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Abstract

The cytokine TWEAK and its receptor Fn14 are involved in cell survival and cytokine production. 

The TWEAK/Fn14 pathway plays a role in the pathogenesis of spontaneous cutaneous lesions in 

the MRL/lpr lupus strain; however, the role of TWEAK/Fn14 in disease induced by ultraviolet B 

(UVB) irradiation has not been explored. MRL/lpr Fn14 knockout (KO) were compared to 

MRL/lpr Fn14 wild-type (WT) mice following exposure to UVB. We found that irradiated 

MRL/lpr KO mice had significantly attenuated cutaneous disease when compared to their WT 

counterparts. There were also fewer infiltrating immune cells (CD3+, IBA-1+, and NGAL+) in the 

UVB-exposed skin of MRL/lpr Fn14KO mice, as compared to Fn14WT. Furthermore, we 

identified several macrophage-derived proinflammatory chemokines with elevated expression in 

MRL/lpr mice after UV exposure. Depletion of macrophages, using a CSF-1R inhibitor, was found 

to be protective against the development of skin lesions after UVB exposure. In combination with 

the phenotype of the MRL/lpr Fn14KO mice, these findings indicate a critical role for Fn14 and 

recruited macrophages in UVB-triggered cutaneous lupus. Our data strongly suggest that 

TWEAK/Fn14 signaling is important in the pathogenesis of UVB-induced cutaneous disease 

manifestations in the MRL/lpr model of lupus, and further support this pathway as a possible 

target for therapeutic intervention.
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Introduction

The skin is commonly affected in systemic lupus erythematosus (SLE), with over 80% of 

patients having skin manifestations (1–3). Indeed, 4 of 11 criteria used to diagnose SLE are 

related to cutaneous disease (4). The morphology of cutaneous lupus erythematosus (CLE) 

varies greatly, and can be classified into acute, subacute, and chronic categories (5).

The MRL/lpr mouse is a spontaneous model of SLE that is commonly used to study various 

end-organ pathologies, including cutaneous disease (6,7). MRL/lpr mice have a fas mutation 

that leads to defective apoptosis, causing anti-nuclear autoimmunity, lymphadenopathy, 

glomerulonephritis, and skin disease. The morphology and other key features of cutaneous 

involvement share several characteristics with the human disease (7,8), including sensitivity 

to irradiation (9).

Among the most important environmental factors contributing to lupus pathogenesis, 

exposure to ultraviolet B light (UVB) plays a critical role in inducing skin disease and can 

also promote systemic involvement (4). Due to the depth at which UVB penetrates the skin, 

keratinocytes are the most affected cell type, undergoing apoptosis. In lupus, an excessive 

apoptotic burden, perhaps with aberrant antigen presentation, can promote the generation of 

autoantibodies and formation of immune complexes. Immune complexes stimulate the 

production of many inflammatory cytokines, while influencing trafficking of immune cells 

(4,10).

One cytokine implicated in the pathogenesis of cutaneous lupus is TNF-like weak inducer of 

apoptosis (TWEAK; TNFSF12), a soluble cytokine that signals through its sole receptor, 

fibroblast growth factor inducible 14 (Fn14). TWEAK plays a role in many important 

cellular processes including angiogenesis, proliferation, cell death, and inflammation. We 

previously demonstrated that MRL/lpr mice that lack Fn14 have ameliorated kidney (11) and 

brain disease (12). This same protection extends to the skin as well, as MRL/lpr Fn14 

knockout (Fn14KO) mice have attenuated skin lesions (13). The architecture of the skin of 

MRL/lpr Fn14KO mice was well maintained, whereas Fn14 wildtype (Fn14WT) mice 

displayed epidermal thickening and disruption of the dermo-epidermal junction. 

Mechanistically, ameliorated disease in MRL/lpr Fn14KO mice could be partly attributed to 

attenuation of chemokine expression and decreased apoptosis. Keratinocytes stimulated with 

TWEAK produce RANTES, in an Fn14-dependent manner; and also have enhanced 

apoptosis, in vivo and in vitro (13,14).

A possible role of Fn14 in lupus-associated photosensitivity has not been studied. Since both 

Fn14 and UVB promote apoptosis and an inflammatory milieu, we hypothesized that Fn14 

signaling is involved in UVB-induced acute skin inflammation and injury. The primary 

purpose of this study was therefore to evaluate whether the TWEAK/Fn14 signaling axis 
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participates in the development of UVB irradiation-induced skin lesions in autoimmune-

prone MRL/lpr mice.

Materials and methods

Animals

Female MRL/lpr Fn14KO (ninth generation) and WT littermates (14–15 wk) were 

maintained at the Albert Einstein College of Medicine (15). Background strain control 

MRL/MpJ mice (10–12 wk) were from Jackson Laboratories. The institutional animal care 

committee approved all animal study protocols.

UVB irradiation

24 hours before irradiation, MRL/lpr Fn14WT and KO mice (13–15 wk) were shaved with 

clippers to remove the hair from their flank. Mice were anesthetized and placed in a cabinet 

fitted with a UVB lamp (UVM-57, UVP) and blocking any extraneous light sources. The 

head and hindlimb regions were protected using black Perspex. Mice received two doses of 

irradiation (50 mJ/cm2), 24 hours apart, and were sacrificed 24 hours after the last dose 

(16,17). The same procedure was carried out for experiments involving MRL/lpr and 

MRL/MpJ mice (10–12 wk).

Histology scoring

Sections were blindly scored using a system adapted from Darr et al (18). Sections were 

given two scores; one for the epidermis (0–5, in increments of 0.5), which looked at the 

presence of sunburn cells, severity of interface dermatitis, and thickening of the epidermis, 

and one for the dermis (0–3, in increments of 0.5), which accounted for the amount of 

infiltrating cells. These scores were added together for a total score for each mouse (range 

0–8; Supplemental Figure 1).

Fn14 flow cytometry

MRL/lpr mice (10 wk) were UVB-irradiated as above, and sacrificed 24 hours after the 

second exposure. Skin was minced, placed in 1× Tyrodes buffer, 2 mg/ml liberase (Sigma), 

and 15% BSA, and digested with gentle agitation at 37°C. After the incubation, the buffer 

mixture was removed to a new tube, carefully leaving the skin behind. The same buffer was 

added to the skin for a second digestion, combined with that from the first digestion, and 

strained into a tube containing FBS. A final mixture of Tyrodes buffer and 0.025% trypsin 

was added to the skin, incubated at 37°C, strained into the tube with FBS, and centrifuged. 

Cells were incubated with an Fn14-specific Fab’2 (derived from P4A8) (19) or a control 

Fab’2 MOPC-21 for 30 minutes. Cells were washed three times, and flow cytometry 

performed on a LSR II instrument. To induce apoptosis with staurosporine, PAM212 

keratinocytes were treated with 10 μM staurosporine for 6 and 24 hours. Cells were then 

stained and analyzed as above.
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Histopathology, immunohistochemistry, and immunofluorescence

Tissue samples were immersed in 10% buffered formalin for 48 hours at 4°C, paraffin 

embedded, and stained using hematoxylin and eosin. For immunohistochemical staining 

with anti-CD3 (Fisher) following the addition of substrate solution, slides were rinsed in 

ddH20, stained in Mayer’s hematoxylin, washed, air-dried, and mounted. Individual CD3+ 

cells were counted using ImageJ. For immunofluorescence, staining reagents included 

antibodies to IBA-1 (Wako), NGAL (R&D), and TUNEL (Roche). Following the addition of 

secondary antibodies, slides were stained with DAPI, washed, air-dried, and mounted. 

Images were taken on a Zeiss Axio Observer and quantified using ImageJ; intensity was 

determined for IBA-1 and NGAL because individual cell counts were less accurate using 

this staining method.

NGAL ELISA

Snap-frozen skin sections from UVB-irradiated mice were homogenized in T-PER tissue 

protein extraction buffer (Thermo) and centrifuged. Supernatants were collected and 

analyzed using a mouse NGAL duo-set ELISA kit (R&D).

Macrophage depletion

MRL/lpr mice (8 weeks of age) received 100 mg/kg of GW2580 (LC Laboratories) via oral 

gavage for 16 days. On the last two days of drug administration, mice were irradiated as 

described above and sacrificed 24 hours after the last dose of UVB. Macrophage depletion 

was confirmed by flow cytometry at multiple time-points (data not shown). Studies in 

normal rats noted no histological changes in a wide variety of tissues, including skin, upon 

GW2580 administration (20).

RNA isolation and RT-PCR

RNA isolation, reverse transcription, and real-time PCR (in triplicate) was performed as 

described previously. The genes of interest were normalized to the average of GAPDH and 

tubulin, and fold changes were determined using the delta-delta CT method (13).

Multiplex chemokine array

Snap-frozen skin from irradiated mice and control mice was homogenized in T-PER tissue 

protein extraction buffer (Thermo) and centrifuged. Protein concentrations were normalized, 

and chemokine concentrations analyzed using the LEGENDPlex Mouse Proinflammatory 

Chemokine Panel (Biolegend).

Analysis

The results shown are mean±SE. For the immunofluorescent and immunohistochemical 

staining studies, multiple fields were evaluated per mouse (CD3, n=9; IBA-1, n=5; NGAL, 

n=6; TUNEL, n=4). The mean was then used as the assigned value for that particular mouse 

when calculating the differences between the genotypes. Values of P<0.05 were considered 

significant.
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Results

Fn14 deficiency protects MRL/lpr mice from effects of UVB

To assess the contribution of the TWEAK/Fn14 signaling axis to the pathogenesis of 

photosensitivity and UVB-accelerated disease, we UVB-irradiated MRL/lpr Fn14WT and 

Fn14KO mice and assessed the histopathology 24 hours following two doses of UVB. Non-

UVB exposed skin from the same mice served as a control. Following UVB irradiation, 

MRL/lpr Fn14KO mice show decreased hyperkeratosis, parakeratosis, disruption of the 

dermo-epidermal junction, and sunburn cells, as compared to Fn14WT mice (Figure 1a, 

left). Histological analysis of skin sections (scored blindly) showed that MRL/lpr Fn14KO 

have significantly less severe cutaneous damage as compared to Fn14WT mice (mean skin 

score 2.45±0.32 vs 3.84±0.42, respectively; p=0.009) (Figure 1a, right; Supplemental Figure 

2). UVB irradiation did not lead to any differences in systemic manifestations, including 

ssDNA or dsDNA antibody levels, between MRL/lpr Fn14WT and KO mice (data not 

shown).

UVB irradiation leads to upregulation of Fn14 on apoptotic cells

While Fn14 is basally expressed in the skin and elsewhere (21,22), its expression, in general, 

significantly increases following tissue insult or injury. Previously we found upregulation of 

Fn14 in keratinocytes in response to UVB in vitro. To confirm the in vivo relevance of this 

observation, single cells were isolated from the skin of MRL/lpr mice following irradiation 

to determine the effect of UVB on Fn14 expression. UV-irradiated MRL/lpr mice had 

increased Fn14+ cells in the early apoptotic (7-AAD-/annexin-V+) population when 

compared to those that were not irradiated (16.38±0.63 vs 11.41±0.71, p=0.0008). A similar 

upregulation of Fn14 was also seen in the late apoptotic (7-AAD+/annexin-V+) fraction 

(UV=74.36±2.05, no UV=44.36±7.18, p=0.004) (Supplemental Figure 3a). Fn14 

upregulation was also seen on keratinocytes treated with staurosporine (Supplemental Figure 

3b). This latter observation suggests that upregulation of Fn14 following an apoptotic 

stimulus is not UV-specific, but can occur in keratinocytes undergoing apoptosis in response 

to other triggers as well. Fn14 upregulation in keratinocytes in response to UVB was also 

confirmed by immunohistochemistry of intact skin (data not shown).

UVB-treated MRL/lpr Fn14KO mice show decreased skin apoptosis and fewer infiltrating T 
cells

UVB is involved in the pathogenesis of cutaneous lupus through both its proapoptotic and 

proinflammatory effects (4,10). To analyze for the presence of apoptotic cells in irradiated 

skin, we used TUNEL staining. Staining was significantly less pronounced in the epidermis 

of MRL/lpr Fn14KO mice compared to Fn14WT mice (3.77±0.70 vs 9.08±1.48, 

respectively; p= 0.02) (Figure 1b). To assess the types of immune cells infiltrating the skin 

following UVB, immunohistochemistry were performed. Following irradiation, MRL/lpr 

Fn14KO mice had fewer infiltrating T cells as compared to MRL/lpr Fn14WT mice (average 

cell count in 20× fields: 6.21±1.13 vs 11.20±1.14, respectively; p= 0.009) (Figure 1c). Non-

UVB exposed skin from MRL/lpr Fn14 WT and KO mice showed no infiltration with CD3+ 

cells (data not shown).
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UVB irradiation induces NGAL production in the skin

Lipocalin-2 (LCN2 or neutrophil gelatinase-associated lipocalin, NGAL) is a protein, first 

described in neutrophils, that is upregulated in inflammatory conditions in both 

macrophages and keratinocytes (23,24). Neutrophils have been implicated in CLE 

pathogenesis (10), and increased epidermal neutrophils are seen in patients exposed to UVB 

(25). NGAL can affect macrophage polarization and activation (23), and has also been 

shown to regulate levels of both Fn14 and TWEAK, thus influencing breast cancer 

invasiveness (26). Furthermore, NGAL can play a role in adaptive immunity (27). We 

therefore investigated the levels of NGAL following UVB irradiation. MRL/lpr mice showed 

increased expression of NGAL in the skin following UVB irradiation, whereas levels in 

MRL/MpJ mice were unchanged (Figure 2a). However, MRL/lpr Fn14KO mice had 

decreased NGAL levels in response to UVB compared to Fn14WT mice (Figure 2b). 

Furthermore, immunofluorescence studies confirmed that MRL/lpr Fn14KO mice had 

decreased NGAL+ cells infiltrating the skin following UVB exposure as compared to 

Fn14WT mice (0.89±0.23 vs 1.95±0.26, p= 0.007) (Figure 2c). Non-UVB exposed skin 

from MRL/lpr Fn14 WT and KO mice did not stain positive for NGAL (data not shown).

Macrophage depletion protects MRL/lpr mice from effects of UVB irradiation

Exposing lupus-prone mice to UVB elicits the production of CSF-1 by keratinocytes; it was 

hypothesized that CSF-1 then in turn recruits macrophages to areas of inflammation in the 

skin, where they can secrete mediators that promote apoptosis (9). Furthermore, we and 

others have previously shown that Fn14 signaling in keratinocytes induces chemokines that 

may promote macrophage recruitment (13,14). We found that MRL/lpr Fn14KO mice had 

fewer infiltrating IBA-1+ macrophages after UVB when compared to Fn14WT mice 

(percent area; 2.69±0.69 vs 5.49±0.64, respectively; p=0.008) (Figure 3a; Supplemental 

Figure 4a). Importantly, the number of IBA-1+ cells infiltrating lesional skin correlated with 

histology scores (r = 0.96, p<0.0001; data not shown).

Macrophages may also express the Fn14 receptor (28,29). Moreover, in previous studies we 

found that depletion of macrophages using a CSF-1R specific kinase inhibitor, GW2580, is 

protective against the development of lupus nephritis (30). To determine whether the 

beneficial effects of Fn14 deficiency following UVB exposure of lupus mice are indeed 

mediated by macrophages, we depleted macrophages using this same pharmacological 

approach. Control treated MRL/lpr mice that were subsequently irradiated displayed marked 

skin injury, including sunburn cells and hyperkeratosis (Figure 3b, left panel). In contrast, 

MRL/lpr mice treated with GW2580 at a dose which we previously showed depletes 

macrophages/monocytes from the spleen and circulation were significantly protected from 

development of cutaneous lesions (mean skin scores of 2.63±0.18 vs 4.48±0.41 in control 

treated mice; p=0.004) (Figure 3b; Supplemental Figure 4b), directly confirming a 

pathogenic role for macrophages in UVB-induced cutaneous lupus. GW treatment alone, 

without UVB, did not elicit histopathological skin changes (data not shown). Importantly, 

GW2580 treatment did not affect the levels of NGAL, suggesting that this molecule is being 

produced by neutrophils, not macrophages (data not shown). Next, we explored whether the 

contribution of infiltrating macrophages to the development of cutaneous lesions in UVB-

irradiated mice is dependent on Fn14 expression by depleting macrophages in MRL/lpr 
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Fn14WT and KO mice. MRL/lpr Fn14WT mice had improved cutaneous histology 

following depletion with GW2580, versus control treatment (p-value=0.02) (Figure 3c; 

Supplemental Figure 4c), whereas in Fn14KO mice there was no further attenuation with 

macrophage depletion (data not shown).

UVB irradiation leads to increased chemokine production

We studied chemokine production in the skin of UVB-irradiated and control mice. There 

was increased mRNA expression of several chemokines in irradiated mice (all data provided 

as fold change of UV versus control mice): MIP1α (21.09±2.11 vs 1.68±0.93, p-value 

<0.0001), CXCL1 (6.14±0.35 vs 1.28±0.40, p-value <0.0001), and CXCL5 (40.99±10.36 vs 

1.45±0.49, p-value = 0.005) (Figure 4).

Measuring actual protein concentrations in skin lysates, we found that UV exposure led to 

increased production of the same chemokines when compared to unmanipulated mice, 

including MCP-1 (3.92±0.43 vs 1.55±0.29 pg/ml, p=0.004), MIP1α (295.0±47.73 vs 

27.07±9.73 pg/ml, p=0.002), CXCL1 (43.46±6.43 vs 8.78±2.11 pg/ml, p=0.002), and 

CXCL5 (58.48±17.28 vs 5.46±0.87 pg/ml, p=0.02) (Figure 4). MIP3α and RANTES 

showed similar trends (data not shown). Furthermore, we found that MIP1α and MIP1β 
were significantly upregulated in the skin of irradiated MRL/lpr Fn14WT as compared to 

Fn14KO mice (Supplemental Figure 5). Finally, this study also confirmed the 

downregulation of macrophage related genes in GW2580 treated mice (Supplemental Figure 

5).

Discussion

We found that the TWEAK receptor, Fn14, is instrumental in the development of cutaneous 

disease following acute UVB exposure, as MRL/lpr Fn14KO mice develop significantly less 

severe skin lesions. Given the acute nature of the experimental protocol, features of both 

CLE and UVB damage were noted. Classic features found in UVB irradiated skin (24 hours 

following exposure) include thickening of the stratum corneum, epidermal spongiosis, 

microvesicles/pustules, sunburn cells, and superficial vascular dilatation (31,32). While 

these features were seen in both Fn14WT and KO mice, the severity was significantly 

enhanced in WT. Primary histologic features of acute CLE include basal vacuolar interface 

dermatitis and a papillary dermal perivascular lymphocytic infiltrate. Findings such as 

follicular plugging, epidermal atrophy, and colloid bodies can be seen as well, but are more 

often associated with chronic cutaneous lupus lesions (33). We found that UVB exposed 

MRL/lpr Fn14 WT, but not KO mice, demonstrated several typical features of cutaneous 

lupus, including interface dermatitis, in some cases associated with subepidermal clefting 

resulting from the basilar degeneration. Moreover, several sections demonstrated numerous 

necrotic basal keratinocytes in conjunction with the interface dermatitis. Furthermore, a peri-

adnexal and lobular lymphocytic infiltrate, and follicular plugging, was seen only in the 

irradiated Fn14WT but not KO mice. Taken together, these findings are strongly supportive 

of the induction of evolving CLE (albeit in conjunction with a contribution of UVB induced 

damage) in UVB challenged lupus-prone MRL/lpr Fn14 wildtype mice, while such features 

were significantly attenuated or absent in Fn14KO mice.
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Our previous studies attributed ameliorated spontaneous disease in MRL/lpr Fn14KO mice 

to abrogated TWEAK-induced chemokine production by keratinocytes, as well as decreased 

levels of keratinocyte apoptosis. We have now shown that UVB-dependent upregulation of 

Fn14 also triggers immune cell infiltration in vivo, as MRL/lpr Fn14KO mice have fewer 

infiltrating T cells, macrophages, and NGAL+ cells following UVB exposure. In addition, 

overexpression of Fn14 following UVB could allow for increased interactions with TWEAK 

in the tissue, leading to a positive feedback loop involving chemokine upregulation and 

further cellular recruitment. UVB-triggered upregulation of Fn14 may have other effects as 

well; it can lead to increased apoptosis as shown here in MRL/lpr Fn14WT mice, and could 

also contribute to increased sensitivity of keratinocytes to a combination of TWEAK+UVB, 

demonstrated previously in vitro (13). Additional novel observations in this study concern 

the role of innate immunity in the pathogenesis of photosensitive skin lesions in lupus, as 

seen in the conclusive linkage of macrophages to the pathogenesis and the possible 

contribution of NGAL to the local inflammatory milieu in MRL/lpr mice following UVB 

exposure.

TWEAK/Fn14 mediated apoptosis factors in several different dermatologic conditions, both 

neoplastic and inflammatory. Studies in melanoma lines and primary cells showed 

overexpression of Fn14 compared to normal melanocytes. When melanoma cells were 

treated with an Fn14-specific immunotoxin, cell death resulted via multiple signaling 

pathways (34). Nakayama et al also described TWEAK-induced cell death in tumor cell 

lines, including squamous cell carcinoma. The ITEM-4 anti-Fn14 antibody was able to 

block these cytotoxic effects, thereby suggesting that Fn14 is key to the process of cell death 

(35). As for inflammatory skin disease, both TWEAK and Fn14 are upregulated in psoriatic 

lesions and lesional skin biopsies from patients with atopic dermatitis (36). The latter study 

also demonstrated that TWEAK induces apoptosis in human keratinocytes in vitro (36).

Studies have further closely examined the association between the induction of apoptosis 

and Fn14 expression. Stressing osteoblasts by mechanical stretching led to an increase in 

Fn14 mRNA and activation of caspase 3. Levels of Fn14 decreased after removal of the 

stressor; therefore, degradation of Fn14 may negatively regulate Fn14-induced apoptosis 

(37). Studies in cerebral ischemia have shown that oxygen-glucose deprivation leads to 

upregulation of Fn14 mRNA (38). Previous findings indicate that stress induced Fn14 

upregulation was operative also in skin cells, specifically keratinocytes, following exposure 

to UVB in vitro (13). Importantly, in the present study we were able to demonstrate UVB-

induced Fn14 regulation in lupus skin in vivo as well, with keratinocytes upregulating 

surface Fn14 expression following irradiation. We believe that keratinocytes, and possibly 

other cell types in the skin as well as well, become stressed and upregulate Fn14, sensitizing 

them to TWEAK and subsequently leading to apoptosis. In the context of the attenuated 

disease seen in Fn14 deficient mice, such sensitization would not occur due to the lack of the 

receptor. Although for technical reasons related to strain availability we did not directly 

show which cells upregulated Fn14 in skin tissue lysates, our previous data in the PAM212 

keratinocytes, the sensitivity of keratinocytes to irradiation, the proximity of these cells to 

the source of irradiation, and the staining results in irradiated intact tissue all indicate that 

the primary cells upregulating Fn14 in the skin following UVB exposure are keratinocytes.
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Following irradiation, MRL/lpr keratinocytes produce CSF-1 which can direct recruitment 

of monocytes to the skin, where they can then secrete proinflammatory cytokines and induce 

keratinocyte apoptosis (9). We found infiltrating IBA-1+ macrophages in MRL/lpr Fn14WT 

lesional skin following UVB. While these cells are still present in the lesions of Fn14KO 

mice, their numbers were significantly reduced. We also found that depletion of 

macrophages using GW2580 led to protection from the development of lesions, confirming a 

previously unrecognized pathogenic role for these cells in UVB-induced disease. T cells 

have also been implicated in CLE pathogenesis; CD4 and CD8 cells are deposited at the 

dermo-epidermal junction, elevated amounts of Th17 cells are present, and decreased levels 

of Tregs are found in skin lesions (39). We also observed increased T cells infiltrating the 

skin after UVB exposure. Similar to macrophages, T cells are found in irradiated Fn14KO 

mice, but in lesser numbers as compared to Fn14WT. Presumably, the reduction of 

infiltrating cells in Fn14KO is due to decreased levels of TWEAK-induced chemokines. A 

similar phenomenon was present following induction of renal disease by nephrotoxic serum 

transfer, where MCP-1 and VCAM-1 were downregulated in kidneys of Fn14 KO as 

compared to WT mice (40).

NGAL, which is expressed by both macrophages and neutrophils, has been identified as a 

marker of acute and chronic kidney injury. The pathophysiological role of NGAL is not 

completely understood, however, showing both model-dependent protective or pathogenic 

effects. NGAL has an anti-inflammatory role and can “deactivate” macrophages, 

suppressing immune responses (23,41). Models of E. coli and Mycobacteria infection result 

in high levels of NGAL, which can limit bacterial growth (42). In contrast, a pathogenic role 

for NGAL is seen in nephritis, with ameliorated disease in NGAL knockout mice following 

nephrotoxic serum transfer. Kidney NGAL expression increases as a result of autoantibody 

binding; this facilitates further inflammation because it leads to apoptosis of resident cells 

and chemokine induction (27). Following stimulation by UVB, we found an increase in 

NGAL+ cells infiltrating lesional skin. MRL/lpr Fn14KO mice have fewer of these cells and 

their skin lesions are less severe, therefore suggesting a novel pathological role for these 

NGAL+ cells in UVB-induced lesions.

Finally, we found that irradiation led to increased levels of proinflammatory chemokines in 

the skin, at both the mRNA and protein level. Molecules such as CXCL5, CXCL1, and 

MIP1α, produced by macrophages and chemoattractant for cells such as T cells and 

neutrophils, are hyperexpressed in irradiated as compared to non-exposed skin. Additionally, 

we found that some of these proinflammatory mediators, including MIP1α and MIP1β, were 

decreased in the skin following GW2580 treatment, further supporting the importance of 

macrophages and the contributions of chemokines to skin lesion development. Moreover, 

MIP1α and MIP1β were decreased in irradiated MRL/lpr Fn14 KO mice compared to Fn14 

WT mice, suggesting regulation through Fn14. Thus, we show regulation of chemokine 

production via TWEAK/Fn14 signaling in the context of UVB irradiation, which has not 

been previously explored. It is nevertheless important to acknowledge that at least some of 

the UVB induced inflammatory mediators (e.g. CXCL1, CXCL5) are not specific to a CLE-

like inflammatory process, but can also be upregulated by UVB-induced skin injury.
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In this study, we demonstrate the centrality of signaling via Fn14 in the pathogenesis of UV-

accelerated cutaneous lupus. We found that UVB exposure upregulates Fn14 on skin cells 

undergoing apoptosis. In UVB-irradiated MRL/lpr mice, skin cells then also become more 

sensitized to the effects of TWEAK, resulting in increased keratinocyte apoptosis and the 

production of inflammatory chemokines. Subsequently, increased numbers of T cells, 

macrophages, and NGAL+ cells traffic to the skin in response to the chemotactic gradient. 

Moreover, histology scores significantly correlated with the number of infiltrating 

macrophages and NGAL+ positive cells. Confirming that macrophages are pathogenic in 

UVB-accelerated cutaneous injury distal to Fn14 signaling, depletion of macrophages is 

protective in Fn14WT but not Fn14KO MRL/lpr mice. Thus, skin disease is significantly 

attenuated in UVB exposed MRL/lpr Fn14KO mice, mostly due to the lack of TWEAK-

induced chemokine production, decreased infiltration by inflammatory cells including 

macrophages, and reduced apoptosis. With this data we conclude that TWEAK/Fn14 is 

critical in the pathogenesis of UVB-induced lesions in lupus-prone mice. These findings 

have potentially important clinical relevance since we have previously demonstrated Fn14 

upregulation in lesional and non-lesional skin from human lupus patients (13). Future 

studies will allow us to determine if this signaling axis participates more broadly in UVB-

induced skin injury in humans, also outside the setting of autoimmunity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fn14 deficient MRL/lpr mice are less photosensitive. (a) Shown here are representative 

H&E images from UVB-exposed and non-exposed skin of MRL/lpr Fn14 WT and KO mice. 

The arrowhead represents acanthotic epidermis and the arrow points toward an epidermal 

pustule (left panel). Histopathological skin scores from 13–15 week old female UVB-

irradiated MRL/lpr Fn14WT (n=14) and MRL/lpr Fn14KO mice (n=15) are shown in the 

right panel. (b) Representative images of TUNEL stained paraffin-embedded skin sections 

from UVB-irradiated MRL/lpr Fn14WT (n=6) and MRL/lpr Fn14KO mice (n=6) (top 

panel). TUNEL positive cells in the epidermis and dermis were counted using ImageJ 

(bottom panel). (c) Skin was obtained from UVB-exposed MRL/lpr Fn14 WT and KO mice. 

Shown are representative images of CD3 stained sections from randomly selected 13–15 

week old female UVB-irradiated MRL/lpr Fn14WT (n=7) and MRL/lpr Fn14KO mice (n=7) 

skin. The bottom panel shows the quantitation of CD3 staining; cells were counted in 
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random 20× fields using ImageJ (WT, n=7; KO, n=7). The figures are representative of 2–3 

independent experiments. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2. 
UVB irradiation induces NGAL. (a) Nine to ten week old female MRL/lpr (n=4) and 

MRL/MpJ (n=4) mice were irradiated and skin lysates prepared as described above. 

Depicted in the graph are fold changes in NGAL concentrations compared to baseline, as 

measured by ELISA. The mean NGAL level in non-irradiated mice in each strain was 

arbitrarily set at 1. (b) Thirteen to fifteen week old female MRL/lpr Fn14WT (n=8) and 

Fn14KO (n=7) mice were irradiated, and NGAL in skin lysates analyzed as in (a). (c) 

Representative images of NGAL stained sections from randomly selected 13–15 week old 

female UVB-irradiated MRL/lpr Fn14WT (n=8) and Fn14KO mice (n=7). Quantitation of 

NGAL staining is provided in the right panel. The area with fluorescence was measured by 

ImageJ. *P<0.05, **P<0.01.
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Figure 3. 
Macrophage depletion protects MRL/lpr mice from UVB-induced injury. Skin was obtained 

from UVB-exposed and non-exposed MRL/lpr Fn14 WT and KO mice. (a) Shown are 

representative images of IBA-1 stained sections from randomly selected 13–15 week old 

female UVB-irradiated MRL/lpr Fn14WT (n=11) and MRL/lpr Fn14KO mice (n=10). (b) 

Eight week old female MRL/lpr mice were treated with GW2580 via oral gavage for 16 

days. During the last two days of GW2580 treatment, mice were exposed to UVB (50 mJ/

cm2) and sacrificed 24 hours later. Shown are representative H&E images from GW (n=5) 

and PBS-treated (n=6) mice. The asterisk labels acanthotic epidermis, the arrowhead 
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indicates parakeratosis, and the arrow points toward an epidermal pustule (left panel). (c) 

Representative H&E images of MRL/lpr Fn14WT (GW2580, n=3; PBS, n=2) and MRL/lpr 

Fn14KO mice (GW2580, n=3; PBS, n=2), treated and irradiated as above.
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Figure 4. 
UVB irradiation induces production of proinflammatory chemokines. Ten week old female 

MRL/lpr mice were irradiated as described above. RNA was isolated from irradiated mice 

(n=5) and unmanipulated controls (n=5), and analyzed for various chemokines by PCR (top 

panel). Chemokine levels in skin lysates from irradiated MRL/lpr mice (n=5) and 

unmanipulated MRL/lpr controls (n=4) were measured using a flow cytometer based 

multiplex assay (bottom panel). *P<0.05, **P<0.01, ****P<0.0001.
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