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Summary

Tumor necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK) 
acts through its receptor fibroblast growth factor inducible 14 (Fn14), and 
participates in skin inflammation. Both TWEAK and Fn14 are highly 
expressed in skin lesions of patients with atopic dermatitis. The purpose 
of this study was to further explore the effect of Fn14 inhibition on 
experimental atopic dermatitis. Experimental atopic dermatitis was induced 
in the wild-type and Fn14 knock-out BALB/c mice. The effect of TWEAK/
Fn14 interaction on keratinocytes was studied in an in-vitro model of 
atopic dermatitis. Fn14 deficiency ameliorates skin lesions in the mice 
model, accompanied by less infiltration of inflammatory cells and lower 
local levels of proinflammatory cytokines, including TWEAK, TNF-α and 
interleukin (IL)-17. Fn14 deficiency also attenuates the up-regulation of 
TNFR1 in skin lesions of atopic dermatitis. Moreover, topical TWEAK 
exacerbates skin lesion in the wild-type but not in the Fn14 knock-out 
mice. In vitro, TWEAK enhances the expressions of IL-17, IL-18 and IFN-γ 
in keratinocytes under atopic dermatitis-like inflammation. These results 
suggest that Fn14 deficiency protects mice from experimental atopic der-
matitis, involving the attenuation of inflammatory responses and keratino-
cyte apoptosis. In the context of atopic dermatitis-like inflammation, 
TWEAK modulates keratinocytes via a TNFR1-mediated pathway.

Keywords: atopic dermatitis, fibroblast growth factor-inducible 14 (Fn14), 
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Introduction

Atopic dermatitis is a common, chronic inflammatory skin 
disease with a prevalence of up to 25% in children, rang-
ing from 2·1 to 4·9% in adults across countries [1,2]. 
Although the specific pathogenesis remains unclear, cuta-
neous inflammation, which results from defective skin 
barrier and penetration of microbes and allergens, is known 
as a main contributor to the development of atopic der-
matitis via a complex immune network [3].

Tumor necrosis factor (TNF)-related weak inducer of 
apoptosis (TWEAK) acts through binding to its sole recep-
tor fibroblast growth factor inducible 14 (Fn14) and is 
associated with various biological activities, including 
inflammation. TWEAK is mainly synthesized by inflam-
matory cells such as macrophages and monocytes [4]. 

Fn14 can be expressed in epidermal keratinocytes, especially 
those under certain inflammatory conditions [5]. TWEAK/
Fn14 interaction participates in various types of skin 
inflammation, including Henoch–Schönlein purpura [6], 
psoriasis [7], cutaneous lupus erythematosus [8] and bul-
lous pemphigoid [9]. Recent studies showed that both 
TWEAK and Fn14 are highly expressed in the skin lesion 
of patients with eczema or atopic dermatitis [10–12]. 
Moreover, TWEAK deficiency limits the severity of atopic 
dermatitis in a murine model [12]. These findings strongly 
suggest that TWEAK/Fn14 activation participates in the 
development of atopic dermatitis.

Previous studies have shown that Fn14 is more strictly 
expressed in resident cells under inflammatory condi-
tions, while TWEAK can be released by inflammatory 
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cells infiltrating affected tissue or activated in circulation 
[5,8]. Targeting Fn14 in resident cells has become an 
efficient approach to suppress exacerbated inflammatory 
responses in skin diseases, including cutaneous lupus 
erythematosus and psoriasis [8,13]. In patients with atopic 
dermatitis the serum levels of TWEAK are comparable 
with healthy controls [10,11], indicating that the TWEAK/
Fn14 signals prefer local regulation of inflammatory 
responses in atopic dermatitis. Therefore, Fn14 inhibition 
might be more specific as a therapeutic strategy for 
atopic dermatitis.

Previous studies have demonstrated that TWEAK co-
operates with other cytokines, such as TNF-α, interleukin 
(IL)-13 or IL-17, in the induction of keratinocyte apoptosis 
or the production of chemokine (C-C motif) ligand (CCL) 
2, CCL5 and CCL17 [11,12], which is an important event 
in the processes of atopic dermatitis. Also, TNF-α, IL-13 
and IL-17 are up-regulated in skin tissue under atopic 
inflammation [14]. Although the interplay between TWEAK 
and other cytokines has been implicated in the modula-
tion of keratinocytes, the effect of TWEAK/Fn14 activation 
on these cells remains unclear in the context of atopic 
inflammation. The purpose of this study aimed to explore 
the effect of Fn14 deficiency on experimental atopic der-
matitis as well as the effect of TWEAK on keratinocytes 
in the atopic inflammatory microenvironment.

Materials and methods

Patients

Skin tissue and sera were collected from patients with 
atopic dermatitis (age  =  18–60  years) who had received 
neither systemic nor topical therapies within the recent 
4  weeks. Normal skin tissue and sera were collected from 
healthy donors (age  =  18–60  years). There were no sta-
tistical differences in gender or age between patients and 
normal controls (P > 0·05). This study was approved by 
the University Research Ethics Committee and written 
informed consent were obtained from all subjects.

Murine model

Fn14 deficiency was introduced to BALB/c mice by using 
the clustered, regularly interspaced, short palindromic 
repeats (CRISPR)/CRISPR-associated (Cas) protein 9 
method [13,15]. Mice were housed at the Medical Animal 
Center of Xi’an Jiaotong University. Male mice aged 8 weeks 
were used in this study. Atopic dermatitis-like lesion was 
evoked by a 2,4-dinitrofluorobenzene (DNFB) method, 
with some modification [16]. On day  0, 0·5% DNFB in 
acetone/olive oil (4  :  1, 50  μl) was applied to the shaved 
abdomen for sensitization. Then 0·2% DNFB solution 
(20  μl) was applied to the inner and outer surfaces of 

the ears on days 5, 8, 11 and 14. From the third week, 
the same DNFB solution was applied three times weekly 
to maintain inflammation. Some mice were treated with 
the same volumes of vehicle. In other experiments, the 
DNFB-treated mice received topical administration of 
bovine serum albumin (BSA) or TWEAK in normal saline 
(2·5  μg/ml, 20  μl), which was performed 10  min after 
each DNFB application from the third week. The skin 
lesion was assessed by measuring the modified scoring 
atopic dermatitis (SCORAD) index scores [17]. This pro-
tocol was approved by the University Research Ethics 
Committee.

Immunohistochemistry and histological evaluation

Some paraffin sections were processed for hematoxylin 
and eosin staining. The others were processed for immu-
nohistochemistry, as described previously [18]. After depar-
affinization and rehydration, paraffin sections were blocked 
with dual endogenous enzyme block (Dako, Glostrup, 
Denmark). Primary antibodies were rabbit anti-TWEAK 
[or Fn14, IL-18, regulated upon activation normal T cell 
expressed and secreted (RANTES), monocyte chemotactic 
protein (MCP)-1, interferon gamma-induced protein (IP)-10, 
TNF-α, TNF receptor (TNFR) 1 or TNFR2 IgG (2  µg/ml; 
Abcam, Cambridge, MA, USA]. Secondary antibody was 
polymer-horseradish peroxidase-labeled goat anti-rabbit 
IgG (Dako). Some sections were stained with isotype con-
trol antibodies (Abcam, Cambridge, MA). Finally, sections 
were incubated with 3,3-diaminobenzine-chromogen sub-
strate (Dako) and counterstained with hematoxylin and 
eosin solution in order. The positively stained epidermis 
was quantified by ImageJ software (National Institutes of 
Health, Bethesda, MD, USA), according to a previous 
method [9,13].

Immunofluorescence

Immunofluorescent detection was performed on frozen 
sections. Apoptotic cells were detected by a terminal deoxy-
nucleotidyl transferase dUTP nick end labeling kit (TUNEL; 
Beyotime Biotech, Beijing, China) [13]. The percentages 
of apoptotic cells in epidermis were calculated under an 
Axioskop II fluorescence microscope (Carl Zeiss, Jena, 
Germany).

Cell culture

As described previously [13], human primary keratinocytes 
were cultured in EpiLife® medium supplemented with 
Supplement S7® (Life Technologies). Cell cultures were 
added with an inflammatory cocktail [polyinosinic–poly-
cytidylic acid, TNF-α, interleukin (IL)-4 and IL-13], which 
induces inflammation recapitulating numerous features of 
atopic dermatitis [19]. The final concentrations of polyi-
nosinic–polycytidylic acid (Sigma-Aldrich, St Louis, MO, 
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USA), TNF-α (Life Technologies,), IL-4 (R&D Systems, 
Minneapolis, MN, USA) and IL-13 (R&D Systems) were 
10, 10, 50 and 50 ng/ml, respectively. In some experiments, 
cells were also treated with TWEAK (100  ng/ml) alone 
or plus this cocktail for 48  h.

Quantitative real time–polymerase chain reaction 
(qRT–PCR)

Total RNA was extracted from fresh tissue and cell cul-
tures using Trizol reagent (Ambion, Carlsbad, CA, USA). 
cDNA was generated using a commercial kit (Takara Bio, 
Kyoto, Japan). qRT–PCR was performed in triplicate using 
the SYBR Green stain (Takara Bio) and the ABI PRISM 
7900HT Sequence Detection System (Applied Biosystems, 
Waltham, MA, USA). The PCR primers (AuGCT DNA-
SYN; Biotech, Beijing, China) are listed in Supporting 
information, Table S1. Glyceraldehyde-3-phosphate dehy-
drogenase was used as the reference gene to normalize 
the gene expression. The expression levels of the objective 
genes were calculated using the 2−ΔCt method.

Enzyme-linked immunosorbent assay (ELISA)

ELISAs were performed with culture supernatants or tissue 
lysates. Protein lysates were extracted from fresh tissue, 
and then dissolved in phosphate-buffered saline. These 
lysate samples were carefully normalized according to the 
weight of the original tissue. The protein levels of RANTES, 
MCP-1, IP-10, IL-17A, IL-18 and interferon (IFN)-γ were 
determined using commercial immunoassay kits (R&D 
Systems).

Western blotting

Protein lysates were prepared from fresh tissue or cell 
cultures [20]. Samples were separated on electrophoresis 
gels, and then transferred onto polyvinylidene difluoride 
membrane (Millipore, Billerica, MA, USA). Rabbit antibod-
ies to TWEAK, Fn14, RANTES, MCP-1, IP-10, IL-17A, 
IL-18, TNF-α, TNFR1, TNFR2 or β-actin (2 µg/ml; Abcam) 
and horseradish peroxidase-labeled goat anti-rabbit IgG 
(1 µg/ml; Abcam) were used in order. Signal was developed 
by using the ECL chemiluminescence kit (Millipore). The 
intensities of blot bands were quantitated by ImageJ soft-
ware, and then normalized to β-actin values.

Statistical analysis

All data were expressed as means  ±  standard error of 
the mean. GraphPad Prism version 5.0 (GraphPad 
Software, La Jolla, CA, USA) was used for statistical 
analysis. Analysis of variance (anova) was used for the 
comparison of more than two groups. Then, a two-tailed 
Student’s t-test was used for comparing the differences 
in two groups.

Statistical differences were considered at P  <  0·05.

Results

Both TWEAK and Fn14 are up-regulated in skin 
lesions of patients

The mRNA expression levels of TWEAK, Fn14, RANTES, 
MCP-1 and IP-10 were determined in skin tissue, showing 
higher values in the samples of patients with atopic der-
matitis compared with healthy controls (Fig. 1a). Using 
immunohistochemistry, stronger expressions of TWEAK 
and Fn14 were confirmed accordingly in the patients 
(Fig. 1b). The proteins of TWEAK and Fn14 were further 
detected by Western blotting, mirroring the results of 
mRNA and immunohistochemical analysis (Fig. 1c–d). The 
levels of TWEAK, RANTES, MCP-1 and IP-10 were also 
determined in serum samples by ELISA. However, there 
were no significant differences in these cytokines between 
patients and healthy controls (Fig. 1e).

Fn14 deficiency ameliorates atopic dermatitis-like 
lesion in mice

Atopic dermatitis-like lesion was monitored on the DNFB-
treated mice. Wild-type (WT) mice showed more severe 
lesions than Fn14 knock-out (KO) mice after DNFB treat-
ment (day  28), although there was a similarity between the 
two strains on day 0 (Fig. 2a). SCORAD indices were assessed 
accordingly, revealing higher scores in the WT mice on 
day 28 (Fig. 2b). We further evaluated the hematoxylin and 
eosin-stained sections, and found that both epidermis and 
dermis were thinner in the KO mice on day 28 (Fig. 2c–e). 
Moreover, the mRNA expression levels of TWEAK and 
Fn14 were elevated in both WT and KO mice on day  28 
compared with those on day  0; however, the KO mice 
exhibited a lesser increase (Fig. 2f,g). Accordingly, TWEAK 
and Fn14 were more expressed in the WT mice on day  28 
after DNFB treatment (Fig. 2h). There were no significant 
differences in SCORAD score, epidermal (or dermal) thick-
ness and TWEAK (or Fn14) expression levels between the 
two strains that were treated with vehicle (Fig. 2b–h).

Proinflammatory cytokines are less produced in the 
skin lesion of Fn14-deficient mice

RANTES, MCP-1 and IP-10 are downstream cytokines regu-
lated by TWEAK/Fn14 activation [4,5]. TNF-α, IL-17 and 
IL-18 are pivotal cytokines contributing to the inflammatory 
processes of atopic dermatitis [21]. We determined the levels 
of these cytokines in lesional skin of the vehicle or DNFB-
treated mice. It showed that, on day  28, the KO mice had 
lower mRNA expression levels of these cytokines upon 
DNFB treatment (Fig. 3a). The protein expression levels of 
these cytokines were also attenuated in the KO mice com-
pared with the WT mice (Fig. 3b–e). We observed no sig-
nificant differences in the expression levels of these cytokines 
between the two strains upon vehicle treatment (Fig. 3).
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Fig. 1. The expression of tumor necrosis factor-like weak inducer of apoptosis (TWEAK) and fibroblast growth factor inducible 14 (Fn14) in skin 
lesion of patients with atopic dermatitis. (a) The mRNA expression levels of TWEAK, Fn14, regulated upon activation normal T cell expressed and 
secreted (RANTES), monocyte chemotactic protein-1 (MCP-1) and interferon gamma-induced protein 10 (IP-10) were determined in skin tissue of 
patients or healthy controls. (b) Immunohistochemical staining was performed on paraffin sections. Bar = 40 μm. (c,d) The proteins of TWEAK and 
Fn14 were detected by Western blotting. (e) The levels of cytokines were determined in serum samples of patients (n = 12) or healthy controls (n = 20). 
(a–d) There were five samples in each group. Representative images are shown.
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Fig. 2. Fibroblast growth factor inducible 14 (Fn14) deficiency attenuates atopic dermatitis-like lesion in a murine model. Atopic dermatitis-like 
disease was induced by topical application of 2,4-dinitrofluorobenzene (DNFB) solution to the ears. Skin tissue was harvested on day 28. (a,b) Skin 
lesion was observed on days 0 and 28, and evaluated for scoring atopic dermatitis (SCORAD) scores. (c) Hematoxylin and eosin staining was 
performed on paraffin sections. Bar = 40 μm. (d,e) The epidermal and dermal thickness was measured on hematoxylin and eosin-stained sections. 
(f,g) The mRNA expression levels of tumor necrosis factor-like weak inducer of apoptosis (TWEAK) and Fn14 were determined with fresh tissue. (h) 
The protein levels of TWEAK and Fn14 were measured by Western blotting. Representative images are shown; n = 5 in each group. (b,d,e,f) The 
DNFB-treated mice had values higher than the two vehicle groups on day 28 (P < 0·05). WT = wild-type; KO = knock-out; n.s. = not significant.
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Fn14 deficiency decreases cell apoptosis and alters the 
TNFR expression profile in the skin lesion of mice

Both proliferative and apoptotic cells were evaluated in 
epidermis of mice on day  28. Using immunohistochem-
istry, the proliferative keratinocytes (Ki67-positive) were 

more observed in the WT mice after DNFB treatment 
(Fig. 4a,b). TUNEL was performed on frozen sections, 
revealing that the KO mice had fewer apoptotic keratino-
cytes after DNFB treatment (Fig. 4a,c). At the same 
time-point, these two strains had far fewer proliferative 

Fig. 3. Fibroblast growth factor inducible 14 (Fn14) deficiency reduces the production of inflammatory cytokines in lesional tissue. Atopic dermatitis-
like disease was induced by application of 2,4-dinitrofluorobenzene (DNFB) solution to the ears. Skin tissue was harvested on day 28. (a) The mRNA 
expression levels of regulated upon activation normal T cell expressed and secreted (RANTES), monocyte chemotactic protein-1 (MCP-1), interferon 
gamma-induced protein 10 (IP-10), tumor necrosis factor-α (TNF-α), interleukin (IL)-17A and IL-18 were determined in fresh tissue. (b–d) The 
protein levels of these cytokines were determined by Western blotting. Representative images are shown. (e) The intensities of bands were measured by 
ImageJ software; n = 5 in each group. WT = wild-type; KO = knock-out.
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and apoptotic cells upon vehicle treatment and showed 
similar changes (Fig. 4a–c).

Several studies have demonstrated that the predominant 
expression of TNFR2 accounts for the TWEAK-induced 

proliferation of keratinocytes [7,8,13,22]. In this study, we 
further determined the expression of TNF receptors in 
lesional skin of these mice on day  28. Consistently, the 
mRNA expression levels of TNFR1 were significantly 

Fig. 4. Fibroblast growth factor inducible 14 (Fn14) deficiency is associated with less apoptotic cells in lesional epidermis and modulates the tumor 
necrosis factor receptor (TNFR) expression profile in lesional tissue. Atopic dermatitis-like disease was induced by application of 
2,4-dinitrofluorobenzene (DNFB) solution to the ears. Skin tissue was harvested on day 28. (a) Using immunohistochemistry, tissue sections were 
detected for proliferative (Ki67-positive) cells. Apoptotic cells were detected by terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL). Representative images are shown. (b,c) The positive cells were counted according to the areas of epidermis. The DNFB-treated groups had 
values higher than the vehicle groups (P < 0·05). (d) The mRNA expression levels of TNFR1 and TNFR2 were determined in fresh tissue. (e,f) The 
protein levels of TNFR1 and TNFR2 were determined by Western blotting. Representative images are shown; n = 5 in each group. Bar = 20 μm. 
WT = wild-type; KO = knock-out; n.s. = not significant.
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increased in the DNFB-treated WT and KO mice compared 
with those receiving vehicle treatment (Fig. 4d). There was 
no significant difference in the TNFR1 (or TNFR2) level 
between the vehicle-treated strains or in the TNFR2 level 
between the DNFB-treated strains (Fig. 4d). Using Western 
blotting, such differences in TNFR1 expression were also 
observed in protein lysates of lesional skin tissue (Fig. 4e,f).

Exogenous TWEAK exacerbates skin lesion in the WT 
strain

To further demonstrate the role of TWEAK/Fn14 signal-
ing in the development of atopic dermatitis, we investigated 
the effect of exogenous TWEAK on this murine model 
(DNFB-treated WT mice). Interestingly, we found that the 
topical application of recombinant TWEAK exacerbated 
skin lesion and increased SCORAD scores compared with 
the bovine serum albumin (BSA) and normal saline (NaCl) 
groups (Fig. 5a,b). Moreover, the TWEAK group exhibited 
thicker epidermis and dermis compared with the other 
groups (Fig. 5c–e). These two control groups showed similar 

changes in skin appearance, SCORAD score and epidermal 
(dermal) thickness (Fig. 5).

TWEAK up-regulates IL-17A, IL-18 and IFN-γ in 
keratinocytes under atopic dermatitis-like 
inflammation

We studied the effect of TWEAK stimulation on the 
keratinocytes under atopic dermatitis-like inflammation. 
Primary keratinocytes were cultured with the addition of 
an inflammatory cocktail, which simulated the microen-
vironment of atopic dermatitis. The results showed that 
the mRNA and protein expression levels of Fn14 increased 
with the addition of this cocktail but not with TWEAK 
stimulation (Fig. 6a–c). Moreover, this cocktail enhanced 
the mRNA expression level of IL-17A, which was further 
promoted upon TWEAK stimulation (Fig. 6a). TWEAK 
alone exhibited no effect on the mRNA expression levels 
of IL-18 and IFN-γ; however, it favored the promotion 
effect of this cocktail (Fig. 6a). Such differential effect of 
TWEAK on these three cytokines was mirrored by the 

Fig. 5. Exogenous tumor necrosis factor-like weak inducer of apoptosis (TWEAK) exacerbates skin lesion in wild-type mice. Atopic dermatitis-like 
disease was induced by application of 2,4-dinitrofluorobenzene (DNFB) solution to the ears. Some mice received additional administration of bovine 
serum albumin (BSA) or TWEAK in normal saline (NaCl) from the third week. Skin tissue was harvested on day 35. (a) Skin lesion was observed on 
day 35. (b) Skin lesion was measured for scoring atopic dermatitis (SCORAD) scores. (c) Hematoxylin and eosin staining was performed on tissue 
sections. Bar = 30 μm. (d,e) The epidermal and dermal thickness was measured on hematoxylin and eosin-stained sections. (b,d,e) There were no 
significant differences between the two control groups (P < 0·05); n = 5 in each group. Bar = 40 μm.
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ELISA determination of protein concentrations in culture 
supernatants (Fig. 6d,e).

Discussion

In this study, we demonstrated that both TWEAK and 
Fn14 are up-regulated in skin lesions of patients with 
atopic dermatitis. Moreover, Fn14 deficiency significantly 
attenuates atopic dermatitis-like disease in mice. The pro-
tective effect of Fn14 deficiency is associated with less 
keratinocyte apoptosis, proinflammatory cytokine produc-
tion and TNFR1 expression in affected skin. Furthermore, 
such skin disease can be exaggerated by additional 

application of TWEAK. Finally, TWEAK up-regulates 
IL-17A, IL-18 and IFN-γ in keratinocytes under atopic 
dermatitis-like inflammation. Therefore, TWEAK/Fn14 
activation participates in the pathogenesis of atopic 
dermatitis.

Previous studies showed that TWEAK and Fn14 are 
up-regulated in skin lesions of patients with atopic der-
matitis [10–12], although the serum level of TWEAK is 
not elevated [6,10,11]. Moreover, subcutaneous injection 
of TWEAK into mice induces histological and inflamma-
tory signs of atopic dermatitis [12]. TWEAK deficiency 
protects mice from atopic dermatitis-like disease induced 
by house dust mite allergen and staphylococcal enterotoxin 

Fig. 6. Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) enhances inflammatory responses of keratinocytes under atopic dermatitis-
like inflammation. Human primary keratinocytes were cultured in vitro with addition of an inflammatory cocktail or plus TWEAK. (a) The mRNA 
expression levels of fibroblast growth factor inducible 14 (Fn14), interleukin (IL)-17A, IL-18 and interferon (IFN)-γ were determined in cell lysates. 
(b,c) Using Western blotting, Fn14 was determined in cell lysates. (d,e) The protein levels of IL-17A, IL-18 and IFN-γ were assessed by enzyme-linked 
immunosorbent assay (ELISA) in the culture supernatants. Data were obtained from five independent experiments. *P < 0·05, compared with the 
blank group; ΔP < 0·05, compared with the cocktail alone group; #P < 0·05, compared with the TWEAK alone group.
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B [12]. This study provided additional evidence that both 
TWEAK and Fn14 are more expressed in lesional skin 
of atopic dermatitis. Meanwhile, we observed no significant 
difference in serum TWEAK levels between patients and 
healthy controls. In most cases, the discrepancy between 
the TWEAK levels in lesions and sera might be due to 
the absence of systemic inflammatory responses. In fact, 
TWEAK is synthesized by infiltrating cells including mac-
rophages. The diffuse distribution may confer TWEAK 
more systemic effects. However, Fn14 is more restricted 
to injured tissue. Our results clearly showed that Fn14 
inhibition ameliorates atopic dermatitis-like disease in a 
murine model. Moreover, exogenous TWEAK exacerbates 
skin lesion in this model. Therefore, these findings strongly 
demonstrated that TWEAK/Fn14 activation contributes to 
the development of atopic dermatitis, and inhibition of 
Fn14 but not TWEAK is a more specific strategy in alle-
viating skin lesion.

Many proinflammatory cytokines participate in the 
inflammatory processes of atopic dermatitis. RANTES, 
IP-10 and MCP-1 are over-expressed by keratinocytes 
derived from patients with atopic dermatitis [23]. IFN-γ, 
IL-17 and IL-18 contribute to the inflammatory processes 
of atopic dermatitis [21]. We observed that TNF-α, 
RANTES, IP-10, MCP-1, IL-17 and IL-18 are produced 
less in skin lesions upon Fn14 deficiency in this model. 
In an in-vitro model of atopic dermatitis, IFN-γ, IL-17 
and IL-18 are more synthesized by keratinocytes after 
TWEAK stimulation. These findings revealed that TWEAK/
Fn14 signals participate in the pathogenesis of atopic 
dermatitis through up-regulating these relevant cytokines 
in skin. An important phenomenon was that IL-17 is 
increased upon the stimulation of the cytokine cocktail 
of atopic dermatitis, TWEAK alone or their combination, 
while IFN-γ and IL-18 are exclusively affected by this 
cocktail or their combination. In fact, TWEAK directly 
induces the production of IL-17 in keratinocytes [12]. 
Thus, these cytokines mediate the function of TWEAK/
Fn14 signals in the pathogenesis of atopic dermatitis.

As well as these proinflammatory effects, extensive 
apoptosis of keratinocytes is one of the histological features 
in atopic dermatitis [24]. We found that apoptotic cells 
decrease in skin lesions of Fn14-deficient mice. Meanwhile, 
proliferative cells are less observed in epidermis of skin 
lesions upon Fn14 deficiency. This might be due to the 
attenuation of skin inflammation, which chronically causes 
the proliferation of keratinocytes. The cytoplasmic domain 
of Fn14 contains binding sites for TNFR- associated recep-
tor (TRAF)-1, TRAF-2, TRAF-3 and TRAF-5 [25]. 
Previously, we have proved that TWEAK regulates cell 
fate via the Fn14–TRAF–TNFR axis and induces the death 
or proliferation of keratinocytes, depending on the expres-
sion profile of TNF receptors [7,8,13,22]. In psoriasis, 

another immune-mediated skin disorder with chronic 
cutaneous inflammation, the TWEAK/Fn14 pathway prefers 
to enhance proliferation but not apoptosis of keratinocytes 
[7]. We showed that TNFR2 is up-regulated in psoriasis. 
Keratinocytes express TNFR2 predominantly with the addi-
tion of TWEAK and the TNFR2 expression decreases 
more obviously upon Fn14 inhibition in a psoriasis mouse 
model [7,13]. In this study we found that, instead of 
TNFR2, TNFR1 is up-regulated in skin lesion of atopic 
dermatitis and Fn14 deficiency reduces the TNFR1 expres-
sion profile. The predominance of TNFR1 is associated 
with apoptosis of keratinocytes under TWEAK/Fn14 acti-
vation [8,11]. Moreover, TWEAK and TNF-α co-operate 
in the induction of keratinocyte apoptosis [11]. Considering 
that TNF-α is abundant in skin tissue of atopic dermatitis 
[11,24], our results explained the reduction of keratinocyte 
apoptosis in Fn14-deficient skin of an atopic dermatitis 
model. We further elucidated that, as well as the anti-
inflammatory role, the inhibition of TWEAK/Fn14 interac-
tion exerts its therapeutic effects by altering the TNFR1/
TNFR2 expression profile, which may generate cell-fate 
diversity of keratinocytes under different inflammatory 
contexts.

Atopic dermatitis is a complex inflammatory condition, 
involving the defects of epidermal barrier as well as T 
helper type 2 (Th2) immune response dysregulations [26]. 
Currently, different in-vitro models have been developed 
to mimic the features of atopic dermatitis [26–28]. These 
models adopt the cytokine stimulation of cultured keratino-
cytes or epidermal equivalents, the latter of which may 
exhibit certain barrier properties. In this study, we utilized 
an in-vitro model by stimulating keratinocytes with a 
cocktail, which recapitulates inflammatory features of atopic 
dermatitis [19]. Although the results convincingly dem-
onstrated the pivotal role of TWEAK/Fn14 signals in the 
pathogenesis of atopic dermatitis, the effect of TWEAK 
on the barrier function of skin remains unelucidated in 
this disease. As TWEAK/Fn14 interaction may injury the 
junction proteins and even the integrities of blood–brain 
barrier or glomerular filtration barrier [29,30], the exact 
relationship between TWEAK/Fn14 signals and skin bar-
rier should be investigated in further studies.

Conclusively, Fn14 deficiency ameliorates skin lesion in 
the murine model of atopic dermatitis, possibly through 
suppressing the production of inflammatory cytokines. 
Fn14 inhibition also alters the expression profile of TNF 
receptors, leading to less apoptosis of keratinocytes. 
Moreover, exogenous TWEAK exacerbates skin lesion in 
this murine model and promotes the synthesis of relevant 
cytokines in keratinocytes under atopic dermatitis-like 
inflammation. Targeting the TWEAK/Fn14 pathway may 
be a promising therapeutic approach for patients with 
atopic dermatitis.
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