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Abstract

Systemic autoimmune diseases such as lupus affect multiple organs, usually in a diverse fashion 

where only certain organs are affected in individual patients. It is unclear whether the ‘local’ 

immune cells play a role in regulating tissue specificity in relation to disease heterogeneity in 

systemic autoimmune diseases. Here, we used skin as a model to determine the role of tissue-

resident dendritic cells in local and systemic involvement within a systemic lupus disease model. 

Skin-resident dendritic cells, namely Langerhans cells (LC), have been implicated in regulating 

tolerance or autoimmunity using elegant transgenic models, however, their role in local versus 

systemic immune regulation is unknown. We demonstrate that while lymphocytes from skin-

draining lymph nodes of autoimmune-prone MRL/MpJ-Faslpr/lpr mice react spontaneously to a 

physiological skin self-Ag desmoglein-3, epicutaneous applications of desmoglein-3 induced 
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tolerance that is dependent on LCs. Inducible ablation of LCs in adult, preclinical MRL/MpJ-

Faslpr/lpr and MRL/MpJ-Fas+/+ mice resulted in increased autoantibodies against skin Ags and 

markedly accelerated lupus dermatitis with increased local macrophage infiltration, but had no 

effect on systemic autoantibodies such as anti-dsDNA Abs or disease in other organs such as 

kidneys, lung, and liver. Furthermore, skin-draining lymph nodes of LC-ablated MRL/MpJ-

Faslpr/lpr mice had significantly fewer CD4+ T-cells producing anti-inflammatory cytokine IL-10 

than LC-intact controls. These results indicate that a skin-resident dendritic cell population 

regulates local tolerance in systemic lupus and emphasize the importance of the local immune 

milieu in preventing tissue-specific autoimmunity yet have no effect on systemic autoimmunity.

INTRODUCTION

Systemic autoimmune diseases, such as systemic lupus erythematosus (SLE)3, involve 

various combinations of multiple organ autoimmunity and tissue injury. Thus, patients 

present with a wide variety of clinical manifestations. Dysregulation of immune cells, such 

as dendritic cells (DCs), and B and T cells, has been implicated in the systemic 

autoimmunity best reflected by the presence of autoAbs against systemic autoantigens, such 

as dsDNA (1). However, since specific organ involvement varies from patient to patient, 

organ-specific tolerance may also play a role in regulating tissue-specific injury. Evidence 

supports a pivotal role of DCs in the pathogenesis of systemic autoimmune diseases. In fact, 

a constitutive deletion of all DCs (CD11c+cells) in autoimmune-prone MRL/MpJ-Faslpr/lpr 

(MRL-lpr) mice ameliorates lupus (2). However, DCs comprise heterogeneous subsets of 

cells with different origins, organ of residence, and potentially differential roles. While 

many studies implicate myeloid and plasmacytoid DC populations in the pathogenesis of 

SLE (3), the role of tissue-resident DCs in the maintenance of organ-specific tolerance in 

autoimmunity and development of disease is not well defined.

Langerhans cells (LC) are epidermis-resident DCs that express langerin and migrate through 

dermal lymphatics to skin-draining lymph nodes (dLN). LCs are the prototype tissue-

resident DCs studied to gain insights into tissue-specific DC function. LCs act as sentinels to 

orchestrate the immune response against foreign Ags including pathogens in skin. In the 

steady state, LCs have been implicated to induce peripheral tolerance to skin self-Ags (4, 5). 

However, transgenically-expressed epidermal Ag can be cross-presented by migratory DC to 

CD8+ T cells in dLN under steady state conditions resulting in autoimmunity (6, 7). Such 

immune stimulatory versus regulatory roles of LCs have been well elucidated using elegant 

transgenic models, however, little is known about the role of LCs in chronic autoimmune 

conditions such as SLE. Analyses of LCs in skin biopsies from humans and mice with SLE 

have revealed conflicting information. For example, skin biopsies from patients with SLE 

show increased numbers (8) or an irregular distribution (9) of LCs in some studies, but 

reduced numbers of LCs in skin lesions in other studies (10). Another study reported the 

migration of LCs into lupus skin lesions preceding the infiltration with lymphocytes (11). In 

3Abbreviations used in this article: B6, C57BL/6; B6-lpr, C57BL-6 Faslpr/lpr; C3H, C3H/HeOuJ; DC, dendritic cell; dDC, dermal 
dendritic cell; dLN, skin-draining lymph nodes; Dsg3, desmoglein-3; DT, diphtheria toxin; DTR, diphtheria toxin receptor; eGFP, 
enhanced green fluorescent protein; HEL, hen egg lysozyme; Lang, Langerin; Lang-DTR, Langerin-DTR-eGFP; LC, Langerhans cell; 
MRL+/+, MRL/MpJ-Fas+/+; MRL-lpr, MRL/MpJ-Faslpr/lpr; SLE, systemic lupus erythematosus.
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order to explore the contribution of LCs in the maintenance of skin tolerance prior to the 

onset of clinical disease, we utilized murine strains that spontaneously develop an 

autoimmune disease resembling human SLE.

MRL-lpr and MRL/MpJ-Fas+/+ (MRL+/+) mice spontaneously develop a syndrome with 

anti-dsDNA Abs, nephritis, vasculitis, and dermatitis that histopathologically mimics 

chronic cutaneous lupus in humans (12). As in a human autoimmune bullous disease, 

pemphigus vulgaris (13), MRL-lpr mice develop autoantibodies to the cadherin-type 

desmosomal glycoprotein, desmoglein 3 (Dsg3) (14) that is expressed in stratified squamous 

epithelium in skin, oral mucosa and esophagus but not in other tissues such as kidney, liver, 

intestine, and muscle (14, 15). Furthermore, immunization with Dsg3 induces lupus-like 

skin disease in mice (14), and the adoptive transfer of Dsg3-reactive CD4+ T cell clones into 

immune-deficient mice induces interface dermatitis that is a feature of cutaneous lupus and a 

few other inflammatory skin diseases (15). Importantly, the adoptively transferred Dsg3-

reactive T cells infiltrate skin and mucous membranes, but not other organs that do not 

express Dsg3 (15). Taken together, these observations suggest a role for tissue-specific 

autoimmunity in the development of lupus skin disease, which may be regulated differently 

from the systemic disease process. Hence, we utilized Dsg3 as a model skin autoantigen to 

investigate local tolerance induction in the murine lupus model.

Previously we demonstrated that lupus-prone MRL-lpr mice have impaired migration of 

langerin-expressing skin-DCs from skin to dLN, which is detected early in life and 

correlates with the onset and severity of autoimmune skin disease (16). This migration 

defect leading to the paucity of langerin-expressing DCs in dLN might jeopardize the 

maintenance of tolerance to skin Ags, thus contributing to the development of lupus 

dermatitis. Using an endogenous skin self-Ag and an inducible LC ablation model, we 

specifically examined the role of LCs in maintaining local skin tolerance by ablating LCs 

pre-clinically to exacerbate the LC deficiency in MRL mice. While several langerin+ DC 

ablative models exist (17–19), we chose an inducible model (20) to ablate LCs in young 

lupus mice to obviate any potential compensatory pathways arising as a result of constitutive 

LC ablation from early development as well as to mimic the loss of peripheral tolerance 

observed clinically in young human adults who develop lupus. Using this model, we for the 

first time demonstrate a role of LCs in protecting against the breakdown of skin tolerance in 

genetically autoimmune-prone mice and preventing the development of autoimmune 

dermatitis in murine lupus.

MATERIALS AND METHODS

Mice

MRL-lpr, MRL+/+, C3H/HeOuJ (C3H), C57BL/6 (B6), and C57BL-6 Faslpr/lpr (B6-lpr) 

mice were purchased (Jackson Laboratory) and/or bred locally. B6 Langerin-DTR-eGFP 

knock-in (Lang-DTR) mice that express human diphtheria toxin receptor (DTR) and 

enhanced green fluorescent protein (eGFP) downstream of the internal stop codon of the 

Cd207 gene (langerin [Lang]) were provided by Bernard Malissen (20). Lang-DTR B6 mice 

were backcrossed onto the MRL-lpr and MRL+/+ backgrounds for more than 10 

generations. To generate Lang-DTR B6-lpr mice, B6 knock-in mice were crossed with B6-
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lpr mice, and the F1 offspring intercrossed. Mice were maintained in specific pathogen-free 

conditions.

Antibodies

Abs against CD4 (GK1.5), CD8 (53–6.7), CD11b (M1/70), CD16/32 (93), CD11c (N418), 

CD19 (1D3), CD44 (IM7), CD62L (MEL-1), CD69 (H1.2F3), FoxP3 (FJK-16s), I-A/E 

(M5/114.15.2), IL-17 (eBio17B7), INFγ (XMG1.2), Langerin (RMUL.2), TCRβ (H57-597), 

and TNFα (MP6-XT22) were purchased from eBioscience (San Diego, CA). Abs for Ki-67 

(B56), IL-2 (JES6-5H4), and IL-10 (JES5-16E3) were purchased from BD Biosciences (San 

Jose, CA).

Flow cytometry

Fc receptors were blocked by incubating single cell suspensions on ice for at least 30 min 

with CD16/32 before staining. For cytokine assays, cells were cultured for 5–6 h with PMA/

ionomycin in RPMI with 10% FCS at 37°C and 5% CO2. At the last 2–3 h of culture, BD 

GolgiStop was added for IL-10 staining and BD GolgiPlug was added for TNFα, INFγ, 

IL-2, and IL-17 staining. Samples were acquired on FACSCalibur or LSR-II flow 

cytometers (BD Biosciences). Data were analyzed with FlowJo software (TreeStar, Ashland, 

OR).

Epicutaneous tolerization assay

To administer the Ag in a steady state environment, we avoided the use of tape stripping and 

other traumatic procedures that are generally used to facilitate the skin penetrance of Ag. In 

initial experiments, we used acetone/olive oil as a carrier for Ags, followed by a patch (Duo-

Derm extra thin) to keep in place the emulsion. This approach led to inconsistent results, as 

the patch was torn by many animals soon after its application. After trials of several carriers 

and application methods, we selected to emulsify the Ag (500 μg) with an equal volume of 

incomplete Freund’s adjuvant (Sigma). Mouse ears were painted epicutaneously with 50 μl 

(25 μl per ear) of an emulsion containing Dsg3 or hen egg lysozyme (HEL; Fisher Scientific, 

Pittsburg, PA) or PBS alone. Painted ears were blow air-dried to ensure consistent 

application of the Ag. Cervical lymph nodes were harvested 7 d later and their single cell 

suspensions cultured with increasing volumes of the indicated Ag in complete RPMI (10% 

FCS, L-glutamate, penicillin, streptavidin, non-essential amino acids, HEPES and β-

mercaptoethanol) at 37°C and 5% CO2. On day 10, [3H]thymidine (Perkin Elmer, Waltham, 

MA) was added to each well and incorporation measured on a beta scintillation counter 18–

24 h thereafter.

Preparation of Dsg3

For bacterial expression of Dsg3, the extracellular portion of Dsg3 was cloned in to BamHI 

and NotI sites in pGEX4T1 (GE Healthcare Life Sciences, Pittsburg, PA). Primers were 

chosen to PCR amplify from the signal sequence up to the transmembrane domain (5′-gcgc 

GGATCC GAACTGCATGTGAAGCCG-3′ and 5′-cgcgc GCGGCCGC 

TCACAGCCTCCAGGATGACT-3′) using cDNA as a template (clone 40130335, Open 

Biosystems). The plasmid was confirmed by sequencing. For expression, the plasmid was 
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transformed into BL21 and grown to a density of 0.8. Protein expression was induced using 

100 μM IPTG overnight at room temperature. Inclusion body purification protocol was from 

Pamela Bjorkman (http://www.its.caltech.edu/~bjorker/protocols.html). Cells were pelleted 

and resuspended in 13 ml of solution buffer (50mM Tris pH 8, 25% sucrose, 1mM EDTA, 

0.1% sodium azide, 10mM DTT). After sonication for 30 pulses of 10 seconds each, 12.5 ml 

of lysis buffer (50mM Tris pH 8, 1% Triton X-100, 1% sodium deoxycholate, 100mM 

sodium chloride, 0.1% sodium azide, 10mM DTT) supplemented with lysozyme, DNAse I, 

and magnesium chloride to final concentrations of 200 μg/ml, 10 μg/ml, and 1mM 

respectively. After one hour incubation at room temperature, EDTA was added to a final 

concentration of 7mM and the lysate was snap frozen in liquid nitrogen and thawed at 37 °C 

for 30 minutes. Magnesium chloride was increased to 5 mM and incubation allowed to 

continue for one hour at room temperature. EDTA was increased to 14 mM. Inclusion 

bodies were pelleted by centrifugation at 11,000g at 4°C. The pellet was washed with wash 

buffer (50mM Tris pH 8, 100 mM sodium chloride, 1mM EDTA, 0.1% sodium azide, 1mM 

DTT, 0.5% Triton X-100) at 4°C. Another wash was performed without Triton X-100. LPS 

in rDsg3 preparations was measured using Limulus Amebocyte Lysate (LAL) chromogenic 

endotoxin quantitation kit (Pierce), which showed trace amounts of LPS in most 

preparations. rDsg3 was pre-incubated with polymyxin B (Sigma) at 10μg/ml for 30 min at 

37°C to control for endotoxin contamination prior to use for in vitro culture studies.

Isolating cells from skin

To isolate DCs from skin, ears were first split into dorsal and ventral halves with the 

cartilage removed from the ventral sheet. To split epidermis from dermis, ear half was 

floated dermal side down in PBS containing 2.5 mg/ml dispase II (Roche, Nutley, NJ) at 

4°C for 16–20 h. Epidermis and dermis were separated using forceps and cut into small 

pieces in RPMI containing 1mg/ml collagenase IV (Worthington, Lakewood, NJ) and 

1mg/ml DNase (Sigma, St. Louis, MO). Tissue was incubated with the cocktail for 1 h at 

37°C to obtain homogenous cell suspensions. 25mM of ETDA was added during the last 5 

min of incubation.

Immunofluorescence

Ears were first split into dorsal and ventral halves using forceps. With the dermal side down, 

ear halves were floated on top PBS containing 3.8% NH4SCN (Sigma) at 37°C for 30 mins 

to split epidermis from dermis. After the epidermis and dermis were separated using forceps, 

tissue was fixed immediately in acetone at −20°C. Tissue was washed 3 times with PBS and 

blocked with 1% BSA and CD16/32 in PBS for at least 30 min. Tissues were stained with 

Alexa488-Langerin (eBioRMUL.2, eBiosciences) and Alexa647-CD11c (Invitrogen 

labeling kit). Images were acquired on a Leica SP1-Inverted confocal microscope and 

processed using Leica imaging software.

Preparation of whole-tissue skin lysate

Nair was applied to MRL-lpr mouse skin to remove hair and then washed off thoroughly. 

Skin was harvested and homogenized on ice with an electric homogenizer in lysis buffer 

(150mM NaCl, 20mM Tris-HCl, 0.5% Triton x100) containing protease inhibitor cocktail 
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(Sigma). Homogenized skin was transferred to Eppendorf tubes and centrifuged for 20 min 

at 12000 rpm at 4°C. Supernatants were collected and stored at −20°C. Protein concentration 

was determined by BCA assay (Pierce, Rockford, IL).

Detection of autoantibodies

Autoantibodies were detected by Western blot or ELISA, as described previously (21, 22). 

To detect skin-reactive autoantibodies in mouse serum, skin lysate (50μg per lane) was 

incubated with NuPage LDS Sample Buffer (Invitrogen) and DTT at 70°C for 10mins and 

then run in a 4–12% gradient bis/tris polyacrylamide gel (Invitrogen, Grand Island, NY) in 

MOPS buffer. Precision Plus Protein Kaleidoscope Standards (Bio-rad, Hercules, CA) were 

run in every third lane. Gels were blotted to 0.45μm PVDF membranes (Invitrogen). Blots 

were then incubated with Ponceau S (0.1% Ponceau Red, 5% Acetic Acid) to visualize 

protein. After washing blots with 0.05% PBS-Tween 20 (PBS-T) and reactivated in 

methanol, membranes were blocked with 5% milk in PBS-T overnight at 4°C. Blots were 

then cut into strips so that each strip had one lane of lysate and a half lane of the molecular 

weight ladder. Blot strips were incubated with 200x diluted mouse serum for 1.5 h. On each 

blot, one strip was incubated with a standard of pooled serum samples from 24 MRL-lpr 

mice as a control. After washing with PBS-T, membranes were incubated with 1:25,000 

diluted secondary Ab (Mouse TrueBlot ULTRA: anti-mouse IgG HRP, eBioscience) for 1 h 

at room temperature. Blots were visualized using SuperSignal West Femto Maximum 

Sensitivity Substrate Kit (Thermo Scientific, Waltham, MA). Band densities were calculated 

using ImageJ software. The 63kDa band visualized by Ponceau S staining was used to adjust 

for loading volume variances.

To detect autoantibodies to dsDNA by ELISA, 5μg/ml of calf thymus DNA (Sigma) was 

plated at 50μl per well in 96-well EIA/RIA plates and incubated overnight at 4°C. After 

washing plates thrice with 0.05% PBS-Tween 20 (PBS-T), wells were blocked with 2% 

BSA in PBS for 2 h at room temperature. The plates were then washed thrice with PBS-T, 

incubated with 50μl of 100x diluted mouse serum for 2 h at room temperature, washed 3-

times again, and incubated with goat anti-mouse IgG conjugated to HRP (Santa Cruz 

Biotechnology, Dallas, TX) for 1 h at room temperature. After a final triple wash, plates 

were developed using the TMB Substrate Reagent Kit (Biolegend, San Diego, CA). Plates 

were read at 450 nm absorption. Serum from an old NZB/W mouse with severe nephritis 

was used as a positive control and to calculate the ELISA unit value [(Absorbance of sample 

– Absorbance of blank)/(Absorbance of positive control – Absorbance of blank)]. Anti-Dsg3 

Abs were detected in serum diluted at 1:20 using mouse desmoglein3 Ab ELISA kit (MBL 

International, Woburn, MA).

Evaluation of disease severity

To assess clinical skin disease, blinded observers scored skin lesions on a scale of 0 (none) 

to 3 (severe), as previously described (23, 24). A score ≥ 2 (marked alopecia with or without 

hemorrhage) reflected mice with skin disease, as shown in Fig. 4 and 5. Histopathological 

scoring of H&E-stained sections of ear skin, nape skin, lung, liver, and kidney was 

performed by two independent reviewers trained by a dermatopathologist, using criteria 

described in Supplemental Table S1. Tissues were fixed in 10% formalin for 24 h and then 
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stored in 70% ethanol until processed by paraffin embedding, sectioning, and standard H&E 

staining techniques. Proteinuria was measured using Siemens Albustix reagent strips.

Detection of immune cell infiltrates in skin by immunohistochemistry

Five-micron frozen tissue sections were fixed in 4°C acetone for 10 min, incubated with 

0.3% hydrogen peroxide for 30 min to block endogenous peroxidase activity, rinsed with 

PBS, and blocked with PBS containing 1% BSA and 5% normal rabbit serum for 30 min at 

room temperature. Avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA) was 

used to block endogenous avidin and biotin. Sections were then incubated at 4°C with 

primary mAbs CD4 (1:20 dilution; BD PharMingen), CD8 (1:20 dilution; eBioscience), 

CD68 (1:200 dilution; Serotec), and CD11c (1:20 dilution; BD PharMingen), rinsed with 

PBS, and then incubated with biotinylated secondary Ab anti-Rat IgG (1:100; Vector 

Laboratories) for 1 h at room temperature. Sections were then incubated with Avidin-

peroxidase complex (Vectastatin ABC kit, Vector Laboratories) for 30 min at room 

temperature, rinsed, and then exposed to 3,3′-diaminobenzidine for a chromogenic reaction 

and counterstained with hematoxylin. Negative control slide sections were stained in the 

same way without the primary Abs. Images were viewed on an Olympus BX51 microscope 

and acquired using MicroSuite (V) software. All images were prepared using Adobe 

Photoshop software.

Statistics

The cumulative prevalence of animals without skin lesions was analyzed using log rank 

tests. For MRL-lpr mice, first an overall log rank test was used and then pairwise log rank 

tests to compare two curves individually. The Fisher’s exact test was conducted to compare 

the frequency of mice with skin disease at 20-wks of age. Data on anti-dsDNA antibody 

levels, proteinuria, histology scores, and Western blot band density were analyzed using 

Wilcoxon’s rank sum test. Data on immune cell subsets, cytokine producing cells, and skin 

infiltrates were analyzed using two-tailed Student’s t test. Results of the epicutaneous 

tolerance assay were analyzed using two-way ANOVA for dose response assays, and one-

way ANOVA with a Tukey post test for single dose assays.

RESULTS

Spontaneous loss of tolerance to skin autoantigens in mice prone to develop lupus 
dermatitis

MRL-lpr mice have a marked reduction in langerin-expressing DCs in their dLNs at an early 

age (16). Such deficiency of skin-DCs in dLN might lead to the loss of tolerance to skin. To 

test this, we first analyzed sera from MRL-lpr mice against skin lysate (Supplemental Fig. 

S1), which revealed Abs against multiple Ags, including a 110kDa band that is consistent 

with the molecular weight of Dsg3, a known skin autoantigen (14). To determine if the 

reactivity to skin-autoantigens arises prior to disease onset, dLN cells from naive preclinical 

MRL-lpr and age-matched MRL+/+ and C3H mice were cultured with Dsg3 or irrelevant, 

foreign Ags namely hen egg lysozyme (HEL) and OVA. Whereas the proliferative response 

of dLN cells to Con A was equivalent in the three strains of mice, dLN cells mounted a 

significant proliferative response to Dsg3 in MRL-lpr mice as compared to age-matched 
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control animals (Fig. 1A, B). There was no difference in Ki67+ cells in dLN cells cultured 

with medium alone, HEL (Fig. 1A) or OVA (data not shown). CD4+ and CD8+ T cells as 

well as TCRβ+CD4−CD8− (double negative [DN]) cells proliferated in response to Dsg3, 

and 75% of Dsg3-reactive CD4+ T cells expressed memory marker CD44, with 38% cells 

bearing effector memory T cell markers (CD62L−/loCD44+) (Fig. 1C). These data suggest a 

spontaneous loss of tolerance to skin autoantigens in MRL-lpr mice prior to the onset of 

disease.

Tolerance to a skin autoantigen can be induced by epicutaneous applications of the 
autoantigen in lupus-prone mice

To directly test the role of langerin-expressing DCs in the breakdown of tolerance to skin 

autoantigens in MRL-lpr mice in vivo, we utilized an inducible tolerization model using 

high-dose autoantigen Dsg3 in young, pre-dermatitis mice. On day 0 and 1, high-dose Dsg3 

(500 μg) or PBS mixed with equal proportions of vehicle emulsion were applied 

epicutaneously onto mouse ears and dried thoroughly with fan to ensure efficient 

application. After 7 days, dLN cells were harvested to assess a recall proliferative response 

to Dsg3 (Fig. 2A). Consistent with data in Figure 1, LC-intact MRL-lpr mice applied with 

only vehicle emulsion had a robust in vitro proliferative response to Dsg3 autoantigen in a 

dose-dependent manner. In contrast, MRL-lpr mice that received the tolerizing regimen of 

Dsg3 administered epicutaneously on ear skin showed a significant reduction in the 

proliferation of dLN cells to Dsg3 (p = 0.003) (Fig. 2B). The stimulation index (SI, ratio of 

cpm in cultures containing Dsg3 : cpm in wells containing media alone) at the highest recall 

concentration was 8-fold lower in Dsg3-painted animals than in control vehicle-painted 

animals (mean SI of 3 and 24, respectively). As a control for the in vivo immunogenicity of 

Dsg3, a s.c. injection of Dsg3 emulsified in complete Freund’s adjuvant at the hock site 

induced a strong in vitro recall proliferative response (Supplemental Fig. S2). To highlight 

that Dsg3-induced epicutaneous tolerance is self-Ag specific, epicutaneous applications of 

foreign Ags (HEL or OVA) did not elicit an in vitro proliferative response in spontaneous or 

tolerizing conditions (Fig. 2C [HEL] and data not shown [OVA]). The epicutaneous 

applications of the self-Ag Dsg3 also did not affect the in vitro response to the control 

foreign Ag (Fig. 2E, left two columns), and vice versa (Fig. 2F). The SI in Dsg3 recall 

response in vehicle-painted animals was comparable between Fig. 2B and Fig. 2F (mean SI 

of 24 and 27, respectively). Thus, although MRL-lpr mice develop spontaneous loss of 

tolerance to skin autoantigens, they are still amenable to tolerance induction as the topical 

administration of high doses of a tissue autoantigen can induce tolerance in an Ag-specific 

manner in MRL-lpr mice.

LCs are necessary for the epicutaneous tolerance induction to a skin autoantigen

To evaluate the in vivo contribution of LCs in the autoantigen-specific tolerance in 

autoimmune background, we generated Lang-DTR MRL-lpr mice by introgressing the 

knock-in mutation from the stock B6 (20) onto the MRL-lpr background for more than 10 

generations. In this model, a single i.p. injection of diphtheria toxin (DT) temporally deletes 

all langerin+ DCs that comprise of LCs and a recently discovered subset of langerin+ DCs 

that inhabit the dermis, called Lang+dDC (25–27). Recent studies accounting for both 

langerin+ subsets suggest that LCs and Lang+dDCs appear to elicit diverse roles in 
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regulating immunity and tolerance (5, 18, 28). In the Lang-DTR model, Lang+dDCs begin to 

repopulate by day 3 but epidermal LCs begin to repopulate after day 14 of DT injection 

(Supplemental Fig. S3), as is consistent with the published literature (25, 29). We utilized 

this differential repopulation time kinetics between LC and Lang+dDC to assess the effect of 

epidermal LC-selective depletion in the skin tissue upon tolerance induction. Dsg3 emulsion 

was epicutaneously applied 10 d after DT injection, a time-point when only LCs were absent 

from the skin. In contrast to LC-intact mice (Fig. 2B), LC-depleted mice did not show any 

reduction in the recall proliferative response of dLN cells to Dsg3 when pre-treated with 

Dsg3 as compared to animals receiving vehicle emulsion application (Fig. 2D; p = 0.59). 

There was no difference in proliferation between vehicle-treated LC-intact vs. LC-depleted 

mice (Fig. 2B [vehicle] vs. Fig. 2D [vehicle]; p = 0.13). However, the recall proliferative 

responses of dLN cells to Dsg3 after epicutaneous tolerization to Dsg3 were different (p = 

0.007) between LC-intact (Fig. 2B [Dsg3]) and LC-depleted mice (Fig. 2D [Dsg3]). As a 

control, the in vitro proliferation of dLN cells to an irrelevant Ag (HEL) after epicutaneous 

application of Dsg3 was not different between LC-intact and LC-depleted mice (Fig. 2E, 

grey vs. black columns). Furthermore, the Ag-specific in vitro proliferation of cells from 

non-skin draining (mesenteric) lymph nodes was unaffected by the epicutaneous application 

of Dsg3 in both LC-intact and LC-depleted mice (data not shown). These data indicate that 

LCs are necessary for in vivo tolerance induction by epicutaneous application of a skin 

autoantigen at the tissue level.

To investigate if LC depletion affects the activation, differentiation, and apoptosis of T cells 

upon high-dose tolerance to a self-Ag, we analyzed the respective markers, including 

annexin V, CD25, CD44, CD62L, CD69 and FoxP3, on local dLN T cells from vehicle or 

Dsg3 treated LC-intact and LC-depleted mice. Whereas the frequency of activated, memory 

and apoptotic CD4+ T cells were not significantly different between the groups (data not 

shown), the frequency of conventional Treg cells (CD4+CD25+Foxp3+ T cells) was 

significantly increased in LC-intact mice treated with epicutaneous Dsg3 as compared to 

vehicle-treated mice (Fig. 2G, LC Intact). Such increase in Treg cells upon Dsg3 tolerance 

induction was not observed in LC-depleted mice. The epicutaneous application of a foreign 

Ag, HEL, did not affect the proportions of Treg cells as compared to vehicle-treated animals 

(data not shown). These data suggest a role of LCs in the generation of Treg cells during 

epicutaneous tolerance induction to self-Ag.

Inducible LC depletion in adult, preclinical MRL-lpr mice promotes skin-specific 
autoantibody response, but not systemic B cell hyperactivation

Since LCs are required for tolerance induction to a test skin autoantigen (Fig. 2), we 

surmised that LC ablation will also result in increased autoantibody responses to skin Ags. 

To test this in vivo in a chronic autoimmune disease model, we used a long-term LC ablation 

strategy by administering repeated injections of DT in young Lang-DTR MRL-lpr mice and 

measured serum autoantibody responses. Specifically, young 6–8-wk-old female mice were 

given DT injections every 10–14 d for up to 8 total injections. This injection regimen 

allowed for continual depletion of LCs during the time prior to dermatitis onset, whereas 

Lang+dDCs have repopulated and are present (Fig. 3A, B) during this period. Results show 

that serum autoantibodies against homogenized whole-skin lysate were increased in LC-
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depleted mice (Fig. 3C) compared to LC-intact mice. Specifically, the 26kDa, 40kDA, 

73kDA, and cumulative (indicated as “All”) band densities were comparatively higher in 

LC-depleted mice compared to LC-intact controls (p = 0.05–0.02). Although not statistically 

significant, 24kDa, 48kDa, 53kDa, 63kDa, and 110kDa (representing Dsg3) bands also 

showed trends of increased densities in LC-depleted mice compared to controls (Fig. 3D). In 

contrast, serum autoantibody levels to the systemic autoantigen dsDNA were similar 

between LC-depleted and LC-intact mice (Fig. 3E), thus demonstrating tissue specificity 

with depletion of tissue specific DCs. Therefore, the depletion of the local DCs, the LCs in 

skin, led to increased autoantibodies to skin but had no impact on Abs to a systemic 

autoantigen.

LC depletion in adult, preclinical MRL-lpr mice accelerates dermatitis, but not other 
systemic manifestations of lupus

Since LC ablation in adult, pre-clinical MRL-lpr mice results in impaired epicutaneous 

tolerance induction to skin autoantigen (Fig. 2) and increased skin autoantibody production 

(Fig. 3), we surmised that continual LC ablation in pre-clinical mice will accelerate 

autoimmune dermatitis. Indeed, LC-depleted mice had a marked acceleration of clinically 

relevant lupus dermatitis lesions (score ≥ 2) compared to their littermate controls (Fig. 4A), 

with a median onset of 18 versus 28 wks of age, respectively (p < 0.001) (Fig. 4B).

To confirm that the acceleration of clinical manifestations of dermatitis in LC-ablated mice 

is consistent with lupus skin histopathology, we scored skin sections for acanthosis, vacuolar 

changes, lymphocytic infiltrates, apoptotic keratinocytes, and fibrosis, as described in 

Supplemental Table S1. LC-ablated mice had markedly increased histology scores in both 

ear and nape skin (Fig. 4C, D). However, LC-ablated mice had no increased pathology in 

non-cutaneous organs such as the lungs, liver or kidneys compared to LC-intact mice (Fig. 

4E, F). Thus, LC ablation exacerbates lupus dermatitis, without affecting other organ 

systems.

Acceleration of dermatitis by LC ablation occurs in the autoimmune MRL background and 
is independent of the Faslpr mutation

To determine if the long-term LC depletion regimen that accelerates dermatitis in young 

MRL-lpr mice will induce skin autoimmune disease in non-autoimmune mouse strains, we 

depleted LCs in Lang-DTR B6 mice. There was no incidence of skin disease up to over one 

year of follow up in these mice (Fig. 5A). This suggests a requirement for an autoimmune 

genetic background or the lpr mutation for LC ablation-induced trigger in skin 

inflammation.

To assess whether the dermatitis exacerbating effect of LC ablation in MRL-lpr mice is 

owing to the lpr mutation, we generated Lang-DTR B6-Faslpr/lpr (B6-lpr) and Lang-DTR 

MRL+/+ mice by introgressing the knock-in mutation in these backgrounds. Whereas LC 

ablation did not elicit autoimmune dermatitis in B6-lpr mice up to one year of follow up 

(Fig. 5A), LC ablated MRL+/+ mice experienced a significant acceleration of autoimmune 

skin disease compared to littermate LC-intact controls (Fig. 5A, B). LC-ablated MRL+/+ 

mice had a median onset of skin disease at 41 wks compared to only 17% of LC-intact mice 
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that developed skin disease at this age (p=0.04). Thus, LC ablation accelerates dermatitis in 

a genetically autoimmune-prone background, regardless of the presence of the lpr mutation.

LC depletion in adult, preclinical MRL-lpr mice reduces IL-10 producing CD4+ T cells in 
dLN, and increases macrophage infiltration in skin

To understand the mechanism underlying accelerated skin disease in LC-depleted MRL 

mice, we first asked if the depletion of LCs chronically results in an impaired tolerance 

induction to a skin autoantigen. To address this, we epicutaneously applied high doses of 

Dsg3 or vehicle to MRL-lpr mice after 6 DT or PBS injections. Similar to results in mice 

with acute LC depletion after one DT injection (Fig. 2D), chronically LC-depleted MRL-lpr 

mice did not develop high dose tolerance to Dsg3, and exhibited significantly increased 

recall proliferative responses to Dsg3 as compared to their age-matched LC-intact control 

littermates (data not shown). Such lack of local skin-specific immune tolerance in LC 

depleted mice may account for the accelerated skin disease in autoimmune-prone mice.

To test the hypothesis that the loss of tolerance with increased skin autoimmunity in 

chronically LC-ablated MRL-lpr mice results from an altered homeostasis of effector versus 

regulatory cells in the dLN, we continuously depleted LCs during the pre-clinical period in 

young mice (as in Fig. 3A) and examined its effect on immune cell subsets and cytokine 

production in the dLN (Fig. 6A–F). There was no difference in the frequency of CD4+, 

CD8+ and DN T cells (Fig. 6A), nor naïve, memory, effector and activated CD4+ T cells 

(Fig. 6B) in the dLN of LC ablated mice compared to LC-intact mice. There was a trend 

towards increased B cell numbers in the dLN of LC-ablated mice, but this difference was 

not statistically significant (Fig. 6C, p = 0.06). Interestingly, in contrast to the acute LC 

depletion that prevented the FoxP3+ Treg cell expansion that is observed upon epicutaneous 

tolerance induction to Dsg3 in LC-intact mice (Fig. 2G), we found an increase in the 

frequency of FoxP3+ Tregs in chronically LC-depleted mice compared to LC-intact mice (p 

= 0.02) (Fig. 6D).

To determine the effect of LC depletion on T cell functions, we stimulated dLN cells with 

PMA/ionomycin and analyzed intracellular cytokine production (Fig. 6E, F). While LC 

ablation had no effect on the frequency of CD4+ T cells producing IFN-γ, IL-2, TNF-α and 

IL-17, the frequency of IL-10 producing CD4+ T cells was reduced in the dLN of LC-

ablated mice compared to LC-intact controls (p = 0.04) (Fig. 6F). Since FoxP3+ Tregs as 

well as CD4+Foxp3− IL-10-producing (Tr1) cells can suppress inflammation in an IL-10-

dependent manner (30), we analyzed IL-10 production in CD4+FoxP3+ vs. CD4+FoxP3− T 

cells (Fig. 6E). There was no difference in IL-10+CD4+FoxP3+ T cells between the groups 

(p=0.28; n=4 mice/group). Thus, LC ablation reduces the frequency of IL-10–producing 

CD4+ T cells in dLN of MRL-lpr mice, but had no significant effects on pro-inflammatory 

cytokine-producing CD4+ T cells.

In order to determine which cell types may be affected locally at the site of disease, we 

performed immunohistochemical analysis in skin tissues from LC-ablated vs. control 

animals. We found that LC-ablated MRL-lpr mice had a significant increase in CD68+ 

macrophages in the skin as compared to LC-intact controls (Fig. 6G, H). The number of 

infiltrating CD4+ and CD8+ T cells, and CD11c+ cells were not statistically different 
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between the groups at 20 wks of age. To detect cytokines in skin, we separated epidermis 

and dermis using dispase and isolated leukocytes using collagenase IV. Isolated leukocytes 

from the epidermis and dermis were analyzed for intracellular cytokines including TNFα, 

IL-1β, IL-17, IFNγ and IL-10 (data not shown). We have thus far found no significant 

differences in these cytokines in the epidermis and dermis of chronically LC-depleted MRL-

lpr mice as compared to control mice.

DISCUSSION

In this article, we report a novel protective role of LCs in lupus dermatitis. We demonstrate 

that LC ablation in adult MRL-lpr mice led to inability to induce tolerance to a skin 

autoantigen, elevated Abs to skin Ags, and accelerated dermatitis, with no effect on disease 

in other organs tested or on anti-dsDNA autoantibodies. The increased lupus dermatitis in 

LC-ablated mice was associated with reduced IL-10-producing CD4+ T cells in dLNs, and 

increased local dermal macrophage infiltration. Thus, the tissue-resident immune cells 

regulate local immune tolerance without affecting systemic responses. These observations 

offer a potential explanation that immune regulation at the local level may underlie the 

heterogeneity of multiple organ involvement in lupus.

An important function of skin migratory DC is to acquire and transport skin Ags to the dLN 

in the steady state to induce peripheral tolerance (4, 28). The role of tolerance in tissues has 

been elegantly examined using ectopic expression of transgenes encoding neoantigens in 

combination with mice expressing transgenic TCRs specific to the neoantigen. For example, 

in mice where OVA is expressed by keratinocytes adoptively transferred OVA-specific 

transgenic CD8+ T cells undergo tolerance (31). It is important, however, to understand 

whether peripheral tolerance is impaired in autoimmune-prone conditions, such as cutaneous 

SLE. In order to investigate the role of LCs in the local skin versus systemic organ 

tolerance, we reasoned to use a physiological antigen system that is specific for skin and is 

not cross-reactive with other systemic autoantigens. Although, antibodies against laminin 

have been reported in patients with cutaneous LE, these autoantibodies have also been 

implicated in lupus nephritis (32–34). Previous studies have also shown cross-reactivity 

between antibodies against laminin or α-actinin and dsDNA (34, 35). In animals, 

immunizations with laminin or a passive transfer of anti-laminin antibodies either had no 

effect or induced limited nephritis, myositis, abortion, reproductive failure or subepidermal 

splits but no lupus dermatitis (36). A previous study showed that immunizations with a skin-

associated autoantigen, Dsg3, induced lupus-like skin disease in FcγRIIb−/− mice. 

Genetically lupus-prone MRL-lpr mice also spontaneously develop autoantibodies to Dsg3, 

which correlate with skin disease severity (14). Furthermore, IgG deposits at the dermal-

epidermal junction co-localized with Dsg3 in the ultraviolet B-induced NZB/W cutaneous 

lupus model (37). Importantly, the adoptive transfer of Dsg3-reactive CD4+ T cells into 

immune-deficient mice induced skin inflammation that mimics interface dermatitis that is a 

distinct T cell-mediated inflammation at the dermal-epidermal junction seen in cutaneous 

lupus, graft-versus-host disease and other diseases (15). In this model, the adoptively 

transferred Dsg3-reactive T cells infiltrate the stratified squamous epithelium in skin, oral 

mucosa, and esophagus which express Dsg3, but not the other organs, such as liver, small 

and large intestine, spleen and muscle, which do not express Dsg3 (14, 15). Taken together, 
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the Dsg3 provides a suitable model antigen system for our studies to investigate the local 

immune tolerance in skin.

Using the Dsg3 model antigen system, we demonstrate that MRL-lpr mice that have reduced 

numbers of LCs in their dLN exhibit spontaneous loss of tolerance to Dsg3. This 

spontaneous breakdown in tolerance to Dsg3 observed in MRL-lpr mice can be corrected by 

epicutaneous applications of high doses of Dsg3, for which LCs are necessary. This role of 

LCs in inducing skin tolerance is in resonance with previous bone marrow chimera studies, 

where only host LCs expressed the MHCII I-E that could present the Ag to the transferred 

transgenic CD4+ T cells and tolerize them (38). We further show that despite a reduced LC 

migration and tolerance breakdown, skin-reactive T cells in MRL-lpr mice can be tolerized. 

This has important therapeutic implications such that epicutaneous applications of skin 

autoantigens might restore tolerance to skin and prevent relapses of lupus dermatitis. Such 

induced tolerance can be boosted further by improving the migration of LCs so they can 

more efficiently transport the epicutaneously applied Ags to dLN. Taken together, these 

observations implicate the LC migration defect in causing the breakdown of tolerance to 

skin autoantigens in autoimmune-prone mice.

The mechanisms by which LC depletion prevents the high dose tolerance induction to self-

Ags remain to be determined. We did not observe a significant effect of high dose tolerance 

to Dsg3 on CD4+ T cell activation and activation-induced cell death in dLN of MRL-lpr 

mice, but the frequency of CD4+CD25+Foxp3+ Treg cells was significantly increased 7 d 

after an epicutaneous application of Dsg3 in LC-intact mice. Such increase in Treg cells 

upon Dsg3 tolerance induction was not observed in LC-depleted MRL-lpr mice. These data 

are consistent with a previous study that showed that the generation of Tregs that is observed 

upon ultraviolet radiation is prevented in LC-depleted mice (39). Additionally, we found a 

reduced frequency of IL-10 producing FoxP3− CD4+ T cells in the dLN of LC-ablated 

MRL-lpr mice as compared to LC-intact mice. Such IL-10 producing FoxP3− CD4+ T cells 

can inhibit T cell expansion in vivo, hence referred to as IL-10 Tregs (40). IL-10 has also 

been shown to mediate T cell tolerance (41), and to skew DCs toward a tolerogenic 

phenotype (42). Thus, our data suggest a role of LCs in the generation of both FoxP3+ and 

IL-10 Treg cells in dLN. It remains to be determined whether the impaired generation of 

FoxP3+ Treg cells in response to high dose skin antigen or the reduced IL-10 Treg 

population in the dLN of LC-ablated MRL-lpr mice contributes to loss of tolerance to skin 

Ags.

The continuous in vivo ablation of LCs in adult, preclinical MRL-lpr mice led to increased 

serum autoantibodies to endogenous skin Ags. A previous investigation that used a patch 

immunization method where the dorsal mouse ears were tape-stripped five times with 

Scotch tape prior to applying a filter paper wetted with Staphylococcus aureus–derived 

exfoliative toxin or OVA showed reduced levels of antibodies against these foreign antigens 

in LC-depleted mice as compared to LC-intact controls (43). It is likely that the repeated 

tape stripping used in this study caused local trauma leading to a marked increase in the 

activation and migration of Ag-loaded LCs to dLN, where they facilitated antibody 

production. To be able to administer the Ag in a steady state environment, we avoided the 

use of tape stripping and applied the Ag in an emulsion with incomplete Freund’s adjuvant 
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followed by blow air drying of the painted emulsion to ensure the consistent application. 

Use of acetone/olive oil and other carriers for Ags followed by a Duo-Derm patch led to 

inconsistent results on epicutaneous tolerance (data not shown). Nevertheless, these 

observations suggest that LCs may be competent to support the production of antibodies 

against foreign Ags, whereas they regulate T–B cell tolerance to self-Ags at the steady state 

in lupus. These observations also suggest a plasticity in the role of LCs on immune 

responses, which may depend on the nature of the Ag (e.g., foreign or self), route of Ag 

exposure, and presence or absence of environmental cues, including trauma, pathogens, and 

inflammation (44).

Skin biopsies from patients with SLE show increased numbers (8) or an irregular 

distribution (9) of LCs in some studies, but reduced LC numbers in skin lesions by others 

(10, 45). An irregular distribution with clusters of large LCs is also seen in the epidermis of 

preclinical MRL-lpr mice (16), which may represent activated LCs that are unable to 

migrate to dLNs. To directly investigate the role of LCs in lupus dermatitis, a previous study 

generated transgenic MRL-lpr mice that use the human langerin promoter to express 

attenuated DT subunit A. These mice have a constitutive LC ablation from early 

development (2). In order to obviate the potential compensatory pathways arising as a result 

of life-long LC deficiency, we chose an inducible model and an ablation schema that 

continuously deletes LCs only during the pre-clinical young adult life of MRL-lpr and MRL

+/+ mice. This LC ablation regimen resulted in a profound acceleration of dermatitis, such 

that MRL+/+ mice that normally do not display any clinical or pathological evidence of 

dermatitis until 8–10 months of age begin to exhibit severe dermatitis upon LC depletion at 

an earlier age (0% vs. 39% in LC-intact vs. LC-depleted mice, respectively, by 26 weeks of 

age). A similar acceleration of dermatitis was seen upon LC depletion in MRL-lpr mice 

(33% vs. 92% in LC-intact vs. LC-depleted mice, respectively, by 26 weeks of age). In 

contrast, the constitutive ablation of LCs using the Langerin-DTA transgenic model did not 

result in increased skin disease in MRL-lpr mice (2). Thus, it would be important to identify 

mechanisms that might compensate for the loss of LCs from birth in the constitutive LC 

ablation model. Nevertheless, our data clearly demonstrate a protective role of LCs in young 

adult mice prone to develop lupus dermatitis.

The ability of LCs to confer tolerance to skin Ags may underlie their protective role in lupus 

dermatitis. Increased dermatitis in LC-depleted mice might also be due to the reduced 

frequency of CD4+ T cells that produce IL-10. Previous studies have shown that IL-10 

deficiency can exacerbate dermatitis in MRL-lpr mice (46), and T cell-derived IL-10 has 

been shown to play a role in curtailing skin inflammation in contact hypersensitivity (CHS) 

(47, 48). IL-10 may also exert its effect in skin inflammation via its ability to induce the 

apoptosis and inhibit the activation of pDCs (49) that infiltrate the lesions of cutaneous SLE 

(50). IL-10 can control DC function during the effector phase of inflammatory skin reaction 

(42), and to inhibit macrophage functions (51). Thus, the reduced IL-10 Tregs in dLN of 

LC-ablated MRL-lpr mice might contribute to the increased macrophage infiltration in skin 

that we observed. While further studies are needed to understand how LCs regulate the 

homeostasis of IL-10 producing cells, it is possible that LCs mediate their effects at least in 

part via IL-10 producing CD4+ T cells.
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The elucidation of immune stimulatory versus regulatory role of LCs has been complicated 

by the discovery of Lang+dDC (25–27), prompting re-examination of prior studies using 

langerin as an exclusive marker for LCs alone. Recent studies accounting for both langerin+ 

subsets suggest that LCs and Lang+dDCs appear to elicit diverse and complex roles in 

regulating immunity and tolerance (5, 18, 28), which are not fully elucidated yet. Like 

epidermal LCs, Lang+dDCs that arise from bone marrow precursors to populate dermis 

migrate to dLNs both in steady state and in response to inflammation (18). Unlike LCs, 

Lang+dDCs arrive at dLNs quickly and are continually replaced by new recruits from the 

blood, such that only ~50% Lang+dDCs are reduced on day 2 after a 3rd to 8th DT injection 

in Lang-DTR MRL-lpr mice. This differential kinetics allowed us to demonstrate that the 

continuous depletion of LCs, with Lang+dDCs mostly present, in preclinical Lang-DTR 

MRL-lpr mice injected with DT every 10–14 d exacerbates dermatitis. It is possible, 

however, that a functional alteration in repopulating Lang+dDCs confers the observed 

phenotype in this model. This issue can be addressed by using Lang-DTA mice, where 

Lang+dDCs are continually present. Roles of LC and Lang+dDC have been extensively 

investigated in CHS. Results have been variable under different experimental conditions. 

Under conditions where only LCs are ablated, LCs appear to negatively regulate CHS (17, 

39, 52, 53). However, depletion of LCs and Lang+dDCs both resulted in the diminished (19) 

or unaffected (20) CHS. Other studies suggest a compensatory role of these two skin DCs in 

the sensitization phase of CHS (54). Consensus is emerging that LCs may generally regulate 

CHS, whereas Lang+dDCs may promote CHS (5, 18, 28). Our ongoing studies will 

determine the role of Lang+dDCs and other heterogeneous populations of Lang− dermal 

DCs that remain intact in Lang-DTR mice in the development of lupus dermatitis.

Epicutaneous tolerance with Dsg3 led to increased CD4+CD25+FoxP3+ Treg cells in LC-

intact, but not in acutely LC-depleted mice, indicating a requirement of LC in generating 

Treg cells in response to high dose epicutaneous Ag. These data are consistent with previous 

reports indicating a role of LCs in the induction of Treg cells (39, 44). However, we were 

surprised to find an increase in the frequency of Tregs in the dLN of chronically LC-

depleted mice compared to LC-intact mice. The reason for this discrepancy in the role of 

LCs in Treg generation is unclear. Recent studies using the OVA transgenic model suggest 

that migratory Lang+dDCs, not LCs, mediated tolerance in CD4+ T cells, where adoptively 

transferred naive OVA-specific transgenic CD4+ T cells were converted into FoxP3+ Treg 

cells (28). Thus, it is possible to speculate that Lang+dDCs that remain mostly intact and re-

populate rather quickly after multiple DT injections contribute to the accumulation of Tregs 

in the dLN of chronically LC-ablated MRL-lpr mice. However, despite the presence of 

Lang+dDCs and increased Tregs, the skin autoimmunity is accelerated in chronically LC-

ablated MRL-lpr mice. It is also possible that Lang+dDCs that re-populate the dermis after 

repeated LC ablations are inefficient in inducing functionally competent FoxP3+ Tregs, 

especially under autoimmune conditions. In fact, Tregs are functionally impaired in MRL-

lpr mice (55). Thus, an increase in Treg cells might still not be commensurate with a 

profound increase in activated T cells in these mice.

Our observations offer a potential explanation that immune regulation at the local level may 

underlie the heterogeneity of multiple organ involvement in lupus. There are other examples 
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of differential regulation of inflammation in different organs in a systemic autoimmune 

disease. For example, MRL-lpr mice rendered deficient in β2-microglobulin (56), CD1d 

(23), and CD40L (57) exhibit increased lupus dermatitis, but less or unaffected renal 

disease. In another example, nephritis is accelerated by multiple pregnancies in MRL-lpr 

mice while skin disease is prevented (58), presumably due to opposite effects of IL-10 in 

skin versus kidneys. Higher renal IL-10 levels were associated with more nephritis, whereas 

higher IL-10 levels in skin were associated with lower skin disease. The latter observation is 

akin to our findings showing reduced IL-10-producing CD4+ T cells in dLN of mice with 

increased dermatitis. We show a specific role for LCs in the epidermis in young adult mice 

to regulate tolerance in skin, but not other organs. The localized worsening of skin disease 

with epidermal LC ablation may be due to the unique location of this DC subset.

This study highlights the role of local immune tissue regulation as a key regulatory layer for 

tolerance induction in systemic autoimmune disorders. These data have implications for 

therapy at the local organ level, providing a target for therapy to correct a local breakdown 

in tolerance rather than attempting correction at a systemic level. This has potential 

advantages in patients with persistent cutaneous lupus when systemic symptoms are absent 

or have subsided. Further studies should continue to shed light on predictors of organ 

specificity in the context of systemic multi-organ autoimmune diseases.
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FIGURE 1. Spontaneous proliferation to a skin autoantigen in the dLN of MRL-lpr mice
Freshly isolated cells from the dLNs of 5–8-wk-old female naïve MRL-lpr mice, MRL+/+ 

mice, and MHCII-matched C3H control mice were cultured with Dsg3 (Dsg3, 500 μg/ml) or 

hen egg lysozyme (HEL, 500 μg/ml) as a non-autoantigen control (n = 4 mice/group). ConA 

was used as a positive control, and medium alone cultures (Unstim.) served as a negative 

control. After 72 h, dLN cell proliferation was measured using Ki-67 expression. A, 

Representative histograms show Ki-67 expression on lymphocytes. Numbers on the 

histogram represent the % of proliferating cells. n/d = not done. B, Percentage of 

proliferating cells (Ki-67+ as gated in A) in response to Dsg3 from three independent 

experiments are shown as the mean ± SEM (**p <0.01; n = 4 per group). C, Proliferating T 

cells from MRL-lpr cultures containing Dsg3 were analyzed for T cell subsets and 

activation/memory markers. Representative FACS plots of proliferating T cells (TCRβ+ 

Ki-67+, left panel) were gated off live cells, and subsequently gated to show percentages of 

proliferating T cell subsets (CD4, CD8 and double negative, middle panel), and activation/

memory CD4+ T cells (CD44 and CD62L, right panel) in MRL-lpr mice. Gate frequencies 

indicate the mean ± SD (n = 3 per group) from three independent experiments.
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FIGURE 2. LCs are needed for the induction of tolerance to epicutaneously applied skin 
autoantigens
A, Tolerization schema. Mice received a single PBS or DT i.p. injection 10 d prior to skin 

application of an Ag-containing emulsion. On day 0 and 1, emulsions containing vehicle 

(PBS) or a high dose of Ags (500 μg of a self [Dsg3] or foreign Ag [HEL or OVA]) were 

applied twice epicutaneously on preclinical (7–11-wk-old) female MRL-lpr mouse ears 

bilaterally. Seven days later, dLNs were harvested and dLN cells cultured in vitro with 

varying doses of the applied Ag (0–500 μg/ml) in triplicate. After 72 h, Ag-recall response 

was assessed using [3H]-Thymidine proliferation assay. Results are expressed in panels B–F 
as the mean ± SD triplicate CPM values. A dotted horizontal line in each panel represents 

[3H]-thymidine incorporation in cells cultured with medium alone (Media). B, In vitro recall 

response to Dsg3 was assessed in PBS-injected mice (LC-intact) that received a vehicle or 

Dsg3-containing emulsion (**, p=0.003). C, In vitro recall response to a foreign Ag (HEL) 

after its epicutaneous applications in PBS-injected mice (LC-intact). D, In vitro recall 

response to Dsg3 was assessed in DT-injected mice (LC-depleted). E, Epicutaneous 

application of a self Ag does not affect the in vitro responsiveness to a control foreign Ag. 

LC intact or depleted mice were epicutaneously (ECI) treated with Dsg3 or vehicle, and 

dLN cells cultured with control Ag. Mean ± SD triplicate CPM values from cultures 

containing HEL (500 μg/ml) are shown. F, Epicutaneous application of a foreign Ag does 

not affect the in vitro responsiveness to a self Ag. LC intact mice were epicutaneously 

treated with a foreign Ag (HEL) or vehicle, and dLN cells cultured with increasing doses of 

Dsg3. Results are shown as the mean ± SD triplicate CPM values. G, Representative FACS 

plots show frequency of Treg cells in LC-intact and LC-depleted mice 7 d after the 

epicutaneous application of vehicle or Dsg3. Plots were gated from TCRβ+, CD4+ 

lymphocytes. Gate frequencies indicate mean ± SD of 3 independent experiments (** p < 

0.01; one-way ANOVA with a Tukey post-test; n = 3 mice). Results shown are 

representative of three independent experiments, each using 3–5 mice per condition.
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FIGURE 3. Inducible LC ablation in adult, pre-clinical MRL-lpr mice promotes autoantibody 
response to skin autoantigens, but does not increase systemic autoantibody levels
A, LC ablation schema. Lang-DTR knock-in MRL-lpr mice are given repeated DT 

injections (initial dose 1μg starting at 6–8-wks of age, followed by subsequent 100ng every 

10–14 d) to continuously deplete epidermal LCs in pre-clinical period. White cells represent 

absent DCs. B, LCs and Lang+dDCs in the skin of MRL-lpr mice after 8 repeated weekly 

injections. FACS plots of epidermal cells were gated off large cells, and dermal cells were 

gated off MCHII+ cells. Gate frequencies represent mean ± SD, with dermal migratory LCs 

(Group I) and Lang+dDC (Group II) gate frequencies located under their corresponding 

FACS plot (n=3–6 mice/plot; *** p < 0.001, ** p < 0.01, * p < 0.05). C, Western Blots were 

used to assess levels of serum IgG autoantibodies against whole-skin lysate in LC-intact and 

LC-depleted Lang-DTR (DTR) MRL-lpr mice (n=8–11 mice/group). Serum samples from 

BALB/c and B6 mice were used as negative controls, and a pooled serum sample from 

inbred MRL-lpr mice was used as a reference serum between different Western blot 

experiments. Representative blots are shown. Numbers indicate molecular sizes in kDa. 

Ponceau S staining (PR) of skin lysate was performed for loading controls, with the 

corresponding 63 kDa PR band shown. D, Band densities of the indicated protein sizes were 

calculated relative to the corresponding band in the reference serum as well as normalized 

against Ponceau S staining. (All bands *p=0.033; 26kDa *p=0.041; 40kDa *p=0.050; 63kDa 

#p=0.061; 73kDa *p=0.012; n=8–11 mice/group). E, Serum anti-dsDNA autoantibodies 

were measured using ELISA. Results are expressed as the U/ml from individual mice. 

Results are pooled from three independent experiments.
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FIGURE 4. Inducible LC ablation in adult, preclinical MRL-lpr mice accelerates and 
exacerbates autoimmune skin disease, but does not affect disease in other organ systems
A, B. 6–8-wk-old female wild-type or knock-in (DTR) MRL-lpr littermates received 6–8 i.p. 

injections of DT (Depleted) or PBS (Intact) every 10–14 d, and animals were monitored for 

lupus skin disease. A, Representative images of clinical lesions of LC-intact and LC-

depleted mice taken at 20 wks of age. B, Cumulative prevalence of animals without skin 

lesions (< 2+). Results demonstrate accelerated skin disease in LC ablated mice (n=14) 

compared to the three control groups (n=12–26 per group; *** p < 0.001 for overall log rank 

test; p=0.004 for red vs. green; p<0.001 for red vs. black; p=0.002 for red vs. blue). Control 

groups were not significantly different among themselves (p > 0.2). The median age of skin 

disease was 18 wks in the LC-depleted mice and 28–33 wks in the control groups. C, D, Ear 

and nape skin tissues were harvested at 20 wks of age, and skin sections stained with H&E. 

Representative photomicrographs are shown in C (scale bar indicates 200μm). D, H&E-

stained skin sections were scored, as described in Supplemental Table S1. Results are 

expressed as the mean ± SEM composite histological scores (**p < 0.01, n = 10 and 13; 

***p< 0.001, n = 10 and 11). E, H&E stained sections of lung, liver, and kidney from 

littermate LC-intact and LC-depleted MRL-lpr mice were scored, as described in 

Supplemental Table S1. Results are expressed as composite histology scores from individual 
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mice; n=9–12 mice/group). F, Proteinuria was estimated using dipstick urinalysis, and read 

on a scale of trace (0.5) and 1–3 (10–11 mice/group).
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FIGURE 5. Acceleration of skin autoimmunity by LC ablation occurs only in the autoimmune 
background and is independent of the Faslpr mutation
A, Lang-DTR knock-in mice in B6, B6-lpr, MRL+/+, and MRL-lpr backgrounds were 

injected with DT or vehicle for 8 wks, and monitored for skin disease, as described in Figure 

3A. Results are shown as the frequency of moderate to severe skin lesions (score ≥ 2+) at 26 

wks of age in LC-ablated B6 and B6-lpr mice, and LC-ablated and LC-intact MRL+/+ and 

MRL-lpr mice. None of the LC-ablated B6 (n = 11) and B6-lpr (n=9) developed any skin 

lesions until their termination at one year of age. LC ablation in both MRL strains increased 

skin disease (**p = 0.007, 15 vehicle and 18 DT-injected MRL+/+ mice; ***p<0.001, 15 

vehicle and 14 DT-injected MRL-lpr mice; Fisher’s exact test). B, Cumulative prevalence of 

mice without skin disease (< 2+ lesions). 9–15-wk-old Lang-DTR MRL+/+ mice were 

treated with PBS or DT every 10–14 d for 6–8 injections, and monitored for skin lesions (*p 

= 0.04, log rank test, n=16 and 19 mice respectively).
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FIGURE 6. Effect of sustained LC ablation in adult, preclinical MRL-lpr mice on immune cell 
phenotype in skin and dLN
6–8-wk-old Lang-DTR MRL-lpr mice were treated with vehicle or DT every 10–14 d, dLNs 

and skin tissue were harvested after 6–8 injections, and analyzed for immune cell subsets 

and cytokine production. A–C, Frequency of T cell subsets in dLN, including CD4, CD8 

and DN (TCRβ+B220+CD4−CD8−) T cells (A), CD4+ naïve, memory, and effector activated 

T cells (B), and B cells (C) in LC-intact versus LC-depleted mice. Error bars show SEM (n 

= 5–13 mice/group). D, dLN cells were analyzed for Treg cells (CD4+CD25+FoxP3+). 

Representative flow plots depict FoxP3/CD25 staining in gated CD4+ T cells. Results are 

expressed on the left as the mean ± SEM of CD25+FoxP3+ Treg cells (*, p = 0.02, n = 6 LC-

intact and 5 LC-depleted mice). E, F, Single cell suspensions from dLNs were stimulated 

with PMA/ionomycin, and analyzed for intracellular cytokines in gated TCRβ+CD4+ cells. 

Representative flow plots of IL-10 producing cells among Treg cells (FoxP3+ CD4+) and 
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FoxP3−CD4+ T cells are shown in E. Results are expressed in F as the mean (horizontal 

bars) and individual data symbols of cytokine producing FoxP3−CD4+ T cells (*, p =0.04; n 

= 9 LC-intact and 10 LC-depleted mice). G, H, Nape skin from LC-intact and LC-depleted 

MRL-lpr mice was stained for the presence of macrophages (CD68), T cell subsets (CD4 

and CD8), and CD11c by immunohistochemistry. Representative sections of nape skin are 

shown in G. Scale bar indicates 100μm (at original 20x magnification). H, Infiltrative cells 

were quantified using HistoQuest Software (TissueGnostics) (***p = 0.001; 4 mice/group). 

Differences were not statistically significant for CD4, CD8, and CD11c staining. Results 

represent at least three independent experiments.
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