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of the spiitzle ligand for the Drosophila Toll 
receptor that is generated via a serine protease 
cascade (24). In mature flies, Toll also func- 
tions in immunity to fungal pathogens, and 
derepression of this pathway, due to the ab- 
sence of the Spn43Ac protease inhibitor, also 
results in necrosis (25). 

Generating a mature ligand is unlikely to be 
the sole function of Rcr3, because rcr3 mutants 
do not exhibit an HR when infiltrated with 
intercellular fluid preparations that contain Avr2 
isolated from infected tomato plants (2). 

Alternatively, Rcr3 could process Cf-2 or 
another plant protein. Differences in the sub- 
strate specificity or activity of Rcr3pm" and 
Rcr3esc might explain why Rcr3esc induces 
Avr2-independent necrosis. An extracellular 
protease is also required for brassinosteroid per- 
ception in Arabidopsis (26). Overexpression of 
the serine carboxypeptidase BRS1 suppresses 
extracellular domain mutants of the BRI1 LRR- 
receptor kinase. BRS1 may process a protein 
that forms part of the BRI1 ligand (26). Alter- 
natively, Rcr3 might be a plant defense compo- 
nent that is inhibited by Avr2. Avr2 could also 
inhibit other cysteine proteases, either by bind- 
ing to or by modifying them. Whether Rcr3 
has a role in defense is not established. The 
Cf2 Rcr3 mutant lines do not appear more 
susceptible to C. fulvum than Cf0, but tomato 
encodes many different cysteine proteases. It 
is interesting that the C. fulvum Avr9 protein 
shows significant structural homology to sev- 
eral protease inhibitors (27). 

It is possible that Avr2 and Rcr3 togeth- 
er constitute a complex ligand that is rec- 
ognized by Cf-2. It has been suggested that 
R proteins act as 'guards' for specific pro- 
teins targeted by pathogen Avr proteins 
during infection (1, 2). Cf-2 may guard 
Rcr3 and trigger a defense response upon 
perception of an Rcr3/Avr2 complex. In 
rcr3 mutants, no Avr2-independent signal- 
ing would occur either because no Rcr3pim/ 
Cf-2 complex is formed or because the 
complex does not activate defense signal- 
ing. A subtle structural difference in 
Rcr3esc (Fig. 1A) may result in activation 
of an Avr2-independent response upon 
binding to Cf-2. 

With the recent isolation of the Avr2 gene 
(28), it will be possible to determine whether 
the Avr2, Rcr3, and Cf-2 proteins can inter- 
act. This should further increase our under- 
standing of the molecular mechanism of li- 
gand perception by this unique class of R 
proteins. 
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A Role for Skin y8 T Cells in 

Wound Repair 
Julie Jameson,1 Karen Ugarte,' Nicole Chen,' Pia Yachi,1 

Elaine Fuchs,2 Richard Boismenu,1 Wendy L. Havran1* 

/y6 T cell receptor-bearing dendritic epidermal T cells (DETCs) found in murine 
skin recognize antigen expressed by damaged or stressed keratinocytes. Acti- 
vated DETCs produce keratinocyte growth factors (KGFs) and chemokines, 
raising the possibility that DETCs play a role in tissue repair. We performed 
wound healing studies and found defects in keratinocyte proliferation and 
tissue reepithelialization in the absence of wild-type DETCs. In vitro skin organ 
culture studies demonstrated that adding DETCs or recombinant KGF restored 
normal wound healing in y/ DETC-deficient skin. We propose that DETCs 
recognize antigen expressed by injured keratinocytes and produce factors that 
directly affect wound repair. 
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y6 T cells compose a major T cell component 
in epithelial tissues (1, 2). The tight correlation 
between T cell receptor (TCR) V gene segment 
usage and tissue localization suggests a highly 
specialized function. y/a TCR-bearing DETCs 
found in murine skin produce cytokines and 
proliferate in response to damaged or stressed 
keratinocytes (3), indicating a functional inter- 
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action between these two neighboring cell types 
in vivo. DETCs produce KGF-1, also called 
fibroblast growth factor-7 (FGF-7), following 
stimulation through the y8 TCR (4). Both 
FGF-7 and KGF-2 (FGF-10) bind the FGFR2- 
IIIb receptor and have been implicated in 
wound healing (5-15). To directly test the po- 
tential role of y6 T cells in wound repair, we set 
up wound healing studies in mice lacking y/ 
DETCs. 

Location, morphology, and density of 
DETCs were evaluated after wounding of 
C57BL/6 mouse ear skin (16) (Fig. 1, A through 
C). Twenty-four to 48 hours after full-thickness 
wounding, DETCs located around the wound 
exhibited a change in morphology characterized 
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Fig. 1. 78 DETCs participate in wound 
repair. (A through C) Detection of DE- 
TCs in epidermal sheets isolated from 
C57BL/6 (B6) mice with a y7 TCR- 
specific mAb (PE-GL3; Pharmingen, La 
Jolla, CA) (16, 27, 28). Arrows indicate 
the wound edge. (A) Nonwounded 
(magnification x200). Day 2 after 
wounding (B) X200 and (C) X100. 
Data are representative of wounds 
examined from at least 10 mice. (D) 
Photographic images of excision 
wounds from B6 and TCRs-/- mice 2 
days after wounding. (E) Wound clo- 
sure kinetics in wild-type (A) and 
TCR&-/- mice (O). Data are represen- 
tative of at least three experiments. 
**P < 0.005 and *P < 0.05 using an 
unpaired 2-tailed Student t -test. 

Fig. 2. ~ya DETCs affect epider- 
mal thickening and keratinocyte 
proliferation in wounded tissue. 
Detection of proliferating cells in 
wounded tissue by BrdU labeling 
in wild-type (A and C) and 
TCR8-/- (B and D) mice 3 days 
after wounding (16). Wound 
edge is marked with arrow ( ) 
(A and B) x100 and (C and D) 
x200 magnification. Represen- 
tative BrdU-positive cells are 
marked by arrows; e, epidermis; 
h, hair follicles; and Es, eschar. (E) 
Quantification of BrdU-positive 
cells in B6 (A) and TCR8-/- (O) 
skin. At each time point, BrdU- 
positive cells were quantified 
from at least six individual mice 
per strain (16). (F) BrdU incorpo- 
ration at the wound site 5 days 
after wounding in wild-type, 
TCR&-/-, OT-1 Rag-/-, and Rag./- 
mice. No significant differences 
were observed between OT-1 
Rag./-, Rag-'-, and TCR8-/- mice. 
**P < 0.005 and *P < 0.01 using 
an unpaired 2-tailed Student t- 
test compared to B6 mice. 
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by a partial loss of the distinctive dendritic 
shape, although no significant change in DETC 
density was observed (Fig. 1, B and C). Five 

days after wounding, the DETCs at the wound 
margins began to regain their dendritic morphol- 
ogy (17). DETCs that were distant from the 

wound retained their normal shape. 
To determine whether DETCs participate 

in wound repair, wild-type and TCR&-'- mice 
received full-thickness wounds in their back 
skin (16), and the rate of wound closure was 
assessed over a 20-day period. Clear differ- 
ences in wound size and rate of healing were 
evident when wild-type and TCRG-/- wounds 
were compared on each day after wounding, 
as shown for day 2 (Fig. ID). TCRG-/- mice 
had a 2- to 3-day delay in wound closure 
relative to wild-type mice (Fig. IE). Histo- 
logical analysis of full-thickness wounds re- 
vealed reduced epithelial hyperthickening in 
the TCR&-'- mice, relative to wild-type mice 
(Fig. 2, A through D), suggesting that kera- 
tinocyte proliferation was impaired in the 
absence of y6 DETC. To test this more di- 
rectly, we injected mice with BrdU at various 
times after wounding (16). Significantly few- 
er BrdU-positive epidermal cells were detect- 
ed from the wound edge to the wound center 
in TCR'-/- compared to wild-type mice (Fig. 
2, C through E). Together, these data indicate 
that 'ya T cells play a role in keratinocyte 
proliferation and reepithelialization during 
wound healing. 

DETCs are activated through the canoni- 
cal Vy3Vgl TCR by antigen expressed by 
stressed keratinocytes. Mice that lack the ca- 
nonical Vy3 chain have DETCs with a TCR 
that retains the original Vy3 conformation 
and antigen specificity (18), emphasizing the 
functional relevance of this TCR. To deter- 
mine if DETC activation in response to 
wounding requires V~y3Vo1, we utilized 
OT-1 TCR transgenic mice (19) on a Rag- 
1-/- background. In OT-1 mice, all T cells, 
including DETCs, express an identical 
Voa2V35 TCR that recognizes an ovalbumin 
peptide complexed with I-Ab (19). BrdU in- 
corporation in the wound was diminished 
(Fig. 2F) and wound closure delayed (17) in 
OT-1 compared to wild-type mice in a man- 
ner similar to that observed in TCR-"'- mice. 
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Fig. 3. FGF-7 and FGF-10 A DETC DETC B B6 FGF-7-'TCR6-' 
mediate the DETC re- 7-17 WC 7-17W C C W C W C W7-17 
sponse to wounding. Lev- 
els of (A) FGF-7 and (B) 10 
FGF-10 mRNA isolated FGF-7 
from purified DETCs from _1-actin 13-a ctin 
nonwounded (C) or day- 
2-wounded (W) B6 mice, 
or positive control DETC C - 3.0 --- 
cell line (7-17) (16, 29). E . 
Addition of FGF-7 or _ 2.. 
DETCs to wounds from 2.2 - 
TCR8-/- mice in skin or- 

' , 
-:.. 

gan culture (24, 25) re- 18 
stores wound closure and 14 
keratinocyte proliferation 

- 

t 
to wild-type levels. In 1.0 
each experiment, three to 0 1 2 3 4 5 6 7 8 9 
four wounds were mea- Days after wounding 
sured over time for each 
strain of mouse and cul- D E20- 
ture condition (16). (C) 20 
Wound closure kinetics in 16i- 1 16 
wounded B6 skin (A), E 
TCR8-/- skin (0) and -~ 12- 12 
TCR8-/- skin plus FGF-7 
(50 ,Ig/ml) (0). BrdU in- + 8- 8 
corporation at the wound 
site in the presence of (D) m 4 
FGF-7 (50 pLg/ml) or (E) ** 
Con A-activated 7-17 0o 
cells. **P < 0.001 using B6 B6 -'- 6-- -'- -' 
an unpaired 2-tailed Stu- +FGF-7 +FGF-7 +7-17 
dent t -test. Results in (A) through (E) are representative of two to three experiments. 

We conclude that DETCs contribute to 
wound repair via specific recognition of an- 
tigen mediated through the Vy3Vl1 TCR. 

y8 DETCs do not constitutively produce 
FGF-7 but require activation through the 
TCR (4). Furthermore, keratinocyte prolifer- 
ation mediated by -y8 DETCs was inhibited 
by a FGFR2-IIIb neutralizing peptide (20), 
indicating that KGFs are the major epithelial 
growth factors produced by DETCs (4). To 
determine if ya DETCs are activated to pro- 
duce FGF-7 in response to tissue injury, 
FGF-7 expression was examined in full- 
thickness wounds (16) (Fig. 3A). FGF-7 
mRNA was detected in DETCs isolated from 
the wound area but not from nonwounded 
skin. In addition, mRNA encoding other fac- 
tors including TNF-ca and IFN-y was ex- 
pressed by DETCs following wounding (17). 
The data suggest that DETCs in wounded 
skin are activated by neighboring, damaged 
keratinocytes and play a role in wound repair 
by expressing KGFs and cytokines. 

Because no significant wound healing defect 
has been observed in FGF-74- mice (15, 21), we 
examined whether y8 DETCs also produced 
FGF-10. The importance of FGF-10 in wound 
healing cannot be studied in FGF-104- mice as 
they die shortly after birth (22, 23). Because the 
DETC cell line 7-17 produced FGF-10 upon 
TCR stimulation, it was possible that DETCs 
might participate in wound healing by produc- 
tion of FGF-10. Consistent with this, FGF-10 
was detected in wounded skin obtained from 

wild-type and FGF-74- mice, but not in the 
epidermis of wounded TCRs4- mice, indicating 
that DETCs were the key source of FGF-10 in 
the wounded epidermis 2 days after wounding 
(Fig. 3B). 

A skin organ culture (SOC) assay was used 
to further characterize the contribution of ~ya 
DETC-produced factors to wound repair and 
keratinocyte proliferation (16, 24, 25). The in 
vivo finding that TCRG4- mouse skin showed 
delayed kinetics of wound closure when com- 
pared with wild-type mouse skin could be re- 
produced in the SOC assay (Fig. 3C). Signifi- 
cantly, addition of FGF-7 normalized the wound 
closure rate and BrdU incorporation observed 
with TCRG4- skin (Fig. 3D). Skin from OT-1 
Rag4- and Rag4- mice exhibited similar delays 
in wound closure as TCRG4- skin in SOC (22). 
Addition of Con A-activated 7-17 cells to the 
culture of wounded TCRs4- skin restored pro- 
liferation to wild-type levels (Fig. 3E). Togeth- 
er, these data indicate that the defect in keratin- 
ocyte proliferation and wound closure in 
TCRs4- mice can be attributed to a lack of 
KGFs produced by DETCs. 

Wound healing is a complex process that 
involves epithelial cell proliferation, granula- 
tion tissue deposition, and inflammatory cell 
recruitment. Many cell types are involved in 
this process; however, the role of resident 
DETCs in wound repair has been neglected. 
Here, we demonstrate that mice lacking 
DETCs have a significant delay in wound 
healing and impaired epidermal cell prolifer- 

ation. We have proposed that DETCs recog- 
nize antigen expressed on neighboring epi- 
thelial cells following injury or disease (3), 
and participate in tissue repair through the 
local production of factors including FGF-7 
and FGF-10. DETCs are considered a proto- 
type intraepithelial y8 T cell population, rais- 
ing the possibility that participation in tissue 
repair is a conserved function shared by in- 
traepithelial y/ T cells in different epithelial 
tissues. Indeed, we have recently shown that 
intestinal intraepithelial y8 T cells protect the 
intestinal mucosa from damage (26). Future 
studies of epithelial diseases such as inflam- 
matory bowel disease, asthma, and wound 
healing will need to consider the role of 
intraepithelial ya T cells in disease progres- 
sion and tissue repair as well as in design of 
treatment strategies. 
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