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Dendritic epidermal T cells regulate
skin antimicrobial barrier function
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The epidermis, the outer layer of the skin, forms a physical and antimicrobial shield to protect the body from
environmental threats. Skin injury severely compromises the epidermal barrier and requires immediate repair.
Dendritic epidermal T cells (DETC) reside in the murine epidermis where they sense skin injury and serve as
regulators and orchestrators of immune responses. Here, we determined that TCR stimulation and skin injury
induces IL-17A production by a subset of DETC. This subset of IL-17A-producing DETC was distinct from
IFN-y producers, despite similar surface marker profiles. Functionally, blocking IL-17A or genetic deletion
of IL-17A resulted in delayed wound closure in animals. Skin organ cultures from Tcrd~/~, which lack DETC,
and Il1747/- mice both exhibited wound-healing defects. Wound healing was fully restored by the addition of
WT DETC, but only partially restored by IL-17A-deficient DETC, demonstrating the importance of IL-17A to
wound healing. Following skin injury, DETC-derived IL-17A induced expression of multiple host-defense mol-
ecules in epidermal keratinocytes to promote healing. Together, these data provide a mechanistic link between
IL-17A production by DETC, host-defense, and wound-healing responses in the skin. These findings establish

a critical and unique role of IL-17A-producing DETC in epidermal barrier function and wound healing.

Introduction
The epidermis forms the outer barrier of the body and is an initial site
of host immune responses and defense mechanisms against environ-
mental and pathogenic insults (1). The expression of antimicrobial
peptides and proteins (AMP) is a key element of the biochemical skin
barrier, and multiple AMP, including cathelicidins, 3-defensins, and
S100 proteins, have been identified and shown to play roles in wound
healing and defense against pathogens and malignancy (2-4). Dis-
turbance of the skin barrier upon injury predisposes to infection and
requires immediate reestablishment of the biochemical and physi-
cal skin barrier. This is accomplished by a sequential series of events,
including inflammation, epithelial cell proliferation, and tissue
remodeling (5-7). Studies in humans and mice have shown that IL-17
can induce several epithelial AMP (8). Importantly, IL-17A increases
following breaching of the skin barrier before infiltration of periph-
eral T cells into the wound bed (9, 10), and AMP are released by kera-
tinocytes early upon skin injury (11-14), suggesting a relevant role for
local IL-17A production in the cutaneous wound-healing response.
Specialized intraepithelial lymphocytes (IEL) reside at sites where
the body’s surface is at the interface with the external environment,
such as the epidermis or mucosa. Mouse epidermis contains large
numbers of such prototypic IEL, called dendritic epidermal T cells
(DETC). DETC express an invariant Vy3Vd1 TCR (nomenclature
according to Garman,; ref. 15) and are the only resident T cell popu-
lation in the mouse epidermis, emphasizing their crucial role in
keratinocyte homeostasis and epidermal surveillance and immu-
nity (16-19). Strikingly, Terd~~ mice, which lack y0 T cells including
DETC, display severe defects in skin wound closure, surveillance of
cutaneous Staphylococcus aureus infection, and skin hydration status
under challenge conditions (19-21). Importantly, yd T cells exist in
both mouse and human epidermis and contribute to the epidermal
immune system and wound repair (22, 23).
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DETC recognize an undefined self antigen expressed by stressed
or damaged keratinocytes in a TCR-dependent manner (24, 25).
Once activated, DETC respond by local secretion of chemokines
and cytokines, which in turn regulate skin inflammatory responses
(21,26,27). DETC produce a variety of cytokines, which are mostly
proinflammatory, but do not fit into a clear Th cell-based scheme
of restricted cytokine production, as observed for Th1, Th2, Th17,
or Tregs (28). While it is well accepted that DETC are potent IFN-y-
producing cells (26, 29), their role in IL-17A production remains
controversial (30-33). However, epidermal, but not dermal, Y0 T
cells have been shown to produce significant amounts of IL-17A
upon cutaneous Staphylococcus aureus infection, whereas dermal,
but not epidermal, yd T cells produce IL-17A upon Bacillus Calmette-
Guerin infection (20, 34). These findings indicate that under certain
conditions, DETC indeed have the potential to produce IL-17A,
although the underlying mechanistic cues are poorly defined.

In this study, we show that a subset of DETC produces IL-17A
but not IL-17F or IL-22 upon TCR activation and skin injury and
that IL-17A genetic deletion or blocking by neutralizing antibod-
ies results in a delay in skin wound closure. Contrasting previ-
ous findings in other y8 T cells, distinct subsets of IL-17A- and
IFN-y-producing DETC were identified but did not segregate with
expression of CD27 or CD45RB. DETC-derived IL-17A was critical
to inducing epidermal murine B-defensin 3 and S100A8 as well as
the regenerating islet-derived (Reg) protein, Regllly. Together, our
findings identify DETC as the major source for early epidermal
IL-17A production upon skin injury, demonstrate that DETC-
derived IL-17A is critical for epidermal AMP induction, and show
that DETC-derived IL-17A functions to reestablish the antimicro-
bial skin barrier following injury.

Results
IL-17A deficiency results in delayed wound healing that can be restored
by locally administered recombinant IL-17A. Distinct cytokines play
pivotal roles in skin barrier function and wound repair (35-37).
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Figure 1

Local IL-17A production is critical for wound healing. (A) //17a- mice have delayed wound clo-
sure in vivo. Wound-closure kinetics in WT, Tcrd-, and /[17a- mice were measured over time.
Data shown represent percentage of wound area remaining open + SEM from 4 to 8 wounds.
**P <0.01; ***P < 0.001, /[17a"- versus WT. (B) Wound-healing kinetics were measured in SOCs
from WT, Tcrd--, and ll17a- mice. In some conditions, wounded skin was supplemented with
rIL-17A or vehicle control. Data are presented as mean + SEM from 3 wounds per condition. *P < 0.05;
***P < 0.001, WT versus ll177a--. (C) Blockade of IL-17A inhibits wound closure in vivo. Neutral-
izing IL-17 Ab or control Ab (IgG..) was applied into the wound bed of WT and //77a~- mice.
Data are presented as the mean percentage of the wound area remaining open + SEM from 4
to 8 wounds. *P < 0.05; **P < 0.01. (D) Recombinant IL-17A restores defective wound healing in
1117a- skin in vivo. Wounded skin was supplemented with rlL-17A or vehicle control, and wound-
healing kinetics were measured over time. Data shown represent mean + SEM of 4 to 8 wounds
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wound-healing system (Figure 1A), sug-
gesting that IL-17A produced by resi-
dent skin cells is critical to the wound-
healing response. To corroborate the
requirement of IL-17A for the cutaneous
wound-healing response, IL-17A activ-
ity was blocked in vivo by a neutralizing
anti-IL-17A antibody. Consistent with
our findings that Il1747/~ mice showed
delayed wound healing, treatment of
wounds with anti-IL-17A antibodies
administered directly into the wound
bed, but not with control IgGa,, delayed
wound repair in WT, but not in Il17a7~
or Terd”/~, mice (Figure 1C and data not
shown). Together, these findings dem-
onstrate an essential role of IL-17A in
wound repair.

Given the critical role of IL-17A for
the cutaneous wound-healing response,
we next tested whether addition of
IL-17A into the wound bed could restore
defective wound closure in Il1747- mice.
Exogenous recombinant IL-17A was
added into the wound bed and was able
to rescue the wound-healing defect in
111747/~ skin and restore it to WT levels in
vitro and in vivo (Figure 1, B and D, and

per condition. *P < 0.05;**P < 0.01; ***P < 0.001, /[17a~- versus WT.

IL-17Aisreadily detectable in human and mouse skin wounds (9, 10)
and functions in host defense, inflammation, and epithelial cell
proliferation (20, 38-40). Therefore, we sought to investigate
whether deficiency of IL-17A results in changes in cutaneous
wound-healing kinetics by measuring and calculating the per-
centage of wound area remaining open, as previously described
by our laboratory and others (21, 29, 41). In vivo measurements
of wound closure revealed that Il1747/~ mice displayed delayed
wound healing compared with WT mice, with very similar kinet-
ics to the delay seen in Terd”7~ mice (Figure 1A). In line with this
observation, keratinocyte proliferation, which is critical for the
initiation of wound reepithelialization, was markedly decreased at
the wound site of I/17a47~ mice compared with WT controls (Sup-
plemental Figure 1A; supplemental material available online with
this article; doi:10.1172/JCI70064DS1). To exclude the possibility
that DETC in 111747/~ mice had intrinsically reduced numbers or
proliferation upon activation, resulting in delayed wound-heal-
ing responses, we examined homeostatic numbers and prolifera-
tive capacities of DETC from WT and I/17a7~ mice, but did not
observe any significant differences (Supplemental Figure 1B). To
rule out the possibility that delayed wound healing in Il1747~ skin
was driven by impaired infiltration of immune cells relevant to
wound repair, we chose to evaluate the wound-healing response
further in the well-established in vitro skin organ culture (SOC)
system (21), where peripheral immune cells cannot migrate into
the wound bed. Using this in vitro approach, we observed that
111747/~ skin wounds also displayed significant wound-closure
defects, with kinetics very similar to that of wounds from Terd~~
mice (Figure 1B), similar to the observations made in the in vivo
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Supplemental Figure 1E), emphasizing

that locally administered recombinant

IL-17A alone was sufficient to fully
restore defective wound healing in I11747~ mice. However, admin-
istration of recombinant IL-17A to WT wounds did not signifi-
cantly affect wound healing (Figure 1D). Collectively, results
from these in vitro and in vivo wound-healing studies strongly
suggested that local IL-17A production plays a crucial and non-
redundant role in cutaneous wound healing.

TCR stimulation is required for production of IL-17A by a subset of
DETC. DETC play an essential role in wound repair (21), and
therefore, we sought to determine whether DETC are the source of
IL-17A in the epidermal compartment. We reasoned that direct
TCR ligation would be critical for IL-17A production by DETC,
because DETC become activated through their TCR by recogni-
tion of self antigens expressed on wounded keratinocytes (25, 42).
Indeed, we observed that freshly isolated and sorted Vy3* DETC
stimulated with anti-CD3e strongly induced IL-17A mRNA and
protein (Figure 2, A and B). Proteins for IL-17F and IL-22, howev-
er, were not detected in resting or activated DETC (Figure 2B and
Supplemental Figure 2A). Cyclosporin A (CsA) is known to potent-
ly block TCR-mediated T cell activation through inhibition of cal-
cineurin and subsequent nuclear factor of activated T cells (NFAT)
activation (43). Strikingly, TCR-mediated IL-17A production was
completely inhibited by CsA treatment, suggesting that TCR
activation is critical for IL-17A production in DETC (Figure 2C).
Stimulation with the master cytokine regulators IL-23 plus IL-1f3
in the absence of TCR stimulation has been found to induce
strong IL-17A production in some Y8 T cells, but not in DETC
(30). In line with these findings, we did not observe IL-17A pro-
duction in sorted Vy3* DETC upon stimulation with IL-23 plus
IL-1p or IL-23 or IL-1f alone (Figure 2D). However IL-23 plus
October 2013 4365
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Figure 2

IL-17A production by a subset of DETC requires TCR stimulation. (A) DETC upregulate //77a upon
TCR stimulation in vitro. Sorted Vy3+ DETC express //17a following activation by plate-bound anti-CD3e
(10 ug/ml). (B) Freshly isolated and sorted Vy3+* DETC were stimulated with plate-bound anti-CD3¢
(10 ug/ml), and IL-17A, IL-17F, and IL-22 protein was measured by ELISA. Data are shown as mean
+ SEM from quadruplicate measurements and are representative of 3—4 independent experiments.
***P < 0.001. (C) CsA inhibits anti-CD3e—mediated IL-17A production in DETC. Cells are gated on
Vy3+Thy1.2+. (D) Stimulation with IL-1p and IL-23 alone does not induce IL-17A in DETC. Sorted Vy3+
DETC were stimulated with IL-1p, IL-23, or the combination thereof in the presence or absence of
suboptimal anti-CD3¢, and IL-17A secretion was assayed by ELISA. Data are shown as mean + SEM
from duplicates. (E) JAML costimulation increases IL-17A in DETC. ELISA analysis for IL-17A from
culture supernatants of DETC stimulated with antibody against suboptimal doses of CD3 alone, CD3
and JAML, or JAML alone. Data are shown as mean + SEM from duplicates. (F) DETC upregulate
RORyt upon TCR stimulation. Freshly isolated DETC were stimulated with anti-CD3g (10 ug/ml) for
3 hours, and RORyt levels were measured by flow cytometry. (G) A subset of RORyt* DETC produces
IL-17A. RORyt and IL-17A expression were assessed by flow cytometry in freshly isolated epidermal
cell suspensions that were stimulated with anti-CD3e (10 ug/ml). Cells are gated on Vy3+Thy1.2+.

IL-1f enhanced TCR-mediated IL-17A production when a subop-
timal amount of anti-CD3¢ was used for stimulation (Figure 2D).
IL-17A production induced by high-dose anti-CD3g, in contrast,
could not be further enhanced by IL-23 plus IL-1f (data not shown).
Based on the recent discovery of the junctional adhesion molecule-
like protein (JAML) as a critical costimulatory molecule for TCR-
mediated DETC activation (29), we reasoned that JAML costimu-
lation may play a role in IL-17A production as well. Stimulation
of DETC with crosslinked anti-JAML antibodies augmented TCR-
mediated IL-17A production (Figure 2E). Furthermore, follow-
ing stimulation with low-dose (1 ug/ml) or high-dose (10 ug/ml)
anti-CD3g, different secretion kinetics were observed for IL-17A,
TNF-a, and IFN-y (Supplemental Figure 2B). Upon stimulation
with low-dose anti-CD3g, IL-17A was detected in culture super-
natants earlier than TNF-a and IFN-y, whereas high-dose TCR
stimulation resulted in similar secretion kinetics between IL-17A,
TNF-a, and IFN-y (Supplemental Figure 2B). These results dem-
onstrate that IL-17A is rapidly secreted following TCR stimula-
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RORyt :
Expression of the aryl hydrocarbon

receptor (Ahr), a transcription fac-
tor recently shown to be abundantly
expressed by DETC and also associ-
ated with IL-17A production (32, 49),
did not change upon TCR activation
(Supplemental Figure 2C). Together,
these findings demonstrate that
DETC are uniquely regulated to pro-
duce IL-17A, but not IL-17F or IL-22.
In contrast to other IL-17A-produc-
ing yd T cells (30, 31), DETC appear
to require direct TCR stimulation for
optimal IL-17A production, which
can be augmented, but not bypassed,
by IL-23/IL-1f cytokine or JAML
stimulation. Furthermore, in con-
trast with findings in other IL-17A-
producing T cells (44, 50) and
despite upregulation of RORyt in DETC upon activation, only a
subset of TCR-stimulated RORyt* DETC was able to produce large
amounts of IL-17A, suggesting that induction of RORyt alone is
not sufficient to mediate IL-17A production in DETC. Similarly,
IFN-y-producing DETC were characterized by their expression of
T box transcription factor (T-bet); however, only a subset of T-bet*
DETC produced IFN-y (Supplemental Figure 2E), suggesting that
T-bet alone was not sufficient for IFN-y induction in DETC.

A subset of DETC produces IL-17A upon skin injury in a Vy3-dependent
manner. Next, we assessed the ability of DETC to produce IL-17A in
response to in vivo skin wounding. Intracellular cytokine staining
performed demonstrated that only DETC isolated from the epider-
mis surrounding the wound site, but not from nonwounded skin,
contained a subset of IL-17A-producing cells (Figure 3A).These
findings were corroborated by quantitative PCR (qPCR) analy-
ses of 1l17a using sorted DETC from nonwounded and wounded
areas (Figure 3B). RORyt levels were increased in DETC isolated
from skin directly surrounding the wound site compared with
Number 10
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Figure 3

DETC produce IL-17A upon skin injury in vivo. (A) Increased frequency of IL-17A—producing Vy3* DETC in wounded skin. Epidermal cells were
isolated from skin areas directly surrounding wounds or from nonwounded skin, 18 hours after wounding. Intracellular IL-17A production was
analyzed by flow cytometry. Data are pooled and shown as the mean + SEM of Vy3 cells producing IL-17A from independent analyses of 4 mice
and are expressed as percentage of Vy3+ cells producing IL-17A. **P < 0.01. (B) Signaling through the Vy3Vd1 TCR is required for DETC-mediated
IL-17A expression in vivo. Vy3+ DETC from WT and epidermal TCRp* cells from Tcrd-- mice were isolated and sorted from the epidermis of
wounded and nonwounded skin areas 18 hours following skin injury. IL-17A was measured by gPCR. Data are pooled and shown as mean + SEM
from 3 independent experiments with at least 4 mice per genotype per experiment. (C) RORyt increases in DETC upon skin injury. DETC were
isolated 12 hours following skin injury from nonwounded and wounded skin areas and were stained for RORyt. Cells are gated on Vy3+Thy1.2+.
(D) Ifng is upregulated upon skin injury. Vy3+ DETC were isolated and sorted from the epidermis of wounded and nonwounded skin areas 18 hours
following skin injury. Ifng was measured by gPCR. Data are pooled and shown as mean + SEM from 3 independent experiments with at least

4 mice per genotype per experiment.

those from nonwounded skin (Figure 3C). In addition to Il17a,
Ifng was also upregulated in DETC upon wounding (Figure 3D),
an observation made previously by our laboratory (21), albeit to
alesser extent than Il17a expression at 18 hours after wounding.
Terd”~ mice lack Vy3Vd1 DETC in the skin, but harbor a popula-
tion of af TCR-bearing cells in the epidermis (24). These TCRf"
cells have a polyclonal Vf repertoire and, importantly, do not rec-
ognize the uncharacterized DETC antigen expressed by keratino-
cytes (24). To determine whether this o8 T cell population in the
Terd”~ epidermis responds to skin wounding with upregulation of
I117a, similar to what we observed in WT DETC, sorted epidermal
T cells from Terd”~ mice were analyzed. We found that, in contrast
to Vy3* DETC isolated from wounded WT skin, these surrogate

Figure 4 A CD27

CD45RB

epidermal of T cells from Terd 7/~ skin, although expressing IL-17A
transcript constitutively, failed to upregulate I/172 mRNA upon
wounding (Figure 3B). This suggests that functional Vy3V81 TCR
signaling is necessary for optimal induction of IL-17A in DETC
upon wounding. Alternatively, dysregulated aff T cells or kerati-
nocytes in Terd”~ skin may contribute to the defective response to
skin injury (17, 51).

IL-17A- and IFN-y—producing DETC subsets maintain their CD27~
CD45RB* phenotype. A number of characteristic phenotypic markers
have been recently described to identify thymic DETC precursors and
other y0 T cell subsets based on their maturation, memory pheno-
type, and cytokine commitment (31, 34, 52). Importantly, CD27 has
been proposed as a critical molecule to distinguish between IL-17A-
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Figure 5

WT but not //77a- DETC restore defective wound healing. Preactivated
WT or ll177a”- DETC were added into the wound bed of wounded skin
explants from //17a-- (A) or Terd~- (B) mice, and wound-healing kinet-
ics in SOC were measured over time. Data presented are mean + SEM
from 3 wounds per condition. *P < 0.05, //17a”-+WT DETC vs. ll17a"-
(A) and Tcrd”- +WT DETC vs. Tcrd=- (B).

and IFN-y-producing yd T cells, with IL-17A-producing yd T cells
being CD27- and IFN-y producers being CD27* (52, 53). We dem-
onstrate that DETC can produce both IL-17A and IFN-y (Figures 2
and 3 and Supplemental Figure 2). However, unlike what has been
published for peripheral yd T cells and thymic DETC precursors
(52, 53), CD27 expression was absent on all DETC (Figure 4A), in
line with a previous report by Cai et al. (30). In addition, all DETC
were found to be CD45RB*NK1.1-CD62L-CD122*IL-7R-CD69*
(Figure 4A), whereas CD27, CD62L, IL-7R, and NK1.1 were detect-
ed on splenocytes used as positive controls (Supplemental Figure
3,Aand B). The DETC surface marker profile identified here corre-
sponds to an “intermediate” phenotype of what has been described
to distinguish IL-17A- and IFN-y-producing fetal thymic DETC
precursors, with IL-17A producers being CD45RB-CD27-NK1.1-
IL-7R* and IFN-y producers being CD45RB*CD27*NK1.1*IL-7R"
(52). As expected, WT and I/1747/- DETC had indistinguishable
surface-marker expression profiles, suggesting that lack of IL-17A
per se does not affect the DETC phenotype (Figure 4A).

As DETC could not be separated into potential IL-17A or IFN-y
producers based on their phenotype, we next investigated whether
IL-17A- and IFN-y-producing DETC were distinct cell subsets,
as has been shown for other Y8 T cells (53), or double producers.
IL-17A and IFN-y production were analyzed by intracellular FACS
staining 4 and 24 hours following continuous TCR stimulation.
IL-17A but not IFN-y was detected in a subset of DETC as early as
4 hours after stimulation, whereas IFN-y and IL-17A were detect-
able in distinct subsets of DETC following 24 hours of stimula-
tion (Figure 4B). Interestingly, both IFN-y- and IL-17A-producing
DETC subsets retained their CD27-CD45RB* phenotype follow-
ing activation (Figure 4C), demonstrating that IL-17A- and IFN-y-
producing DETC are distinct subsets, but they cannot be distin-
guished on the basis of CD27 and CD45RB expression, unlike
thymic DETC precursors or other yd T cells (52-54).
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1L-17A produced by DETC s sufficient to improve defective wound bealingin
111747/~ and Terd "/~ mice. To determine whether DETC-derived IL-17A
is sufficient to mediate the wound-healing response, wounds from
111747~ mice were supplemented in SOC with physiological num-
bers of WT or Il1747~ DETC. Addition of WT DETC to wound-
ed Il17a/~ SOCs restored wound healing to WT levels, whereas
Il17a7- DETC only partially aided wound healing (Figure 5A).
Consistent with previous results from our laboratory (16, 21), WT
DETC added to Terd7~ SOC significantly enhanced wound clo-
sure (Figure 5B). In contrast, 1/1747~ DETC only partially restored
wound healing, suggesting that Il1747~ DETC can provide some
components to aid the wound-healing response; however, their
lack of IL-17A precludes them from fully restoring wound healing.
Collectively, these results demonstrate that DETC-derived IL-17A
exerts a previously unrecognized role in cutaneous wound healing.

IL-17A induces epidermal host-defense molecules upon skin barrier dis-
ruption to aid the wound-healing response. Coinciding with the produc-
tion of IL-17A by DETC upon in vivo wounding (Figure 3, A and
B), we observed upregulation of the IL-17 receptor A (IL-17RA) on
wounded keratinocytes (Figure 6A), suggesting that keratinocytes
are a likely target of IL-17A signaling upon skin injury. Since IL-17A
regulates distinct AMP production in epithelial cells and tis-
sues (50, 55), this prompted us to investigate the effect of IL-17A
on AMP expression in primary murine keratinocytes (Figure 6B).
Keratinocytes were stimulated with recombinant IL-17A, and AMP
expression was assayed by qPCR over time. We detected a significant
increase in mRNA expression of Defb3 and S100a8, while expres-
sion levels of DefbI and Defb2 were not significantly changed upon
IL-17A stimulation (Figure 6B). AMP function to regulate mul-
tiple immune responses relevant to wound healing (11-13, 56-59).
Indeed, in vivo skin injury strongly induced epidermal Defb3,
§100a8, and the novel cutaneous AMP, Reg3g, expression in WT
mice in line with previous reports (14, 58-60), and we found here
that IL-17A deficiency or alack of yd T cells severely compromised
this induction (Figure 6C). In addition, increased B-defensin 3
and ReglIly protein staining was observed in the epidermis of WT
wounds, whereas induction of these AMP was reduced in Il174 7/ or
Terd~~ skin (Figure 6D). Induction of epidermal S100A8 was also
decreased in Il17a7~ mice compared with WT mice (Figure 6D).
Thus, we demonstrate that IL-17A and yd T cells are critical for
epidermal AMP induction following wounding.

Recently, a functional role for RegllIly has been shown in the
cutaneous wound-healing response (59). To directly assess
whether B-defensin 3 and S100A8 also affect the wound-healing
response, excisional wounds of WT and I/1747~ mice were treated
in vivo with recombinant -defensin 3 or SI00A8 and wound-heal-
ing kinetics were measured (Figure 6E and Supplemental Figure
4). B-Defensin 3 but not S100A8 restored defective wound heal-
ing in Il1747/~ mice compared with vehicle controls; however, no
accelerated wound closure was observed in WT mice (Figure 6E,
Supplemental Figure 4, and data not shown). Thus, in addition
to the recently established role of ReglIly (59), we here identified a
functional role of B-defensin 3 in the wound-healing response. The
importance of DETC-derived IL-17A for epidermal AMP induction
is further supported by the finding that addition of WT DETC to
wounded skin from Il17a7~ mice in SOC upregulated epidermal
B-defensin 3 and RegllIly (Figure 7 and Supplemental Figure 5). In
contrast, addition of neutralizing anti-IL-17A antibodies to WT
DETC and the SOC (Figure 7) or supplementation of SOC with
DETC deficient in IL-17A (Supplemental Figure S) impaired the
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IL-17A is critical for induction of epidermal host-defense molecules to mediate wound repair. (A) IL-17RA expression increases upon wound-
ing. Epidermal cells isolated from nonwounded and wounded sites were stained for IL-17RA 18 hours following wounding. Cells are gated on
CD45-. (B) IL-17A induces murine Defb3 and S700a8 in primary murine keratinocytes. **P < 0.01; ***P < 0.001. (C and D) Induction of AMP upon
wounding is impaired in //17a- mice. Levels of epidermal $-defensin 3, S100A8, and Regllly were analyzed (C) by qPCR of epidermal sheets
from nonwounded and wounded skin or (D) by immunofluorescence staining of wounded and nonwounded skin from WT and //77a~- animals
24 hours after wounding. (C) For gPCR, data are pooled from 4—6 wounds and expressed as mean + SEM from 3 independent experiments.
Data are expressed as relative fold change compared with nonwounded controls. *P < 0.05. (D) Antibodies recognizing p-defensin 3, S100A8, or
Regllly were used (red staining). DAPI was used to visualize cell nuclei (blue staining). Dotted white lines represent the epidermal-dermal border.
Scale bar: 50 um. (E) p-Defensin 3 but not S100A8 ameliorates defective wound healing in //77a- mice in vivo. Skin wounds were treated with
recombinant 3-defensin 3 or S100A8, and wound-healing kinetics were measured over time. Data shown represent mean + SEM of 4 to 8 wounds
per condition. *P < 0.05; **P < 0.01, /l17a- versus ll17a~-+ p-defensin 3.
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capacity of DETC to upregulate 3-defensin 3 and ReglIIy. Collec-
tively, these results demonstrate that DETC-derived IL-17A is criti-
cal to inducing epidermal host-defense molecules and functions to
promote the wound-healing response.

Discussion
Wound repair is a complex process involving numerous cell types
to accomplish the 3 phases of wound healing, called the inflam-
matory, proliferation, and tissue-remodeling phases. We and oth-
ers have shown that IL-17A levels increase from hours to 1 day
following acute skin injury prior to the influx of peripheral T cells
into the skin in humans and mice (5, 10, 37, 61). Whether DETC
are capable of producing IL-17A has been somewhat controver-
sial based on previously published conflicting data (20, 30, 31).
In this study, we identify DETC as the source of epidermal IL-17A
upon skin injury, and we show a direct functional role of IL-17A-
producing DETC in regulating epidermal AMP responses to pro-
mote wound repair (Figure 8).

Deficiency or blocking of IL-17A resulted in delayed wound clo-
sure in vivo. Wound-healing defects in I/17a47~ animals could be
restored by the addition of recombinant IL-17A or by IL-17A-suffi-
cient WT DETC, but only partially by 1/1727- DETC or WT DETC
treated with neutralizing anti-IL-17A antibodies in a SOC system.
These findings suggest an essential role for DETC-derived IL-17A
in the wound-healing response and a previously unrecognized role
for DETC to provide IL-17 to promote wound healing.

In contrast to innate-like IL-17-committed peripheral y8T cells,
DETC do not respond to cytokine stimulation by production of
IL-17A (30, 31). Instead, TCR-mediated activation is pivotal to
DETC function (42, 62), and we demonstrate that TCR-mediated
signals are essential for optimal IL-17A production by DETC in
4370
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wounds by WT DETC via an
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Wounded SOCs from WT or
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DETC. Neutralizing anti—-IL-17A
antibody together with preac-
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the wound bed of SOCs. Skin
directly adjacent to the wound
bed was analyzed for 3-defensin
3 and Regllly expression (red
staining). DAPI was used to
visualize cell nuclei (blue stain-
ing). Dotted white lines repre-
sent the epidermal-dermal bor-
der. Scale bar: 50 um.

vitro and in vivo in response to wounding (Figure 8). Thus, our
findings provide a rational explanation as to why recent studies
have reported that DETC are unable to produce IL-17A (30, 31).
Furthermore, PMA plus ionomycin has been found to be largely
ineffective in mediating activation-induced DETC proliferation
(63), and therefore, it is not surprising that neither IL-17A nor
IFN-y production was observed when using this route of stimu-
lation (30, 31). Clearly, the presence of costimulatory molecules
and cytokine receptors may modulate TCR-mediated DETC acti-
vation, even in the presence of only weak TCR stimulation, thus
reducing the “TCR threshold” required for initiation of the sig-
naling cascade. This hypothesis is supported by our findings that
JAML costimulation or IL-23 plus IL-1f increased IL-17A secre-
tion when suboptimal TCR signaling is used. The binding part-
ner for JAML, coxsackie and adenovirus receptor (CAR), as well as
IL-1B and IL-23p19 are upregulated during the wound-healing
response (10, 29), suggesting that costimulation through JAML
or distinct cytokine receptors may have the potential to enhance
TCR-mediated IL-17A production by DETC in vivo as the wound-
healing response progresses.

Peripheral 0 T cells and thymic DETC precursors segregate into
IL-17A-and IFN-y-producing subsets based on their expression of
CD27 (52, 53). In line with a previous report (30), we found that
mature DETC lack CD27 expression; however, we show that dis-
tinct subsets of activated DETC produce IL-17A or IFN-y while
maintaining their CD27-CD45RB* phenotype. This important
observation suggests that effector functions are differently regulat-
ed in mature DETC compared with DETC precursors and other Y0
T cells and cannot be segregated on the basis of CD27 expression.
While engagement of fetal thymic DETC precursors with Skintl
induces signals relevant for DETC development and maturation,
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Schematic model for DETC-regulated immune functions
during wound healing. Upon skin injury, DETC become
activated and a subset of DETC produces IL-17A. IL-17A is
critical to inducing several AMP in keratinocytes, thus helping
to reestablish the skin barrier during wound healing. DETC-
mediated IL-17A production is highly dependent on TCR
stimulation. DETC activation via TCR mediates production of
IL-17A and IFN-y in distinct subsets despite a homogenous
CD27-CD45RB* phenotype. This is in contrast with previ-
ous observations in peripheral yd T cells and thymic DETC
precursors, suggesting that DETC cytokine commitment is
uniquely regulated.

~

including expression of CD27 and IFN-y (52, 64), it appears that
cytokine fates of mature DETC are not preprogrammed by this
event. Identification of the DETC-TCR ligand will help to investi-
gate whether TCR signaling by DETC precursors in the fetal thy-
mus with ligand(s) directs mature DETC function similar to what
has been shown for other Y8 T cells (65). Alternatively, induction
of activation signals of different strengths may determine cytokine
fates in the periphery (66-68). The strength of activation is dictated
by the antigen dose, the duration of TCR signaling, TCR numbers
and occupancy, TCR affinity, and coreceptor signals. Skin injury
causes rapid disruption of steady-state Vy3Vd1 TCR signaling in
DETC, followed by the emergence of spatially reorganized activa-
tion clusters (69, 70). Thus, our observations together with results
from previous studies suggest that TCR strength may determine
cytokine fates in DETC, as IL-17A, IFN-y, and TNF-a are induced
in DETC upon different TCR doses in vitro and upon wounding in
vivo (21,29, 71). Upregulation of TCR ligand(s), ligands for costim-
ulatory molecules, and cytokines following wounding (29, 42) may
lead to changes in the potency of activation signals, resulting in dis-
tinct IL-17A- and IFN-y-producing subsets within the DETC pool.

IL-17Asignalingis mediated throughIL-17RAand IL-17RC(72,73).
We here show that keratinocytes upregulate IL-17RA upon skin
injury and thus become a likely target for IL-17A signaling. Kera-
tinocytes are a rich source of epidermal AMP, which make up a
fundamental component of the innate immune system to protect
the host from infections in situations where the physical skin bar-
rier is compromised (74). IL-17A produced by DETC subsequently
induced epidermal B-defensin 3, S100A8, and ReglIly production,
which have been shown to function through regulation of kera-
tinocyte migration, energy metabolism, cytoskeletal dynamics,
and keratinocyte proliferation and differentiation (59, 60, 75, 76).
Induction of AMP was observed as early as 24 hours after wound-
ing, subsequent to IL-17A production by DETC at 18 hours after
wounding. AMP induction was most pronounced in the epidermal
layer of the skin, and thus it is unlikely that dermal y8 T cells, which
have recently been described to produce IL-17A as well (30, 31),
facilitate the epidermal AMP response.

Functionally, in our model system, 3-defensin 3 but not SI00A8
restored wound healing in Il1747/~ mice. Nonetheless, SI00A8
may still play relevant roles during the wound-healing response
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and may require other IL-17-driven factors for its full function.
Expanding previous observations on ReglIly (59), we show here
that its upregulation is severely compromised not only in Il1747/~
but also in Terd”/~ mice. Furthermore, WT DETC could restore
RegllIly expression in I/17a7~ wounds, suggesting that DETC likely
provides IL-17A to induce epidermal ReglIly upon wounding. In
contrast to the wound-healing-promoting properties of ReglIIy
exerted in WT mice (59), B-defensin 3 improved wound closure in
111747~ but did not significantly affect wound healing in WT mice,
atleast in our model system. In addition, lower doses of 3-defensin
3 were not sufficient to fully restore wound healing, suggesting
that treatment with -defensin 3 at higher concentrations may
compensate for the lack of Regllly induction in Il1747/~ mice and
that under normal conditions in a WT host, -defensin 3 and
RegllIly likely act in concert to regulate wound-healing respons-
es. We conclude that induction of f-defensin 3, S100A8, and
Regllly in keratinocytes may be the underlying mechanism of the
wound-healing-promoting properties of DETC-derived IL-17A.
IL-17A is not constitutively produced by DETC, but upon activa-
tion, DETC-derived IL-17A likely plays a role in responses to tissue
damage, whereas homeostatic AMP expression is likely controlled
by other mechanisms.

Skin injury requires the reestablishment of the biochemical
(antimicrobial) and the physical skin barriers, which are restored
during the inflammatory and proliferative phases of wound
healing, yet interaction between these 2 phases exists. Findings
from this study and others demonstrate that IL-17A induces not
only inflammatory but also proliferative cell responses (38, 59)
and exerts effects on various genes relevant for wound healing
including B-defensins, Reg proteins, CXCL1, and matrix metal-
loproteinases (59, 77-79). Thus, it is possible that the wound-
healing-promoting properties of DETC-derived IL-17A may oper-
ate not only through induction of AMP but also by other target
genes that may induce multiple cellular and molecular events to
promote the wound-healing response. These pleiotropic actions
of IL-17A may explain the profound effects on wound healing
observed upon treatment of wounds with rIL-17 or with block-
ing IL-17 antibodies. In addition, the recombinant IL-17A used
in our restoration experiments showed functional effects on the
wound-healing response. Although the lowest amount of recom-
Number 10 4371
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binant IL-17A tested was not sufficient to promote wound heal-
ing in I11747/~ wounds, it should be noted that the bioavailability/
activity for endogenous and exogenous IL-17A may be different or,
alternatively, that additional factors from WT DETC may mediate
optimal wound healing together with IL-17A.

The significance of our findings is emphasized by several obser-
vations made in humans. Resident T cells, consisting of aff and
¥ T cells (22), are present in human skin and exceed the num-
bers of circulating T cells in the human body, suggesting a highly
relevant and underestimated function for cutaneous immunity
(80). In fact, skin-resident T cells are dysfunctional in nonheal-
ing wounds (22), IL-17A is decreased at wound sites from severe
burn wound patients who are highly susceptible to infections and
sepsis (81), and patients with genetic mutations limiting the lev-
els of IL-17A suffer from reoccurring mucocutaneous infections
and ulcers (82, 83). This raises the possibility that repair of acute
wounds in those patients may be improved by therapeutic target-
ing of skin-resident T cells to produce IL-17A or by local adminis-
tration of recombinant IL-17A. Based on our findings of delayed
wound closure in IL-17A-deficient mice and mice treated with
blocking IL-17A antibodies, future studies are necessary to evalu-
ate whether patients receiving drugs to block the IL-17 pathway,
such as those suffering from psoriasis, also exhibit wound-healing
defects. Mechanical skin injury is a trigger for initiation of pso-
riatic plaques; however, the molecular mechanisms are not fully
understood. IL-17A induced by skin injury may initiate an aber-
rant inflammatory response and hyperproliferation in the skin of
susceptible individuals, which may subsequently trigger the devel-
opment of psoriatic plaques. Whether other forms of skin damage,
for example, through skin irritants or excessive sun exposure, can
also cause IL-17 production by DETC is currently under investiga-
tion. Results from our study may provide novel insights into the
pathophysiology of psoriasis and other inflammatory skin diseas-
es as well as provide insight into the development of new therapies.

Methods

Mice. C57BL/6 and Terd”/~ mice on the C57BL/6 background were pur-
chased from The Jackson Laboratory. Il1747~ mice were provided by Y.
Iwakura (University of Tokyo, Tokyo, Japan) (84) and K. Ley (La Jolla Insti-
tute for Allergy and Immunology, La Jolla, California, USA). CS7BL/6,
Il17a7/~, and Terd”~ mice were bred at The Scripps Research Institute, and
all animals were housed in specific pathogen-free conditions according to
The Scripps Research Institute IACUC guidelines.

Skin cell preparation. DETC were freshly isolated from mouse skin as pre-
viously described (21). Either whole epidermal cell suspensions or DETC
purified by FACS sorting based on Vy3 and Thy1.2 expression were used in
experiments, unless otherwise indicated. For generation of DETC short-
term cell lines, epidermal cells were cultured in the presence of 5 U/ml
IL-2, as previously described (16). Primary keratinocytes were isolated and
maintained as described previously (85).

Activation assays. Epidermal cells or FACS-sorted DETC were cultured in
complete DMEM or RPMI containing 10% FCS. Approximately 0.5-1 x 10%/ml
cells were stimulated with various concentrations of plate-bound anti-CD3e
antibody (500A2), IL-23 (10 ng/ml), or IL-1f (10 ng/ml) or a combination
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thereof, as stated in figure legends. For some experiments, DETC were pre-
treated with 1 ug/ml CsA (Calbiochem) or DMSO vehicle control before
TCR stimulation. FACS-sorted DETC were stimulated with anti-CD3e
(10 ug/ml) for 3 hours for mRNA analyses. Low dose IL-2 (5 U/ml) was
present for activation assays using DETC short-term cell lines. For prolif-
eration assays, freshly isolated and FACS-sorted DETC were stimulated for
18-24 hours before addition of 0.5 uCi/well [3H|thymidine (MP Biomedi-
cals). Samples were harvested 18 hours later and [*H|thymidine incorpo-
ration was measured using a Beckman LS181 scintillation counter (Beck-
man Coulter). For JAML costimulation experiments, anti-JAML antibodies
(10 ug/ml) (29) together with anti-CD3¢ antibodies (0.5 ug/ml) were dilut-
ed in ELISA coating buffer (50 mM Tris, 150 mM NaCl; pH 8.0) and immo-
bilized to individual wells of 96-well flat-bottom microtiter ELISA plates.
For analyses of secreted cytokines, supernatants were removed at various
time points and immediately stored at -20°C until use. Supernatants from
FACS-sorted DETC were analyzed for presence of IL-17A, TNF-o,, or IEN-y
by ELISA (eBioscience). For detection of intracellular cytokines, cells were
incubated with Brefeldin A (5 ug/ml-10 ug/ml) and Monensin (eBiosci-
ence, 1:1000) for up to 1 hour prior to stimulation and for an additional 3
to 8 hours during stimulation. For 18- and 24-hour time points, Brefeldin
A and Monensin were added to cells for the last 3-5 hours of stimulation.
Primary murine keratinocytes were stimulated with 5 ng/ml recombinant
IL-17 (eBioscience) for different time points, as indicated.

Statistics. Data represent mean = SEM and are representative of 3 inde-
pendent experiments unless otherwise indicated. Statistical significance
was measured using 2-tailed Student’s  test or 2-way ANOVA, as described
in figure legends. P of < 0.05 was considered significant.

Study approval. All studies were reviewed and approved by the IACUC at
The Scripps Research Institute.

For additional details, see Supplemental Methods and Supplemental
Table 1.
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