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Abstract: While forming a minor population in the blood and lymphoid compartments, y5 T cells are
significantly enriched within barrier tissues. In addition to providing protection against infection,
these tissue-resident yd T cells play critical roles in tissue homeostasis and repair. yd T cells in
the epidermis and intestinal epithelium produce growth factors and cytokines that are important for
the normal turnover and maintenance of surrounding epithelial cells and are additionally required
for the efficient recognition of, and response to, tissue damage. A role for tissue-resident v T cells is
emerging outside of the traditional barrier tissues as well, with recent research indicating that adipose
tissue-resident yd T cells are required for the normal maintenance and function of the adipose tissue
compartment. Here we review the functions of tissue-resident y4 T cells in the epidermis, intestinal
epithelium, and adipose tissue, and compare the mechanisms of their activation between these sites.
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1. Introduction

Very shortly after their initial identification, yd T cells were described to have a unique distribution
compared to 3 T cells. Early studies in mice, humans, and chickens demonstrated that y5 T cells
preferentially home to tissues over lymphoid organs [1-7], and that this tissue localization of vy T cells
is dependent on Vv chain expression. It should be noted that two different nomenclatures are in use
for the murine Vv chains, the Heilig and Tonegawa system [8] and the Garman system [9], which we
use here. y5 T cells are found across a wide range of tissues including the skin, lungs, gut, genital tract,
and adipose tissue [10,11]. Parabiosis studies have demonstrated a non-migratory phenotype for
these tissue-resident y3 T cells in multiple tissues including the skin, gut, and adipose tissue [12-14].
In the mouse, dendritic epidermal T cells (DETC) express an invariant Vy3V o1 receptor [15,16], v6 T cells
in the epithelia of the tongue, uterus, and vagina express a Vy4V51 T cell receptor (TCR) with limited
diversity [17], and yd T cells of the intestinal epithelium (IELs) express receptors in which the Vy5
chain pairs with a number of different V6 chains [15,18]. These different y5 T cell compartments are not
just divided in their tissue localizations, but also in the timing of their development in the thymus with
T cells expressing different Vy chains developing at different times [10,19,20] based on their proximity
to the ] segment [21]. Together, these features suggested a particularly important role for yo T cells in
the barrier tissues, as well as a potentially more limited diversity in antigen recognition than is seen for
af T cells. This led to the idea that & T cells fill a functional niche between the innate and adaptive
immune systems and form the “first line of defense” at barrier surfaces where they can rapidly respond
to infection or insult [10,22,23]. While v T cells have the ability to recognize and respond to a variety
of stimuli, they are particularly well situated for monitoring self-tissue for signs of stress. The majority
of research on tissue-resident yb T cells has focused on those residing in barrier tissues, but more
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recent work has indicated a role for y4 T cells in the maintenance of tissue outside of these sites as well.
In this review we focus on the functions of three spatially distinct compartments of y6 T cells in
maintaining the integrity and function of surrounding tissue: the clonal Vy3V61 DETC population in
the epidermis, the primarily Vy5+ population in the intestinal epithelium, and the Vy4+ population in
the adipose tissue.

2. Epidermal vy T Cells in Maintenance and Repair

2.1. Epidermal Structure and Function

The epidermis forms the barrier between the body and the outside world, playing a critical role in
preventing water loss and providing protection from injury [24,25]. The epidermisis a stratified structure
in which keratinocytes of the basal, proliferative layer are continually differentiating and moving
outwards toward the stratum corneum, the topmost layer composed of dead corneocytes, in order
to maintain homeostasis [24,26]. Keratinocytes account for over 90% of all epidermal cells [26],
forming the major structural component of this organ and also playing a crucial role in initiating
an inflammatory response to infection. Keratinocytes have the ability to sense pathogen-associated
molecular patterns (PAMPs) through a number of Toll-like receptors (TLRs) and can respond with
the production of a variety of inflammatory cytokines, anti-microbial peptides, and chemokines
important for the recruitment of neutrophils and T cells [27,28].

The epidermis is also home to several types of immune cells including Langerhans cells and T cells.
Langerhans cells are dendritic antigen presenting cells residing in the suprabasal epidermal layers
that are involved in the initiation of both pro- and anti- inflammatory responses [27]. While the T cell
population in the mouse epidermis is entirely comprised of DETC [15,16], both «f3 and y6 T cells are
present in the human epidermis, though at lower numbers than is observed in mice [29-31]. Less is
known about the skin-resident o T cell population in humans, but evidence suggests that these cells
primarily express receptors with V61 chain usage [29,32-34] rather than the V52 chain usage most
common in peripheral blood. The population of epidermal-resident y5 T cells in both mice and humans
is particularly well positioned to react rapidly to epidermal insult and injury, especially given that
murine DETC are known to respond to stressed keratinocytes [35,36].

2.2. DETC Development and Trafficking to the Epidermis

DETC precursors are the first T cells to appear in the mouse thymus, developing in a defined window
between embryonic day 13 and 18 [19,20]. At this time in development terminal deoxynucleotidyl
transferase is not expressed in the thymus and rearrangement occurs with preference for the Vy3 chain
directly proximal to the ] segment [21,37,38], resulting in a canonical invariant Vy3V61 TCR. Upon egress
from the thymus, these cells home to the epidermis where they undergo homeostatic proliferation to
maintain the epidermal compartment throughout the lifetime of the mouse [15,16]. The specific expression
of the Vy3Vd1 TCR is not necessary for the development of an epidermal T cell population as y5 T cells
expressing alternate TCRs are present in the epidermis of mice with mutations in the Vy3 and V51 genes,
and af T cells populate the epidermis of TCR57" mice [39-41]. However, TCR signaling does appear to be
important for the formation of the epidermal DETC compartment by driving the upregulation of receptors
important for thymic egress and epidermal homing. During normal development, DETC precursors
upregulate the skin homing receptor CCR10 and the sphingosine-1-phosphate receptor 1 (S1PR1) which is
important for thymic egress [37,42]. Mice deficient for IL-2 inducible T cell kinase (ITK), a kinase
downstream of TCR signaling, do not show CCR10 and S1PR1 upregulation during maturation [43].
These mice have delayed accumulation of DETC in the epidermis but do eventually develop a normal
DETC compartment. This observation indicates that TCR signaling is important for the development
of DETC precursors in the thymus, but dispensable for survival and proliferation in the epidermis.
In addition to CCR10, the expression of CCR4 and ligands for both E-selectin and P-selectin are important
for DETC homing, though they do not appear to play a role in normal thymic development [44].
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Cytokine signaling has also been shown to play a role in development as DETC are absent
in mice lacking either IL-15 [45] or IL-7 [46]. IL-7 plays a critical role in the induction of V-J
recombination and IL-15 supports DETC proliferation and survival during development [45,47].
Another important factor in DETC development is the expression of skint1 on thymic epithelial cells.
Although the mechanism by which y8 T cells recognize skint1 is unclear, Vy3+ DETC are absent
in the FVB-Taconic mouse strain in which a natural mutation in the skint1 gene has arisen [48,49].
The expression of skint1 during thymic development plays an important role in shaping DETC function
by programming DETC precursors towards IFNy production and away from IL-17 production [50].
While the precise mechanisms governing DETC development have not yet been fully elucidated, it is
clear that a highly regulated array of overlapping and distinct signals are required for DETC maturation
and epidermal homing.

2.3. DETC Functions in Homeostasis and Damage Repair

Once in the epidermis, DETC take on their characteristic morphology in which long dendrites
are spread out between neighboring keratinocytes where they are poised to recognize damage
or infection [51,52]. Chodaczek et al. demonstrated that under steady-state these dendrites are
primarily oriented towards the apical epidermis, where clusters of TCR appear to be engaged with
keratinocyte-expressed ligand in long-lived immunological synapses [53]. The authors show that
DETC exist in a state of preactivation under homeostatic conditions and are ready to rapidly respond
to stress signals in neighboring cells.

DETC are important for homeostatic maintenance of the epidermis, and in their absence
the epithelial barrier is compromised. DETC-deficient mice exhibit increased transepidermal water loss
when placed under dry housing conditions, demonstrating the importance of these cells in responding
to environmental fluctuations [54]. Following TCR stimulation DETC have been shown to secrete
insulin-like growth factor 1 (IGF-1), and in the absence of DETC mice show increased epidermal
apoptosis that is reversed by IGF-1 administration [55]. In addition to their role in epithelial cell
survival, DETC have the ability to secrete a number of chemokines including lymphotactin (LTN,
XCL1), macrophage inflammatory protein (MIP-1x, CCL3), and CCL5, indicating a role in shaping
the lymphocyte compartment of the murine epidermis [56]. Further evidence for DETC regulation of
the lymphocyte compartment comes from work showing that the loss of Vy3+ DETC results in «f3
T cell-mediated cutaneous inflammation [57]. Together these studies demonstrate that a functional
DETC population is critical for epidermal maintenance under homeostasis.

Beyond their role in maintaining the epithelial barrier at homeostasis, y5 T cells are key players
in the wound healing response, and wound healing is delayed in both TCR&7" and FVB-Taconic
mice [58-60]. Following wounding, DETC retract their dendrites and begin secreting growth factors
such as KGF-1, KGF-2 [29] and IGF-1 [55] that promote proliferation in neighboring keratinocytes.
Additionally, DETC-produced KGF-1 and KGF-2 has been demonstrated to induce keratinocyte
production of hyaluronan, a glycosaminoglycan that is an important component of the extracellular
matrix and is involved in lymphocyte migration to sites of damage [61]. By this mechanism, DETC are
ultimately able to mediate the recruitment of macrophages to the wound site, again exhibiting a role
in shaping the lymphocyte compartment of the epidermis. A small subset of DETC are also able to
produce IL-17A in response to wounding, which has been shown to contribute to barrier restoration by
inducing proliferation and the production of anti-microbial peptides in surrounding keratinocytes [62].
From these experiments it is clear that DETC respond to epithelial damage on a number of fronts,
orchestrating the proliferation of keratinocytes, infiltration of other leukocyte subsets, and clearance of
pathogens to restore homeostasis. While less is known about the epidermal-resident T cell population in
humans, both o3 T cells and v T cells in the human epidermis produce IGF-1 in response to wounding
and activation of these cells results in more rapid wound closure in a skin-organ culture model of
healing [29]. Interestingly, in contrast to what is seen in acute wounds, o3 T cells and v T cells isolated
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from human chronic wounds do not produce IGF-1 and are refractory to further stimulation [29]
suggesting these cell populations as potential clinical targets in the treatment of non-healing wounds.

v8 T cell activation in response to wounding relies on interactions with a number of different
stress-induced signals expressed on keratinocytes. Although the ligand for the murine Vy3Vs1
TCR is unknown, it has been shown to be upregulated on keratinocytes following wounding by
staining with a fluorescently labeled Vy3V61 TCR tetramer [35,63]. Furthermore, blocking TCR-ligand
interactions with this soluble Vy3V51 TCR tetramer results in delayed healing [63] and while the o3+
DETC that populate the epidermis of TCR57 mice are responsive to direct stimulation with ConA
or anti-CD3, they are unresponsive to damaged keratinocytes [39]. Taken together, these studies
show that the recognition of keratinocyte-expressed antigen by the Vy3V61 TCR is essential for
the DETC-mediated wounding response.

In addition to signals through the TCR, mouse studies have demonstrated that DETC also rely on
interactions with a number of other stress signals to recognize and respond to damaged self (Figure 1).
Following wounding, keratinocytes upregulate their expression of the coxsackie and adenovirus
receptor (CAR) which provides a costimulatory signal through the DETC-expressed junctional
adhesion molecule-like protein (JAML) that is functionally similar to CD28/B7 costimulation in «f3
T cells [64,65]. A costimulatory signal through NKG2D is also provided by H60c, an MHC class I-like
molecule that is increased on keratinocytes following wounding [66,67]. While the DETC-expressed
receptors recognizing skint proteins have not been defined, defects in the upregulation of these
molecules in aged mice results in impaired DETC activation and wound healing [60]. Additionally,
keratinocyte-expressed plexin B2 is important for initiating the DETC rounding response through ERK
kinase and cofilin signaling following ligation with DETC-expressed CD100 [68]. In the absence of any of
these interactions wound healing is delayed [64,66,68], and it thus appears that a number of overlapping
signals are required for efficient DETC activation in the wound environment. While the reasons for
this redundancy are not fully clear, it may be that a requirement for multiple danger signals helps to
prevent DETC from becoming activated in the absence of damage. It is also possible that different
ligands may interact with DETC at different times during the activation phase, helping to coordinate
distinct aspects of the wound response.
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Figure 1. Ligands involved in DETC activation. Keratinocyte-DETC interactions are important
for DETC activation post-wounding. Known interactions include CD100-plexin B2, JAML-CAR,
NKG2D-H60c, and primary signaling through TCR following interactions with an unknown antigen.

The DETC-mediated damage response is not limited to the wounding context, and these cells
are known to respond to a variety of epidermal insults. TCRS7" mice have increased susceptibility
to models of cutaneous carcinoma, and DETC are able to kill skin carcinoma cells in vitro through
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an NKG2D sensitive mechanism [69]. Additionally, epidermal y5 T cells are activated in response to
UVR in both mice and humans and TCR&7" mice exhibit reduced levels of DNA repair following UVR
exposure [70]. It should be noted that DETC can play a pathogenic role in epidermal homeostasis
as well, and their presence is required for a contact hypersensitivity reaction in the DNFB mouse
model [71]. DETC-mediated contact hypersensitivity is partially reversed through the blocking of
NKG2D [72], indicating overlap between DETC activation in this pathogenic pathway and activation
in DETC-mediated tissue repair. Overall, it is clear that DETC are essential mediators in the epidermis,
maintaining tissue homeostasis at steady state and orchestrating the damage response to a range
of insults.

3. Intestinal Epithelial v6 T Cells in Maintenance and Repair

3.1. Structure and Function of the Intestinal Epithelium

The intestinal epithelium is comprised of a single layer of cells which serve to provide a barrier
between the luminal contents and the lamina propria. This structure coordinates the uptake of water
and nutrients and enables crosstalk between the immune system and luminal microbes. In the small
intestine the epithelium is organized into protruding villi and invaginating crypts, while in the colon villi
are not present and the epithelium forms a flatter surface. The intestinal epithelium is characterized by
constant turnover and is the most rapidly renewing tissue in the body [73,74]. Stem cells in the bottom of
the crypts continuously produce progenitor cells which differentiate and travel outwards until reaching
the top of the apical surface where they undergo apoptosis and slough off into the lumen [73-75].
Effective barrier function requires constant and coordinated proliferation and migration of epithelial
cells in a process that is critical to maintaining gut homeostasis. Dysfunction in the epithelium can
result in inflammation driven by bacterial invasion of the mucosal surface, and has been linked to
the development of inflammatory bowel disease (IBD) [76].

The intestinal epithelium is primarily composed of enterocytes, which are responsible
for the absorption of water and nutrients, but also includes mucus secreting goblet cells
and hormone-secreting enteroendocrine cells [73-75]. Also residing in the epithelium are specialized
cell types that coordinate the host interactions with gut microbiota and pathogens. These include
chemosensory tuft cells, which provide protection against helminths, Paneth cells (in the small intestine),
which secrete anti-microbial peptides, and M cells, which are involved in the uptake of luminal antigen
for presentation to immune cells [75,77].

In addition to these epithelial cell components, a significant number of intraepithelial lymphocytes
(IELs) reside in the intestinal epithelium, comprising around 10% of the cells in this tissue in mice [78],
and around 15-20% in humans [79]. The IEL compartment is often subdivided into two categories:
the type a or “induced” IELs expressing «f3 TCR with CD8cf3 or CD4 and the type b or “natural” IELs
expressing either y5 TCR or «3 TCR without CD8xf3 (often expressing CD8x«) [80,81]. Type a IELs are
MHC-restricted, functionally very similar to «f3 T cells in the lymphoid organs, and become activated
after encountering antigen in the periphery. Conversely, type b IELs reside almost exclusively in
the epithelium, acquire an activated phenotype during development, and appear to be biased towards
self-antigen recognition [80,82]. The proportion of v IELs varies over development, comprising around
80% of the IEL compartment in suckling mice and dropping to around 20% in older animals [83]. y5 IELs
are present in both the small intestine and colon where they have been found to form approximately
30% and 10% of the murine IEL compartment, respectively [84]. Despite this lower prevalence in
the colon, v IELs are widely distributed throughout the intestinal epithelium where they play a key
role in maintaining its barrier function.

3.2. y6 IEL Development and Trafficking to the Intestinal Epithelium

Murine y6 IELs primarily express Vy5+ TCRs, but unlike in the case of the invariant Vy3V51 TCRs
expressed by DETC, Vy5 can pair with multiple & chains [18,85]. These cells populate the intestinal
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epithelium around birth, and continue to be generated in the adult thymus [86]. It has long been suggested
that y5 IELs may be able to develop extrathymically, but this remains a subject of controversy [80,87].
While IEL populations are present in athymic mice [83,88] it appears that thymic development is the main,
and possibly exclusive, pathway of development in euthymic mice [89]. Like all y3 T cells, v IELs rely on
IL-7 signaling for development as this cytokine is required for V-] recombination [47]. However, the role
of IL-15 in the development of vy IELs diverges from its role in DETC development. While in DETC
development, IL-15 signaling appears to impact the proliferation and survival of precursors [45], in v
IEL development IL-15 signaling controls the accessibility of the Vy5 gene segment for rearrangement
by inducing chromatin modifications [90]. Additionally, in the absence of IL-15 signaling the v IEL
compartment is significantly reduced [91,92], and this cytokine has also been described to play a role in
the differentiation [93], proliferation [94], survival [95,96], and muotility [97] of v IELs.

Interactions between v IEL-expressed CCR9 and the chemokine CCL25 have been shown to be
important for v IEL homing to the small intestine. CCL25 is highly expressed in both the thymus
and intestinal epithelium [98], and mice deficient in either CCR9 or CD25 have reduced numbers of v
IELs [99,100]. It is interesting to note that CCR9 expression appears to be negatively correlated with
TCR-ligand interactions in the thymus, indicating a preference for the trafficking of antigen naive y
IELs to the intestine [100]. Additional evidence that positive selection through TCR signaling is not
required for the development of a v IEL compartment comes from the observation that these cells are
still present in G8 TCR transgenic mice on a 3, microglobulin-deficient background [101,102]. The G8
TCR recognizes the MHC class I antigens T22 and T10 which are absent in this MHC class I-deficient
mouse strain, so any yd IELs present in these mice must develop in the absence of TCR interaction
with cognate ligand.

3.3. y0 IEL Functions in Homeostasis and Epithelial Damage Repair

While DETC are primarily sessile within the epidermis, v6 IELs actively migrate throughout
the intestinal epithelium [103] by an occludin-dependent mechanism [104]. This strategy allows
v6 IELs to engage in close contacts with a number of epithelial cells, which would otherwise be
impossible given the monolayer structure of the intestinal epithelium. The migratory ability of vy IELs
has been shown to be important for y6 IEL-mediated defense against both Salmonella typhimurium
and Toxoplasma gondii in mice [105]. DETC and v6 IELs reside in close proximity to microorganisms in
the skin and intestine, respectively, and function in the control of both host microbiota and invading
bacteria [106]. While the overall impact on yd T cell-mediated barrier maintenance is unknown, studies
in germ-free and antibiotic-treated mice have suggested that the microbiota can influence the functions
of v& T cells in these tissues, and the presence of commensals is required for the normal distribution
and migration of y5 IELs [106,107]. yb IELs have been described as having an “activated but resting”
phenotype in which cytotoxic genes are expressed at steady state alongside the expression of inhibitory
receptors [108,109], a combination that may allow a rapid response rate while maintaining control over
effector function at homeostasis.

Although v6 IELs have been shown to play a role in host defense against pathogens, it has been
suggested that their main function is in maintaining the homeostasis and barrier integrity of the intestinal
epithelium [80,110]. One mechanism of protection appears to be through limiting the response of
other IELs to various insults [80,111]. yd IELs have been shown to dampen the inflammatory
response in mouse models of IBD with a3 T cell-mediated pathology [112,113], and to prevent
damage due to an overactive pathogen response by murine type a «f3 IELs [114]. Interestingly, it was
demonstrated that v IELs expressing the inhibitory receptor NKG2A isolated from patients with celiac
disease suppressed the cytotoxic phenotype of «3 IELs in vitro through the secretion of TGF-3 [115].
Although the mechanisms are not yet well understood in vivo, these studies suggest that y6 IELs play
an important role in regulating the immune responses of type a IELs. vy IELs also play a more direct
role in maintaining the integrity of the intestinal epithelium by promoting epithelial cell proliferation.
Mice that are deficient in yd T cells show reduced intestinal epithelial cell turnover at steady state,
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though no such defect is observed in mice deficientin o3 T cells [116]. It has also been shown thatyd IELs,
but not o3 IELs, are able to produce KGF upon stimulation [117] indicating a likely mechanism for this
v IEL-mediated epithelial cell proliferation. Furthermore, altered epithelial cell proliferation in mouse
models of villus atrophy and hypertrophy were later demonstrated to depend on v IEL production of
KGF [118], providing a direct link between y$ IEL production of KGF and epithelial proliferation.

The ability of yb IELs to mediate epithelial cell function is particularly important when the barrier
is disrupted due to damage or infection. yd IELs have been demonstrated to provide protection in
a DSS model of intestinal injury and repair, localizing at sites of damage and inducing epithelial cell
proliferation through the production of KGF [119]. In addition to exerting control over proliferation,
vd IELs also play a role in regulating epithelial barrier permeability during bacterial infection by
controlling the organization of tight junction proteins [120]. Together, these studies highlight the ability
of v6 IELs to maintain the intestinal epithelial barrier through direct regulation of neighboring epithelial
cells. The role of v IELs in gut inflammation and repair in humans is not well understood, although it
has been suggested that decreased numbers of v T cells in the ilium of preterm infants with necrotizing
enterocolitis may contribute to the pathogenesis of this disease [121]. While the proportion of v IELs
have been shown to increase in patients with celiac disease [122-124], there is contradictory evidence
of both increased and decreased numbers of v IELs in the inflamed mucosa of IBD patients [125,126].
The variable results of these human studies highlight the need for additional research on the y5 IEL
response over the course of inflammatory diseases in the gut in order to resolve their potential causal
and protective roles.

Despite a clear role for v IELs in epithelial barrier maintenance and repair, less is understood
about how resident vy T cells are activated in response to epithelial damage in the gut than in
the skin. Interestingly, while signaling through the TCR is important for DETC activation in response
to epithelial insult in the skin [63], v IELs in some instances have been shown to have the ability to
recognize pathogens independently of their TCR [127]. However, recent studies suggest that similar
coreceptors may be required for yd T cell activation the skin and gut (Figure 2). One such study
demonstrated that v6 IEL-mediated protection from dextran sulfate sodium (DSS)-induced epithelial
damage was dependent on CD100-plexin B2 interactions [128]. Additionally, while the effect of this
receptor-ligand pair is unknown in the gut, JAML and CAR are expressed on murine y$ IELs [64]
and intestinal epithelial cells [129], respectively. Given the expression of these molecules in the gut,
and the observation that costimulation through JAML in vitro induces proliferation in v& IELs [64],
it is possible that JAML-CAR costimulatory interactions may be important in the v T cell-mediated
damage response in the gut as they are in the skin. yd IELs have also been shown to respond to
infection through the recognition of epithelial-cell expressed MyD88, providing further evidence for
the importance of epithelial cell crosstalk in y5 IEL activation [127,130]. While much remains to be
discovered about how v IELs recognize and respond to epithelial damage, it appears possible that
these cells may share activation features with their DETC counterparts.
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Figure 2. Ligands involved in v IEL function. The mechanisms behind vy IEL activation following
intestinal epithelial damage are less well understood than the mechanisms underlying DETC activation
in the skin, but plexin B2-CD100 interactions are known to play a role. Intestinal epithelial cells and y5
IELs express CAR and JAML, respectively, but whether these interactions provide a costimulatory signal
following epithelial damage is unknown. The role of antigen recognition by TCR and the presence of
other costimulatory signals also remain unknown. Occludin expressed by both 5 IELs and intestinal
epithelial cells is important for y5 IEL migration.

4. Adipose Tissue-resident yd T Cells in Inflammation and Obesity

4.1. Functions and Organization of Adipose Tissue

Adipose tissue forms the largest endocrine organ in humans, making up approximately 20-50%
of an individual’s total body weight [131]. While once considered primarily to be an inert energy
storage tissue, it is now clear that adipose tissue performs a wide array of functions ranging from shock
absorption and thermal insulation to tissue repair, thermogenesis, and the secretion of anti-microbial
peptides and cytokines [132,133]. Adipose tissue can be subdivided into two main categories: brown
adipose tissue (BAT) which is primarily involved in thermogenesis and most prevalent at the fetal
and infant stages, and white adipose tissue (WAT) which comprises the vast majority of adipose
tissue in adults. WAT can be further divided into the visceral WAT (vWAT) including mesenteric,
gonadal, and omental WAT, and subcutaneous WAT (sWAT) located under the skin [133]. While there
is evidence that the SWAT fraction plays a metabolically protective role, the vVWAT fraction has been
linked to obesity and metabolic disorders [134,135].

Adipocytes are the major cell type in adipose tissue, comprising up to 90% of tissue volume
but only approximately 50% of the cellular content due to their large size [131,136]. The considerable
stromal-vascular fraction of adipose tissue contains a wide range of immune cells including
endothelial cells, fibroblasts, macrophages, eosinophils, mast cells, innate lymphoid cells (ILCs),
and lymphocytes [137]. Lymphocytes account for 10-15% of the stromal-vascular fraction and include
B cells, a3 T cells, invariant natural killer (iNKT) cells, T regulatory (Treg) cells, and v T cells [137,138].
Under normal conditions adipose tissue immune cells perform both defensive and homeostatic
functions, but shifts in this compartment towards an inflammatory phenotype during obesity have
been well documented [136-138]. The mechanisms behind this pro-inflammatory shift are still being
elucidated, but an increased number of macrophages and a bias towards M1 polarization seems to
play a role [137,139-141]. The T cell compartment also appears to be involved in obesity-related
inflammation although the various influences of different subsets remains unclear. While CD8+ T cells
are known to increase during obesity [142,143] the timing of their increase is not well understood.
Evidence has been presented supporting a model in which CD8+ T cell accumulation precedes
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and drives macrophage accumulation [144,145] as well as a model in which CD8+ T cell accumulation
follows and is driven by macrophage accumulation [146]. In contrast to the pro-inflammatory CD8+
T cell population, Tregs and iNKT cells are both enriched in lean adipose tissue and decreased during
obesity [147-149]. While it is clear that obesity-related inflammation in the adipose tissue involves
the complex interplay of a number of cell types, the contributions of different T cell subsets are still
being resolved.

4.2. The Role of yo T Cells in Obesity and Adipose Tissue Inflammation

Y6 T cells, mostly expressing Vy4+ TCRs, form a tissue-resident population in the murine adipose
tissue [12], but an understanding of their functional significance is only just beginning to emerge.
These cells are enriched in adipose tissue, forming between 5-15% of the total T cell compartment [11,12]
and are increased during high fat diet (HFD)-induced obesity [11,150]. This increase inyd T cell numbers
on a HFD was initially shown to contribute to macrophage accumulation, inflammation, and insulin
resistance [150] indicating a pathogenic role for yd T cells in obesity-related inflammation. However,
a later study identified a crucial role for murine adipose tissue-resident y6 T cells in maintaining
the adipose Treg population [12]. The authors found that IL-17A-producing y5 T cells were the driving
factor in promoting stromal-cell production of IL-33 which in turn promotes the maintenance of
the adipose Treg population. Additionally, peroxisome proliferator-activated receptor 3 (PPAR-{3)
overexpressing mice which exhibit lower numbers of 3 T cells and higher numbers of y6 T cells are
protected from weight gain, inflammation, and insulin resistance on a high fat diet [151]. Together these
studies demonstrate that yd T cells play an important role in shaping both pro- and anti- inflammatory
T cell populations in adipose tissue and highlight the need for additional research in this area.
While little is known about the impact of obesity on vy T cell function in the adipose tissue, obesity
has been shown to impact y6 T cells in other compartments. In murine models of obesity, DETC have
an impaired ability to regulate keratinocyte homeostasis and wound healing [152,153]. Additionally,
both a3 and o IELs exhibit lower numbers and reduced expression of CD103 and CCR9, proteins that
are important for IEL retention in the intestinal epithelia [154]. These studies suggest that an obese
state may have a detrimental effect on the functions of tissue-resident v T cells and highlight the need
for additional research on the adipose tissue-resident population. Intriguingly, a recent study by
Goldberg et. al. has demonstrated that yd T cells are initially increased in the adipose tissue of mice
on a ketogenic diet but decreased in the long-term following ketogenic diet-induced obesity [155].
Further research is needed to understand the circumstances and functional differences that drive
adipose y0 T cells to accumulate or decrease in number during systemic metabolic shifts.

v8 T cells also appear to have more direct effects on adipocyte function, in addition to shaping
other T cell populations in the adipose tissue (Figure 3). For example, adipose tissue-resident yo T cells
produce IL-17A, which in turn drives IL-33 production by adipose tissue stromal cells that promotes
lipolysis and thermogenesis in both BAT and inguinal WAT [12]. Additionally, yd T cell-produced
IL-17 has been shown to negatively regulate adipogenesis and protect against obesity in mice [156].
Recent work from Hu et. al. [157] demonstrates that v T cell-produced IL-17F plays a key role in
the innervation of adipose tissue, and provides an additional link between adipose tissue-resident
vd T cells and thermogenesis. It is possible that this IL-17 pathway may serve as a negative feedback
mechanism to control the production of excess adipose tissue, but at this point virtually nothing is
known about how 5 T cells in adipose tissue are activated. Interestingly, the production of IL-17 has
been shown to increase following HFD-induced obesity, leading the authors to propose that this may
be the result of v6 T cell recognition of obesity-associated stress ligands expressed on adipocytes [156].
This would suggest a similar mechanism of y6 T cell activation may be in play in adipose tissue as is
present in the skin, gut, and other barrier sites. However, the ligands involved in v T cell surveillance
of adipose tissue are currently unknown and additional work is needed to understand how v T cells
monitor and respond to stress in this unique environment.
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Figure 3. Adipose v T cell activation and function. Adipose tissue-resident y5 T cells affect adipocyte
metabolism and Treg maintenance through the release of IL-17 and TNF& which induce IL-33 production
in stromal cells. This IL-33 acts to promote thermogenesis and lipolysis pathways in adipocytes of
the BAT and inguinal WAT, and to maintain the Treg compartment in the adipose tissue. Additionally,
v T cell-produced IL-17 appears to act directly on adipocytes to inhibit differentiation. How y5 T cells
become activated to perform these functions in unclear, but could rely on the recognition of stress
ligands expressed by adipocytes.

5. Conclusions

v T cells form a highly conserved branch of the adaptive immune system, having existed alongside
ap T cells since the two cell populations first emerged [158,159]. While the functional delineations
between these groups continue to be clarified, a primary role for y5 T cells as surveyors of self-tissue
was suggested almost concurrently with their discovery. Data collected over the ensuing three decades
has largely supported this model, and it is clear that y5 T cells are well adapted to sensing a variety
of stresses in a range of tissues. y5 T cells are particularly important in the continuously renewing
barrier tissues of the skin and gut where they play a critical role in recognizing damage and promoting
proliferation in the surrounding epithelial tissue. More recently, a role for yd T cells has begun to
emerge in the adipose tissue [12,156], a compartment structurally and immunologically distinct from
the barrier tissues in which y$ T cells have long been recognized to be important. However, given
the developing view that cellular stress and inflammation are increased during obesity, it makes sense
that v& T cells could play a role in surveilling and shaping this tissue compartment as well.

Critical to understanding how v T cells function in maintaining tissue homeostasis is clarifying
the mechanisms by which they are activated in response to damage and stress. Studies on the skin
and gut resident yd T cell populations have demonstrated a key role for the engagement of a number
of different costimulatory molecules for this activation. Interestingly, while there is more known
about v6 T cell activation in response to damage in the skin than in the gut, there appears to be
some overlap in these signals with both populations responding to epithelial-expressed plexin B2
through the semaphorin CD100 [68,128]. In addition, the costimulatory protein CAR is expressed
by keratinocytes [64], intestinal epithelial cells [129], and adipose tissue [160], raising the possibility
that JAML-CAR interactions may be a shared mechanism for activating tissue-resident y5 T cells
across multiple compartments. Given the clinical importance of epithelial damage in the skin and gut,



Cells 2020, 9, 686 11 of 19

as well as the emerging threat of obesity-related disorders, a better understanding of how v T cells
are activated to perform their homeostatic functions across these tissues is greatly needed.

Funding: Margarete Johnson received support through the NIH T32 program, award number AI007244-38.

Acknowledgments: We would like to convey our deepest thanks to co-author Wendy Havran, who passed away
during the writing of this manuscript. Havran has been an outstanding source of support and mentorship to us
and countless others in the 6 T cell community. Her leadership, guidance, and scientific discoveries have had
a profound impact on many of the scientists in this field, and she will be dearly missed by all who knew her.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bonneville, M.; Janeway, C.A,, Jr.; Ito, K.; Haser, W.; Ishida, I.; Nakanishi, N.; Tonegawa, S. Intestinal
intraepithelial lymphocytes are a distinct set of gamma delta T cells. Nature 1988, 336, 479-481. [CrossRef]
[PubMed]

2. Goodman, T.; Lefrancois, L. Expression of the gamma-delta T-cell receptor on intestinal CD8+ intraepithelial
lymphocytes. Nature 1988, 333, 855-858. [CrossRef] [PubMed]

3. Bucy, R.P; Chen, C.L.; Cihak, J.; Losch, U.; Cooper, M.D. Avian T cells expressing gamma delta receptors
localize in the splenic sinusoids and the intestinal epithelium. J. Immunol. 1988, 141, 2200-2205.

4. Raulet, D.H. The structure, function, and molecular genetics of the gamma/delta T cell receptor. Annu. Rev.
Immunol. 1989, 7, 175-207. [CrossRef]

5. Koning, F; Stingl, G.; Yokoyama, W.M.; Yamada, H.; Maloy, W.L.; Tschachler, E.; Shevach, E.M.; Coligan, J.E.
Identification of a T3-associated gamma delta T cell receptor on Thy-1+ dendritic epidermal Cell lines.
Science 1987, 236, 834-837. [CrossRef] [PubMed]

6. Stingl, G.; Koning, F.; Yamada, H.; Yokoyama, W.M.; Tschachler, E.; Bluestone, J.A.; Steiner, G.; Samelson, L.E.;
Lew, A.M.; Coligan, J.E.; et al. Thy-1+ dendritic epidermal cells express T3 antigen and the T-cell receptor
gamma chain. Proc. Natl. Acad. Sci. USA 1987, 84, 4586—-4590. [CrossRef]

7. Krangel, M.S.; Yssel, H.; Brocklehurst, C.; Spits, H. A distinct wave of human T cell receptor gamma/delta
lymphocytes in the early fetal thymus: Evidence for controlled gene rearrangement and cytokine production.
J. Exp. Med. 1990, 172, 847-859. [CrossRef] [PubMed]

8.  Heilig, ].S.; Tonegawa, S. Diversity of murine gamma genes and expression in fetal and adult T lymphocytes.
Nature 1986, 322, 836-840. [CrossRef]

9.  Garman, R.D.; Doherty, PJ.; Raulet, D.H. Diversity, rearrangement, and expression of murine T cell gamma
genes. Cell 1986, 45, 733-742. [CrossRef]

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

11. Caspar-Bauguil, S.; Cousin, B.; Galinier, A.; Segafredo, C.; Nibbelink, M.; Andre, M.; Casteilla, L.; Penicaud, L.
Adipose tissues as an ancestral immune organ: Site-specific change in obesity. FEBS Lett. 2005, 579, 3487-3492.
[CrossRef] [PubMed]

12.  Kohlgruber, A.C.; Gal-Oz, S.T.; LaMarche, N.M.; Shimazaki, M.; Duquette, D.; Koay, H.F.; Nguyen, H.N.;
Mina, A .L; Paras, T.; Tavakkoli, A.; et al. Gammadelta T cells producing interleukin-17A regulate adipose
regulatory T cell homeostasis and thermogenesis. Nat. Immunol. 2018, 19, 464-474. [CrossRef] [PubMed]

13. Sugahara, S.; Shimizu, T.; Yoshida, Y.; Aiba, T.; Yamagiwa, S.; Asakura, H.; Abo, T. Extrathymic derivation of
gut lymphocytes in parabiotic mice. Immunology 1999, 96, 57-65. [CrossRef] [PubMed]

14. Jiang, X.; Park, C.O.; Geddes Sweeney, J.; Yoo, M.].; Gaide, O.; Kupper, T.S. Dermal gammadelta T Cells Do
Not Freely Re-Circulate Out of Skin and Produce IL-17 to Promote Neutrophil Infiltration during Primary
Contact Hypersensitivity. PLoS ONE 2017, 12, e0169397. [CrossRef]

15. Asarnow, D.M.; Goodman, T.; LeFrancois, L.; Allison, J.P. Distinct antigen receptor repertoires of two classes
of murine epithelium-associated T cells. Nature 1989, 341, 60-62. [CrossRef]

16. Havran, W.L.; Allison, J.P. Origin of Thy-1+ dendritic epidermal cells of adult mice from fetal thymic
precursors. Nature 1990, 344, 68-70. [CrossRef]


http://dx.doi.org/10.1038/336479a0
http://www.ncbi.nlm.nih.gov/pubmed/2461518
http://dx.doi.org/10.1038/333855a0
http://www.ncbi.nlm.nih.gov/pubmed/2968521
http://dx.doi.org/10.1146/annurev.iy.07.040189.001135
http://dx.doi.org/10.1126/science.2883729
http://www.ncbi.nlm.nih.gov/pubmed/2883729
http://dx.doi.org/10.1073/pnas.84.13.4586
http://dx.doi.org/10.1084/jem.172.3.847
http://www.ncbi.nlm.nih.gov/pubmed/2167345
http://dx.doi.org/10.1038/322836a0
http://dx.doi.org/10.1016/0092-8674(86)90787-7
http://dx.doi.org/10.1146/annurev.immunol.18.1.975
http://dx.doi.org/10.1016/j.febslet.2005.05.031
http://www.ncbi.nlm.nih.gov/pubmed/15953605
http://dx.doi.org/10.1038/s41590-018-0094-2
http://www.ncbi.nlm.nih.gov/pubmed/29670241
http://dx.doi.org/10.1046/j.1365-2567.1999.00665.x
http://www.ncbi.nlm.nih.gov/pubmed/10233678
http://dx.doi.org/10.1371/journal.pone.0169397
http://dx.doi.org/10.1038/341060a0
http://dx.doi.org/10.1038/344068a0

Cells 2020, 9, 686 12 of 19

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Itohara, S.; Farr, A.G.; Lafaille, J.J.; Bonneville, M.; Takagaki, Y.; Haas, W.; Tonegawa, S. Homing of a gamma
delta thymocyte subset with homogeneous T-cell receptors to mucosal epithelia. Nature 1990, 343, 754-757.
[CrossRef]

Takagaki, Y.; DeCloux, A.; Bonneville, M.; Tonegawa, S. Diversity of gamma delta T-cell receptors on murine
intestinal intra-epithelial lymphocytes. Nature 1989, 339, 712-714. [CrossRef]

Havran, W.L.; Allison, J.P. Developmentally ordered appearance of thymocytes expressing different T-cell
antigen receptors. Nature 1988, 335, 443-445. [CrossRef]

Ito, K.; Bonneville, M.; Takagaki, Y.; Nakanishi, N.; Kanagawa, O.; Krecko, E.G.; Tonegawa, S. Different
gamma delta T-cell receptors are expressed on thymocytes at different stages of development. Proc. Natl.
Acad. Sci. USA 1989, 86, 631-635. [CrossRef]

Xiong, N.; Baker, J.E.; Kang, C.; Raulet, D.H. The genomic arrangement of T cell receptor variable genes is
a determinant of the developmental rearrangement pattern. Proc. Natl. Acad. Sci. USA 2004, 101, 260-265.
[CrossRef] [PubMed]

Chien, Y.H.; Meyer, C.; Bonneville, M. gammadelta T cells: First line of defense and beyond. Annu. Rev.
Immunol. 2014, 32, 121-155. [CrossRef] [PubMed]

Janeway, C.A.; Jones, B.; Hayday, A. Specificity and function of T cells bearing gamma delta receptors.
Immunol. Today 1988, 9, 73-76. [CrossRef]

Fuchs, E. Epithelial Skin Biology: Three Decades of Developmental Biology, a Hundred Questions Answered
and a Thousand New Ones to Address. Curr. Top. Dev. Biol. 2016, 116, 357-374. [CrossRef]

Wickett, R.R.; Visscher, M.O. Structure and function of the epidermal barrier. Am. J. Infect. Control 2006,
34,598-5110. [CrossRef]

Nestle, F.O.; Di Meglio, P.; Qin, J.Z.; Nickoloff, B.J. Skin immune sentinels in health and disease. Nat. Rev.
Immunol. 2009, 9, 679-691. [CrossRef]

Pasparakis, M.; Haase, I.; Nestle, FO. Mechanisms regulating skin immunity and inflammation. Nat. Rev.
Immunol. 2014, 14, 289-301. [CrossRef]

Di Meglio, P; Perera, G.K.; Nestle, EO. The multitasking organ: Recent insights into skin immune function.
Immunity 2011, 35, 857-869. [CrossRef] [PubMed]

Toulon, A.; Breton, L.; Taylor, K.R.; Tenenhaus, M.; Bhavsar, D.; Lanigan, C.; Rudolph, R.; Jameson, J.;
Havran, W.L. A role for human skin-resident T cells in wound healing. J. Exp. Med. 2009, 206, 743-750.
[CrossRef]

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

Dupuy, P.; Heslan, M.; Fraitag, S.; Hercend, T.; Dubertret, L.; Bagot, M. T-cell receptor-gamma/delta bearing
lymphocytes in normal and inflammatory human skin. J. Investig. Dermatol. 1990, 94, 764-768. [CrossRef]
[PubMed]

Ebert, L.M.; Meuter, S.; Moser, B. Homing and function of human skin gammadelta T cells and NK cells:
Relevance for tumor surveillance. J. Immunol. 2006, 176, 4331-4336. [CrossRef] [PubMed]

Holtmeier, W.; Pfander, M.; Hennemann, A.; Zollner, TM.; Kaufmann, R.; Caspary, W.FE. The TCR-delta
repertoire in normal human skin is restricted and distinct from the TCR-delta repertoire in the peripheral
blood. |. Investig. Dermatol. 2001, 116, 275-280. [CrossRef] [PubMed]

Holtmeier, W.; Pfander, M.; Zollner, TM.; Kaufmann, R.; Caspary, W.F. Distinct TCR delta repertoires
are present in the cutaneous lesions and inflamed duodenum of patients with dermatitis herpetiformis.
Exp. Dermatol. 2002, 11, 527-531. [CrossRef] [PubMed]

Havran, W.L.; Chien, Y.H.; Allison, ].P. Recognition of self antigens by skin-derived T cells with invariant
gamma delta antigen receptors. Science 1991, 252, 1430-1432. [CrossRef]

Strid, J.; Roberts, S.J.; Filler, R.B.; Lewis, ].M.; Kwong, B.Y.; Schpero, W.; Kaplan, D.H.; Hayday, A.C;
Girardi, M. Acute upregulation of an NKG2D ligand promotes rapid reorganization of a local immune
compartment with pleiotropic effects on carcinogenesis. Nat. Immunol. 2008, 9, 146-154. [CrossRef]

Xiong, N.; Kang, C.; Raulet, D.H. Positive selection of dendritic epidermal gammadelta T cell precursors in
the fetal thymus determines expression of skin-homing receptors. Immunity 2004, 21, 121-131. [CrossRef]
Aono, A.; Enomoto, H.; Yoshida, N.; Yoshizaki, K.; Kishimoto, T.; Komori, T. Forced expression of terminal
deoxynucleotidyl transferase in fetal thymus resulted in a decrease in gammadelta T cells and random


http://dx.doi.org/10.1038/343754a0
http://dx.doi.org/10.1038/339712a0
http://dx.doi.org/10.1038/335443a0
http://dx.doi.org/10.1073/pnas.86.2.631
http://dx.doi.org/10.1073/pnas.0303738101
http://www.ncbi.nlm.nih.gov/pubmed/14691262
http://dx.doi.org/10.1146/annurev-immunol-032713-120216
http://www.ncbi.nlm.nih.gov/pubmed/24387714
http://dx.doi.org/10.1016/0167-5699(88)91267-4
http://dx.doi.org/10.1016/bs.ctdb.2015.11.033
http://dx.doi.org/10.1016/j.ajic.2006.05.295
http://dx.doi.org/10.1038/nri2622
http://dx.doi.org/10.1038/nri3646
http://dx.doi.org/10.1016/j.immuni.2011.12.003
http://www.ncbi.nlm.nih.gov/pubmed/22195743
http://dx.doi.org/10.1084/jem.20081787
http://dx.doi.org/10.1006/smim.1996.0045
http://dx.doi.org/10.1111/1523-1747.ep12874626
http://www.ncbi.nlm.nih.gov/pubmed/2141342
http://dx.doi.org/10.4049/jimmunol.176.7.4331
http://www.ncbi.nlm.nih.gov/pubmed/16547270
http://dx.doi.org/10.1046/j.1523-1747.2001.01250.x
http://www.ncbi.nlm.nih.gov/pubmed/11180004
http://dx.doi.org/10.1034/j.1600-0625.2002.110605.x
http://www.ncbi.nlm.nih.gov/pubmed/12473060
http://dx.doi.org/10.1126/science.1828619
http://dx.doi.org/10.1038/ni1556
http://dx.doi.org/10.1016/j.immuni.2004.06.008

Cells 2020, 9, 686 13 of 19

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

dissemination of Vgamma3Vdeltal T cells in skin of newborn but not adult mice. Immunology 2000,
99, 489-497. [CrossRef]

Jameson, ].M.; Cauvi, G.; Witherden, D.A.; Havran, W.L. A keratinocyte-responsive gamma delta TCR
is necessary for dendritic epidermal T cell activation by damaged keratinocytes and maintenance in
the epidermis. . Immunol. 2004, 172, 3573-3579. [CrossRef]

Mallick-Wood, C.A.; Lewis, ].M.; Richie, L.I,; Owen, M.].; Tigelaar, R.E.; Hayday, A.C. Conservation of T cell
receptor conformation in epidermal gammadelta cells with disrupted primary Vgamma gene usage. Science
1998, 279, 1729-1733. [CrossRef]

Hara, H.; Kishihara, K.; Matsuzaki, G.; Takimoto, H.; Tsukiyama, T.; Tigelaar, R.E.; Nomoto, K. Development
of dendritic epidermal T cells with a skewed diversity of gamma delta TCRs in V delta 1-deficient mice.
J. Immunol. 2000, 165, 3695-3705. [CrossRef] [PubMed]

Jin, Y,; Xia, M.; Sun, A.; Saylor, C.M.; Xiong, N. CCR10 is important for the development of skin-specific
gammadeltaT cells by regulating their migration and location. J. Immunol. 2010, 185, 5723-5731. [CrossRef]
Xia, M.; Qi, Q.; Jin, Y.; Wiest, D.L.; August, A.; Xiong, N. Differential roles of IL-2-inducible T cell
kinase-mediated TCR signals in tissue-specific localization and maintenance of skin intraepithelial T cells.
J. Immunol. 2010, 184, 6807-6814. [CrossRef] [PubMed]

Jiang, X.; Campbell, J.].; Kupper, T.S. Embryonic trafficking of gammadelta T cells to skin is dependent on
E/P selectin ligands and CCR4. Proc. Natl. Acad. Sci. USA 2010, 107, 7443-7448. [CrossRef] [PubMed]

De Creus, A.; Van Beneden, K.; Stevenaert, F.; Debacker, V.; Plum, J.; Leclercq, G. Developmental and functional
defects of thymic and epidermal V gamma 3 cells in IL-15-deficient and IFN regulatory factor-1-deficient
mice. J. Immunol. 2002, 168, 6486—-6493. [CrossRef] [PubMed]

Maki, K.; Sunaga, S.; Komagata, Y.; Kodaira, Y.; Mabuchi, A.; Karasuyama, H.; Yokomuro, K.; Miyazaki, J.I;
Ikuta, K. Interleukin 7 receptor-deficient mice lack gammadelta T cells. Proc. Natl. Acad. Sci. USA 1996,
93,7172-7177. [CrossRef]

Ye, SK.; Maki, K.; Lee, H.C,; Ito, A.; Kawai, K.; Suzuki, H.; Mak, TW.; Chien, Y.; Honjo, T,; Ikuta, K.
Differential roles of cytokine receptors in the development of epidermal gamma delta T cells. |. Immunol.
2001, 167, 1929-1934. [CrossRef]

Lewis, ] M.; Girardi, M.; Roberts, SJ.; Barbee, S.D.; Hayday, A.C.; Tigelaar, R E. Selection of the cutaneous intraepithelial
gammadelta+ T cell repertoire by a thymic stromal determinant. Nat. Immunol. 2006, 7, 843-850. [CrossRef]
Boyden, L.M.; Lewis, ].M.; Barbee, S.D.; Bas, A.; Girardi, M.; Hayday, A.C,; Tigelaar, R.E.; Lifton, R.P. Skint1,
the prototype of a newly identified immunoglobulin superfamily gene cluster, positively selects epidermal
gammadelta T cells. Nat. Genet. 2008, 40, 656-662. [CrossRef]

Turchinovich, G.; Hayday, A.C. Skint-1 identifies a common molecular mechanism for the development of
interferon-gamma-secreting versus interleukin-17-secreting gammadelta T cells. Immunity 2011, 35, 59-68.
[CrossRef]

Macleod, A.S.; Havran, W.L. Functions of skin-resident gammadelta T cells. Cell Mol. Life Sci. 2011,
68, 2399-2408. [CrossRef] [PubMed]

Jameson, J.; Havran, W.L. Skin gammadelta T-cell functions in homeostasis and wound healing. Immunol.
Rev. 2007, 215, 114-122. [CrossRef] [PubMed]

Chodaczek, G.; Papanna, V.; Zal, M.A; Zal, T. Body-barrier surveillance by epidermal gammadelta TCRs.
Nat. Immunol. 2012, 13, 272-282. [CrossRef] [PubMed]

Girardi, M.; Lewis, ].M.; Filler, R.B.; Hayday, A.C.; Tigelaar, R.E. Environmentally responsive and reversible
regulation of epidermal barrier function by gammadelta T cells. |. Investig. Dermatol. 2006, 126, 808-814.
[CrossRef]

Sharp, L.L.; Jameson, ].M.; Cauvi, G.; Havran, W.L. Dendritic epidermal T cells regulate skin homeostasis
through local production of insulin-like growth factor 1. Nat. Immunol. 2005, 6, 73-79. [CrossRef]
Boismenu, R.; Feng, L.; Xia, Y.Y.; Chang, ].C.; Havran, W.L. Chemokine expression by intraepithelial gamma
delta T cells. Implications for the recruitment of inflammatory cells to damaged epithelia. J. Immunol. 1996,
157,985-992.

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


http://dx.doi.org/10.1046/j.1365-2567.2000.00987.x
http://dx.doi.org/10.4049/jimmunol.172.6.3573
http://dx.doi.org/10.1126/science.279.5357.1729
http://dx.doi.org/10.4049/jimmunol.165.7.3695
http://www.ncbi.nlm.nih.gov/pubmed/11034374
http://dx.doi.org/10.4049/jimmunol.1001612
http://dx.doi.org/10.4049/jimmunol.1000453
http://www.ncbi.nlm.nih.gov/pubmed/20483745
http://dx.doi.org/10.1073/pnas.0912943107
http://www.ncbi.nlm.nih.gov/pubmed/20368416
http://dx.doi.org/10.4049/jimmunol.168.12.6486
http://www.ncbi.nlm.nih.gov/pubmed/12055269
http://dx.doi.org/10.1073/pnas.93.14.7172
http://dx.doi.org/10.4049/jimmunol.167.4.1929
http://dx.doi.org/10.1038/ni1363
http://dx.doi.org/10.1038/ng.108
http://dx.doi.org/10.1016/j.immuni.2011.04.018
http://dx.doi.org/10.1007/s00018-011-0702-x
http://www.ncbi.nlm.nih.gov/pubmed/21560071
http://dx.doi.org/10.1111/j.1600-065X.2006.00483.x
http://www.ncbi.nlm.nih.gov/pubmed/17291283
http://dx.doi.org/10.1038/ni.2240
http://www.ncbi.nlm.nih.gov/pubmed/22327568
http://dx.doi.org/10.1038/sj.jid.5700120
http://dx.doi.org/10.1038/ni1152
http://dx.doi.org/10.1084/jem.20012000

Cells 2020, 9, 686 14 of 19

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Havran, W.L.; Jameson, ].M. Epidermal T cells and wound healing. ]. Immunol. 2010, 184, 5423-5428.
[CrossRef]

Jameson, J.; Ugarte, K.; Chen, N.; Yachi, P; Fuchs, E.; Boismenu, R.; Havran, W.L. A role for skin gammadelta
T cells in wound repair. Science 2002, 296, 747-749. [CrossRef]

Keyes, B.E.; Liu, S.; Asare, A.; Naik, S.; Levorse, ].; Polak, L.; Lu, C.P,; Nikolova, M.; Pasolli, H.A.; Fuchs, E.
Impaired Epidermal to Dendritic T Cell Signaling Slows Wound Repair in Aged Skin. Cell 2016, 167,
1323-1338; e1314. [CrossRef]

Jameson, ] M.; Cauvi, G.; Sharp, L.L.; Witherden, D.A.; Havran, W.L. Gammadelta T cell-induced hyaluronan
production by epithelial cells regulates inflammation. J. Exp. Med. 2005, 201, 1269-1279. [CrossRef] [PubMed]
MacLeod, A.S.; Hemmers, S.; Garijo, O.; Chabod, M.; Mowen, K.; Witherden, D.A.; Havran, W.L. Dendritic
epidermal T cells regulate skin antimicrobial barrier function. J. Clin. Investig. 2013, 123, 4364-4374.
[CrossRef] [PubMed]

Komori, H.K.; Witherden, D.A.; Kelly, R.; Sendaydiego, K.; Jameson, ] M.; Teyton, L.; Havran, W.L. Cutting
edge: Dendritic epidermal gammadelta T cell ligands are rapidly and locally expressed by keratinocytes
following cutaneous wounding. J. Immunol. 2012, 188, 2972-2976. [CrossRef] [PubMed]

Witherden, D.A.; Verdino, P.; Rieder, S.E.; Garijo, O.; Mills, R.E.; Teyton, L.; Fischer, WH.; Wilson, LA.;
Havran, W.L. The junctional adhesion molecule JAML is a costimulatory receptor for epithelial gammadelta
T cell activation. Science 2010, 329, 1205-1210. [CrossRef]

Verdino, P.; Witherden, D.A.; Havran, W.L.; Wilson, I.A. The molecular interaction of CAR and JAML recruits
the central cell signal transducer PI3K. Science 2010, 329, 1210-1214. [CrossRef]

Yoshida, S.; Mohamed, R.H.; Kajikawa, M.; Koizumi, J.; Tanaka, M.; Fugo, K.; Otsuka, N.; Maenaka, K;
Yagita, H.; Chiba, H.; et al. Involvement of an NKG2D ligand H60c in epidermal dendritic T cell-mediated
wound repair. . Immunol. 2012, 188, 3972-3979. [CrossRef]

Whang, M.I; Guerra, N.; Raulet, D.H. Costimulation of dendritic epidermal gammadelta T cells by a new
NKG2D ligand expressed specifically in the skin. J. Immunol. 2009, 182, 4557-4564. [CrossRef]

Witherden, D.A.; Watanabe, M.; Garijo, O.; Rieder, S.E.; Sarkisyan, G.; Cronin, S.J.; Verdino, P.; Wilson, L.A.;
Kumanogoh, A.; Kikutani, H.; et al. The CD100 receptor interacts with its plexin B2 ligand to regulate
epidermal gammadelta T cell function. Immunity 2012, 37, 314-325. [CrossRef]

Girardi, M.; Oppenheim, D.E.; Steele, C.R,; Lewis, ].M.; Glusac, E.; Filler, R.; Hobby, P.; Sutton, B.;
Tigelaar, R.E.; Hayday, A.C. Regulation of cutaneous malignancy by gammadelta T cells. Science 2001,
294, 605-609. [CrossRef]

MacLeod, A.S.; Rudolph, R.; Corriden, R.; Ye, I.; Garijo, O.; Havran, W.L. Skin-resident T cells sense ultraviolet
radiation-induced injury and contribute to DNA repair. J. Immunol. 2014, 192, 5695-5702. [CrossRef]
Nielsen, M.M.; Lovato, P.; MacLeod, A.S.; Witherden, D.A.; Skov, L.; Dyring-Andersen, B.; Dabelsteen, S.;
Woetmann, A.; Odum, N.; Havran, W.L.; et al. IL-1beta-dependent activation of dendritic epidermal T cells
in contact hypersensitivity. J. Immunol. 2014, 192, 2975-2983. [CrossRef] [PubMed]

Nielsen, M.M.; Dyring-Andersen, B.; Schmidt, J.D.; Witherden, D.; Lovato, P.; Woetmann, A.; Odum, N.;
Poulsen, S.S.; Havran, W.L.; Geisler, C.; et al. NKG2D-dependent activation of dendritic epidermal T cells in
contact hypersensitivity. J. Investig. Dermatol. 2015, 135, 1311-1319. [CrossRef]

van der Flier, L.G.; Clevers, H. Stem cells, self-renewal, and differentiation in the intestinal epithelium. Annu.
Rev. Physiol. 2009, 71, 241-260. [CrossRef] [PubMed]

Crosnier, C.; Stamataki, D.; Lewis, J. Organizing cell renewal in the intestine: Stem cells, signals
and combinatorial control. Nat. Rev. Genet. 2006, 7, 349-359. [CrossRef] [PubMed]

Allaire, ].M.; Crowley, S.M.; Law, H.T,; Chang, S.Y.; Ko, H.J.; Vallance, B.A. The Intestinal Epithelium: Central
Coordinator of Mucosal Immunity. Trends Immunol. 2018, 39, 677-696. [CrossRef] [PubMed]

Okumura, R.; Takeda, K. Roles of intestinal epithelial cells in the maintenance of gut homeostasis. Exp. Mol.
Med. 2017, 49, €338. [CrossRef]

Kurashima, Y.; Kiyono, H. Mucosal Ecological Network of Epithelium and Immune Cells for Gut Homeostasis
and Tissue Healing. Annu. Rev. Immunol. 2017, 35, 119-147. [CrossRef]

Darlington, D.; Rogers, A.W. Epithelial lymphocytes in the small intestine of the mouse. ]. Anat. 1966,
100, 813-830.

Ferguson, A. Intraepithelial lymphocytes of the small intestine. Gut 1977, 18, 921-937. [CrossRef]


http://dx.doi.org/10.4049/jimmunol.0902733
http://dx.doi.org/10.1126/science.1069639
http://dx.doi.org/10.1016/j.cell.2016.10.052
http://dx.doi.org/10.1084/jem.20042057
http://www.ncbi.nlm.nih.gov/pubmed/15837812
http://dx.doi.org/10.1172/JCI70064
http://www.ncbi.nlm.nih.gov/pubmed/24051381
http://dx.doi.org/10.4049/jimmunol.1100887
http://www.ncbi.nlm.nih.gov/pubmed/22393149
http://dx.doi.org/10.1126/science.1192698
http://dx.doi.org/10.1126/science.1187996
http://dx.doi.org/10.4049/jimmunol.1102886
http://dx.doi.org/10.4049/jimmunol.0802439
http://dx.doi.org/10.1016/j.immuni.2012.05.026
http://dx.doi.org/10.1126/science.1063916
http://dx.doi.org/10.4049/jimmunol.1303297
http://dx.doi.org/10.4049/jimmunol.1301689
http://www.ncbi.nlm.nih.gov/pubmed/24600030
http://dx.doi.org/10.1038/jid.2015.23
http://dx.doi.org/10.1146/annurev.physiol.010908.163145
http://www.ncbi.nlm.nih.gov/pubmed/18808327
http://dx.doi.org/10.1038/nrg1840
http://www.ncbi.nlm.nih.gov/pubmed/16619050
http://dx.doi.org/10.1016/j.it.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29716793
http://dx.doi.org/10.1038/emm.2017.20
http://dx.doi.org/10.1146/annurev-immunol-051116-052424
http://dx.doi.org/10.1136/gut.18.11.921

Cells 2020, 9, 686 15 of 19

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Cheroutre, H. IELs: Enforcing law and order in the court of the intestinal epithelium. Immunol. Rev. 2005,
206, 114-131. [CrossRef]

Hayday, A.; Theodoridis, E.; Ramsburg, E.; Shires, J. Intraepithelial lymphocytes: Exploring the Third Way
in immunology. Nat. Immunol. 2001, 2, 997-1003. [CrossRef] [PubMed]

Cheroutre, H.; Madakamutil, L. Acquired and natural memory T cells join forces at the mucosal front line.
Nat. Rev. Immunol. 2004, 4, 290-300. [CrossRef] [PubMed]

Guy-Grand, D.; Cerf-Bensussan, N.; Malissen, B.; Malassis-Seris, M.; Briottet, C.; Vassalli, P. Two gut
intraepithelial CD8+ lymphocyte populations with different T cell receptors: A role for the gut epithelium in
T cell differentiation. J. Exp. Med. 1991, 173, 471-481. [CrossRef] [PubMed]

Camerini, V.; Panwala, C.; Kronenberg, M. Regional specialization of the mucosal immune system.
Intraepithelial lymphocytes of the large intestine have a different phenotype and function than those
of the small intestine. J. Immunol. 1993, 151, 1765-1776. [PubMed]

Pereira, P.; Hermitte, V.; Lembezat, M.P.; Boucontet, L.; Azuara, V.; Grigoriadou, K. Developmentally
regulated and lineage-specific rearrangement of T cell receptor Valpha/delta gene segments. Eur. J. Immunol.
2000, 30, 1988-1997. [CrossRef]

Xiong, N.; Raulet, D.H. Development and selection of gammadelta T cells. Immunol. Rev. 2007, 215, 15-31.
[CrossRef]

Ishikawa, H.; Naito, T.; Iwanaga, T.; Takahashi-Iwanaga, H.; Suematsu, M.; Hibi, T.; Nanno, M. Curriculum
vitae of intestinal intraepithelial T cells: Their developmental and behavioral characteristics. Immunol. Rev.
2007, 215, 154-165. [CrossRef]

Bandeira, A.; Itohara, S.; Bonneville, M.; Burlen-Defranoux, O.; Mota-Santos, T.; Coutinho, A.; Tonegawa, S.
Extrathymic origin of intestinal intraepithelial lymphocytes bearing T-cell antigen receptor gamma delta.
Proc. Natl. Acad. Sci. USA 1991, 88, 43-47. [CrossRef]

Guy-Grand, D.; Azogui, O.; Celli, S.; Darche, S.; Nussenzweig, M.C.; Kourilsky, P.; Vassalli, P. Extrathymic
T cell lymphopoiesis: Ontogeny and contribution to gut intraepithelial lymphocytes in athymic and euthymic
mice. J. Exp. Med. 2003, 197, 333-341. [CrossRef]

Zhao, H.; Nguyen, H.; Kang, J. Interleukin 15 controls the generation of the restricted T cell receptor repertoire
of gamma delta intestinal intraepithelial lymphocytes. Nat. Immunol. 2005, 6, 1263-1271. [CrossRef]
[PubMed]

Suzuki, H.; Duncan, G.S.; Takimoto, H.; Mak, T.W. Abnormal development of intestinal intraepithelial
lymphocytes and peripheral natural killer cells in mice lacking the IL-2 receptor beta chain. J. Exp. Med.
1997, 185, 499-505. [CrossRef] [PubMed]

Lodolce, ].P; Boone, D.L.; Chai, S.; Swain, R.E.; Dassopoulos, T.; Trettin, S.; Ma, A. IL-15 receptor maintains
lymphoid homeostasis by supporting lymphocyte homing and proliferation. Immunity 1998, 9, 669-676.
[CrossRef]

Ma, L.J.; Acero, L.E; Zal, T.; Schluns, K.S. Trans-presentation of IL-15 by intestinal epithelial cells drives
development of CD8alphaalpha IELs. J. Immunol. 2009, 183, 1044-1054. [CrossRef] [PubMed]
Inagaki-Ohara, K.; Nishimura, H.; Mitani, A.; Yoshikai, Y. Interleukin-15 preferentially promotes the growth
of intestinal intraepithelial lymphocytes bearing gamma delta T cell receptor in mice. Eur. J. Immunol. 1997,
27,2885-2891. [CrossRef]

Zhu, Y.; Cui, G.; Miyauchi, E.; Nakanishi, Y.; Mukohira, H.; Shimba, A.; Abe, S.; Tani-Ichi, S.; Hara, T.;
Nakase, H.; et al. Intestinal epithelial cell-derived IL-15 determines local maintenance and maturation of
intraepithelial lymphocytes in the intestine. Int. Immunol. 2019, dxz082. [CrossRef]

Lai, Y.G.; Hou, M.S.; Hsu, Y.W.; Chang, C.L.; Liou, Y.H.; Tsai, M.H.; Lee, E; Liao, N.S. IL-15 does not affect
IEL development in the thymus but regulates homeostasis of putative precursors and mature CD8 alpha
alpha+ IELs in the intestine. J. Immunol. 2008, 180, 3757-3765. [CrossRef]

Hu, M.D,; Ethridge, A.D.; Lipstein, R.; Kumar, S.; Wang, Y.; Jabri, B.; Turner, J.R.; Edelblum, K.L. Epithelial
IL-15Is a Critical Regulator of gammadelta Intraepithelial Lymphocyte Motility within the Intestinal Mucosa.
J. Immunol. 2018, 201, 747-756. [CrossRef]

Wurbel, M.A; Philippe, ].M.; Nguyen, C.; Victorero, G.; Freeman, T.; Wooding, P.; Miazek, A.; Mattei, M.G.;
Malissen, M.; Jordan, B.R; et al. The chemokine TECK is expressed by thymic and intestinal epithelial cells
and attracts double- and single-positive thymocytes expressing the TECK receptor CCR9. Eur. J. Immunol.
2000, 30, 262-271. [CrossRef]


http://dx.doi.org/10.1111/j.0105-2896.2005.00284.x
http://dx.doi.org/10.1038/ni1101-997
http://www.ncbi.nlm.nih.gov/pubmed/11685222
http://dx.doi.org/10.1038/nri1333
http://www.ncbi.nlm.nih.gov/pubmed/15057787
http://dx.doi.org/10.1084/jem.173.2.471
http://www.ncbi.nlm.nih.gov/pubmed/1824857
http://www.ncbi.nlm.nih.gov/pubmed/8345182
http://dx.doi.org/10.1002/1521-4141(200007)30:7&lt;1988::AID-IMMU1988&gt;3.0.CO;2-W
http://dx.doi.org/10.1111/j.1600-065X.2006.00478.x
http://dx.doi.org/10.1111/j.1600-065X.2006.00473.x
http://dx.doi.org/10.1073/pnas.88.1.43
http://dx.doi.org/10.1084/jem.20021639
http://dx.doi.org/10.1038/ni1267
http://www.ncbi.nlm.nih.gov/pubmed/16273100
http://dx.doi.org/10.1084/jem.185.3.499
http://www.ncbi.nlm.nih.gov/pubmed/9053450
http://dx.doi.org/10.1016/S1074-7613(00)80664-0
http://dx.doi.org/10.4049/jimmunol.0900420
http://www.ncbi.nlm.nih.gov/pubmed/19553528
http://dx.doi.org/10.1002/eji.1830271121
http://dx.doi.org/10.1093/intimm/dxz082
http://dx.doi.org/10.4049/jimmunol.180.6.3757
http://dx.doi.org/10.4049/jimmunol.1701603
http://dx.doi.org/10.1002/1521-4141(200001)30:1&lt;262::AID-IMMU262&gt;3.0.CO;2-0

Cells 2020, 9, 686 16 of 19

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Wurbel, M.A.; Malissen, M.; Guy-Grand, D.; Meffre, E.; Nussenzweig, M.C.; Richelme, M.; Carrier, A;
Malissen, B. Mice lacking the CCR9 CC-chemokine receptor show a mild impairment of early T- and B-cell
development and a reduction in T-cell receptor gammadelta(+) gut intraepithelial lymphocytes. Blood 2001,
98, 2626-2632. [CrossRef]

Wurbel, M.A.; Malissen, M.; Guy-Grand, D.; Malissen, B.; Campbell, J.J. Impaired accumulation of
antigen-specific CD8 lymphocytes in chemokine CCL25-deficient intestinal epithelium and lamina propria.
J. Immunol. 2007, 178, 7598-7606. [CrossRef]

Guehler, S.R.; Bluestone, J.A.; Barrett, T.A. Activation and peripheral expansion of murine T-cell receptor
gamma delta intraepithelial lymphocytes. Gastroenterology 1999, 116, 327-334. [CrossRef]

Jensen, K.D.; Shin, S.; Chien, Y.H. Cutting edge: Gammadelta intraepithelial lymphocytes of the small
intestine are not biased toward thymic antigens. J. Immunol. 2009, 182, 7348-7351. [CrossRef] [PubMed]
Chennupati, V.; Worbs, T.; Liu, X.; Malinarich, FH.; Schmitz, S.; Haas, ].D.; Malissen, B.; Forster, R.; Prinz, I
Intra- and intercompartmental movement of gammadelta T cells: Intestinal intraepithelial and peripheral
gammadelta T cells represent exclusive nonoverlapping populations with distinct migration characteristics.
J. Immunol. 2010, 185, 5160-5168. [CrossRef] [PubMed]

Edelblum, K.L.; Shen, L.; Weber, C.R.; Marchiando, A.M.; Clay, B.S.; Wang, Y.; Prinz, I.; Malissen, B.;
Sperling, A.L; Turner, ].R. Dynamic migration of gammadelta intraepithelial lymphocytes requires occludin.
Proc. Natl. Acad. Sci. USA 2012, 109, 7097-7102. [CrossRef] [PubMed]

Edelblum, K.L.; Singh, G.; Odenwald, M.A.; Lingaraju, A.; El Bissati, K.; McLeod, R.; Sperling, A.I; Turner, J.R.
gammadelta Intraepithelial Lymphocyte Migration Limits Transepithelial Pathogen Invasion and Systemic
Disease in Mice. Gastroenterology 2015, 148, 1417-1426. [CrossRef] [PubMed]

Nielsen, M.M.; Witherden, D.A.; Havran, W.L. gammadelta T cells in homeostasis and host defence of
epithelial barrier tissues. Nat. Rev. Immunol. 2017, 17, 733-745. [CrossRef]

Khairallah, C.; Chu, T.H.; Sheridan, B.S. Tissue Adaptations of Memory and Tissue-Resident Gamma Delta T
Cells. Front. Immunol. 2018, 9, 2636. [CrossRef]

Shires, J.; Theodoridis, E.; Hayday, A.C. Biological insights into TCRgammadelta+ and TCRalphabeta+
intraepithelial lymphocytes provided by serial analysis of gene expression (SAGE). Immunity 2001, 15, 419-434.
[CrossRef]

Fahrer, A.M.; Konigshofer, Y.; Kerr, EIM.; Ghandour, G.; Mack, D.H.; Davis, M.M.; Chien, Y.H. Attributes
of gammadelta intraepithelial lymphocytes as suggested by their transcriptional profile. Proc. Natl. Acad.
Sci. USA 2001, 98, 10261-10266. [CrossRef]

van Wijk, E; Cheroutre, H. Mucosal T cells in gut homeostasis and inflammation. Expert Rev. Clin. Immunol.
2010, 6, 559-566. [CrossRef]

Born, W.; Cady, C.; Jones-Carson, J.; Mukasa, A.; Lahn, M.; O’Brien, R. Immunoregulatory functions of
gamma delta T cells. Adv. Immunol. 1999, 71, 77-144. [PubMed]

Kuhl, A.A,; Pawlowski, N.N.; Grollich, K.; Loddenkemper, C.; Zeitz, M.; Hoffmann, ].C. Aggravation of
intestinal inflammation by depletion/deficiency of gammadelta T cells in different types of IBD animal
models. J. Leukoc. Biol. 2007, 81, 168-175. [CrossRef] [PubMed]

Inagaki-Ohara, K.; Chinen, T.; Matsuzaki, G.; Sasaki, A.; Sakamoto, Y.; Hiromatsu, K.; Nakamura-Uchiyama, F.;
Nawa, Y.; Yoshimura, A. Mucosal T cells bearing TCRgammadelta play a protective role in intestinal
inflammation. J. Immunol. 2004, 173, 1390-1398. [CrossRef] [PubMed]

Roberts, S.J.; Smith, A.L.; West, A.B.; Wen, L.; Findly, R.C.; Owen, M.].; Hayday, A.C. T-cell alpha beta +
and gamma delta + deficient mice display abnormal but distinct phenotypes toward a natural, widespread
infection of the intestinal epithelium. Proc. Natl. Acad. Sci. USA 1996, 93, 11774-11779. [CrossRef]

Bhagat, G.; Naiyer, A.J,; Shah, J.G.; Harper, J.; Jabri, B.; Wang, T.C.; Green, PH.; Manavalan, ].S. Small
intestinal CD8+TCRgammadelta+NKG2A+ intraepithelial lymphocytes have attributes of regulatory cells
in patients with celiac disease. J. Clin. Investig. 2008, 118, 281-293. [CrossRef]

Komano, H.; Fujiura, Y.; Kawaguchi, M.; Matsumoto, S.; Hashimoto, Y.; Obana, S.; Mombaerts, P.; Tonegawa, S.;
Yamamoto, H.; Itohara, S.; et al. Homeostatic regulation of intestinal epithelia by intraepithelial gamma
delta T cells. Proc. Natl. Acad. Sci. USA 1995, 92, 6147-6151. [CrossRef]

Boismenu, R.; Havran, W.L. Modulation of epithelial cell growth by intraepithelial gamma delta T cells.
Science 1994, 266, 1253—1255. [CrossRef]


http://dx.doi.org/10.1182/blood.V98.9.2626
http://dx.doi.org/10.4049/jimmunol.178.12.7598
http://dx.doi.org/10.1016/S0016-5085(99)70129-0
http://dx.doi.org/10.4049/jimmunol.0900465
http://www.ncbi.nlm.nih.gov/pubmed/19494256
http://dx.doi.org/10.4049/jimmunol.1001652
http://www.ncbi.nlm.nih.gov/pubmed/20870939
http://dx.doi.org/10.1073/pnas.1112519109
http://www.ncbi.nlm.nih.gov/pubmed/22511722
http://dx.doi.org/10.1053/j.gastro.2015.02.053
http://www.ncbi.nlm.nih.gov/pubmed/25747597
http://dx.doi.org/10.1038/nri.2017.101
http://dx.doi.org/10.3389/fimmu.2018.02636
http://dx.doi.org/10.1016/S1074-7613(01)00192-3
http://dx.doi.org/10.1073/pnas.171320798
http://dx.doi.org/10.1586/eci.10.34
http://www.ncbi.nlm.nih.gov/pubmed/9917911
http://dx.doi.org/10.1189/jlb.1105696
http://www.ncbi.nlm.nih.gov/pubmed/17041003
http://dx.doi.org/10.4049/jimmunol.173.2.1390
http://www.ncbi.nlm.nih.gov/pubmed/15240735
http://dx.doi.org/10.1073/pnas.93.21.11774
http://dx.doi.org/10.1172/JCI30989
http://dx.doi.org/10.1073/pnas.92.13.6147
http://dx.doi.org/10.1126/science.7973709

Cells 2020, 9, 686 17 of 19

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134.

135.

136.
137.

Yang, H.; Antony, P.; Wildhaber, B.; Teitelbaum, D. Intestinal Intraepithelial Lymphocyte gamma delta
T cell-derived keratinocyte growth factor modulates epithelial growth in the mouse. ]. Immunol. 2004,
172,4151-4158. [CrossRef]

Chen, Y,; Chou, K.; Fuchs, E.; Havran, W.L.; Boismenu, R. Protection of the intestinal mucosa by intraepithelial
gamma delta T cells. Proc. Natl. Acad. Sci. USA 2002, 99, 14338-14343. [CrossRef]

Dalton, J.E.; Cruickshank, S.M.; Egan, C.E.; Mears, R.; Newton, D.].; Andrew, E.M.; Lawrence, B.; Howell, G.;
Else, K.J.; Gubbels, M.].; et al. Intraepithelial gammadelta+ lymphocytes maintain the integrity of intestinal
epithelial tight junctions in response to infection. Gastroenterology 2006, 131, 818-829. [CrossRef]
Weitkamp, J.H.; Rosen, M.].; Zhao, Z.; Koyama, T.; Geem, D.; Denning, T.L.; Rock, M.T.; Moore, D.J.;
Halpern, M.D.; Matta, P; et al. Small intestinal intraepithelial TCRgammadelta+ T lymphocytes are present
in the premature intestine but selectively reduced in surgical necrotizing enterocolitis. PLoS ONE 2014,
9, €99042. [CrossRef] [PubMed]

Spencer, ].; Isaacson, P.G.; Diss, T.C.; MacDonald, T.T. Expression of disulfide-linked and non-disulfide-linked
forms of the T cell receptor gamma/delta heterodimer in human intestinal intraepithelial lymphocytes.
Eur. |. Immunol. 1989, 19, 1335-1338. [CrossRef] [PubMed]

Kutlu, T.; Brousse, N.; Rambaud, C.; Le Deist, E; Schmitz, J.; Cerf-Bensussan, N. Numbers of T cell receptor
(TCR) alpha beta+ but not of TcR gamma delta+ intraepithelial lymphocytes correlate with the grade of
villous atrophy in coeliac patients on a long term normal diet. Gut 1993, 34, 208-214. [CrossRef]

Mayassi, T.; Ladell, K.; Gudjonson, H.; McLaren, J.E.; Shaw, D.G.; Tran, M.T.; Rokicka, J.J.; Lawrence, I.;
Grenier, ].C.; van Unen, V; et al. Chronic Inflammation Permanently Reshapes Tissue-Resident Immunity in
Celiac Disease. Cell 2019, 176, 967-981; €919. [CrossRef] [PubMed]

Bucht, A.; Soderstrom, K.; Esin, S.; Grunewald, J.; Hagelberg, S.; Magnusson, I.; Wigzell, H.; Gronberg, A.;
Kiessling, R. Analysis of gamma delta V region usage in normal and diseased human intestinal biopsies
and peripheral blood by polymerase chain reaction (PCR) and flow cytometry. Clin. Exp. Immunol. 1995,
99, 57-64. [CrossRef]

McVay, L.D.; Li, B.; Biancaniello, R.; Creighton, M.A.; Bachwich, D.; Lichtenstein, G.; Rombeau, J.L.;
Carding, S.R. Changes in human mucosal gamma delta T cell repertoire and function associated with
the disease process in inflammatory bowel disease. Mol. Med. 1997, 3, 183-203. [CrossRef]

Hoytema van Konijnenburg, D.P; Reis, B.S.; Pedicord, V.A.; Farache, J.; Victora, G.D.; Mucida, D. Intestinal
Epithelial and Intraepithelial T Cell Crosstalk Mediates a Dynamic Response to Infection. Cell 2017,
171,783-794; €713. [CrossRef]

Meehan, T.E; Witherden, D.A.; Kim, C.H.; Sendaydiego, K.; Ye, L.; Garijo, O.; Komori, H.K.; Kumanogoh, A.;
Kikutani, H.; Eckmann, L.; et al. Protection against colitis by CD100-dependent modulation of intraepithelial
gammadelta T lymphocyte function. Mucosal Immunol. 2014, 7, 134-142. [CrossRef]

Pazirandeh, A.; Sultana, T.; Mirza, M.; Rozell, B.; Hultenby, K.; Wallis, K.; Vennstrom, B.; Davis, B.;
Arner, A.; Heuchel, R.; et al. Multiple phenotypes in adult mice following inactivation of the Coxsackievirus
and Adenovirus Receptor (Car) gene. PLoS ONE 2011, 6, €20203. [CrossRef]

Ismail, A.S.; Severson, K.M.; Vaishnava, S.; Behrendt, C.L.; Yu, X.; Benjamin, J.L.; Ruhn, K.A.; Hou, B,;
DeFranco, A.L.; Yarovinsky, F.; et al. Gammadelta intraepithelial lymphocytes are essential mediators of
host-microbial homeostasis at the intestinal mucosal surface. Proc. Natl. Acad. Sci. USA 2011, 108, 8743-8748.
[CrossRef]

Trayhurn, P. Adipocyte biology. Obes Rev. 2007, 8 (Suppl. 1), 41-44. [CrossRef] [PubMed]

Hassan, M.; Latif, N.; Yacoub, M. Adipose tissue: Friend or foe? Nat. Rev. Cardiol 2012, 9, 689-702. [CrossRef]
[PubMed]

Zwick, R K.; Guerrero-Juarez, C.F; Horsley, V.; Plikus, M.V. Anatomical, Physiological, and Functional
Diversity of Adipose Tissue. Cell Metab. 2018, 27, 68-83. [CrossRef] [PubMed]

Tchkonia, T.; Thomou, T.; Zhu, Y.; Karagiannides, I.; Pothoulakis, C.; Jensen, M.D.; Kirkland, J.L. Mechanisms
and metabolic implications of regional differences among fat depots. Cell Metab. 2013, 17, 644-656. [CrossRef]
Shuster, A.; Patlas, M.; Pinthus, ].H.; Mourtzakis, M. The clinical importance of visceral adiposity: A critical
review of methods for visceral adipose tissue analysis. Br. |. Radiol. 2012, 85, 1-10. [CrossRef]

Rosen, E.D.; Spiegelman, B.M. What we talk about when we talk about fat. Cell 2014, 156, 20-44. [CrossRef]
Exley, M.A.; Hand, L.; O’Shea, D.; Lynch, L. Interplay between the immune system and adipose tissue in
obesity. J. Endocrinol. 2014, 223, R41-R48. [CrossRef]


http://dx.doi.org/10.4049/jimmunol.172.7.4151
http://dx.doi.org/10.1073/pnas.212290499
http://dx.doi.org/10.1053/j.gastro.2006.06.003
http://dx.doi.org/10.1371/journal.pone.0099042
http://www.ncbi.nlm.nih.gov/pubmed/24905458
http://dx.doi.org/10.1002/eji.1830190728
http://www.ncbi.nlm.nih.gov/pubmed/2527159
http://dx.doi.org/10.1136/gut.34.2.208
http://dx.doi.org/10.1016/j.cell.2018.12.039
http://www.ncbi.nlm.nih.gov/pubmed/30739797
http://dx.doi.org/10.1111/j.1365-2249.1995.tb03472.x
http://dx.doi.org/10.1007/BF03401672
http://dx.doi.org/10.1016/j.cell.2017.08.046
http://dx.doi.org/10.1038/mi.2013.32
http://dx.doi.org/10.1371/journal.pone.0020203
http://dx.doi.org/10.1073/pnas.1019574108
http://dx.doi.org/10.1111/j.1467-789X.2007.00316.x
http://www.ncbi.nlm.nih.gov/pubmed/17316300
http://dx.doi.org/10.1038/nrcardio.2012.148
http://www.ncbi.nlm.nih.gov/pubmed/23149834
http://dx.doi.org/10.1016/j.cmet.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29320711
http://dx.doi.org/10.1016/j.cmet.2013.03.008
http://dx.doi.org/10.1259/bjr/38447238
http://dx.doi.org/10.1016/j.cell.2013.12.012
http://dx.doi.org/10.1530/JOE-13-0516

Cells 2020, 9, 686 18 of 19

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Winer, S.; Winer, D.A. The adaptive immune system as a fundamental regulator of adipose tissue inflammation
and insulin resistance. Immunol. Cell Biol. 2012, 90, 755-762. [CrossRef]

Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W. Obesity is associated
with macrophage accumulation in adipose tissue. . Clin. Investig. 2003, 112, 1796-1808. [CrossRef]
Lumeng, C.N.; Bodzin, J.L.; Saltiel, A.R. Obesity induces a phenotypic switch in adipose tissue macrophage
polarization. J. Clin. Investig. 2007, 117, 175-184. [CrossRef]

Wensveen, EM.; Valentic, S.; Sestan, M.; Turk Wensveen, T.; Polic, B. The “Big Bang” in obese fat: Events
initiating obesity-induced adipose tissue inflammation. Eur. |. Immunol. 2015, 45, 2446-2456. [CrossRef]
Wu, H.; Ghosh, S.; Perrard, X.D.; Feng, L.; Garcia, G.E.; Perrard, J.L.; Sweeney, ].E,; Peterson, L.E.; Chan, L.;
Smith, CW.; et al. T-cell accumulation and regulated on activation, normal T cell expressed and secreted
upregulation in adipose tissue in obesity. Circulation 2007, 115, 1029-1038. [CrossRef]

Rausch, MLE.; Weisberg, S.; Vardhana, P,; Tortoriello, D.V. Obesity in C57BL/6] mice is characterized by
adipose tissue hypoxia and cytotoxic T-cell infiltration. Int. J. Obes. (Lond) 2008, 32, 451-463. [CrossRef]
[PubMed]

Kintscher, U.; Hartge, M.; Hess, K.; Foryst-Ludwig, A.; Clemenz, M.; Wabitsch, M.; Fischer-Posovszky, P.;
Barth, T.E; Dragun, D.; Skurk, T.; et al. T-lymphocyte infiltration in visceral adipose tissue: A primary event
in adipose tissue inflammation and the development of obesity-mediated insulin resistance. Arterioscler.
Thromb. Vasc. Biol. 2008, 28, 1304-1310. [CrossRef] [PubMed]

Nishimura, S.; Manabe, I.; Nagasaki, M.; Eto, K.; Yamashita, H.; Ohsugi, M.; Otsu, M.; Hara, K.; Ueki, K,;
Sugiura, S.; etal. CD8+ effector T cells contribute to macrophage recruitment and adipose tissue inflammation
in obesity. Nat. Med. 2009, 15, 914-920. [CrossRef] [PubMed]

Strissel, K.J.; DeFuria, J.; Shaul, M.E.; Bennett, G.; Greenberg, A.S.; Obin, M.S. T-cell recruitment and Th1
polarization in adipose tissue during diet-induced obesity in C57BL/6 mice. Obesity (Silver Spring) 2010,
18, 1918-1925. [CrossRef]

Feuerer, M.; Herrero, L.; Cipolletta, D.; Naaz, A.; Wong, J.; Nayer, A.; Lee, J.; Goldfine, A.B.; Benoist, C.;
Shoelson, S.; et al. Lean, but not obese, fat is enriched for a unique population of regulatory T cells that affect
metabolic parameters. Nat. Med. 2009, 15, 930-939. [CrossRef]

Lynch, L.; Nowak, M.; Varghese, B.; Clark, J.; Hogan, A.E.; Toxavidis, V.; Balk, S.P.; O’Shea, D.; O’Farrelly, C.;
Exley, M.A. Adipose tissue invariant NKT cells protect against diet-induced obesity and metabolic disorder
through regulatory cytokine production. Immunity 2012, 37, 574-587. [CrossRef]

Lynch, L.; O’Shea, D.; Winter, D.C.; Geoghegan, J.; Doherty, D.G.; O’Farrelly, C. Invariant NKT cells
and CD1d(+) cells amass in human omentum and are depleted in patients with cancer and obesity. Eur. J.
Immunol. 2009, 39, 1893-1901. [CrossRef]

Mehta, P.; Nuotio-Antar, A.M.; Smith, C.W. gammadelta T cells promote inflammation and insulin resistance
during high fat diet-induced obesity in mice. . Leukoc. Biol. 2015, 97, 121-134. [CrossRef]

Le Menn, G.; Sibille, B.; Murdaca, J.; Rousseau, A.S.; Squillace, R.; Vergoni, B.; Cormont, M.; Niot, I;
Grimaldi, P.A.; Mothe-Satney, I; et al. Decrease in alphabeta/gammadelta T-cell ratio is accompanied by
a reduction in high-fat diet-induced weight gain, insulin resistance, and inflammation. FASEB J. 2019,
33, 2553-2562. [CrossRef] [PubMed]

Taylor, K.R.; Costanzo, A.E.; Jameson, ].M. Dysfunctional gammadelta T cells contribute to impaired
keratinocyte homeostasis in mouse models of obesity. J. Investig. Dermatol. 2011, 131, 2409-2418. [CrossRef]
[PubMed]

Taylor, K.R.; Mills, R.E.; Costanzo, A.E.; Jameson, ].M. Gammadelta T cells are reduced and rendered
unresponsive by hyperglycemia and chronic TNFalpha in mouse models of obesity and metabolic disease.
PLoS ONE 2010, 5, e11422. [CrossRef] [PubMed]

Park, C.; Cheung, K.P; Limon, N.; Costanzo, A.; Barba, C.; Miranda, N.; Gargas, S.; Johnson, AM.F,;
Olefsky, ].M.; Jameson, ]. M. Obesity Modulates Intestinal Intraepithelial T Cell Persistence, CD103 and CCR9
Expression, and Outcome in Dextran Sulfate Sodium-Induced Colitis. J. Immunol. 2019, 203, 3427-3435.
[CrossRef] [PubMed]

Goldberg, E.L.; Shchukina, I.; Asher, ]J.L.; Sidorov, S.; Artyomov, M.N.; Dixit, V.D. Ketogenesis activates
metabolically protective y& T cells in visceral adipose tissue. Nat. Metab. 2020, 2, 50-61. [CrossRef]


http://dx.doi.org/10.1038/icb.2011.110
http://dx.doi.org/10.1172/JCI200319246
http://dx.doi.org/10.1172/JCI29881
http://dx.doi.org/10.1002/eji.201545502
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.638379
http://dx.doi.org/10.1038/sj.ijo.0803744
http://www.ncbi.nlm.nih.gov/pubmed/17895881
http://dx.doi.org/10.1161/ATVBAHA.108.165100
http://www.ncbi.nlm.nih.gov/pubmed/18420999
http://dx.doi.org/10.1038/nm.1964
http://www.ncbi.nlm.nih.gov/pubmed/19633658
http://dx.doi.org/10.1038/oby.2010.1
http://dx.doi.org/10.1038/nm.2002
http://dx.doi.org/10.1016/j.immuni.2012.06.016
http://dx.doi.org/10.1002/eji.200939349
http://dx.doi.org/10.1189/jlb.3A0414-211RR
http://dx.doi.org/10.1096/fj.201800696RR
http://www.ncbi.nlm.nih.gov/pubmed/30285581
http://dx.doi.org/10.1038/jid.2011.241
http://www.ncbi.nlm.nih.gov/pubmed/21833015
http://dx.doi.org/10.1371/journal.pone.0011422
http://www.ncbi.nlm.nih.gov/pubmed/20625397
http://dx.doi.org/10.4049/jimmunol.1900082
http://www.ncbi.nlm.nih.gov/pubmed/31712385
http://dx.doi.org/10.1038/s42255-019-0160-6

Cells 2020, 9, 686 19 of 19

156. Zuniga, L.A.; Shen, W.].; Joyce-Shaikh, B.; Pyatnova, E.A.; Richards, A.G.; Thom, C.; Andrade, S.M.; Cua, D.J.;
Kraemer, EB.; Butcher, E.C. IL-17 regulates adipogenesis, glucose homeostasis, and obesity. J. Immunol. 2010,
185, 6947-6959. [CrossRef]

157. Hu, B; Jin, C.; Zeng, X.; Resch, ].M.; Jedrychowski, M.P,; Yang, Z.; Desai, B.N.; Banks, A.S.; Lowell, B.B.;
Mathis, D.; et al. gammadelta T cells and adipocyte IL-17RC control fat innervation and thermogenesis.
Nature 2020, 578, 610-614. [CrossRef]

158. Flajnik, M.F,; Kasahara, M. Origin and evolution of the adaptive immune system: Genetic events and selective
pressures. Nat. Rev. Genet. 2010, 11, 47-59. [CrossRef]

159. Litman, G.W.,; Rast, ].P.; Fugmann, S.D. The origins of vertebrate adaptive immunity. Nat. Rev. Immunol.
2010, 10, 543-553. [CrossRef]

160. Serrano, M.; Moreno, M.; Bassols, ].; Moreno-Navarrete, ]. M.; Ortega, F.; Ricart, W.; Fernandez-Real, ].M.
Coxsackie and adenovirus receptor is increased in adipose tissue of obese subjects: A role for adenovirus
infection? J. Clin. Endocrinol. Metab. 2015, 100, 1156-1163. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.4049/jimmunol.1001269
http://dx.doi.org/10.1038/s41586-020-2028-z
http://dx.doi.org/10.1038/nrg2703
http://dx.doi.org/10.1038/nri2807
http://dx.doi.org/10.1210/jc.2014-3791
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Epidermal  T Cells in Maintenance and Repair 
	Epidermal Structure and Function 
	DETC Development and Trafficking to the Epidermis 
	DETC Functions in Homeostasis and Damage Repair 

	Intestinal Epithelial  T Cells in Maintenance and Repair 
	Structure and Function of the Intestinal Epithelium 
	 IEL Development and Trafficking to the Intestinal Epithelium 
	 IEL Functions in Homeostasis and Epithelial Damage Repair 

	Adipose Tissue-resident  T Cells in Inflammation and Obesity 
	Functions and Organization of Adipose Tissue 
	The Role of  T Cells in Obesity and Adipose Tissue Inflammation 

	Conclusions 
	References

