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1. ABSTRACT

Although innate T lymphocytes such as gamma
delta T cells have been extensively studied, their biological
role has remained an enigma to researchers for many years.
However, recent advances have begun to explain their
complex role in the immune system. Gamma delta T cells are
often the major T cell population in epithelial tissues such as
the skin, gut, and lung where they have been implicated in
maintaining tissue integrity, defending against pathogens,
and regulating inflammation. The gamma delta T cells that
reside in the skin are a prototypical intra-epithelial
lymphocyte (IEL) population. These skin gamma delta T cell
receptor (TCR)-expressing cells are named dendritic
epidermal T cells (DETC) for their unique dendritic
morphology. Using their gamma delta TCR, DETC
recognize an unknown ligand expressed by stressed or
damaged keratinocytes. Activated DETC exhibit effector
functions such as cytokine production, cytolysis, and
proliferation in vitro. Recent findings have shown that upon
activation by damaged keratinocytes, DETC produce a key
keratinocyte growth factor for wound repair called fibroblast
growth factor 7 (FGF-7). FGF-7 is produced in vitro and in
vivo, suggesting that DETC might play an important role in
the biological function of wound repair. Indeed a delay in
wound closure and a decrease in the proliferation of
keratinocytes at the wound site have been observed in mice
lacking gamma delta T cells. In addition to effector
functions attributed to DETC, it has also been suggested
that gamma delta T cells such as DETC have regulatory
roles such as initiating or inhibiting inflammation. This is
supported by the findings that DETC produce chemokines

and cytokines. Control of the inflammatory response in the
epithelium may provide another mechanism to reestablish
homeostasis after a biological insult such as wound
infliction. Understanding the function of DETC may be
useful in the development of future therapies for chronic
wounds and the maintenance of skin homeostasis.

2. INTRODUCTION

Although alpha beta T lymphocytes make up the
majority of T cells in murine lymphoid compartments,
gamma delta T cells are more abundant in epithelial tissues
such as the skin, lung, and reproductive tract (1). Gamma
delta T cells, along with NK T cells, encompass a unique
group of cells collectively called innate T lymphocytes.
Gamma delta T cells have T cell receptors (TCRs) with a
unique usage that correlates with their location (reviewed in
(2-5)). Although the various roles they play may differ
according to their location, roles for gamma delta T cells in
tissue homeostasis have recently been identified.

During ontogeny, thymocytes expressing the
gamma delta TCR are the first to develop. Distinct
populations of murine gamma delta T cells migrate to
various organs during thymic development in a series of
waves (6). Each wave of T cells has a unique TCR with
limited diversity. The first T cells that arise during day 14
of embryonic development are Vgamma3 Vdelta1 TCR-
expressing cells that migrate to the skin (reviewed in (7)).
Next, the Vgamma4 Vdelta1 TCR-expressing T cells are
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seeded in the reproductive tract and tongue (8). A more
diverse T cell population expressing Vgamma1 or Vgamma2
colonizes the lymphoid system and the lung (5, 9, 10).
Extrathymically derived Vgamma5 cells predominate in gut
cryptopatches (reviewed in (11)). In humans there is a
population of gamma delta T cells with limited diversity in
the peripheral blood expressing a Vgamma9 Vdelta2 TCR.
These gamma delta T cells recognize nonpeptidic
phosphoantigens such as pyrophosphates (reviewed in (12)).
This Vgamma9 Vdelta2 subset expands extrathymically. The
expansion has been suggested to be antigen driven instead of
being due to positive selection since this population only
develops in the fetal thymus (13).

The Vgamma3 Vdelta1 T cells that migrate to the
murine skin are a prototypical gamma delta intra-epithelial
lymphocyte (IEL) population. Named dendritic epidermal
T cells (DETC) after their dendritic morphology and
residence in the epidermal compartment of the skin, DETC
have close interactions with keratinocytes. DETC recognize
transformed, stressed, or damaged keratinocytes, by means
of their TCR, thus they can respond to different biological
insults giving them great heterogeneity of response (14-16)
despite their lack of diversity. The canonical Vgamma3
Vdelta1 TCR is not expressed by cells in any other tissue,
suggesting that the antigen specificity of the TCR is
specific to skin. Studies using Vgamma3 deficient mice
have shown that DETC expressing a Vgamma1.1Vdelta1
TCR still migrate to the skin (17). This replacement TCR is
similar in conformation to the original DETC TCR and
responds to stressed keratinocytes (17). An extensive effort
has been underway to identify the DETC ligand in the
hopes of better understanding the activation requirements
and biological functions of DETC.

Innate T lymphocytes, such as DETC, respond
rapidly to antigenic stimulation. This may provide a primary
defense in which gamma delta IELs recognize self-antigens
expressed by damaged, stressed, or transformed resident
tissue cells. Both effector and regulatory roles have been
described for gamma delta IELs. Effector responses such as
growth factor and cytokine production may have direct
effects on biological insults such as damage to the
epithelium, tumor growth, or infection. Recent advances
have characterized certain gamma delta T cell populations
with regulatory roles, which may indirectly adjust the
cytokine milieu by selecting the cells that can enter the
micro-environment. Control of the inflammatory response in
the epithelium may provide another mechanism to reestablish
homeostasis after a biological insult. This review will focus
on some of the key aspects of gamma delta T cell function in
the epithelium, centering on gamma delta T cell activation,
signaling, and production of cytokines, growth factors, and
chemokines. Recent advances in the effector and regulatory
roles that gamma delta T cells play in the skin, gut, and lung
will be addressed along with the importance of these studies
to human disease and future therapies.

3. GAMMA DELTA T CELLS

Gamma delta T cells do not recognize antigen in
the context of classical major histocompatibility complex

(MHC) presentation, but become activated in a manner
distinct from alpha beta T cells (reviewed in (4, 18, 19)). The
activation of gamma delta T cells originates with the TCR
complex which, along with accessory molecules, provides
the signals for effector functions such as growth factor
production and regulatory functions such as chemokine
production. Some of these DETC-produced or keratinocyte-
produced factors are also necessary for the survival of the
gamma delta T cell within the epidermal micro-environment.

3.1. DETC antigen recognition
Antigen recognition by gamma delta T cells has

been investigated, however not much progress has been
made in determining the specificity of the skin gamma
delta TCR. The Thy1-positive T cell population in the
murine skin expresses a canonical gamma delta TCR (20-
22). While most T cells have extensive junctional diversity
due to N nucleotide insertions or exonucleolytic action,
DETC have identical TCR junctional regions. Expression
of the Vgamma3 Vdelta1 DETC TCR is rarely observed in
thymocytes after birth (23). To show that DETC originate
in the thymus, young athymic nude/nude mice were shown
to have no Vgamma3 Vdelta1-expressing DETC in the
epidermis. When day 16-17 fetal thymocytes, purified by
antibodies specific for the TCR or CD3, were transferred
into young nude/nude mice, DETC with the canonical TCR
accumulated in the skin (24-26). Further evidence of the
thymic origin of Vgamma3 DETC was observed when fetal
liver hematopoietic stem cells were used to repopulate fetal
thymic lobes with Vgamma3-expressing cells (27).

The restricted expression of the Vgamma3
Vdelta1 TCR to T cells in the skin suggests that DETC
recognize an antigen restricted to the epidermis. The
expression of a canonical TCR also suggests that the ligand
may be a single antigen. Recognition of this antigen seems
to be crucial since T cells with a similar TCR conformation
still develop in mice lacking the Vgamma3 TCR chain (17).
It is also likely that DETC recognize a self antigen since
the activation or development of DETC does not require
classical processing or presentation by MHC, unlike alpha
beta T cells (28). Since DETC recognize self antigens on
distressed epithelial cells, they may be a unique regulatory
population that can monitor cells to maintain homeostasis
in the epidermal compartment.

To identify which cells in the epidermis express
the antigen that activated DETC, co-culture experiments
were performed. Chemically or physically stressed
keratinocytes, but not other cell types, activate DETC (14,
15). This stimulation can be blocked by antibodies specific
for the Vgamma3 TCR, thus activation of DETC by
keratinocytes is dependent on TCR ligation. The ligand is
cell-associated since keratinocytes plated in the upper well
of a trans-well can not activate the DETC in the lower
compartment (14). Although cell-cell contact enhances
DETC activation in vitro, classical co-stimulatory
molecules used by alpha beta T cells, such as CD28, are not
required (reviewed in (3, 19)).

Since some gamma delta T cells recognize
antigen directly, not requiring accessory cells (19), the
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recognition of antigen by gamma delta T cells may be
similar to the recognition of antigen by antibody. In
support of this, the gamma delta TCR CDR3 length is
more like the CDR3 length of immunoglobulin molecules
than alpha beta TCRs (29). However, the structure of the
CDR3 from the delta chain is similar in conformation to
the variable region of the alpha chain (30). Although,
some effort has gone into trying to define the keratinocyte
antigen that activates DETC, the identity of the activating
self-antigen is still unknown. We have characterized a
low-molecular weight fraction from stressed keratinocytes
that stimulates DETC (our unpublished results). This
product does not activate gamma delta cells from other
tissues or alpha beta cells. However, further work is
needed to identify the antigen.

3.2. Gamma delta T cell signaling
3.2.1. TCR/CD3 complex

The basic structure of the alpha beta and gamma
delta TCR are similar in that they both contain two TCR
chains surrounded by a CD3 complex. The CD3 complex
contains Immuno-Tyrosine Activation Motifs (ITAMs)
which allow for tyrosine phosphorylation and provide
docking sites for kinase and linker proteins to form the base
of a signaling cascade. In alpha beta T cells, the alpha and
beta TCR chains are flanked by CD3 gamma epsilon and
delta epsilon dimers, with each chain providing one ITAM
and also a CD3 zeta homodimer with each chain providing
three ITAMs. The members of the TCR-associated
signaling complex differ slightly between the two subsets
of T lymphocytes. Gene deletion experiments have shown
that both alpha beta and gamma delta TCR require CD3
epsilon,gamma, and zeta for development or maturation
(reviewed in (31)). However, CD3 delta deficient mice lack
alpha beta T cells but have normal numbers of gamma delta
T cells suggesting that the gamma delta TCR does not
require CD3 delta for function (32, 33). Analysis of gamma
delta TCR transgenic cells and gamma delta intestinal IELs
showed an absence of CD3 delta in the TCR complex (34).
The main ITAM-containing component of the TCR
signaling complex is CD3 zeta. In alpha beta T cells CD3
zeta forms a homodimer in the signaling complex of both
the pre and mature alpha beta TCR providing 6 ITAM
motifs. Gamma delta T cells require CD3 zeta as evidenced
by a paucity of gamma delta T cells in CD3 zeta deficient
mice, however in gamma delta T cells, CD3 zeta is able to
homodimerize or heterodimerize with Fc epsilon Rgamma1
(35). Heterodimerization with Fc epsilon Rgamma1
reduces the number of available ITAMs from six to four as
Fc epsilon Rgamma1 provides only one ITAM. The
requirement of Fc epsilon Rgamma1 is not absolute as
deletion of Fc epsilon Rgamma1does not prevent gamma
delta development (36). Recently it has been suggested that
presence of Fc epsilon Rgamma1 in the gamma delta TCR
complex may indicate activated cells as it was found in in
vitro stimulated but not ex vivo lymph node gamma delta T
cells (34). Ex vivo gamma delta+ intestinal IEL do contain
Fc epsilon Rgamma1 in the TCR complex (35, 37). This
has been confirmed by recent gene expression analysis of
gamma delta iIEL (38). This is consistent with the
hypothesis that tissue resident gamma delta cells may have

constitutive low level activation due to the continuous local
presence of antigen.

3.2.2. Protein tyrosine kinases
The signaling pathways engaged by alpha beta T

cells upon TCR recognition of MHC loaded with peptide
antigen are well established. At the surface, the alpha beta
TCR and the associated co-receptors CD4 or CD8 engage
MHC with peptide. The co-receptors bring in the src-family
protein tyrosine kinase (PTK) Lck which phosphorylates
ITAM motifs in components of the TCR-associated CD3
complex. Lck activity is controlled in part by CD45
phosphatase which dephosphorylates the c-terminal
autoinhibitory tyrosine of Lck. Antigen recognition is less
well defined for gamma delta T cells. DETC do not require
antigen presentation by MHC (14, 15). Although some
gamma delta T cells do express coreceptors (largely CD8),
DETC do not. Lck and CD45 are, however, important for
DETC expansion and function as mice deficient for either
protein have a ten fold reduction in numbers of DETC (39).
The Src family tyrosine kinase Fyn is able to partially
rescue alpha beta T cell development in Lck deficient mice,
but is not required for DETC development as Lck Fyn
doubly deficient mice show no further reduction in
numbers of DETC as compared with mice deficient for Lck
alone (40). Confocal microscopy of a transfected pro-T cell
line suggests that Lck may not colocalize with the gamma
delta TCR during development (41). Taken together, this
suggests that the Src-family kinases may be important for
expansion but not necessarily the development of DETC.
The Syk/ZAP-70 family of PTK directly binds to ITAMs of
the CD3 complex and serve both as linker proteins and
kinases and are activated subsequently to Lck/Fyn. DETC
show variable dependence upon the Syk/ZAP-70 family as
ablation of either gene results in a significant reduction in
DETC, with those remaining having abnormal morphology
(42, 43). Rag deficient mice reconstituted with Syk
deficient T cells fail to develop DETC or gamma delta
intestinal IEL but are able to develop splenic gamma delta
T cells (43). Because Syk is utilized by Fc epsilon
Rgamma1, this suggests a unique and central role for Syk
in tissue resident gamma delta T cells and underscores that
studies using peripheral gamma delta cells may not
represent epithelial gamma delta T cells.

3.2.3. Downstream linker and effector pathways
The CD3 complex serves as the base of several

signaling cascades leading to calcium mobilization, the
activation of MAP kinases, and transcriptional activity. The
linker protein LAT provides docking sites for the activation
of several cascades. Mice deficient in LAT do not develop
alpha beta T cells (44). While there are some gamma delta
thymocytes in LAT-/- mice, DETC fail to develop (44).
Further genetic dissection of the LAT phosphorylated
tyrosine residues suggests that while Y6F is required for
alpha beta but not gamma delta development, mutation of
Y7/8/9F prevents development of circulating gamma delta
cells (45). The guanine nucleotide exchange factor Vav1 is
also required for the development of alpha beta but not
gamma delta T cells. Although Vav1 is not required for
gamma delta development, it plays a critical role in gamma
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delta intestinal IEL activation as Vav1 deficient cells are
unable to be activated in response to TCR stimulation (46).

Comparisons of effector signaling pathways in
alpha beta and gamma delta cells have been recently
undertaken. Hayes and Love (34) showed that circulating
transgenic gamma delta T cells flux calcium with faster
kinetics and higher amplitude at lower levels of TCR
stimulation when compared to alpha beta T cells. Similarly
the MAP kinases ERK and JNK also had greater intensity
and duration of phosphorylation in gamma delta T cells.
Studies of human circulating Vgamma9Vdelta2 T cells
showed similar increases in ERK phosphorylation duration
and intensity in response to IL-2 stimulation (47) and
showed increased STAT4 DNA binding and IFN-gamma
production in gamma delta cells, pathways that are not
normally activated in alpha beta cells upon IL-2
stimulation. This suggests that gamma delta T cells may
have unique responses to activation. It is also important to
note that the signaling studies completed to date have used
circulating gamma delta T cells that may not be
representative of the events that occur in tissue resident
gamma delta T cells, the major population of gamma delta
T cells in the body.

3.3. Cytokines and chemokines
The unique antigen recognition by gamma delta

T cells and their unique TCR structure suggest that the
functional outcome of the activation of DETC, and gamma
delta T cells in general, may also be distinctive. One read-
out of this activation is the production of soluble factors
such as cytokines, chemokines, and growth factors. It is
becoming increasingly clear that survival and maintenance
of cells and tissues is not an intrinsic property of the cells
themselves, but requires a number of different exogenous
factors. A crucial role for cytokines in homeostasis has
already been clearly demonstrated for a number of cell
types in secondary lymphoid tissues, including alpha beta T
cells (48) and NK cells (49). Such a role for cytokines,
chemokines and growth factors is also evident for gamma
delta T cells in the skin.

3.3.1. Cytokines produced by gamma delta T cells
DETC clones were first shown to produce IL-2

and IL-3 in response to both mitogenic stimulation and
anti-TCR antibodies (50). DETC lines also have a
requirement for IL-2 for their growth and survival (51),
suggesting an autocrine function for this cytokine.
Additionally, activated DETC have been shown to produce
a number of other cytokines. In particular, GM-CSF, IFN-
gamma and TNF-alpha are highly upregulated, at least at
the mRNA level (52), following activation. DETC
therefore produce an array of proinflammatory cytokines of
the Th1 type in response to TCR-mediated activation.
Interestingly, GM-CSF has been shown to be mitogenic for
keratinocytes and promotes survival and maturation of
Langerhans cells. As such this cytokine is likely to be
involved in keratinocyte repair. IFN-gamma is also known
to affect Langerhans cells by modulating their adhesion
molecule expression and function (53, 54). Other cytokines
such as TGF-beta1, are expressed constitutively (52),
presumably for cell maintenance in normal, undamaged

skin. In contrast to GM-CSF, TGF-beta inhibits
proliferation of many cell types, including keratinocytes,
but at the same time is able to stimulate migration of
keratinocytes, induces expression of integrins necessary for
this keratinocyte migration (55) and is crucial for
Langerhans cell development (56). Proliferation and
migration of keratinocytes and Langerhans cells is crucial
to maintenance, or restoration, of skin homeostasis. A role
for cytokines in this process is thus evident.

3.3.2. Cytokines produced by keratinocytes and
Langerhans cells

Keratinocytes and Langerhans cells are in close
contact with DETC in the skin and it stands to reason that if
cytokines produced by DETC affect growth and survival of
keratinocytes and Langerhans cells, production of
cytokines by these cells could in turn have an effect on
DETC. This is indeed the case. Keratinocytes produce IL-7,
a cytokine that has been shown in numerous studies to be
crucial for survival of DETC (57, 58) and to induce
proliferation of DETC (59, 60). TNF-alpha is also produced
by keratinocytes (61), a cytokine that has been shown to
enhance the IL-7 response of DETC (62). The interplay
between DETC and keratinocytes is further highlighted by
the IFN-gamma induced upregulation of IL-7 secretion by
keratinocytes (63); IFN-gamma being produced by
activated DETC (as mentioned above). IL-15 is another
cytokine that facilitates growth of DETC (64) and is also
produced by keratinocytes (65). In fact keratinocytes
produce a variety of cytokines (reviewed in (66)) as do the
third major epidermal population, the Langerhans cells.
These locally produced cytokines are crucial to the
communication between DETC, keratinocytes and
Langerhans cells and, as such, play a pivotal role in
maintaining epidermal homeostasis.

3.3.3. Chemokines
DETC also produce a number of chemokines and

growth factors. The keratinocyte growth factors play an
important role in skin maintenance. These will be dealt
with in detail in the following section so will not be
discussed further here. Chemokines are important factors in
maintenance of the integrity of the skin. DETC produce
several chemokines in response to activation. Using
quantitative RNase protection assay, lymphotactin, MIP-
1alpha, MIP-1-beta and RANTES were all induced in vitro
in activated DETC clones (67). Lymphotactin was found to
be the most abundant of the evaluated chemokines. On the
other hand, MCP-1 could not be detected (67). These
results have been confirmed and extended in recent in vivo
studies (our unpublished data). Others have found high
levels of MCP-1 early following skin wounding, peaking at
24 hours and declining thereafter. However the MCP-1
appears to be keratinocyte derived. This, together with the
presence of chemokine receptors on resident cells in the
skin, including keratinocytes, indicates that chemokines
contribute to the maintenance of T cell-keratinocyte
interactions in both normal and damaged skin.

Maintenance of keratinocyte, Langerhans and
DETC populations is likely controlled, at least in part, by
local production of these cytokines, chemokines and
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growth factors, under both normal conditions, as well as
following stress or damage to skin epithelia.

4. GAMMA DELTA IEL AND TISSUE HOMEOSTASIS

Tissue repair is a complex process that involves
the precise timing of a variety of factors and cellular
interactions. Delays in the progression of wound healing
can lead to chronic nonhealing lesions, such as those
commonly found in diabetic patients (68). Upon activation,
gamma delta T cells exhibit effector functions such as
growth factor and cytokine production in vitro suggesting
that gamma delta IEL are involved in tissue homeostasis
and repair (18). Recent advances have further characterized
the effector and regulatory roles that gamma delta T cells
play in the maintenance of epithelial integrity in vivo.

4.1. DETC play a role in keratinocyte proliferation
during wound repair

Wound repair involves the careful coordination
of cells, factors, and extracellular matrix to reestablish the
main barrier providing protection for the body (reviewed in
(68)). Epidermal and dermal regeneration occurs
concurrently in steps involving inflammation, proliferation,
and matrix remodeling. Keratinocytes undergo proliferation
and migration during the initial stages of wound repair
continuing until the dermal surface is covered and a new
basement membrane has formed. During inflammation,
platelets along with other cells are involved in the
recruitment of neutrophils and monocytes via chemotactic
factors. Monocytes differentiate into macrophages and
proliferate to help form granulation tissue. Lastly matrix is
formed and granulation tissue is remodeled into scar tissue.

Keratinocytes, which make up over 90% of the
cells in the epidermis, have close interactions with DETC.
In epidermal sections one DETC can be observed using
long dendrites to make interactions with a number of
keratinocytes (our unpublished data). DETC produce
cytokines and proliferate in response to contact with
damaged or stressed keratinocytes in vitro (14, 15). This
indicates that there may be a functional interaction between
these epidermal cell types in vivo. It is suggested that upon
damage to the epidermis, keratinocytes express a self-
antigen that is recognized by DETC via their gamma delta
TCR. These activated DETC produce cytokines and factors
that may be involved in keratinocyte proliferation during
wound repair. This allows keratinocytes to proliferate in
order to regenerate the epidermal cover.

To examine the role of DETC on keratinocyte
proliferation within a biological system, a mouse model of
wound repair was established. Recent work has focused on
characterizing the role that DETC play within this model
system. DETC adjacent to the injured keratinocytes lose
their characteristic dendritic shape within 24 hours post-
wounding (69). These gamma delta T cells upregulate RNA
expression for cytokines and growth factors, and increase
cell surface expression of early activation markers such as
CD25 and CD69 (69, 70). Taken together, these results
indicate that DETC isolated from a site of epithelial
damage exhibit effector functions. These effector roles

played by DETC during wound repair may be important for
wound closure. Therefore, mice lacking gamma delta T
cells (TCR delta knock-out mice) have been examined for
defects in wound repair. TCR delta knock-out mice have a
2 to 3 day delay in wound closure as compared to wild-type
mice (69). Histological analysis of the wounds from TCR
delta knock-out mice show decreased hyperthickening of
the epidermis and lower levels of keratinocyte proliferation
than wounds from wild-type mice (69). Similar results have
been observed in OT-1 Rag knock-out mice, which only
have T cells expressing the Valpha2 Vbeta5 TCR, further
emphasizing the importance of wild-type DETC in wound
repair (69).

A likely candidate for the induction of
keratinocyte proliferation is keratinocyte growth factor-1
(FGF-7), which binds the high affinity keratinocyte growth
factor receptor (FGFR2-IIIb) (71, 72). FGFR2-IIIb is only
expressed on epithelial cells, however FGF-7 is not
produced by keratinocytes, and thus must be obtained from
a nearby source (73). Mice containing the dominant
negative FGFR2-IIIb have delays in wound repair further
implicating FGF-7 in wound healing (74). Interestingly, the
FGF-7 knock-out mice do not have a delay in wound
closure (75). This has led to the discovery of another factor
that binds FGFR2-IIIb designated keratinocyte growth
factor 2 (FGF-10) (76). The FGF-10 knock-out mice are
embryonically lethal due to a defect in lung development,
therefore it is not known whether a FGF-7/FGF-10 double
knock-out would display the same wound healing defects
as those containing the dominant negative FGFR2-IIIb.
However, exogenous application of either FGF-7 or FGF-
10 accelerates wound repair suggesting that either is
sufficient for wound closure (77-80).

Upon TCR stimulation in vitro, DETC produce
FGF-7 (81). Growth factors that bind the FGFR2-IIIb
appear to be the major factors produced by activated DETC
that support keratinocyte proliferation since a FGFR2-IIIb
neutralizing peptide blocks DETC-induced keratinocyte
growth (81). Recently both FGF-7 and FGF-10 expression
were detected in DETC isolated from wild-type wound
sites (69). To examine whether FGF production by DETC
is the mechanism for accelerating wound repair, a skin
organ culture system was established. Keratinocytes
proliferated at the wound site of wild-type skin, but not
skin from TCR delta knock-out mice (69). However the
diminished keratinocyte proliferation in TCR delta knock-
out skin could be restored to wild-type levels by adding
recombinant FGF-7 or activated DETC to the well (69).
These findings indicate that DETC play a key role in the
early keratinocyte proliferation that occurs during wound
repair via the production of keratinocyte growth factors.

4.1.1. DETC may also play a role in regulating
inflammation associated with epidermal repair

As mentioned earlier, upon activation in vitro,
DETC can produce chemokines such as MIP-1 alpha, MIP-
1 beta, MCP-1, RANTES, and lymphotactin (67).
Furthermore, DETC-produced lymphotactin attracts alpha
beta T cells in vitro (67). Thus gamma delta T cells have
been implicated in the regulation of other cell populations
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such as neutrophils and alpha beta T cells during
inflammation. During wound repair, the inflammatory
response is essential to rapid and complete wound healing.
Dysregulation of inflammatory cell entry into the wound
site would cause a delay in the progression of wound
closure or could potentially cause a wound to remain
chronically open. Thus DETC potentially play a crucial
role in the restoration of skin homeostasis via chemokine
production. Other gamma delta populations have been
implicated in regulatory roles as well. For example, the
gamma delta T cells that reside in the intestine seem to be
an “activated yet resting” population of cells (82). Gene
usage examined by serial analysis of gene expression
(SAGE) has identified RANTES as one of several
chemokines that is highly expressed by IELs of the
intestine (82). Other chemokines with high expression
levels include MIP-1 alpha and MIP-1 beta (82). Other
cases in which inflammation is important to regaining
homeostasis is during infection. During Listeria
monocytogenes infection, mice that lack gamma delta cells
had reduced levels of MCP-1, which led to the slower
replacement of neutrophils by macrophages and increased
levels of tissue necrosis (83).

Gamma delta T cells have been reported to down-
regulate inflammation as well. Regulatory cell populations
resolve inflammation after the infectious agent has been
eradicated. If the adaptive immune response proceeds
unchecked, allergy or chronic inflammation such as
cutaneous inflammatory diseases may develop. It was
recently discovered that NOD or FVB mice that lack
gamma delta T cells have increased evidence of
spontaneous dermatitis (84). The disease is presented with
large numbers of alpha beta T cells in the skin (84).
Allergic and irritant contact dermatitis are also increased in
these strains of TCR delta knock-out mice (84). In other
reports mice lacking gamma delta T cells exhibited
increased contact hypersensitivity responses (85). This
increase in contact hypersensitivity indicates that again
gamma delta T cells are down-regulating CD8+ T cells that
elicit the responses (85). The regulatory roles of DETC are
complex and may depend on both the type of biological
assault and the timing of DETC involvement.

4.1.2. DETC regulate the development of skin cancer
It has long been observed that DETC have

cytolytic function. DETC can recognize and lyse malignant
epithelial cells in vitro (86, 87), which suggests they may
be functional effectors against malignant skin tumors. Mice
either intradermally inoculated with carcinoma cells or
topically treated with skin cancer-inducing chemicals
exhibited increases in skin cancer when gamma delta T
cells were absent (88). Studies into the mechanism of
malignant cell lysis found that recognition in vitro involved
the interaction of rae-1 expressed on carcinoma cells and
NKG2D expressed on DETC (88). Rae-1 is a self-molecule
expressed by both skin exposed to carcinogen-inducing
chemicals and by tumor cell lines but not by undamaged
epithelial cells (88). NKG2D is a nonclassical MHC
molecule used by NK and T cells. The NKG2D/rae-1
interaction represents an example of a stress molecule
expressed by epithelial cells for gamma delta T cell

recognition. The NKG2D ligands, MICA and MICB have
already been well-characterized in humans. Stress increases
the expression of these molecules on human epithelial cells
and subsequent Vdelta1 T cell recognition (89). Molecules
such as MICA in humans and rae-1 in mice may be
indicators used by normal cells undergoing stress to signal
gamma delta T cells of potential danger within the tissue.

4.2. Gamma delta IEL play roles in maintaining the
intestinal mucosa

Several types of IEL reside in the small intestine
including both alpha beta and gamma delta T cells. The
role of the gamma delta T cells in the intestine is
controversial (90-96). Like activated DETC, activated
intestinal gamma delta T cells can produce FGF-7, while
intestinal alpha beta IEL can not (14, 81, 97). Studies done
in a dextran sodium sulfate (DSS)-induced model of murine
colitis have shown that large numbers of gamma delta T
cells are detected at the sites of DSS-induced damage (97).
Like DETC in the skin, intestinal gamma delta IEL increase
RNA expression of FGF-7 during intestinal damage (97).
Mice lacking gamma delta T cells or lacking FGF-7 have
more severe mucosal injury and a delay in intestinal repair
during DSS-induced damage as compared to wild-type
(97). A decrease in epithelial cell proliferation coincided
with the delayed recovery phase in mice lacking gamma
delta T cells or FGF-7 (97). Thus the gamma delta IEL
plays a key effector role in the repair of the intestine via the
production of keratinocyte growth factor. Taken together
with the DETC model of wound repair, gamma delta T
cells play key roles in epithelial homeostasis in the mouse,
however this role is still controversial in the human (98,
99).

4.3. Lung IEL are involved in airway homeostasis
Lung gamma delta T cells reside in close contact

with alveolar epithelial cells and have been implicated in
protecting the environment and repairing damage caused by
pathogens or chemicals (100). Damaging agents such as
Nocardia asteroides and ozone have been used to examine
both pathogenic and nonpathogenic sources of lung
epithelial damage. Mice lacking gamma delta T cells are
much more susceptible to death from N. asteroides
infection and have areas of acute necrosis with few
inflammatory cells in their lungs (100). Another pathogenic
assault of the lung, influenza A, has been associated with
increases in first the local gamma delta lung population,
and then a Vgamma1 lymphoid population (101).
Differences in the cytokine production of these two
populations suggest that the resident lung gamma delta T
cells may be pro-inflammatory, while the later Vgamma1
cells may help terminate the inflammation (102, 103).

Non-pathogenic insults of the lung have been
examined to determine whether the gamma delta T cells are
responding to the infectious agent or the self antigen
expressed by damaged epithelial cells. Ozone causes
nonpathogenic damage to a similar region of the lung as N.
asteroides. Ozone-injured TCR delta knock-out mice had
more necrotic cells than wild-type mice (100). The lack of
a foreign antigen in these mice suggests that like DETC,
lung IEL respond to the damaged epithelia itself. With both
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N. asteroides and ozone assaults, there was a clear
reduction in inflammatory cell infiltration. Since
macrophages and neutrophils usually clear dead or dying
cells, the collaboration of gamma delta T cells with
inflammatory cells possibly via chemokine production may
contribute to the susceptibility of TCR delta knock-out
mice to lung injury.

There are other examples in which gamma delta
T cells of the lung have been implicated in the maintenance
of airway homeostasis and the hyperresponsiveness to
antigen. Airway hyperresponsiveness can be found in
diseases such as asthma. TCR delta knock-out mice exhibit
decreased eosinophilia after OVA intranasal challenge with
repeated OVA immunizations (104). There is also a lower
level of IL-5 release in response to OVA challenge in
knock-out mice as compared to mice with gamma delta T
cells (104). In some studies this impairment in pulmonary
inflammation was restored when IL-4 was administered in
vivo, suggesting that either the IL-4-producing gamma delta
T cells may trigger the initial events in eosinophil
accumulation or the gamma delta T cells regulate alpha
beta T cell production of IL-4 (104). Other studies have
suggested that the gamma delta T cells actually maintain
airway homeostasis and prevent airway
hyperresponsiveness (105). In this case, mice lacking
gamma delta T cells also had lower levels of inflammation
in response to OVA, but developed higher airway
hyperresponsiveness (105). Their data suggest that instead
of targeting the inflammatory response of airway
hyperresponsiveness, gamma delta T cells act downstream
in a manner independent of alpha beta T cells or B cells
(105). This mechanism of airway regulation may work
along side the immunoregulatory role.

5. GAMMA DELTA T CELL FUNCTION IN HUMANS

The majority of gamma delta T cells in the
human skin reside in the dermis, unlike murine DETC. Of
the CD3+ cells in the epidermis, only approximately 20%
are gamma delta cells (106-108). These epidermal gamma
delta T cells do not display the dendritic morphology of
murine DETC, further suggesting that a human counterpart
to the murine DETC does not exist. However, similar to
murine DETC, the delta repertoire in humans is somewhat
restricted and different from the gamma delta cells in the
blood and gut (109, 110). Furthermore, the epithelial
gamma delta cells in human skin have been implicated in
diseases such as cutaneous leishmaniasis and leprosy since
they have elevated numbers in these patients and also have
a restricted T cell repertoire in the areas of active disease
(111, 112). Similar to the limited diversity of human skin
gamma delta T cells, the human gut gamma delta IELs
exhibit a restricted repertoire of Vdelta1 cells (113).
Interestingly, the epithelia of the intestine of patients with
Celiac or Crohn’s disease have elevated numbers of gamma
delta T cells (92, 114).

Functional studies of human gamma delta T cells
have provided some information on the specificity of the
various populations of T cells. For example gamma delta T
cell recognition of several infectious agents, including

mycobacteria (111, 115-117), have been reported.
Interestingly, circulating gamma delta cells produce
connective tissue growth factor (CTGF) possibly
implicating them in the process of wound repair as well
(118). Co-stimulation of the circulating gamma delta T
cells with IL-15 and TGF-beta 1 increases CTGF levels
substantially (118).

6. SUMMARY AND PERSPECTIVE

Until recently the roles that gamma delta T cells
play in the immune system have not been well understood.
Effector and regulatory roles have now been attributed to
gamma delta T cells in a variety of diseases. The
involvement of DETC in wound healing is an example in
which both effector and regulatory roles are performed by
one gamma delta T cell population. Research in both mice
and humans has advanced our understanding of the
molecules involved in the activation of gamma delta T
cells. Studies on the biological roles of gamma delta T cells
will help pave the way to therapies for epithelial tissues
such as the skin or gut that are damaged, infected, or
malignant.

7. ACKNOWLEDGEMENTS

This is manuscript number 16348-IMM from The
Scripps Research Institute. This work was supported by the
Leukemia and Lymphoma Society (JJ and WLH) and the
NIH (AI 36964 and AI 52257 to WLH).

8. REFERENCES

1. Allison, J. P., D. M. Asarnow, M. Bonyhadi, A. Carbone,
W.L. Havran, D. Nandi and J. Noble: Gamma delta T cells
in murine epithelia: origin, repertoire, and function. Adv
Exp Med Biol 292, 63-69 (1991)

2. Allison, J. P.: Gamma/delta T cell development. Curent
Opinion in Immunology 5, 241-246 (1993)

3. Boismenu, R. and W. L. Havran: gd T cells in host
defense and epithelial cell biology. Clin Immunol
Immunopath 86, 121-133 (1998)

4. Haas, W., P. Pereira and S. Tonegawa: Gamma/delta
cells. Annu Rev Immunol 11, 637-685 (1993)

5. Sim, G.: Intraepithelial lymphocytes and the immune
system. Advances in Immunology 58, 297-331 (1995)

6. Havran, W. L. and J. P. Allison: Developmentally
ordered appearance of thymocytes expressing different T
cell antigen receptors. Nature 335, 443-445 (1988)

7. Leclercq, G. and J. Plum: Thymic development of V
gamma 3 cells. Semin Immunol 8, 315-321 (1996)

8. Itohara, S., A. G. Farr, J. J. Lafaille, M. Bonneville, Y.
Takagaki, W. Haas and S. Tonegawa: Homing of a
gamma/delta thymocyte subset with homogenous T-cell
receptors to mucosal epithelia. Nature 343, 754-757



DETC Regulate Skin Homeostasis

2647

(1990)

9. Sim, G. K., R. Rajaserkar, M. Dessing and A. Augustin:
Homing and in situ differentiation of resident pulmonary
lymphocytes. Int Immunol 6, 1287-1295 (1994)

10. Hayes, S. M., A. Sirr, S. Jacob, G.-K. Sim and A.
Augustin: Role of IL-7 in the shaping of the pulmunary gd
T cell repertoire. J Immunol 156, 2723-2729 (1996)

11. Nanno, M., Y. Kanamori, H. Saito, M. Kawaguchi-
Miyashita, S. Shimada and H. Ishikawa: Intestinal
intraepithelial T lymphocytes. Our T cell horizons are
expanding. Immunol Res 18, 41-53 (1998)

12. Hayday, A. C.: (gamma)(delta) cells: a right time and a
right place for a conserved third way of protection. Annu
Rev Immunol 18, 975-1026 (2000)

13. Parker, C. M., V. Groh, H. Band, S. A. Porcelli, C.
Morita, M. Fabbi, D. Glass, J. L. Strominger and M. B.
Brenner: Evidence for extrathymic changes in the T cell
receptor gamma/delta repertoire. J Exp Med 171, 1597-
1612 (1990)

14. Havran, W. L., Chien, Y.-H. and J. P. Allison:
Recognition of self antigens by skin-derived T cells with
invariant gamma/delta antigen receptors. Science 252,
1430-1432 (1991)

15. Huber, H., P. Descossy, van Brandwijk, R. and J. Knop:
Activation of murine epidermal TCR-gd+ T cells by
keratinocytes treated with contact sensitizers. J Immuonol
155, 2888-2894 (1995)

16. Kaminski, M. J., P. R. Bergstresser and A. Takashima: In
vivo activation of mouse dendritic epidermal T cells in sites of
contact dermatitis. Eur J Immunol 23, 1715-1718 (1993)

17. Mallick-Wood, C. A., J. M. Lewis, L. I. Richie, M. J.
Owen, R. E. Tigelaar and A. C. Hayday: Conservation of T
cell receptor conformation in epidermal gammadelta cells
with disrupted primary Vgamma gene usage. Science 279,
1729-1733 (1998)

18. Havran, W. L. and R. Boismenu: Activation and
function of gd T cells. Curent Opinion in Immunology 6,
442-446 (1994)

19. Chien, Y. H., R. Jores and M. P. Crowley: Recognition
by γδ T cells. Ann Rev Immunol 14, 511-532 (1996)

20. Havran, W. L., S. C. Grell, G. Duwe, J. Kimura, A.
Wilson, A. M. Kruisbeek, R. L. O'Brien, W. Born, R. E.
Tigelaar and J. P. Allison: Limited diversity of TCR
GAMMA chain expression of murine Thy-1+ dendritic
epidermal cells revealed by VGAMMA3-specific
monoclonal antibody. Proc Natl Acad Sci USA 86, 4185-
4189 (1989)

21. Asarnow, D. M., W. A. Kuziel, M. Bonyhadi, R. E.
Tigelaar, P. W. Tucker and J. P. Allison: Limited diversity

of gamma/delta antigen receptor genes of Thy-1+ dendritic
epidermal cells. Cell 55, 837-847 (1988)

22. Asarnow, D., T. Goodman, LeFrancois, L. and J. P.
Allison: Distinct antigen receptor repertoires of two classes
of murine epithelium-associated T cells. Nature 341, 60-62
(1989)

23. Lafaille, J. J., A. DeCloux, M. Bonneville, Y. Takagaki
and S. Tonegawa: Junctional sequences of T cell receptor
gamma delta genes: implications for gamma delta T cell
lineages and for a novel intermediate of V- (D)-J joining.
Cell 59, 859-870 (1989)

24. Havran, W. L. and J. P. Allison: Origin of Thy-1+
dendritic epidermal cells of adult mice from fetal thymic
precursors. Nature 344, 68-70 (1990)

25. Modlin, R. L., J. Lewis, K. Uyemura and R. E.
Tigelaar: T lymphocytes bearing gamma-delta antigen
receptors in skin. Chem Immunol 53, 61-74 (1992)

26. Payer, E., A. Elbe and G. Stingl: Circulating CD3+/T
cell receptor Vgamma3+ fetal murine thymocytes home to
the skin and give rise to proliferating dendritic epidermal
cells. J Immunol 146, 2536-2543 (1991)

27. Ikuta, K., T. Kina, I. MacNeil, N. Uchida, B. Peault,
Y. H. Chien and I. L. Weissman: A developmental
switch in thymic lymphocyte maturation potential occurs
at the level of hematopoietic stem cells. Cell 62, 863-874
(1990)

28. Correa, I., M. Bix, N. S. Liao, M. Zijlstra, R. Jaenisch
and D. Raulet: Most gamma delta T cells develop normally
in beta 2-microglobulin-deficient mice. Proc Natl Acad Sci
USA 89, 653-657 (1992)

29. Rock, E. P., P. R. Sibbald, M. M. Davis and Chien, Y.-
H: CDR3 length in antigen-specific immune receptors. J
Exp Med 179, 323-328 (1994)

30. Li, H., M. I. Lebedeva, A. S. Llera, B. A. Fields, M. B.
Brenner and R. A. Mariuzza: Structure of the Vd domain of
a human gd T cell antigen receptor. Nature 391, 502-506
(1998)

31. Hayes, S. A., X. Huang, S. Kambhampati, L. C.
Platanias and R. C. Bergan: p38 MAP kinase modulates
Smad-dependent changes in human prostate cell adhesion.
Oncogene 22, 4841-480 (2003)

32. Dave, V. P., Z. Cao, C. Browne, B. Alarcon, G.
Fernandez-Miguel, J. Lafaille, A. de la Hera, S. Tonegawa
and D. J. Kappes: CD3 delta deficiency arrests
development of the alpha beta but not the gamma delta T
cell lineage. Embo J 16, 1360-1370 (1997)

33. Dave, V. P., R. Keefe, M. A. Berger, K. Drbal, J. A.
Punt, D. L. Wiest, B. Alarcon and D. J. Kappes: Altered
functional responsiveness of thymocyte subsets from
CD3delta-deficient mice to TCR-CD3 engagement. Int



DETC Regulate Skin Homeostasis

2648

Immunol 10, 1481-1490 (1998)

34. Hayes, S. M. and P. E. Love: Distinct structure and
signaling potential of the gamma delta TCR complex.
Immunity 16, 827-838 (2002)

35. Guy-Grand, D., B. Rocha, P. Mintz, M. Malassis-Seris,
F. Selz, B. Malissen and P. Vassalli: Different use of T cell
receptor transducing modules in two populations of gut
intraepithelial lymphocytes are related to distinct pathways
of T cell differentiation. J Exp Med 180, 673-679 (1994)

36. Takai, T., M. Li, D. Sylvestre, R. Clynes and J. V.
Ravetch: FcR gamma chain deletion results in pleiotrophic
effector cell defects. Cell 76, 519-529 (1994)

37. Park, S. Y., H. Arase, K. Wakizaka, N. Hirayama, S.
Masaki, S. Sato, J. V. Ravetch and T. Saito: Differential
contribution of the FcR gamma chain to the surface
expression of the T cell receptor among T cells localized in
epithelia: analysis of FcR gamma-deficient mice. Eur J
Immunol 25, 2107-2110 (1995)

38. Fahrer, A. M., Y. Konigshofer, E. M. Kerr, G.
Ghandour, D. H. Mack, M. M. Davis and Y. Chien:
Attributes of gamma delta intraepithelial lymphocytes as
suggested by their transcriptional profile. Proc Natl Acad
Sci USA 98, 10261-10266 (2001)

39. Kawai, K., K. Kishihara, T. J. Molina, V. A. Wallace,
T. W. Mak and P. S. Ohashi: Impaired development of V
gamma 3 dendritic epidermal T cells in p56lck protein
tyrosine kinase-deficient and CD45 protein tyrosine
phosphatase-deficient mice. J Exp Med 181, 345-349
(1995)

40. van Oers, N. S., B. Lowin-Kropf, D. Finlay, K.
Connolly and A. Weiss: alpha beta T cell development is
abolished in mice lacking both Lck and Fyn protein
tyrosine kinases. Immunity 5, 429-436 (1996)

41. Saint-Ruf, C., M. Panigada, O. Azogui, P. Debey, von
Boehmer, H. and F. Grassi: Different initiation of pre-TCR
and gammadeltaTCR signalling. Nature 406, 524-527
(2000)

42. Kadlecek, T. A., N. S. van Oers, L. Lefrancois, S.
Olson, D. Finlay, D. H. Chu, K. Connolly, N. Killeen and
A. Weiss: Differential requirements for ZAP-70 in TCR
signaling and T cell development. J Immunol 161, 4688-
464 (1998)

43. Mallick-Wood, C. A., W. Pao, A. M. Cheng, J. M.
Lewis, S. Kulkarni, J. B. Bolen, B. Rowley, R. E. Tigelaar,
T. Pawson and A. C. Hayday: Disruption of epithelial
gamma delta T cell repertoires by mutation of the Syk
tyrosine kinase. Proc Natl Acad Sci USA 93, 9704-9709
(1996)

44. Zhang, W., C. L. Sommers, D. N. Burshtyn, C. C.
Stebbins, J. B. DeJarnette, R. P. Trible, A. Grinberg, H. C.
Tsay, H. M. Jacobs, C. M. Kessler, E. O. Long, P. E. Love

and L. E. Samelson: Essential role of LAT in T cell
development. Immunity 10, 323-332 (1999)

45. Nunez-Cruz, S., E. Aguado, S. Richelme, B. Chetaille,
A. M. Mura, M. Richelme, L. Pouyet, E. Jouvin-Marche, L.
Xerri, B. Malissen and M. Malissen: LAT regulates
gammadelta T cell homeostasis and differentiation. Nat
Immunol 4, 999-1008 (2003)

46. Swat, W., R. Xavier, A. Mizoguchi, E. Mizoguchi, J.
Fredericks, K. Fujikawa, A. K. Bhan and F. W. Alt:
Essential role for Vav1 in activation, but not development,
of gammadelta T cells. Int Immunol 15, 215-221 (2003)

47. Lafont, V., S. Loisel, J. Liautard, S. Dudal, M. Sable-
Teychene, J. P. Liautard and J. Favero: Specific signaling
pathways triggered by IL-2 in human Vgamma9Vdelta2 T
cells: an amalgamation of NK and alphabeta T cell
signaling. J Immunol 171, 5225-5232 (2003)

48. Sprent, J. and C. D. Surh: Cytokines and T cell
homeostasis. Immunol Lett 85, 145-149 (2003)

49. Prlic, M., B. R. Blazar, M. A. Farrar and S. C. Jameson:
In vivo survival and homeostatic proliferation of natural
killer cells. J Exp Med 197, 967-976 (2003)

50. Havran, W. L., M. Poenie, R. E. Tigelaar, R. Y. Tsien
and J. P. Allison: Phenotypic and functional analysis of
gamma/delta TCR+ murine dendritic epidermal clones. J
Immunol 142, 1422-1428 (1989)

51. Takashima, A., J. L. Nixon-Fulton, P. R. Bergstresser
and R. E. Tigelaar: Thy-1+ dendritic epidermal cells in
mice: Precursor frequency analysis and cloning of
Concanavalin A-reactive cells. J Invest Derm 90, 671-678
(1988)

52. Boismenu, R., M. V. Hobbs, S. Boullier and W. L.
Havran: Molecular and cellular biology of dendritic
epidermal T cells. Sem Immunol 8, 323-331 (1996)

53. Barker, J. N., M. H. Allen and MacDonald, D. M.: The
effect of in vivo interferon-gamma on the distribution of
LFA-1 and ICAM-1 in normal human skin. J Invest
Dermatol 93, 439-442 (1989)

54. Grabbe, S., S. Bruvers, S. Beissert and R. D. Granstein:
Interferon-gamma inhibits tumor antigen presentation by
epidermal antigen-presenting cells. J Leukoc Biol 55, 695-
701 (1994)

55. Massague, J.: The transforming growth factor-beta
family. Annu Rev Cell Biol 6, 597-641 (1990)

56. Borkowski, T. A., J. J. Letterio, A. G. Farr and M. C.
Udey: A role for endogenous transforming growth factor
beta 1 in Langerhans cell biology: the skin of transforming
growth factor beta 1 null mice is devoid of epidermal
Langerhans cells. J Exp Med 184, 2417-242 (1996)

57. Leclercq, G., De Smedt, M. and J. Plum: Cytokine



DETC Regulate Skin Homeostasis

2649

dependence of Vg3 thymocytes: mature but not immature
Vg3 cells require endogenous IL-2 and IL-7 to survive-
evidence for cytokine redundancy. Int Immunol 7, 843-851
(1995)

58. Maki, K., S. Sunaga, Y. Komagata, Y. Kodaira, A.
Mabuchi, H. Karasuyama, K. Yokomuro, J.-I. Miyazaki
and K. Ikuta: Interleukin 7 receptor-deficient mice lack gd
T cells. Proc Natl Acad Sci USA 93, 7172-7177 (1996)

59. Matsue, H., P. R. Bergstresser and A. Takashima:
Keratinocyte-derived IL-7 serves as a growth factor for
dendritic epidermal T cells in mice. J Immunol 151, 6012-
6019 (1993)

60. Takashima, A., H. Matsue, P. R. Bergstresser and K.
Ariizumi: Interleukin-7-dependent interaction of dendritic
epidermal T cells with keratinocytes. J Invest Dermatol
105, 50S-53S (1995)

61. Koch, F., C. Heufler, E. Kampgen, D. Schneeweiss, G.
Bock and G. Schuler: Tumor necrosis factor alpha
maintains the viability of murine epidermal Langerhans
cells in culture, but in contrast to granulocyte/macrophage
colony-stimulating factor, without inducing their functional
maturation. J Exp Med 171, 159-71 (1990)

62. Matsue, H., P. R. Bergstresser and A. Takashima:
Reciprocal cytokine-mediated cellular interactions in
mouse epidermis: Promotion of gamma/delta T cll growth
by IL-7 and TNFalpha and inhibition of keratinocyte
frowth by gammaIFN. J Invest Dermatol 101, 543-548
(1993)

63. Sieling, P. A., L. Sakimura, K. Uyemura, M.
Yamamura, J. Oliveros, B. J. Nickoloff, T. H. Rea and R.
L. Modlin: IL-7 in the cell-mediated immune response to a
human pathogen. J Immunol 154, 2775-2783 (1995)

64. Edelbaum, D., M. Mohamadzadeh, P. R. Bergstresser,
K. Sugamura and A. Takashima: Interleukin (IL)-15
promotes the growth of murine epidermal gamma delta T
cells by a mechanism involving the beta- and gamma c-
chains of the IL-2 receptor. J Invest Dermatol 105, 837-843
(1995)

65. Mohamadzadeh, M., A. Takashima, I. Dougherty, J.
Knop, P. R. Bergstresser and Cruz, P. D., Jr: Ultraviolet B
radiation up-regulates the expression of IL-15 in human
skin. J Immunol 155, 4492-4496 (1995)

66. Takashima, A. and P. R. Bergstresser: Cytokine-
mediated communication by keratinocytes and Langerhans
cells with dendritic epidermal T cells. Semin Immunol 8,
333-339 (1996)

67. Boismenu, R., L. Feng, Y. Y. Xia, J. C. C. Chang and
W. L. Havran: Chemokine expression by intraepithelial gd
T cells: Implications for the recruitment of inflammatory
cells to damaged epithelia. J Immunol 157, 985-992 (1996)

68. Singer, A. J. and R. A. Clark: Cutaneous wound

healing. N Engl J Med 341, 738-746 (1999)

69. Jameson, J., K. Ugarte, N. Chen, P. Yachi, E. Fuchs, R.
Boismenu and W. L. Havran: A role for skin gammadelta T
cells in wound repair. Science 296, 747-749 (2002)

70. Jameson, J., G. Cauvi, D. Witherden and W. Havran:
Alpha beta TCR-expressing DETC in TCRd-/- mice do not
function in wound healing. J Immunol in press (2004)

71. Rubin, J. S., H. Osada, P. W. Finch, W. G. Taylor, S.
Rudikoff and S. A. Aaronson: Purification and
characterization of a newly identified growth factor specific
for epithelial cells. Proc Natl Acad Sci USA 86, 802-806
(1989)

72. Basilico, C. and D. Moscatelli: The FGF family of
growth factors and oncogenes. Advances in Cancer
Research 59, 115-165 (1992)

73. Finch, P. W., J. S. Rubin, T. Miki, D. Ron and S. A.
Aaronson: Human KGF is FGF-related with properties of a
paracrine effector of epithelial cell growth. Science 245,
752-755 (1989)

74. Werner, S., H. Smola, X. Liao, M. T. Longaker, T.
Krieg, P. H. Hofschneider and L. T. Williams: The function
of KGF in morphogenesis of epithelium and
reepithelialization of wounds. Science 266, 819-822 (1994)

75. Guo, L., L. Degenstein and E. Fuchs: Keratinocyte
growth factor is required for hair development but not for
wound healing. Genes Dev 10, 165-175 (1996)

76. Tagashira, S., H. Harada, T. Katsumata, N. Itoh and M.
Nakatsuka: Cloning of mouse FGF10 and up-regulation of
its gene expression during wound healing. Gene 197, 399-
404 (1997)

77. Staiano-Coico, L., J. G. Krueger, J. S. Rubin, S. D'limi,
V. P. Vallat, L. Valentino, T. Fahey, A. Hawes, G.
Kingston, M. R. Madden, M. Mathwich, A. B. Gottlieb and
S. A. Aaronson: Human keratinocyte growth factor effects
in a porcine model of epidermal wound healing. J Exp Med
178, 865-878 (1993)

78. Pierce, G. F., D. Yanagihara, K. Klopchin, D. M.
Danilenko, E. Hsu, W. C. Kenney and C. F. Morris:
Stimulation of all epithelial elements during skin
regeneration by keratinocyte growth factor. J Exp Med 179,
831-840 (1994)

79. Danilenko, D. M., B. D. Ring, J. E. Tarpley, B. Morris,
G. Y. Van, A. Morawiecki, W. Callahan, M. Goldenberg,
S. Hershenson and G. F. Pierce: Growth factors in porcine
full and partial thickness burn repair. Differing targets and
effects of keratinocyte growth factor, platelet- derived
growth factor-BB, epidermal growth factor, and neu
differentiation factor. Am J Pathol 147, 1261-1277 (1995)

80. Wu, L., G. F. Pierce, R. D. Galiano and T. A. Mustoe:
Keratinocyte growth factor induces granulation tissue in



DETC Regulate Skin Homeostasis

2650

ischemic dermal wounds. Importance of epithelial-
mesenchymal cell interactions. Arch Surg 131, 660-666
(1996)

81. Boismenu, R. and W. L. Havran: Modulation of
epithelial cell growth by intraepithelial gd T cells. Science
266, 1253-1255 (1994)

82. Shires, J., E. Theodoridis and A. C. Hayday: Biological
Insights into TCRgammadelta(+) and TCRalphabeta(+)
Intraepithelial Lymphocytes Provided by Serial Analysis of
Gene Expression (SAGE). Immunity 15, 419-434 (2001)

83. DiTirro, J., E. R. Rhoades, A. D. Roberts, J. M. Burke,
A. Mukasa, A. M. Cooper, A. A. Frank, W. K. Born and I.
M. Orme: Disruption of the cellular inflammatory response
to Listeria monocytogenes infection in mice with
disruptions in targeted genes. Infect Immun 66, 2284-2289
(1998)

84. Girardi, M., J. Lewis, E. Glusac, R. B. Filler, L. Geng,
A. C. Hayday and R. E. Tigelaar: Resident skin-specific
gammadelta T cells provide local, nonredundant regulation
of cutaneous inflammation. J Exp Med 195, 855-867 (2002)

85. Guan, H., G. Zu, M. Slater, C. Elmets and H. Xu:
GammadeltaT cells regulate the development of hapten-
specific CD8+ effector T cells in contact hypersensitivity
responses. J Invest Dermatol 119, 137-142 (2002)

86. Kaminski, M. J., P. D. Cruz, P. R. Bergstresser and A.
Takashima: Killing of skin-derived tumor cells by mouse
dendritic epidermal T cells, Cancer Research 53, 4014-
4019 (1993)

87. Lefrancois, L. and T. Goodman: In vivo modulation of
cytolytic activity and Thy-1 expression in TCR-gamma
delta+ intraepithelial lymphocytes. Science 243, 1716-1718
(1989)

88. Girardi, M., D. E. Oppenheim, C. R. Steele, J. M.
Lewis, E. Glusac, R. Filler, P. Hobby, B. Sutton, R. E.
Tigelaar and A. C. Hayday: Regulation of cutaneous
malignancy by gammadelta T cells. Science 294, 605-609
(2001)

89. Groh, V., A. Steinle, S. Bauer and T. Spies:
Recognition of stress-induced MHC molecules by intestinal
epithelial gammadelta T cells. Science 279, 1737-1740
(1998)

90. Trejdosiewicz, L. K., A. Calabrese, C. J. Smart, D. J.
Oakes, P. D. Howdle, J. E. Crabtree, M. S. Losowsky, F.
Lancaster and A. W. Boylston: Gamma delta T cell
receptor-positive cells of the human gastrointestinal
mucosa: occurrence and V region gene expression in
Heliobacter pylori-associated gastritis, coeliac disease and
inflammatory bowel disease. Clin Exp Immunol 84, 440-
444 (1991)

91. Fukushima, K., T. Masuda, H. Ohtani, I. Sasaki, Y.
Funayama, S. Matsuno and H. Nagura: Immunohistochemical

characterization, distribution, and ultrastructure of
lymphocytes bearing T-cell receptor γ/δ in inflammatory
bowel disease. Gastroenterology 101, 670-678 (1991)

92. Giacommelli, R., I. Parzanese, G. Frieri, A.
Passacantando, F. Pizzuto, T. Pimpo, P. Cipriani, A.
Viscido, R. Caprilli and G. Tonietti: Increase of circulating
g/d T lymphocytes in the peripheral blood of patients
affected by active inflammatory bowel disease. Clin Exp
Immunol 98, 83-88 (1994)

93. Komano, H., Y. Fujiura, M. Kawaguchi, S. Matsumoto,
Y. Hashimoto, S. Obana, P. Mombaerts, S. Tonegawa, H.
Yamamoto, S. Itohara, M. Nanno and H. Ishikawa:
Homeostatic regulation of intestinal epithelia by
intraepithelial gd T cells. Proc Natl Acad Sci USA 92,
6147-6151 (1995)

94. Soderstrom, K., A. Bucht, E. Halapi, A. Gronberg, I.
Magnusson and R. Kiessling: Increased frequency of
abnormal gd T cells in blood of patients with inflammatory
bowel diseases. J Immunol 156, 2331-2339 (1996)

95. McVay, L. D., B. Li, R. Biancaniello, M. A. Creighton,
D. Bachwich, G. Lichtenstein, J. L. Rombeau and S. R.
Carding: Changes in human mucosal gd T cell repertoire
and function associated with the disease process in
inflammatory bowel disease. Mol Med 3, 183-203 (1997)

96. Kagnoff, M. F.: Current concepts in mucosal immunity.
III. Ontogeny and function of gamma delta T cells in the
intestine. Am J Physiol 274, G455-448 (1998)

97. Chen, Y., K. Chou, E. Fuchs, W. L. Havran and R.
Boismenu: Protection of the intestinal mucosa by
intraepithelial gamma delta T cells. Proc Natl Acad Sci
USA 99, 14338-14343 (2002)

98. Salvati, V. M., M. Bajaj-Elliott, R. Poulsom, G.
Mazzarella, K. E. Lundin, E. M. Nilsen, R. Troncone and
MacDonald, T. T.: Keratinocyte growth factor and coeliac
disease. Gut 49, 176-81 (2001)

99. Fahrer, A. M., Y. Konigshofer, E. M. Kerr, G.
Ghandour, D. H. Mack, M. M. Davis and Y. H. Chien:
Attributes of gammadelta intraepithelial lymphocytes as
suggested by their transcriptional profile. Proc Natl Acad
Sci USA 98, 10261-10266 (2001)

100. King, D. P., D. M. Hyde, K. A. Jackson, D. M.
Novosad, T. N. Ellis, L. Putney, M. Y. Stovall, L. S. Van
Winkle, B. L. Beaman and D. A. Ferrick: Cutting edge:
protective response to pulmonary injury requires gamma
delta T lymphocytes. J Immunol 162, 5033-503 (1999)

101. Carding, S. R., W. Allan, S. Kyes, A. Hayday, K.
Bottomly and P. C. Doherty: Late dominance of the
inflammatory process in murine influenza by
gamma/delta+ T cells. J Exp Med 172, 1225-1231 (1990)

102. Carding, S. R., W. Allan, McMickle, A. and P. C.
Doherty: Activation of cytokine genes in T cells during



DETC Regulate Skin Homeostasis

2651

primary and secondary murine influenza pneumonia. J Exp
Med 177, 475-482 (1993)

103. Sarawar, S. R., S. R. Carding, W. Allan, A. McMickle,
K. Fujihashi, H. Kiyono, McGhee, J. R. and P. C. Doherty:
Cytokine profiles of bronchoalveolar lavage cells from
mice with influenza pneumonia: consequences of CD4+
and CD8+ T cell depletion. Reg Immunol 5, 142-150
(1993)

104. Zuany-Amorim, C., C. Ruffie, S. Haile, B. B.
Vargaftig, P. Pereira and M. Pretolani: Requirement for
gammadelta T cells in allergic airway inflammation.
Science 280, 1265-1267 (1998)

105. Lahn, M., A. Kanehiro, K. Takeda, A. Joetham, J.
Schwarze, G. Kohler, O'Brien, R., E. W. Gelfand, W. Born
and A. Kanehio: Negative regulation of airway
responsiveness that is dependent on gammadelta T cells
and independent of alphabeta T cells. Nat Med 5, 1150-
1156 (1999)

106. Elbe, A., C. A. Foster and G. Stingl: T-cell receptor
alpha beta and gamma delta T cells in rat and human skin--
are they equivalent? Semin Immunol 8, 341-349 (1996)

107. Bos, J. D., M. B. Teunissen, I. Cairo, S. R. Krieg, M.
L. Kapsenberg, P. K. Das and J. Borst: T-cell receptor
gamma delta bearing cells in normal human skin. J Invest
Dermatol 94, 37-42 (1990)

108. Foster, C. A., H. Yokozeki, K. Rappersberger, F.
Koning, B. Volc-Platzer, A. Rieger, J. E. Coligan, K. Wolff
and G. Stingl: Human epidermal T cells predominantly
belong to the lineage expressing alpha/beta T cell receptor.
J Exp Med 171, 997-1013 (1990)

109. Holtmeier, W., M. Pfander, A. Hennemann, T. M.
Zollner, R. Kaufmann and W. F. Caspary: The TCR-delta
repertoire in normal human skin is restricted and distinct
from the TCR-delta repertoire in the peripheral blood. J
Invest Dermatol 116, 275-280 (2001)

110. Holtmeier, W., M. Pfander, T. M. Zollner, R.
Kaufmann and W. F. Caspary: Distinct TCR delta
repertoires are present in the cutaneous lesions and
inflamed duodenum of patients with dermatitis
herpetiformis. Exp Dermatol 11, 527-531 (2002)

111. Modlin, R. L., C. Pirmez, F. M. Hofman, W. Torigian,
K. Uyemura, T. H. Rea, B. R. Bloom and M. B. Brenner:
Lymphocytes bearing antigen-specific gamma/delta T-cell
receptors accumulate in human infectious disease lesions.
Nature 339, 544-548 (1989)

112. Uyemura, K., C. Ho, J. Ohmen, T. Rea and R. Modlin:
Selective expansion of Vd1+ T cells from leprosy skin
lesions. J Invest Dermat 99, 6, 848-852 (1992)

113. Holtmeier, W., T. Witthoft, A. Hennemann, H. S.
Winter and M. F. Kagnoff: The TCR-delta repertoire in
human intestine undergoes characteristic changes during

fetal to adult development. J Immunol 158, 5632-561
(1997)

114. Camarero, C., P. Eiras, A. Asensio, F. Leon, F.
Olivares, H. Escobar and G. Roy: Intraepithelial
lymphocytes and coeliac disease: permanent changes in
CD3-/CD7+ and T cell receptor gammadelta subsets
studied by flow cytometry. Acta Paediatr 89, 285-290
(2000)

115. Holoshitz, J., F. Koning, J. E. Coligan, De Bruyn, J.
and S. Strober: Isolation of CD4-CD8- mycobacteria-
reactive T lymphocyte clones from rheumatoid arthritis
synovial fluid. Nature 339, 226-229 (1989)

116. Haregewoin, A., G. Soman, R. C. Hom and R. W.
Finberg: Human GAMMA DELTA+ T cells respond to
mycobacterial heat-shock protein. Nature 340, 309-312
(1989)

117. Kabelitz, D., A. Bender, S. Schondelmaier, B. Schoel,
S.H. Kaufmann: A large fraction of human peripheral blood
gamma/delta+ T cells is activated by Mycobacterium
tuberculosis but not by its 65-kD heat shock protein. J Exp
Med 171, 667-679 (1990)

118. Workalemahu, G., M. Foerster, C. Kroegel and R. K.
Braun: Human gammadelta-T Lymphocytes Express and
Synthesize Connective Tissue Growth Factor: Effect of IL-
15 and TGF-beta1 and Comparison with alphabeta-T
Lymphocytes. J Immunol 170, 153-157 (2003)

Key Words: Gamma Delta T cells, Skin, Homeostasis,
Intraepithelial Lymphocyte, Wound Repair, Review

Send correspondence to: Dr Wendy Havran, The
Scripps Research Institute, 10550 North Torrey Pines Rd,
La Jolla, CA 92037, Tel: 858-784-2742, Fax:  858-784-
8805, E-mail:  havran@scripps.edu


