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Abstract

Epithelial cells provide an initial line of defense against damage and pathogens in barrier tissues such as the skin; however
this balance is disrupted in obesity and metabolic disease. Skin cd T cells recognize epithelial damage, and release cytokines
and growth factors that facilitate wound repair. We report here that hyperglycemia results in impaired skin cd T cell
proliferation due to altered STAT5 signaling, ultimately resulting in half the number of cd T cells populating the epidermis.
Skin cd T cells that overcome this hyperglycemic state are unresponsive to epithelial cell damage due to chronic
inflammatory mediators, including TNFa. Cytokine and growth factor production at the site of tissue damage was partially
restored by administering neutralizing TNFa antibodies in vivo. Thus, metabolic disease negatively impacts homeostasis and
functionality of skin cd T cells, rendering host defense mechanisms vulnerable to injury and infection.
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Introduction

Resident intraepithelial cd T cells are responsible for

maintaining epithelial integrity, regulating homeostasis and

providing a first line of defense against pathogens and injury in

mice and humans [1,2,3]. cd T cells arise in the thymus during

ontogeny and migrate, in waves, to epithelial tissues such as the

skin, lung, intestine and reproductive tract where they populate

these tissues for the life of the animal [4,5]. In addition to their

role in the innate immune response, cd T cells regulate the

subsequent recruitment of inflammatory cells to sites of injury

and infection [6,7,8]. Murine skin resident T cells express a

canonical Vc3Vd1 T cell receptor (TCR) and respond to a

proposed, yet unknown, self antigen expressed by stressed or

damaged keratinocytes [9,10]. Skin cd T cells display a dendritic

morphology, retract their dendrites following activation and are

critical for epidermal homeostasis and wound repair through

their production of cytokines and regulation of inflammatory cells

[1,6,11,12,13,14,15]. Mice deficient in cd T cells exhibit

disrupted skin homeostasis, impaired barrier function and

delayed wound healing [1,15,16,17]. In humans, the epidermis

consists of a mixed resident ab and cd T cell population [18].

Similar to observations in mice, skin-resident Vd1+ cd T cells in

humans produce cytokines and growth factors after activation

and participate in wound repair [19].

In obesity and metabolic syndrome, the epidermal barrier is

disrupted and skin complications can ultimately result in chronic

and debilitating non-healing wounds and persistent infections

[20]. Chronic wounds in obese and diabetic patients show

diminished or altered levels of growth factors, impaired leukocyte

infiltration and function and the absence of cell growth and

migration over the wound [20]. Even with medical treatment,

these chronic non-healing wounds may ultimately result in

amputation of extremities [21]. Recent work has focused on the

initiation of chronic inflammation in adipose tissue in obesity. An

increase in effector CD8+ T cells and a decrease in CD4+ and T

regulatory cells in adipose tissue have been shown to correlate

with exacerbated adipocyte inflammation and metabolic disease

progression [22,23,24]. However, the consequence of obesity

and metabolic disease on the function of skin resident

lymphocyte populations and how this contributes to skin

complications associated with obesity and metabolic disease are

unknown.

In this study we investigated how skin cd T cell function

becomes altered in obesity and metabolic disease. We show that

the progression of metabolic disease impacts both the homeostasis

and wound healing response of skin cd T cells. Correlating with

early hyperglycemia, the proliferation of skin cd T cells is

impaired, which ultimately results in a reduction in tissue-resident

epidermal T cell numbers. The remaining skin cd T cells

overcome this hyperglycemic state, but exhibit altered metabolic

and nutrient sensing pathways. The chronic inflammatory

environment, specifically elevated TNFa, renders the remaining

skin cd T cells dysfunctional to tissue damage. In this

inflammatory environment, skin cd T cells are unresponsive to

keratinocyte stimulation and unable to produce cytokines and

epithelial regulating factors such as TGFb1. We can improve skin

cd T cells function in vivo by blocking TNFa, providing evidence

that chronic TNFa in metabolic syndrome contributes to skin cd
T cell dysfunction in wound healing.
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Results

Skin cd T cells are unable to maintain epidermal numbers
in obesity

Skin cd T cells arise in the thymus during fetal development,

migrate to the skin and actively expand to reach a maximum of

,5% of the total cells in the epidermis. After this early migration,

the epidermal skin cd T cell compartment is maintained through

self-renewal. To determine the impact of obesity and metabolic

disease on skin cd T cell survival and maintenance, we quantified

cd T cell numbers in epidermal sheets and analyzed their

morphology starting at 6-weeks of age and continuing out to

14-weeks of age. Epidermal sheets from 6-week old db/+ (lean

control) and db/db mice demonstrated that skin cd T cells seeded

the epidermis, were present in expected numbers and exhibited

their characteristic dendritic morphology (Figure 1A). However,

at this 6-week time point, a slight decrease in cd T cell numbers

was observed. By 8- and 10-weeks of age a pronounced decrease in

skin cd T cell numbers was apparent in obese db/db mice

(Figure 1A and 1B). Following this rapid decline, epidermal cd T

cells stabilized at 10-weeks of age and remained reduced out to 14-

weeks of age (Figure 1A and 1B).

In addition to the lymphocyte population, a resident dendritic

cell population, the Langerhans cells (LC), also resides in the skin.

Figure 1. Reduced numbers of skin cd T cells during obesity and metabolic disease is associated with hyperglycemia. (A) cd TCR
immunofluorescence staining of epidermal sheets from BKS db/+ and db/db mice at 6-, 10- and 14-weeks of age. (B) Graphical representation of the
number of epidermal cd T cells in db/+ (solid line) and db/db (dashed line) mice at each age. *p,0.005. (C) Epidermal sheets from 10-week old BKS db/
+ and db/db mice immunostained for the LC marker, langerin. (D) Graphical representation of the number of Langerhans cells at 10-weeks of age. All
microscopy images were acquired at6200. The bar represents 0.05 mm. Data (mean 6 SEM) are representative of three independent experiments for
each age group and a minimum of 15 fields per mouse.
doi:10.1371/journal.pone.0011422.g001
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To determine the impact of obesity and metabolic disease on

another skin-resident immune population, we examined LC

numbers using anti-langerin and anti-CD45.2 antibodies to stain

epidermal sheets [25]. Obese db/db mice had similar numbers of

LC in the epidermis as compared to lean db/+ control mice at all

ages tested (Figure 1C and 1D). Our data suggest that the early

progression of obesity and metabolic syndrome are marked by a

selective inability of skin cd T cells to maintain homeostatic

numbers within the epidermis.

To address the possible contribution of leptin receptor

deficiency on skin cd T cells from db/db animals, we investigated

the expression of leptin (Lep) and two leptin receptor isoforms

(Lepr) in skin cd T cells. No expression of either leptin or two

leptin receptor isoforms, Ob-Ra and Ob-Rb, was detected in

mRNA from skin cd T cells isolated directly ex vivo or in the cd 7–

17 cell line in vivo (Figure S1).

Hyperglycemia alters STAT5 signaling and impedes cd T
cell proliferation

Between 6- and 10-weeks of age, BKS db/db mice are

hyperglycemic and exhibit greater weight gain than their db/+
control littermates (Table S1). To determine the impact of

environmental factors that are present during this phase of disease,

such as glucose and fatty acids, we tested whether the 7–17 skin cd
T cell line can maintain itself and survive when these factors are

present and elevated. We found that 7–17 cd T cells treated with

33.3 mM glucose resulted in a rapid decline of T cells within 24 to

48 hours of treatment (Figure 2A). However, treatment of 7–17

cd T cells with fatty acids did not inhibit cd T cell growth (Figure
S2).

To investigate the impact of glucose on skin cd T cell

proliferation, 7–17 cells were maintained in IL-2, treated with

elevated glucose and proliferation determined. As shown in

Figure 2B, there was a dose dependent inhibition of cd T cell

proliferation 36 hours post-glucose treatment. In addition to the

7–17 cd T cell line, freshly isolated skin cd T cells were sorted

from epidermal cell preparations from wild-type mice, placed into

IL-2 containing media in the presence of baseline (11.2 mM) or

elevated (33.3 mM) glucose. Similar to observations with the 7–17

cd T cell line, freshly isolated skin cd T cells also displayed

reduced proliferation in the presence of elevated glucose

(Figure 2C). This data suggests that skin cd T cells are highly

sensitive to elevations in glucose, affecting their ability to

proliferate and maintain homeostatic numbers.

Since cd T cells proliferate after stimulation with IL-2 in a

glucose-sensitive manner, we next asked whether glucose treat-

ment alters downstream IL-2 signaling. IL-2 receptor binding

results in Jak1 and Jak3 activation, phosphorylation of STAT5 and

translocation of the STAT5 complex to the nucleus where it

regulates gene transcription [26]. Following stimulation of

untreated skin cd T cells with IL-2, phosphorylation of STAT5A

and STAT5B peaked at 30 minutes, followed by a rapid decrease

in phosphorylation (Figure 2D). However, in glucose-treated cd
T cells, STAT5A was rapidly phosphorylated to peak levels within

10 to 30 minutes after IL-2 stimulation but displayed altered

kinetics and prolonged phosphorylation compared to untreated

cells. In addition, glucose-treated cd T cells had negligible

phosphorylation of STAT5B after IL-2 stimulation (Figure 2D).

This data suggests that diminished proliferation of skin cd T cells

may be due to altered IL-2 and STAT5 signaling in response to

hyperglycemic conditions. Moreover, STAT5A/B signaling is

critical to cd T cell function as cd T cells are absent in mice

deficient in STAT5A/B [27].

To determine if diminished skin cd T cell proliferation in BKS

db/db mice accounts for the reduction in epidermal T cell

numbers, we first had to investigate the rate of cd T cell

proliferation in vivo. Although long-lived, memory-like Vc2+ T cells

in the periphery have been shown to have very slow turnover [28],

the rate of Vc3+ T cell proliferation and homeostatic maintenance

in the epidermis has yet to be defined. Unlike the rapid turnover of

epithelial keratinocytes [29,30,31], LC turnover is much slower,

between 5 and 10% of cells proliferating per week [32,33]. To

determine the rate of cd T cell proliferation in the epidermis,

control BKS db/+ mice were treated for one week with BrdU in

the drinking water and skin cd T cells were analyzed for BrdU

incorporation at 6- and 10-weeks of age. Skin cd T cell

proliferation in 6- and 10-week old lean db/+ mice averaged

approximately 11% of the total cells proliferating per week

(Figure 2E, left panels).

BrdU incorporation was then quantified in 6- and 10-week old

BKS db/db mice to ascertain whether decreased proliferation

accounts for diminished skin cd T cell numbers in the db/db

mouse. In contrast to the 10–12% BrdU incorporation of skin cd
T cells in 6-week old lean db/+ mice, only half as many cd T cells

incorporated BrdU in db/db mice (Figure 2E, right panel, and
2F). This reduced percentage of cd T cells isolated from 6-week

old db/db mice indicates decreased skin cd T cell turnover in the

BKS db/db mouse. Turnover of epithelial keratinocytes confirmed

that BrdU was reaching the skin and being incorporated at a

similar rate in 6-week old BKS db/+ and db/db (Figure 2G). In

contrast to 6-week old mice, skin cd T cells from obese 10-week

old db/db mice had a similar percentage of skin cd T cells

incorporating BrdU as compared to control db/+ mice

(Figure 2E, right panel, and 2F). This correlates with the

data presented in Figure 1B, which shows that cd T cell numbers

stabilize in 10-week old db/db mice.

To confirm that skin cd T cells were not undergoing increased

apoptosis in BKS db/db mice, freshly isolated cd T cells from the

epidermis were stained with annexin-V and subject to propidium

iodide incorporation (PI). No significant changes in skin cd T cell

annexin+PI+ populations were detected between lean db/+ and

obese db/db animals at multiple ages (Figure S3A). Furthermore,

to verify that skin cd T cells in the obese environment were not

migrating out of the epidermis, whole skin cross-sections were

stained with cd TCR-specific antibodies and analyzed by

immunofluorescent microscopy. We established that cd T cells

in the BKS db/db mouse remained localized to the epidermis and

hair follicles (Figure S3B) and were not found migrating into the

dermis. Additionally, skin-specific Vc3+ T cells were not detected

in lymph nodes providing further evidence that they have not

migrated out of the epidermis (Figure S3C).

Taken together, this data demonstrates that hyperglycemia

impacts skin cd T cell proliferation, specifically at 6-weeks of age,

ultimately reducing the population of skin cd T cells in the

epidermis by half. However, by 10-weeks of age, the remaining

skin cd T cells in the db/db animals have overcome the impaired

proliferation induced by hyperglycemia.

Skin cd T cells are unresponsive to tissue damage in
obesity

Since a population of skin cd T cells survived the hyperglycemic

environment, we next asked whether the remaining skin cd T cells

in the 10-week old db/db mice were able to respond to epithelial

damage in vivo. One major function of skin cd T cells is to

recognize epithelial tissue damage and release cytokines and

growth factors that facilitate wound repair. To investigate whether

the remaining skin cd T cells in the obese mouse are able to

Skin cd T Cells in Obesity
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rapidly respond following injury, we monitored the ability of skin

cd T cells to retract their dendrites at the wound edge. Following

injury and activation through their TCR, cd T cells round-up at

the wound edge and lose their dendritic morphology [1]. Cells

distal to the wound site remain dendritic [1], confirming that this is

a localized response to tissue damage. Full-thickness punch biopsy

wounds were performed on obese 10- to 14-week old BKS db/db

mice and skin cd T cell morphology was examined at various time

points by immunofluorescent microscopy. Our data indicates that

skin cd T cells in the obese db/db mice were delayed in their ability

to round following wounding as compared to lean db/+ control

mice (Figure 3A). These results were confirmed by quantifying

the number of cd T cells having retracted all their dendrites

(Figure 3B).

Another characteristic feature of skin cd T cell activation is the

upregulation of several Th1-type proinflammatory cytokines,

including TNFa [34]. To determine if skin cd T cells in obese

mice have lost their ability to produce cytokines, we examined

TNFa production by cd T cells located along the wound edge.

Full-thickness punch biopsy wounds were performed, cd T cells

were isolated from the wound edge, treated with brefeldin A and

immediately stained using intracellular cytokine staining. This

technique allows for the examination of skin cd T cell function

immediately ex vivo without any additional stimulus beyond the

wound. In wild-type mice, cytokine production (using TNFa as a

readout) was upregulated in skin cd T cells directly adjacent to the

wound site in control BKS db/+ mice (Figure 3C). However, cd
T cells isolated from the wounds of obese 10- to 14-week old BKS

db/db mice did not produce TNFa (Figure 3C).

We confirmed our in vivo wound healing results in another

mouse model of obesity, the diet-induced obesity (DIO) model.

C57BL/6J mice were started on a 60% kcal fat diet (B6 HFD) at 6

weeks of age compared to the normal chow diet (B6 NCD) (Table
S1). As shown in Figure 3D, cd T cells isolated from B6 NCD

mice upregulated TNFa production at the wound edge compared

to non-wounded controls. However, similar to BKS db/db animals,

skin cd T cells isolated from 26- to 32-week old B6 HFD mice had

little upregulation of TNFa at the wound edge (Figure 3D).

In addition to early release of proinflammatory molecules,

growth factor production is another key function of skin cd T cells

in response to epithelial damage. We therefore reasoned that this

functional response of skin cd T cells was likely to be disrupted in

skin cd T cells in the obese environment. To address this directly,

we investigated intracellular TGFb1 production in skin cd T cells

isolated from wounded lean control and obese animals. Skin cd T

cells from control 10- to 14-week old BKS db/+ animals increased

TGFb1 production at the wound edge 24 hours post-wounding

(Figure 3E). However, skin cd T cells from obese 10- to 14-week

old db/db mice had little to no upregulation in TGFb1 expression

(Figure 3E). This defective TGFb1 production was confirmed in

our second model of obesity, the DIO model. Skin cd T cells

isolated from the wound edge of B6 NCD mice upregulated

TGFb1 production, however, skin cd T cells isolated from the

wound edge of 26- to 32-week old B6 HFD mice had impaired

TGFb1 upregulation (Figure 3F). Therefore, in addition to

defective cytokine production, skin cd T cells in obesity and

metabolic disease were unable to upregulate TGFb1 production at

the wound edge, an important growth factor in several aspects of

wound repair.

Delayed rounding and the inability of skin cd T cells to produce

cytokines at the wound edge only occurred in obese 10- to 14-week

old db/db animals. Skin cd T cells in 6-week old db/+ and db/db

mice retracted their dendrites similarly within 4 hours post

wounding and were able to upregulate TNFa adjacent to the

wound edge (data not shown). Together, this data suggests two

separate stages of disease: 1) an early defect in skin cd T cell

proliferation due to hyperglycemia that eventually results in half

the number of skin cd T cells residing in the epidermis and 2) a

later defect characterized by the inability of skin cd T cells to

perform tissue repair functions in vivo.

Impaired skin cd T cell nutrient sensing and activation in
obesity

The inability of skin cd T cells to be activated and produce

cytokines and growth factors following epithelial damage occurred

only in 10- to 14-week old BKS db/db and not 6-week old mice.

This unresponsive state was not caused by hyperglycemia and

suggests that other environmental factors, such as chronic

inflammatory factors, or cell-intrinsic factors may be responsible

for the lack of tissue damage responses. To better understand the

impact of metabolic disease on skin cd T cells, we performed

microarray analysis on skin cd T cells sorted from total epidermal

cell preparations from 10-week old BKS lean db/+ and obese db/

db mice.

Based on the gene array, we found that skin cd T cells

differentially express NR4A1 and NR4A3, two orphan nuclear

receptors which have been shown to sensitize muscle to insulin and

have been reported to be underexpressed in obesity and type 2

diabetes [35]. We observed reduced expression of both NR4A1

and NR4A3 in cd T cells isolated from obese db/db mice

(Figure 4A), suggesting that skin cd T cells residing in db/db

animals have decreased insulin sensitivity. Additionally, Pdk1, a

central molecule that regulates Akt function, and two members of

the mTORC2 complex, Rictor and Sin 1 (Mapkap1), all display

decreased gene expression in skin cd T cells isolated from obese

db/db mice (Figure 4B). Together these genes, which are

necessary for the growth and function of cd T cells [36], were

altered in obese mice and reveal a breakdown in the normal

signaling pathways required for skin cd T cells homeostasis and

function.

Figure 2. Regulation of skin cd T cell proliferation by glucose is associated with decreased STAT5B phosphorylation. (A) In vitro
growth of cd 7–17 T cell line treated with 33.3 mM glucose at 0, 24 and 48 hours. Data (mean 6 SD) presented as the % of glucose treated cells to
untreated control cells. (B, C) Proliferation of (B) cd 7–17 T cells and (C) freshly isolated cd T cells sorted from wild-type B6 mice in IL-2 containing
growth media supplemented with elevated glucose concentrations. Each experiment was performed in triplicate, data presented as mean 6 SD. (D)
The kinetics of expression of phosphorylated STAT5A and STAT5B following 40U/ml IL-2 stimulation in untreated and glucose treated cd 7–17 T cells.
Total STAT5 expression demonstrates even loading and expression. (E) Multiparameter flow cytometry of BrdU incorporation by skin cd T cells
isolated from 6- and 10-week old BKS db/+ and db/db mice treated with BrdU for 7 days. The same number of events is presented for each dot plot,
numbers indicate the percent of cd T cells that have incorporated BrdU. Epidermal cells were gated on live Thy1.2+ events for cd T cells. (F) Graphical
representation of the ratio of BrdU incorporation by cd T cells in BKS db/+ to db/db mice at 6-weeks and 10-weeks of age, n = 3 per strain and age.
Shown are black dots to represent the ratio of each experiment, the black line represents the average of three experiments. (G) Multiparameter flow
cytometry of BrdU incorporation by keratinocytes isolated from 6-week old BKS db/+ and db/db mice treated with BrdU for 7 days. The same number
of events is presented for each dot plot, numbers on the right indicate the percent of keratinocytes that have incorporated BrdU. Epidermal cells
were gated on live cd TCR2 events for keratinocytes. Data are representative of five (A, B) or three (C–G) separate experiments.
doi:10.1371/journal.pone.0011422.g002
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A breakdown in skin cd T cell signaling pathways may result in

changes to their characteristic innate T cell phenotype and

function. Skin cd T cells express a Vc3Vd1 TCR and

constitutively elevated levels of the activation markers CD69 and

CD25 (IL-2 receptor a), suggesting that they are primed to rapidly

respond to TCR-mediated activation and growth factors, such as

IL-2 [1,36,37]. No changes were observed in the expression of

activation markers on skin cd T cells isolated from 6-week old

BKS db/+ and db/db mice (Figure S4A). However, in obese db/db

mice at 10-weeks of age, skin cd T cells reproducibly displayed

diminished levels of CD69, CD25 and CD103 (Figure 4C).

Furthermore, cd TCR expression was reproducibly decreased in

10-week old obese db/db mice (Figure 4D), but no decrease in cd
TCR expression was observed in 6-week old db/db mice (Figure
S4B). Decreased expression of activation markers and cd TCR

may be due to overstimulation by stressed keratinocytes in obesity

and metabolic disease.

cd TCR does not contribute to epidermal T cell
dysfunction in obesity

To investigate the contribution of the cd TCR to the

hyporesponsive state of skin cd T cells in obesity, we crossed B6

d2/2 and B6 db/+ animals to generate mice lacking cd TCR that

develop obesity and metabolic disease (Figure 5A). The epidermis

of cd T cell knockout mice (d2/2) lacks Vc3+ T cells but does have

an ab T cell population that takes up residence, however, these ab
T cells do not respond to keratinocyte damage [37]. No differences

in breeding, litter size or growth of the animals were observed in

the B6 d2/2 db/db mice as compared to B6 db/db animals. Both

male and female B6 d2/2 db/db mice gained weight and became

obese similar to B6 db/db mice (Figure 5B).

To determine the impact of the cd TCR on maintenance of

homeostatic numbers of epidermal T cells in d2/2 db/db animals,

epidermal ab T cells were visualized using immunofluorescent

microscopy. In both d2/2 db/+ control and d2/2 db/db mice, the

only T cell population in the epidermis was CD3+ ab T cells; no

cd T cells or other CD3+ populations were present, similar to the

epidermal T cell makeup of B6 d2/2 mice (data not shown).

However, in 14-week old obese d2/2 db/db mice there were

,30% fewer epidermal ab T cells compared with lean d2/2 db/+
control animals (Figure 5C). This suggests that the keratinocyte

antigen-specific cd TCR is not necessary for the decline in

epidermal T cell numbers observed in obesity.

Although the epidermal ab T cells identified in B6 d2/2 mice

are not responsive to keratinocyte damage, they do express the

activation markers CD69, CD25 and CD103 similar to cd T cells

in the skin [37]. Since expression of these molecules was

diminished on cd T cells in the obese environment, we determined

whether activation markers on epidermal ab T cells in the B6

d2/2 db/db mouse were similarly affected. Decreased expression of

both CD69 (Figure 5D) and CD25 (data not shown) was

observed on epidermal ab T cells in 14-week old obese B6 d2/2

db/db mouse similar to that observed on epidermal cd T cells in

obese B6 db/db mice. Together, this data suggests that the

hyporesponsiveness observed in cd T cells of obese mice is not

TCR mediated or a direct consequence of overactivation by

stressed keratinocytes. Therefore, dysfunction of skin cd T cells in

obesity and metabolic disease may be a direct consequence of the

inflammatory milieu of the obese environment.

Rescue of skin cd T cell function ex vivo
If the environment in obesity and metabolic disease contributes

to skin cd T cell dysfunction, we hypothesized that removal from

this environment would improve skin cd T cell function. To

investigate whether the response of skin cd T cells in obese mice

can be restored by removal from their environment, we isolated

epidermal sheets from 10- to 14-week old obese BKS db/db mice

and lean db/+ controls and stimulated the skin-resident T cells in

vitro with anti-CD3e antibody. After 6 hours in culture, we

visualized epidermal sheets by immunofluorescent microscopy and

quantified the number of dendrites per cell to determine cellular

rounding after stimulation. The majority of cd T cells in

unstimulated epidermal sheets exhibited 3 or more dendrites per

cell (Figure 6A). However, after anti-CD3e stimulation, cd T cells

began to round up similarly in epidermal sheets isolated from

obese db/db and control db/+ mice, as indicated by the reduced

number of skin cd T cells with 3 or more dendrites per cell

(Figure 6A and 6B). This indicates that removing epidermal cells

from the obese db/db mouse, where they were unable to round

upon wounding, restores the ability of cd T cells to respond to

stimulation.

Since stimulating epidermal sheets from obese db/db mice ex vivo

restored the ability of skin cd T cells to round, we next identified

whether other cd T cell functions could be rescued as well. To

determine if cytokine production could be restored by removing

cd T cells from the obese environment, we isolated epidermal cells

from 10- to 14-week old BKS lean db/+ and obese db/db mice and

cultured them in plates either coated with PBS (unstimulated) or

anti-CD3e antibody. Strikingly, upon removal from the obese

environment, anti-CD3e stimulated skin cd T cells from obese db/

db mice were able to produce cytokines, such as TNFa, and

upregulate the activation marker CD25 to a similar degree as skin

cd T cells isolated from control db/+ animals (Figure 6C).

Together, these data demonstrate that the dysfunction of skin cd T

cells in the obese db/db mouse is not permanent. It suggests that by

removing extrinsic factors present in obesity and metabolic disease

through the isolation of these cells from the epidermis, the

hyporesponsive state of skin cd T cells can be reversed.

Blocking TNFa in obese mice restores skin cd T cell
function in epithelial repair

Increased plasma TNFa levels correlate with obesity and insulin

resistance in both humans and animals [38]. Our microarray data

revealed that several members of the TNFa signaling pathway

were increased in skin cd T cells isolated from obese db/db mice,

including Traf2, Tradd and Ripk1 (Figure 7A), which lead to

activation of NF-kB and Jun N-terminal kinase (JNK) [39]. As

Figure 3. Obese mice display impaired skin cd T cell wound healing functions after injury. (A) Immunofluorescent staining for cd TCR in 12-
week old lean BKS db/+ and obese db/db mice four hours post-wounding. The white dashed line represents the wound edge and arrowheads depict cd T
cells that have rounded near the wound edge. A minimum of 10 images was acquired at the wound edge for each experiment and the number of
dendrites was determined per cell, a minimum of 300 total cells were counted. (B) Shown is the percentage of cd T cells with 0 dendrites per cell (mean
6 SEM). All images were acquired at6200 magnification. (C, D) Skin cd T cell production of TNFa in non-wounded and wounded skin tissue of (C) 12-
week old BKS db/+ and db/db mice and (D) 27-week old B6 NCD and HFD mice. The numbers represent the percentage of cells expressing TNFa. Skin cd
T cell production of TGFb1 in non-wounded and wounded skin tissue of (E) 12-week old BKS db/+ and db/db mice and (F) 27-week old B6 NCD and HFD
mice. The numbers represent the percentage of cells expressing TGFb1. Epidermal cells were gated on live Thy1.2+ and cd TCR+ to distinguish cd T cells.
Shown is one representative experiment, a minimum of three experiments were performed with similar results (A–F).
doi:10.1371/journal.pone.0011422.g003
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Figure 4. Impaired activation and nutrient sensing by skin cd T cells in obese mice. (A, B) Microarray analysis of skin cd T cells isolated
from 10-week old BKS db/+ and db/db mice. Shown is gene expression of molecules associated with (A) insulin sensitivity and (B) PI3K/Akt/mTOR
signaling. Data is presented as the mean of two independent experiments 6 SEM. (C) Multiparameter flow cytometry of CD69, CD25 and CD103 on
the cell surface of cd T cells isolated from BKS db/+ and db/db in mice at 10-weeks of age. Numbers in the top right corners indicate percent of cd T
cells. (D) cd TCR expression on cd T cells isolated from BKS db/+ (solid line) and db/db (shaded gray) at 10-weeks of age. Dotted lines represent
unstained controls. Epidermal cells were gated on live Thy1.2+ to distinguish cd T cells. A minimum of three experiments were performed per age,
shown is one representative experiment for each, the same number of events is presented for each dot plot.
doi:10.1371/journal.pone.0011422.g004

Figure 5. cd TCR does not contribute to defective skin cd T cells in obese mice. (A) d2/2 db/db mice were generated by breeding C57BL/6J
d2/2 mice with C57BL/6J db/+ mice. (B) Weight of d2/2 db/db and B6 db/db obese mice compared to their d2/2 db/+ and B6 db/+ lean littermates.
Data is presented as the mean weight 6 SD. Between two and eleven mice were weighed per age per strain. (C) Graphical representation of the
number of epidermal T cells at 14-weeks of age. Skin cd T cells were counted in epidermal ear sheets from three d2/2 db/+ mice and four d2/2 db/db
mice. The mean was determined for each experiment (black dots) and the black line represents the average of all the experiments. A minimum of 15
fields were counted for each mouse per experiment, with a minimum of 500 cells per experiment, a minimum of three independent experiments
were performed. (D) Multiparameter flow cytometry of CD69 expression on the cell surface of cd T cells isolated from B6 db/+ and db/db and d2/2

db/+ and db/db mice at 14-weeks of age. Numbers on the top right corner indicate percent of ab T cells. Epidermal cells were gated on live CD3+ and
Thy1.2+ to distinguish epidermal T cells. A minimum of three experiments were performed, shown is one representative experiment, the same
number of events is presented for each dot plot.
doi:10.1371/journal.pone.0011422.g005
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Figure 6. The obese environment inhibits skin cd T cell function. (A) Skin cd T cell morphology changes in epidermal sheets isolated from 10-
to 14-week old BKS db/+ and db/db following in vitro stimulation with 10 mg/ml anti-CD3e antibody compared to unstimulated control. All
microscopy images were acquired at 6200 and the bar represents 0.05 mm. (B) Shown is a graphical representation of the percentage of skin cd T
cells with 0, 1, 2 or $3 dendrites, which represent the degree of cd T cell rounding (mean 6 SEM), in epidermal ear sheets from 10- to 14-week old
BKS db/+ and obese db/db animals stimulated with 10 mg/ml anti-CD3e antibody. Three independent experiments were performed, a minimum of 10
fields were counted for each, and this data represents the average of all 35 fields and approximately 1000 total cells. (C) Multiparameter flow
cytometry of TNFa production and CD25 expression by cd T cells isolated from 10- to 14-week old BKS db/+ and db/db mice following overnight
stimulation with 1 mg/ml anti-CD3e. Numbers in the upper right corner indicate percent cd T cells. Epidermal cells gated on live Thy1.2+ events. Data
are representative of at least three independent experiments.
doi:10.1371/journal.pone.0011422.g006
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Figure 7. Neutralization of TNFa rescues skin cd T cell function at the wound site. (A, B) Microarray analysis of skin cd T cells isolated from
10-week old BKS db/+ and obese db/db mice. Shown is gene expression of molecules associated with TNFa signaling. Data is presented as the mean
of two independent experiments 6 SEM. (C) Epidermal sheets isolated from 10- to 14-week old BKS db/+ and obese db/db animals either
unstimulated or stimulated with 10 mg/ml anti-CD3e antibody and 100 ng/ml TNFa. All microscopy images were acquired at 6200 and the bar
represents 0.05 mm. (D) Quantification of the percentage of skin cd T cells with 0, 1, 2 or $3 dendrites, which represent the degree of cd T cell
rounding (mean 6 SEM), in epidermal ear sheets from 10- to 14-week old BKS db/+ and obese db/db animals stimulated with 10 mg/ml anti-CD3e
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shown in Figure 7B, downstream molecules contributing to

survival, such as Birc5 (survivin), are increased in skin cd T cells

isolated from obese db/db animals. However, molecules that

negatively regulate Ripk1 and Jnk signaling, such as Tnfaip3 (A20)

and GADD45b respectively [40], are decreased in cd T cells

isolated from obese db/db mice.

Since elevated gene expression of TNFa signaling molecules

was observed in skin cd T cells isolated from obese db/db mice, we

set out to determine the consequence of elevated and chronic

TNFa levels on skin cd T cell function. Exogenous TNFa was

added to cultured epidermal sheets isolated from control and

obese animals. If TNFa alone contributes to the suppressive

inflammatory milieu, skin cd T cells would remain impaired upon

ex vivo stimulation in the presence of this cytokine. Epidermal

sheets from 10- to 14-week old lean db/+ mice, which have not

been exposed to chronic TNFa in their environment, rounded

when stimulated with anti-CD3e antibody in the presence of acute

TNFa (Figure 7C and 7D). However, cd T cells in epidermal

sheets isolated from obese db/db animals, which have been

exposed to elevated and chronic TNFa in their environment,

displayed delayed rounding when stimulated with anti-CD3e
antibody only if TNFa was present (Figure 7C and 7D). As

shown in Figure 6A, epidermal sheets from obese db/db mice

were able to round following stimulation with anti-CD3e antibody

alone. This suggests that TNFa alone alters the ability of skin cd T

cells to round following stimulation, providing a mechanism for

skin cd T cell dysfunction.

Due to the contribution of chronic TNFa to cd T cell

dysfunction, we investigated whether skin cd T cell responses to

tissue damage could be restored in vivo by treatment with

neutralizing anti-TNFa antibody. 10- to 14-week old obese db/

db animals were treated daily for a minimum of four days with

1 mg/kg anti-TNFa or IgG control antibody. On day 4, full-

thickness punch biopsy wounds were performed on each animal

and epidermal cells were isolated around the wound edge 24 hours

post-wounding. Skin cd T cells isolated from obese db/db animals

treated with anti-TNFa antibody showed improved TGFb1

production as compared to db/db animals treated with IgG control

antibody (Figure 7E). Similar rescue of TNFa production was

observed in skin cd T cells isolated from db/db animals treated

with anti-TNFa (Figure 7F). A significant improvement in skin

cd T cell function at the wound site suggests that chronic

inflammatory conditions, specifically in the form of TNFa,

contributes to skin cd T cell hyporesponsiveness to in vivo

wounding in obesity and metabolic disease.

Discussion

Skin cd T cells contribute to homeostatic maintenance of the

epidermis and respond early to epithelial damage. Skin compli-

cations associated with obesity, metabolic disease and type 2

diabetes include barrier dysfunction, chronic non-healing wounds

and increased infection. Due to their role in epidermal homeostasis

and early response to keratinocyte damage, we investigated

whether skin cd T cell are functional in mouse models of obesity

and metabolic disease. Strikingly, we observed a biphasic

progression of epidermal T cell dysfunction and the parameters

responsible for each phase of T cell dysfunction were distinct.

Hyperglycemia impacted early skin cd T cell proliferation and

homeostasis, ultimately resulting in reduced epidermal T cell

numbers. Chronic inflammation, occurring later in metabolic

disease, rendered skin cd T cells hyporesponsive to in vivo

stimulation. In spite of this, skin cd T cell dysfunction was

reversible as improved cytokine production to in vivo stimulation

was restored by systemic anti-TNFa antibody treatment. To our

knowledge, this is the first description correlating different stages of

lymphocyte dysfunction to disease progression in obesity.

Nutrients, such as glucose, are critical for lymphocyte survival,

proliferation, differentiation and function [41,42]. Many growth

factors, such as insulin, IGF-1 and members of the common cc

cytokine family (IL-2, IL-4, IL-7, IL-15) increase glucose uptake

and metabolism via signaling through the PI3K/Akt pathway

[42]. For example, IL-7 signaling in lymphocytes results in STAT5

and PI3K/Akt activation-induced glucose uptake [43]. However,

we report here that during the first phase of dysfunction, skin cd T

cells are highly susceptible to alterations in glucose concentrations.

Similarly, both ab T cells and B cells have been shown to exhibit

reduced proliferation when exposed to elevated glucose concen-

trations in vitro [43]. This suggests that although glucose and other

nutrients may be critical for lymphocyte homeostasis and function,

a chronic overabundance of nutrients is detrimental to the

maintenance of cd T cells in the epidermis.

Elevated glucose resulted in altered STAT5 phosphorylation

after IL-2 stimulation in vitro and ultimately impaired cd T cell

proliferation. STAT5A/B signaling is critical to cd T cells as mice

deficient in STAT5A/B lack cd T cells [27]. The inability of

glucose-treated cd T cells to phosphorylate STAT5B in response

to IL-2 points directly to an effect on proliferation as mice

expressing a constitutively active STAT5B have an expanded cd T

cell population [44]. Additionally, the severity of loss of skin cd T

cells in BKS db/db mice correlates with a period of rapid

expansion of cd T cells in the epidermis at 6-weeks of age. The

hyperglycemic conditions during this seeding are severe in BKS

db/db mice which may explain the sharp decrease in cd T cells.

Overall, these data demonstrate that skin cd T cells are highly

sensitive to metabolic changes, such as hyperglycemia, in the

cellular environment and respond to this stress by shutting down

nutrient sensing pathways, such as cytokine and growth factor

signal reception, resulting in decreased homeostatic proliferation

and a reduced epidermal T cell compartment.

In the next phase of metabolic disease, skin cd T cells become

unresponsive to tissue damage, resulting in reduced production of

skin cd T cell cytokines and growth factors. Skin cd T cells are

important mediators of inflammation and tissue repair as mice

deficient in cd T cells (d2/2 mice) exhibit delayed wound healing

[1]. Additionally, skin-resident T cells in chronic wounds isolated

from human patients do not upregulate growth factor production,

which may contribute to the inability of chronic non-healing

wounds to resolve [19]. In addition to the production of cytokines

by skin cd T cells early in tissue damage, skin cd T cells also

produce growth factors which are critical to skin homeostasis [16].

We observed a decrease in homeostatic TGFb1 production by skin

cd T cells and an inability to upregulate TGFb1 following injury

in obesity and metabolic disease. In the skin, the effects of TGFb1

antibody and 100 ng/ml TNFa. Three independent experiments were performed, a minimum of 10 fields were counted for each, and this data
represents the average of all 35 fields and approximately 1000 total cells. (E, F) Fold change in MFI of (E) TGFb1 and (F) TNFa expression in skin cd T
cells isolated from the wound edge compared to non-wound edge cells. Skin cd T cells from 10- to 14-week old BKS db/+ mice were used as a positive
control, 10- to 14-week old db/db mice were either treated with 1 mg/kg IgG control antibody or anti-TNFa antibody for a minimum of four days.
Shown in fold change in MFI for 3 separate experiments, significance was determined by t-test.
doi:10.1371/journal.pone.0011422.g007
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are broad and contribute to various aspects of wound healing

including inflammation, angiogenesis, tissue remodeling and

reepithelialization [45]. Altered TGFb1 production by skin cd T

cells in obesity and metabolic disease may impact multiple phases

of epidermal homeostasis and early and late stages of tissue repair.

To understand how the environment impacts the ability of skin

cd T cells to respond to in vivo damage, we performed microarray

analysis to investigate alterations in gene expression and found an

increase in expression of molecules involved in TNFa signaling. In

primary cells, TNFa induces NF-kB but not cell death pathways,

and chronic TNFa would predictably result in chronic NF-kB

activation, gene expression and survival [39]. This persistent

activation leads to the induction of reactive oxygen species [39],

which can attenuate T cell responses [46,47], and uncouple TCR

signal transduction, resulting in lower cell surface expression of the

TCR/CD3 complex [48]. This supports our observation that cell

surface cd TCR expression is decreased and downstream

molecules regulating survival and negative feedback of NF-kB

signaling were altered in skin cd T cells isolated from obese mice.

In addition, chronic TNFa and persistent NF-kB activation

negatively impact other cell signaling pathways, including PI3K/

Akt/mTOR signaling [36,49,50]. TNFa and NF-kB suppress

TSC1 inhibition of mTORC1, resulting in hyperactive mTORC1

activity, which contributes to insulin resistance [50]. Recently,

mTORC1 has been shown to negatively inhibit mTORC2

signaling, a necessary complex for Akt activation, and may

negatively inhibit growth factor signaling in pathways that don’t

require IRS-1 [51]. Furthermore, knockdown or deletion of

mTORC2 complex molecules, including Rictor, Sin1 and Gbl,

result in defective mTORC2 complex assembly and Akt activation

[52,53,54]. Both mTORC1 and mTORC2 have been shown to

be critical for skin cd T cell homeostasis and in vivo wound healing

response [36]. Chronic TNFa stimulation of skin cd T cells results

in direct effects, including alterations in TCR expression, and

effects on other signaling pathways, including mTOR and Akt.

These alterations in signaling ultimately render epidermal T cells

hyporesponsive to barrier tissue disruption and keratinocyte

damage.

Together, our data demonstrate that obesity and metabolic

disease negatively impact the homeostasis and wound healing

functions of cd T cells located in the epidermal barrier. The

impact of chronic TNFa on cd T cells was reversible, suggesting

that therapeutic strategies targeting the inflammatory environment

and cd T cell dysfunction may provide additional treatments for

complications associated with obesity, metabolic disease and type

2 diabetes. In addition to the skin, intraepithelial cd T cells reside

in multiple barrier tissue locations, including the lung and

intestinal tract, and the impact of metabolic disease on the

function of other resident cd T cell populations is unknown. The

consequence of reduced numbers and unresponsiveness of cd T

cells in multiple barrier tissues would result in compromised ability

to protect against damage or environmental insults and increased

susceptibility to infection. This study demonstrates a previously

unrecognized biphasic progression of skin cd T cell dysfunction in

obesity and metabolic disease, in which hyperglycemia impacts

skin cd T cell proliferation and homeostasis and chronic

inflammatory mediators alter skin cd T cell response to barrier

damage.

Materials and Methods

Ethics Statement
All animals were handled in strict accordance with good animal

practice as defined by the relevant national and/or local animal

welfare bodies. All animal work was approved by The Scripps

Research Institute Institutional Animal Care and Use Committee

(protocol 08-0057).

Mice
Wild-type C57BLKS/J, BKS-Leprdb heterozygous (C57BLKS/J

db/+), and B6- Leprdb heterozygous (C57BL/6J db/+) mice were

purchased from The Jackson Laboratory (Bar Harbor) and were

housed and bred at The Scripps Research Institute (TSRI). Wild-

type C57BL/6J mice were bred at TSRI Rodent Breeding

Colony. For high fat diet experiments, wild-type male C57BL/6J

mice were placed on a 60 kcal% fat diet (Research Diets) at 6

weeks of age, control mice were maintained on a 5 kcal% (Harlan

Laboratory) or a 10 kcal% (Research Diets) diet. To generate

d2/2 db/db mice, C57BL/6J d2/2 were crossed with C57BL/6J

db/+ mice to generate d2/2 db/+ mice. All mice were periodically

weighed and blood glucose monitored by an Ascensia Elite XL

blood glucose monitor (Bayer). BKS db/+ and db/db mice were

assayed at 6 weeks and at 10- and 14-weeks of age. For HFD

experiments, mice were assayed after 20 to 26 weeks on HFD.

Mice were given access to food and water ad libitum and were

housed in sanitized conditions.

Flow cytometry
FITC-, PE-, or allophycocyanin-conjugated monoclonal anti-

bodies specific for cd TCR (GL3), Vc3+ (536), CD25 (PC61),

TNFa (MP6-XT22), CD45.2, IL-4Ra and Thy1.2 (53.2.1) were

purchased from BD Biosciences, CD69 (H1.2F3), CD103, CD3e,
and Langerin antibodies were purchased from eBioscience, and

TGFb1 was purchased from R&D Systems. The BD Bioscience

Cytofix/Cytoperm kit was used for intracellular staining and

Annexin-V/PI kit for flow cytometry. Cells were acquired with

DiVa 5.0 software on a Digital LSRII (BD Biosciences) and

analyzed with FlowJo software (Tree Star, Inc.). For FACS plots,

gating was determined for each individual experiment using

negative or isotype controls.

In vitro cd 7–17 cell line
The skin cd T-cell line 7–17 was maintained in complete RPMI

(Mediatech, Inc.) supplemented with 10% heat-inactivated FBS

and 20U/ml IL-2. For proliferation studies, 7–17 cells were plated

at 16105 cells per well in a 96 well flat bottom plate in IL-2

containing growth media with either glucose (MediaTech) or fatty

acids (palmitic acid, oleic acid and linoleic acid (Sigma)). Cells

were pulsed with 1 mCi/well [3H]thymidine (MP Biomedicals),

harvested and incorporation of radioactive material was deter-

mined using a b-counter (Beckman). Fatty acids were prepared for

cell culture assays as described elsewhere [55]. For analysis of

phosphorylated STAT5A and STAT5B, 7–17 cells were pre-

treated with starvation media for 4 hours, then placed into IL-2

containing growth media supplemented with 33.3 mM glucose for

24 hours. Cells were starved for additional 4 hours +/2 glucose,

followed by treatment with 40U/ml IL-2. Cells were lysed in

TritonX Lysis Buffer, analyzed by Western blot using antibodies

against phosphorylated STAT5A/STAT5B (Tyr694) and total

STAT5 (Cell Signaling), probed with secondary goat anti-rabbit

IgG-HRP (Southern Biotech) and developed with Super Signal

West Pico Chemiluminescence Kit (Thermo Scientific).

Epidermal cell preparation
Epidermal cells were isolated from mouse skin as described

previously [1,37] and rested at 37uC for 3–16 hours followed by

antibody staining and flow cytometric analysis. For in vitro
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stimulation experiments, epidermal cells were isolated from mouse

epidermis and placed into culture in complete DMEM media

(Mediatech, Inc.) supplemented with 10% heat-inactivated FBS

(Omega Scientific) and stimulated overnight with pre-coated

anti-CD3e antibody at 1 mg/ml. Approximately 16 to 18 hours

after culturing, cells were treated with 5 mg/ml brefeldin A (Sigma)

for 4 hours at 37uC, isolated and stained intracellularly with

antibodies for flow cytometry. All cells were cultured at 37uC and

5% CO2.

Freshly isolated cd T cells
Epidermal cell preparations were prepared from wild-type

C57BL/6J mice as described above, and cd T cells were sorted on

a FACSAria (TSRI Flow Cytometry Lab) based on anti-Thy1.2

antibody staining to a minimum of 95% purity. Skin cd T cells

were collected into FCS, spun down and placed directly into 96

well round bottom plates in normal growth media (cRPMI with

10% FBS and 100U/ml IL-2) with baseline (11.1 mM) or elevated

(33.3 mM) glucose. Cell proliferation was based on [3H]

thymidine incorporation as described above.

BrdU treatment in vivo
Mice were given a one time i.p. injection of 3.3 mg/ml BrdU

(Sigma) in PBS, followed by 7 days of BrdU in their drinking water

at 0.8 mg/ml. Mice were euthanized on day 8 and epidermal cells

were isolated as described above. BrdU incorporation was

detected by using the FITC BrdU Flow Kit (BD Biosciences).

Epidermal ear sheet and whole skin immunofluorescence
Epidermal sheets were isolated and stained as described

previously [1,37]. For in vitro stimulation assays, ears were removed

from control db/+ animals, separated in half and floated on

DMEM media (supplemented with 10% FBS) and treated with

10 mg/ml anti-CD3e antibody or 100 ng/ml recombinant TNFa
(R&D Systems) as indicated. After indicated incubation at 37uC,

ear sheet halves were removed, the epidermal sheet was separated

from the dermis using ammonium thiocyanate and staining was

performed. To visualize cross-sections of mouse skin, whole skin

tissue was embedded in O.C.T. compound (Tissue-Tek), and

10 mm skin sections were cut on a Leica Cryostat. Sections were

fixed with 4% paraformaldehyde for 10 minutes, and immuno-

stained with cd TCR and CD3e antibodies. DAPI was used to

counterstain the sections. Digital images were acquired (Zeiss

AxioCam HRc) and analyzed using Photoshop CS2 software

(Adobe). At least three separate experiments were performed for

each time point and a minimum of 500 cells were quantified per

experiment.

Animal dorsal and ear wounding protocols
Full-thickness biopsy punch wounds were performed on the

dorsal surface and ears of mice as previously described [1,14]. At

the indicated time after wounding, mice were euthanized and

wounds were harvested. Epidermal sheets were isolated for

analysis of cd T cell rounding at the wound site by immunoflu-

orescent microscopy. Epidermal cells were isolated using trypsin as

described above, allowed to rest three hours in the presence of

5 mg/ml brefeldin A at 37uC, and followed by intracellular

antibody staining for TNFa and/or TGFb1 expression and

analysis by flow cytometry. For anti-TNFa treatment, obese db/db

animals were randomly assigned to a treatment group, then

weighed and blood glucose determined before the start of

experiment. Mice received 1 mg/kg either anti-TNFa or IgG

control antibody (Biolegend) each day i.p. for a minimum of 4 days

total. On the final day of treatment, mice were euthanized and

full-thickness punch biopsy wounds were administered as de-

scribed above. Non-wounded skin and skin at the wound edge was

removed 24 hours post-wounding and epidermal cells were

isolated and stained for intracellular cytokine production as

described above.

Microarray analysis
Epidermal cell preparations from mice were isolated and skin cd

T cells were sorted on a FACSAria as described above. Skin cd T

cells were collected directly into TRIzol LS reagent (Invitrogen),

RNA was immediately isolated using the Qiagen RNeasy Micro

RNA Kit and submitted to the TSRI DNA Array Core. 100 ng

product was processed with GeneChip Whole Transcript Sense

Target Labeling Assay (Affymetrix) and cDNA was hybridized

overnight to the Mouse Gene 1.0ST Array (two independent data

sets for each sample). Chips were scanned using the Affymetrix

GeneChip Scanner 3000 7G with default settings and a target

intensity of 250 for scaling. Data normalization was performed

using RMA Express 1.0 with quantile normalization, median

polish and background adjustment. This data has been deposited

in NCBI’s Gene Expression Omnibus and is accessible through

GEO Series accession number GSE22196.

PCR determination of Lep and Lepr isoforms (Ob-Ra and
Ob-Rb)

RNA was isolated from primary sorted skin cd T cells or 7–17

cell lines with TRIzol reagent and transcribed into cDNA with

reverse transcriptase (Invitrogen). 1 ml cDNA was amplified using

PCR with primers directed against Ob-Ra and Ob-Rb for 35

cycles [56], leptin for 30 cycles [57] and b-actin controls [1]. A

plasmid containing leptin cDNA was kindly provided by Dr. Luc

Teyton (The Scripps Research Institute, La Jolla).

Lymph node staining
Lymph nodes were isolated from mice and pooled. Cells were

mechanically disrupted from the tissue by gently agitating between

two frosted slides in DMEM. Cells were stained for flow

cytometric analysis using antibodies listed above.

Statistic analysis
Data are presented as mean 6 SEM or mean 6 SD and

significance was determined using the t-test function of Microsoft

Excel (two-tailed).

Supporting Information

Table S1

Found at: doi:10.1371/journal.pone.0011422.s001 (0.04 MB

DOC)

Figure S1 Expression of Leptin and Leptin Receptor in skin cd
T cells. RT-PCR for expression of Lep mRNA in skin cd T cells

isolated from BKS db/+ and db/db mice, or from skin cd 7-17 T

cells 61 mg/ml anti-CD3e stimulation for 2 hours or 24 hours.

Shown is Lep cDNA positive control and H2O negative control.

Expression of Lepr isoforms, Ob-Ra and Ob-Rb, mRNA was not

detected in mouse cd T cells. RT-PCR for expression of Lepr in

skin cd T cells isolated from BKS db/+ and db/db mice, or in 7–

17 skin cd T cells 61 mg/ml anti-CD3e stimulation for 2 hours or

24 hours. Shown is whole liver positive control and H2O negative

control. b-actin expression was used to control for all PCR

reactions.

Found at: doi:10.1371/journal.pone.0011422.s002 (0.34 MB TIF)
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Figure S2 Fatty acids do not inhibit skin cd T cell growth.

Proliferation of skin cd 7–17 T cells in IL-2 containing growth

media supplemented with palmitic, lineolic and oleic acid between

0 and 200 mM. Each experiment was performed in duplicate, data

presented as mean 6 SD.

Found at: doi:10.1371/journal.pone.0011422.s003 (0.28 MB TIF)

Figure S3 Skin cd T cells in the db/db mouse are not

undergoing apoptosis or migration. (A) Multiparameter flow

cytometry of annexin-V/PI staining of skin cd T cells, gated on

Thy1.2+ expression, at 6-, 8- and 14-weeks of age. Numbers

indicate the percent of cd T cells. A minimum of two experiments

were performed per time point, shown is one representative

experiment. (B) Skin sections from 10- to 14-week old BKS db/+
and db/db mice were immunostained with cd TCR (red) and dapi

(blue). Three separate experiments were performed with similar

results. Magnification is 6200, bar represents 0.05 mm. (C) cd T

cell populations in skin-draining lymph nodes isolated from 10- to

14-week old BKS db/+ and db/db animals. In the upper plots,

live cells were gated on Thy1.2+ and Vc3+, exclusive markers for

skin-specific cd T cells. In the lower plots, cells were gated on cd
TCR+ and CD3+ T cells to visualize the peripheral cd T cell

population. Numbers indicate percent cd T cells. Data are

representative of two independent experiments.

Found at: doi:10.1371/journal.pone.0011422.s004 (1.08 MB TIF)

Figure S4 Skin cd T cell activation marker and cd TCR

expression is not altered by hyperglycemia. (A) Multiparameter

flow cytometry of CD69, CD25 and CD103 on the cell surface of

cd T cells isolated from BKS db/+ and db/db in mice at 6-weeks

of age. Numbers in the top right corners indicate percent of cd T

cells. (B) cd TCR expression on cd T cells isolated from BKS db/+
(solid line) and db/db (shaded gray) at 6-weeks of age. Dotted lines

represent unstained controls. Epidermal cells were gated on live

Thy1.2+ to distinguish cd T cells. A minimum of three

experiments were performed per age, shown is one representative

experiment for each, the same number of events is presented for

each dot plot.

Found at: doi:10.1371/journal.pone.0011422.s005 (0.42 MB TIF)

Acknowledgments

We thank Drs. Deborah Witherden, Kerri Mowen, David Nemazee, H.

Kiyomi Komori, Ryan Kelly, Stephanie Degner, Jared Purton and M.

Rachel Richards for technical advice and manuscript review. We thank

Sherry Torng, Alexandre Webster, Jennifer Hao and Max Rich for

technical assistance and Steve Head of the TSRI DNA Array Core for

microarray assistance. We thank Dr. Wendy Havran for her support and

advice.

Author Contributions

Conceived and designed the experiments: KRT JMJ. Performed the

experiments: KRT REM AEC. Analyzed the data: KRT REM AEC JMJ.

Wrote the paper: KRT JMJ.

References

1. Jameson J, Ugarte K, Chen N, Yachi P, Fuchs E, et al. (2002) A role for skin cd
T cells in wound repair. Science 296: 747–749.

2. Cheroutre H (2005) IELs: enforcing law and order in the court of the intestinal

epithelium. Immunol Rev 206: 114–131.

3. Komori HK, Meehan TF, Havran WL (2006) Epithelial and mucosal cd T cells.
Curr Opin Immunol 18: 534–538.

4. Xiong N, Raulet DH (2007) Development and selection of cd T cells. Immunol

Rev 215: 15–31.

5. Born WK, Jin N, Aydintug MK, Wands JM, French JD, et al. (2007) cd T

lymphocytes-selectable cells within the innate system? J Clin Immunol 27:
133–144.

6. Boismenu R, Feng L, Xia YY, Chang JC, Havran WL (1996) Chemokine

expression by intraepithelial cd T cells. Implications for the recruitment of
inflammatory cells to damaged epithelia. J Immunol 157: 985–992.

7. Born WK, Lahn M, Takeda K, Kanehiro A, O’Brien RL, et al. (2000) Role of

cd T cells in protecting normal airway function. Respir Res 1: 151–158.

8. Nanno M, Shiohara T, Yamamoto H, Kawakami K, Ishikawa H (2007) cd T
cells: firefighters or fire boosters in the front lines of inflammatory responses.

Immunol Rev 215: 103–113.

9. Garman RD, Doherty PJ, Raulet DH (1986) Diversity, rearrangement, and

expression of murine T cell gamma genes. Cell 45: 733–742.

10. Havran WL, Chien YH, Allison JP (1991) Recognition of self antigens by skin-
derived T cells with invariant cd antigen receptors. Science 252: 1430–

1432.

11. Hayday AC (2000) cd cells: a right time and a right place for a conserved third
way of protection. Annu Rev Immunol 18: 975–1026.

12. Girardi M (2006) Immunosurveillance and immunoregulation by cd T cells.

J Invest Dermatol 126: 25–31.

13. Jameson J, Havran WL (2007) Skin cd T-cell functions in homeostasis and

wound healing. Immunol Rev 215: 114–122.

14. Jameson JM, Cauvi G, Sharp LL, Witherden DA, Havran WL (2005) cd T cell-
induced hyaluronan production by epithelial cells regulates inflammation. J Exp

Med 201: 1269–1279.

15. Daniel T, Thobe BM, Chaudry IH, Choudhry MA, Hubbard WJ, et al. (2007)
Regulation of the postburn wound inflammatory response by cd T-cells. Shock

28: 278–283.

16. Sharp LL, Jameson JM, Cauvi G, Havran WL (2005) Dendritic epidermal T

cells regulate skin homeostasis through local production of insulin-like growth
factor 1. Nat Immunol 6: 73–79.

17. Girardi M, Lewis JM, Filler RB, Hayday AC, Tigelaar RE (2006)

Environmentally responsive and reversible regulation of epidermal barrier
function by cd T cells. J Invest Dermatol 126: 808–814.

18. Dupuy P, Heslan M, Fraitag S, Hercend T, Dubertret L, et al. (1990) T-cell

receptor-cd bearing lymphocytes in normal and inflammatory human skin.
J Invest Dermatol 94: 764–768.

19. Toulon A, Breton L, Taylor KR, Tenenhaus M, Bhavsar D, et al. (2009) A role
for human skin-resident T cells in wound healing. J Exp Med 206: 743–750.

20. Blakytny R, Jude E (2006) The molecular biology of chronic wounds and
delayed healing in diabetes. Diabet Med 23: 594–608.

21. Cavanagh PR, Lipsky BA, Bradbury AW, Botek G (2005) Treatment for
diabetic foot ulcers. Lancet 366: 1725–1735.

22. Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, et al. (2009) CD8+
effector T cells contribute to macrophage recruitment and adipose tissue

inflammation in obesity. Nat Med 15: 914–920.

23. Winer S, Chan Y, Paltser G, Truong D, Tsui H, et al. (2009) Normalization of

obesity-associated insulin resistance through immunotherapy. Nat Med 15:
921–929.

24. Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, et al. (2009) Lean, but not
obese, fat is enriched for a unique population of regulatory T cells that affect

metabolic parameters. Nat Med 15: 930–939.

25. Henri S, Poulin LF, Tamoutounour S, Ardouin L, Guilliams M, et al. (2010)

CD207+ CD103+ dermal dendritic cells cross-present keratinocyte-derived

antigens irrespective of the presence of Langerhans cells. J Exp Med 207:
189–206, S181-186.

26. Hennighausen L, Robinson GW (2008) Interpretation of cytokine signaling
through the transcription factors STAT5A and STAT5B. Genes Dev 22:

711–721.

27. Yao Z, Cui Y, Watford WT, Bream JH, Yamaoka K, et al. (2006) Stat5a/b are

essential for normal lymphoid development and differentiation. Proc Natl Acad
Sci U S A 103: 1000–1005.

28. Tough DF, Sprent J (1998) Lifespan of cd T cells. J Exp Med 187: 357–365.

29. Reichelt J, Magin TM (2002) Hyperproliferation, induction of c-Myc and 14-3-

3sigma, but no cell fragility in keratin-10-null mice. J Cell Sci 115: 2639–2650.

30. Raymond K, Kreft M, Janssen H, Calafat J, Sonnenberg A (2005) Keratinocytes

display normal proliferation, survival and differentiation in conditional beta4-
integrin knockout mice. J Cell Sci 118: 1045–1060.

31. Misawa M, Watanabe S, Ihara S, Muramatsu T, Matsuzaki T (2008)
Accelerated proliferation and abnormal differentiation of epidermal keratino-

cytes in endo-beta-galactosidase C transgenic mice. Glycobiology 18: 20–27.

32. Merad M, Manz MG, Karsunky H, Wagers A, Peters W, et al. (2002)

Langerhans cells renew in the skin throughout life under steady-state conditions.
Nat Immunol 3: 1135–1141.

33. Poulin LF, Henri S, de Bovis B, Devilard E, Kissenpfennig A, et al. (2007) The
dermis contains langerin+ dendritic cells that develop and function indepen-

dently of epidermal Langerhans cells. J Exp Med 204: 3119–3131.

34. Boismenu R, Hobbs MV, Boullier S, Havran WL (1996) Molecular and cellular

biology of dendritic epidermal T cells. Semin Immunol 8: 323–331.

35. Fu Y, Luo L, Luo N, Zhu X, Garvey WT (2007) NR4A orphan nuclear

receptors modulate insulin action and the glucose transport system: potential role
in insulin resistance. J Biol Chem 282: 31525–31533.

Skin cd T Cells in Obesity

PLoS ONE | www.plosone.org 15 July 2010 | Volume 5 | Issue 7 | e11422



36. Mills RE, Taylor KR, Podshivalova K, McKay DB, Jameson JM (2008) Defects

in skin cd T cell function contribute to delayed wound repair in rapamycin-

treated mice. J Immunol 181: 3974–3983.

37. Jameson JM, Cauvi G, Witherden DA, Havran WL (2004) A keratinocyte-

responsive cd TCR is necessary for dendritic epidermal T cell activation by

damaged keratinocytes and maintenance in the epidermis. J Immunol 172:

3573–3579.

38. Wellen KE, Hotamisligil GS (2005) Inflammation, stress, and diabetes. J Clin

Invest 115: 1111–1119.

39. Clark J, Vagenas P, Panesar M, Cope AP (2005) What does tumour necrosis

factor excess do to the immune system long term? Ann Rheum Dis 64 Suppl 4:

iv70–76.

40. Bubici C, Papa S, Pham CG, Zazzeroni F, Franzoso G (2004) NF-kappaB and

JNK: an intricate affair. Cell Cycle 3: 1524–1529.

41. Frauwirth KA, Thompson CB (2004) Regulation of T lymphocyte metabolism.

J Immunol 172: 4661–4665.

42. Maciver NJ, Jacobs SR, Wieman HL, Wofford JA, Coloff JL, et al. (2008)

Glucose metabolism in lymphocytes is a regulated process with significant effects

on immune cell function and survival. J Leukoc Biol 84: 949–957.

43. Wofford JA, Wieman HL, Jacobs SR, Zhao Y, Rathmell JC (2008) IL-7

promotes Glut1 trafficking and glucose uptake via STAT5-mediated activation

of Akt to support T-cell survival. Blood 111: 2101–2111.

44. Burchill MA, Goetz CA, Prlic M, O’Neil JJ, Harmon IR, et al. (2003) Distinct

effects of STAT5 activation on CD4+ and CD8+ T cell homeostasis:

development of CD4+CD25+ regulatory T cells versus CD8+ memory T cells.

J Immunol 171: 5853–5864.

45. Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M (2008)

Growth factors and cytokines in wound healing. Wound Repair Regen 16:

585–601.

46. Cope AP, Londei M, Chu NR, Cohen SB, Elliott MJ, et al. (1994) Chronic

exposure to tumor necrosis factor (TNF) in vitro impairs the activation of T cells

through the T cell receptor/CD3 complex; reversal in vivo by anti-TNF

antibodies in patients with rheumatoid arthritis. J Clin Invest 94: 749–760.

47. Cope AP, Liblau RS, Yang XD, Congia M, Laudanna C, et al. (1997) Chronic

tumor necrosis factor alters T cell responses by attenuating T cell receptor
signaling. J Exp Med 185: 1573–1584.

48. Isomaki P, Panesar M, Annenkov A, Clark JM, Foxwell BM, et al. (2001)

Prolonged exposure of T cells to TNF down-regulates TCR zeta and expression
of the TCR/CD3 complex at the cell surface. J Immunol 166: 5495–5507.

49. Ozes ON, Akca H, Mayo LD, Gustin JA, Maehama T, et al. (2001) A
phosphatidylinositol 3-kinase/Akt/mTOR pathway mediates and PTEN

antagonizes tumor necrosis factor inhibition of insulin signaling through insulin

receptor substrate-1. Proc Natl Acad Sci U S A 98: 4640–4645.
50. Lee DF, Kuo HP, Chen CT, Wei Y, Chou CK, et al. (2008) IKKbeta

suppression of TSC1 function links the mTOR pathway with insulin resistance.
Int J Mol Med 22: 633–638.

51. Julien LA, Carriere A, Moreau J, Roux PP (2010) mTORC1-activated S6K1
phosphorylates Rictor on threonine 1135 and regulates mTORC2 signaling.

Mol Cell Biol 30: 908–921.

52. Guertin DA, Stevens DM, Thoreen CC, Burds AA, Kalaany NY, et al. (2006)
Ablation in mice of the mTORC components raptor, rictor, or mLST8 reveals

that mTORC2 is required for signaling to Akt-FOXO and PKCalpha, but not
S6K1. Dev Cell 11: 859–871.

53. Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, et al. (2006) SIN1/MIP1

maintains rictor-mTOR complex integrity and regulates Akt phosphorylation
and substrate specificity. Cell 127: 125–137.

54. Yang Q, Inoki K, Ikenoue T, Guan KL (2006) Identification of Sin1 as an
essential TORC2 component required for complex formation and kinase

activity. Genes Dev 20: 2820–2832.
55. Listenberger LL, Ory DS, Schaffer JE (2001) Palmitate-induced apoptosis can

occur through a ceramide-independent pathway. J Biol Chem 276:

14890–14895.
56. Lee GH, Proenca R, Montez JM, Carroll KM, Darvishzadeh JG, et al. (1996)

Abnormal splicing of the leptin receptor in diabetic mice. Nature 379: 632–635.
57. Yoshida T, Monkawa T, Hayashi M, Saruta T (1997) Regulation of expression

of leptin mRNA and secretion of leptin by thyroid hormone in 3T3-L1

adipocytes. Biochem Biophys Res Commun 232: 822–826.

Skin cd T Cells in Obesity

PLoS ONE | www.plosone.org 16 July 2010 | Volume 5 | Issue 7 | e11422


