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Abstract

Background—Chronic alcoholism is associated with increased incidence and severity of 

cutaneous infection. Skin-resident T cells orchestrate numerous immunological functions that are 

critically involved in both tissue homeostasis and cutaneous immunity. The impact of chronic 

ethanol (EtOH) exposure on skin T cells has not previously been examined; given their important 

role in maintaining the immune barrier function of the skin further study is warranted.

Methods—Mice were administered EtOH in the drinking water for 12 to 16 weeks. Flow 

cytometry was used to evaluate impact of EtOH feeding on skin T cell numbers, rates of 

proliferation, and apoptosis as well as activation marker expression and cytokine production after 

ex vivo stimulation.

Results—Chronic EtOH feeding caused a baseline reduction in dendritic epidermal T cell 

(DETC) numbers that corresponded with reduced expression of the activation marker JAML 

following phorbol 12-myristate 13-acetate (PMA)/ionomycin stimulation. Chronic EtOH feeding 

did not alter total numbers of dermal T cells, but specific subset loss was observed in Foxp3+ 

regulatory T cells (Tregs) as well as CD3hi, Vγ3+ and CD3int, Vγ3− dermal γδ T cells. EtOH-

induced dysfunction in the latter population, which represents prototypical interleukin-17 (IL-17)-

producing dermal γδT17s, was made evident by diminished IL-17 production following anti-CD3 

stimulation. Additionally, the capacity of lymph node γδ T cells to produce IL-17 following anti-

CD3 and PMA/ionomycin stimulation was impaired by chronic EtOH feeding.

Conclusions—Chronic EtOH feeding induced defects in both numbers and function of multiple 

skin T cell subsets. The decreased density and poor responsiveness of DETCs and γδT17 cells in 

particular would be expected to compromise immune effector mechanisms necessary to maintain a 

protective barrier and restrict pathogen invasion. These findings demonstrate the sensitivity of skin 

T cells to EtOH and provide new mechanisms to help explain the propensity of alcoholics to suffer 

skin infection.
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The Immunosuppressive Effects of chronic alcohol abuse are profound, wide-ranging, and 

readily apparent at common sites of pathogen entry such as the skin. Alcoholics are 

predisposed to skin infections caused by an assortment of microbes that include but are not 

limited to: Group A Streptococcus (GAS), Staphylococcus aureus, Corynebacterium 

diptheriae, Escherichia coli, and Vibrio vulnificus (Mohan et al., 2011; Smith and Fenske, 

2000). Underscoring the seriousness of these illnesses, septicemia-induced mortality 

originating from GAS and S. aureus skin infections are greatly increased among alcoholics 

(Forsblom et al., 2011; Kaech et al., 2006; Rantala et al., 2009; Skogberg et al., 1988). 

Impaired host defense in the skin is therefore a severe dermatological consequence of 

alcoholism, yet the specific immunologic lesions responsible remain poorly defined.

As a barrier tissue, the skin serves as a first line of defense against innumerable 

environmentally derived dangers (Di Meglio et al., 2011). T lymphocytes are key cellular 

components of the skin’s immune apparatus (Clark et al., 2006; Naik et al., 2012; Streilein, 

1978; Sumaria et al., 2011). In the steady state, murine epidermal T cells are almost 

exclusively (Vγ3+) γδ T cells, termed dendritic epidermal T cells (DETCs). While DETCs 

have a broad range of functions, they make unique contributions to the skin’s barrier 

integrity by controlling keratinocyte (KC) homeostasis (Macleod and Havran, 2011). Their 

dendritic morphology, expression of stress surveillance receptors and capacity to secrete KC 

growth factors, such as insulin-like growth factor 1 (IGF-1), enables DETCs modulate KC 

survival and proliferation in accordance with the pathophysiological state of their 

microenvironment.

When compared to the epidermis, the dermal T cell compartment exhibits considerable 

heterogeneity. While the existence of both dermal αβ and γδ T cells has been known for 

some time, the roles played by specific subsets in host defense and tissue homeostasis are 

just beginning to be elucidated. Recently, a subset of dermal γδ T cells have been shown to 

be the skin’s principal immediate source of interleukin-17 (IL-17) following Toll-like 

receptor stimulation as well as cutaneous bacterial infection (Cai et al., 2011; Gray et al., 

2011; Myles et al., 2013; Sumaria et al., 2011). Dubbed γδT17s, these cells can be 

phenotypically distinguished from DETCs on the basis of their intermediate expression of 

both CD3 and γδ T cell receptor (TCR) (Cai et al., 2011; Gray et al., 2011, 2013; Hu and 

Xiong, 2013; Myles et al., 2013; Sumaria et al., 2011). Dermal resident αβ T cells are 

predominantly CD4 T cells with phenotypic features of memory populations (Naik et al., 

2012). CD4 T cells possess the ability to migrate between skin and lymphoid tissues at 

baseline and at increased rates following cutaneous inflammation (Bromley et al., 2013; 

Tomura et al., 2010). Among these CD4 T cells, Foxp3+ regulatory T cells (Tregs) are 

perhaps the most prodigious traffickers. While Tregs constitute between 5 and 20% of 

dermal CD4 T cells they make up the majority of CD4 T cells migrating from the skin to the 

lymph nodes (LNs) in both the steady and inflammatory states (Tomura et al., 2010). The 

importance of dermal Tregs to skin homeostasis has been demonstrated by the rapid and 
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severe skin inflammation occurring in mice that are selectively deficient in skin Tregs 

(Dudda et al., 2008). An additional consequence of skin-restricted Treg deficiency is 

impaired antiviral immune responses suggesting that Tregs make important positive 

contributions to cutaneous immunity as well (Freyschmidt et al., 2010). Taken together, skin 

T cells are needed for tissue homeostasis and host defense responses; as such, any ethanol 

(EtOH)-induced dysfunction occurring within this compartment would have major 

implications for the overall immunological performance of the skin.

The goal of this study was to characterize the impact of chronic EtOH feeding upon the 

maintenance and functionality of skin T cells. To study the effects of long-term EtOH 

administration upon the cutaneous immune system without prompting a systemic elevation 

in corticosteroids, the Meadows–Cook model of alcoholism was employed. This model has 

been successfully used to reproduce EtOH-induced immune defects and study the 

underlying mechanisms (Cook, 1998; Cook et al., 2007; Gurung et al., 2009; Parlet and 

Schlueter, 2013; Zhang and Meadows, 2005). The results indicate that chronic EtOH feeding 

differentially impacts skin T cell subsets. While the total number of αβ T cells in the skin 

was not different in EtOH-consuming mice, subset loss among αβ T cells occurred 

selectively in Tregs. Unlike αβ T cells, EtOH induced a reduction in the total number of 

skin-resident γδ T cells, which corresponded with reduced epidermal and dermal subsets. 

Additionally, DETC and γδT17 were hyporesponsive following ex vivo stimulation. The 

EtOH-induced alterations in Tregs and γδ T cells would be anticipated to impact both the 

structural integrity and immune responsiveness of the skin, which are fundamental to its 

barrier function. These newly identified EtOH-induced lesions offer novel information about 

the impact of EtOH upon peripheral T cell populations and may facilitate a better 

understanding of why alcoholics are more susceptible to skin infection.

MATERIALS AND METHODS

Mice and EtOH Feeding Model

Six- to 7-week-old female C57BL/6 mice were purchased from the National Cancer Institute 

(Fort Detrick, MD). B6.FoxP3-GFP mice were kindly provided by Dr. Alexander Rudensky 

(Fontenot et al., 2005). Mice were housed in specific pathogen-free facilities with all animal 

protocols approved by the Animal Care and Use Committee at the University of Iowa. At 

approximately 8 weeks of age, mice were randomly divided into control and EtOH-

consuming groups. EtOH was administered as previously described (Parlet and Schlueter, 

2013). Mice treated with the Meadows–Cook regimen have only EtOH-containing water as 

their fluid source and are allowed to drink ad libitum. EtOH-fed mice were maintained on 

20% EtOH for 12 to 16 weeks. By averaging the total volume of EtOH consumed from 

cages housing 4 mice, the mean values for daily 20% EtOH intake per mouse over the 

following durations on the Meadows–Cook diet were calculated: 1 to 3 weeks (1.97 − 0.08 

ml/d, n = 14), 5 to 7 weeks (2.14 − 0.06 ml/d, n = 12), 8 to 9 weeks (2.43 − 0.12 ml/day, n = 

8), 11 to 30 weeks (2.41 − 0.11 ml/d, n = 11).
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Antibodies and Reagents

Five color flow cytometric analyses were performed using the following antibodies: Anti-

langerin (929F3.01) was purchased from Dendritics (Lyon, France). PE-anti-JAML (4E10) 

and FITC- or PerCP-Cy5.5-anti-γδ TCR (GL3) were purchased from Biolegend (San Diego, 

CA). FITC-anti-CD69 (H1.2F3), PE-Cy7-anti-CD4 (RM4-5) were purchased from BD 

Biosciences (San Jose, CA). PE-anti MHC CL II (M5/114.15.2), APC-anti-NKG2D (CX5), 

APC-anti-CD3 (145-2C11), FITC- or PE-anti-CD103 (2E7), APC- or PE-anti-IL-17A 

(ebio17B7), APC-anti CD45 (30-F11), PE-anti-Foxp3 (FJK-16s), and PE-anti-tumor 

necrosis factor alpha (TNFα) (TN3-19) were purchased from (eBioscience, San Diego, CA). 

Goat anti-IGF-1 was purchased from (Santa Cruz Biotechnology, Santa Cruz, CA). H57, a 

hamster anti-mouse αβ TCR (Kubo et al., 1989); 104, a mouse anti-mouse CD45.2 (Shen, 

1981) and 145-2C11, a hamster anti-mouse CD3ε were derived from hybridomas in the 

laboratory and conjugated to FITC using standard procedures (H57 and 104) or used for 

coating tissue culture plates (145-2C11). For the detection of Foxp3 expression on wild-type 

(WT) mice a Foxp3 staining kit (eBioscience) was used according to manufacturer’s 

instructions. BrdU incorporation was measured using a BrdU Flow kit (BD Biosciences) 

according to the manufacturer’s instructions. Apoptosis in epidermal and dermal cell 

suspensions was assessed using FAM caspase 3/7 kits (Invitrogen, Carlsbad, CA) according 

to the manufacturer’s instructions.

Cell Suspension Preparations

Split ear skin and epidermal cell suspensions were prepared as previously described (Parlet 

and Schlueter, 2013). For dermal cell suspensions, dermal sheets were incubated in RPMI 

(Invitrogen) with 10% fetal bovine serum, L-glutamine/penicillin/streptomycin and 2-

mercaptoethanol (RPMIc) containing 500 μg/ml collagenase type II (Gibco BRL, Grand 

Island, NY) for 90 minutes at 37°C and dissociated by passing through 18 and 20 gauge 

needles. The resulting cell suspensions were incubated in RPMIc for an additional 90 

minutes at 37°C. For LN suspensions, inguinal LNs were cut into small pieces and incubated 

in RPMIc and further dissociated by passing through 18 and 20 gauge needles.

Ex Vivo Stimulation of Skin and LN T Cells

Evaluation of NKG2D, JAML, and CD69 Expression—Epidermal cell suspensions 

were cultured in RPMIc − phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) and 

ionomycin (500 ng/ml) (Sigma-Aldrich, St. Louis, MO) for 4.5 hours. Cells were then fixed, 

permeabilized and stained.

Evaluation of IGF-1, TNFα, and IL-17A Production in Dermal and LN T Cells—
In 48 well plates, dermal or LN cells were cultured at 5 × 105 in 500 μl RPMIc for 4 hours − 

plate-bound anti-CD3 (10 μg/ml), or PMA (50 ng/ml) and ionomycin (500 ng/ml). Cells 

were cultured in the presence of brefeldin A (eBioscience), fixed, permeabilized, and stained 

for IL-17A, IGF-1, or TNFα.
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Flow Cytometric Analysis

Following surface staining, cells were fixed in FACS lysing solution (BD Biosciences) and 

permeabilized using 0.5% saponin (Sigma-Aldrich). To block nonspecific binding, cells 

were incubated with rat anti-mouse CD16/32 FcγRIII/II (2.4G2) and rat sera prior to 

staining. Samples were collected on a FACS Canto II (BD Biosciences) using Diva 

acquisition software and analyzed using FlowJo software (TreeStar, Stanford, CA). Dead 

cells were excluded by low forward and side light scatter. Spectral overlaps between 

fluorochrome channels were corrected by automated compensation on singly stained 

positive controls for each fluorochrome. In general, 100,000 cells were collected per tube.

Statistics

The p-values were calculated from 2-tailed Student’s t-test using InStat software (GraphPad 

Software, LaJolla, CA) to compare EtOH and control groups.

RESULTS

Loss of Epidermal T Cells Following Chronic EtOH Feeding

As the skin’s outermost anatomical compartment, the epidermis directly engages the outside 

world. The ability to protect internal tissues from potentially harmful consequences of this 

engagement (e.g., injury, infection, or malignancy) depends heavily upon the epidermal 

immune system. Langerhans cells (LCs) and DETCs are key components of this system and 

together constitute virtually all of the bone marrow–derived cells in the pre-immune murine 

epidermis (Di Meglio et al., 2011). Using immunofluorescence microscopy, we previously 

showed that chronic EtOH feeding reduces the number of epidermal resident LCs (Ness et 

al., 2008). To more comprehensively inspect EtOH’s impact upon the maintenance of 

hematopoietic lineage cells in the epidermis, flow cytometry was used to quantify baseline 

numbers of LCs and DETCs in epidermal cell suspensions as shown in Fig. 1A. Consistent 

with prior histological evidence and further proving that LC subset loss is a highly reliable 

cutaneous manifestation of chronic EtOH feeding, the number of LCs detected in epidermal 

preparations from EtOH-fed mice was dramatically reduced, compared with age-matched 

H2O-fed control mice (Fig. 1B). In these same preparations, EtOH induced a similar 

numeric loss of DETCs. Taken together, it is apparent that chronic EtOH feeding severely 

impairs the capacity of the epidermis to maintain its immune cell compartments. This is the 

first demonstration that chronic EtOH exposure impairs T cell maintenance in a barrier 

tissue.

Loss of Dermal γδ T Cells Following Chronic EtOH Feeding

Unlike the epidermis, which is occupied almost exclusively by γδ TCR+ DETCs, both γδ 

and αβ TCR+ cells reside within the dermis. In light of the significant DETC subset loss 

observed in EtOH-fed mice, the capacity of EtOH to affect the maintenance of dermal T 

cells was next assessed. Flow cytometric analysis of dermal cell suspensions revealed 

multiple subsets of dermal T cells based on their expression of CD3 and the integrin CD103, 

a ligand for E-cadherin and key mediator of skin localization for DETCs and Tregs (Schön 

et al., 2002; Suffia et al., 2005). Consistent with previous reports, dermal γδ T cells were 
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uniformly CD103+ and could be segregated into 2 populations on the basis of CD3 density, 

while 2 αβ T cell populations could be discriminated by differential expression of CD103 

(Fig. 2A) (Sumaria et al., 2011). Among the dermal γδ T cells, the CD103+, CD3hi, Vγ3+ 

cells appear phenotypically similar to DETCs while the CD103+, CD3int, γδ TCRint cells 

exhibit phenotypic characteristics of dermal γδT17 (Gray et al., 2011; Hu and Xiong, 2013; 

Sumaria et al., 2011). Importantly, we found that EtOH-fed mice incurred a substantial loss 

in total dermal γδ T cells relative to H2O-fed controls, which corresponded with the 

depletion of both CD3hi and CD3int γδ T cell subsets. Unlike γδ T cells, dermal αβ T cell 

numbers and percentages were unaltered by chronic EtOH feeding (Fig. 2B). This indicates 

that the maintenance of γδ and αβ T lineage cells in the dermis is differentially susceptible to 

the effects of chronic EtOH feeding.

Loss of Dermal Tregs Following Chronic EtOH Feeding

To determine whether chronic EtOH feeding impacts the capacity of Tregs to occupy the 

dermis Foxp3+ T cells were quantified in dermal cell suspensions prepared from EtOH-

consuming or H2O control WT and Foxp3-GFP reporter mice (Fig. 3). Using 2 separate 

approaches to enumerate skin Tregs (i.e., Foxp3 staining in WT mice or GFP signal in 

Foxp3 reporter mice), we found that chronic EtOH feeding significantly reduced the number 

of dermal resident Tregs. The fact that this Treg depletion was not reflected by a change in 

the total size of the dermal αβ T cell pool (Fig. 2B) indicates that EtOH differentially 

impacts the maintenance of individual αβ T cell subsets in the dermis.

EtOH-Induced Immune Cell Subset Loss Corresponds with Decreased Proliferation and 
Increased Apoptosis

Given that in un-inflamed adult skin, normal numbers of LCs, DETCs, and dermal γδT cells 

are maintained through homeostatic repopulation, it is possible that the EtOH-induced 

depletion of these populations is due to diminished proliferation, or increased cell death 

(Chorro et al., 2009; Gray et al., 2011; Havran and Allison, 1988; Macleod and Havran, 

2011). First, the impact of chronic EtOH feeding upon LC and DETC proliferation rates was 

assessed by administering BrdU to mice in the appropriate drinking liquid (i.e., EtOH 

solution or water), followed by the analysis of BrdU incorporation in epidermal cell 

suspensions. Importantly, multiple studies have used similar BrdU administration methods 

to assess the effects of chronic EtOH feeding upon the proliferation rates of other 

hematopoietic cells (Zhang and Meadows, 2005, 2009; Zhang et al., 2011). EtOH feeding 

differentially impacted BrdU incorporation rates of LCs and DETCs, with a significant 

reduction occurring in the former population but not the latter (Fig. 4A). Similar BrdU 

incorporation analysis of dermal T cells revealed that like DETCs, the proliferation rate of 

CD3hi dermal γδ T cells was not altered by EtOH feeding, while a significant reduction in 

proliferation was observed in CD3int γδ T cells (γδT17 cells). In light of the finding that the 

Vγ3+ T cell (DETCs and CD3hi dermal γδs) depletion occurred despite normal proliferation, 

investigation of EtOH’s impact upon additional cellular processes that could account for 

these losses was undertaken.

Increased apoptosis could serve as the primary basis for the reduction in Vγ3+ T cells and 

could occur in combination with decreased proliferation to cause LC and CD3int γδ T cells. 
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As shown in Fig. 4B, EtOH increased the number of caspase 3/7+ apoptotic cells in LC, 

DETC, CD3hi, and CD3int γδ T cell populations, indicating that poor survival serves as a 

commonmechanistic cause for immune cell subset loss in EtOH-exposed skin. Taken 

together, the data indicate that the numeric decrease in multiple self-renewing immune cell 

compartments (i.e., LCs, DETCs, and dermal γδT cells) corresponds with an EtOH-induced 

increase in basal levels of apoptosis. Whereas poor survival represents the major cause of 

DETC and CD3hi dermal γδ T cell depletion, elevated cell death together with decreased 

proliferation underlies the EtOH-induced loss of LCs and CD3int γδ T cells.

Hyporesponsive Phenotype in DETCs Following Chronic EtOH Feeding

Highly specialized for epidermal stress surveillance, DETCs have a unique ability to detect 

physiologic perturbations in their microenvironment. They express the immunoreceptors 

JAML and NKG2D, which confer the capacity to detect a myriad of antigens expressed by 

damaged or diseased KCs (Macleod and Havran, 2011). Within the context of local injury, 

DETCs mediate repair responses by secreting paracrine factors such as TNFα and IGF-1 

that promote inflammatory cell recruitment and KC proliferation respectively (Macleod and 

Havran, 2011). To evaluate whether the EtOH-induced numeric loss of DETCs corresponds 

with impaired functionality of the remaining cells, the ability of DETCs to acquire 

phenotypic and functional attributes associated with activation and tissue repair was 

measured. To this end, expression of the activation markers CD69, NKG2D and JAML as 

well as production of IGF-1 and TNFα was measured on DETC in response to PMA/

ionomycin stimulation. Figure 5 demonstrates that as expected, JAML expression and the 

number of cells producing TNFα and IGF-1 increased in the control groups following 

stimulation. (CD69 and NKG2D expression was not significantly higher following 

stimulation, likely because baseline expression of these molecules was quite high.) TNFα- 

and IGF-1-producing cells also increased in EtOH groups following stimulation, but JAML 

expression did not. In addition, the expression of JAML and CD69 by DETCs from EtOH 

mice in stimulated cultures was significantly lower than in stimulated cultures from water 

control mice. NKG2D and FGF-7 expression by DETCs as well as their capacity to produce 

IGF-1 and TNFα following stimulation was unaltered by EtOH, relative to stimulated 

controls (Fig. 5 and data not shown).

Poor IL-17 Responses by Skin-Resident γδT17 Cells Following Chronic EtOH Feeding

IL-17 induction is critical for cutaneous host defense against numerous extracellular 

pathogens including S. aureus (Cho et al., 2010; Kagami et al., 2010). Recently, γδT17s 

were found to be the skin’s primary cellular source of IL-17 immediately after infection 

(Myles et al., 2013; Sumaria et al., 2011). Given the increased incidence and severity of S. 

aureus skin infection in alcoholics (Smith and Fenske, 2000), the impact of chronic EtOH 

feeding on IL-17 responses by γδT17s was investigated. Dermal cell suspensions from 

EtOH-fed and control mice were stimulated with anti-CD3 followed by cytoplasmic staining 

for IL-17A. IL-17 responses by γδTCRint γδT17s were significantly reduced in preparations 

from EtOH-fed mice, relative to water controls (Fig. 6). Therefore, like DETCs, γδT17s are 

both less abundant and functionally compromised as consequence of chronic EtOH 

exposure.
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Poor IL-17 Responses by LN γδT17 Cells Following Chronic EtOH Feeding

The skin-draining LNs harbor both γδT17s and TH17 cells that possess the capability of 

producing IL-17 (Gray et al., 2011, 2013). To determine whether EtOH impacts IL-17 

responses by skin-draining LN resident γδT17s and TH17 cells in a manner similar to that 

observed in the skin, inguinal LN cell suspensions were stimulated with anti-CD3 or PMA/

ionomycin and assessed for IL-17 production. Similar to dermal resident γδT17s, EtOH 

feeding impaired the capacity of the LN γδ T cell population to produce IL-17 following ex 

vivo stimulation with either anti-CD3 or PMA/ionomycin. In contrast, IL-17 production by 

γδ TCR− T cells was unaltered by chronic EtOH feeding (Fig. 7).

DISCUSSION

The skin is an immune competent tissue that functions to prevent and remedy damage 

caused by harmful encounters with the environment. The capacity of chronic EtOH abuse to 

impair these functions is reflected by the heightened vulnerability of alcoholics to skin 

infection (Kaech et al., 2006; Rantala et al., 2009; Skogberg et al., 1988). Despite the well-

documented clinical manifestations of alcohol-induced cutaneous immune deficiency, few 

studies have investigated its immunological basis. Using the Meadows–Cook murine model 

of alcoholism, we previously showed that chronic EtOH feeding causes subset loss and 

migratory dysfunction in skin DCs (Ness et al., 2008; Parlet and Schlueter, 2013). These 

results clearly demonstrate that chronic EtOH exposure alters numbers and function of 

cutaneous DCs and raise the question as to whether other components of the skin’s immune 

system are similarly affected.

Results from this investigation revealed that chronic EtOH feeding dramatically reduced the 

number of epidermal DETCs as well as LCs (Fig. 1). While the loss of the latter population 

is an established consequence of chronic EtOH feeding (Ness et al., 2008), the present study 

further clarifies the underlying mechanisms by showing that EtOH-induced LC depletion 

corresponds with decreased proliferation and increased apoptosis (Fig. 4). It is unlikely that 

altered trafficking of LCs or their precursors contribute to the loss of these cells in the 

steady-state epidermis. First, the infiltration of leukocytes (including BM precursors) into 

the postneonatal epidermis is rarely observed without severe inflammation (Chorro et al., 

2009; Merad et al., 2002). Second, the number of dermal LCs (presumably en route to LNs) 

was previously found to be equivalent between EtOH-fed and control mice (Ness et al., 

2008; Parlet and Schlueter, 2013). In aggregate, these results indicate that the loss of LC 

numbers is a consequence of EtOH-induced alterations that impair the proliferation and 

survival of LCs in the epidermis.

When compared to LCs, fewer mechanistic possibilities were found to explain DETC subset 

loss. In adult mice, Vγ3+ T cells are not detectable in extracutaneous tissues (e.g., thymus, 

draining LNs, other epithelia); therefore, alterations in DETC trafficking or thymic output of 

precursors could not account for the net loss of DETCs in EtOH-fed mice (Chorro et al., 

2009; Havran and Allison, 1988; Macleod and Havran, 2011). Unlike LCs, chronic EtOH 

feeding did not impair the homeostatic proliferation of DETCs suggesting that their 

depletion in EtOH-fed mice is predominantly a function of increased cell death (Figs 1 and 

4). These findings are reminiscent of the impact of chronic EtOH feeding on peripheral 

Parlet et al. Page 8

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



natural killer (NK) cells, which proliferate normally yet are unable to maintain appropriate 

numbers in mice chronically fed EtOH (Zhang and Meadows, 2009). Diminished trophic 

cytokine support was proposed to account for the loss of NK cells in this study (Zhang and 

Meadows, 2009), a mechanism that may likewise contribute to loss of LCs and DETCs after 

prolonged EtOH exposure. However, the fact that LC-deficient mice exhibit normal 

numbers of DETCs clearly disproves an essential role for LCs in DETC homeostasis 

(Taveirne et al., 2011).

Having established baseline numbers of DETCs in EtOH-fed and control mice, the impact of 

EtOH upon important functional attributes of these cells was evaluated. Chronic EtOH 

feeding was found to inhibit the up-regulation of JAML and a significant decrease in CD69 

expression (Fig. 5). Given that cutaneous wound healing responses are greatly impaired in 

settings where JAML is unable to interact with cognate distress ligand (Witherden et al., 

2010; Yoshida et al., 2012), the EtOH-induced decrease in the expression of this stress 

surveillance receptor would likely impair the ability of DETCs to detect and respond to 

tissue damage. Although EtOH did not impact NKG2D and FGF-7 expression, or the 

number of cells producing IGF-1 or TNFα, the reduced density of DETCs in EtOH-fed mice 

may compromise the immune surveillance and wound healing capabilities of the entire 

DETC network (Fig. 5 and data not shown).

The dermis is also highly enriched with T cells belonging to both γδ and αβ T lineages. 

While chronic EtOH feeding did not alter the total number of αβ T cells, a significant 

reduction in the number of dermal Foxp3+ Tregs was observed (Fig. 3). Given that 

peripheral DCs are involved in Treg induction/expansion pathways and chronic EtOH 

feeding causes defects in DC numbers and function, EtOH-induced alterations in DC/T cell 

interactions in the skin or skin-draining LNs may contribute to dermal Treg loss (Fan et al., 

2011; Lau et al., 2009; Ness et al., 2008; Parlet and Schlueter, 2013). Additionally, Tregs are 

highly motile cells that routinely traffic into and out of the skin, raising the possibility that 

altered migration patterns underlie the EtOH-induced reduction in dermal Tregs (Tomura et 

al., 2010).

Among dermal γδ T cells, chronic EtOH feeding reduced the number of CD3hi and γδT17 T 

cell subsets. Interestingly, EtOH differentially impacted the dynamic cellular processes 

governing maintenance of these populations (i.e., proliferation and apoptosis). 

Measurements of BrdU incorporation revealed that decreased proliferation contributed to the 

loss of CD3int but not CD3hi γδT cells. However, analysis of caspase 3/7 staining showed 

EtOH increased basal levels of cell death in both populations (Fig. 4). Thymic generation of 

both Vγ3+ T cells and CD3int γδT cells occurs only during the fetal/neonatal period (Gray et 

al., 2011; Haas et al., 2012), and thus, thymic precursor output had long passed before adult 

EtOH feeding commenced in this study. Therefore, the EtOH-induced reduction in both 

subsets of dermal γδ T cells occurs independently of the thymus. Unlike γδT17s, which 

travel between the skin and draining LNs in both the steady and inflammatory states, CD3hi 

γδ T cells appear to be restricted to the skin indicating their depletion in EtOH-fed mice is 

primarily due to elevated apoptosis (Gray et al., 2013). It is unclear if altered trafficking 

behaviors of dermal γδT17s contribute to their net loss in EtOH-fed mice. However, no 

EtOH-induced alterations in either the total number of LN γδ T cells or subsets displaying 
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phenotypic aspects associated with skin homing and IL-17 production (i.e., CD103, CCR6) 

were observed (Fig. S1).

For dermal CD3int γδT cells, EtOH-induced subset loss corresponded with impaired 

production of IL-17, which plays a critical role in host defense against extracellular 

pathogens such as S. aureus (Cho et al., 2010). IL-17 facilitates cutaneous immunity in part 

by triggering cytokine and chemokine production that promote neutrophil (PMN) 

recruitment, differentiation and survival. Thus, any EtOH-induced diminution of IL-17 

production by dermal γδT17s would be predicted to correspond with poor PMN infiltration 

and pathogen eradication following certain skin infections. Inspection of IL-17 production in 

skin-draining LNs revealed that EtOH impaired IL-17 responses by γδ but not αβ T cells 

(Fig. 7). Poor IL-17 responses by γδ T cells may have serious implications for host defense. 

PMNs migrate from skin to interfollicular regions of the LN where γδ but not αβ T cells are 

concentrated (Kastenmüller et al., 2012). The diminished capacity of skin and LN resident 

γδT17s to produce IL-17 in EtOH-fed mice would be expected to impair both local 

clearance and systemic spread of invading pathogens, which is consistent with the 

heightened vulnerability of alcoholics to both skin infection and bacteremia (Kaech et al., 

2006; Rantala et al., 2009; Skogberg et al., 1988).

In conclusion, the present study shows that chronic EtOH feeding negatively impacts the 

homeostasis and function of both epidermal and dermal T cell subsets. EtOH-induced 

defects within the skin T cell compartment include reduced numbers of skin-resident γδ T 

cell subsets including DETCs and CD3int γδT cells. Elevated basal levels of apoptosis and 

reduced proliferation are mechanistic causes of T cell subset loss in EtOH-fed mice. 

Additionally, EtOH-exposed DETCs and γδT17s exhibited impaired JAML up-regulation 

and IL-17 production, respectively. These findings provide the first information regarding 

the adverse effects of chronic EtOH feeding on skin T cells and build upon prior evidence of 

EtOH-induced immune cell alterations—subset loss and dysfunction of skin DCs (Ness et 

al., 2008; Parlet and Schlueter, 2013). When viewed together, these studies show that the 

predisposition of alcoholics to severe skin infection corresponds with a diminution of the 

cutaneous immune system that is characterized by an EtOH-induced inability to maintain 

appropriate cell numbers and function in key DC and T cell compartments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Chronic EtOH feeding reduces baseline numbers of dendritic epidermal T cells (DETCs). 

Fresh epidermal cell preparations from ear skin of mice fed EtOH for 12 to 16 weeks or age-

matched water controls were counted and stained for flow cytometry. (A) Gating strategy 

for identifying epidermal LCs and DETCs from a representative H2O control mouse. (B) 

Numbers and frequencies of LCs and DETCs/ear. Error bars represent SEM. ***Post test p-

value < 0.0005. n ≥ 22 mice/treatment group. EtOH, ethanol; LCs, Langerhans cells.
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Fig. 2. 
Chronic EtOH feeding reduces baseline numbers of dermal γδ T cells. Fresh dermal cell 

preparations from ear skin of mice fed EtOH for 12 to 16 weeks or age-matched water 

controls were counted and stained for flow cytometry. (A) Gating strategy for dermal T cell 

subsets for a representative H2O control mouse. (B) Numbers of dermal T cells/ear. Total γδ 

T cells were calculated as the sum of the CD3hi-gated cells and the γδ+ fraction within the 

CD3+ CD103+ gate. Likewise, total αβ T cells were calculated as the sum of CD3+ 

CD103− gated cells and the γδ-fraction within the CD3+ CD103+ gate. Error bars represent 

SEM. *Post test p-value < 0.05. n ≥ 8 mice/treatment group. EtOH, ethanol.
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Fig. 3. 
Chronic EtOH feeding reduces baseline numbers of dermal Tregs. Fresh dermal cell 

preparations from ear skin of mice fed EtOH for 12 to 16 weeks or age-matched water 

controls for both WT and FoxP3-GFP mice were counted and stained for flow cytometry. 

(A) Gating strategy for dermal Treg identification in both Foxp3-GFP and WT mice for 

representative H2O control mice. (B) Numbers of dermal Tregs/ear. Error bars represent 

SEM. *Post test p-value < 0.05. n ≥ 6 mice/treatment group. EtOH, ethanol; Treg, regulatory 

T cell; WT, wild-type.
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Fig. 4. 
Decreased proliferation and increased apoptosis underlie the loss of skin T cells and LCs in 

chronic EtOH-fed mice. Fresh epidermal and dermal cell preparations from ear skin of mice 

fed EtOH for 12 to 16 weeks or age-matched water controls that received BrdU for the last 9 

days were counted and stained for flow cytometry. (A) Gating strategy for BrdU 

incorporation in epidermal and dermal immune cell populations for a representative H2O 

control mouse (contour plots), and percentages of BrdU+ cells within the indicated 

populations. (B) Gating strategy for caspase 3/7 expression in epidermal and dermal immune 

cell populations for a representative EtOH mouse (contour plots), and percentages of 

caspase 3/7+ cells within the indicated populations. Error bars represent SEM. *Posttest p-

value < 0.05. n ≥ 8 mice/treatment group. EtOH, ethanol; LCs, Langerhans cells.

Parlet et al. Page 17

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Chronic EtOH feeding induces hyporesponsiveness in dendritic epidermal T cells (DETCs). 

Epidermal cell suspensions prepared from mice fed EtOH for 12 to 16 weeks or age-

matched water controls were cultured 4.5 hours − phorbol 12-myristate 13-acetate (PMA) 

and ionomycin. (A) Gating strategy for DETC identification in epidermal cultures for a 

representative H2O control mouse. (B) Percent-positive DETC values for JAML and MFI 

values for CD69 and NKG2D on gated DETCs for EtOH-fed or control mice. (MFIs rather 

than % positive cells are shown for CD69 and NKG2D because these molecules are 

constitutively expressed on DETC.) (C) MFI values and percent positive DETC for IGF-1 

and TNFα respectively on gated DETCs. Error bars represent SEM. *Post test p-value < 

0.05. n ≥ 8 mice/treatment group for assessment of JAML and CD69 expression and n ≥ 4 

mice/treatment group for assessment NKG2D, TNFα and IGF-1 expression. EtOH, ethanol; 

IGF-1, insulin-like growth factor 1; MFI, mean fluorescent intensity; TNFα, tumor necrosis 

factor alpha.
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Fig. 6. 
Chronic EtOH feeding reduces IL-17A production by dermal γδ T cells. Dermal cell 

suspensions prepared from mice fed EtOH for 12 to 16 weeks or age-matched water controls 

were cultured 4 hours − stimulation with plate-bound anti-CD3. IL-17A producing γδ T cells 

present in cultures prepared from EtOH-fed or control mice were identified according to 

gating strategy shown in the contour plot (from a representative H2O mouse). Error bars 

represent SEM. *Post test p-value < 0.05. n ≥ 8 mice/treatment group. EtOH, ethanol; 

IL-17A, interleukin 17A.
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Fig. 7. 
Chronic EtOH feeding reduces IL-17A production by lymph node (LN) γδ T cells, but not 

TH17 cells. LN cell suspensions prepared from mice fed EtOH for 12 to 16 weeks or age-

matched water controls were cultured 4 hours − stimulation with plate-bound anti-CD3 or 

phorbol 12-myristate 13-acetate (PMA) and ionomycin. IL-17A-producing αβ or γδ T cells 

present in cultures prepared from EtOH-fed or control mice were identified according to 

gating strategy shown in the dot plot. Error bars represent SEM. *Post test p-value < 0.05. n 

≥ 8 mice/treatment group. EtOH, ethanol; IL-17A, interleukin 17A.
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