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Abstract

Dendritic Epidermal T Cells (DETCs) are generated exclusively in the fetal thymus and
maintained in the skin epithelium throughout postnatal life of the mouse. DETCs have restricted
antigenic specificity due to their exclusive usage of a canonical TCR. Although the importance of
the TCR in DETC development has been well established, the exact role of TCR signaling in
DETC homeostasis and function remains incompletely defined. Here, we investigated TCR
signaling in fully matured DETCs by lineage-restricted deletion of the Lat gene, an essential
signaling molecule downstream of the TCR. We found that Lat deletion impaired TCR-dependent
cytokine gene activation and the ability of DETC undergoing proliferative expansion. However,
LAT-deficient DETCs were able to maintain long-term population homeostasis even though with
reduced proliferation rate. Mice with Lat deletion in DETCs exhibited delayed wound healing
accompanied by impaired clonal expansion within the wound area. Our study revealed differential
requirements of TCR signaling in homeostatic maintenance of DETCs and in their effector
function during wound healing.
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Introduction

T cells generated in the fetal thymus represent distinct lineages that mainly become tissue
resident T cells. The first wave of T cells generated in the thymus use a canonical T cell
receptor (TCR) comprised of VVy3 (alternative nomenclature Vy5) and V81 sequences,
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resulting in a nearly homogenous population of v8 T cells(1, 2). These v T cells migrate to
the skin epidermis where they reside as a distinct population of tissue resident T cells,
known as dendritic epidermal T cells (DETCSs). In contrast to most circulating v or af§ T
cells that are continuously generated in the postnatal thymus, DETCs maintain themselves
homeostatically throughout life without additional contributions from adult hematopoietic
stem cells(3, 4).

The lifelong maintenance of the DETC population is dependent on their ability to constantly
communicate with the skin epithelium and self-renew under various conditions during
postnatal life(4, 5). During neonatal life, the fetal derived DETCs must undergo population
expansion when the surface area of skin expands at an exponential rate. DETCs in adult skin
appear to proliferate in a stochastic manner at a very low rate under homeostatic
conditions(6). DETCs form relatively stable dendritic structures, which make focal contacts
with neighboring epithelial cells(6, 7). The constant interaction with skin epithelial cells and
their ability to secrete cytokines and growth factors in response to chemical or UV induced
skin damage suggest a role for DETCs in immune surveillance(2, 8, 9). Upon acute skin
injury, DETCs are actively involved in wound healing process by secreting effector
molecules, such as KGF and IL-17, and are able to maintain homeostasis upon wound
closure(10, 11). It remains an intriguing question how DETCs keep population homeostasis
while fulfilling the need to frequently respond to dynamic changes in the skin epidermis
such as wound, infection, and oncogenic transformation.

TCR has been indicated to play important roles in the life and function of DETCs. Genetic
studies have demonstrated that disruption of the canonical Vy3V61 TCR often results in
formation of DETCs with alternative TCRs of restricted clonal types (12-16). Although the
selecting antigens in DETC development have not been identified, a recent study using
Vy3V81 DETC TCR tetramers has provided supporting evidence that antigens involved in
DETC development is highly expressed in fetal thymic epithelium and wound edge(17). It
has been proposed that restricted antigens are involved in selection of DETCs and activation
of appropriate homing factors during DETC development(16, 18). Induced upregulation of
antigens may also be responsible for activation of DETCs during wound response (17). In
contrast, the role of TCR signaling in homeostatic maintenance of DECTS is less
understood. Mature DETCs in the skin show hyporesponsiveness to TCR signals, suggesting
a constant or frequent engagement between TCR and low dose antigens in the skin
epithelium(6, 19). It has also been shown that this atypical TCR signaling mode allows
DETCs to perform an immune surveillance role without triggering an immune reaction to
innocuous antigens. Because the natural antigen recognized by DETC TCR is still elusive,
the exact role of TCR signaling in DETC function and homeostatic maintenance remains
poorly defined.

Thus far, available genetic approaches to understanding TCR function in DETCs cannot
separate the TCR requirement in early T cell development from that in homeostatic
maintenance. To overcome this technical hurdle, we have designed an inducible and yv8 T
specific Cre system for lineage tracking and genetic manipulation of the tissue resident
DETCs. Here, we used this newly established genetic tool to evaluate the role of TCR
signaling in DETCs by deleting Linker Activation in T cell (LAT), an essential signaling
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molecule downstream of TCR(20). LAT has been shown to play an essential role in the
development of all T cells, including DETCs(21), and proper function, survival, and
homeostatic maintenance of af T cells(22-24). Our study showed that LAT deletion
impaired the activation of DETCs in response to TCR stimulation. With disruption of TCR
signaling, DETCs exhibited defects in clonal expansion during both neonatal growth and
self-renewal in adult life. More importantly, impaired TCR signaling resulted in delayed
wound healing accompanied by a defect in clonal expansion within the wound area. These
findings identified crucial roles of TCR signaling in supporting clonal expansion of DETCs
and effector function during wound healing, and suggested a redundant role in self-renewal
and lifelong maintenance of the DETC population.

Materials and Methods

Mice

The TCR&CTER mice were generated at the Duke Transgenic Mouse Facility. R26Z55reen and
TCRy8 KO mice were purchased from the Jackson Laboratory. R264T0mato mice(25) were
provided by Fan Wang’s lab at Duke University. Mice were bred and maintained in the SPF
facility managed by Duke University Division of Laboratory Animal Research. Animal
procedures were approved by the Duke University Institutional Animal Care and Use
Committee.

Reagents and Flow cytometry

The antibodies used were as follows: APC/Cy7 anti-mouse CD4 (GK1.5), PB anti-mouse
CD8a (53-6.7), APC anti-mouse CD19 (6D5), PE/Cy5 anti-mouse CD25 (3C7), PE anti-
mouse TCRy/6 (GL3), PE/Cy7 anti-mouse TCRy/§ (GL3), PE/Cy5 anti-mouse TCRy/8
(GL3), PE/Cy5 anti-mouse CD3 (145-2C11), PE anti-mouse TCRy1.1 (2.11), PE anti-mouse
TCRy2 (UC3-10A6), PE anti-mouse TCRy3 (536) and APC anti-mouse TCRp (H57-597)
were purchased from Biolegend. The Cell Fixation/Permeabilization Kits, Cytometric Bead
Array (CBA) kit and APC BrdU Flow Kit were from BD Biosciences. Single-cell
suspensions were prepared from thymus, spleen, peripheral lymph nodes and skin, stained
with Abs in the dark at 4°C for 30 min, and analyzed on a FACSCanto Il flow cytometer
(BD Biosciences). Flowjo software (Tree Star) was used for data analysis. Cell sorting was
done on FACSAria (BD Biosciences), MoFlo XDP (Beckman Coulter) or DIVA (BD
Biosciences) sorter with the corresponding FACS software.

Epidermal DETC and dermal Vy2 T cell preparation

Shaved skin were separated into epidermal and dermal parts after incubation with Trypsin-
GNK solution (0.29% trypsin, 0.86% NaCl, 0.041% KCI and 0.1% Glucose) for 2 hours at
37°C(26-28). DETCs were isolated from epidermal sheets after incubation of the cut
epidermal tissues in digestion buffer (0.27% Collagenase D, 1% DNase I, 0.01% Hepes,
0.01% Sodium pyruvate and 0.25% trypsin) on a shaker (200rpm/min) for 1-2 hour at 37°C.
Dermal v8 T cells were isolated by treating dermal sheets with 0.25% Trysin, 1% DNase,
0.01% Hepes, 0.01% Sodium Pyruvate and 85 ug/ml Liberase TM (Roche) at 37°C for 2
hours. Single cell suspension was stained with APC anti-mouse Vy2 Ab, PE/CY7 anti-
mouse TCRy8 Ab and PE/CY5 anti-mouse CD3 Ab.
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The epidermal sheets were separated from the dermal layer after 2-hour incubation in 20
mM EDTA and stained with florescence antibodies before image collection. The images
were acquired on a Zeiss 780 confocal microscope. The whole ear scan was performed on a
Zeiss 710 confocal microscope. The 3D images were taken on an Olympus multiphoton
microscope. The images were processed using ImageJ and Imaris software.

Tomato* DETCs satisfying the following two criteria were considered as part of a clone. 1)
Any paired Tomato™ DETCs are not separated by TCRS-FITC single positive DETCs in
between. 2) The distance between a paired Tomato™ cells is less than 62.3 um, which is the
expected maximal distance of any two adjacent DETCs in a normal distribution (p <0.01).
This length is derived from the average distance of 38.0+10.4um obtained from randomly
chosen 300 pairs of adjacent DETCs from 3 different ears with wound.

In vivo BrdU incorporation

Neonatal labeling—Newborn TCRSCT€ER: | atCFP/GFP and |atCFP/GFP pups were fed
with 5 drops of tamoxifen (10mg/ml) daily for 5 days. At Day8 after birth, three doses of
BrdU (0.3mg/mouse) were injected every other day. BrdU incorporation in DETCs was
analyzed one day or 1 month after the final injection of BrdU.

Adult labeling—Young adult mice (4-6 week old) were injected i.p. by 3mg/mouse of
tamoxifen over six days (Img/mouse every other day). One week later, mice were injected
with three doses of BrdU (1mg/mouse every other day). BrdU incorporation in DETCs was
analyzed one day post BrdU injection. DETCs from tamoxifen and BrdU treated mice were
isolated according to the published protocol (26).

TCR activation and RNA analysis

Single cells were isolated from skin epidermal sheets of LatGFP/GFP and

TCRSCTeER: | atCFP/GFP mice treated with tamoxifen. DETCs were sorted and stimulated by
5ug/ml anti-mouse CD3 Ab and 1ug/ml anti-mouse CD28 Ab for 24h. IL-2 production in
supernatant was collected and measured using a CBA kit (BD Biosciences). IL-2 and
IL-17A expression were analyzed in stimulated DETCs by intracellular staining according to
Fixation/Permeabilization Kits. RNA was also extracted using RNAqueous micro kit (Life
Technologies), followed by DNase | treatment. Reverse transcription was performed with
M-MLYV reverse transcriptase (Life Technologies). SYBR-based real-time PCR was
performed to determine relative gene expression.

Wound healing model

Mice were treated with three doses of 1mg/mouse tamoxifen. After 2 weeks, full-thickness
skin wounding was performed with 3mm diameter punch on the back, and wound open area
was measured daily for the following 12 days(26).

J Immunol. Author manuscript; available in PMC 2016 November 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

Data analysis

Results

Statistical analysis was performed using Student’s t test. P<0.05 was considered statistically
significant as indicated in the figures.

Generation of y§ lineage specific Cre strain

The TCR&c locus has been previously demonstrated to be able to drive high-level reporter
expression(29). To create a v lineage specific Cre strain, we inserted an inducible CreER
expression cassette into the TCR&c locus (FiglA). To test the specificity of Cre activity, we
crossed TCRSCTER mice with R26755"€eN reporter mice(30), in which ZsGreen expression is
indicative of Cre activity (Fig.1A). We tested Cre activity by tamoxifen injection into the
TCRSCreER: RogZsGreen gouple transgenic mice. ZsGreen signal was detected in the majority
of v6 T cells and a small fraction of CD4 or CD8 af3 T cells, but not in B cells, three days
post tamoxifen treatment (Fig.1B). This result demonstrates that inducible Cre activation is
highly restricted to mature v T cells. Because the TCRd&C gene is removed upon TCRa gene
rearrangement, the analysis also confirms that most af§ T cells in periphery do not contain
any functional TCRSC"€ER allele. The residual Cre activity observed in the af T cells is most
likely from recent thymic emigrants (31). Tamoxifen treatment also resulted in ZsGreen
expression among v T cells present in the thymus, lymph nodes, Peyer’s patches, and liver
(Fig.S1A). Time course experiments showed that reporter activation among peripheral y8 T
cells peaked one day post tamoxifen treatment (Fig.S1B). Ongoing thymopoiesis contributed
only a small fraction of ZsGreen labeled v6 T cells in the spleen or lymph nodes at later time
points. Among different subsets of v& T cells, DETCs exhibited most efficient Cre activity,
with more than 95% of the population expressed ZsGreen after tamoxifen treatment (Fig.
1C). The frequency of ZsGreen expression was correlated with the level of TCR expression
in various subpopulations of v& T cells, confirming that Cre expression is under the
transcriptional control of the TCR&S gene (Fig.S1C & D). The correlation between reporter
activation and the strength of the TCRS"®ER allele was also confirmed by comparing
TCRSCreER*: RogZsGreen mce with TCRSCTEERCreER RpgZsGreen mice, where a further
increase in ZsGreen labeled cells was observed in the latter group (Fig.S1E). We further
analyzed Cre activation in DETCs by fluorescent microscopy. Efficient activation of the
ZsGreen marker in DETCs was confirmed by the extensive overlap of ZsGreen (green) and
anti-mouse TCRS signals (red) (Fig.1D). Therefore, the TCRS“"ER mice provided an
effective means for lineage tracing and genetic analysis of DETCs.

Deletion of the Lat gene impaired TCR-mediated DETC activation

LAT is an essential adapter involved in TCR signaling pathway for both early T cell
development and T cell effector function. We sought to evaluate the role of TCR signaling
in DETCs by TCR&C"ER mediated deletion of the Lat gene. To facilitate tracking of the
deletion event, we chose the Lat®FP allele for its demonstrated utility in marking mutant T
cells upon Cre-mediated deletion of Lat(32). Activation of the GFP marker is exclusively
dependent on treatment of TCRSCTeER: | atGFP/GFP mice with tamoxifen (Fig.2A). Treatment
of TCRSCTER: LatCFPIGFP mice with tamoxifen also resulted in loss of Lat expression in
purified DETCs in comparison with LAT-sufficient DETCs (Fig.2B). FACS analysis further
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showed that over 90% of tamoxifen treated DETCs expressed GFP from the mutant allele
(Fig.2C). Based on differential levels of GFP expression between the Lat®FP heterozygous
and homozygous mice, we concluded that Lat deletion on both chromosomes had occurred
in the majority of DETCs in tamoxifen-treated TCRSCT€ER: L atCFP/GFP mice (Fig.2D). In
contrast to DETCs, deletion efficiency among dermal v6 T cells only reached to
approximately 60% after three rounds of tamoxifen treatment. The frequency of labeled cells
dropped to one half after one and half month chasing due to frequent replacement from
newly generated cells (Fig.2E). Under the same treatment condition, only 20% of v8 T cells
and 1% of af T cells in the peripheral lymph nodes expressed GFP (Fig.2F). Therefore, this
experimental system provided a relatively clean model for evaluating DETC intrinsic
functions.

To investigate how LAT affects TCR signaling in DETCs, we stimulated freshly purified
DETCs with anti-CD3 and anti-CD28 antibodies for 24 hours. While wild type DETCs
exhibited a significant upregulation of CD69 and CD25 after prolonged TCR stimulation,
LAT-deficient DETCs showed a reduced response (Fig.2G & H). Expression of CD25,
CD69 and IL-2 at the transcript level were also decreased in LAT-deficient DETCs in
comparison with wild type controls (Fig.2l). We further examined effector cytokine
production upon TCR stimulation. Analysis of secreted IL-2 by cytometric bead array
showed an impairment of IL-2 production in LAT-deficient DETCs upon TCR stimulation
(Fig.2J). These data demonstrate that LAT is required for TCR-induced activation of
DETCs.

DETCs maintain dendritic morphology and remain non-mobile after Lat deletion

The immune surveillance role of DETCs has been suggested to involve TCR signaling
complexes that are highly enriched in the dendrites(6). We investigated whether LAT-
mediated TCR signaling is required for the maintenance of dendrite morphology. Two-
photon microscopy showed that DETCs from LAT-deficient mice had slightly lower number
of dendrites than those of wild type controls (4.73+0.07/cell in LAT mutant vs. 5.34+0.11/
cell in wild type) (Fig.3A & B). However, dendrites from LAT-deficient DETCs were all
apically anchored as previously described in wild type DETCs (Fig.3A bottom panel). Time-
lapse imaging showed that both dendrites and cell bodies of LAT-deficient DETCs remained
non-mobile as reported for wild type DETCs (Fig.3C and Movie S1&2). Thus LAT-
mediated TCR signaling is not essential for maintaining dendrite structure, which anchors
DETCs to the epithelium network.

LAT-deficient DETCs exhibited reduced proliferation rate but maintained normal
population density

To evaluate TCR signaling in homeostatic proliferation and long-term maintenance of
DETCs, we first compared proliferation rate between wild type and LAT-deficient DETCs
in a BrdU pulse chase assay. LAT-deficient DETCs showed BrdU incorporation frequency
at only 66.76+13.85% of that in the wild type DETCs (Fig.4A & B). We then examined the
density and population size of DETCs five months post removal of the Lat gene. We did not
detect significant differences in either cell density (Fig.4C & D) or cell numbers (Fig.4E-G)
between LAT-deficient DETCs and wild type controls. Furthermore, the small number of
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residual LAT-sufficient DETCs (GFP low or negative cells) in the tamoxifen treated
TCRSCTEER: | ATGFP/GFP mjce did not exhibit any growth advantage over time (Fig.4E).
Analysis of LAT-deficient DETCs in 10-month old mice further confirmed that LAT-
deficient DETCs maintained a population size indistinguishable from wild type controls
(Fig.4H-J). These results indicate that although LAT controls the proliferation rate of
DETGCs, it is not absolutely required for long-term population maintenance of DETCs.

TCR signaling is involved in clonal expansion of DETCs during neonatal growth

DETCs are fetal derived T cells, which subsequently expand and occupy the entire skin
epithelium. We found that the frequency of DETCs recovered from neonatal skin was
similar to that of young adult (Fig.S2A), suggesting that the density of DETCs remains
relatively constant during neonatal growth. As the surface area of skin undergoes expansion
in neonatal life, DETC populations are expected to expand proportionally. We compared the
growth rate between LAT-deficient DETCs and wild type DETCs by BrdU pulse labeling.
Analysis of BrdU positive cells at one day or one month post labeling of neonates revealed
approximately 50+15.35% or 50+ 8.46% reduction, respectively, in total numbers of
proliferating DETCs in LAT-deficient mice (Fig.5A-D). Similar to the adult mice, the
impairment in proliferation did not result in any significant reduction in total cell numbers or
density of LAT-deficient DETCs during the first month of postnatal life (Fig.S2B-D). To
further evaluate the ability of individual LAT-deficient DETCs undergoing proliferative
expansion, we performed a lineage tracing experiment by labeling and tracking a small
number of DETCs. We combined TCRACTeER; | ATGFP/GFP yith the R2gtdToMato
reporter(25), which is inefficiently activated by TCRAC"ER in comparison with R2645Green,
Tamoxifen treatment of TCRACTeER: | ATGFP/IGFP: pogtdTomato mice resulted in efficient
deletion of LAT but only sporadic activation of the Tomato marker (Fig.S2E & F).
Importantly, all Tomato* DETCs expressed high level of GFP, confirming complete deletion
of the Lat gene among the lineage-tracked population (Fig.S2G). Under this condition, we
examined the clonal size and distribution of Tomato-positive DETCs one month post
tamoxifen treatment of either TCRACTeER: RogtdTomato o

TCRACreER: | ATGFPIGFP. RogtdTomato negnates. Individual clusters of Tomato-positive
DETCs were detected and scored after staining of the ear epithelium sheets with FITC
labeled anti-TCRS antibody (Fig.5E & F). The majority of Tomato-positive DETCs
remained as either single cells or small sized clones (less than 8 cells per cluster) for both
wild type and LAT-deficient DETCs. However, a significantly higher frequency of medium
to large (>9 cells per cluster) sized DETC clones were found in LAT wild type mice than in
LAT-deficient mice (Fig.5F & G). Clone size of more than 16 cells was detected in 3 out of
5 LAT wild type controls but not in any of 4 LAT-deficient mice analyzed. This result
indicates that TCR signaling is involved in uneven clonal expansion of DETCs at the
neonatal age.

Function of DETCs in wound healing requires TCR signaling

A role for DETCs in wound healing has been demonstrated in the study of TCRS deficient
mice, in which wound healing is significantly delayed (26). However, the exact role of the
TCR cannot be clearly assessed in this model due to complete removal of v8 T cells at birth.
Furthermore, the niche normally occupied by canonical DETCs was replaced by a different
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population of dendritic T cells expressing an app TCR in TCRS deficient mice(12). The
lineage specific and inducible deletion of LAT allowed us to evaluate TCR signaling in
wound healing without disturbing the preexisting population of DETCs. We pretreated
TCRSCTeER: | atGFPIGFP mice and LatSFP/GFP control mice with tamoxifen two weeks prior
to the wound healing assay. After introducing a punch wound, we tracked wound size daily
for 12 days. Mice with Lat deletion in v8 T cells showed a significant delay in wound
healing in comparison with the control group (Fig.6A). The degree of impairment in wound
healing was similar to that reported in TCRS deficient mice(26), which was also included in
our study as a positive control.

Upon skin injury, DETCs change morphology from a dendritic to a rounded shape and
subsequently enter a proliferative phase around the wound edge(6, 26). To what extent TCR
signaling is involved in these sequential events is not known. We examined the dendrite
structure around the wound edge within the first 10 hours following a skin cut (Fig.6B and
Movie S3&4). The number of dendrites and distance to the wound edge was recorded for
individual DETCs. Surprisingly, we found that LAT-deficient DETCs showed a greater loss
of dendrites (Fig.6C) and a higher percentage of round or near round (1-2 dendrites/cell)
morphology (Fig.S3 A & B) than the wild type controls. The average dendrite counts at the
wound edge decreased 25% (from 4.65+1.48 to 3.48+1.35) for wild type DETCs in
comparison with 44% (from 3.34+1.53 to 1.86+1.29,) for LAT-deficient DETCs between 0
and 10 hours post wounding (Fig.6C). This result suggests that TCR signaling may be
required to stabilize the dendritic structural rather than triggering contraction in response to
the wound. A persistent TCR stimulation from the dendrites during the early phase of the
wound response may be necessary for DETCs to produce cytokines and growth factors
before entering the proliferative phase. Indeed, time-lapse recording did not find DETC
proliferation within the first 10 hours of skin cut for both genotypes (Fig.6B). TCR
stimulation of LAT-deficient DETCs revealed impaired expression of genes that have been
implicated in wound response(5, 11), including genes encoding Th17 pathway cytokines
(Fig.S3C) and several growth factors such as KGF-1(FGF-7), KGF-2 (FGF-10), IGF-1, and
TGFp1 (Fig.S3D). Collectively, these observations support a role for TCR signaling in
DETC effector function during the initial phase of wound healing.

TCR signaling is required for robust clonal expansion of DETCs around the wound edge

To evaluate the proliferative response of DETCs at the wound edge, we performed clonal
analysis using the R269Tomato renorter described above. Mice were first treated with
tamoxifen to allow stochastic activation of the tomato marker and deletion of LAT in the
experimental group. One-week post treatment, a cut was made on one ear to introduce a
wound edge while the other ear was left uncut as a control. To capture the initial wave of
DETC proliferation, we counted Tomato-positive DETC clusters at 24 hours post wounding
for both cut and uncut ears. Both wild type controls and LAT-deficient mice showed a
random distribution of varying sized Tomato-positive clones across the entire ear surface of
the uncut controls (Fig.S4A & B). However, examination of cut ears revealed a difference
between wild type and LAT-deficient mice (Fig.7A and Fig.S4C). While the distribution of
2-cell or 3—4 cell-sized clones showed a random distribution in both genotype groups, the
frequency of >4 cell-sized clones was significantly higher around the wound edge of wild
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type ears (7£2.23%) in comparison with all other groups (1%) (Fig.7B & C). The
appearance of clone sizes of 5-12 cells indicates the ability of DETCs to undergo at least 3—
4 cell cycles within 24 hours of wounding. This result indicates that impaired TCR signaling
compromised the ability of DETCs to undergo clonal expansion around the wound edge.
Discussion

TCR is an essential component for both af and v8 T cells and is absolutely required for their
development and clonal selection (33). TCR-mediated signaling event is also indispensable
for afy T cells to provide antigen specific immune response and homeostatic
maintenance(34-37). TCR-mediated signaling in DETCs has been suggested to play
multiple roles in the skin, including wound response, immune surveillance, and lifelong
homeostasis(2, 38). However, due to limitations in available genetic tools, the exact role of
TCR in DETC maintenance and function still remains to be fully elucidated. By combining
Lat deletion with lineage tracking approaches, we revealed differential requirements for
TCR signaling in maintaining dendritic structure, clonal expansion, and effector function
during wound response and long-term homeostatic maintenance.

The TCR has been suggested to perform immune surveillance functions in DETCs by
forming constitutive immunological synapses located on the dendrites of DETCs (6). Under
homeostatic conditions, LAT-deficient DETCs exhibited a stable 3D dendritic morphology
even though the numbers of dendrites were slightly reduced compared to wild type DETCs.
Upon skin damage, DETCs normally display a rounding behavior around the wound
edge(39). We found that LAT-deficient DETCs exhibited a greater degree of dendrite
contraction at the wound edge than wild type controls. Our finding suggests that TCR
signaling may slow down, rather than accelerate, dendrite contraction immediately after
wound exposure. The delay in dendrite contraction coincided with the timing needed for
TCR-mediated activation of DETCs(6). We propose that TCR signaling at the wound edge
may be responsible for a delay in dendrite contraction so that DETCs have enough time to
secrete cytokines and growth factors before entering proliferative phase. The rounding
behavior in response to wounding is most likely regulated by other signaling events, such as
NKG2D, JAML, CD100, working in parallel with TCR signals(39-42).

TCR has been shown to be required for the maintenance of naive T cells(43-48), regulatory
T cells(34, 35) and memory T cells(36, 37). In contrast, we did not see any significant
change in the population size of DETCs up to 10 months with impaired TCR signaling. The
slow but persistent proliferation observed in LAT-deficient DETCs indicates that DETCs
could maintain their population independent of LAT-mediated TCR signals. It is important
to point out that our finding is still compatible with the model that a weak and LAT-
independent TCR signaling event underpins homeostatic proliferation in LAT-deficient
DETCs. For example, CD6 could also initiate TCR signaling through recruiting SLP-76 and
Vav1l independent of LAT(49). However, weak TCR signal alone is unlikely the main
mechanism of DETC homeostasis given that most DETCs are constantly engaged in strong
TCR signals. It is also possible that DETCs can proliferate at a slower rate in response to
non-TCR signals, such as cytokines. Indeed the skin epidermis is known to produce IL-15,
which plays an essential role in the maintenance of DETCs (50, 51). In addition to
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cytokines, local IGF-1 has been shown to be involved in DETC homeostasis(10). DETCs
have been shown to provide surveillance functions by sensing danger signals through
NKG2D and other receptors (38, 52). It is possible that DETCs use these signaling
pathways, in addition to TCR, to control homeostatic proliferation by sensing the damage or
death of neighboring DETCs.

Vigorous clonal expansion is needed during neonatal growth and wound repair. It is not
known whether the signal that drives clonal expansion in these growth phases is the same as
the one involved in self-renewal during homeostatic maintenance. Our study clearly
revealed an important role of TCR signaling in clonal expansion during both neonatal
growth and wound repair, even though the same signaling event is dispensable for long-term
population maintenance. This finding further supports the idea that different signals may be
needed to drive robust clonal expansion versus homeostatic turnover.

Our study unequivocally demonstrated that TCR signaling is required for DETC function in
wound healing. Importantly, the delay in wound healing caused by impaired TCR signaling
is equivalent to that caused by complete deletion of v8 T cells. Therefore, the function of
DETCs in wound healing can be completely explained by TCR-mediated signaling events.
Our result is consistent with the idea that DETCs regulate wound healing through TCR-
mediated production of a panel of effector molecules such as KGF-1 and IL-17(11, 26). Our
study also suggested that TCR-dependent clonal expansion of DETCs around the wound
area could also contribute to the speed of wound healing.

Collectively, the genetic system described in our study demonstrated that TCR signaling is
required for clonal expansion and effector function of DETCs. Our study also indicated that
other signaling pathways, in addition to TCR signaling, is involved in lifelong homeostatic
maintenance of DETCs. This system allows further investigation of candidate genes
involved in various signaling pathways and thus helps better understand the regulatory
mechanisms underpinning the function and lifelong homeostatic maintenance of DETCs.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Construction of y8 T cell-specific and inducible Cre mouse strain
(A) Schematic diagram of the TCRS“"€ER allele and strategy of Cre-mediated activation of

the R26Z5Green (B) FACS analysis of Cre activity in different subsets of lymphocytes. B6
WT and TCR&CTeER: R2625Gr€en mjce were intraperitoneally injected with 3 doses of 1mg/
100ul tamoxifen. FACS analysis was performed three days later with fluorescently-
conjugated anti-CD4, CD8, CD1d, vé and CD19 Abs. ZsGreen positive cells were shown in
gated area. FACS plot is representative of n = 3 for each genotype. (C) FACS plots of
ZsGreen expression in DETCs after tamoxifen treatment. DETCs were isolated from skin
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epidermal sheets of mice treated with tamoxifen as in (B) and stained with PE/Cy5 labeled
anti-CD3 Ab and PE/Cy7 labeled anti-TCRy8 Ab. The FACS plot on the left was gated on
the CD3™ fraction defined in the plot on the right. Each FACS plot is representative of at
least 3 independent mice. (D) Representative confocal images of ZsGreen expression in skin
epidermal sheets stained with PE labeled anti-TCRy8& Ab. Images are representative of three
mice.
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Fig. 2. Impaired TCR signaling in LAT-deficient DETCs
(A) Representative FACS analysis of GFP expression in DETCs isolated from BI6 wild type

mice (left panel and histogram) or TCRSCreER; LatCFP/GFP mice either with or without
three doses of tamoxifen treatment (middle panel and histogram). (B) gPCR analysis of LAT
transcripts in freshly isolated DETCs from tamoxifen treated Lat®FP/GFP (LAT*) and
TCRSCTeER atGFP/GFP (| AT™) mice. (C) Representative FACS plot for GFP expression in
Vvy3* DETCs isolated from tamoxifen treated LAT™ mice. (D) Representative histogram for
GFP expression in DETCs from either TCRSC"€ERatGFPIGFP or TCRSCTeER atGFP/* mice.

J Immunol. Author manuscript; available in PMC 2016 November 01.

TCRBC!EER;LatGFP/GFP B
B6 WT Untreatment Treatment
992 078 «#{99.2 | 0.81] «+[5.86 94.1] 5 Tredtment 1B
@ - ] (\R,/‘ “ B Untfeatment _ 10 ——
s ‘ ) ‘ _ w0 WT 208
I w0 . é 06
0 0 / 0.2
Ou 0° 10° 0f DO Qo 0 10 10° no oa 10° 0 10 vo 0 10? 10° 10 10° n i
GFP GFP LAT* LAT
CreER- GFP/GFP
D E LatGFP/GFP TCR&Cre ’Lat
Day 3 Day 45
«[7.92 903 [\ __ LafoFPIaFP 2.36]+[36.3 ~ 63.6] 35
0 LatGFP/+ L,
w — W1 : R *_{7@
0073|169 . o 0] 10.042 o ‘1o 0
o ml'_até'FPm‘ 3 0 ﬂLat‘éFP 0 10° 10 10° o ‘nLatuéFPm 10 0 10? 10’ 10° 0%
LatGFP/GFP TCRGBCreER; | gtGFPIGFP LatGFP/GFP TCRBCreER: | atGFP/GFP
«[100 0.038 ] 1.22
@ ) 38
[} {
o .
(]
.
LAT+
LAT+
o)
>
oc
(S
=g
LAT-
LAT-
- 5
60: @ 4
3 .
40- *kk % 2
0 0
LAT+ LAT- LAT* LAT-
1.0 J
0.8 *kk
1750
0.6 e ~1500:
E 1250
0.4 21000:
~ 750
0.2 4 500
250-
0.0 - o
CcD25 IL-2 CD69 LAT*  LAT



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zhang et al.

Page 17

(E) Representative FACS analysis of GFP expression in dermal v8 T cells isolated from
LatCFP/GFP mice (left panel) or LatCFP/GFP: TCRSCTEER mice post tamoxifen treatment at
day 3 (middle panel) or day 45 (right panel) (n=3 each). Samples have been pre-gated for
Vy2 positive cells to eliminate contaminating DETCs. (F) Representative FACS analysis of
GFP expression in y8 T cells and af T cells of peripheral lymph nodes. Samples were
collected two weeks post three rounds of tamoxifen injection of LatGFF/GFP or
TCRSCreER| gt GFP/GFP mice. (G&H) Purified DETCs from tamoxifen treated LAT* and
LAT™ mice were stimulated by anit-CD3 and anti-CD28 Abs for 24 hours before being
analyzed by FACS for CD69 (G) and CD25 (H) expression. (1&J) DETCs were isolated
from LatCFP/GFP (LAT™) (n=3) and TCRSCeERLatGFP/GFP (| AT™) (n=3) mice one week
post tamoxifen treatment and stimulated with anti-CD3 and anti-CD28 antibodies for 24
hours. (1) The transcription of CD25, I1L-2 and CD69 was measured by gPCR. (J) IL-2
production in supernatant was analyzed by CBA kit. *** P<0.001.
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Fig. 3. Comparison of morphology and dendritic structure between LAT wild typeand LAT-
deficient DETCs

TCRSCreERRGZSGreen (| AT+) and TCRSCMeER atGFF/IGFP RogZsGreen (| AT-) mice were
treated with 3 doses of tamoxifen in the first week. One month later, images of DETCs were
taken by two-photon microscopy. (A) Representative three-dimensional images of DETCs
from indicated mice. Middle and lower panels show x-y and x-z planes of a single DETC,
respectively. (B) Quantification of dendrites from DETCs of indicated mice. *** P<0.001.
(C) Evaluation of DETC movement in mice with hourly intravital scans of ears for three
hours. Results are representative of two independent experiments.
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Fig. 4. LAT deficient DETCs exhibited proliferation defect but maintained long-term population
homeostasis

(A) Representative FACS plots of BrdU incorporation in young adult LatSFP/GFP (LAT*) or
TCRSCTeER atGFP/GFP (L AT™) mice. DETCs were isolated and analyzed one week after
tamoxifen treatment and three doses of BrdU injection. (B) Bar graph summary of (A) based
on 6 mice each genotype. (C-G) LAT* or LAT™ mice were treated with tamoxifen. Five
months later, DETCs were analyzed by microscopy (C&D) or FACS (E-G). (C)
Representative image analysis of DETCs. (D) DETC density from the indicated mice. Each
genotype group included 16 randomly chosen areas (415umx415um/field). (E)
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Representative histogram of GFP expression in DETCs from indicated mice. (F)
Representative FACS plot of GFP expression in VVy3* DETCs. (G) Percentage of GFPN
cells in total DETCs as defined in (F). Each dot represents a single mouse. (H) FACS gating
of CD3* DETCs isolated from 10-month old mice. (I) GFP and TCRyS expression in CD3*
DETCs from (H). (J) Representative histogram for GFP expression in DETCs from
indicated mice. Results shown in (H-J) were based on 3 mice for each genotype.
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Fig. 5. Effect of TCR signaling on clonal expansion of DETCs during neonatal age
(A&B) Representative FACS plot and bar graph summary of BrdU incorporation in DETCs

at neonatal day 8 of Lat®FP/GFP (LAT*) and TCRSCeERLatCFF/GFP (LAT™) mice. Results
were based on three independent experiments. (C&D) Representative FACS plot and bar
graph summary of BrdU chase labeling at one-month post neonatal BudU injection. Results
were based on three independent experiments. (E) Representative images of lineage tracked
DETCs in the epidermal sheets from TCRACTeER: RogtdTomato (| AT+) and

TCRdACreER: | ATGFP/GFP. pogtdTomato (| AT-) mice one month after neonatal tamoxifen
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treatment. Epidermal sheets were stained with FITC labeled anti-TCRy8 Ab, and all
Tomato* cell clusters were recorded by scanning the entire ear sheets. (F) Comparison of
clonal distribution between LAT* and LAT™ mice. Clone size larger than 2 cells were
included in the graph and statistical analysis. (G) Comparison of large clone frequency (>9
cells/cluster) between LAT* and LAT mice. Clone size larger than 2 cells were included in
the total clone count for each mouse. Each dot indicates one mouse. Results shown in (F&G)
were based on 5 TCRACTeER: RogtdTomato (| AT+) and 4 TCRACTeER: | ATGFP/GFP: pogtdTomato
(LAT™) mice.
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Fig. 6. Impaired wound healing upon deletion of LAT iny8 T cells
(A) The kinetics of wound closure within 12 days post skin punch. Wound healing rate at

each day was displayed as percentage of the wound size of Day 1 (24 hours post wounding).
* #or $ P<0.05; ** or ## P<0.01; *** or ### P<0.001. # represents the difference between
TCRSCTeER atGFP/GFP (| AT™) and LatCFP/GFP (LAT*) mice; * represents the difference
between LAT* and TCRS KO mice; $ represents the difference between LAT™ and TCRS
KO mice. Numbers of LAT*, LAT™, and TCRS KO mice used in this experiment were 7, 10
and 5, respectively. (B) Representative confocal images adjacent to the wound edges (dotted
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lines). Images were recorded hourly within the first 10 hours of wound punch. The images
from 0, 2, and 10 hours post wounding were shown and were representative of two
independent experiments. (C) Quantification of dendrite numbers of DETC within 400 pm
of the wound edge. The plot shows dendrite counts of LAT* DETCs at 0 hour (n=191) and
10 hour (n=138) and LAT~ DETCs at 0 hour (n=175) and 10 hour (n=128) post wounding.
The average dendrites + SD for LAT* at 0 hour, LAT* at 10 hour, LAT™ at 0 hour, LAT™ at
10 hour are 4.65+1.48, 3.48+1.35, 3.34+1.53, 1.86+1.29, respectively. Results described in
(B) and (C) were representative of 3 mice of each genotype.
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Fig. 7. Impaired clonal expansion of LAT-deficient DETCs upon wounding
(A) Representative images of DETC clones adjacent to the wound edge of

TCRACreER: RogtdTomato (| AT+) and TCRACTeER: L ATCFP/GFP: pogtdTomato (| AT-) mice at
24 hours post wounding. Merged images (bottom panel) were from the cropped areas shown
in upper and middle panels. Tomato* DETC clones were highlighted with circles and
labeled with cell counts. (B) Correlations between clone size and distance from the wound
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edge. Clone counts were based on 3 LAT* and 5 LAT™ mice. (C) The clone distributions of
DETCs within 500 pm of the wound edge. Results were based on 3 LAT" and 5 LAT™ mice.
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