (epidermis and dermis)
followed by filtration through 40 pm cell strainers. Cells were
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Figure 5. Resident macrophages express HF-SC stimulatory factors before the onset of anagen. (A) CD11b*Gr1 F4/80" macrophages
were FACS-isolated from Te and Tl backskin samples. Their mRNAs were purified and used to perform microarray analyses to evaluate changes in
gene expression at Tl (P69) versus Te (P44). Histograms show a shortlist of up- and downregulated genes that have been involved in the control of
HF-SC activation and apoptosis. The gating strategy is shown in Figure S3 A. (B) Relative mRNA expression of Wnt7b and Wnt10a in FACS-sorted
CD11b*Gr17F4/80" cells at Te, Tm, Tl, and A; n=3. The gating strategy is shown in Figure S3A. (C) Immunofluorescence staining of F4/80"
perifollicular macrophages (green). (D) Each histogram point represents the mean value of double positive F4/80"Wnt7b* and F480*Wnt10a" over
total F4/80" perifollicular macrophages. 10 fields/section/mouse were analyzed; n=4. (E) Immunofluorescence of Wnt7b (green)/F4/80 (red), and
Wnt10a (green)/F4/80 (red), counterstained with DAPI (blue) of skin sections at Te, Tm, Tl, and A; n=3. Bar=50 um. n.s. non significant, Note: n refers
to the number of mice, per point per condition. *p=0.05. All data used to generate the histograms can be found in Data S1.
doi:10.1371/journal.pbio.1002002.g005
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Figure 6. Inhibition of the production of Wnts by skin macrophages delays hair growth. (A) Scheme illustrating the subcutaneous
treatment with IWP-2-liposomes (IWP-2-lipo) to target mature phagocytic macrophages at different telogenic stages. Arrowheads indicate the time in
which skin samples were collected. (B) Histological analyses of skin sections harvested at A (P82), after being treated with IWP-2-lipo starting before
Tm (P50); n = 8. Quantification of the stage of HFs telogen (T), Early anagen (A _y5), late anagen (A;p_\1); n=8. (C) Histogram shows the quantification
of the number of F4/80+ cells at A (P82), after being treated with IWP-2-lipo starting before Tm (P50). 10 fields/section/mouse were analyzed; n=3.
Dotted line represents Tm threshold levels. (D) Mice were injected in the backskin with IWP-2-lipo and Lipo controls starting at Te (P44). Samples were
collected at Tm (P55), and processed for immunofluorescence analyses of Ki67 and P-cad (HG). The histogram shows the percentage of HFs with a HG
positive for Ki67*Pcad™ cells; n = 3. (E) Histological analysis of skin sections harvested at A (P82) after being treated with IWP-2-lipo starting at P67, two
days before Tl; n=3. (F-G) Histomorphometric analysis of HF stages and histological analyses of skin sections of mice treated for 5 days with IWP2-
lipo and Lipo controls. Over the curse of this treatment, CL-lipo and Lipo controls (syringes) were administered twice every 2 days. Samples were
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collected 6 days later. Immunostaining shows proliferating HG (Ki67*P-cad™). 100 HFs/mouse were analyzed; n=6. (H) Relative mRNA expression of
HF differentiation markers in total skin samples treated as described in (F); n=6. (I) Histogram shows the quantification of the number of F4/80" cells
per field, after being treated as described in Figure 6F; n=3. Note: n refers to the number of mice, per point per condition. *p=0.05, **p<<0.005;
***p<0.0005. All data used to generate the histograms can be found in Data S1.

doi:10.1371/journal.pbio.1002002.g006

washed in PBS, blocked using the mouse seroblock FcR reagent
(CD16/CD32; BD Pharmigen), and stained for FACS analysis in
ice-cold PBS, 0.5% BSA, 0.3 mM EDTA using the following
antibodies: CD11b-PerCPCy5.5 (rat mAb Clone M1/70, 45-0112
eBioscience), F4/80-APC-eFluor780 (rat mAb Clone BM8, 47-
4801 eBioscience), Grl-PECy7 (rat mAb Clone RB6-8C5, 25-
5931 eBioscience). To isolate HF-SC, backskins from K15-GFP
mice were digested with 0.25% trypsin-EDTA in PBS for 14 h at
4°C. Cell suspensions were processed as mentioned above, and
stained for 30 min at 4°C using the following antibodies: CD34-
PE (rat mAb Clone RAM34; BD Pharmigen), CD49f-APC (rat
mAb Clone eBioGoH3; eBioscience), and P-cad-APC (rat mAb
Clone 106020; R&D systems). Cells were sorted on a FACSAria
Ilu using the CellQuest Pro software (BD Biosciences), or analyzed
using a FACSCanto and the FlowJo software (TreeStar). For Sub-
G1 analysis sorted cells were fixed in 70% EtOH and stained with
propidium iodide (Becton Dickinson). For TUNEL analyses,
cytospin preparations of FACS-sorted cells were processed and
stained according to the in situ Cell Death Detection kit,
Fluorescein (Roche). The FCS files from this publication have
been deposited in the Dryad repository http://dx.doi.org/10.
5061/dryad.2822t [109].

Statistical Analysis

All quantitative data are presented as mean * SEM. Results are
representative of at least three independent experiments. To
determine the significance of the data obtained for two groups,
comparisons were made using two-tailed, unpaired Student’s £ test.
For all statistical analysis a confidence level of $=0.05 was
considered to be statistically significant.

Supporting Information

Figure S1 Skin-resident macrophages decrease in num-
ber before the onset of the first anagen. (A) Backskin
samples were isolated from three different stages: P20, telogen (T);
P23, early anagen (Ae), and P29, late anagen (Al). (B) Histograms
show the fluctuations in number of different immune cell types
analyzed by immunofluorescence. Each histogram point repre-
sents the mean value of positive cells per 10 x magnification field.
10 fields/section/mouse were analyzed; n=4. *$=0.05. (C)
Histological analysis of the expression of Toludine blue positive
mast cells in the backskin at Te, Tm, T1, and A stages. The boxed
areas are shown at higher magnification in the right panels. (D)
Immunofluorescence analysis of CD3 (green) counterstained with
DAPI (blue) in the backskin at the specified HF stages; *p=0.05.
The boxed areas are shown at higher magnification in the right
panels. (E) Diagram showing the perifollicular (proximal and
distal) and no perifollicular regions used to assess the distribution
of macrophages. (F) Histogram shows the percent of TUNELF4/
80" cells in mouse backskin at different stages; n = 3. The gating
strategy is shown in Figure S3 A. (G) Histogram shows the percent
of Sub-G1 DNA fragmentation of F4/80"CD11b* sorted cells
from skin at different stages; n = 3. The gating strategy is shown in
Figure S11A. All data used to generate the histograms can be
found in Data S1.

(TIF)
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Figure S2 BMP/Wnt mRNA fluctuation at different
telogenic stages. (A) Graphs represent the relative mRNA
expression levels of BMPs and Wnts in total skin at different
telogenic stages. (B) Graphical representation of the fluctuation of
mRNA levels. All data used to generate the histograms can be
found in Data SI.

(TIF)

Figure 83 FACS analyses of macrophage populations in
skin samples at different telogenic stages. (A) Gating
strategy of single cell suspensions of total skin. Cells were analyzed
by FACS and sorted by the differential expression of F4/80 on
CDI11b~Grl* and CD11b*Grl™ populations at different time
points. (A") Histograms represent the percent of single F4/
80*,CD11b*,Gr1* positive cells in the total skin at different
telogenic stages. (B) Single cell suspensions were analyzed for the
co-expression of CDI1lc and F4/80. (B') Quantification of
CDl1c" single cells and (B”) double positive CD11¢"F4/80" are
shown in the histogram at different time points; n =4. All data
used to generate the histograms can be found in Data S1. The
gating strategy is shown in Figure S11C.

(TIF)

Figure S4 HFs exhibit perifollicular macrophages. (A)
Immunofluorescence staining for F4/80% cells (red) in whole
mount skin preparations shown at different telogenic stages. (B)
The histogram represents the percent of HFs exhibiting
perifollicular macrophages. 200 HFs/mouse; n=3. (C) The
histogram represents the percent of HFs exhibiting PICCs clusters
at different telogenic stages. 200 HFs/mouse; n = 3. (D) 3-D whole
mount reconstruction of skin showing the distribution of F4/80*
cells, obtained using the Imaris software. *p=0.05. All data used to
generate the histograms can be found in Data S1.

(TIF)

Figure S5 Skin resident macrophages do not present
LysM-dependent expression of Cre under steady state
conditions. Immunofluorescence analyses of backskin, cytospin
of BMDM, liver and spleen derived from LysMCre*’ ", iDTR*"
KI, and control Lysl\lCrc+/+, iDTR XVKL mice under the
background of the red fluorescent Katushka mice. F480+ (green),
Katushka (red), DAPI (blue); n =4 mice.

(TIF)

Figure S6 Subcutaneous administration of clodronate
liposomes does not alter the number of other inflam-
matory cells in skin, and also is able to induce
precocious HF growth at early telogen in FVB/N mice.
(A) The specific uptake of liposomes by macrophages was analyzed
by co-immunofluorescence analysis of F4/80" cells (red) and the
detection of the liposomal PKH67 label (green) in skin sections after
the injection of PKH67-liposomes. Arrows indicate double labeling;
n=2. (B) Immunofluorescence of F4/80+ in backskin section of
mice treated with CL-lipo and Lipo controls and collected at
different time points; n = 4. (C) Left. Histogram shows the percent
and the distribution of TUNEL"F4/80" cells in the backskin of mice
treated with CL-lipo and Lipo and analyzed at different time points;
n = 3. Right. TUNEL and F4/80 immunofluorescence analyses in
T2 backskin samples of mice treated with CL-lipo; n=3. (D)
Histogram shows the number of inflammatory cells present in skin
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sections after treatment with CL-lipo and Lipo controls, detected by
immunofluorescence or histology techniques; n=4. (E) FVB/N
mice were injected in the backskin at TO for two alternated days
with CL-lipo. Samples were collected for analyses at T4 (P52).
Hematoxylin—eosin staining of backskin samples isolated after
treatment with CL-lipo and Lipo controls. Bar =250 um; n = 2. (F)
Appearance of the hair coat at T5 (P69) in FVB/N mice, after
shaving and treatment with CL-lipo and Lipo controls at TO (P44).
Bar=250 pm; n=2. (G) TUNEL and K5 immunofluorescence
analyses in T2 backskin samples of mice treated with CL-lipo; n = 3.
All data used to generate the histograms can be found in Data S1.
(TTF)

Figure 87 Subcutaneous administration of clodronate
liposomes does not alter macrophage number in the
spleen, blood, and bone marrow, nor does it induce skin
inflammation. (A) Representative backskin sections of K5tTA-
pTREH2B-GFP mice, subjected to a pulse-chase treatment with
doxycycline, followed by treatment at P56 for two alternated days
with CL-lipo or Lipo controls. (B) Histograms show the number of
F4/80, CD11b, and Grl positive cells in the bone marrow and
peripheral blood detected by FACS, after subcutaneous treatment
with CL-lipo and Lipo controls; n=3. The gating strategy is
shown in Figure S11D and S11E. (C) Histograms show the
number of F4/80, CD11b, and Grl positive cells in the spleen
detected by IF, after subcutaneous treatment with CL-lipo and
Lipo controls; n = 3. (D) Histograms represent the relative mRNA
expression levels of IL10 and IL12 at T4 in Lipo versus CL-lipo
treated backskin; n=3. (E) Histograms represent the relative
ICAMI mRNA expression levels at T2, T3, and T4 in Lipo versus
CL-lipo treated backskin, and untreated Te and Ayy; n=3. ¥p=
0.05. All data used to generate the histograms can be found in
Data SI.

(TIF)

Figure S8 Macrophage gene expression during the Te to
T1 transition. (A) Unsupervised clustering heat map showing
genes up- and downregulated in F4/80"CD11b" cells isolated from
backskin of mice at Te and TI. (B) Histograms show a shortlist of
classical or alternative macrophage associated genes that were found
up- or downregulated in FACS-isolated CDI11b*Grl F4/80"
mature macrophages, using microarray analyses. The gating
strategy is shown in Figure S3A. (C) Immunofluorescence analysis
of skin sections of INOS (M), Argl (M2), and F4/80. (D)
Histograms represent the percentage of Argl/iNOS double positive
F4/80 cells in skin at different telogenic stages. (E) Histograms show
the relative mRINA expression of IL10 and IL12a in whole backskin
of mice and time point indicated; n=3. (F) Relative mRNA
expression of Wnt7b and Wntl0a in FACS-isolated F4/80" cells
present in the CD11b™ Grl+ population at Te, Tm, and Tl; n = 3.
The gating strategy is shown in Figure S3 A. All data used to
generate the histograms can be found in Data SI.

(TTF)

Figure S9 Treatment of bone marrow differentiated
macrophages with clodronate-liposomes releases Wnt7b
and Wntl0a. (A) Scheme illustrating the treatment of BMDM
with either CL-lipo or Lipo controls, before harvesting treated cells
or their conditioned medium (BMDM CM). (B) FACS analysis of
the sub-G1 DNA content of BMDM treated with CL-lipo and
Lipo controls; n =3. Bars indicate the percentage of cell death.
The gating strategy is shown in Figure S11 F. (C) Immunoblot
analysis of Wnt7b and Wntl0a expression in both BMDM total
cell lysates and BMDM CM treated with CL-lipo and Lipo
controls. (D) Scheme illustrating the experimental approach used
to explore the effect of apoptosis in the expression of Wnts.
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BMDM derived from LysMCre™ T-iDTR™® mice or control
LysMCrc*'/*'iDTRKI/KI were treated with diphteria toxin (DT).
Floating apoptotic (LysMCre* " IDTR**4DT) and alive at-
tached (LysMCre*HDTR™ /¥ 4DT) macrophages were col-
lected, and used to treat control BMDM in a 1:1 ratio. (E)
Immunoblot analysis of Wnt7b and Wntl0a and active caspase-3
(AC3) expression in BMDM and CM isolated from both
LysMCre* "-iDTR™/® and control LysMCre*iDTR*V*!
mice treated with DT} 7= 3. (F) Immunoblot analysis of Wnt7b
and WntlOa expression in BMDM and CM isolated from
LysMCre* iDTR®® mice treated with BMDM LysMCre* -
iDTR®®! and control LysMCre™ HDTR™ ™ mice treated with
DT; n=3. n refers to number of experimental replicates. (G)
Immunoblot analysis of Wnt7b and Wntl0Oa expression in fresh
BMDM treated with surviving LysMCre™ iDTR*®! cells or
apoptotic LysMCre™ T DTR®/ ™! cells, or with their respective
CM; n = 3. n refers to number of experimental replicates. All data
used to generate the histograms can be found in Data S1.

(TIF)

Figure S10 Macrophage derived soluble factors pro-
mote in vitro HF-SC activation and differentiation. (A)
Scheme representing the protocol used to stimulate HF-SCs with
macrophage CM. BMDM cells were treated with either CL-lipo
or Lipo controls. The media was collected and used to treat FACS-
isolated GFP*, CD34" HF-SCs growing in culture. The gating
strategy is shown in Figure S11G. (B) Relative mRNA expression
of HF-SCs treated with Lipo control, CL-lipo, or the BMDM CM
of cells treated with Lipo and CL-lipo; n =9. n refers to number of
experimental replicates. (CG) Immunofluorescence analysis of K1,
K10, and Ki67 (red) in HF-SCs treated with CL-lipo BMDM CM
when compared to controls. The histogram shows the quantifica-
tion of positive cells; n = 3. *p=0.05; **#*p<<0.0005. All data used
to generate the histograms can be found in Data S1.

(TTF)

Figure S11 Gating strategy of the flow cytometry
analyses presented in this study. The gating strategy is
presented in Figures 1F, 4B, S1G, S3B, S7B, S9B, and S10A.
(TTF)

Data S1 Data used to generate histograms in this study.
The table relates to Figures 1-6, S1, S2, S3, S4, and S6, S7, S8,
S9, S10.
(XLSX)

Text S1 Supplementary materials and methods.
(DOC)

Acknowledgments

We thank Erwin Wagner, Manuel Serrano, Juan Guinea, and all the
members of the Perez-Moreno lab for critical reading of the manuscript.
We also thank all members of the BBVAF-CNIO Cancer Cell Biology
Program for their valuable suggestions over the course of this work. We
thank Elaine Fuchs (The Rockefeller University, NY) for the pTRE-
H2BGFP and Kl4-actinGFP mice, Erwin Wagner (CNIO) for the
LysMCre transgenic mice, Adam Glick (Pennsylvania State University,
PA) for the K5-tTA mice, and Sagrario Ortega (CNIO) for the Katushka
reporter mice. We also thank Francesca Antonucci, Flor Diaz, the CNIO
Flow Cytometry, the Confocal Microscopy, and the Genomics Core Units
for technical support.

Author Contributions

The author(s) have made the following declarations about their
contributions: Conceived and designed the experiments: DC MPM.
Performed the experiments: DC. Analyzed the data: DC MPM.
Contributed reagents/materials/analysis tools: DG MPM. Wrote the

December 2014 | Volume 12 | Issue 12 | e1002002



paper: DC MPM. Provided experimental suggestions and expertise in hair
follicle (immuno-)biology and edited the manuscript: RP.

References

1.

16.
17.

21.

22.

23.

24.

25.

31.

Tadeu AM, Horsley V (2014) Epithelial stem cells in adult skin. Curr Top Dev
Biol 107: 109-131.

. Di Meglio P, Perera GK, Nestle FO (2011) The multitasking organ: recent

insights into skin immune function. Immunity 35: 857-869.

. Gurtner GC, Werner S, Barrandon Y, Longaker MT (2008) Wound repair and

regeneration. Nature 453: 314-321.

. Gay D, Kwon O, Zhang Z, Spata M, Plikus MV, et al. (2013) Fgf9 from dermal

gammadelta T cells induces hair follicle neogenesis after wounding. Nat Med
19: 916-923.

. Coussens LM, Werb Z (2002) Inflammation and cancer. Nature 420: 860-867.
. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation.

Cell 144: 646-674.

. Plikus MV, Gay DL, Treffeisen E, Wang A, Supapannachart RJ, et al. (2012)

Epithelial stem cells and implications for wound repair. Semin Cell Dev Biol

23: 946-953.

. Fuchs E, Chen T (2013) A matter of life and death: self-renewal in stem cells.

EMBO Rep 14: 39-48.

. Meyer KC, Klatte JE, Dinh HV, Harries MJ, Reithmayer K, et al. (2008)

Evidence that the bulge region is a site of relative immune privilege in human
hair follicles. Br J] Dermatol 159: 1077-1085.

. Harries MJ, Meyer K, Chaudhry I, J EK, Poblet E, et al. (2013) Lichen

planopilaris is characterized by immune privilege collapse of the hair follicle’s
epithelial stem cell niche. J Pathol 231: 236-247.

. Bertolini M, Meyer KC, Slominski R, Kobayashi K, Ludwig R], et al. (2013)

The immune system of mouse vibrissae follicles: cellular composition and
indications of immune privilege. Exp Dermatol 22: 593-598.

. Jahoda CA, Christiano AM (2011) Niche crosstalk: intercellular signals at the

hair follicle. Cell 146: 678-681.

. Chen CC, Chuong CM (2012) Multi-layered environmental regulation on the

homeostasis of stem cells: the saga of hair growth and alopecia. ] Dermatol Sci
66: 3-11.

. Sennett R, Rendl M (2012) Mesenchymal-epithelial interactions during hair

follicle morphogenesis and cycling. Semin Cell Dev Biol 23: 917-927.

. Paus R, van der Veen C, Eichmuller S, Kopp T, Hagen E, et al. (1998)

Generation and cyclic remodeling of the hair follicle immune system in mice.
J Invest Dermatol 111: 7-18.

Hardy MH (1992) The secret life of the hair follicle. Trends Genet 8: 55-61.
Tumbar T, Guasch G, Greco V, Blanpain C, Lowry WE, et al. (2004) Defining
the epithelial stem cell niche in skin. Science 303: 359-363.

. Greco V, Chen T, Rendl M, Schober M, Pasolli HA, et al. (2009) A two-step

mechanism for stem cell activation during hair regeneration. Cell Stem Cell 4:
155-169.

. Rompolas P, Deschene ER, Zito G, Gonzalez DG, Saotome I, et al. (2012)

Live imaging of stem cell and progeny behaviour in physiological hair-follicle
regeneration. Nature 487: 496-499.

. Hsu YC, Pasolli HA, Fuchs E (2011) Dynamics between stem cells, niche, and

progeny in the hair follicle. Cell 144: 92-105.

Plikus MV, Mayer JA, de la Cruz D, Baker RE, Maini PK, et al. (2008) Cyclic
dermal BMP signalling regulates stem cell activation during hair regeneration.
Nature 451: 340-344.

Festa E, Fretz J, Berry R, Schmidt B, Rodcheffer M, et al. (2011) Adipocyte
lineage cells contribute to the skin stem cell niche to drive hair cycling. Cell
146: 761-771.

Brownell I, Guevara E, Bai CB, Loomis CA, Joyner AL (2011) Nerve-derived
sonic hedgehog defines a niche for hair follicle stem cells capable of becoming
epidermal stem cells. Cell Stem Cell 8: 552-565.

Lowry WE, Blanpain C, Nowak JA, Guasch G, Lewis L, et al. (2005) Defining
the impact of beta-catenin/Tcf transactivation on epithelial stem cells. Genes
Dev 19: 1596-1611.

Botchkarev VA, Botchkareva NV, Nakamura M, Huber O, Funa K, et al.
(2001) Noggin is required for induction of the hair follicle growth phase in
postnatal skin. FASEB J 15: 2205-2214.

5. Plikus MV, Baker RE, Chen CC, Fare C, de la Cruz D, et al. (2011) Self-

organizing and stochastic behaviors during the regeneration of hair stem cells.

Science 332: 586-589.

. Paus R, Nickoloff BJ, Ito T (2005) A “hairy’ privilege. Trends Immunol 26: 32

40.

. Ito T, Meyer KC, Ito N, Paus R (2008) Immune privilege and the skin. Curr

Dir Autoimmun 10: 27-52.

. Gilhar A, Etzioni A, Paus R (2012) Alopecia areata. N Engl J] Med 366: 1515—

1525.

. Eichmuller S, van der Veen C, Moll I, Hermes B, Hofmann U, et al. (1998)

Clusters of perifollicular macrophages in normal murine skin: physiological
degeneration of selected hair follicles by programmed organ deletion.
J Histochem Cytochem 46: 361-370.

Gilliam AC, Kremer IB, Yoshida Y, Stevens SR, Tootell E, et al. (1998) The
human hair follicle: a reservoir of CD40+ B7-deficient Langerhans cells that
repopulate epidermis after UVB exposure. J Invest Dermatol 110: 422-427.

PLOS Biology | www.plosbiology.org

15

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

58.

Crosstalk Between Skin Resident Macrophages and Skin Stem Cells

Kumamoto T, Shalhevet D, Matsue H, Mummert ME, Ward BR, et al. (2003)
Hair follicles serve as local reservoirs of skin mast cell precursors. Blood 102:
1654-1660.

Nagao K, Kobayashi T, Moro K, Ohyama M, Adachi T, et al. (2012) Stress-
induced production of chemokines by hair follicles regulates the trafficking of
dendritic cells in skin. Nat Immunol 13: 744-752.

Wang Y, Szretter KJ, Vermi W, Gilfillan S, Rossini C, et al. (2012) IL-34 is a
tissue-restricted ligand of CSFIR required for the development of Langerhans
cells and microglia. Nat Immunol 13: 753-760.

Hoffman U, Tokura Y, Nishijima T, Takigawa M, Paus R (1996) Hair cycle-
dependent changes in skin immune functions: anagen-associated depression of
sensitization for contact hypersensitivity in mice. J Invest Dermatol 106: 598—
604.

Suzuki S, Kato T, Takimoto H, Masui S, Oshima H, et al. (1998) Localization
of rat FGF-5 protein in skin macrophage-like cells and FGF-5S protein in hair
follicle: possible involvement of two Fgf-5 gene products in hair growth cycle
regulation. J Invest Dermatol 111: 963-972.

Maurer M, Fischer E, Handjiski B, von Stebut E, Algermissen B, et al. (1997)
Activated skin mast cells are involved in murine hair follicle regression
(catagen). Lab Invest 77: 319-332.

Maurer M, Paus R, Czarnetzki BM (1995) Mast cells as modulators of hair
follicle cycling. Exp Dermatol 4: 266-271.

Botchkarev VA, Eichmuller S, Peters EM, Pietsch P, Johansson O, et al. (1997)
A simple immunofluorescence technique for simultaneous visualization of mast
cells and nerve fibers reveals selectivity and hair cycle-dependent changes in
mast cell-nerve fiber contacts in murine skin. Arch Dermatol Res 289: 292
302.

Botchkarev VA, Paus R, Czarnetzki BM, Kupriyanov VS, Gordon DS, et al.
(1995) Hair cycle-dependent changes in mast cell histochemistry in murine skin.
Arch Dermatol Res 287: 683-686.

Paus R, Maurer M, Slominski A, Czarnetzki BM (1994) Mast cell involvement
in murine hair growth. Dev Biol 163: 230-240.

Kloepper JE, Kawai K, Bertolini M, Kanekura T, Paus R (2013) Loss of
gammadelta T Cells Results in Hair Cycling Defects. J Invest Dermatol 133:
1666-1669.

Parakkal PI' (1969) Role of macrophages in collagen resorption during hair
growth cycle. J Ultrastruct Res 29: 210-217.

Suzuki S, Ota Y, Ozawa K, Imamura T (2000) Dual-mode regulation of hair
growth cycle by two Fgf-5 gene products. J Invest Dermatol 114: 456-463.
Muller-Rover S, Handjiski B, van der Veen C, Eichmuller S, Foitzik K, et al.
(2001) A comprehensive guide for the accurate classification of murine hair
follicles in distinct hair cycle stages. J Invest Dermatol 117: 3-15.

Goren I, Allmann N, Yogev N, Schurmann C, Linke A, et al. (2009) A
transgenic mouse model of inducible macrophage depletion: effects of
diphtheria toxin-driven lysozyme M-specific cell lineage ablation on wound
inflammatory, angiogenic, and contractive processes. Am J Pathol 175: 132—
147.

Lucas T, Waisman A, Ranjan R, Roes J, Krieg T, et al. (2010) Differential roles
of macrophages in diverse phases of skin repair. J Immunol 184: 3964-3977.
Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard N, et al.
(2012) A lineage of myeloid cells independent of Myb and hematopoietic stem
cells. Science 336: 86-90.

Chow A, Brown BD, Merad M (2011) Studying the mononuclear phagocyte
system in the molecular age. Nat Rev Immunol 11: 788-798.

Paus R, Stenn KS, Link RE (1989) The induction of anagen hair growth in
telogen mouse skin by cyclosporine A administration. Lab Invest 60: 365-369.
Horsley V, Aliprantis AO, Polak L, Glimcher LH, Fuchs E (2008) NFATc]
balances quiescence and proliferation of skin stem cells. Cell 132: 299-310.
Stenn KS, Paus R (2001) Controls of hair follicle cycling. Physiol Rev 81: 449
494.

Van Rooijen N, Sanders A (1994) Liposome mediated depletion of
macrophages: mechanism of action, preparation of liposomes and applications.
J Immunol Methods 174: 83-93.

Godwin JW, Pinto AR, Rosenthal NA (2013) Macrophages are required for
adult salamander limb regeneration. Proc Natl Acad Sci U S A 110: 9415-
9420.

Boulter L, Govacere O, Bird TG, Radulescu S, Ramachandran P, et al. (2012)
Macrophage-derived Wnt opposes Notch signaling to specify hepatic
progenitor cell fate in chronic liver disease. Nat Med 18: 572-579.
Kastenmuller W, Torabi-Parizi P, Subramanian N, Lammermann T, Germain
RN (2012) A spatially-organized multicellular innate immune response in
lymph nodes limits systemic pathogen spread. Cell 150: 1235-1248.

. Cotsarelis G, Sun TT, Lavker RM (1990) Label-retaining cells reside in the

bulge area of pilosebaceous unit: implications for follicular stem cells, hair cycle,
and skin carcinogenesis. Cell 61: 1329-1337.

Oshima H, Rochat A, Kedzia C, Kobayashi K, Barrandon Y (2001)
Morphogenesis and renewal of hair follicles from adult multipotent stem cells.

Cell 104: 233-245.

December 2014 | Volume 12 | Issue 12 | e1002002



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Hendrix S, Handjiski B, Peters EM, Paus R (2005) A guide to assessing damage
response pathways of the hair follicle: lessons from cyclophosphamide-induced
alopecia in mice. J Invest Dermatol 125: 42-51.

Lindner G, Botchkarev VA, Botchkareva NV, Ling G, van der Veen C, et al.
(1997) Analysis of apoptosis during hair follicle regression (catagen).
Am ] Pathol 151: 1601-1617.

Muller-Rover S, Bulfone-Paus S, Handjiski B, Welker P, Sundberg JP, et al.
(2000) Intercellular adhesion molecule-1 and hair follicle regression. J His-
tochem Cytochem 48: 557-568.

Schneider MR, Schmidt-Ullrich R, Paus R (2009) The hair follicle as a
dynamic miniorgan. Curr Biol 19: R132-142.

Van Mater D, Kolligs FT, Dlugosz AA, Fearon ER (2003) Transient activation
of beta -catenin signaling in cutaneous keratinocytes is sufficient to trigger the
active growth phase of the hair cycle in mice. Genes Dev 17: 1219-1224.
Gat U, DasGupta R, Degenstein L, Fuchs E (1998) De Novo hair follicle
morphogenesis and hair tumors in mice expressing a truncated beta-catenin in
skin. Cell 95: 605-614.

Lo Celso C, Prowse DM, Watt FM (2004) Transient activation of beta-catenin
signalling in adult mouse epidermis is sufficient to induce new hair follicles but
continuous activation is required to maintain hair follicle tumours. Develop-
ment 131: 1787-1799.

Huelsken J, Vogel R, Erdmann B, Cotsarelis G, Birchmeier W (2001) beta-
Catenin controls hair follicle morphogenesis and stem cell differentiation in the
skin. Cell 105: 533-545.

Ferrer-Vaquer A, Piliszek A, Tian G, Aho R]J, Dufort D, et al. (2010) A
sensitive and bright single-cell resolution live imaging reporter of Wnt/ss-
catenin signaling in the mouse. BMC Dev Biol 10: 121.

Merrill BJ, Gat U, DasGupta R, Fuchs E (2001) Tcf3 and Lefl regulate lineage
differentiation of multipotent stem cells in skin. Genes Dev 15: 1688-1705.
Zhou P, Byrne C, Jacobs J, Fuchs E (1995) Lymphoid enhancer factor 1 directs
hair follicle patterning and epithelial cell fate. Genes Dev 9: 700-713.

Li B, Mackay DR, Dai Q, Li TW, Nair M, et al. (2002) The LEF1/beta -
catenin complex activates movol, a mouse homolog of Drosophila ovo
required for epidermal appendage differentiation. Proc Natl Acad Sci U S A
99: 6064-6069.

. Jho EH, Zhang T, Domon C, Joo CK, Freund JN;, et al. (2002) Wnt/beta-

catenin/Tcf signaling induces the transcription of Axin2, a negative regulator
of the signaling pathway. Mol Cell Biol 22: 1172-1183.

. Kobielak K, Stokes N, de la Cruz J, Polak L, Fuchs E (2007) Loss of a quiescent

niche but not follicle stem cells in the absence of bone morphogenetic protein

signaling. Proc Natl Acad Sci U S A 104: 10063-10068.

. Liu Y, Lyle S, Yang Z, Cotsarelis G (2003) Keratin 15 promoter targets

putative epithelial stem cells in the hair follicle bulge. J Invest Dermatol 121:
963-968.

Blanpain C, Lowry WE, Geoghegan A, Polak L, Fuchs E (2004) Self-renewal,
multipotency, and the existence of two cell populations within an epithelial
stem cell niche. Cell 118: 635-648.

. Chen B, Dodge ME, Tang W, Lu J, Ma Z, et al. (2009) Small molecule-

mediated disruption of Wnt-dependent signaling in tissue regeneration and
cancer. Nat Chem Biol 5: 100-107.

Blauwkamp TA, Nigam S, Ardehali R, Weissman IL, Nusse R (2012)
Endogenous Wnt signalling in human embryonic stem cells generates an
equilibrium of distinct lineage-specified progenitors. Nat Commun 3: 1070.
Ni M, Chen Y, Lim E, Wimberly H, Bailey ST, et al. (2011) Targeting
androgen receptor in estrogen receptor-negative breast cancer. Cancer Cell 20:
119-131.

Maiti G, Naskar D, Sen M (2012) The Wingless homolog Wntba stimulates
phagocytosis but not bacterial killing. Proc Natl Acad Sci U S A 109: 16600~
16605.

Ansell DM, Kloepper JE, Thomason HA, Paus R, Hardman MJ (2011)
Exploring the “hair growth-wound healing connection”: anagen phase
promotes wound re-epithelialization. J Invest Dermatol 131: 518-528.

Yona S, Kim KW, Wolf Y, Mildner A, Varol D, et al. (2013) Fate mapping
reveals origins and dynamics of monocytes and tissue macrophages under
homeostasis. Immunity 38: 79-91.

Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, et al. (2013) Tissue-
resident macrophages self-maintain locally throughout adult life with minimal
contribution from circulating monocytes. Immunity 38: 792-804.

Gordon S (2003) Alternative activation of macrophages. Nat Rev Immunol 3:
23-35.

Martinez FO, Sica A, Mantovani A, Locati M (2008) Macrophage activation
and polarization. Front Biosci 13: 453-461.

Murray PJ, Wynn TA (2011) Protective and pathogenic functions of
macrophage subsets. Nat Rev Immunol 11: 723-737.

PLOS Biology | www.plosbiology.org

16

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Crosstalk Between Skin Resident Macrophages and Skin Stem Cells

Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M (2012) Macrophage
plasticity and polarization in tissue repair and remodelling. J Pathol.

Chera S, Ghila L, Dobretz K, Wenger Y, Bauer C, et al. (2009) Apoptotic cells
provide an unexpected source of Wnt3 signaling to drive hydra head
regeneration. Dev Cell 17: 279-289.

Lobov IB, Rao S, Carroll TJ, Vallance JE, Ito M, et al. (2005) WNT7b
mediates macrophage-induced programmed cell death in patterning of the
vasculature. Nature 437: 417-421.

Rajagopal J, Carroll TJ, Guseh JS, Bores SA, Blank L], et al. (2008) Wnt7b
stimulates embryonic lung growth by coordinately increasing the replication of
epithelium and mesenchyme. Development 135: 1625-1634.

Lin SL, Li B, Rao S, Yeo EJ, Hudson TE, et al. (2010) Macrophage Wnt7b is
critical for kidney repair and regeneration. Proc Natl Acad Sci U S A 107:
4194-4199.

Reddy S, Andl T, Bagasra A, Lu MM, Epstein DJ, et al. (2001)
Characterization of Wnt gene expression in developing and postnatal hair
follicles and identification of Wntda as a target of Sonic hedgehog in hair
follicle morphogenesis. Mech Dev 107: 69-82.

Nawaz S, Klar J, Wajid M, Aslam M, Tariq M, et al. (2009) WNT10A
missense mutation associated with a complete odonto-onycho-dermal dysplasia
syndrome. Eur ] Hum Genet 17: 1600-1605.

Adaimy L, Chouery E, Megarbane H, Mroueh S, Delague V, et al. (2007)
Mutation in WNT10A is associated with an autosomal recessive ectodermal
dysplasia: the odonto-onycho-dermal dysplasia. Am J] Hum Genet 81: 821—
828.

Bohring A, Stamm T, Spaich C, Haase C, Spree K, et al. (2009) WNT10A
mutations are a frequent cause of a broad spectrum of ectodermal dysplasias
with sex-biased manifestation pattern in heterozygotes. Am J Hum Genet 85:
97-105.

Pollard JW (2009) Trophic macrophages in development and disease. Nat Rev
Immunol 9: 259-270.

Stefater JA, 3rd, Ren S, Lang RA, Duffield JS (2011) Metchnikoff’s policemen:
macrophages in development, homeostasis and regeneration. Trends Mol Med
17: 743-752.

Biswas SK, Mantovani A (2010) Macrophage plasticity and interaction with
lymphocyte subsets: cancer as a paradigm. Nat Immunol 11: 889-896.

Chow A, Lucas D, Hidalgo A, Mendez-Ferrer S, Hashimoto D, et al. (2011)
Bone marrow CD169+ macrophages promote the retention of hematopoietic
stem and progenitor cells in the mesenchymal stem cell niche. J Exp Med 208:
261-271.

Winkler IG, Sims NA, Pettit AR, Barbier V, Nowlan B, et al. (2010) Bone
marrow macrophages maintain hematopoietic stem cell (HSC) niches and their
depletion mobilizes HSCs. Blood 116: 4815-4828.

Gyorki DE, Asselin-Labat ML, van Rooijjen N, Lindeman GJ, Visvader JE
(2009) Resident macrophages influence stem cell activity in the mammary
gland. Breast Cancer Res 11: R62.

Osaka N, Takahashi T, Murakami S, Matsuzawa A, Noguchi T, et al. (2007)
ASK]1-dependent recruitment and activation of macrophages induce hair
growth in skin wounds. J Cell Biol 176: 903-909.

Ito M, Liu Y, Yang Z, Nguyen J, Liang F, et al. (2005) Stem cells in the hair
follicle bulge contribute to wound repair but not to homeostasis of the
epidermis. Nat Med 11: 1351-1354.

Claudinot S, Nicolas M, Oshima H, Rochat A, Barrandon Y (2005) Long-term
renewal of hair follicles from clonogenic multipotent stem cells. Proc Natl Acad
Sci U S A 102: 14677-14682.

Morris RJ, Liu Y, Marles L, Yang Z, Trempus C, et al. (2004) Capturing and
profiling adult hair follicle stem cells. Nat Biotechnol 22: 411-417.

Lapouge G, Youssef KK, Vokaer B, Achouri Y, Michaux C, et al. (2011)
Identifying the cellular origin of squamous skin tumors. Proc Natl Acad
Sci U'S A 108: 7431-7436.

White AC, Tran K, Khuu J, Dang C, Cui Y, et al. (2011) Defining the origins
of Ras/p53-mediated squamous cell carcinoma. Proc Natl Acad Sci U S A
108: 7425-7430.

Qian BZ, Pollard JW (2010) Macrophage diversity enhances tumor progression
and metastasis. Cell 141: 39-51.

Tiede S, Koop N, Kloepper JE, Fassler R, Paus R (2009) Nonviral in situ green
fluorescent protein labeling and culture of primary, adult human hair follicle
epithelial progenitor cells. Stem Cells 27: 2793-2803.

Dieguez-Hurtado R, Martin J, Martinez-Corral I, Martinez MD, Megias D, et
al. (2011) A Cre-reporter transgenic mouse expressing the far-red fluorescent
protein Katushka. Genesis 49: 36-45.

Castellana D, Paus R, Perez-Moreno M (2014) Data from: Macrophages
contribute to the cyclic activation of adult hair follicle stem cells. Dryad Digital

Repository: doi:10.5061/dryad.2822t

December 2014 | Volume 12 | Issue 12 | e1002002



