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Abbreviations: AD, atopic dermatitis; ATG, autophagy-related protein; ATG16L1, 

autophagy-related 16 like 1 protein; BafA1, bafilomycin A1; IL- interleukin, LAMP, 

lysosomal-associated membrane protein; PS, psoriasis; TNF-α, tumor necrosis factor-alpha.  
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ABSTRACT 

 

Atopic dermatitis (AD) and psoriasis (PS) are frequent chronic inflammatory skin diseases. 

Autophagy plays a substantial role in the homeostasis of the organism. Loss or impairment of 

autophagy is associated with multiple diseases. To investigate the possibility that autophagy 

plays a role in AD and PS, we investigated the levels of key autophagy-related proteins 

(ATGs) in human skin specimens as well as in primary human epidermal keratinocytes 

exposed to inflammatory stimuli in vitro. While TNF-α facilitated the induction of autophagy 

in an initial phase, it reduced the levels and enzymatic activities of lysosomal cathepsins in 

later time periods resulting in autophagy inhibition. Therefore, tumor necrosis factor-α (TNF-

α) appears to play a dual role in the regulation of autophagy. The relevance of these in vitro 

findings were supported by the observation that the protein levels of cathepsin D and L are 

decreased in both PS and AD skin specimens. Taken together, this study suggests that TNF-α 

blocks autophagy in keratinocytes following long-term exposure, a mechanism, which may 

contribute to the chronicity of inflammatory diseases of the skin and, perhaps, other organs. 

 

Keywords: Autophagy, atopic dermatitis, cathepsins, inflammation, lysosomes, psoriasis, 

TNF-α. 
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INTRODUCTION 

 

Atopic dermatitis (AD) is a common chronic inflammatory skin disease characterized by 

recurring eczematous lesions, persistent pruritus, and dry skin (Bieber, 2008; Garmhausen et 

al., 2013; Simon et al., 2019). Psoriasis (PS) is an autoimmune disease, which affects the skin 

with erythematous and scaly plaques (Christophers, 2001; Hawkes et al., 2017). Both 

inflammatory skin diseases are characterized by a dysfunctional epidermal barrier (Miyagaki 

and Sugaya, 2015; Simon et al., 2019) and an excessively activated immune system 

(Guttman-Yassky et al., 2011). Although therapy for AD and PS has progressed in recent 

years, the side effects remain the main hindrance in treatment (Patel and Khan, 2017). 

Therefore, elucidation of mechanisms controlling the response of keratinocytes to the 

inflammatory environment could lead to the development of novel therapeutic approaches. 

Macroautophagy (hereafter autophagy) is a highly conserved lysosomal degradation 

pathway that involves the formation of autophagic vesicles, known as autophagosomes, which 

ultimately fuse with lysosomes, where its enzymes degrade misfolded proteins and damaged 

organelles (Germic et al., 2019; Mizushima and Komatsu, 2011; Simon et al., 2017). The 

autophagic process is governed by the expression of evolutionarily conserved genes encoding 

the autophagy-related proteins (ATGs), essential for the formation of autophagosomes. 

Autophagy plays a role in differentiation and development, adaptation to metabolic stress, and 

removal of misfolded proteins and damaged organelles (Levine and Kroemer, 2019). 

Moreover, autophagy is associated with a plethora of pathological conditions. Its 

dysregulation may contribute to the development of various diseases, such as inflammatory 

and autoimmune diseases, as well as neurodegenerative diseases and cancer (Levine and 

Kroemer, 2019; Mizushima and Levine, 2020). It should be noted, however, that the 

hypothesis of impaired autophagy contributing to disease pathogenesis is largely based on 

Jo
urn

al 
Pre-

pro
of



5 
 

experimental animal studies in which an essential autophagy-related gene was deleted in 

specific cells. In contrast, results of human studies supporting this hypothesis are rather rare. 

In inflammatory responses, autophagy has been demonstrated to influence the 

development and homeostasis of inflammatory cells (Miller et al., 2008; Zhang et al., 2012), 

cytokine secretion (Saitoh et al., 2008), and removal of intracellular bacteria (Wild et al., 

2011). Several studies have reported that mutations in core ATG genes are associated with 

inflammatory and autoimmune diseases. For example, a T300A polymorphism in ATG16 like 

1 (ATG16L1) gene, which encodes a protein that is essential for phagophore expansion, 

increases Crohn’s disease susceptibility and impaired autophagy contributes to its 

pathogenesis (Boada-Romero et al., 2016; Cadwell et al., 2008; Hampe et al., 2007). 

Furthermore, it has been reported that dysregulation of several ATGs is associated with 

increased susceptibility to systemic lupus erythematosus (Molineros et al., 2017). 

Interestingly, the polymorphisms in the autophagy gene ATG16L1 provide the opportunity to 

calculate the risk of developing PS (Douroudis et al., 2012).  

Autophagy is important for the terminal differentiation of keratinocytes and it has 

been suggested that impaired autophagy contributes to the pathogenesis of PS since LC3B, an 

autophagy activity marker crucial in autophagosome biogenesis (Klionsky et al., 2016), was 

shown to be absent from all epidermal layers in the skin of PS patients (Akinduro et al., 

2016). In contrast, a recent study demonstrated increased levels of two LC3 isoforms, LC3A 

and LC3B, in the psoriatic epidermis (Wang et al., 2020). Moreover, several reports suggest 

an effect of AD- and PS-associated inflammatory cytokines, such as TNF-α and IL-17A, on 

autophagy. While some studies reported increased autophagic flux upon TNF-α and IL-17A 

treatment, others reported inhibition of the autophagic process (Varshney and Saini, 2018; 

Whelan et al., 2017; Zhang et al., 2017; Zhou et al., 2018). Therefore, whether autophagy is 
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up- or down-regulated in inflammatory skin diseases its possible regulation by cytokines 

remains unclear.  

In this study, we obtained evidence for impaired autophagy in chronic AD and PS 

lesions owing to lysosomal dysfunction. Interestingly, TNF-α activated the autophagic flux in 

primary keratinocytes, but paradoxically, at later time points, it inhibited the activity of 

lysosomal enzymes. These findings may not only explain the contrasting results which have 

previously been reported, but they also point to a targeted increase in lysosomal function as a 

potential therapeutic approach.  

 

RESULTS 

 

The epithelium of psoriasis and atopic dermatitis patients exhibits increased levels of 

ATG5, ATG7, LC3B and p62 

To assess the levels of ATGs and autophagy activity markers in PS and AD skin, we analyzed 

skin specimens of patients with PS and AD and compared them to those of healthy control 

individuals by immunofluorescence. ATG5 was mainly present in the basal layer of the 

healthy epidermis. Interestingly, in lesional skin of PS and AD patients, ATG5 was strongly 

elevated in suprabasal layers. The quantitative fluorescent integrated analysis of the stained 

tissues revealed a robust increase in the ATG5 levels in both PS and AD compared to healthy 

skin, with a higher abundance in PS specimens (Supplementary Figure S1a). In a similar 

fashion, ATG7 was mostly present in the basal layer in normal skin, with a change to the 

suprabasal layers in the epidermis of PS and AD. We also observed higher levels of ATG7 in 

PS patients than in AD patients (Supplementary Figure S1b).  

LC3B was present in all layers and demonstrated elevated levels in lesional PS and 

AD as compared to normal healthy skin. Similar to the ATG5 and ATG7 analyses, the 
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expression of LC3B in PS was again significantly higher as compared to AD patients. LC3B 

was distributed through all layers of the epidermis in both lesional and normal skin. However, 

in both diseases, LC3B expression was the strongest in the upper suprabasal and granular 

layers (Supplementary Figure S1c). In addition, we analyzed p62, also known as 

sequestosome 1 (SQSTM1), which is selectively degraded during the autophagic process 

(Bjorkoy et al., 2009). We observed p62 expression in the basal and lower suprabasal layers 

of normal skin. In both inflammatory diseases, p62 was present in the basal and suprabasal 

layers but at elevated levels. Again, we observed higher levels in PS as compared to AD 

lesions (Supplementary Figure S1d).  

Taken together, these data suggest dysregulation of the autophagic machinery in PS 

and AD. While the accumulation of p62 suggests autophagy inhibition (Komatsu and 

Ichimura, 2010; Park et al., 2020), increased ATG5, ATG7, and LC3B levels may point to 

induction of autophagy. Therefore, we found evidence for both up- and down-regulation of 

autophagy so that a final interpretation of these data was impossible at this stage of our 

investigations. 

 

TNF-α induces autophagic flux in primary human keratinocytes at early time points 

To better understand the functional role of autophagy in inflammatory skin diseases, we 

decided to apply an in vitro system in which we monitored autophagy in primary human 

keratinocytes following stimulation with inflammatory cytokines typically present in AD and 

PS, such as TNF-α, IL-33, thymic stromal lymphopoietin (TSLP), and IL-4 (Brembilla et al., 

2018; Ding et al., 2018; Schuler et al., 2019; Simon et al., 2019). As assessed by 

immunoblotting, TNF-α significantly upregulated LC3B-II levels, which is the lipidated form 

of LC3B, within a time period of 8 h (Supplementary Figure S2a-d).  
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LC3B-II accumulation is assigned to either increased autophagic activity or disrupted 

autophagosome turnover (Mizushima and Yoshimori, 2007). The effect of TNF-α treatment 

on autophagy was therefore also explored in the presence of bafilomycin A1 (BafA1), a 

known inhibitor of lysosomal degradation, which is used in vitro to determine the activity of 

autophagic flux (Mauvezin and Neufeld, 2015). BafA1 alone upregulated LC3B-II levels, 

implying inhibition of lysosomal activity (Figure 1a). Combined treatment with TNF-α and 

BafA1 further enhanced LC3B-II levels, suggesting an increase in autophagic flux following 

TNF-α stimulation rather than impaired autophagosome turnover in primary keratinocytes 

(Figure 1a). To confirm the activation of autophagic flux, we performed LC3B-II staining and 

confocal microscopic analysis, which showed enhanced LC3B-II green puncta intensity upon 

TNF-α stimulation (Figure 1b). BafA1 co-treatment enhanced augmentation of LC3B-II green 

puncta and activation of autophagic flux at an early time point (8 h) (Figure 1b). Moreover, 

TNF-α treatment notably increased levels of ATG5 and ATG7 in a time-dependent manner, 

suggesting a rapid and comprehensive effect of TNF-α treatment on the autophagy machinery 

leading to an increased autophagic flux within a time period of 8 h (Figure 1c,d). 

 

TNF-α exhibits a dual role on autophagy function in primary human keratinocytes 

Since the skin of PS and AD patients is continuously exposed to the inflammatory cytokines 

for extended times (Choe et al., 2012), we examined the long-term effect of TNF-α in primary 

keratinocytes. Increased LC3B-II levels were observed in primary keratinocytes which were 

exposed with TNF-α for time periods between 24 and 72 h (Figure 2a). Interestingly, the 

TNF-α – induced LC3B-II levels could not be further enhanced by BafA1, suggesting a 

potential autophagy impairment (Figure 2b). In agreement with these data, BafA1 also did not 

increase long-term TNF-α - induced LC3B-II green puncta, thus indicating impaired 
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autophagic flux in primary keratinocytes at later time points of TNF-α stimulation (Figure 

2c,d).  

In addition, long-term TNF-α treatment also promoted elevated levels of p62 in a 

time-dependent manner (Figure 2e). These data suggested that the increase in LC3B-II levels 

was indeed no longer reflecting increased autophagic flux. Instead, it appears that treatment 

with TNF-α for 24 h or more is associated with an impaired clearance of autophagosomes. 

Taken together, these data indicate that TNF-α activates autophagic flux at early time points, 

whereas long-term treatment leads to an impaired autophagic activity in primary 

keratinocytes. 

 

TNF-α induces lysosomal dysfunction in keratinocytes 

Since we observed that TNF-α suppressed the autophagic flux at later time points, we were 

interested in analyzing directly lysosomal activity which is important during the last stage of 

the autophagic process. By applying live-cell confocal imaging, we aimed to assess lysosomal 

function upon TNF-α treatment in primary keratinocytes. As expected, torin 1, a potent and 

selective inhibitor of mammalian target of rapamycin complexes 1 and 2, induced and BafA1 

inhibited lysosomal activity (Figure 3a,b). Keratinocytes stimulated with TNF-α exhibited 

increased red fluorescence intensity following staining of acidic compartments with 

LysoTracker dye after 8 h. However, a decline of fluorescence intensity was observed after 24 

h and 72 h of TNF-α exposure (Figure 3a), suggesting reduced lysosomal activity at later time 

points.  

To more specifically assess the activity of the lysosomal enzymes, we used Magic Red 

cathepsin B reagent, a non-cytotoxic substrate that induces fluorescent red upon cleavage by 

active cathepsin B enzyme, a cysteine protease and one of the main degradation enzymes in 

lysosomes (Yadati et al., 2020). TNF-α again increased the fluorescence intensity 8 h after the 
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initiation of TNF-α treatment of primary keratinocytes (Figure 3b), corresponding to the 

observed high autophagic activity. Interestingly, the fluorescence decreased during prolonged 

exposure to TNF-α, suggesting reduced cathepsin B activity (Figure 3b).  

Lysosomal-associated membrane proteins 1 and 2 (LAMP1 and LAMP2) have been 

reported to accumulate during lysosomal dysfunction (Hossain et al., 2020). Therefore, we 

analyzed the levels of LAMP1 and LAMP2 by immunoblotting and observed a TNF-α – 

mediated upregulation of both proteins in primary keratinocytes in a time-dependent manner 

(Figure 3c). Taken together, these results imply lysosomal dysfunction in primary 

keratinocytes upon long-term exposure to the inflammatory cytokine TNF-α.   

 

TNF-α decreases levels and enzymatic activity of lysosomal proteases in keratinocytes  

In the process of autophagy, misfolded and damaged proteins, as well as other cellular 

components, are degraded by lysosomal proteases. The lysosomal proteases cathepsin D, an 

aspartic protease, cathepsin L, a cysteine endopeptidase, and cathepsin B are indispensable for 

proper lysosomal function and any alteration of their levels or enzymatic activities may lead 

to lysosomal dysfunction (Yadati et al., 2020). To assess the levels of lysosomal proteases in 

primary keratinocytes exposed to TNF-α in a time-dependent manner, we applied immunoblot 

analysis. TNF-α reduced the levels of cathepsin D and cathepsin L, whereas the expression of 

cathepsin B was not significantly altered (Figure 4a,b). Moreover, a significant reduction of 

the catalytic activity of cathepsin D was observed at 24 and 72 h after the initiation of TNF-α 

treatment (Figure 4c). Taken together, our results suggest that TNF-α decreased protein levels 

of cathepsin D and cathepsin L as well as the enzymatic activities of cathepsin D and 

cathepsin B in primary keratinocytes, suggesting impaired lysosomal function and 

consequently inhibition of autophagy in primary keratinocytes. 
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Decreased expression of cathepsins in the epithelium of psoriasis and atopic dermatitis 

patients 

To test whether decreased expression of cathepsins can be detected under in vivo conditions, 

we again investigated skin tissue sections obtained from patients suffering from PS and AD. 

The expression of major cathepsins in PS and AD were compared with healthy skin. 

Immunofluorescence analysis revealed that, indeed, the levels of cathepsin D and cathepsin L 

were notably down-regulated in lesional as compared to healthy skin (Figure 5a,b and 

Supplementary Figure 3a,b for lower magnification). However, in agreement with our in vitro 

data, cathepsin B expression was unchanged as compared to normal skin (Figure 5c and 

Supplementary Figure 3c for lower magnification). Taken together, our data indicate that the 

lysosomal cathepsins D and L are down-regulated in AD and PS patients, suggesting that 

TNF-α, and, perhaps, additional cytokines, reduces the proteolytic effects of lysosomal 

enzymes in keratinocytes in vivo. 

 

DISCUSSION 

In this study, we demonstrate that the pro-inflammatory cytokine TNF-α plays a dual role in 

autophagy by initially activating and at later time points impairing the autophagic process by 

interfering with lysosomal proteases in primary human keratinocytes. These in vitro data were 

supported by analyzing skin biopsies of patients suffering from PS or AD. We detected 

increased expression levels of LC3B and p62 in the inflammatory epithelium of both diseases 

that can be explained by their reduced degradation in autophagolysosomes (Mizushima et al., 

2010). Evidence for reduced expression of lysosomal proteases were also obtained in tissue 

keratinocytes, confirming the view that autophagy is impaired under the inflammatory 

conditions of both PS and AD. Moreover, the increased expression of ATG5 and ATG7 in the 

epithelium of PS and AD patients may represent a cellular attempt to increase autophagy 
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under the conditions of reduced lysosomal activity in vivo. The regulatory mechanism leading 

to increased transcription of ATG genes when autophagy is limited, however, is hypothetical 

and requires further investigation. A recent study provided some evidence that LAMP2A is 

somehow able to induce the ATG5 gene (Issa et al., 2018), supporting this hypothesis. 

Little is known about the role of autophagy in inflammatory skin diseases. Moreover, 

even the few published studies report conflicting results regarding the expression of LC3B in 

PS (Akinduro et al., 2016; Wang et al., 2020). It is important to mention that neither of these 

prior studies investigated the presence of p62 in PS specimens. The accumulation of p62 in 

our study implies decreased p62 degradation via autophagy. We also observed a significantly 

higher abundance of LC3B coinciding with the upregulation of p62 in PS skin, again 

implying a blockade of autophagy. Interestingly, UVB phototherapy, retinoids, and vitamin D 

analogs, evidence-based treatments for PS, were shown to induce autophagy (Hoyer-Hansen 

et al., 2005; Qiang et al., 2013; Rajawat et al., 2010; Yang et al., 2012). This may explain, at 

least partially, the positive effect of these treatments in patients with psoriatic lesions. In line 

with these observations in PS, recent reports showed that autophagy genes were also 

significantly upregulated in AD skin (Blunder et al., 2018).  

It has been previously reported that TNF-α activates the autophagic process in 

epithelial cells of the esophagus (Whelan et al., 2017). In agreement with this work, we 

observed upregulated autophagic activity mediated by TNF-α in primary keratinocytes at 

early time points. TNF-α is found at the early stages of inflammation (Bashir et al., 2009; 

Brotas et al., 2012) and may induce autophagy to re-establish cellular homeostasis. On the 

other hand, we show that longer exposure of keratinocytes to TNF-α results in an impairment 

of lysosomal activity and therefore in an inhibition of autophagy. Therefore, TNF-α exhibits 

an ambiguous role in the autophagic process in human keratinocytes and is time-dependent. 

Moreover, these data may partially explain the conflicting results regarding autophagy 
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regulation in PS (Akinduro et al., 2016; Wang et al., 2020). 

Although the expression levels of cathepsins were equally reduced in PS and AD 

lesions, autophagy inhibition was less pronounced in AD as compared to PS. The higher 

TNF-α levels in PS might paradoxically explain this phenomenon (Nomura et al., 2003). 

However, TNF-α also exhibits pro-inflammatory effects in AD, including TSLP production 

(Bogiatzi et al., 2007; Danso et al., 2014). Therefore, our data suggest that TNF-α is also 

involved in hindering the autophagic process in AD. On the other hand, we do not exclude the 

possibility that additional cytokines contribute to the impairment of autophagy in AD. For 

example, IL-4 and IL-13 have been shown to inhibit autophagy in macrophages (Su et al., 

2012). In support of this idea, a new potential topical treatment for AD, a moisturizer with 

pentasodium tetracarboxymethyl palmitoyl dipeptide-12 (PTPD-12), known to stimulate 

autophagy, has been shown to significantly improve skin barrier function and pruritus in AD 

patients (Kwon et al., 2019).  

The proper lysosomal function is essential for the autophagic process and keratinocyte 

differentiation (Monteleon et al., 2018). Lysosomal proteases, especially cathepsin D, 

cathepsin L, and cathepsin B are crucial for the activity of lysosomes. The imbalance in 

protease activity is known to play an important role in the pathophysiology of AD and PS 

(Ainscough et al., 2017; Zhu et al., 2017). Together with the data provided in this report, we 

speculate that the reduced proteolytic effects of lysosomal enzymes in keratinocytes 

contribute to the barrier defect under inflammatory conditions.  

Our study has several therapeutic implications. Pharmacological agents are able to 

affect the autophagic process, for instance, chloroquine and hydroxychloroquine are well-

known autophagy inhibitors, whereas rapamycin is an autophagy inducer (Yang et al., 2013). 

Clearly, one should be cautious while prescribing autophagy inhibitors, such as 

hydroxychloroquine, to patients suffering from PS or AD, because it may aggravate the 
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disease. Future studies should aim to investigate the possible effect of enhancing lysosomal 

and autophagic function on re-establishing the homeostasis in keratinocytes. Moreover, it 

would be interesting to see whether anti-TNF-α antibody therapy in PS patients could reverse 

the TNF-α – mediated effects on lysosomal function and autophagy that we observed in this 

study. 

In summary, our study suggests autophagy impairment in keratinocytes upon chronic 

exposure to TNF-α, a finding, which may play a role in the pathogenesis of both PS and AD. 

Since TNF-α can also induce autophagy in keratinocytes in short-term cultures, our report 

may help to better understand the complex regulation of autophagy in inflammation. We 

suggest that future studies should always differentiate between acute and chronic 

inflammatory conditions. Moreover, additional studies should aim to investigate the possible 

effect of enhancing lysosomal and autophagic function on re-establishing the homeostasis of 

keratinocytes in both PS and AD.  

 

MATERIALS AND METHODS  

 

Cell culture and reagents 

Normal human epidermal keratinocytes (adult, pooled, C-12006-PRO, passages 2-5) were 

purchased from PromoCell (Heidelberg, Germany). Cells were cultured in the presence and 

absence of cytokines for the indicated times in Keratinocyte Growth Medium (PromoCell, C-

20011-PRO) at 5% CO2 at 37˚C in 6-well plates (Greiner Bio-One, Vacuette Schweiz GmbH, 

St. Gallen, Switzerland). Cells were approximately 70-80% confluent at the time of 

harvesting. For the detachments of the cells, DetachKit (PromoCell, C-41200) was used 

according to the instructions of the manufacturer. TNF-α (Cat#: 210-TA), IL-33 (Cat#: 3625-

IL), and TSLP (Cat#: 1398-TS) were purchased from R&D Systems (Minneapolis, MN, 
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USA). IL-4 (Cat#: 204-IL) was purchased from Peprotech (NJ, USA). BafA1 (Cat#: 1334) 

and torin1 (Cat#: 4247) were purchased from Tocris (Bristol, UK). The TNF- concentration 

used throughout the manuscript was 10 ng/ml. The concentrations of cytokines and inhibitors 

used in each experiment are described in the figure legends. Before lysis and staining, the 

cells were analyzed under the microscope following Hoechst staining and, in agreement with 

previously published work (Banno et al., 2004; Zimmermann et al., 2011; Kokolakis et al., 

2021), we obtained no evidence for TNF- - induced cell death in primary keratinocytes. 

 

Tissue samples 

Skin specimens from biopsies taken for routine diagnostics were obtained from the archives 

of the Department of Dermatology, Inselspital, Bern, Switzerland. The samples were obtained 

from normal skin as well as from lesional skin of PS and AD patients. An information on the 

skin biopsies used in this study is provided in Suppl. Table S1. The study was approved by 

the Ethics Committee of the Canton of Bern. Written informed consent was obtained by all 

patients about the further use of their biologic materials. 

 

Immunoblot analysis 

Primary keratinocytes were lysed with a lysis buffer containing 150 mM sodium chloride, 50 

mM tris (pH 7.4), 1 mM EDTA (pH 8.0), 2 mM sodium orthovanadate, 1 M sodium fluoride, 

10% glycerol, 0.1% sodium dodecyl sulfate, 0.5% NP-40, 0.5% Triton X-100 and 0.5% 

sodium deoxycholate. Shortly before use, a protease inhibitor cocktail (Sigma-Aldrich) was 

added. The cell pellet was lysed in lysis buffer on ice with frequent vortexing for 30 min. The 

supernatant was collected after centrifugation at 13’200 rpm for 10 min at 4˚C. The protein 

concentration was measured with the BCA Protein Assay kit (Thermo Fisher Scientific). A 

total of 35 μg of protein was loaded either on the 12% or 4-20% sodium dodecyl sulfate 
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(SDS) polyacrylamide gel (ServaGel, TG Prime). After electrophoresis, proteins were 

transferred onto polyvinylidene difluoride membranes (Immobilon-P; Millipore). Membranes 

were blocked with 5% non-fat dry milk in Tris-buffered saline solution containing 0.1% 

Tween 20 (TBST) for 1 h and then incubated with primary antibodies in TBST and 5% non-

fat dry milk at 4°C overnight. The following primary antibodies were used: monoclonal rabbit 

anti-LC3B (1:1000; Novus), polyclonal rabbit anti-p62 (1:1000; Cell Signaling), polyclonal 

rabbit anti-ATG7 (1:1000; Cell Signaling), monoclonal mouse anti-ATG5 (1:1000; 

Nanotools), monoclonal rabbit anti-cathepsin B (1:1000; Cell Signaling), monoclonal rabbit 

anti-cathepsin D (2:1000; Cell Signaling), monoclonal mouse anti-cathepsin L (1:1000; 

Abcam) and monoclonal mouse anti-GAPDH (1:5000; Chemicon International Inc.). On the 

following day, membranes were washed using TBST and then incubated with the 

corresponding HRP-conjugated secondary antibodies (Amersham Pharmacia Biotech). The 

signals were detected by chemiluminescence using ECL Western Blotting Analysis System 

(GE Healthcare or Luminata Forte; Millipore Corporation, Billerica, MA, USA) on the 

Odyssey Fc Imaging System (LI-COR Biosciences, Lincoln, Nebraska, USA) or 

photosensitive Hyperfilm ECL (GE Healthcare Life Sciences). The quantification of the 

signals was done by analyzing the intensities by Image Studio Lite. 

 

Tissue immunofluorescence and confocal imaging  

Paraffin-embedded tissue sections were incubated in the oven at 52˚C overnight. On the 

following day, tissue sections were deparaffinized and rehydrated with graded ethanol 

dilutions. Antigen retrieval in sodium citrate buffer (10 mM, pH 6.0) was followed by three 

washing steps. After washing the slides with PBS, tissues were blocked with blocking 

solution at room temperature for 1 h. Immunofluorescence staining was performed by 

incubating the paraffin sections with polyclonal rabbit anti-LC3B (1:50; Cell Signaling), 
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monoclonal rabbit anti-ATG5 (1:50; Genetex), polyclonal rabbit anti-p62 (1:100; Sigma), 

polyclonal rabbit anti-ATG7 (1:50; Abgent), monoclonal rabbit anti-cathepsin B (1:500; Cell 

Signaling), monoclonal rabbit anti-cathepsin D (1:150; Cell Signaling), and monoclonal 

mouse anti-cathepsin L (1:200; Abcam) in blocking buffer. After 24 h, tissue sections were 

washed in PBS and incubated with secondary antibody (goat anti-rabbit 532; Molecular 

Probes, Invitrogen) at room temperature for 1 h. Subsequently, slides were washed with PBS. 

Images were acquired by confocal laser scanning microscopy (LSM 510 or LSM 800; Carl 

Zeiss) and the area of epidermis was analyzed by ImageJ software or Imaris (Bitplane AG, 

Zurich, Switzerland).  

 

Primary keratinocytes immunofluorescence 

Primary keratinocytes were seeded on 12-mm glass coverslips and treated as described above. 

Cells were fixed with 4% paraformaldehyde for 5 min, subsequently washed three times in 

PBS (pH 7.4), and permeabilized with 0.5% saponin in PBS for 5 min at room temperature. 

After washing the slides with PBS, cells were blocked with blocking solution at room 

temperature for 1 h. Cells were incubated with primary antibody diluted in the blocking 

solution at 4°C overnight. The primary antibody used for detecting LC3B was monoclonal 

mouse anti-LC3B (1:100; Nanotools). The following day cells were washed in PBS and 

incubated with secondary antibody (goat anti-mouse 488, Molecular Probes, Invitrogen). 

After 1 h, cells were washed two times in PBS (pH 7.4) and counterstained with Hoechst 

33342 (1:8000) to visualize the nuclei. After washing three times in PBS (pH 7.4), slides were 

mounted with Prolong Gold (ThermoFisher). Eight representative images from each condition 

containing more than 100 cells per experiment were acquired using confocal laser scanning 

microscopy (LSM 800) and Zen2012 software (Zeiss). The number of LC3B puncta were 

counted using ImageJ software and normalized to the number of nuclei. 
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Live-cell imaging with Magic Red and LysoTracker  

For live-cell imaging and analysis, primary keratinocytes cells were pretreated with TNF-α, 

BafA1, and torin1, respectively. LysoTracker red DND-99 and Magic Red probes were used 

to visualize the lysosomes and determine lysosomal activity. Cells were washed and 

incubated with Hoechst 33342 for 5 min. Subsequently, Magic Red or LysoTracker were 

added to the medium for 10 min. Live images were captured by using a confocal microscope 

(LSM 700; Carl Zeiss) in a full stage-top incubator with a humidifier, 5% CO2, and 37°C 

temperature-control devices. Cells were focused with a 40x oil DIC objective, and live 

acquisition of at least 5 different locations was obtained. Images were acquired from three 

independent experiments for each group using the same parameters. Data were analyzed with 

ImageJ software. 

 

Cathepsin D activity assay 

Enzymatic activity of cathepsin D was measured using an enzyme-specific kit following the 

manufacturer’s instructions (AnaSpec). The SensoLyte 520 Cathepsin D Activity Assay Kit 

uses a long-wavelength Forster resonance energy transfer substrate based on a sequence 

surrounding the cleavage site of cathepsin D. When active cathepsin D cleaves the Forster 

resonance energy transfer substrate, it increases HiLyte Fluor 488 fluorescence monitored at 

excitation/emission of 490 nm/520 nm. Lysates from control and TNF-α - treated cells were 

collected at indicated time points and subsequently lysed in cathepsin D lysis buffer on ice 

with vortexing for 10 min. Following centrifugation at 13,000 x rpm, at 4˚C for 10 min, the 

supernatants were collected and protein concentration was measured. An equal amount of 

protein was used for each sample. The final reaction mixture contained cell lysates, and an 

assay buffer, and cathepsin D fluorescent substrate, both provided in the kit. Cathepsin D 
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activity (fluorescence released by cleavage, HiLyte Fluor488) was assayed in a black, flat-

bottom 96-well plate with a nonbinding surface (Immuno Standard Modules, MaxiSorp, 

black, #475515; Thermo Fisher Scientific) in the presence or absence of pepstatin A (1 μM) at 

room temperature with a SpectraMax M2 plate reader (Bucher Biotech). All samples were 

assessed from three replicates. 

 

Statistical analysis 

Data were analyzed using GraphPad Prism 6 software (GraphPad Software Inc., CA, USA). 

Student’s t test was used to compare two groups or one-way ANOVA analysis was used to 

compare more than two groups. p values of <0.05 were considered statistically significant. 

 

Data availability statement: No large datasets were generated or analyzed during this study. 
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FIGURE LEGENDS 

 

Figure 1. Short-term TNF-α treatment promotes autophagic flux in human epidermal 

keratinocytes. Primary keratinocytes were treated in the absence and presence of BafA1 (100 

nM, 1 h) and/or TNF-α (10 ng/ml). (a) Immunoblotting. Quantification of LC3B-II levels. 

LC3B-II level was normalized to a loading control GAPDH (n=3) (lower panel). (b) Confocal 

microscopy. Representative images showing green fluorescent LC3B-II punctuation (upper 

panel). Single cells are shown at higher magnification in the insets. Quantification of LC3B-II 

staining shows the number of LC3B-II dots per cell (lower panel). Scale bars = 10 µm. (c,d) 

Immunoblotting. Quantification of ATG5 and ATG7 levels were normalized to the GAPDH 

loading control (lower panels). (n=3) Statistics: mean ± SD *p≤0.05, **p≤0.01.  

 

Figure 2. Long-term TNF-α exposure inhibits autophagic activity in primary 

keratinocytes. Primary keratinocytes were stimulated with TNF-α (10 ng/ml) in a time-

dependent manner in the absence and presence of BafA1 (100 nM, 1 h). (a, b) 

Immunoblotting. Quantification of LC3B-II level was normalized to a loading control 

GAPDH (lower panel) (n=3). (c,d) Confocal microscopy. Primary keratinocytes were treated 

for either 24 (c) or 72 (d) h. Representative images showing green fluorescent LC3B-II 

punctuation (upper panels). Single cells are shown at higher magnification in the insets. 
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Quantification of LC3B-II staining shows the number of LC3B-II dots per cell (lower panels). 

Scale bars = 10 µm. (e) Immunoblotting. Quantification of p62 level was normalized to a 

loading control GAPDH (lower panel) (n=5). Statistics: mean ± SD. *p≤0.05,**p≤0.01, 

***p≤0.001.  

 

Figure 3. TNF-α impairs lysosomal function at later time points in human keratinocytes. 

(a,b) Live-cell confocal microscopy. Primary keratinocytes were treated in the absence and 

presence of TNF-α (10 ng/ml for 8, 24, and 72 h), BafA1 (100 nM, 1 h), or torin1 (100 nM, 

1h). Cells were stained with LysoTracker
 
Red DND-99 detecting acidic compartments or 

Magic Red dye
 

detecting cathepsin B activity (red) (left panels). Quantification of 

LysoTracker and Magic Red cathepsin B positive area (right panels). Scale bars = 10 µm. (c) 

Immunoblotting. Primary keratinocytes were treated in the absence or presence of TNF-α (10 

ng/ml for 8, 24, and 72 h). Quantification of LAMP1 and LAMP2 levels were normalized to a 

loading control GAPDH (lower panels). (n=3) Statistics: mean ± SD. 

*p≤0.05,**p≤0.01,***p≤0.001.  

 

Figure 4. TNF-α treatment decreases the levels of lysosomal enzymes cathepsin L and 

cathepsin D and the activity of cathepsin D in human keratinocytes. Immunoblotting. 

Primary keratinocytes were treated in the absence or presence of TNF-α (10 ng/ml for 8, 24, 

and 72 h). Immunoblot showing levels of (a) cathepsin L and cathepsin B as well as (b) 

cathepsin D levels (upper panels). For quantification, the enzyme levels were normalized to 

the GAPDH loading control (lower panels). (n=3-4) (c) Cathepsin D activity assay. Primary 

keratinocytes were treated as described above. The activity of cathepsin D was measured 

using lysates of primary keratinocytes. (n=3) Statistics: mean ± SD. n.s., not significant, 

*p≤0.05, **p≤0.01, ***p≤0.001.  
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Figure 5. The levels of major lysosomal cathepsins are decreased in the epidermis of PS 

and AD as compared to healthy skin. Confocal microscopy. Representative images of 

immunofluorescence staining of (a) cathepsin D, (b) cathepsin L, and (c) cathepsin B in PS 

and AD lesional skin as well as healthy control skin. The graphs show the intensity of staining 

in the epidermis of PS and AD specimens and healthy controls (each n=6). A white dashed 

line indicates the basement membrane between epidermis and dermis. Magnification x400. 

Scale bars = 10 µm. Statistics: mean ± SD. n.s., not significant, **p≤0.01, ****p≤0.0001. 

Lower magnification of the same tissue areas are provided in Supplementary Figure S3. 
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Suppl. Table S1: Information on skin biopsies 
 

 

 sex age Mean age SD Localization 

AD 1 f 37 42.5 9.6 trunk 
AD 2 m 52   extremities 

AD 3 f 28   trunk 

AD 4 m 46   NA 

AD 5 m 39   NA 

AD 6 m 53   trunk 

      

PS 1 m 46 42.8 20.9 extremities 

PS 2 f 12   trunk 

PS 3 m 37   trunk 

PS 4 m 68   extremities 

PS 5 m 63   trunk 

PS 6 m 31   trunk 

      

NS 1 f 18 35.5 9.7 trunk 

NS 1 f 46   trunk 

NS 3 f 37   trunk 

NS 4 f 37   trunk 

NS 5 f 42   trunk 

NS 6 f 33   trunk 

      

      

      

 
 

AD, atopic dermatitis; PS, psoriasis; NS, normal skin 
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Suppl. Figure S1. Levels of autophagy-related proteins and 
autophagy activity markers in the epidermis of PS and AD 
patients as compared to healthy skin. Confocal microscopy. 
Representative images of immunofluorescence staining of (a) ATG5, 
(b) ATG7, (c) LC3B, and (d) p62 in PS and AD lesional skin as well as 
healthy control skin. The graphs show the intensity of staining in the 
epidermis of PS and AD specimens and healthy controls (each n=6). A 
white dashed line indicates the basement membrane between 
epidermis and dermis. Magnification x400 (ATG5 and ATG7) and x630 
(LC3B and p62). Scale bars = 10 µm. Statistics: mean ± SD. n.s., not 
significant, *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 

 

 

Suppl. Figure S2. TNF-α treatment upregulates LC3B-II 
levels in human epidermal keratinocytes at early time 
points. Primary keratinocytes were stimulated with TNF-α (10 
ng/ml), IL-4 (10 ng/ml), IL-33 (10 ng/ml), and TSLP (10 ng/ml), 
respectively, in a time-dependent manner (a-d) 
Immunoblotting. Quantification of LC3B-II levels were 
normalized to a loading control GAPDH (lower panels). (n=3) 
Statistics: mean ± SD. *p≤0.05, **p≤0.01. 

 

 

Suppl. Figure S3. Levels of major lysosomal cathepsins are decreased  
in the epidermis of PS and AD as compared to healthy skin. Confocal 
microscopy. Representative images of immunofluorescence staining of (a) 
cathepsin D, (b) cathepsin L, and (c) cathepsin B in PS and AD lesional 
skin as well as healthy control skin. Scale bars = 10 µm. The images 
correspond to Figure 5 and represent lower magnifications of the same 
tissue areas. 
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