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The ability of skin to regenerate hair follicles during wound healing 
has been clearly shown in rodents1,2. In contrast, cutaneous wounds 
in adult humans typically result in fibrotic repair without regenera-
tion of hair follicles. Investigators have speculated that the immune 
system is responsible for this scarring response, given that wound 
healing during fetal development, when the immune system is imma-
ture, leads to normal skin and hair follicle regeneration3. However, 
particularly in well-studied mouse models, the immune system is 
considered an important contributor to cutaneous wound healing. 
Specifically, epidermal γδ T cells produce factors, such as Fgf7, Fgf10 
and IGF1, that are important for keratinocyte survival, proliferation 
and migration4–6. Here, we determined that dermal γδ T cells initiate 
an Fgf9-Wnt feedback loop necessary for hair follicle regeneration 
in wounds.

RESULTS
Fgf9 mediates wound-induced hair neogenesis
In the wound-induced hair neogenesis model, a 2.25 cm2 full-
thickness excisional wound is created on the backs of adult C57BL/6 
mice. New hair follicle placodes appear after complete wound reepi-
thelialization, which occurs at post-wound day 14 (PWD14, see 
Fig. 1a for WIHN timeline). Reasoning that important inductive 
events may occur before hair follicle placode formation, we compared 

gene expression profiles from whole skin during late wound healing. 
Fgf9 was differentially expressed before hair follicle formation. We 
then used qPCR to show that Fgf9 expression increased steadily in 
wound dermis during late healing but was not detected in the wound 
epidermis (Fig. 1b). These results show that Fgf9 is upregulated in the 
wound dermis before the detection of new hair follicle placodes and 
potentially during a time of hair follicle fate determination.

To address the importance of Fgf9 in hair follicle neogenesis after 
wounding, we injected a neutralizing antibody to Fgf9 (anti-Fgf9) 
into the wound dermis every day for 4 d before hair follicle placode 
formation. Wounds treated with anti-Fgf9 showed a significant reduc-
tion (P < 0.01) in new hair follicle formation when compared with 
controls injected with an equal concentration of isotype-matched 
antibody (Fig. 1c). To test whether increased expression of Fgf9 in 
the wound promotes WIHN, we overexpressed Fgf9 in the epidermis 
of FVB-Tg(KRT14-rtTA)F42Efu/J; TRE-Fgf9-IRES-EGFP (K14rtTA; 
Fgf9) transgenic mice. Administration of doxycycline to these mice 
induces expression of Fgf9 targeted to the epidermis by the promoter 
for the gene encoding keratin-14. Fgf9 expression increased 150-fold 
in these mice after doxycycline administration (Fig. 1d), and this led 
to a marked increase in the number of neogenic hair follicles com-
pared to controls (Fig. 1e,f). These combined results indicate that 
modulation of Fgf9 expression in the wound affects WIHN.
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Understanding molecular mechanisms for regeneration of hair follicles provides new opportunities for developing treatments for 
hair loss and other skin disorders. Here we show that fibroblast growth factor 9 (Fgf9), initially secreted by gd T cells, modulates 
hair follicle regeneration after wounding the skin of adult mice. Reducing Fgf9 expression decreases this wound-induced hair 
neogenesis (WIHN). Conversely, overexpression of Fgf9 results in a two- to threefold increase in the number of neogenic hair 
follicles. We found that Fgf9 from gd T cells triggers Wnt expression and subsequent Wnt activation in wound fibroblasts. 
Through a unique feedback mechanism, activated fibroblasts then express Fgf9, thus amplifying Wnt activity throughout the 
wound dermis during a crucial phase of skin regeneration. Notably, humans lack a robust population of resident dermal gd  
T cells, potentially explaining their inability to regenerate hair after wounding. These findings highlight the essential relationship 
between the immune system and tissue regeneration. The importance of Fgf9 in hair follicle regeneration suggests that it could 
be used therapeutically in humans.
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Dermal gd T cells are the initial source of Fgf9
Peripheral blood γδ T cells are known to produce Fgf9 in humans7. 
To determine whether γδ T cells are the source of wound dermal Fgf9 
and to determine their possible importance to WIHN, we studied the 
timing of entry of these cells into the wound dermis of C57BL/6 mice 
and engineered mice expressing eGFP in the nuclei of their γδ T cells 
(Tcrd-H2BEGFP mice8). γδ T cell numbers increased in the wound 
dermis just before the detection of Fgf9 (Fig. 2a,b). Vγ3+ dendritic 
epidermal T cells (Garman nomenclature), evident at the epidermal 
wound edge and in adjacent hair follicles, typically did not migrate 
far into the newly made wound epidermis or dermis (Fig. 2a). During 
the early period of γδ T cell entry into the wound (PWD9), most γδ  
T cells were dividing (Fig. 2c,d), suggesting that the wound environ-
ment provides important activation cues for these cells.

Vγ2+ γδ T cells have been described as key contributors to inflam-
mation in skin dermis9,10. Vγ4+ γδ T cells are normal residents of 
nasal mucosa11 and skin dermis (Supplementary Fig. 1). Our initial 
research showed that Vγ2+ γδ T cells represent approximately 28% of 
normal back-skin γδ T cells and 5–10% of the wound-dermis γδ T cell 
population during late healing (Fig. 2a,b). Their reduced numbers in 
the wound suggested that they might not have a major role in late-
stage wound healing. RT-PCR revealed both Vγ2+ and Vγ4+ T cell 
subtypes predominating in late-stage wounds (Fig. 3a).

To determine the source of Fgf9, we sorted PWD12 epidermal and 
dermal cells into three populations: major histocompatibility complex 
(MHC) class II–bearing cells (Langerhans cells, B cells, monocytes 
and macrophages), γδ T cells and double-negative cells (fibroblasts, 
αβ T cells, neutrophils and others). We sorted the dermal γδ T cell  
population further into Vγ2+ and Vγ2− populations (Fig. 3b).  

We performed qPCR analyses of the sorted populations and found 
that dermal Vγ4+ γδ T cells are the primary source of Fgf9 at this time 
point in wound healing (Fig. 3b). Double-negative cells also showed 
low levels of Fgf9 expression, suggesting that an Fgf9-producing sub-
population exists within this group. Dendritic epidermal T cells were 
not an Fgf9 source. In situ hybridization localized Fgf9 expression to 
γδ T cells within the wound dermis of Tcrd-H2BEGFP mice during 
this time period, supporting the qPCR results (Fig. 3c).

To determine whether γδ T cells have a role in WIHN, we wounded 
wild-type (WT) mice and mice lacking γδ T cells (Tcrd−/− mice). 
Tcrd−/− mice showed normal embryonic hair follicle development 
as determined by follicle morphology and number (Supplementary 
Fig. 2 and data not shown). Wound healing times in Tcrd−/− mice 
lagged slightly (0.5–1 d) behind WT mice. This trend was much less 
notable than previously reported4, probably owing to larger wound 
sizes and longer healing times.

Tcrd−/− mice showed significant defects in WIHN, with reductions 
of >60% in hair follicle numbers compared with WT controls (P < 
0.001, Fig. 3d). To address the concern that γδ T cells may have a role 
in WIHN other than the production of Fgf9, we asked whether mice 
lacking Fgf9 specifically in T cells, including γδT cells, showed reduced 
WIHN. We first established by qPCR that γδ T cells are the only T cell 
source of Fgf9 in the wound (Supplementary Fig. 3). Transgenic mice 
lacking Fgf9 in T cells (Lck-Cre; Fgf9fl/fl) showed markedly fewer new 
hair follicles compared to single transgene controls, comparable to the 
reduction of WIHN in Tcrd−/− mice (Fig. 3e,f). These mice showed 
healing times comparable to WT and heterozygous littermates. These 
combined results demonstrate that Fgf9, expressed by γδ T cells in the 
late wound dermis, is an important contributor to WIHN.

Figure 1  Fgf9 expression modulates  
WIHN. (a) Schematic model showing  
events in late-stage wound healing of  
normal mice aged 6–8 weeks. The blue  
bar specifies a hypothetical window of 
induction to hair follicle fate. (b) qPCR 
analyses of Fgf9 expression in wound dermis 
and epidermis at PWD10–PWD14. cDNAs 
equalized for expression of the housekeeping 
gene 18S rRNA were compared for  
differences in Fgf9 expression levels30.  
n = 4 for each time point. Results are 
representative of four independent 
experiments. (c) Number of new hair  
follicles in wounds of mice treated with  
anti-Fgf9 (black) or isotype control  
antibody (gray). Control mice: n = 15;  
mice treated with anti-Fgf9: n = 16.  
Data are representative of three independent 
experiments. (d) qPCR analyses of Fgf9 
expression in skin of K14rtTA; Fgf9 mice 
compared to single-transgene controls 
(Control) during 2 d of doxycycline  
treatment. (e) Number of new hair follicles  
in wounds of K14rtTA; Fgf9 transgenic  
(black) or control (gray) mice treated  
with doxycycline from PWD12 to PWD17. 
Single-transgene control mice: n = 21; 
K14rtTA; Fgf9 transgenic mice: n = 12.  
Data are combined results from five 
independent experiments. (f) Whole-
mount epidermal (top) or dermal (bottom) 
preparations of reepithelialized wounds stained for keratin 17 (K17, top) or alkaline phosphatase activity (AP, bottom). Black dashed line borders 
regions of new hair placodes. Scale bars, 1 mm. Data are expressed as means ± s.e.m. *P < 0.05, **P < 0.01 for panels b–e.
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Fgf9 promotes dermal Wnt activation that induces WIHN 
Fgf9 has been shown to activate canonical Wnt signaling during 
lung development through the induction of Wnt expression by mes-
enchymal cells12,13. We reasoned that Fgf9 may induce Wnt activa-
tion in the wound. Analysis of dermal Wnt activation in wounds of  
Wnt-reporter mice (Axin2-LacZ heterozygotes) revealed increased 
activity in late-stage wounds with abatement around PWD16 when 
Axin2 concentrated predominantly in new hair follicle placodes of the 
epithelium (Fig. 4a). Analyses of PWD12 dermis for nuclear β-catenin 
and Lef1, other important indicators of Wnt activity, confirmed results 
observed in wounds of Axin2-LacZ mice (Supplementary Fig. 4).  
These data indicate that dermal Wnt activation is a component of late 
healing and, as in embryonic development, a key first step for hair  
follicle neogenesis14.

To test the hypothesis that Fgf9 from γδ T cells is the catalyst for 
dermal Wnt activation, Axin2-LacZ; Tcrd−/− mice were wounded 
and analyzed for Axin2-LacZ expression (Fig. 4a,b). Axin2-LacZ 
expression in Tcrd−/− PWD12 dermis and PWD14 epidermis and 
dermis was markedly reduced compared to control Axin-LacZ 
mice. qPCR confirmed that wound dermis of Tcrd−/− mice had 
reduced expression of Axin2 and Lef1 compared to WT controls 
(Fig. 4c). Reduced Axin2 expression did not appear to affect heal-
ing, as wounds of both WT and Tcrd−/− mice showed comparable 

reepithelialization and dermal remodeling 
and in similar time frames (Fig. 4a,b).

We previously showed that forced over
expression of Wnt7a in epidermis of the 
Krt14-Wnt7a mouse leads to markedly 

more WIHN compared to WT controls1. To determine whether 
overexpression of Wnt7a in the epidermis could rescue WIHN in 
our model, we analyzed Krt14-Wnt7a; Tcrd−/− (Wnt7a; Tcrd−/−) 
mice and controls for WIHN. As previously reported, wounds of 
Krt14-Wnt7a (Wnt7a) control mice had large numbers of new hair 
follicles1 (Fig. 4d,e). In marked contrast, wounds of Wnt7a; Tcrd−/− 
mice showed significantly less WIHN (P < 0.01). This result was 
surprising because, in embryonic hair follicle development, overlying 
epidermis provides the necessary Wnt source for dermal Wnt activa-
tion14. However, because dermal Wnt activity preceded reepitheliali-
zation in the wound (see Fig. 4a), epidermal Wnt might arrive too 
late to rescue the phenotype in this model. In support of this, PWD12 
wound dermis of Wnt7a; Axin2-LacZ mice showed no difference in 
Axin2 expression, and therefore in dermal Wnt activity, compared 
with that of Axin2-LacZ mice (Fig. 4f). As expected, amplified Wnt 
activity was observed in the surrounding unwounded skin of Wnt7a; 
Axin2-LacZ mice (Fig. 4f).

To address whether Fgf9 could rescue WIHN in mice lacking γδ 
T cells, we injected adenovirus containing either an Fgf9 construct 
(AdFgf9) or a control GFP construct (AdGFP) into the PWD9 dermis  
of Axin2-LacZ; Tcrd−/− mice. Augmented Axin2 expression was 
observed in AdFgf9-treated but not AdGFP-treated wounds at PWD12 
(Fig. 4g). Analysis of WIHN showed a significantly higher number of 

Figure 2  Kinetics of γδ T cell density and Fgf9 
expression in wound dermis during late healing 
and in unwounded skin. (a) Immunofluorescence 
(IF) analyses of wounded and unwounded Tcrd-
H2BEGFP skin frozen sections stained with 
antibodies to detect Vγ3+ dendritic epidermal 
T cells (red) in wound center (top, middle) and 
wound edge (second from bottom, arrowheads)  
at PWD10 or PWD14 as indicated or Vγ2+  
T cells in unwounded skin (bottom, arrowheads). 
Green nuclei denote γδ T cells. DAPI staining 
(blue) shows the locations of all nuclei. Dashed 
lines represent the junction between epidermis 
and dermis. Scale bar, 100 µm. Vγ2+GFP+ cells 
in multiple sections indicated that they represent 
approximately 28% of dermal γδ T cells in 
unwounded back skin (data not shown). n = 8. 
Results are representative of four independent 
experiments. (b) qPCR analyses of Fgf9 
expression (top) compared with percentage of γδ 
T cells (bottom, gray) and percentage of Vγ2+ γδ 
T cells (black) per C57BL/6 wound dermis from 
PWD9 to PWD17 as determined by FACS.  
n = 20 for each time point. (c) IF analyses 
showing γδ T cells (left) and Ki-67+ γδ T cells 
(right, arrowheads) within PWD9 (top) and 
PWD11 (bottom) Tcrd-H2BEGFP wounds. Scale 
bar, 100 µm. (d) Percentage of Ki-67+ γδ T cells  
per total number γδ T cells as counted in 
sequential frozen sections of Ki-67–specific 
antibody–stained Tcrd-H2BEGFP PWD9–PWD11 
wounds. n = 6–20 for each time point. Results  
are representative of four independent experi
ments. Data are expressed as means ± s.e.m.  
*P < 0.05, **P < 0.01, ***P < 0.005,  
****P < 0.001 for b (γδ T cells only) and d.
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new hair follicles in AdFgf9-treated mice (P < 0.05, Fig. 4h). These 
data confirm that exogenous Fgf9 can induce Wnt activity in wounds 
and positively influence WIHN. Because treatment did not fully 
restore WIHN, other, as yet unknown, γδ T cell–mediated effects 
may also affect WIHN.

Fgf9 from gd T cells initiates a feedback loop
During lung development, Fgf9 induces canonical Wnt2a ligand 
expression in mesenchymal cells12. In initial experiments, we found 
that Wnt2a was expressed in normal wound dermis and reduced in 
Tcrd−/− dermis, suggesting that Wnt2a might also have a role in wound 
healing (Fig. 4b,c). Reasoning that wound fibroblasts might be the 
target of Fgf9 activation, we first established that FgfR2 and FgfR3, 
both high affinity receptors for Fgf9 (ref. 15), were present in fibro
blasts from WT and Tcrd−/− wound dermis (Supplementary Fig. 5). 
We then cultured wound fibroblasts in the presence or absence of Fgf9 
and evaluated expression of Wnt2 and an unrelated canonical Wnt 
(Wnt10a). Fibroblasts cultured with exogenous Fgf9 expressed sub-
stantially higher levels of Wnt2 but not Wnt10a transcripts (Fig. 5a). 
Tcrd−/− fibroblasts showed similar results, indicating that these cells 
are capable of Wnt2 expression if provided with Fgf9.

We also compared sorted wound fibroblasts from WT mice and 
Tcrd−/− mice for Wnt2 expression during late healing (Fig. 5b) (the 
sorting strategy for fibroblasts is found in Online Methods and 
Supplementary Fig. 6). WT wound fibroblasts, but not Tcrd−/− fibro
blasts, showed an increase in Wnt2 expression over time. These results 
further support a role for γδ T cell–secreted Fgf9 in the induction of 
Wnt2 by fibroblasts and subsequent Wnt activation in vivo.

Unexpectedly, sorted WT fibroblasts, but not Tcrd−/− fibroblasts, 
also showed increased expression of Fgf9 (Fig. 5b). To determine 
when fibroblasts initiated Fgf9 gene expression compared to γδT cells 
in vivo, we established a timeline of Fgf9 expression for both (Fig. 5c). 
Comparisons showed that early in this window, γδT cells were the 
primary source of Fgf9 in the wound, but fibroblasts had higher Fgf9 
expression during later healing. In situ hybridization comparing Fgf9 
expression in PWD11, PWD12 and PWD14 wounds supported this 
finding (Supplementary Fig. 7). Because WT, but not Tcrd−/−, fibro
blasts showed upregulation of Fgf9 expression in vivo (1–2 d after γδ 
T cell Fgf9 expression), we reasoned that this new gene expression 
might be a consequence of Wnt activation.

Fgf9 has been shown as a canonical Wnt target in endometrioid 
adenocarcinomas16. To address the possibility that Fgf9 is a Wnt target 
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Figure 3  Fgf9, secreted by wound dermal γδ T cells, is an important component of WIHN. (a) RT-PCR analyses of lymph node cells (LN), wound 
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of three independent experiments. (b) Left, pseudocolor density dot plot of PWD12 dermal cells sorted for expression of MHC class II and γδ TCR. The 
lower boxed population represents cells that were further sorted for Vγ2 expression (right dot plot) and forward scatter (Fsc). Middle, RT-PCR analysis of 
sorted Vγ2+ and Vγ2− populations from dermis (Derm) and sorted γδ T cells from wound epidermis (Epi) for Vγ2, Vγ3 and Vγ4 to determine purity of each 
population. Right, qPCR analyses of sorted Vγ2+ γδ T cells (Vγ2+), all other γδ T cells (γδ), MHC class II+ cells (MHC) and nonstaining double-negative 
cells (DN) in wound dermis (left) or γδ, MHC and double-negative cells in wound epidermis (right) for Fgf9 expression. For these experiments, wound 
dermis or epidermis from 20–40 mice was combined and sorted. Results are representative of three independent experiments. (c) In situ hybridization 
for Fgf9 expression in a Tcrd-H2BEGFP wound frozen section. Left image (Fgf9) shows in situ hybridization for Fgf9 expression in a PWD11 frozen 
section. Dark purple dots (black arrowhead) represent Fgf9+ cells in the dermis. Middle image (GFP) shows location of GFP-expressing γδ T cells 
(white arrowhead) within the same section. Right image (Merge) shows overlap of left and middle images. Scale bar, 75 µm. The inset represents a 
magnified view of the region indicated by the black arrowhead in right image. Scale bar, 75 µm (n = 12). Results are representative of four independent 
experiments. Probe specificity is illustrated in Supplementary Figure 7b. (d) Number of new hair follicles in wounds of WT control and Tcrd−/− mice.  
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Scale bar, 1 mm. Data are expressed as means ± s.e.m. **P < 0.01, ****P < 0.001 compared to controls, calculated using two-tailed Student’s t test.
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in wounds, we cultured dermal wound fibroblasts with increasing 
amounts of recombinant Wnt2a protein over 3 d. Culture super-
natants, when tested for Fgf9 protein by ELISA, showed increasing 
expression of Fgf9 over time (Fig. 5d). These data reveal Fgf9 as a 
target of Wnt activation in wound fibroblasts.

These combined data show that Fgf9, secreted by γδ T cells dur-
ing PWD10–12, acts as the catalyst for regional dermal fibroblast 
Wnt2a expression and subsequent Wnt activation (Fig. 5e). In turn, 
this activation induces further expression of Fgf9 from fibroblasts, 
which serves to perpetuate and amplify Wnt activation throughout 
the entire dermis during a crucial phase for WIHN. Although others 
have shown the ability of Fgf9 to induce Wnt activation12,13 and Wnt 

activation to induce expression of Fgf9 (ref. 16), to our knowledge, 
these data are the first to link these important signaling cascades in 
an amplification loop (Fig. 5e).

Humans lack a robust population of dermal gd T cells
Humans lack appreciable hair follicle regeneration after wounding 
compared to mice. To understand whether differences in immune 
cells may explain this deficiency, we compared relative numbers and 
locations of γδ T cells within the dermis of normal mouse and human 
skin (Fig. 6). In line with other work9,17–22, we found that human 
dermis showed a notable paucity of resident γδ T cells in number 
and density per area compared with mouse dermis (Fig. 6a–d).  
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represent epidermal-dermal junction in  
PWD14 comparisons. Scale bar, 100 µm.  
Single-transgene control mice: n = 8  
(PWD10), n = 22 (PWD12), n =12 (PWD14),  
n = 6 (PWD16); Axin2-LacZ; Tcrd−/− mice: n= 14 (PWD12), n = 7 (PWD14). Data are representative of six independent experiments. (c) Relative 
expression of Axin2, Lef1 and Wnt2 in wound dermis of C57BL/6 (WT) and Tcrd−/− mice as determined by qPCR. WT mice: n = 12; Tcrd−/− mice:  
n = 12. Data are representative of three independent experiments. (d) Number of new hair follicles in wounds of Krt14-Wnt7a (Wnt7a) and Krt14-
Wnt7a; Tcrd−/− (Wnt7a; Tcrd−/−) mice. Wnt7a mice: n = 9; Wnt7a; Tcrd−/− mice: n = 20. Data are combined results from four independent experiments. 
(e) Representative whole-mount preparations of wound epidermis from Krt14-Wnt7a (Wnt7a) and Krt14-Wnt7a; Tcrd−/− (Wnt7a; Tcrd−/−) mice 
immunostained for K17. The white dashed line in the left image represents the border of new hair placodes. Scale bar, 0.5 mm. (f) Whole mounts (left) 
and frozen sections (right) from wounds of Axin2-LacZ (top) and K14-Wnt7a; Axin2-LacZ (Wnt7a; Axin2-LacZ, bottom) mice assayed for β-galactosidase 
activity at PWD12. Left; white dashed line denotes the edge of the epithelial tongue. Scale bar, 1 mm. Right; scale bar, 100 µm (n = 4). Results are 
representative of three independent experiments. (g) Representative whole-mount preparations from wounds of Axin2-LacZ; Tcrd−/− mice injected with 
AdGFP (top) or AdFgf9 (bottom) at PWD9 and assayed for β-galactosidase activity at PWD12. The dashed lines denote the edge of the epithelial tongue. 
Scale bar, 1 mm. (h) Number of new hair follicles in untreated wounds of Axin2-LacZ; Tcrd−/− (far left, black) and Axin2-LacZ WT (far right, black)  
mice or wounds of AdGFP-injected (left, gray) and AdFgf9-injected (right, gray) Axin2-LacZ; Tcrd−/− mice. Untreated Axin2-LacZ; Tcrd−/− mice:  
n = 12; untreated Axin2-LacZ WT mice: n = 18; AdGFP-treated mice: n = 25; AdFgf9-treated mice: n = 25. Data are representative of seven 
independent experiments. Data are expressed as means ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.005.
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We also noted a difference in location of mouse and human dermal 
γδ T cells. Mouse γδ T cells were dispersed throughout the dermis, 
typically away from αβ T cells and blood vessels (Fig. 6e,f). In con-
trast, human γδ T cells clustered with αβ T cells in vascularized der-
mal ‘pockets’ (Fig. 6e,f), suggesting that they transit between skin 
and blood at least infrequently. The low number and sequestered 
location of γδ T cells in human compared to mouse skin may explain 
the poor regenerative response of human skin to wounding.

DISCUSSION
Wnt signaling pathways used for hair follicle development are mir-
rored in WIHN. We showed previously that epidermal Wnt activation 
is a necessary component of WIHN, as it is for hair follicle develop-
ment1,23,24. Here, we show that early dermal Wnt activation is also 
requisite for hair follicle regeneration. Indeed, this model provides 
an opportunity to uncouple epidermal and dermal contributions to 
hair follicle regeneration because overlying epidermis is absent during 
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Figure 6  Humans lack a robust population of resident dermal γδ T cells.  
(a) Representative FACS dot plots of γδ T cells in C57BL/6 mouse dermis  
(left), human dermis (middle) and human blood lymphocytes (human  
PBL, right) as determined by staining with antibodies to CD3 and T cell  
antigen receptor δ chain (TCR-δ). (b) Percentages of CD3+γδ− cells (CD3)  
and γδ T cells in mouse and human dermis as determined by FACS  
(as defined in a) and IF analyses (see Online Methods). For FACS analyses,  
human skin samples: n = 7; C57BL/6 mice: n = 16. For IF analyses, human  
skin samples: n = 4 (five or six sections per individual); Tcrd-H2BEGFP mice:  
n = 16 (three or four sections per mouse). Data are representative of three  
independent experiments. (c) Mouse and human γδ T cell density per mm2  
dermis area. Human and mouse γδ T cell numbers (as defined in b,  
IF analyses) per total dermal surface area in each tissue section, normalized  
to 1 mm2. (d) IF analyses of Tcrd-H2BEGFP mouse (top) and human (bottom)  
skin frozen sections showing locations of CD3+ T cells and γδ T cells (arrowheads). DAPI-stained nuclei are blue. Dashed lines represent dermal-epidermal 
junction. Scale bars, 75 µm. (e) IF analyses of Tcrd-H2BEGFP mouse (top) and human (bottom) skin locations of γδ T cells (green, top), CD3+ T cells  
(red, bottom) relative to CD31+ blood vessels. Dashed lines represent dermal-epidermal junction. Scale bars, 75 µm. (f) IF analyses of human skin γδ T cells  
(green, left), all CD3+ T cells (red, middle) and merged image (right, arrowheads point to γδ T cells). Dashed white line represents dermal-epidermal 
junction. Scale bar, 25 µm. For panels b and c, data are expressed as means ± s.e.m. *P < 0.05, ****P < 0.001 compared to controls, calculated using 
two-tailed Student’s t test.
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Figure 5  Fgf9 secreted from γδ T cells induces a feedback loop resulting in widespread  
wound dermal Wnt activation. (a) qPCR analyses of Wnt2 (black) and Wnt10a (gray)  
expression in C57BL/6 (WT) or Tcrd−/− wound fibroblasts cultured with the indicated  
concentrations of recombinant Fgf9 protein. Samples were normalized to equivalent  
18S rRNA levels and transcript levels of Wnt2 and Wnt10a compared to that normalized  
value30. Results are representative of three independent experiments. (b) qPCR analyses  
of Wnt2 and Fgf9 expression in sorted WT and Tcrd−/− fibroblasts taken directly from  
PWD10, PWD12 and PWD14 wounds. Wound dermis from ten mice was combined and  
cells sorted for each experiment. Results are representative of three independent  
experiments. (c) qPCR analyses of Fgf9 expression in C57BL/6 γδ T cells and fibroblasts  
sorted from PWD10, PWD11, PWD12 and PWD14 wounds. For each time point, wound  
dermis from 10–15 mice was combined and sorted. Results represent three independent  
experiments. *P < 0.05. (d) ELISA analyses of secreted Fgf9 protein from wound fibroblasts of Axin2-LacZ mice, cultured with the indicated 
concentrations of recombinant Wnt2a protein for 24 h, 48 h and 72 h. Results are representative of three independent experiments. (e) Model depicting 
Fgf9-driven Wnt activation feedback loop. Boxed region in the bottom image (inset) shows the dermal location of fibroblasts undergoing Fgf9 activation 
and Wnt2a expression (top left), Wnt activation (top middle) and new Fgf9 expression (top right). Data are expressed as means ± s.e.m. 



a r t i c l e s

nature medicine  advance online publication	 �

initial dermal Wnt activation. Also, overexpression of epidermal Wnt 
after reepithelialization does not contribute to dermal Wnt activation 
and is insufficient to trigger WIHN.

During embryogenesis, dermal Wnt activation has been known 
as an early event in skin maturation and postulated as the first sig-
nal for hair induction24,25. However, only recently has this hypoth-
esis been formally substantiated. In the absence of either epidermal 
Wnts14,26 or dermal Wnt activation14, hair follicle placodes did not 
form, designating Wnt activation as an essential early step in hair 
follicle development.

In the wound, we have shown that γδ T cells produce Fgf9, which 
induces fibroblast Wnt expression, ultimately leading to WIHN. In 
development, the upstream signal driving Wnt expression in epidermis 
remains unknown. Recently, Fgf20, a member of the Fgf9 family, was 
implicated in feather-placode induction in chickens27. The scaleless 
mutation, manifested by the complete lack of patterned placode for-
mation and subsequent feathers, has been mapped to the gene encod-
ing Fgf20 (refs. 27,28). In the mouse, however, genetic loss of Fgf20 
permits placode but not guard hair dermal condensate formation, thus 
pointing to a function downstream of placode specification29. Indeed, 
these mice lack guard hairs but maintain other hair types, albeit at 
lower densities. These results suggest possible redundancy with other 
Fgf9 family members in inducing early epidermal Wnt expression in 
mice. Alternatively, mechanisms other than Fgf signaling may serve to 
upregulate mouse epidermal Wnts during skin development.

Although dermal Wnt activation is necessary for hair follicle devel-
opment and regeneration, its role remains unknown. Chen et al.14 
showed fibroblast proliferation after dermal Wnt activation, and we 
have noted considerable dermal proliferation in wounds during late 
healing (Supplementary Fig. 1c). However, fibroblast proliferation 
probably reveals only a part of the story. In development and late heal-
ing, epidermal Wnt activation closely follows dermal activation. Chen 
et al.14 proposed that dermal Wnt activation drives epidermal Wnt 
activation, presumably through a soluble dermal ‘factor’. In WIHN, 
we showed that wound fibroblasts secrete Wnts in response to Fgf9-
mediated cues. Increased Wnt expression in the dermis may augment 
epidermal Wnt concentrations, overcoming a threshold for trigger-
ing epidermal activation and hair follicle formation. In embryogen-
esis, Wnts and Wntless, a cargo protein required for Wnt secretion, 
are expressed in both early embryonic epidermis and dermis25,26. 
However, loss of dermal Wntless does not seem to affect epidermal 
Wnt activity or the subsequent development of hair follicles, suggest-
ing other, as yet unknown, mechanisms14.

As outlined above, early signaling pathways for hair follicle induc-
tion in development and WIHN are probably the same. However, the 
cells that drive these induction events are different. γδ T cells provide 
initial Fgfs for Fgf signaling and fibroblasts provide Wnts for dermal 
Wnt activation in WIHN, whereas the epidermis probably provides 
these factors in development. These examples illustrate the parallels 
and important differences between skin development and regenera-
tion in response to wounding and demonstrate the positive impact of 
the immune system on tissue renewal.

Our Fgf9 overexpression studies support the notion that wound-
ing produces a window of opportunity to push regenerating epi-
dermis toward a hair follicle fate. The introduction of AdFgf9 to γδ  
T cell–deficient mouse skin during wounding compensated for lack 
of Fgf9 and resulted in increased numbers of hair follicles, thus indi-
cating the potential for using Fgf9 to manipulate hair follicle regen-
eration. Future studies testing activators of the Fgf or Wnt pathways 
during wound healing may be warranted to determine their effects on 

hair follicle regeneration. This avenue of research could lead to new 
approaches for promoting hair growth in patients with hair loss.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Mice. The following transgenic and knockout mice have been described pre-
viously: FVB-Tg(KRT14-rtTA)F42Efu/J (K14rtTA) mice31, TRE-Fgf9-IRES-
EGFP mice32, Fgf9fl/fl mice33, Axin2-LacZ heterozygous reporter mice34, 
Krt14-Wnt7a mice1 and Tcrd-H2BEGFP mice8. We purchased C57BL/6 con-
trol mice (stock 000664), Lck-Cre mice (stock 003802) and Tcrd−/− mice (stock 
002120) from The Jackson Laboratory. Mice were housed in conventional, 
pathogen-free facilities at the animal facility of the University of Pennsylvania 
School of Medicine. The Institutional Animal Care and Use Committee at the 
University of Pennsylvania reviewed and approved all mouse protocols.

Human tissue. We obtained normal skin from patients undergoing abdomino
plastic or mammary reduction surgery through the Cooperative Human Tissue 
Network with University of Pennsylvania Institutional Review Board review and 
approval and written informed consent by all patients.

Wounding and wound-induced hair neogenesis analyses. We excised full-
thickness skin from the backs of mice under isoflurane anesthesia as previously 
described35. Mice aged 6–8 weeks received 1.2 × 1.2 cm2 full-thickness excision 
wounds in all experiments. K14rtTA; TRE-Fgf9-IRES-EGFP interbred mice and 
controls received doxycycline food, and Lck-Cre; Fgf9fl/fl interbred mice and 
controls received intraperitoneal injections of tamoxifen (1 mg per mouse) dur-
ing the final week of wound healing (PWD9–PWD16).

Healed skin was taken 9–14 d after reepithelialization and epidermis and 
dermis separated using 20 mM EDTA or dispase as described1. Epidermal K17 
immunostaining (1:5,000, rabbit polyclonal antisera provided by P. Coulombe) 
and dermal nitroblue tetrazolium/5-bromo-4-chloro-3′-indolyphosphate  
p-toluidine (NBT/BCIP) staining were done to identify new hair germs and 
follicular dermal papillae in wounds as previously described1.

Fgf9 antibody and Fgf9-adenovirus experiments in adult mice. We injected 
50 µl of 10 µg ml−1 anti-Fgf9 (R&D MAB273) or a mouse IgG2a isotype control 
antibody (clone UPC-10, Sigma-Aldrich) daily into wound dermis during late 
healing (PWD12–PWD16) and counted new hair follicles 10–14 d later.

The pGEM-Fgf9 plasmid, provided by D.M.O., served as a template for PCR 
amplification of the Fgf9 coding sequence. Recombinant adenovirus was gener-
ated according to methodology described by Shi et al.36.

Whole-mount assays to detect b-galactosidase activity. To detect  
β-galactosidase activity, wound tissue (dermis and epidermis) was treated  
as described1, photographed and frozen in optimal cutting temperature  
(OCT) medium at −80 °C in preparation for cryosectioning.

Antibodies. Antibodies used in these studies included antibodies specific 
for β-catenin (1:100, clone 14, BD Biosciences), Ki-67 (1:100, clone B56, BD 
Biosciences), CD45 (1:100, clone 30-F11, BD Biosciences), CD31 (1:100, clone 
MEC 13.3, BD Biosciences), γδ TCR (1:100, clone GL3, BD Biosciences), 
TCR Vγ2 (1:50, UC3-10A6), TCR-β (1:100, clone H57-597, BD Biosciences), 
CD3 (1:100, clone 145-2C11, eBioscience), human CD3 (1:20, clone HIT3a, 
BioLegend), human γδ TCR (1:40, clone 5A6.E9, Thermo Scientific) and human 
CD31 (1:100, clone MBC 78.2, Invitrogen).

Immunofluorescence and quantification of gd T cells in human and mouse 
frozen sections and in situ analyses. Tissue, flash frozen in OCT medium at  
−80 °C, was cryosectioned and typically fixed with 4% paraformaldehyde.  
In mouse skin, for detection of external antigens, we blocked tissue in 5% FCS 
in PBS and then incubated with the appropriate antibodies overnight at 4 °C, 
washed and then refixed tissue. For detection of intracellular antigens, we per-
meabilized sections with 0.5% Triton X-100, then incubated with the appropriate 
antibodies as described above. In human skin, for detection of CD3, TCRδ chain 
and CD31, we stained unfixed frozen sections with antibodies for 1 h followed 
by brief staining with secondary antibodies and then fixation. To determine per-
centages of CD3+γδ− cells (CD3+TCRδ−) and γδ+ T cells (CD3+TCRδ+) in frozen 
sections, we manually counted stained cells and all DAPI+ nuclei within the 
dermis of a section, divided stained cell numbers from DAPI+ cell numbers and 
multiplied by 100. For in situ analyses, tissue sections were first photographed to 

determine location of GFP+ cells. We then subjected tissue to in situ analyses for 
detection of Fgf9 transcripts according to the method of Braissant and Wahli37 
and rephotographed. Fgf9 sense and antisense probes were generated from a 
pFgf9 template using the DIG RNA labeling kit SP6/T7 (Roche). The T7 sense 
control showed no staining (Supplementary Fig. 7b).

Cell collection, FACS analyses and cell sorting for qPCR and CDR3 sequencing. 
We separated wound or normal epidermis and dermis as described1. To generate 
single-cell suspensions for FACS and cell sorting, epidermis was further incubated 
with 0.25% trypsin in EDTA with mechanical dissociation at 37 °C for 5 min. 
Dermis was diced and incubated with 3 mg ml−1 collagenase in PBS at 37°C for 1 h. 
Dissociation of human dermal cells required 4–5 h incubation with rotation. Cells 
were counted, incubated with Fc block (BD Biosciences) and then antibodies. We 
undertook FACS analyses using a FACSCanto A and cell sorting using FACSVantage 
scanning electron microscopy and FACSDiVa software and analyzed data using 
FlowJo software. We sorted populations with low cell numbers directly into TRIzol 
LS (Life Technologies). To establish veracity of the sorting method for enrichment 
of wound fibroblasts used in Figure 5, we subjected the sorted populations (CD45+, 
CD31+ and double-negative fibroblasts) to qPCR using a panel of probes specific 
for each population (Supplementary Fig. 6). The fibroblast population was found 
to express high amounts of the fibroblast-specific Col1a2 and Pdgfra but not T cell, 
antigen-presenting cell or endothelial cell transcripts.

PCR, quantitative real-time PCR and CDR3 sequence analyses. We isolated 
RNA from whole tissue or sorted cells using the RNeasy microkit (Qiagen) and 
assessed RNA concentration using a Nanodrop 2000c spectrophotometer (Thermo 
Scientific). Roughly equal amounts of RNA were converted to cDNA using the 
Superscript First-Strand Synthesis System (Invitrogen). PCR analyses to investigate 
Vγ use by γδ T cells were done using primer sets described by Andrew et al.38. QPCR 
was done using a StepOnePlus Real-Time PCR System (Applied Biosystems) with 
Taqman primer and probe sets from Applied Biosystems. We performed reactions 
in triplicate and standardized relative expression levels using housekeeping genes 
Actb or 18S rRNA as internal controls. Results were obtained by the comparative Ct 
method using the StepOne software program with derivations defined by Livak and 
Schmittgen30 and expressed as fold change with respect to the experimental control 
Actb or 18S rRNA. For CDR3 analyses, we amplified cDNA from sorted ear dermal 
Vγ2− cells using Vγ1.1, Vγ4 or Vδ1 primers defined by Andrew et al.40. Resultant 
PCR products were cloned into TOPO vectors (Invitrogen) and sequenced.

Fibroblast culture experiments. We collected PWD10 dermis and generated sin-
gle-cell suspensions as described above. We cultured 1 × 105 cells in DMEM with 
10% FCS and penicillin-streptomycin for 24 h, then washed to remove nonadher-
ent cells and recultured with rFgf9 (Abcam) or rWnt2 (R&D) at varying concen-
trations and times as described in Figure 5. Culture supernatants were subjected 
to ELISA for detection of Fgf9 (Abcam Fgf9 ELISA kit). Cells were harvested in 
TRIzol LS reagent and processed for RNA for qPCR as described above.

Statistical analyses. All statistical analyses were done by two-tailed Student’s 
t test using Excel (Microsoft). P < 0.05 was considered significant. All data are 
expressed as means ± s.e.m.
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