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1 Summary 

Allergic contact dermatitis (ACD) is one of the most common immunotoxicological disorders of the 

skin. ACD is provoked by exogenous contact allergens that are mistakenly identified as a danger by 

the immune system and orchestrated by a T cell-mediated adaptive immune response. However, 

before a symptomatic response occurs (elicitation), a clinically silent sensitization phase precedes. 

The sensitization phase is characterized by complex interactions of different cell types with dendritic 

cells (DC) playing a central role. DCs may take up complexes of chemically-modified self-proteins, 

process and present them on their surface for T cell recognition. Subsequently, they undergo a 

maturation process and migrate to lymph nodes to initiate the priming and proliferation of allergen-

specific T cells. The DCs are thus of crucial importance for the development of contact allergy. Despite 

this central role, the exact cellular signaling pathways leading to allergen-induced maturation of 

dendritic cells are not yet fully understood. As the current knowledge is mainly based on transcriptome 

data, state of the art mass spectrometry-based proteomics are applied in this thesis to complement 

and extend existing data to enhance the understanding of ACD pathomechanisms.  

In this work, it was shown for the first time that proteomic methods are suitable to distinguish activation 

of monocyte-derived dendritic cells (MoDC) triggered by the contact allergen NiSO4 from the bacterial 

activator lipopolysaccharide (LPS). NiSO4 caused not only a different MoDC phenotype but also the 

activation of divergent signaling pathways. Both treatments induced metabolic reprogramming 

towards aerobic glycolysis, which, however, manifested over a longer period in the case of NiSO4 and 

eventually activated hypoxia-like signaling pathways such as hypoxia-inducible factor (HIF) 1α 

upregulation. NiSO4 treatment further elicited a pronounced nuclear factor erythroid 2-related factor 

(Nrf) 2-dependent stress response in MoDCs. Most striking was the selective upregulation of 

cholesterol biosynthesis after treatment with NiSO4 which was absent upon stimulation with LPS. 

Concomitantly, the cells exhibited a significant decrease in cellular cholesterol levels. Thus, this 

signaling pathway was identified as a promising approach in the search for predictive biomarker 

signatures for sensitization with contact allergens. 

The second study was designed to verify the above-mentioned results in another cell model. 

Additional allergens were included to reveal similarities or differences in the activation of DCs by the 

allergens. THP-1 cells, which are standardly used for the prediction of contact allergens in vitro, were 

chosen as the cell model. The allergens NiSO4, p-dinitrochlorobenzene (DNCB), p-benzoquinone 

(BQ), and p-nitrobenzyl bromide (NBB) induced comparable proteomic changes and differed mainly 

in magnitude of induced proteomic changes. DNCB and NBB were the most potent activators of the 

cells. In direct comparison with MoDCs, THP-1 cells showed a much more pronounced Nrf2-mediated 

stress response. Based on these results, the Nrf2-mediated stress response should also be 
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implemented into future in vitro DC test strategies for the prediction of contact allergens. Allergen-

treated THP-1 cells developed a proinflammatory phenotype, which was supported by significant 

upregulation of the citrate cycle. Cholesterol biosynthesis was also significantly regulated in these 

cells - but in opposing direction to the findings from MoDCs.  

Overall, the comparison of MoDCs and THP-1 cells revealed relevant differences in the regulation of 

many proteins and signaling pathways between the cell models, but still resulted in the activation of 

similar superordinate systemic endpoints. THP-1 cells are therefore limited in their representation of 

MoDCs as primary DCs model in vitro. The further development of already validated in vitro methods 

in THP-1 cells is should thus focus on proteins that are differentially regulated by contact allergens in 

both cell types.  
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2 Zusammenfassung  

Die allergische Kontaktdermatitis (ACD) ist eine der häufigsten immunotoxikologischen Erkrankungen 

der Haut. Hierbei wird das körperfremde Kontaktallergen vom Immunsystem fälschlicherweise als 

Gefahr identifiziert und eine T zellvermittelte adaptive Immunreaktion initiiert. Bevor eine gezielte 

Immunantwort in der Auslösephase erfolgen kann, geht eine asymptomatische Sensibilisierung voran. 

Die Sensibilisierungsphase ist ein komplexes Zusammenspiel verschiedener Immunzellen. Eine 

zentrale Rolle spielen hierbei die dendritischen Zellen (DC). Diese können Komplexe aus 

körpereigenen Proteinen mit den Kontaktallergenen erkennen, aufnehmen, prozessieren und auf ihrer 

Oberfläche den T Zellen präsentieren. Hierbei durchlaufen sie einen Reifungsprozess und wandern 

in Lymphknoten, um dort die Bildung und Proliferation allergen-spezifischer T Zellen einzuleiten. Die 

DCs sind somit von elementarer Bedeutung für die Ausprägung einer Kontaktallergie. Trotz dieser 

zentralen Rolle, sind die exakten zellulären Signalwege, die zu der allergeninduzierten Reifung der 

dendritischen Zellen führen, noch nicht vollständig verstanden. Da der derzeitige Wissensstand 

hauptsächlich auf Transkriptomdaten beruht, werden in dieser Dissertation moderne 

massenspektrometrische Proteomanalysen durchgeführt, um die vorhandenen Daten zu ergänzen 

sowie zu erweitern und so die zugrundeliegenden Pathomechanismen von ACD besser zu verstehen. 

Im Rahmen dieser Arbeit konnte erstmals gezeigt werden, dass proteomische Methoden geeignet 

sind, die Aktivierung von MoDCs durch das Kontaktallergen NiSO4 von dem bakteriellen DC Aktivator 

Lipopolysaccharid (LPS) zu unterscheiden. NiSO4 induzierte nicht nur einen anderen Phänotyp, 

sondern auch die Aktivierung divergenter Signalwege in den Zellen. Beide Behandlungen induzierten 

eine metabolische Reprogrammierung hin zur aeroben Glykolyse, welche sich jedoch im Fall von 

NiSO4 über einen längeren Zeitraum manifestierte und schließlich Hypoxie-ähnliche Signalwege wie 

hypoxia-inducible factor (HIF) 1α aktivierte. Die NiSO4-Behandlung löste weiterhin eine ausgeprägte 

nuclear factor erythroid 2-related factor (Nrf) 2-abhängige Stressantwort in MoDCs aus. Besonders 

prominent war zudem die selektive Hochregulation der Cholesterolbiosynthese nach Behandlung mit 

NiSO4. Dies ging mit einer signifikanten Verminderung der zellulären Cholesterollevel einher. Dieser 

Signalweg stellt somit einen vielversprechenden Ansatz auf der Suche nach prädiktiven 

Biomarkersignaturen für die Sensibilisierung mit Kontaktallergenen dar. 

In einer zweiten Studie sollten die Ergebnisse der ersten Studie in einem anderen Zellmodell verifiziert 

und weitere Allergene untersucht werden, um Gemeinsamkeiten oder Unterschiede in der Aktivierung 

von DCs durch die Allergene aufzuzeigen. Als Zellmodell wurden THP-1 Zellen gewählt, welche 

standardmäßig für die Vorhersage von Kontaktallergenen in vitro genutzt werden. Die Allergene 

NiSO4, p-Dinitrochlorbenzol (DNCB), p-Benzoquinon (BQ) und p-Nitrobenzylbromid (NBB) induzierten 

vergleichbare proteomische Veränderungen und unterschieden sich hauptsächlich hinsichtlich ihrer 
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Potenz. DNCB und NBB waren die potentesten Aktivatoren der Zellen. Im direkten Vergleich zu den 

MoDCs zeigten THP-1 Zellen eine deutlich ausgeprägtere Nrf2-vermittelte Stressantwort. Basierend 

auf diesen Ergebnissen sollte die Nrf2-vermittelte Stressantwort künftig auch in in vitro Teststrategien 

für die Vorhersage von Kontaktallergenen in DCs implementiert werden. Allergen-behandelte THP-1 

Zellen entwickelten einen proinflammatorischen Phänotyp, welcher durch signifikante Hochregulation 

des Citratzyklus gestützt wurde. Auch in diesen Zellen war die Cholesterolbiosynthese signifikant 

reguliert – jedoch gegensätzlich zu den Befunden in den MoDCs.  

Insgesamt ergaben sich im Vergleich von MoDCs und THP-1 Zellen gravierende Unterschiede die 

Regulierung vieler Proteine und Signalwege betreffend, dennoch resultierte dies in der Aktivierung 

übergeordneter systemischer Endpunkte. THP-1 Zellen eignen sich folglich nur begrenzt als Modell 

für die Aktivierung von primären DCs in vitro. Die Weiterentwicklung von bereits validierten in vitro 

Methoden in THP-1 Zellen sollte sich somit auf Proteine stützen, die in beiden Zellentypen gleichsam 

durch Kontaktallergene exprimiert werden.   
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3 Abbreviations  

A 
ACD  Allergic contact dermatitis 
Akt  Protein kinase B 
AMPK  5' adenosine monophosphate-activated protein kinase 
AOP  Adverse outcome pathway 
APC  Antigen-presenting cell 
ARE  Antioxidant response element 
B 
BfR  German Federal Institute for Risk Assessment 
BMDC  Bone marrow-derived dendritic cell 
BQ  p-Benzoquinone  
C 
CD  Cluster of differentiation 
cDC  Conventional dendritic cell 
CLP  Classification, Labelling and Packaging 
D 
DA  Defined approach 
DAMP  Damage-associated molecular pattern 
DC  Dendritic cell 
DNCB   p-Dinitrochlorobenzene 
DPRA  Direct peptide reactivity assay 
E 
ELISA  Enzyme-linked immunosorbent assay 
G 
GARD  Genomic Allergen Rapid Detection 
GM-CSF Granulocyte-macrophage colony-stimulating factor 
H 
25HC  25-Hydroxycholesterol 
hCLAT  Human cell line activation test 
HIF  Hypoxia-inducible factor 
HLA-DR Human leukocyte antigen – DR isotype 
I 
ICD  Irritant contact dermatitis 
iDC  Immature dendritic cell 
IKKε  Inhibitor of nuclear factor kappa-B kinase subunit epsilon 
IL  Interleukin 
INF  Interferon 
IPA  Ingenuity Pathway Analysis 
K 
KEAP  Kelch like-ECH-associated protein 
Ko/w  Octanol-water partition coefficient 
L  
L  Ligand 
LC  Langerhans cell 
LC-MS/MS Liquid chromatography couple to tandem mass spectrometry 
LFA  Lymphocyte function-associated antigen 
LFQ  Label-free quantification  
LLNA  Local lymph node assay  

LPS  Lipopolysaccharide 
LXR  Liver X receptor 
M   
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mDC  Mature dendritic cell 
MHC  Major histocompatibility complex 
MoDC  Monocyte-derived dendritic cell 
MS  Mass spectrometry  
mTOR  Mammalian target of rapamycin 
MyD88  Myeloid differentiation primary response 88 
m/z  Mass to charge ratio 
N 
NAM  New approach methodologies 
NBB  p-Nitrobenzyl bromide 
NFκB  Nuclear factor kappa-light-chain-enhancer of activated B cells 
NLRP  NACHT, LRR and PYD domains-containing protein 
Nrf  Nuclear factor erythroid 2-related factor 
O 
OECD  Organization for Economic Co-operation and Development 
OXPHOS Oxidative phosphorylation 
P 
PAMP  Pathogen-associated molecular pattern 
pDC  Plasmacytoid dendritic cell 
PPD  p-Phenylenediamine  
PRR  Pattern recognition receptor 
R 
REACH Registration, Evaluation, Authorization and Restriction of Chemicals 
ROS  Reactive oxygen species 
S 
SILAC  Stable isotope labelling by amino acids in cell culture 
SREBP Sterol response element binding protein 
T 
TBK  TANK-binding kinase 
TCA  Tricarboxylic acid 
TCR  T cell receptor 
Tc  CD8+ cytotoxic T cell 
TG  Test guideline  
Th  CD4+ T helper cell 
TLR  Toll-like receptor 
TNF  Tumor necrosis factor 
TRIF  Toll/interleukin-1 receptor domain-containing adaptor protein inducing interferon beta  
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4 Introduction 

4.1 Allergic contact dermatitis – epidemiology, diagnostic testing and treatment 

Humans are continuously exposed to external influences of different sources such as UV radiation, 

pathogens, and xenobiotics. The skin is the largest human organ and its unique structure is an efficient 

protection shield against these external noxes. Yet, some chemicals possess the ability to transcend 

this ingenious barrier and subsequently cause an allergic reaction of the skin also known as ACD. 

ACD is a specific misdirected reaction of the immune system towards a compound dose that is 

typically well tolerated and does not cause immune reactions in the majority of the population. ACD 

can lead to severe clinical symptoms like inflammation, rashes, redness and skin lesions in affected 

individuals. Already centuries ago, in ancient Egypt, Rome, and Greece, people recognized a 

correlation between exposure to specific plants and skin disorders (Wright and Goldman, 1979; Smith, 

2009). Since then, thousands of contact allergens were identified. Besides plant- and animal-derived 

products such as propolis and lanolin (Fransen et al., 2018; Nyman et al., 2021), cosmetics and 

commodities (jewelry, fragrances, preservatives) as well as pharmaceuticals were identified as 

sources of contact allergens. Of particular concern is a so-called occupational ACD that can be 

induced by the workplace environment and often affects hair dresser, health care personnel, 

constructors, and metal workers (Chu et al., 2020). There are also reports on occupational skin 

sensitization in the chemical and pharmaceutical industry (Goossens and Hulst, 2011; Bennett et al., 

2016; Anderson et al., 2017). Importantly, not only active pharmaceutical components and their 

intermediates may act as contact allergens. Additives in pharmaceutical formulations such as 

fragrances and preservatives have also frequently been reported to induce ACD (Cheng and Zug, 

2014; Liden et al., 2016; Deza and Gimenez-Arnau, 2017). 

Patch testing is the gold standard for assessment of skin sensitization in patients. During the testing, 

the allergen is applied to the patient’s skin in an occlusive chamber. After usually 48 h, the patch test 

is removed and inflammation and eczema of the skin are rated for the first time with later readings to 

follow (Dickel and Mahler, 2020). The frequency of contact allergy to a specific compound in the 

general public is dynamic and largely depends on exposure, which is also influenced by legislation, 

and awareness of the public and industry. Propolis, for example, was recently identified as emerging 

contact allergen due to its augmented use in cosmetics whereas numbers of methylisothiazolinone-

sensitized patients currently decline following legal regulation after an European epidemic (Uter et al., 

2020a; Uter et al., 2020b). The most frequent sensitizers (≥1% of patients react) are combined in sets 

recommended for testing in all patients, e.g. the European or German baseline series established by 

the European society on contact dermatitis and “Deutsche Kontaktallergiegruppe”, respectively. The 

baseline series are regularly updated, with the help of epidemiological data collected from participating 
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clinics within the European Surveillance System on Contact Allergies in eleven European countries 

and the “Informationsverbund dermatologischer Kliniken” in Germany, Austria and Switzerland 

(Wilkinson et al., 2023). Till present, sensitization to nickel (Ni) is the most frequent cause of ACD 

(Uter et al., 2020b). Although release of Ni from consumer products intended for prolonged skin 

contact has been regulated by the EU nickel directive (European Union, 1994), 8 – 18 % of the 

European population remain sensitized to Ni (Ahlstrom et al., 2017; Alinaghi et al., 2019). Legal 

restriction is a powerful tool in protecting the general public and has led to decreasing numbers of 

affected individuals not only in the case of Ni but also for other allergens such as methylisothiazolinone 

(Ahlstrom et al., 2017; Uter et al., 2020a). However, other potent allergens like p-phenylene diamine 

(PPD) remain unregulated. The allergenic potential of PPD has been known for a long time and PPD 

was classified as a strong allergen (Warbrick et al., 1999). Basketter et al. (1994) investigated the 

sensitizing potential of PPD in a human maximization test, which resulted in 100% sensitization to 

PPD after induction with 10% PPD and challenge with 0.5% PPD respectively. In Europe, 0.8% of the 

general population are sensitized to PPD (Diepgen et al., 2016a). Yet, PPD is still marketed in hair 

dyes not only for professional application but also as over the counter product.  

Exact numbers of sensitized patients are difficult to estimate since not every patient reports to the 

doctor and it is not always possible to correctly identify the causative allergen in order to reliably 

diagnose a patient with ACD. However, based on large patch test studies performed with the baseline 

series in the general public in Europe, it is assumed that 20% - 27% are sensitized to at least one 

contact allergen (Diepgen et al., 2016b; Alinaghi et al., 2019). Thus, ACD is to date the most prevalent 

form of immunotoxicity in Europe. In Germany, at least 142.000 patients were reported to be patch 

tested between 2007 - 2018 by the Information Network of Departments of Dermatology and 

approximately 15% of the patients were diagnosed with Ni allergy (Uter et al., 2020b).  

Skin sensitization can occur at any stage of life. In principle, any person can develop ACD. However, 

there are conditions that facilitate skin sensitization. Exposure dose and time regimen to the offending 

allergen play an important role as high exposure levels as well as frequencies increase the probability 

to get sensitized. Another important factor is the condition of the skin. Injured skin is more susceptible 

to be sensitized. Nickel allergy, for example, is highly associated with the execution of body piercings 

(McDonagh et al., 1992; Nielsen and Menné, 1993). Furthermore, a reduced skin barrier function due 

to an existing lesion or irritation of the skin is prone for skin sensitization as the allergen can easily 

penetrate the protective skin barrier i.e. the stratum corneum (Proksch and Brasch, 2012). The skin 

barrier is also disrupted by exposure to chemicals such as solvents, detergents, and even water. 

Under experimental conditions, detergents like sodium lauryl sulfate for example were shown to cause 

skin irritation and thereby promoting sensitization with contact allergens (Kligman, 1966b; 
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Cumberbatch et al., 1993; Agner et al., 2002; Pedersen et al., 2004; De Rentiis et al., 2021). Co-

exposure with other immune-stimulating agents such as LPS may facilitate skin sensitization (Kinbara 

et al., 2011; Strasser et al., 2017). The susceptibility of an individual to develop ACD can also be 

determined by genetic factors. Especially patients with atopic conditions are believed to be at higher 

risk to get sensitized due to impaired barrier function of the skin. However, despite the higher 

theoretical risk of atopic patients, Romita et al. (2019) did not find a higher rate of diagnosed ACD 

among atopic patients. Polymorphisms in genes relevant for the development of ACD were proposed 

in the past, however the scientific evidence is ambiguous in most cases (Schnuch et al., 2011; Choi 

et al., 2023). Petersen et al. (2019) demonstrated that mice with filaggrin deficiency were more 

responsive to contact allergens, in particular Ni, as control mice. Filaggrin is an integral protein of the 

skin and plays an important role during terminal differentiation and formation of the skin barrier. 

However, no general clinical evidence for a correlation between filaggrin mutations and elevated 

individual susceptibility to get sensitized was proven in humans (Lagrelius et al., 2020). Solely Ni 

contact allergic patients are known to display increased rates of gene mutations in the filaggrin gene 

(Thyssen et al., 2010). 

Until today, sensitization to an allergen remains incurable and affected individuals have to avoid the 

culprit allergen and potential cross-reacting xenobiotics lifelong in order to prevent outbreak of an 

allergic reaction. Currently, the impact of immunosenescence on ACD in ageing patients is discussed. 

The prevalence of various allergens in different age groups was shown to differ. Nickel, for example, 

was shown to peak in the medium age range and decreasing with age (Balato et al., 2008; 

McSweeney et al., 2020), whereas allergy to the fragrance mix steadily increased with age (Buckley 

et al., 2003; Uter and Schnuch, 2004). The severity of ACD elicitation may also be reduced in elderly 

people (Kwangsukstith and Maibach, 1995). During the elicitation, acute symptoms can be alleviated 

with antihistaminics, glucocorticosteroids, calcineurin inhibitors, and immunosuppressive drugs like 

cyclosporine (Belsito et al., 2006; Li and Li, 2021). Novel antibody-based treatments are still under 

development (Bangsgaard et al., 2011; Chipalkatti et al., 2019). Especially dupilumab seems 

promising and was already shown to effectively alleviate ACD in sesquiterpene lactone-allergic 

patients. 

4.2 Contact allergens 

Only a minor amount of chemicals potentially acts as contact allergen as specific characteristics have 

to be fulfilled. First of all, the allergen has to penetrate the stratum corneum ergo the skin barrier which 

is facilitated by hydrophobicity and a low molecular weight. Potts and Guy (1992), for example, 

reported octanol-water partition coefficients (log Ko/w) in the range of -1 to 3 to correlate well with skin 

permeability. The Ko/w is a measure for the lipophilicity of a chemical compound. The logKo/w of a 
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substance can range from -3 (very hydrophilic) to +10 (highly lipophilic) with logKo/w = 1 characterizing 

chemicals that are equally soluble in both phases. Most known contact allergens furthermore display 

a rather low molecular weight of smaller than 500 Da, however, also bigger molecules may act as skin 

sensitizer (Roberts et al., 2013; Fitzpatrick et al., 2017). Contact allergens are typically chemically 

reactive towards proteins. The binding of chemicals to skin self-proteins is referred to as haptenation. 

These altered self-proteins will be recognized by immune cells which will then induce the 

immunological response described in section 4.3. Contact allergens preferably bind to the nucleophilic 

side chains of lysine, cysteine, and histidine in proteins thereby acting as electrophiles (Divkovic et 

al., 2005; Aleksic et al., 2007). The most common reaction mechanisms for haptenation are Michael 

addition, nucleophilic substitution reactions and Schiff base formation (Roberts et al., 2007b). Metal 

allergens like Ni (Ni2+ ions) and cobalt (Co2+ ions), however, form non-covalent complexes with 

proteins (Zhang and Wilcox, 2002; Gamerdinger et al., 2003; Thierse et al., 2004). A high chemical 

reactivity towards proteins correlates with the potency of an allergen and is believed to entail 

numerous modification sites within the protein sequence by the allergen. This translates to a broad 

range of potential T cell epitopes. This diversity in T cell epitopes eventually results in a polyclonal 

and thus more potent T cell response (Martin et al., 2003; Moon et al., 2007; Esser et al., 2014). 

Indeed, research on haptenation sites was performed for various allergens applying mass 

spectrometric methods and multiple molecular targets were identified. Frequently modified proteins 

include human serum albumin, actin, and keratins, yet the altered target proteins were allergen-

dependent (Guedes et al., 2016; Ndreu et al., 2020; Parkinson et al., 2020a; Parkinson et al., 2020b). 

A comprehensive overview on molecular haptenation sites can be found in section 6.1 of this thesis.  

Some chemicals require initial activation to be able to act as an allergen. So-called prehaptens 

undergo abiotic activation induced by e.g. UV radiation or autoxidation (Hagvall et al., 2007; Sköld et 

al., 2008). Chemicals that depend on metabolic activation by skin-intrinsic enzymes such as 

cytochrome P450 or alcohol dehydrogenase are referred to as prohaptens (Smith et al., 2000; 

Bergström et al., 2007). To efficiently trigger an immunological response and induce sensitization, 

contact allergens need to possess inflammatory potential on the skin e.g. they are able to trigger a 

sterile inflammation (Martin, 2012). Contact allergens were thus shown to cause inflammation likewise 

to pathogens by triggering signaling via pattern recognition receptors (PRR) which induces the innate 

immune cascade (Martin et al., 2008; Schmidt et al., 2010; Esser et al., 2012a).  
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4.3 Pathomechanism of ACD 

The pathogenesis of ACD is characterized by two successive phases: the sensitization and the 

elicitation phase (Figure 1). Clinical symptoms only emerge after sensitization during the elicitation 

phase. ACD is T cell-mediated and development of the allergic reaction as well as its symptoms 

usually manifest approximately one to several day(s) after re-exposure. Therefore, ACD is classified 

as type IV delayed hypersensitivity reaction. Sensitization to an allergen requires inflammation of the 

skin. The covalent binding of the allergen to a self-protein in the epidermis induces spatial 

conformation changes of the latter which drives inflammation via induction of the unfolded protein 

response (Gendrisch et al., 2022). The altered protein may furthermore be sampled by DCs and 

mistakenly recognized as non-self. These hapten-complexes act immunogenic alike to exogenous 

antigens. Besides this, the induction of reactive oxygen species (ROS) by contact allergens is a key 

driver of the induction of an immune response (Esser et al., 2012b). The production of ROS by the 

immune system is a defense strategy against microbial pathogens but ROS was also shown to 

damage the extracellular matrix by provoking for example high molecular hyaluronic acid breakdown 

(Monzon et al., 2010). The resulting low molecular hyaluronic acid acts pro-inflammatory and serves 

as endogenous activator of Toll-like receptors (TLR) 2 and 4 which ultimately drives inflammation of 

the skin (Termeer et al., 2002; Scheibner et al., 2006). Vennegaard et al. (2014) could show that 

induction of nickel allergy can also occur independent of TLR4 but in an interleukin (IL)-1- and myeloid 

differentiation primary response 88 (MyD88)-dependent manner in mice.  

Upon haptenation, activated cells like keratinocytes subsequently secrete pro-inflammatory cytokines 

such as IL-1α, IL-1β, and IL-18 which support activation of DCs and other immune cells. DCs are 

professional antigen-presenting cells (APC) and reside in their immature phenotype (iDC) in the skin 

where they constantly sample their environment. Upon phagocytosis of an antigen and further 

stimulation by pro-inflammatory cytokines or other tissue damage signals, maturation of the DCs is 

initialized. DCs then process the antigen in their immunoproteasome and present fragments of the 

latter on their cell surface with the help of major histocompatibility complexes (MHC). Maturation of 

DCs is accompanied by major alterations of cellular metabolism, phenotype transformation, secretion 

of second messenger molecules, and migration to the local lymph nodes. The expression of adhesion 

molecules like cluster of differentiation (CD) 54 on the cells surface supports migration of the DCs 

through the lymphatics and costimulatory molecules such as CD40, CD80, and CD86 facilitate 

crosstalk to T cells. In the lymph node, mature DCs (mDC) present the allergen epitopes to naïve T 

cells thereby priming those with T cell receptor (TCR) specificity for the allergen-induced epitope. 

Priming of naïve T cells by maturated DCs is highly efficient. The main cell surface co-receptors 

involved in the initiation of the crosstalk are CD54, CD102, and CD58 on DCs and lymphocyte 
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function-associated antigen (LFA)-1 and CD2 on T cells. Once the antigen-loaded MHC of the APC 

has been specifically recognized via the TCR, a conformation change in LFA-1 is induced which 

enhances affinity to intercellular adhesion molecules like CD54 and CD102 on the cell surface of DCs. 

Binding of the TCR to the matching MHC along with binding of further costimulatory molecules like 

CD80 and CD86 expressed on the DC and sensing of relevant cytokines, eventually initiates cellular 

expansion of the naïve T cell and subsequent differentiation to T effector and memory cells. Another 

important costimulatory molecule expressed by DCs is CD40 which fosters T cell activation 

substantially via binding of its ligand, CD154. Precisely, differentiation and clonal expansion of naïve 

CD4+ T helper (Th) cells of the type Th1 and Th17 as well as generation of CD8+ cytotoxic T cells (Tc) 

of the type Tc1 and Tc17 are induced. However, various contact allergens, including 

methylchloroisothiazolinone and methylisothiazolinone as well as metals like Ni and cobalt, were 

shown to induce Th2 cells or Th2-related cytokines as well (Minang et al., 2006; Quaranta et al., 

2014b; Virgens et al., 2022). Differentiation of T cells to effector cells is accompanied by changes on 

cell surface which determine tissue homing of the cells. During this process, the lymph node homing 

molecules are downregulated and effector cells start migration towards the affected tissue. These 

skin-homing T cell clones migrate to the site of exposure in the skin where some cells become tissue-

resident memory T cells (Freudenberg et al., 2009; Vocanson et al., 2009; Dyring-Andersen et al., 

2013). 

The elicitation phase is provoked upon exposure to the allergen in sensitized individuals. The 

exposure route can but does not have to be the same as during sensitization (Scheinman et al., 2021). 

Again, the above-mentioned innate immune response is triggered in antigen-presenting cells like DCs, 

Langerhans cells (LC), mast cells and also activated keratinocytes including presentation of the 

hapten-carrier-complex on their cell surface and secretion of pro-inflammatory cytokines. Skin-

resident memory CD4+ and CD8+ T cells become reactivated and secretion of IL-17α and interferon 

(INF) γ induces T cell expansion, further activation of other cells like keratinocytes as well as 

recruitment of neutrophils and antigen-specific effector T cells (Vocanson et al., 2009; Weber et al., 

2015; Schmidt et al., 2017; Murata and Hayashi, 2020; Funch et al., 2022). This antigen-specific 

immune response occurs without further need of T cell activation through e.g. costimulatory molecules 

or cytokines. Besides T cells, macrophages, mast cells, eosinophils, B cells, and natural killer cells 

are also involved in this inflammatory response which ultimately leads to redness, itchiness, burning, 

and other clinical symptoms of the affected skin (Honda et al., 2013).  
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Figure 1 Schematic outline of ACD pathogenesis (modified after (Saito et al., 2016) and published in (Höper et 

al., 2017)). Briefly, the contact allergen penetrates the skin and binds to skin proteins which activates skin-

resident cells like keratinocytes. iDC phagocytose the hapten-complex and subsequently undergo a maturation 

process. The mDCs migrate to afferent lymph nodes and prime naïve T cells. Antigen-specific T cells migrate 

back to the affected tissue and reside as memory cells. Upon second exposure during elicitation, memory T 

cells produce large numbers of effector T cells which than mediate an inflammatory reaction of the skin. CD: 

cluster of differentiation; iDC: immature dendritic cell; IL: interleukin; INF: interferon; L: ligand; mDC: mature 

dendritic cell; MHC: major histocompatibility complex; TCR: T cell receptor; TLR: Toll-like receptor; TNF: tumor 

necrosis factor. 

Due to similar symptoms and higher frequency in the general population, ACD can be mistaken for 

irritant contact dermatitis (ICD). ICD can be elicited after single exposure of the skin to xenobiotics 

that act damaging and inflammatory on the skin such as corrosive acids and bases or detergents. 

Sodium lauryl sulfate and sodium hydroxide, for example, cause an irritant contact dermatitis which 
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manifests with identical clinical symptoms as ACD (Nosbaum et al., 2009). In contrast to ACD, clinical 

symptoms during ICD occur shortly after exposure to the offending xenobiotic and the immunologic 

response is driven by innate immunity only and thus does not involve antigen-specific T cells 

(Nosbaum et al., 2009). Coutant et al. (1999) showed that irritants failed to induce activation marker 

expression like CD40, CD86, CD54, and HLA-DR as well as autologous T cell activation in human 

MoDCs. The non-induction of CD54 and CD86 by irritants is also used to discriminate skin sensitizers 

from non-sensitizers in vitro (Ashikaga et al., 2006b). On gene level, even more biomarker were found 

to discriminate irritants and skin sensitizer (Johansson et al., 2011b; Johansson et al., 2019). 

4.4 Dendritic cell subsets in the skin 

DCs are professional antigen-presenting cells of the innate immune system. Their biological function 

is the continuous sampling of potentially harmful material of exogenous or endogenous origin. DCs 

are considered as crucial link between innate and adaptive immunity due to their ability to migrate to 

afferent lymph nodes to induce antigen-specific T cell expansion. DCs are considered most efficient 

inducers of antigen-specific immunity amongst APCs since only professional APC can prime naïve T 

cells. In the bone marrow, DCs evolve from hematopoietic CD34+ stem cells. In contrast to other cell 

types like T cells, B cells or monocytes, DCs are not characterized by a specific lineage marker like 

for example CD3 for T cells or CD14 and CD16 for monocytes. Over the years, a growing number of 

various DC subsets has been described depending on the tissue and species. Plasmacytoid and 

conventional DCs are the main DC cell types in humans and mice. Plasmacytoid DCs (pDC) are 

involved in antiviral defense and wound healing by efficient and rapid production of interferons, but 

are not found in steady-state skin (Gregorio et al., 2010).  

In the human skin, various DC subsets with different functionalities during ACD have been described. 

The human epidermis is typically populated by LCs whereas DCs are mainly found in the dermis. In 

the dermis, three main DC subsets are known: CD141+ DCs, CD1c+ DCs, and CD14+ DCs (Figure 2). 

The first two DC subsets are classified as conventional DCs (cDC). cDCs are specialized in T cell 

priming and are divided in cDC1 and cDC2 cells. cDC1 cells mainly express MHC I molecules in order 

to activate CD8+ T cells after recognition of infected or transformed host cells (intracellular pathogens). 

Furthermore, cDC1 cells are superior to cDC2s in presenting antigens derived from damaged or dead 

cells (Ahrens et al., 2012; Zhang et al., 2012). Their phenotype is characterized by high levels of 

CD141. cDC2s on the other hand, display a high expression of CD1a and CD1c and present antigens 

from the extracellular space via MHC II to CD4+ T cells (Scheib et al., 2022). An inflammatory response 

of the immune system may additionally induce differentiation of inflammatory CD14+ DCs from 

monocyte progenitors (MoDC) that are uniquely expressed in situ under these conditions (Segura and 

Amigorena, 2013). CD14+ DCs contribute to the induction of a humoral immune response as they are 
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efficient activators of T memory cells as well as antibody-secreting B cells (Caux et al., 1997; Matthews 

et al., 2012). CD14+ DCs possess a low efficiency in priming naïve T cells (McGovern et al., 2014). As 

CD14+ DCs are differentiated from monocytes, they share phenotypic and transcriptional 

characteristics with their progenitors as well as with macrophages (McGovern et al., 2014). In the skin, 

dermal DCs share some characteristics like typical dendrite morphology, migration to lymph nodes 

and antigen-presentation function with LCs located in the epidermis. For a long time, LCs were 

believed to be a special DC subset but are now classified as macrophages (Ginhoux et al., 2006; 

Hoeffel et al., 2012; Miller et al., 2012; Mass et al., 2016). LCs and dermal DCs are both efficient 

antigen-presenting cells. Both cell types eventually migrate to draining lymph nodes, presenting the 

loaded antigen and potentially activating T cells. During ACD to the allergen 2,4-dinitro-1-

fluorobenzene in mice, numbers of LCs and CD11b+ DCs were increased followed by migration of 

these cells to the draining lymph nodes (Tamoutounour et al., 2013). In the lymph node, allergen-

specific CD4+ and CD8+ T cells are induced (Tamoutounour et al., 2013). CD11b+ DCs in mice are 

the functional homologues to human CD1c+ DCs. Concomitantly, monocytes migrate from the blood 

into the affected tissue and differentiate to CD14+ DCs. These CD14+ DCs displayed inferior migratory 

and T cell stimulatory functionality compared to CD11b+ DCs (Tamoutounour et al., 2013). A superior 

role of LCs during the induction of ACD was suggested, however dermal DCs were shown to 

effectively induce sensitization in LC-knockout mice (Streilein, 1989).  

In the tissue, DCs occur in two differentiation states that differ in function and phenotype: immature 

and mature DCs. This dichotomy enables DCs to optimally react to immunological triggers and induce 

a customized immune response. Immature DCs are usually characterized by high phagocytotic activity 

towards antigens. If maturation of immature DCs is induced, phagocytosis is notably diminished in 

favor of antigen presentation and priming of naïve T cells (Kiama et al., 2001; Kim and Kim, 2019). 

Upon maturation, DCs express costimulatory molecules on their cell surface that are essential for 

crosstalk with T cells. CD40 for example binds to CD154 on T cells and interaction of these binding 

partners triggers upregulation of further costimulatory molecules like CD80 and CD86 in DCs (Caux 

et al., 1994). CD80 and CD86 were found to play essential roles in T cell activation and proliferation 

by binding to CD28 on the latter (Sansom, 2000). Another well-known marker of mature DCs is CD83 

(Prechtel and Steinkasserer, 2007). Migration of the activated DCs is initiated after down-regulation 

of tissue-homing cell surface marker and simultaneous upregulation of CCR7 which mediates 

chemotactic migration towards the lymphatic tissue (Ohl et al., 2004). These phenotypic alterations 

are supported by a so-called metabolic reprogramming in DCs.  
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Figure 2 Distribution of dendritic cells and selected other cells in the human skin. At steady state, LCs are 

commonly found in the epidermis whereas DCs are found in the dermis. Dermal DCs can be divided in two 

major subsets: CD1c+ and CD141+ DCs. During inflammation, CD14+ DCs are differentiated from blood and 

migrate into the skin. DC: dendritic cell; pDC: plasmacytoid dendritic cell 

 

4.4.1 Dendritic cell populations, activation and maturation 

Efficient activation of the innate immune response is fundamental for skin sensitization. In the 

presence of pathogens, DCs are activated by recognition of pathogen associated molecular patterns 

(PAMP) like LPS of bacterial cell membranes via their PRRs. One important group of PPRs are TLRs 

that are located on the plasma membrane. The exact cellular signaling induced by contact allergens 

in DCs is still not fully understood. Skin sensitizer differ in their reactivity towards skin proteins (Aleksic 

et al., 2007; Roberts et al., 2007a) and thus the exact mode of action of DCs activation depends on 

the culprit. TLR2 and TLR4 are of major importance during the induction of skin sensitization in a 

murine contact hypersensitivity model (Martin et al., 2008) and sensitization to the metal allergen Ni 

was demonstrated to be facilitated via direct interaction of the allergen with human TLR4 (Schmidt et 

al., 2010). Contact allergens that do not directly bind to PPRs were shown to activate the latter through 

damage associated molecular patterns (DAMPs). In the context of skin sensitization, DAMPs were 

shown to be ROS-induced endogenous degradation products of the extra cellular matrix like biglycans 

and hyaluronic acid fragments that are consecutively sensed as danger signal by PPRs namely TLR2 

and TLR4 (Soltés et al., 2006; Martin et al., 2008; Babelova et al., 2009; Esser et al., 2012b). Due to 

their chemical properties, many contact allergens lead to oxidative stress which correlates with the 
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formation of ROS (Matsue et al., 2003; Mizuashi et al., 2005). The redox imbalance is counteracted 

by induction of an antioxidant defense mediated by Nrf2. Normally, cytoplasmic Nrf2 is constantly 

ubiquitinated by Kelch like-ECH-associated protein (KEAP) 1 and subsequently degraded in the 

proteasome. Under stress conditions, thiol groups of pivotal cysteine side chains in the KEAP1 are 

oxidized which impairs its function. As a consequence, Nrf2 is not anymore ubiquitinated and 

degraded but instead translocates to the nucleus where it acts as transcription factor for the 

antioxidant response element (ARE). Subsequently, transcription of genes coding for cytoprotective 

proteins like heme oxygenase, glutathione transferases and NAD(P)H quinone oxidoreductase are 

induced. Induction of Nrf2-linked pathways was widely described for different contact allergens in 

different cell types including keratinocytes as well as DCs and respective surrogate cell lines (Ade et 

al., 2009; Emter et al., 2010; El Ali et al., 2013; Mussotter et al., 2016). Furthermore, degradation 

products of the extracellular matrix can activate the NLRP3 (NACHT, LRR and PYD domains-

containing protein 3) inflammasome which is involved in host defense and regulation of the immune 

response (Sebastião et al., 2020). This includes the proteolytic activation of caspase 1 which will then 

cleave the pro-inflammatory cytokines IL-1β and IL-18 into their active forms (Ghayur et al., 1997; 

Martinon et al., 2002). The crucial pro-inflammatory role of IL-1 during mediation of skin sensitization 

recently led to the development of an IL-1-based luciferase reporter assay for the prediction of contact 

allergens (Terui et al., 2021). The provoked inflammation in human monocyte-derived macrophages 

upon exposure to the skin sensitizer cobalt in alloys from implants was shown to be mainly dependent 

on NLRP3 inflammasome and only to a minor degree dependent on TLR4 signaling (Samelko et al., 

2016). The cells secreted significantly augmented IL-1β amounts but failed to produce the anti-

inflammatory cytokine IL-10 which is secreted after TLR4 stimulation (Gurung et al., 2015).  

As aforementioned, the allergen itself or secondary molecules generated during inflammation caused 

by the allergen can bind to the TLRs. Binding of ligands to TLRs initiates receptor signaling via MyD88 

and Toll/interleukin-1 receptor domain-containing adaptor protein inducing interferon beta (TRIF) 

(Martin et al., 2011). Down-stream of TLR stimulation, cellular signaling pathways such as nuclear 

factor kappa-light-chain-enhancer of activated B cells (NFκB) or p38 mitogen-activated protein kinase 

(MAPK) are triggered which leads to the maturation of the DCs and upregulation of pro-inflammatory 

genes (Kaplan et al., 2012). The metal skin sensitizer Ni, for example, activates NFκB and p38 MAPK 

pathways (Ade et al., 2007). Other allergens including the, in terms of potency classification, more 

potent skin sensitizer p-dinitrochlorobenzene, only activate p38 MAPK signaling (Mizuashi et al., 2005; 

Ade et al., 2007). p38 phosphorylation is also induced in THP-1 cells as response to haptenation with 

a series of different dinitrophenyl analogues and was much more pronounced than activation of Nrf2 

and NFκB signaling (Megherbi et al., 2009). Importantly, non-allergic chemicals do not activate MAPK 

or NFκB and can thus be distinguished from contact allergens (Aiba et al., 2003; Mizuashi et al., 2005). 
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IL-8 is another central messenger secreted by activated DCs. IL-8 was shown to be regulated MAPK-

dependent (Nukada et al., 2008) and was furthermore proven to be a reliable biomarker for the 

differentiation of skin sensitizer and non-sensitizer in vitro (Takahashi et al., 2011; OECD, 2022b). IL-

8 induces chemotaxis of neutrophils towards the side of inflammation. Neutrophils have been shown 

to play a pivotal role during sensitization and elicitation of ACD (Weber et al., 2015).  

4.4.2 Metabolic reprogramming of dendritic cells 

The activation of the DCs triggers transcriptional and phenotypic alterations that pose an extremely 

high energetic challenge. To cope with the high energy demand, murine bone marrow-derived DCs 

(BMDC) undergo a so-called glycolytic burst and dramatically upregulate aerobic glycolysis thereby 

neglecting oxidative phosphorylation (OXPHOS) (Krawczyk et al., 2010). This metabolic shift is 

initiated already minutes after exposure to the activating agent and inhibition of glycolysis suppresses 

DC activation (Krawczyk et al., 2010; Everts et al., 2014). During metabolic reprogramming, two 

distinct phases can be distinguished. The early stage is fueled by extracellular glucose or depletion of 

cellular glycogen storage (Thwe et al., 2017). Orchestrated by TANK-binding kinase–inhibitor of 

nuclear factor kappa-B kinase subunit epsilon-protein kinase B (TBK1-IKKε-Akt) signaling, 

hexokinase 2 is activated and translocates to the mitochondrial membrane to enable a high glycolytic 

flux (Everts et al., 2014; Perrin-Cocon et al., 2018). Glucose serves as important building block for the 

lipid metabolism. Phenotypic alterations during maturation are driven by elevated fatty acid synthesis 

and subsequent expansion of Golgi apparatus and endoplasmic reticulum. Acetyl-CoA is also required 

for the biosynthesis of sterols like cholesterol and pro-inflammatory signaling molecules. After several 

hours, mammalian target of rapamycin (mTOR) can induce a long-term dependency of activated DCs 

to glycolysis and inhibition of mTOR can lead to a more tolerogenic phenotype in MoDCs which display 

extenuated levels of CD86 (Ferreira et al., 2015). The interplay of mTOR and 5' adenosine 

monophosphate-activated protein kinase (AMPK) was shown to be central for the regulation of 

glycolysis in DCs (Adamik et al., 2022). AMPK was active in both immature and mature DCs, but 

metabolic reprogramming is accompanied by transient mTOR activity (Adamik et al., 2022). mTOR 

dictates HIF1α signaling and thereby regulates inducible nitric oxide synthase (Everts et al., 2012). In 

DCs, nitric oxides affect maturation, migration and antigen presentation (as reviewed by Thwe and 

Amiel, 2018). In DC subsets that do not express inducible nitric oxide synthase, high glycolysis activity 

is maintained through HIF1α and type I interferons (Pantel et al., 2014).  

Overall, this metabolic shift towards glycolysis is comparable to the Warburg effect in cancer cells 

(Pearce and Everts, 2015). In humans, different metabolic reprogramming regimes were elucidated 

for the distinct DC subsets (Sim et al., 2016; Basit et al., 2018). CD1c+ myeloid DCs and MoDCs 

displayed a metabolic reprograming that was comparable to murine BMDCs (Basit et al., 2018). 



  Introduction 

 23 

4.5 Cell models to study DC biology in the context of allergic contact dermatitis 

The frequency of DCs in various tissues is generally very low. For example, DCs represent less than 

1% of cells in the human blood and 1-3% in skin and mucosa (Toebak et al., 2009; Orsini et al., 2012). 

This is why DC isolation is laborious and does not result in high yields. To overcome the shortage in 

DC availability, DCs are frequently generated from stem cells, monocytes and mouse bone marrow 

progenitors or are replaced by surrogate cell lines for experimental studies.  

The differentiation of iDCs from CD34+ stem cells or mouse bone marrow-derived DC progenitors 

results in little variability along with high yields (Hardonnière et al., 2022). However, generation of DCs 

from mouse bone marrow is obviously not an animal-free method and should with respect to the 3R 

principle be discussed critically. Furthermore, mouse DCs were in the past shown to be limited for 

assessing skin sensitization in human as they, for example, fail to correctly predict the metal allergen 

Ni due to missing histidines in the binding pockets of TLR4 (Schmidt et al., 2010). 

MoDC are differentiated from monocytes typically isolated from human blood. Crucial for MoDC 

generation is supplementation of granulocyte-macrophage colony-stimulating factor (GM-CSF) and 

IL-4. The transcriptome of obtained MoDCs resembles most closely inflammatory DCs (Segura et al., 

2013) and their immature phenotype can, likewise to DCs, undergo maturation after exposure to 

external triggers (Sallusto and Lanzavecchia, 1994). Aiba et al. (1997) showed responsiveness of 

immature MoDCs towards the contact allergens Ni(II)chloride and p-dinitrochlorobenzene (DNCB) 

which manifested with elevated cell surface expressions of CD54, CD86, and human leukocyte 

antigen-DR isotype (HLA-DR) as well as secretion of significant levels of IL-1β. MoDCs are also able 

to express significant levels of CD40 and CD83 and show secretion of IL-6, tumor necrosis factor 

(TNF)α and IL-8 (Coutant et al., 1999; De Smedt et al., 2001; Aiba et al., 2003). On the downside, the 

quality of MoDCs is strongly affected by donor variation which sometimes causes significant CD86 

expression already on immature MoDCs (Hardonnière et al., 2022). 

As the differentiation of DCs from primary material is tedious and does not yield high cell numbers, 

surrogate cell lines have been established. However, most of the cell lines are monocytic leukemia 

cell lines. A frequently used cell model for studying DC response to contact allergens are THP-1 cells. 

THP-1 cells are monocytes that were isolated from the peripheral blood of a patient suffering from 

monocytic leukemia (Tsuchiya et al., 1980). Immature THP-1 cells treated for 24 h with contact 

allergens were shown to express activation markers of mature DCs like CD40, CD54, CD83, and 

CD86 which was concomitant with elevated secretion of IL-8 and TNFα (Miyazawa et al., 2007). 

Upregulation of CD54 and CD86 were proven to relatively reliably differentiate contact allergens and 

non-allergens in vitro. This assay is called human cell line activation test (hCLAT) and was adopted 
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as official OECD (Organization for Economic Co-operation and Development) test guideline for in vitro 

prediction of skin sensitizers (Ashikaga et al., 2006b; OECD, 2018).  

Similar to THP-1 cells, U937 cells are employed for in vitro assessment of skin sensitizers based on 

the upregulation of the cell surface antigen CD86 (Natsch et al., 2013; OECD, 2018). Myeloid U937 

cells are known to express monocytic markers and properties and originate from a histiocytic 

lymphoma (Sundström and Nilsson, 1976). U937 cells express significantly increased numbers of 

CD86 molecules and secrete second messenger molecules like IL-8 after treatment with contact 

allergens. Furthermore, the majority of contact allergens promotes gene expression of IL-1β and IL-8 

in U937 cells (Python et al., 2007). 

Another DC model are MUTZ-3 cells which were originally isolated from the blood of a patient who 

was diagnosed with acute myelomonocytic leukemia (Hu et al., 1996). Antigen-presenting properties 

via MHC molecules as well as induction of clonal expansion of T cells, expression of maturation 

markers of DCs like CD40, CD54, CD80, CD83, and CD86 and transcriptional similarity to MoDCs 

were proven for MUTZ-3 cells (Azam et al., 2006; Larsson et al., 2006; Santegoets et al., 2008; 

Johansson et al., 2011a).  

4.6 New approach methodologies and regulatory framework 

Chemicals that are produced over one ton/year and enter the European market have to be tested for 

their skin sensitizing potential beforehand to enable proper risk assessment under the REACH 

(Registration, Evaluation, Authorization and Restriction of Chemicals) legislation 

(European Commission, 2006; 2008). Also, medical products as well as pharmaceuticals (active 

substance and excipients) have to be tested for their skin sensitizing potential before testing in humans 

and marketing in the EU (EMA, 2015). The gold standard for assessment and classification of contact 

allergens is to date the local lymph node assay (LLNA) (OECD, 2010) and each year approximately 

40,000 animals are used for toxicological assessment of skin sensitizers in the European Union and 

Norway (European Commission, 2020; 2021). However, because the large number of chemicals 

cannot be efficiently tested in animals (economic reasons) and data have limited transferability to 

humans (scientific reasons), new approach methodologies (NAM) are required for next generation risk 

assessment. Furthermore, since animal welfare and reduction of animal testings have become a major 

debate in the public as well as the scientific community, the 3R-principle was established and efforts 

to reduce animal testings were made. Therefore, the European Union has banned animal testings for 

cosmetics and the sale of animal-tested cosmetics since 2013 (EC, 2009). This ban fostered the 

development of several validated alternative testing methods, making skin sensitization assessment 

one of the most advanced NAM fields among regulatory settings. 
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According to the OECD’s adverse outcome pathway (AOP) for skin sensitization (OECD, 2014), 

alternative testing strategies have been adopted and validated for the replacement of animal tests 

(Figure 3). The haptenation of an allergen to a self-protein in the skin was identified as key event 1 

and can be assessed in chemico using, for example, the direct peptide reactivity assay (DPRA). 

Briefly, the covalent binding of a chemical to artificial peptides containing either cysteine or lysine is 

quantified using a liquid chromatography couple to ultraviolet detection readout. The depletion of the 

peptides is calculated and serves as a measure for the probability of general haptenation of self-

proteins by the chemical tested (Gerberick et al., 2004). Emter et al. (2010) developed the 

KeratinoSens™ assay, a luciferase reporter gene assay, for the detection of keratinocyte activation in 

the context of skin sensitization. The assay measures the activation of genes regulated by the 

antioxidant response element in HaCaT keratinocytes thereby covering key event 2 of the AOP. The 

hCLAT on the other hand addresses the DC activation (key event 3) in vitro. Monocytic THP-1 cells 

are used as a DC surrogate and the upregulation of the cell surface markers CD54 and CD86 is 

measured by flow cytometry following 24 h exposure to the allergen (Ashikaga et al., 2006b). Key 

event 4, activation and proliferation of antigen-specific T cells, as well as the organism response can 

currently not be assessed with the help of validated alternative test protocols. However, NAMs 

addressing key event 4 are currently under investigation (Richter et al., 2013; Aparicio-Soto et al., 

2020; Curato et al., 2022; Riedel et al., 2022). 

 

Figure 3 Schematic diagram of the adverse outcome pathway for skin sensitization including currently validated 

OECD test guidelines for the assessment of the molecular initiating event, key events and the adverse outcome. 

TG: test guideline, DPRA: direct peptide reactivity assay, kDPRA: kinetic direct peptide reactivity assay, ADRA: 



  Introduction 

 26 

amino acid derivative reactivity assay, hCLAT: human cell line activation assay, IL8-Luc: interleukin-8 reporter 

gene assay, LLNA: local lymph node assay, GPMT: guinea pig maximization test 

Skin sensitization is a highly complex biological process involving multiple players on the cellular level 

as well as diverse sets of messenger molecules. Since the validated alternative methods are targeting 

individual key events, they are not used as stand-alone methods to assess skin sensitizer. This also 

implies that only limited mechanistic information can be derived from these testing methods. To 

overcome these limitations and to enhance accuracy and sensitivity, defined approaches (DA) have 

been developed and validated by the OECD (OECD, 2021). One DA follows the 2 out of 3 approach 

and combines the DPRA, hCLAT and KeratinoSens™ assay. This testing procedure was shown to 

outperform the LLNA in comparison to human reference data for the assessed chemical set (OECD, 

2021). 

In addition to the already mentioned limitations, the correct prediction of pre- and prohaptens was a 

major concern in the past. The 2 out of 3 workflow was shown to be well suited for this purpose. 

Prehaptens were best predicted with the DRPA and the hCLAT preformed best in predicting 

prohaptens, respectively (Patlewicz et al., 2016). Further technical limitations when performing in vitro 

assays are the applicability domains e.g. the physicochemical properties of the investigated 

chemicals. Lipophilic and highly cytotoxic chemicals as well as surfactants, metals or mixtures were 

shown to give ambiguous or false results in cell-based testing strategies such as the hCLAT 

(Sakaguchi et al., 2010; Bergal et al., 2020). Hence, limitations defined in the individual testing 

guidelines are also limiting established DAs or integrated testing strategies. Besides hazard 

identification as such, the potency classification of allergens according to the CLP (Classification, 

Labelling and Packaging) legislation is often necessary. The DA using 2 out of 3 was shown to be not 

yet suitable for potency estimation (OECD, 2021). However, computer-based regression models seem 

promising for potency classification but currently lack regulatory acceptance (Irizar et al., 2022; Natsch 

and Gerberick, 2022).  

4.6.1 Categorization of contact allergens 

Ideally, the potency of skin sensitizers should be derived from human data by determining substance-

specific no-observed effect levels (NOEL). This was done in the past with the help of the human 

maximization test and repeated insult patch test (Kligman, 1966a; Politano and Api, 2008). As potency 

determinations cannot be performed in humans due to ethical reasons, LLNA data are used as 

surrogate. Based on LLNA data, skin sensitizing chemicals can be classified in four distinct groups: 

weak, moderate, strong and extreme. Grouping is based on the so called EC3 value which determines 

the dose of a test chemical that induces a 3-fold gain in lymph node weight due to allergen-specific T 
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cell proliferation in the affected lymph node. For extreme sensitizers, the EC3 threshold is typically 

reached for concentrations below 25 µg/cm2 (Api et al., 2017).  

The Global Harmonized System and CLP legislation require potency estimation for correct labeling of 

skin sensitizing chemicals. All chemicals that induce skin sensitization at concentrations below 

500 µg/cm² are classified in category 1A as strong skin sensitizer. This value corresponds to a LLNA 

EC3 value of ≤ 2%. Category 1B sensitizers are moderate and weak sensitizers that may trigger skin 

sensitization at doses above 500 µg/cm² (UN, 2021). Based on NAMs, potency estimation is not yet 

fully resolved. Irizar et al. (2022) therefore proposed a list of reference allergens and their potencies 

that can be used to assess the quality of NAM-based potency classification and accelerate research 

in that field.  

4.6.2 The human cell line activation assay (hCLAT) 

In the context of skin sensitization, the activation of DCs can be determined using cell line-based 

assays. This includes the hCLAT which employs the cell surface markers CD54 and CD86 on THP-1 

cells as measure for cellular activation and thus skin sensitizing capabilities of a compound (OECD, 

2022b). CD86 is expressed in antigen-presenting cells and is an important costimulatory modulator of 

T cell response. Binding to its receptor CD28 induces a T cell response whereas binding to the 

receptor CTLA-4 has opposing effects (Coyle and Gutierrez-Ramos, 2001). CD54 is an intercellular 

adhesion molecule that is predominantly expressed on endothelial and immune cells. On antigen-

presenting cells, CD54 serves as costimulatory molecule during CD28-independent activation of T 

cells (Gaglia et al., 2000). Taken together, evaluating the upregulation of these markers provides a 

good measure for THP-1 activation. Yet, this does neither provide functional information on actual T 

cell activation nor are these markers specifically induced by skin sensitizing compounds. Overall, the 

accuracy of the hCLAT was estimated to be approximately 84 % in comparison to the LLNA (Ashikaga 

et al., 2010). The sensitivity, the number of true positive chemicals in the test, was determined to be 

88 % and the number of false positive chemicals was 30 % (Ashikaga et al., 2010). This indicates that 

the hCLAT overpredicts chemicals, which is good with regard to consumer protection. However, it 

also underlines that the use of general activation markers leads to false positive results, like, for 

example, in the case of 1-bromobutane which is classified as non-sensitizer by the LLNA but induces 

both markers, CD54 and CD86, and is thus wrongly classified as skin sensitizer by the hCLAT 

(Ashikaga et al., 2010).  

4.7 The complex search for ACD-specific biomarkers 

The identification of disease-specific indicators, so-called biomarkers, is valuable in medicine. With 

the help of a biomarker, correct diagnosis of the disease as well as monitoring of the progression are 
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more reliable. Additionally, biomarkers are excellent starting points for the development of treatment 

strategies. The sensitization to an allergen occurs spontaneously during life and cannot clinically be 

prevented nor can the medical disorder ACD be cured. A broad range of different studies including in 

vitro approaches as well as clinical studies in patients were conducted in the past to uncover ACD-

specific biomarkers. However, most studies were limited in the cohort sizes as well as number of 

allergens analyzed within the study which is why till today, no global biomarker for ACD has been 

revealed and clinically validated. Most biomarker candidates that were proposed so far were deduced 

from transcriptomic studies (Dhingra et al., 2014; Quaranta et al., 2014a; Fortino et al., 2020). 

Quaranta et al. (2014a) were able to distinguish between psoriasis and eczematous skin biopsies 

based on differentially expressed genes. Gene transcription of skin suffering from eczema caused by 

Ni-induced ACD was furthermore shown to differ significantly from other eczematous lesions 

(Quaranta et al., 2014a). In another study, a set of approximately 20 differentially regulated genes 

was identified to distinguished irritant from allergic contact dermatitis in human patch test biopsies 

treated with allergens or irritants. For ACD, the genes ADAM8 and CD47 were associated with the 

highest potential to correctly classify ACD (Fortino et al., 2020). Lefevre et al. (2021) also proposed a 

gene signature of 50 genes which helps to discriminate between ACD and ICD in clinical biopsies. 

There was no overlap between this signature with the genes proposed by Fortino et al. (2020). This 

can be explained by the different time points investigated by the two groups (72 h vs. 48 h) and 

underlines how delicate biomarker identification is. Dhingra et al. (2014) conducted a study in patients 

that were exposed to the most frequent contact allergen classes in North America. In total, 149 genes 

related to immune regulation, inflammation, chemokines, and cell death were commonly regulated in 

allergen-treated patch test biopsies. Despite these shared genes, a large number of genes appeared 

to be regulated in an allergen-dependent manner (Dhingra et al., 2014). Apart from transcriptional 

changes, patch tests were also tested for cytokine expression levels. Especially IL-16 levels were 

found to be helpful to distinguish ACD and ICD (Brans et al., 2021). Furthermore, microRNA 

signatures were found to be distinct between ACD patients and control individuals (Werner et al., 

2021; Zhang et al., 2023). 

However, since the collection of skin biopsies is an invasive method, researchers have proposed 

altered plasma serum levels of cytokines as potential biomarker signatures for ACD (Bordignon et al., 

2015; Zinkevičienė et al., 2015). The isolation of immune cells from patch tested patients’ blood was 

frequently performed to assess the response of specific cellular subsets in terms of cytokine secretion, 

cell proliferation and gene transcription (Stejskal et al., 1990; Rustemeyer et al., 2004; Bordignon et 

al., 2008). Another non-destructive method is the analysis of tape strips from patch tests as performed 

by Tam et al. (2021). 
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Over the past years, in vitro testing has become more popular and the search for potential biomarkers 

for ACD has been extended to this research field as well. The transferability of biomarkers from in 

vitro testing to the clinical application is questionable as in vitro systems lack the biological complexity 

present in vivo. Yet, these biomarkers are still beneficial for improvement of existing in vitro test 

strategies and for mechanistic understanding of ACD.  

Employing machine learning and microarray data of MUTZ-3 cells treated with skin sensitizers, 

irritants or control chemicals, Johansson et al. (2011a) were able to propose a gene signature of 200 

differentially expressed genes that enable the prediction of skin sensitizers in vitro. The signature was 

further processed using Ingenuity Pathway Analysis (IPA) and the TOP3 pathways with the highest 

number of mapped genes were Nrf2-mediated oxidative stress response, xenobiotic metabolism 

signaling and protein ubiquitination pathway. This assay was published and validated as GARD 

(Genomic Allergen Rapid Detection) assay and became recently an official OECD in vitro testing 

method (Johansson et al., 2013; Johansson et al., 2019; OECD, 2022b). 

Proteomics have so far been underemployed for the search of ACD specific biomarkers. Mussotter et 

al. (2016) analyzed the response of Nrf2-wildtype and knockout mice-derived BMDCs to a set of skin 

sensitizers and were able to suggest glycolytic enzymes supporting metabolic reprogramming in DCs 

as well as Nrf2-dependent proteins as potential biomarkers for ACD. Human CD14+ monocytes were 

shown to respond to Ni2+-treatment with significant changes in protein levels that were linked to 

apoptosis (Jakob et al., 2017). Using proteomics as well as metabolomics, metabolic reprogramming 

was shown to also be induced in THP-1 cells that were exposed to contact allergens. Furthermore, 

altered protein levels of fatty acid synthase and phospholipids were detected by Mussotter et al. 

(2018).  

Taken together, many biomarker candidates were proposed for ACD as well as skin sensitization, but, 

due to the diversity of applied study designs, readouts, detection methods, sample material, and 

contact allergens screened, it is hardly possible to identify a mutual biomarker. Based on the diversity 

of candidates, it seems most promising to establish a signature of predictive molecules rather than 

relying on individual markers.  

4.8 Proteomics data can complement transcriptome data in toxicological testing 

To overcome the need of integrated testing strategies for proper risk assessment of potential skin 

sensitizers, current research focusses on developing more complex non-animal models that possess 

the ability to reflect the biological mechanisms involved during skin sensitization. The advancing 

biological complexity and reproducibility of skin models has led to the successful implementation of 

human skin models into testing strategies. The SENS-IS assay, for example, employs a reconstituted 
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human epidermis model to assess a gene signature which allows to discriminate between sensitizers, 

irritants and non-sensitizers (Cottrez et al., 2015). The application of so-called omics-technologies has 

furthermore enabled scientists to generate large data sets mirroring high biological complexity. 

Although the term ‘omics’ comprises a handful of disciplines, most studies have to date focused on 

transcriptomic signatures in the context of skin sensitization (Hooyberghs et al., 2008; Johansson et 

al., 2011a; Lambrechts et al., 2011). Global proteome changes remain largely underinvestigated in 

the context of ACD (cf. section 6.1). Transcriptomics for a long time outperformed other omics-

techniques as even the lowest yield of RNA can be amplified, but advancing mass spectrometry 

technologies nowadays allow proteome analysis on the single cell level, rendering proteomics a 

tantamount technique well suited to complement transcriptome data. Proteomics can be applied to 

qualitatively and quantitatively investigate biomolecules of an organism in response to e.g. 

environmental exposures. The proteome is especially suitable as proteins reflect the true phenotype 

of the organisms at a specific time and gene induction does not necessarily correlate with protein 

levels due to post-transcriptional regulation.  

4.8.1 Principles of untargeted proteomics 

Most state-of-the-art proteomics workflows comprise the following sample preparation steps: lysis of 

the cells/biological material, enzymatic degradation of the proteins, desalting and enrichment of 

peptides, liquid chromatography for separation of the peptides, mass spectrometric analysis of 

samples, and data evaluation.  

After separation of the peptides via liquid chromatography, peptides are often ionized in an 

electrospray ionization source. The generated ions are then transferred into the mass spectrometer 

where they are fragmented and finally detected based on their mass to charge (m/z) ratio. 

Fragmentation is typically performed twice. The precursor ion is usually used for quantification 

whereas its fragment ions are used for unambiguous identification of the peptide. Large data bases 

and complex bioinformatics algorithms are then employed to match the m/z ratios to the peptides they 

originated from and finally, peptides are mapped to proteins. Generally, one can distinguish between 

two different experimental setups: targeted and untargeted proteomics. As indicated by the name 

already, targeted proteomics aims at identifying and quantifying already known proteins in a sample. 

For this purpose, the specific proteins are often enriched or an inclusion list can be used during data 

acquisition. Targeted runs are typically rather short. Untargeted shotgun experiments on the other 

hand focus on elucidation of as many proteins as possible in a sample. Under optimal conditions, 

several thousand proteins can be identified within one sample, allowing to retrieve information on 

global protein changes in either specific cells, in a tissue, or any other matrix. Untargeted runs 

consume a lot of time on the liquid chromatography coupled to tandem mass spectrometry (LC-
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MS/MS), as the complex peptide mixtures have to be separated by long chromatography gradients to 

reduce the complexity of the sample and avoid overload of the MS-detector. For the work presented 

in this thesis, exclusively untargeted proteomic workflows were used.  

To be able to compare different treatment conditions or exposures amongst each other, protein 

quantification is mandatory. For untargeted proteomics, so called label-free or labeled quantification 

can be performed. Label-free quantification (LFQ) is in terms of consumables cheap but requires more 

measuring time on the MS as samples cannot be multiplexed. LFQ is based on precursor ion 

identification on MS1 level (before fragmentation) and the intensity of this peak. Alternatively, spectral 

counting can be performed. Briefly, the number of all spectra accounting to a specific protein is 

counted and then correlated with relative amount of protein in the sample. Prerequisite for LFQ is a 

stable and reproducible analytical method as the retention time is a central parameter for correct 

matching of ion intensities to peptides over all samples. Thus, LFQ is very sensitive to experimental 

and analytical errors, resulting in lower precision and reproducibility especially for low abundant 

proteins (Collier et al., 2010). As an alternative to LFQ, mass labels can be introduced to the samples 

to simplify quantification. These labels can either be incorporated via chemical reactions during 

sample preparation (e.g. TMT-labeling or iTRAQ) or in the case of stable isotope labelling by amino 

acids in cell culture (SILAC) metabolically during cultivation of cells. For SILAC, only cells that dived 

in culture can be used. The cell culture media is supplemented with isotope-labeled amino acids and 

treated cells and controls are cultured in media supplemented with different isotopically labeled amino 

acids. These amino acids are metabolically incorporated into all proteins during culture. Since the light 

and heavy isotope labeled amino acids are chemically identical, they are incorporated with equal 

kinetics. After harvest und lysis of the cells, same protein amounts of control and treatment cells are 

unified and processed together. During data evaluation, the groups can be distinguished based on 

the specific mass shift introduced by the labeled amino acid. SILAC is the more accurate strategy for 

quantitative proteomics due to its high reproducibility and precision (Li et al., 2012). The sample 

handling and data analysis are comparatively robust since treatment and control groups are combined 

directly after harvest of the cells. Since labeled amino acids are costly and only a limited number of 

suitable amino acids is commonly used, SILAC is constrained to duplex or triplex experiments. 

Compared to competing chemical labels which allow higher tiered multiplexing, sample preparation is 

less tedious. Chemical labeling requires a sophisticated workflow ensuring that labeling agents work 

properly and that same protein amounts are successfully tagged. During the work for this thesis, LFQ 

and SILAC were applied and compared.  
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5 Objective 

Skin sensitization is a toxicological endpoint that has to be assessed for chemicals marketed in the 

European Union. As contact allergens are widely distributed in all kinds of consumer products, the 

prevalence of ACD is high amongst the general population. To keep sensitization levels as low as 

possible and to prevent epidemics like in the case of Ni and methylisothiazolinone in the past (Thyssen 

et al., 2007; Uter et al., 2020a), the molecular mechanisms of skin sensitization and ACD need to be 

better understood. For this, correct prediction and classification of skin sensitizers are critical for the 

risk assessment of regulatory bodies. Driven by the European ban of animal testing for cosmetic 

ingredients and the progressive implementation of the 3R principle, in vitro testing strategies are 

gaining importance for regulatory testings. To improve existing in vitro testing strategies, elucidation 

of the underlying mode of action and identification of predictive biomarker signatures for skin 

sensitization are essential.  

The overarching goal of this thesis was the application of state-of-the-art proteomics techniques to 

identify commonly regulated proteins in immune cells induced by different contact allergens and 

deduce biomarker candidates or signatures for the prediction of skin sensitizing chemicals.  

A systematic literature search had to be performed to identify data gaps and relevant proteomic targets 

for this thesis. The results of the literature search were to be published in a review paper. Proteome-

based studies have to date only rarely been performed to study skin sensitization. Particularly the 

complex activation and maturation of DCs exhibits a great potential for the investigation of proteomic 

changes throughout the curse of skin sensitization. Thus, it was chosen to analyze cellular changes 

in human DC models after treatment with contact allergens.  

As a first model, human MoDCs should be used to investigate proteomic changes following cellular 

activation via TLR4 with LPS, a classical DC activator, and NiSO4, also a TLR4 activator and the most 

prevalent contact allergen in the European public. The molecular binding mechanisms of LPS and Ni 

to TLR4 are distinct. By analyzing differentially regulated proteins in both treatments compared to 

control (non-treated) cells, allergy-specific responses were to be identified and differentiated from 

bacterial activation of the MoDCs.  

For this aim, the generation of immature MoDCs from blood donations had to be optimized followed 

by experiments to determine the treatment conditions like chemical treatment dose and exposure time 

to avoid toxic effects that could overshadow substance-specific effects. The successful generation of 

immature MoDCs had to be routinely tested based on characteristic cell surface marker expression 

with the help of flow cytometry. After maturation induced by the various treatment conditions, the cells 
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were to be characterized in detail by analyzing phagocytic activity, potential to activate T cells, cell 

surface marker expression, and cytokine secretion. Following proteomic analysis, proteins and 

pathways that were selectively induced by NiSO4 had to be verified by complementary methods 

including immunoblotting, quantitative real-time polymerase chain reaction or by selective inhibition of 

specific pathways.  

The German Federal Institute for Risk Assessment (BfR), as regulatory body, is highly interested in 

robust in vitro test strategies for risk assessment. Thus, the findings from MoDCs experiments were 

to be compared to results from THP-1 cells. Compared to MoDCs, THP-1 cells are easier to handle, 

more accessible as well as scalable and are already validated in a OECD test guideline for skin 

sensitization (OECD, 2022b). THP-1 cells had to be treated with NiSO4 as well. Additionally, other 

strong contact allergens should be included to confirm potential overarching allergy-specific findings. 

Thus DNCB, BQ, and NBB were chosen as they have proven relevance for humans (Przybilla et al., 

1983; Pambor and Wiesner, 1990; Lisi and Hansel, 1998). Furthermore, two different strategies for 

the quantification of the proteins (SILAC versus LFQ) were to be systematically tested with respect to 

their applicability to various cell models used for in vitro research on skin sensitization. 

Overall, this work promotes the elucidation of allergen-specific activation of DCs in the context of skin 

sensitization by applying state of the art proteomics techniques. The findings contribute to the 

mechanistic understanding of skin sensitization and may ultimately serve as improvement of existing 

in vitro test methods for risk assessment and thus enhancing workmen and costumer protection.  
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6 Results 
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Dendritic cells (DC) play a central role in the pathogenesis of allergic contact dermatitis

(ACD), the most prevalent form of immunotoxicity in humans. However, knowledge

on allergy-induced DC maturation is still limited and proteomic studies, allowing to

unravel molecular effects of allergens, remain scarce. Therefore, we conducted a global

proteomic analysis of human monocyte-derived dendritic cells (MoDC) treated with

NiSO4, the most prominent cause of ACD and compared proteomic alterations induced

by NiSO4 to the bacterial trigger lipopolysaccharide (LPS). Both substances possess

a similar toll-like receptor (TLR) 4 binding capacity, allowing to identify allergy-specific

effects compared to bacterial activation. MoDCs treated for 24 h with 2.5µg/ml LPS

displayed a robust immunological response, characterized by upregulation of DC

activation markers, secretion of pro-inflammatory cytokines and stimulation of T cell

proliferation. Similar immunological reactions were observed after treatment with 400µM

NiSO4 but less pronounced. Both substances triggered TLR4 and triggering receptor

expressed on myeloid cells (TREM) 1 signaling. However, NiSO4 also activated hypoxic

and apoptotic pathways, which might have overshadowed initial signaling. Moreover,

our proteomic data support the importance of nuclear factor erythroid 2-related factor

2 (Nrf2) as a key player in sensitization since many Nrf2 targets genes were strongly

upregulated on protein and gene level selectively after treatment with NiSO4. Strikingly,

NiSO4 stimulation induced cellular cholesterol depletion which was counteracted by the

induction of genes and proteins relevant for cholesterol biosynthesis. Our proteomic

study allowed for the first time to better characterize some of the fundamental

differences between NiSO4 and LPS-triggered activation of MoDCs, providing an

essential contribution to the molecular understanding of contact allergy.
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INTRODUCTION

Dendritic cells (DC) play a crucial role during the immune
response given their linking function between innate and
adaptive immunity. Immature DCs are phagocytic and sample
antigens from surrounding tissues. The presence of additional
stimuli, for instance activation via pattern recognition receptors
such as toll-like receptors (TLR), triggers maturation of DCs.
Upon maturation, the cells will partially lose their phagocytic
characteristics and start migrating to draining lymph nodes
while they undergo metabolic and phenotypic alterations (1–3)
facilitating the presentation of the captured antigen to prime
naïve T cells. These alterations include the secretion of different
cytokines [e g., interleukin (IL) 1β, IL-6, IL-12 or tumor necrosis
factor (TNF) α and the upregulation of antigen-presenting
molecules and other DC surface proteins such as adhesion
molecules, chemokine receptors, and co-stimulatory proteins.
Particularly well described is the upregulation of the cluster
of differentiation (CD) 86, CD54, CD40 and CD83 (4). A
metabolic shift toward glycolysis supplies sufficient energy for the
maturation of activated DCs (5).

DCs do not only play an essential role during host defense
but also during chemical-induced immune responses like allergic
contact dermatitis (ACD). It is assumed, that about 20% of the
general population of Europe and North America are sensitized
to at least one contact allergen (6). ACD is a prototypic T
cell-mediated delayed-type hypersensitivity immune response
that may be elicited after skin contact with organic chemicals
or metal ions from cosmetics, jewelery or other commodities.
Pathogenesis of ACD is sub-divided in two phases. Upon initial
exposure to a contact allergen, the sensitization phase is initiated.
Significant clinical symptoms will only emerge after re-exposure
to the contact allergen during the so-called elicitation phase (7).
The importance of DCs during the sensitization phase is well-
understood and also reflected in the adverse outcome pathway
on skin sensitization (8). To date, the maturation of DCs in the

Abbreviations: ACD, allergic contact dermatitis; ACN, acetonitrile; ALDOA,
aldolase A; APC, allophycocyanin; BV421, brilliant violet 421; CD, cluster
of differentiation; CFSE, carboxyfluorescein succinimidyl ester; CYP51A1,
lanosterol 14α-demethylase; DC, dendritic cell; EIF, eukaryotic initiation factor;
FA, formic acid; FC, fold change; FITC, fluorescein isothiocyanate; GLUT,
glucose transporter type; GM-CSF, granulocyte-macrophage colony-stimulating
factor; GST, glutathione S-transferase; HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; HIF, hypoxia-inducible factor; HK, hexokinase;
HMGCS1, hydroxymethylglutaryl-CoA synthase; HMGCR, 3-hydroxy-3-
methyl-glutaryl-coenzyme A reductase; HMOX, heme oxygenase; HPRT,
hypoxanthineguanine phosphoribosyltransferase; HSA, human serum albumin;
IL, interleukin; IPA, ingenuity pathway analysis; KEAP, kelch-like ECH-associated
protein; LDHA, lactate dehydrogenase; LFQ, label-free quantification; LPS,
lipopolysaccharide; MD-2, myeloid differentiation factor 2; MLR, mixed leukocyte
reaction; MoDC, monocyte-derived dendritic cell; NEAA, non-essential amino
acids; NFκB, nuclear factor κB; NQO, NAD(P)H dehydrogenase [quinone]; Nrf2,
nuclear factor erythroid 2-related factor 2; OECD, Organization for Economic
Co-operation and Development; PBMC, peripheral blood mononuclear cell;
PBS, phosphate buffered saline; PE, phycoerythrin; PFKFB, 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase; PRDX, peroxiredoxin; q(RT)-PCR,
quantitative real time polymerase chain reaction; SD, standard deviation;
SLC, solute carrier; SOD, superoxide dismutase; SREBP, sterol regulatory element-
binding protein; TLR, toll-like receptor; TNBS, trinitrobenzenesulfonic acid;
TNF, tumor necrosis factor; TNP, trinitrophenyl-; TRAF, TNF receptor-associated
factor; TREM, triggering receptor expressed on myeloid cells.

context of contact allergy has been insufficiently investigated. For
instance, there is an ongoing debate, whether or not there are
allergy-specific alterations of DCs, which may be used as allergy-
specific biomarkers. Proteomics studies can help to elucidate
molecular alterations induced by allergens. Proteins directly
affect the phenotype of an organism and possess an enormous
functional repertoire. They may, for instance, act as transporters,
messenger molecules or as enzymatic catalyst. Furthermore, the
number of genes is outnumbered by the number of proteins, e.g.,
due to manifold post-translational modifications. Thus, studying
the proteome and metabolism of DCs after exposure to contact
allergens is mandatory to get insights in the biological state of the
cells (9).

Therefore, the aim of this study was to compare DC
maturation induced by the metal allergen NiSO4 to the
bacterial trigger lipopolysaccharide (LPS). DC maturation by
the latter has been investigated extensively (10–13). Nickel has
been selected for several reasons. Firstly, nickel is the most
common cause of ACD in Europe. Even though numbers of
affected individuals are decreasing as the EU nickel directive
restricts nickel release from products intended for prolonged
skin contact, still 8–18% of the European population are
sensitized to nickel (14). Secondly, it was shown that both
Ni2+ and LPS act via TLR4 although with different molecular
binding mechanisms. LPS binds to a specific pocket on myeloid
differentiation factor 2 (MD-2) which forms a heterodimer
with TLR4 (15), inducing dimerization and internalization of
TLR4 (16, 17). In contrast, Ni2+ was shown to bind to three
histidine residues on the ectodomain of human TLR4, which is
distinct from the endotoxin binding site (18). TLR4 dimerization,
which is mandatory for receptor activation, was found to
occur independently of MD-2 in the presence of Co2+ and
Ni2+ (19).

We were interested in elucidating whether these differences
in binding to TLR4 might eventually induce different proteins
and pathways. The comparison of an allergen with a bacterial
stimulant allows the identification of allergy specific effects and
possible biomarkers which may support current in vitro testing
strategies for skin sensitization. Hence, we here present a global
proteomic analysis of LPS and NiSO4-treated primary human
monocyte-derived DCs (MoDCs) using label-free quantification
(LFQ). MoDCs were treated for 24 h with 400µM NiSO4 or
2.5µg/ml LPS. Upon harvest, cells were prepared for proteomic
analysis as well as for flow cytometry analysis of selected cell
surface markers and cytokines. Proteomic data were validated
using suitable methods like qPCR revealing differences in NiSO4-
and LPS-induced activation.

MATERIALS AND METHODS

Reagents
Unless stated otherwise, all chemicals were purchased from
Sigma-Aldrich. Phosphate buffered saline (PBS, P04-36500),
RPMI 1640 (P04-17500), human serum (P-2701), HEPES (P05-
01100), sodium pyruvate (P04-43100), penicillin-streptomycin
(P06-07100) and non-essential amino acids (NEAA, P08-32100)
were purchased from PAN.
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MoDC Generation and Chemical Treatment
PBMCs were isolated by standard density gradient centrifugation
with Ficoll Paque Plus (GE Healthcare, 17-1440-03) from
human buffy coats. Buffy coats were obtained from German
Red Cross (Berlin, Germany) according to the current version
of the declaration of Helsinki with an approved ethic vote
(Charité, Berlin Germany; EA4/071/13). Untouched CD14+ and
CD14+CD16+ monocytes were isolated by negative depletion
using the human PAN monocyte isolation kit (Biolegend,
480060), following the manufacturer’s instructions. Monocytes
were cultured in commercial ready-to-use MoDC differentiation
medium containing 400 IU/ml IL-4 and 500 IU/ml GM-CSF
(Miltenyi Biotec, 130-094-812) at 37◦C with 5% CO2. Every
two days, half of the culture medium was replaced with fresh
medium. On day six, immature MoDCs were harvested, washed
with PBS and resuspended in fresh medium at a density of
106 cells/ml. Cells were either treated with medium only as
control, 2.5µg/ml LPS (from Escherichia coli O111:B4, L3024-
5MG) or 400µM NiSO4 (31483, tested endotoxin-free using
QCL-1000TM Endpoint Chromogenic LAL Assay (Lonza, 50-
647U) according to the manufacturers protocol). For proteomic
studies and flow cytometry, cells were harvested after 24 h of
continuous chemical incubation; for quantitative RT-PCR, cells
were incubated either for 24 h or over a 36 h period with sample
collections at various time points.

Flow Cytometry
To characterize the phenotype of harvested MoDCs, cells were
stained for 30min at 4◦C with BV421 anti-CD86 (FUN-1,
562433), FITC anti-CD40 (5C3, 555588), FITC anti–CD83
(HB15e, 556910), PE anti–CD80 (L307.4, 557227), APC anti-
CD1a (HI149, 559775) (all BD Biosciences) and PE anti-
CD14 (TÜK4, Miltenyi, 130-113-147). Viability was monitored
using fixable near-IR dead cell stain (Thermo Fisher Scientific,
L34976). For each antibody staining, a control isotype staining
was included. Data were acquired using a FACSAria III
flow cytometer (BD Biosciences) and analyzed with FlowJo
software (V.10.6.1, FlowJo LLC, Ashland, OR, United States). An
exemplary gating plot is depicted in Supplementary Figure 1.
Graphical visualization was performed using GraphPad Prism
6 (GraphPad Inc., San Diego, CA, United States). On day
6 of MoDC differentiation, the immature state of MoDCs
was confirmed by measuring downregulation of the monocytic
marker CD14 and upregulation of the DC-marker CD1a (data
not shown).

Phagocytosis of TNBS-Modified Human
Serum Albumin
Human serum albumin (HSA, fraction V, Merck,
12668-10GM-M) was dissolved in PBS (10 mg/ml) and
incubated at 37◦C for 60min with 5mM trinitrobenzenesulfonic
acid (TNBS, 92822-1ML) (mole ratio HSA:TNBS 1:300)
following a modified protocol of Dietz et al. (20). Subsequently,
free TNBS was removed with a 30 kDa cutoff spin filter and
two consecutive washes with PBS. Purified trinitrophenyl
(TNP)-modified HSA was resuspended in PBS, and protein
concentration was determined using the Pierce BCA protein

assay (Thermo Fisher Scientific, 23225). As a control, pure HSA
dissolved in PBS was processed equally. MoDCs were treated for
3 h or 24 h with LPS or 400µMNiSO4. To monitor phagocytosis,
cells were harvested, seeded at a density of 105 cells/well in
a 96-well plate and incubated with HSA-TNP or pure HSA
(200µg/ml). After 3 h, cells were stained with fixable near-IR
dead cell stain followed by an intracellular BV421 anti-TNP
(A19-3, BD Biosciences, 562601) stain with inside stain kit
(Miltenyi, 130-090-477).

Mixed Leukocyte Reaction (MLR)
Chemical-treated MoDCs were harvested after 24 h, washed with
PBS and 6 × 104 cells/well were seeded in a 96-well U-bottom
plate. Following the manufacturer’s instructions, allogenic PAN
T cells were negatively depleted from PBMCs with PAN T cell
isolation kit (Miltenyi, 130-096-535). T cells were labeled with
4 nM CSFE (Thermo Fisher Scientific, C34554) to monitor cell
proliferation and added to MoDCs at a concentration of 6 × 105

cells/well (ratio T cells: MoDCs = 10:1). As a negative control, T
cells were cultured without MoDCs. As a positive control, a co-
culture of T cells and medium-treated MoDCs, was stimulated
with 1µg/ml staphylococcal enterotoxin B superantigen (S4881-
1MG). Cells were cultured in RPMI 1640 supplemented with
10% human serum, 2mM GlutaMAX (Gibco, Thermo Fisher
Scientific, 35050061), 10mM HEPES, 1x NEAA, 1mM sodium
pyruvate, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 100
U/ml β-mercaptoethanol (Gibco, 21985023) at 37◦C with 5 %
CO2. On day 4, proliferating T cells were identified by their
reduced CFSE signal.

Inhibition of p38 and HIF1α

MoDCs were treated with 20µM SB203580 (Biomol, AG-CR1-
0030-M005) to inhibit p38 activity, or with 0.5 nM echinomycin
(Biomol, BVT-0267-M001) to inhibit binding of hypoxia-
inducible factor (HIF) 1α to hypoxia response elements for
30min. Subsequently, LPS and NiSO4 were added at final
concentrations of 2.5µg/ml and 400µM, respectively. After 24 h,
viability and CD86 expression were analyzed by flow cytometry.

Immunoblotting of HIF1α

Chemically treatedMoDCs were collected after 24 h of treatment.
Cells were washed with ice-cold PBS and cell lysis was performed
with the lysis buffer described in the LC-MS/MS sample
preparation section. Protein concentration was determined using
the Pierce BCA protein assay. Subsequently, 20 µg protein
were loaded on 10% SDS-PAGEs. Following the separation,
proteins were transferred to nitrocellulose membranes (BioRad,
1620115). The immunoblots were blocked in 5% skimmed milk
and incubated for 16 h at 4◦C to allow binding of the primary
anti-HIF1α antibody (H1alpha67, Novus Biologicals, NB100-
105). Binding of the secondary antibody (horseradish peroxidase
labeled, Dianova, 115-035-206) was performed for 1 h at room
temperature. The blot was visualized using Pierce ECLWest Pico
Substrate (Thermo Fisher Scientific, 34078) using a Fusion FX6
gel documentation (Vilber, Eberhardzell, Germany). A HRP anti-
β actin antibody (AC-15, Abcam, ab49900) was used as loading
control. Blots were analyzed using the Image Lab 6.0.1 software
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(BioRad). All values were background-corrected and the HIF1α-
signal was normalized to the β-actin signal and medium control.

Quantification of Secreted Cytokines
MoDC culture supernatants were collected after chemical
treatment for 24 h. Cells and debris were removed by
centrifugation for 10min at 300 g. Following the manufacturer’s
instructions, IL-1β, IL-6, IL-8, IL-10, IL12p70, IL-18 and TNFα
were quantified with a customized bead-based LEGENDplex
immunoassay (Biolegend) on a FACS Aria III. Data were
analyzed using the provided LEGENDplex v8.0 software. Data
were log2 transformed and visualized with GraphPad prism.
Student’s t-test was applied to calculate p-values relative to
medium control.

Quantitative Real-Time PCR
MoDCs were collected after chemical treatment, washed with
ice-cold PBS and resuspended in TRIzol reagent (Invitrogen,
Thermo Fisher Scientific, 15596026). RNA was isolated
from 106 cells following the TRIzol manufacturer’s protocol.
Quantification of isolated RNA was performed on a NanoDrop
1000 (VWR, Radnor, PA, United States). One microgram
RNA was used for reverse transcription into cDNA using
the High-capacity cDNA reverse transcription kit (Applied
Biosystems, Thermo Fisher Scientific, 4368813). Quantitative
real-time PCR was performed on a TaqMan PCR 7500 fast
system (Applied Biosystems) using Fast SYBR green master
mix (Applied Biosystems, 4385618) and the following primers:
HPRT DNA forward 5′-GTTCTGTGGCCATCTGCTTAG-
3′, reverse 5′- GCCCAAAGGGAACTGATAGTC-3′; HIF1α
DNA forward 5′-TTTTTGCTGAAGACACAGAAGC-3′,
reverse 5′- GCTTGCGGAACTGCTTTCTA-3′; SLC2A1
DNA forward 5′- CCAGCAGCAAGAAGCTGAC-3′, reverse
5′- AGGATGCTCTCCCCATAGC-3′; HMGCR DNA
forward 5′-TGTTTACTGGTAACAATAAGATCTGTG-
3′, reverse 5′-GTTGACGTAAATTCTGGAACTGG-3′;
SOD2 DNA forward 5′-TTGGCCAAGGGAGATGTTAC-
3′, reverse 5′-AGTCACGTTTGATGGCTTCC-3′; NQO1
DNA forward 5′-GCACTGATCGTACTGGCTCA-3′,
reverse 5′-GAACACTCGCTCAAACCAG-3′; TNFα
DNA forward 5′-CTTCTGCCTGCTGCACTTTGGAG-
3′, reverse 5′-GGCTACAGGCTTGTCACTCGG-3′; HK2
DNA forward 5′-GTTCCTGGCTCTGGATCTTG-3′,
reverse 5′-GGCAATGTGGTCAAACAGC-3′; SREBF2
DNA forward 5′-CACCAAGCACGGAGAGGT-3′, reverse
5′-GGGGAGGAGAGGAAGGAGA-3′; PFKFB3 DNA
forward 5′-AAAAGTGTTCAACGTCGGGG-3′, reverse
5’-CGAAAACCGCAATTTGTCCC-3’; SLC2A3 DNA
forward 5’-GAGGACGTGGAGAAAACTTGC-3’, reverse
5′-GCCAAATTGGAAAGAGCCGA-3′; SLC2A6 DNA
forward 5′-ATCCCAGGCATCCTGGTTTG-3′, reverse 5′-
GGTCGTTGAGGATCATGGCA-3′. The following genes
were analyzed using QuantiTect Primer Assay (Qiagen):
HMOX1 (#QT00092645); PRDX1 (#QT01005536); GSTO1
(#QT02394287); CAT1 (#QT00079674). cDNA was 1:10 fold
diluted in water and 1 µl was used for qRT-PCR analysis. Gene
expression was normalized to the housekeeping gene HPRT,

and relative gene expression was determined using the 11CT
method (21). Significance relative to medium-control was
calculated using Student’s t-test in GraphPad Prism.

Cholesterol Quantification
To evaluate effects of chemical treatment on cellular cholesterol
content, MoDCs were treated with LPS and NiSO4 as stated
above. As a positive control for the inhibition of the cholesterol
biosynthesis, medium-treated MoDCs were treated with 40µM
lovastatin (M2147-25MG). After 24 h, cells were harvested
and washed with PBS. Lipids were extracted following the
Folch protocol (22). Briefly, cells were resuspended in 500 µL
chloroform-methanol (2:1, 1024451000, 1060072500), and lipids
were extracted for 20min by shaking and occasional vortexing at
4◦C. Extraction was repeated after addition of 125 µL water. The
suspension was centrifuged for 10min at 1,000 g and 300 µL of
the organic phase were transferred to a new Eppendorf tube and
vacuum-dried. Proteins were obtained from the interphase and
their concentration was determined using the Pierce BCA protein
assay. Cholesterol levels of the samples were quantified using
the Amplex Red Cholesterol Assay Kit (Thermo Fisher Scientific,
10236962). Desiccated lipids were dissolved in assay buffer and
analyzed following the manufacturer’s protocol. Fluorescence
was measured at 590 nm emission on a Synergy Neo2 plate
reader (BioTek, Winooski, VT, United States) with excitation
at 540 nm. Total cholesterol levels were standardized to the
respective protein concentration and normalized to the untreated
control. P-values were calculated using Student’s t-test relative to
the medium control.

LC-MS/MS
Cell Lysis
After chemical treatment, MoDCs were collected, washed
twice with ice-cold 0.9% NaCl and lysed in 100 µL lysis
buffer per 106 cells. The lysis buffer was composed of
150mM NaCl (S7653-250G), 10mM TRIS pH 7.2 (T1503-
250G), 5mM EDTA (E5134-250G), 0.1% SDS (436143-25G),
1% Triton X-100 (T8787-100ML), 1% sodium deoxycholate
(30970-100G), 200µM phenylmethylsulfonyl fluoride (P7626-
1G), 1mM sodium orthovanadate (S6508-10G) and cOmplete
protease inhibitor cocktail (Roche, 1.167.498.001). Cells were
vortexed, incubated on ice for 15min and centrifuged. The
protein concentration of the supernatant was determined using
Pierce BCA protein assay.

Sample Preparation
An untargeted proteomics approach was applied using label-free
quantification as described before (23). Briefly, 30 µg protein
per sample was reduced with 0.1 µmol tris(2-carboxyethyl)
phosphine (C4706-10G), followed by alkylation with 0.2 µmol
iodoacetamide (Merck, 8.04744.0025). Protein solutions were
acidified and acetonitrile (ACN, Carl Roth, AE70.2) was added
to reach more than 50 % (v/v) organic content facilitating
protein binding to SpeedBeadsTM magnetic carboxylate modified
particles (SP3 beads, GE Healthcare, 65152105050250). Proteins
were loaded on 20 µg beads, followed by a first washing step
with 70% (v/v) ethanol (Merck, 22.462.500) in water and a
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second step with 100 % (v/v) ACN. Proteins were digested with
trypsin (enzyme:protein ratio 1:50, Promega, V5117) in 100mM
tetraethylammonium bromide (T7408-100ML). Digestion was
stopped by addition of 100 % (v/v) ACN to reach ≥ 95% (v/v)
organic content, thus again allowing the peptides to bind to the
beads. Peptides were again cleaned-up using 100% (v/v) ACN.
Elution of peptides was carried out in two steps with 87% (v/v)
ACN in ammonium formate (pH 10) (Agilent Technologies,
AGG1946-85021), followed by 2% (v/v) dimethyl sulfoxide
(D2650-5x-10ml), resulting in two fractions per sample. Samples
were evaporated to dryness and reconstituted in 0.1% (v/v)
formic acid (FA, Fluka, Thermo Fisher Scientific, 56302-50ML-F)
before measurement.

LC-MS/MS
Samples were analyzed on a UPLC system (Ultimate 3000,
Dionex, Thermo Fisher Scientific) coupled to a Q Exactive HF
(Thermo Fisher Scientific) as described previously (23). Peptides
were loaded on an Acclaim PepMap 100 C18 trap column (3µm,
nanoViper, 75µm × 5 cm, Thermo Fisher Scientific, PN164535)
at a flow rate of 5 µl/min using an eluent composed of 2% (v/v)
ACN and 0.05% (v/v) trifluoroacetic acid (Biosolve, 202341A8) in
water. Peptides were separated by a 150min non-linear gradient
from 0 to 80% ACN in 0.1% FA on a reversed-phase column
(Acclaim PepMap 100 C18, 3µm, nanoViper, 75µm × 25 cm,
Thermo Fisher Scientific, PN164569). A chip-based ESI source
(Nanomate, Advion, Ithaca, NY, United States) was used for
ionization at 1.7 kV and coupled to the Q Exactive HF. The MS1
scans were acquired at a resolution of 120K in a range of 350–
1,550m/z. AGC target was set to 3× 106 with amaximal injection
time of 100ms. The top 10 most abundant peptides were isolated
forMS2 acquisition with an isolation window of 1.4m/z. Peptides
were fragmented at normalized collision energy of 28, and the
fragment ion spectra were acquired at a resolution of 15K using
AGC target of 2× 105 andmaximal IT of 100ms. All spectra were
acquired using XCalibur (Version 3.0).

Analysis
MS raw data were processed with MaxQuant Version 1.6.3.10
(24). If not stated otherwise, default parameters were used.
Peptides were identified using a database search against the
Homo sapiens UniProtKB reference proteome (24-09-2019,
74349 reviewed and unreviewed entries). Carbamidomethylation
of cysteine was chosen as fixed, whereas oxidation of methionine
and acetylation of protein N-terminus were set as variable
modifications. A minimum of two peptides with at least one
unique peptide was required for protein identification applying
FDR ≤ 0.01. Match between runs was activated. Proteins were
quantified based on two unique peptides. Protein contaminants
and reverse hits were excluded before further use. LFQ protein
intensities were processed, and results were visualized in R-
3.5.0. Accordingly, the data were log2-transformed, filtered for
proteins that were quantified in a minimum of four replicates
under at least one condition, followed by variance-stabilization.
Imputation was performed using the DEP package (25) (fun =

“MinProb,” q = 0.01) for proteins not quantified in any of the
replicates under the particular condition. Fold changes (FCs)

and p-values were calculated using Student’s t-test relative to the
medium control. Proteins with a p-value ≤ 0.05 were considered
as significantly changed.

Pathway Enrichment
Significantly enriched pathways were identified using ingenuity
pathway analysis (IPA, Qiagen), considering significantly
enriched proteins.

RESULTS

Phenotypical and Functional MoDC
Characterization
The effects of NiSO4 and LPS on the phenotype and function
of primary human monocyte-derived DCs (MoDCs) were
investigated first. MoDCs were generated from buffy coats
of five individual donors, and treated with LPS (2.5µg/mL)
or NiSO4 (400µM) for 24 h. Cell viability and upregulation
of the maturation markers CD86, CD83, CD40 and CD80
on their surface was measured (Supplementary Figure 1).
Cell viability was assured to be above 75% for all samples
(Supplementary Figure 1A), in agreement with the acceptance
criteria of the human Cell Line Activation Test (26).
MoDCs were used in further experiments, if maturation
markers were upregulated after LPS- and NiSO4-treatment
(Supplementary Figures 1B–E). Overall, changes induced by
LPS were more pronounced.

Furthermore, the gene expression of the allergy relevant
cytokine TNFα was determined by qRT-PCR. The TNFA gene is
directly induced after TLR4 signaling and activates nuclear factor
κB (NFκB). To capture the dynamics of TNFA expression, we
measured its gene expression over 36 h at various time points.
The time course of gene induction was comparable for LPS and
NiSO4 peaking 2 h after treatment. However, LPS acted as a much
more potent inducer (Supplementary Figure 2).

Moreover, selected inflammatory cytokines (IL-1β, IL-6, IL-
8, IL-10, IL12p70, IL-18, and TNFα) were quantified in the
cell culture supernatants using a bead-based immunoassay
(Supplementary Figure 3). The production of IL-8 for example
is used as a biomarker for DC activation (26). All cytokines
were significantly enriched in the cell culture supernatant of
both treatments compared to the unstimulated control. Only
for IL-10, NiSO4-induced release was not significantly altered
compared to medium control. Overall, the secreted amounts of
all analyzed cytokines were higher in LPS-treated compared to
NiSO4-treated cells.

The Phagocytotic Activity of LPS- and NiSO4-Treated

MoDCs Is Markedly Reduced
It is widely accepted that mature DCs are less phagocytotic
compared to their immature progenitors. The degree of
reduction of phagocytosis depends on the stimuli as well
as on the DC maturation state (27–29). Thus, we aimed to
functionally compare dendritic cells that were maturated with
either LPS or NiSO4 by monitoring uptake of trinitrophenyl-
modified HSA. MoDCs maturated for 3 h with either substance
showed no significant reduced phagocytotic activity compared
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to untreated cells (Supplementary Figure 1G). However,
prolonged chemical treatment of 24 h reduced phagocytosis of
MoDCs (Supplementary Figure 1F). The degree of reduction in
phagocytotic activity was comparable for LPS and NiSO4.

LPS- and NiSO4-Treated MoDCs Induce Proliferation

of Allogenic T Cells
To test whether NiSO4 affects the ability of MoDCs to activate
T cells, we performed a mixed leukocyte reaction. Control,
LPS- or NiSO4-treated MoDCs were incubated for 4 days with
allogenic T cells, and proliferation of the latter was determined
by CFSE dilution. LPS- and NiSO4-treated MoDCs induced
stronger proliferation of T cells compared to controlMoDCswith
LPS being the more potent inducer (Supplementary Figure 4A).
These results are in concordance with the upregulation of co-
stimulatory molecules on the DC surface. As control, T cells were
incubated in the absence of MoDCs, which resulted in hardly any
proliferation compared to T cells cultured in the MLR (negative
control, data not shown) while the superantigen staphylococcal
enterotoxin B induced a strong T cell proliferation (positive
control, data not shown).

Overall, the upregulation of activation markers, expression of
inflammatory cytokines, reduced antigen-uptake and the ability
to induce T cell proliferation prove the activation of MoDCs after
treatment with NiSO4 and LPS. Thus, even if less pronounced
compared to LPS, immunological signaling induced by NiSO4

was demonstrated.

Proteomic Analysis
To analyze the underlying cellular effects and to identify
similarities and changes of LPS- and NiSO4-activated DCs, we
applied a global proteomics approach. A principal component
analysis was employed to assess the similarity of the treatment
groups. Biological replicates show little variance, indicative
for the high quality of our proteomic dataset. NiSO4-samples
cluster between LPS- and control-samples (Figure 1A), pointing
toward an intermediate cellular state of NiSO4-treated cells.
In total, more than 3,300 proteins were identified using a
label-free quantification approach (Supplementary Table 1). Of
these, the majority was identified in both treatment groups
(Figure 1B). Analysis of significantly altered proteins relative
to the control exhibited 493 significantly altered proteins by
LPS, while 402 proteins were changed by NiSO4-treatment
and 144 proteins were altered by both treatments with p
≤ 0.05 (Figure 1B). Furthermore, the z-score of each fold
change was calculated and plotted in a heat map (Figure 1C),
which allowed comparison across replicates and treatments.
Biological replicates show minimal variance, which allowed
the identification of clusters of significantly altered proteins
compared to the control. Interestingly, we observed different
clusters of upregulated proteins for NiSO4-treated cells compared
to LPS-treatments, indicating a distinct mode of action. Next,
we visualized the data using volcano plots to identify statistically
significantly regulated proteins based on their p-value compared
to the magnitude of change. As shown in Figure 1D, LPS induced

a more pronounced spread of the data. Overall, upregulation was
favored over downregulation for both chemicals.

To differentiate the effects of LPS- or NiSO4-treatment on
cellular pathways, significantly altered proteins (p ≤ 0.05) were
used to identify enriched pathways using QIAGEN’s Ingenuity
Pathway Analysis (IPA). Notably, LPS-treatment induced more
significantly enriched pathways than NiSO4 (Figure 1E). Shared
pathways between the two groups included Nrf2-mediated
oxidative stress response, CD40 signaling, triggering receptor
expressed on myeloid cells (TREM) 1 signaling and acute phase
response signaling. Pathways that were uniquely induced after
NiSO4-treatment comprised the superpathway of cholesterol
biosynthesis, the unfolded protein response and eukaryotic
initiation factor (EIF) 2 signaling.

NiSO4-Treatment Activates Nrf2 Target
Genes in MoDCs
The nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated
oxidative stress response was predicted to be highly activated
in the ingenuity pathway analysis for NiSO4-treated MoDCs.
Furthermore, this pathway was among the few pathways that
were induced much stronger by NiSO4 compared to LPS
(Figure 1E). Hence, we ought to investigate the differences
between the two stimuli concerning the Nrf2 pathway in more
detail. Gene expression of Nrf2-target genes was analyzed by
quantitative RT-PCR (Figure 2). Indeed, 4 out of 6 genes,
namely GSTO1, GSTM1, NQO1, and PRDX1, were induced
only due to NiSO4- but not after LPS-treatment. HMOX1
gene expression was more pronounced after NiSO4-treatment;
however, the effect was not statistically significant. SOD2 gene
levels were exacerbated after both treatments, rendering SOD2
the only Nrf2 target gene that was found to be significantly
upregulated after LPS-treatment. On the protein level, heme
oxygenase (HMOX) 1 was confirmed in the proteomic data set
as significantly upregulated after NiSO4-treatment. Superoxide
dismutase (SOD) 2 showed strong upregulation on protein level
after both treatments. However, only LPS induced changes were
significant. From this data, it can be concluded that NiSO4

causes a distinct oxidative stress level in MoDCs which may
strongly contribute to the activation of the cells. Thus, induction
of oxidative stress may be an additional mode of action besides
TLR4 activation in NiSO4-treated MoDCs.

NiSO4 Leads to Cholesterol Depletion but
Induces Cholesterol Biosynthesis Pathway
Pathway enrichment analysis by IPA revealed the superpathway
of cholesterol biosynthesis as one of the strongly activated
pathways after treatment of MoDCs with NiSO4 (Figure 1E).
Proteins matched to this pathway were significantly upregulated
and comprised proteins like lanosterol 14α-demethylase
(CYP51A1), hydroxymethylglutaryl-CoA synthase (HMGCS1)
and 7-dehydrocholesterol reductase. We therefore quantified
cellular cholesterol levels using the Amplex Red Cholesterol
assay and confirmed a significant depletion of cholesterol in
NiSO4-treated MoDCs (Figure 3A). The strength of this effect
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FIGURE 1 | Quantitative proteomic analysis of differentially regulated proteins in LPS- and NiSO4-treated MoDCs. (A) Principal component analysis of the five

biological replicates showing a distinct clustering of each group, (B) Venn-diagrams of total as well as significantly altered proteins in the LPS-group (blue) and

NiSO4-group (green), (C) heat map of significantly regulated proteins. Plotted are z-scores for all identified proteins, (D) volcano plots showing significantly regulated

proteins for LPS- and NiSO4-treated MoDCs compared to untreated MoDCs (p ≤ 0.05). Mean values of the log2-fold change are displayed and plotted against

–log10(p-value), red = upregulation, blue = downregulation, (E) significantly changed pathways in LPS and NiSO4-treated MoDCs. Canonical IPA pathways with a

positive z-score (red) are predicted to be activated; blue represents a negative z-score and inactivation of the pathway. Gray indicates unmatched pathways. IPA

analysis was based on proteins that were significantly changed compared to control (p ≤ 0.05). Within the IPA software, z-scores were calculated and only

experimental data of human origin was allowed. The tissue specificity was set to immune cells. Significance was calculated using Student’s t-test.

was comparable to that of cells treated with lovastatin, an
inhibitor of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
(HMGCR), which is the rate-limiting enzyme of the cholesterol
biosynthesis. In contrast, LPS did not induce changes in cellular
cholesterol levels. Based on these findings, we analyzed the gene

expression of HMGCR and sterol regulatory element-binding
protein (SREBB) 2, the regulating transcription factor of this
pathway. Both genes were found to be constantly upregulated in
NiSO4-treated MoDCs but were not induced (or even slightly
downregulated) after treatment with LPS (Figures 3B,C).
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FIGURE 2 | Expression of Nrf2-target genes in LPS- and NiSO4-treated

MoDCs. Depicted is the gene expression of glutathione S-transferase omega

(GSTO1, A), glutathione S-transferase mu (GSTM1, B), heme oxygenase

(HMOX1, C), NAD(P)H dehydrogenase (NQO1, D), peroxiredoxin (PRDX1, E)

and superoxide dismutase (SOD2, F) as measured by the qRT-PCR after

treatment of MoDCs with medium only, 2.5µg/ml LPS or 400µM NiSO4 for

24 h. Gene expression was normalized to the gene expression of the

housekeeping gene HPRT and medium control. Thereof, mean and SD are

shown (n = 3 donors). Applying the Student’s t-test, significance was

calculated to medium control (*p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤

0.001; ****p-value < 0.0001).

LPS and NiSO4 Induce Metabolic Shifts
That Lead to Hypoxic Conditions in Case
of NiSO4
Metabolic reprogramming is essential during DC maturation
since the metabolic switch from oxidative phosphorylation to
glycolysis ensures adequate energy supply to support cellular
reconstructions. Thus, we aimed to investigate the effects of
NiSO4 on the metabolism of DCs. In the proteomic data set,
proteins associated with anaerobic glycolysis were significantly
upregulated after treatment with NiSO4, including lactate
dehydrogenase (LDHA) along with the glycolytic enzymes
aldolase A (ALDOA), hexokinase (HK) 2 and 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase (PFKFB) 3. These findings
were supported by elevated expressions of proteins from the
glucose transporter (GLUT) family which facilitate the transport
of sugars. Namely, solute carrier (SLC) 2A1, SLC2A3/2A14 and
SLC2A6 expression were significantly increased after NiSO4-
treatment (Figure 4A).

In contrast, cells treated with LPS induced only upregulation
of PFKFB3 and SLC2A6. SLC2A1 was not detected, and SLC2A3

was significantly downregulated in this group (Figure 4A).
Thus, we aimed to investigate these differences in more detail
using RT-PCR. Gene expression analysis suggests different
kinetics for HK2 gene expression. Both treatments resulted
in an increasing HK2 gene expression over the first 6 h of
treatment. After 6 h a plateau was reached, which NiSO4-
treated MoDCs maintained over the investigated time. Yet, LPS-
treated MoDCs appear to counteract this gene induction leading
to subsequent downregulated expression of HK2 (Figure 4B).
Upregulation of PFKFB3 induced by LPS and NiSO4 was
verified by measuring gene expression after 24 h (Figure 4C).
Protein expression of the GLUT family proteins was confirmed
by measuring the gene expression of the respective genes
24 h after treatment (Figures 4D,E, Supplementary Figure 5B).
Stimulation of MoDCs with LPS was shown to cause metabolic
reprogramming that was mainly dependent on p38 mitogen-
activated protein kinase signaling leading to HIF1α accumulation
and elevated HK2 gene expression and activity (30). In our
study, expression of the HIF1A gene was downregulated
for both groups (Supplementary Figure 5A) but quantitative
immunoblot analysis revealed increased cellular HIF1α protein
levels after 24 h of treatment (Supplementary Figure 5C). Since
we found HK2 upregulated on protein and gene level, we
were interested in studying whether inhibition of p38 using
the inhibitor SB203580 had similar effects in LPS- and NiSO4-
stimulated cells. Indeed, CD86 expression was decreased after
inhibition of p38. However, the reduction was only significant in
LPS-treated MoDCs (Supplementary Figure 6A). Additionally,
we analyzed the effect of echinomycin-induced HIF1α inhibition
on the MoDCs. Inhibition of HIF1α induced a significant
reduction of the CD86 fluorescence signal in NiSO4- treated
cells (Supplementary Figure 6B). The pronounced dependency
of NiSO4-treated cells on HIF1α along with increased protein
levels and gene expression of glycolytic enzymes and glucose
transporters can be indicative for a prolonged stabilization of
HIF1α and hypoxia-like conditions (31).

Figure 5 summarizes the main findings of this study in a
comprehensive and visual way.

DISCUSSION

The present study aimed at elucidating the cellular mode of
action of NiSO4-stimulation in primary human MoDCs in
comparison to LPS activation. Nickel is a well-known allergen,
whereas LPS belongs to pathogen-associated molecular patterns
of Gram-negative bacteria. Both agents are known to activate
DCs by ligation to TLR4 (15, 18). As the molecular binding
mechanism is not identical (19), we studied if this may lead
to the differential regulation of allergy-specific proteins in
NiSO4-treated MoDCs. To investigate proteome alterations
and underlying mechanisms, we applied different approaches
including proteomics, quantitative RT-PCR and flow cytometry.
MoDCs generated from five individual donors were treated with
2.5µg/ml LPS or 400µM NiSO4 to induce maturation of DCs.
We confirmed maturation of MoDCs by both stimuli along with
reduced phagocytosis, secretion of immunostimulatory cytokines
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FIGURE 3 | Cellular cholesterol quantification and relative gene expression of relevant genes in LPS- and NiSO4-treated MoDCs. (A) Cellular cholesterol levels were

determined fluorometrically using the Amplex Red Cholesterol Assay kit after lipid extraction from MoDCs treated for 24 h. The fluorescence intensity was normalized

to the protein concentration of the respective sample. Cholesterol/protein-ratios were then further normalized to the untreated control. Significance to medium control

was calculated using Student’s t-test and is indicated with *p ≤ 0.05. The relative gene expression of sterol regulatory element-binding protein 2 (SREBF2, B) as well

as 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR, C) were analyzed at selected time points after treatment of MoDCs. Gene expression was measured

by qRT-PCR and normalized to the gene expression of HPRT (housekeeping gene) and medium control. Plotted are mean and SD of the normalized data (n = 3

donors). For each assay MoDCs were treated with medium only, 2.5µg/ml LPS, 400µM NiSO4 or 40µM lovastatin.

as well as induction of T cell proliferation. Overall, NiSO4-
treatment appears to elicit a phenotype comparable to LPS.

At the protein level, LPS-treated cells in our study elicited
proteins and signaling as reported previously. Arya et al. (13)
conducted a study to characterize proteomic changes induced
in MoDCs after LPS treatment. The pathways of interferon
signaling and IL-9 signaling and the proteins nuclear factor NF-
kappa-B p105 subunit (NFKB1), nuclear factor NF-kappa-B p100
subunit (NFKB2), IL-1β, TNF receptor-associated factor (TRAF)
1, E3 ubiquitin-protein ligase TRIM4, CD54, fascin and signal
transducer and activator of transcription 1 were also significantly
altered by LPS in our study. NiSO4-treatment likewise lead to
significantly altered levels of NFKB2, fascin, CD54 and TRAF1.
Hussaarts et al. (3) analyzed proteomic changes in MoDCs that
were incubated with LPS for 32 h. The authors identified TRAF1,
myristoylated alanine-rich C-kinase substrate, human leukocyte
antigen B as well as fascin as TOP4 upregulated proteins. We
could confirm these findings for LPS-treated MoDCs. However,
after NiSO4-treatment, only TRAF1 and fascin were significantly
altered. The respective TOP4 downregulated proteins in the

study by Hussaarts et al. (3) were cathepsins, ganglioside GM2
activator and macrophage mannose receptor 1, which again
were also significantly downregulated after LPS-treatment in
our proteomic data. Macrophage mannose receptor 1 was the
sole protein that was significantly downregulated after NiSO4-
treatment, too. Despite these eight proteins, also other proteins
were identified to be significantly regulated after LPS-treatment
in both studies, such as SOD2, WARS and CD54 indicating that
the maturation of MoDCs due to LPS is generally robust. In
the context of allergy, Strasser et al. (32) published a proteomic
study in MoDCs reacting to the prominent birch pollen allergen
Bet v 1. The pure recombinant allergen induced only minor
changes in MoDC. However, changes caused by birch pollen
extract were comparable to LPS induced changes. The authors
therefore suspect that Bet v 1 only displays its allergenic potential
in combination with additional danger signals such as LPS.
The data presented for the birch pollen extract and LPS show
high similarities with the data set presented here. The allergenic
pollen extract and NiSO4 induce similar IPA pathways including
Nrf2 mediated oxidative stress response, TREM1 signaling and
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FIGURE 4 | Fold change of glycolytic proteins and their respective gene expression in LPS- and NiSO4-treated MoDCs. (A) Heat map of differentially upregulated

proteins in the proteomics data set linked to glycolysis and glucose transport. Red indicates upregulation of the respective protein and blue refers to downregulation (n

= 5 donors). (B–E) Relative gene expression of hexokinase 2 (HK2, B), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3, C), solute carrier family 2

member 3 (SLC2A3, D) and solute carrier family 2 member 1 (SLC2A1, E). Gene expression was measured by qRT-PCR at indicated time points (B) or after 24 h of

treatment for (C–E). Gene expression was normalized to the gene expression of HPRT (housekeeping gene) and medium control. Mean and SD of the normalized

data are shown (n = 3 donors). Significance to medium control was calculated using Student’s t-test (ns: not significant; *p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value

≤ 0.001; ****p-value < 0.0001). MoDCs were treated with medium only, 2.5µg/ml LPS or 400µM NiSO4.

ERK/MAPK signaling. Furthermore, we were able to identify
HMOX1, SOD2, sequestosome-1, TRAF1 and nicotinamide
phosphoribosyltransferase as significantly changed due to NiSO4.
Proteomic changes induced by the investigated NiSO4 are hence
more comparable with the birch pollen extract than with the
recombinant protein itself. It can be suspected that NiSO4 does
possess the ability to induce danger signaling that Bet v 1 seems
to lack. These findings also point to TREM1 as one important
signaling pathway in the induction of an allergy.

In our study, both stimuli, LPS and NiSO4, induced protein
and gene expression changes that are characteristic for TLR4
signaling, reflected by upregulation of NFκB2 on the protein
level. NFκB signaling was identified as a crucial pathway in
DC maturation in response to NiSO4 as it is tightly connected
to the expression of maturation markers like CD40, HLA-DR,
CD86 and the secretion of pro-inflammatory cytokines like IL-
8 and IL-6 (33). Furthermore, NFκB signaling is indicative for
the activation of TLR4 by NiSO4. The central role of NFκB in

mediating the response to NiSO4 in MoDCs was also reflected
in the strong upregulation of proteins such as SAM and SH3
domain-containing protein (SASH) 1 and TRAF1 which are
known to positively regulate NFκB activity (34, 35) and which
were also significantly upregulated in our proteomic data set
for NiSO4-exposed MoDCs. Downstream of NFκB, we identified
increased gene expression for TNFα and could also show that
NiSO4 triggered elevated secretion of this cytokine along with IL-
8. Again, LPS induced more pronounced alterations, suggesting a
more substantial capacity to activate TLR4 compared to NiSO4.

One of the most distinct differences between LPS- and NiSO4-
treatment was the induction of the Nrf2-pathway after treatment
with NiSO4. Nrf2 is an important transcription factor for
cytoprotective genes. Under normal conditions, Nrf2 is located
in the cytoplasm where it is associated with a protein complex
including the kelch-like ECH-associated protein (KEAP) 1.
KEAP1 continually promotes ubiquitination and proteasomal
degradation of Nrf2 (36). Electrophilic and oxidative stress
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FIGURE 5 | Summarizing Figure. Cellular effects of two TLR4-activators on MoDCs: LPS (A) and NiSO4 (B). (A) LPS-treatment induced a metabolic shift toward

glycolysis and a weak Nrf2-dependent stress response. IPA pathway analysis revealed a strong upregulation of interferon signaling. (B) NiSO4-treated cells showed a

distinct upregulation of glycolytic enzymes both on mRNA and protein level, suggesting metabolic reprogramming and hypoxia-like conditions. The metal allergen

NiSO4 also triggered a pronounced Nrf2-dependent stress response that culminated in upregulation of Nrf2-target genes. Most strikingly, NiSO4 induced a cellular

cholesterol depletion in MoDCs, which was reflected in the upregulation of genes and proteins involved into cholesterol biosynthesis. We speculate that haptenation to

other cellular proteins than TLR4 also contributed to the observed changes. A blue arrow indicates downregulation and red arrows indicate upregulation. A

pronounced change is indicated by two arrows.

induces a conformational change in KEAP1 which suppresses
Nrf2 ubiquitination and enables translocation of Nrf2 to the
nucleus. In the nucleus, Nrf2 binds to antioxidant-responsive
elements and induces transcription of target genes (37). Nrf2-
dependent stress response was identified as a major player in
the immunological reaction to allergens (38). Specifically, the
high relevance of Nrf2 during skin sensitization was reflected
in the upregulation of target genes like HMOX1 and NAD(P)H
dehydrogenase [quinone] (NQO) 1 at the protein level in CD34-
derived dendritic cells and THP-1 cells (39). A prior proteomic
study of our lab used Nrf2 knockout mice for the identification
of potential biomarkers for skin sensitization among them
HMOX1 and PRDX1 (40). Previously, activation of Nrf2 due
to treatment with NiCl2 was shown in monocytic THP-1 cells
(41). Our findings also underline the importance of Nrf2 in
response to NiSO4 since the Nrf2 stress response signaling was
identified as highly activated pathway using IPA analysis. In
this context, we were able to identify significantly increased
gene expression levels for the Nrf2 target genes peroxiredoxin
(PRDX) 1, SOD2, NQO1, glutathione S-transferase (GST) M1
and GSTO1 as well as elevated protein levels of SOD2 and
HMOX1. Besides NiSO4, LPS is also able to induce oxidative
stress in dendritic cells which is believed to support the
maturation of the cells (42, 43). We identified SOD2 as strongly
upregulated protein after treatment with LPS which was verified
by quantitative RT-PCR. Proteomic upregulation of SOD2 after
LPS-treatment was also reported by Hussaarts et al. (3). Thus,

Nrf2-dependent proteins play a major role during cellular
response to an allergen. However, biomarker candidates from
this group of proteins have to be selected carefully since other
substances like LPS that induce DC maturation also regulate
Nrf2-dependent proteins.

The induction of TLR4 signaling pathways by binding of
nickel undoubtedly contributed to the activation of the cells as
proposed by Schmidt et al. (18). However, Vennegaard et al. (44)
showed that sensitization to Ni2+ occurs independent of TLR4
in mice. MyD88-dependent and IL-1-related pathways mediated
the immunological reaction to Ni2+ in their in vivo model. In
our study with human MoDCs, we found significantly elevated
secretion levels of IL-1β after treatment with NiSO4, which may
be indicative for an involvement of IL-1-related pathways during
sensitization to NiSO4. We also believe that the haptenation
of nickel to other cellular proteins led to the induction of a
distinct oxidative stress response which eventually resulted in
cellular activation and the observed proteomic phenotype of the
MoDCs. The haptenation mechanisms of metal allergens remain
to date under-investigated. Yet, nickel was shown to bind to
a broad range of cellular proteins, including many heat shock
proteins and cytoskeletal proteins (45, 46). Binding of nickel
to serum albumin was shown to bypass antigen-processing of
antigen-presenting cells by a transfer of the Ni2+-ion to peptide-
major histocompatibility complexes inducing subsequent T cell
activation (45). Due to the modus operandi in this study, further
nickel-interacting proteins could not be detected.
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IPA results revealed the superpathway of cholesterol
biosynthesis as strongly induced due to NiSO4- but not after
LPS-treatment. NiSO4-treated MoDCs exhibited significantly
reduced cellular cholesterol levels which were accompanied by
upregulation of genes and proteins involved in the cholesterol
biosynthesis. Cellular cholesterol homeostasis is a delicate
equilibrium. Under cholesterol deficiency, sterol response
element-binding proteins (SREBP) become activated and
subsequently activate genes of the mevalonate pathway like
HMGCR to fuel cholesterol accumulation (47). Changes
in cholesterol levels can lead to fatal effects with major
impacts on DCs role in immunity. Disrupted cholesterol
homeostasis may affect DC differentiation and maturation,
antigen presentation, migration, as well as priming of T cells
(48). During DC maturation cholesterol highly supports the
synthesis of membranes needed for cellular expansion. Especially
the formation of lipid rafts in the cell membrane is sensitive to
changed cholesterol levels. Since TLR ormajor histocompatibility
complexes are located in these rafts, receptor-induced signaling
like NFκB- or IFN-signaling is directly affected upon perturbed
cholesterol levels (48–51). Excessive cholesterol biosynthesis
may also be a cellular mechanism to restore and maintain
cell membranes. Cholesterol decreases membrane fluidity and
therefore stabilizes the latter (52).

Cholesterol is also known to play a pivotal role in cellular
stress response and during hypoxia. Under hypoxic conditions,
sterol levels were depleted in the yeast Saccharomyces pombe,
which was counteracted by activation of Sre1 (the analog of
SREBPs in eukaryotes) until normal levels of sterol synthesis
were again reached after a few hours (53). In our experiment,
the gene expression of SREBP and HMGCR was continuously
upregulated in NiSO4-treated cells. Thus, potentially being
a compensatory effect for the cellular cholesterol depletion
induced by NiSO4. A recently published study on the lipid
composition in maturated human MoDCs, revealed that mature
MoDCs are stiffer than their immature progenitors. These
findings were explained by an altered lipid class composition in
mature MoDCs. Strikingly the performed lipidomic analysis also
disclosed reduced cholesterolester levels in mature MoDCs (54),
which supports our findings of cellular cholesterol depletion.
However, the role and fate of cholesterol during DC maturation
is to date not fully understood.

We suspect that diminished cellular cholesterol levels can be
explained by the formation and secretion of extracellular vesicles.
Extracellular vesicles were proven to play a pivotal role in allergy
and immunity in general (55). Exosomes of dendritic cells may
transport allergens and thereby activate T cells (56). Another
example for the relevance of DC exosomes is their use as vaccine
in cancer immunotherapy (57). Taken together, the impact of
NiSO4 on the cellular fate of cholesterol is an exciting target
for future research. Hence, we already conducted a subsequent
proteomic experiment to unravel whether the observed changes
in cholesterol biosynthesis are unique for NiSO4. Appling a stable
isotope labeling with amino acids in cell culture (SILAC), we
analyzed the effects of organic allergens, including the strong
allergens p-benzoquinone and 2,4-dinitrochlorobenzene, on the
proteome of THP-1 cells. THP-1 cells are validated for usage

within the human Cell Line Activation Test to assess skin
sensitizers (26). We were able to confirm the upregulation
of pathways connected to the cholesterol biosynthesis after
treatment of THP-1 cells with all contact sensitizers tested
(unpublished data). These data support the evidence presented in
our study in MoDCs and underline the need for further research
in this field which may eventually lead to a better understanding
of cellular mechanisms in the context of ACD.

Due to strict search criteria for the IPA pathway analysis,
no metabolic pathways were identified as significantly regulated.
However, as already described in the literature, phenotypic
alterations and cellular reconstruction during DC maturation
are supported by a metabolic reprogramming, i.e. cellular
metabolism is shifted from oxidative phosphorylation toward
glycolysis which fuels the cells with sufficient energy. The
metabolic shift toward glycolysis is triggered by strong and weak
DC activators likewise and is essential for DC migration (58).
However, long-term dependency on glycolysis was only induced
by potent DC activators and is achieved by HIF1α stabilization
(59, 60). As reported before, LPS triggered a metabolic shift
toward glycolysis by increasing the gene expression of HK2
(30). Although protein levels of HK2 were not significantly
changed due to LPS, HK2 was one of the proteins with
the most pronounced differential expressions after NiSO4-
treatment. HK2 protein expression was significantly altered and
3.4-fold upregulated, respectively. Additionally, we identified
another protein supporting the shift toward glycolysis: PFKFB3
was significantly upregulated after LPS- and NiSO4-treatment.
PFKFB3 is a kinase producing fructose 2,6-bisphosphate which
is an allosteric activator of the phosphofructokinase, a bottleneck
enzyme in the glycolysis. PFKFB3 was reported to increase
glycolytic activity in cells in the context of the Warburg effect
(61) as well as after LPS stimulation of macrophages (60). As the
PFKFB3 gene promotor possesses a binding site for HIF1α (62),
it is also induced under hypoxic and hypoxia-like conditions, e.g.
triggered by Co2+ (63).

The findings, as mentioned above, can be matched to the
proteomic data generated from MoDCs treated with NiSO4.
However, NiCl2 was reported to induce distinct hypoxia-
like conditions via induction of HIF1α (64, 65). Accordingly,
increased gene expression for glycolytic enzymes like HK2,
LDHA and SLC2A1 was reported (66). These proteins were also
significantly changed after treatment of MoDCs with NiSO4 in
our study, and additionally, elevated protein levels of HIF1αwere
detected. MoDCs stimulated with NiSO4 were more sensitive
to HIF1α-inhibition than cells stimulated with LPS. NiSO4 and
cobalt are known to induce TLR4-dependent IL-8 production,
which is defined as a key event for skin sensitization. However,
both metals also elicit hypoxia. Asakawa et al. (67) showed
that NiCl2 binds to heat shock protein 90β in THP-1 cells and
thus increases the activity of HIF1α. Elevated HIF1α activity
eventually resulted in elevated IL-8 expression. TREM1 protein
expression and IL-8 secretion were both previously reported to
be increased under hypoxic conditions (68). We could show that
NiSO4-treated MoDCs also induced TREM1 signaling as well
as IL-8 secretion. Additionally, Viemann et al. (65) described
a central role of HIF1α in endothelia cells in response to
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nickel. Besides pro-inflammatory signaling by NFκB, HIF1α
was identified as a central inducer of genes that act on cell
survival and metabolism. Hypoxia and HIF1α were found to be
elementary drivers during DC activation and thereby enhancing
the immunological response of the latter. Precisely, hypoxia
was shown to enhance pro-inflammatory signaling, cellular
glucose metabolism as well as cell surface maker expression in
mouse-derived DCs. This eventually resulted in an amplified
ability to stimulate T cell proliferation (59). We could confirm
the metabolic shift in NiSO4-treated cells along with the
upregulation of important cell surface makers and the ability
to stimulate lymphocyte proliferation. Hence, the induction
of a pronounced hypoxia by NiSO4 contributed strongly to
the immunological response of the MoDCs. However, more
data is needed to allow distinct discrimination between TLR4-
dependent and hypoxia-induced proteins in NiSO4-treated
MoDCs. Furthermore, the pronounced Nrf2-mediated stress
response may also favorably contribute to HIF1α-dependency
in NiSO4-treated MoDCs since Nrf2 directly regulates HIF1α
gene expression (69).

CONCLUSION

In the present work, we extensively studied the activation of
MoDCs by mass spectrometry-based proteomics. We aimed to
elucidate the cellular mode of action of NiSO4-induced MoDC
maturation concerning nickel allergy by comparing MoDC
activation induced by NiSO4 to the well-studied bacterial LPS.
Overall, the results for LPS-treated MoDCs are in concordance
with literature data, confirming that our technical approach
detects DC activation as such. NiSO4-treated cells upregulated
relevant activation markers, such as CD83 and CD86, and
pathways that point toward signaling in immunology, like CD40
and TREM1 signaling. However, the immunological response
triggered by NiSO4 is partly overshadowed by oxidative stress
that is potentially caused by the metallic character of Ni2+. This
implicates a subordinate role of TLR4-activation and -signaling
in NiSO4-activated MoDCs for the chosen experimental settings.
NiSO4-induced oxidative stress is likely the responsible event
upstream of the upregulation of Nrf2-target genes, as detected
at mRNA as well as at protein level. The metabolic shift observed
for NiSO4-treatedMoDCs resembles that of LPS-treatedMoDCs.
Nevertheless, prolongation of the upregulation of detected
glycolytic enzymes, in connection with elevated HIF1α levels,
suggest a hypoxia-like cellular state, which is remarkably different
from LPS-induced effects. The link between cellular cholesterol

depletion and activation of DCs triggered by NiSO4 remains to
be elucidated by future studies.

Taken together, our study suggests immunostimulatory and
cytotoxic effects of NiSO4 leading to DC activation, and possibly
culminating in sensitization to nickel in vivo. Our results
illuminate the phenotype of activated DCs during sensitization
to an allergen and thereby enhance our understanding of nickel-
induced molecular pathways.
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A B S T R A C T   

Allergic contact dermatitis (ACD) is the predominant form of immunotoxicity in humans. The sensitizing po-
tential of chemicals can be assessed in vitro. However, a better mechanistic understanding could improve the 
current OECD-validated test battery. The aim of this study was to get insights into toxicity mechanisms of four 
contact allergens, p-benzoquinone (BQ), 2,4-dinitrochlorobenzene (DNCB), p-nitrobenzyl bromide (NBB) and 
NiSO4, by analyzing differential proteome alterations in THP-1 cells using two common proteomics workflows, 
stable isotope labeling by amino acids in cell culture (SILAC) and label-free quantification (LFQ). Here, SILAC 
was found to deliver more robust results. Overall, the four allergens induced similar responses in THP-1 cells, 
which underwent profound metabolic reprogramming, including a striking upregulation of the TCA cycle 
accompanied by pronounced induction of the Nrf2 oxidative stress response pathway. The magnitude of in-
duction varied between the allergens with DNCB and NBB being most potent. A considerable overlap between 
transcriptome-based signatures of the GARD assay and the proteins identified in our study was found. When 
comparing the results of this study to a previous proteomics study in human primary monocyte-derived dendritic 
cells, we found a rather low share in regulated proteins. However, on pathway level, the overlap was high, 
indicating that affected pathways rather than single proteins are more eligible to investigate proteomic changes 
induced by contact allergens. Overall, this study confirms the potential of proteomics to obtain a profound 
mechanistic understanding, which may help improving existing in vitro assays for skin sensitization.   

1. Introduction 

Developing alternative testing strategies for chemical safety testing 
has been an overarching topic in regulatory toxicology for decades. The 
strict ban on animal testing for cosmetic ingredients in the European 
Union (EC, 2009) has led to great advances in this field. For simple 

toxicological endpoints, such as skin irritation or skin corrosion, several 
test guidelines accepted by the Organization for Economic Co-operation 
and Development (OECD) have been available for a long time. The more 
complex endpoints like skin sensitization remained challenging as 
multiple key events had to be identified and covered by test systems. The 
Adverse Outcome Pathway (AOP) that the OECD published for skin 

Abbreviations: ACLY, ATP-citrate synthase; ACN, acetonitrile; AOP, adverse outcome pathway; BIN2, bridging integrator 2; BQ, p-benzoquinone; COX, cyto-
chrome c oxidase; DC, dendritic cell; DMSO, dimethyl sulfoxide; DNAAJA, DnaJ homolog subfamily A member; DNAJC, DnaJ homolog subfamily C member; DNCB, 
2,4-dinitrochlorobenzene; EPHX, epoxide hydrolase; FC, fold change; GARD, Genomic Allergen Rapid Detection; GCLM, glutamate-cysteine ligase; GSR, glutathione 
reductase; h-CLAT, human Cell Line Activation Test; HMGCS, hydroxymethylglutaryl-CoA synthase; IDH, isocitrate dehydrogenase; KE, key event; LFQ, label-free 
quantification; MGST, microsomal glutathione S-transferase; NBB, p-nitrobenzyl bromide; NDUF, NADH dehydrogenase; Ni, NiSO4; NQO, NAD(P)H dehydrogenase 
(quinone); OXPHOS, oxidative phosphorylation; PCA, principal component analysis; PPP, pentose phosphate pathway; SOD, superoxide dismutase; SUCNR, succinate 
receptor 1; TOMM40, mitochondrial import receptor subunit TOM40 homolog; TXNRD, thioredoxin reductase; WO, with out. 
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sensitization in 2012 (OECD, 2014) paved the way for several alterna-
tive test methods, each addressing key events (KEs) of the AOP, ulti-
mately leading to the Defined Approach released by OECD in 2021 
(OECD, 2021). The skin sensitization AOP starts from the haptenation of 
allergens with proteins in the skin as the molecular initiating event, 
which can be assessed in chemico using the direct peptide reactivity assay 
(Gerberick et al., 2004; OECD, 2022a). The next KEs are the cellular 
activation of keratinocytes and dendritic cells (DC), which can be 
evaluated in vitro (OECD, 2022b, 2022c). The KeratinoSens™ is vali-
dated for estimating keratinocyte activation based on the gene expres-
sion of the antioxidant response element as well as Nrf2 (Emter et al., 
2010; OECD, 2022b), and activation of DCs can be determined based on 
the expression of selected cell surface proteins. The human cell line 
activation test (hCLAT) for example utilizes upregulation of CD54 and 
CD86 on THP-1 cells as a measure for DC activation after exposure to 
sensitizing chemicals (Ashikaga et al., 2006; OECD, 2022c). Activated 
DCs then migrate to the lymph nodes, where they present the hapten to 
naïve T cells, inducing their activation and proliferation. T cell prolif-
eration in the lymph nodes was recognized in the AOP as the organ 
response. However, to date no validated alternative test method for the 
assessment of T cell activation exists. 

Despite these substantial achievements, the currently available 
alternative test methods for skin sensitization have several limitations. 
For example, pre- and prohaptens are difficult to predict since some test 
systems lack the metabolic competency to convert the chemicals into 
their reactive metabolite. For instance, in chemico methods like the 
direct peptide reactivity assay entirely lack metabolic activity and also 
cell-based test systems like the hCLAT were shown to have limitations 
regarding metabolic activation of substances (Gerberick et al., 2004; 
Ashikaga et al., 2010; Fabian et al., 2013; Oesch et al., 2014). Also, most 
assays are not designed for the testing of lipophilic compounds (Ger-
berick et al., 2007; Ashikaga et al., 2010; Takenouchi et al., 2013). 
Furthermore, the accurate potency classification of sensitizers is not yet 
fully resolved (Nukada et al., 2013; Jaworska et al., 2015; Reisinger 
et al., 2015). Thus, further work is needed. In particular a more detailed 
mechanistic understanding can be helpful, as the current methods pro-
vide only very limited insights into the underlying modes of action. For 
this purpose, omics approaches are especially well suited as they deliver 
comprehensive mechanistic insights. To date, mostly transcriptomics 
was used to characterize cellular changes induced by contact allergens 
in patient's biopsies as well as in vitro (Johansson et al., 2011; Dhingra 
et al., 2014; Lefevre et al., 2021), which also led to the development of 
the GARD (Genomic Allergen Rapid Detection) assay. The GARD assay 
comprises a signature of 200 transcripts that allows to discriminate 
between contact allergens and non-allergens (Johansson et al., 2013). 
The identity of the discriminating genes is disclosed but further infor-
mation (e.g. direction of regulation) has not been published. Recently, 
the GARD assay underwent official validation and became an OECD test 
guideline for skin sensitization (OECD, 2022c). In contrast to tran-
scriptomics, the potential of proteomics has not been fully exploited, yet. 
Proteomics is typically applied to identify cellular haptenation sites 
(Parkinson et al., 2014; Guedes et al., 2016; Parkinson et al., 2018; 
Parkinson et al., 2020), while proteomic studies that aim to unravel 
cellular changes in allergen-treated DCs remain scarce (as reviewed by 
Höper et al., 2017). DCs play a major role during skin sensitization as 
they act as link between adaptive and innate immune system and 
thereby commence the cell-mediated allergic immune response. Expo-
sure of DCs to contact allergens induces maturation accompanied by 
reconstruction of the cell organelles and membranes. Upregulation of 
protein expression serves the elevated energy demand necessary for 
maturation as well as the crosstalk with other immune cells, particularly 
T cells. Hence, our aim was to conduct a comprehensive proteomic study 
to unravel regulated proteins. For this purpose, we selected THP-1 cells, 
since this is the utilized cell model in the OECD-validated hCLAT assay. 
THP-1 cells were treated with the four contact allergens, p-benzoqui-
none (BQ), 2,4-dinitrochlorobenzene (DNCB), p-nitrobenzyl bromide 

(NBB) and NiSO4 (Ni) to assess whether the different allergens induce 
similar proteins and pathways in the cells, which could potentially be 
used as a predictive protein-based signature for skin sensitization. As we 
expected that potent allergens most likely induce more alterations 
compared to moderate or weak allergens, we intentionally selected 
DNCB, BQ and NBB, which have been classified as extreme sensitizers in 
the LLNA (Gerberick et al., 2005). The potency of nickel salts is ranked 
as weak to moderate, yet nickel is the most prevalent allergen in the EU 
(Oosterhaven et al., 2019). In addition, nickel appeared relevant to us as, 
in contrast to other allergens, it can directly interact with and bind to the 
TLR4 and, therefore, does not rely on indirect receptor activation 
(Martin et al., 2011). Furthermore, we applied and compared two 
common proteomic quantification approaches, SILAC (stable isotope 
labeling by amino acids in cell culture) and LFQ (label-free quantifica-
tion). SILAC is a very common approach for cell cultures and is 
considered a very robust quantification technique (Li et al., 2012). LFQ 
was included as it is frequently used due to its wide range of applica-
tions. Moreover, we used this approach in our previous proteomics study 
in primary human dendritic cells (Höper et al., 2021). As debates in the 
scientific community are still ongoing whether THP-1 cells are a good 
model to properly mimic responses of DCs, we also compared the pro-
teomic data derived from this study to the ones obtained in primary 
human DCs earlier (Höper et al., 2021). 

2. Material and methods 

Unless otherwise stated, all chemicals were purchased from Sigma- 
Aldrich. Phosphate buffered saline (PBS, P04–36500), RPMI 1640 
(P04–17500), HEPES (P05–01100), sodium pyruvate (P04–43100), L- 
glutamine (P04–80100) and penicillin-streptomycin (P06–07100) were 
purchased from PAN. 

2.1. Cell culture 

THP-1 cells were purchased from Leibniz Institute DSMZ-German 
Collection of Microorganisms and Cell Cultures (Braunschweig, Ger-
many). Cells were grown in RPMI 1640 media supplemented with 10% 
(v/v) fetal bovine serum (Merck, S0615), 10 mM HEPES, 2 mM L- 
glutamine (2 mM), sodium pyruvate (1 mM) and penicillin/strepto-
mycin (100 U/ml) at 37 ◦C in an incubator with 5% CO2. Every 3 to 4 
days, cells were passaged and seeded at 1 × 105 cells per ml in T75 
flasks. 

2.2. Cell culture for SILAC experiments 

For SILAC experiments, cells were grown in SILAC RPMI media 
(Thermo Fisher Scientific, A33823) supplemented with 10% (v/v) dia-
lyzed fetal bovine serum (Thermo Fisher Scientific, 26400044) and 
isotope labeled amino acids. Medium control cells were grown in me-
dium containing 13C6-L-lysine (Silantes, 211204102) and 13C6-L-argi-
nine (Silantes, 201204102). Chemical-treated cells as well as vehicle 
controls were cultured in medium containing the light amino acids 12C6- 
L-lysine (Silantes, 211003902) and 12C6-L-arginine (Silantes, 
201004102), respectively. Complete incorporation of the amino acids 
after 7 days was verified beforehand and cells were treated as mentioned 
below. 

2.3. Chemical treatment 

Cells were seeded in 6-well plates with a density of 1 × 106 cells per 
well and immediately treated for 24 h with 400 μM Ni (31483), 20 μM 
BQ (B10358), 10 μM DNCB (237329) or 2 μM NBB (N13054). The metal 
allergen Ni was dissolved in cell culture medium, whereas the other 
organic allergens were dissolved in dimethyl sulfoxide (DMSO, Merck, 
D2438). The stock solutions were diluted in medium and the final DMSO 
concentration in the cell suspension was <0.2% (v/v). DMSO 
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concentrations were in accordance with maximum levels allowed in 
OECD TG 442 E (OECD, 2022c). Medium-only treated cells were 
included as control and DMSO-treated cells were used as vehicle 
controls. 

2.4. Viability assessment 

Cell viability was assessed by flow cytometry. Cells were harvested, 
centrifuged (5 min, 300 xg, RT) and washed with PBS. Staining for flow 
cytometry was performed for 30 min at 4 ◦C using fixable near-IR dead 
cell stain (Thermo Fisher Scientific, L34976). Data were acquired using a 
FACSAria III flow cytometer (BD Biosciences) and analyzed with FlowJo 
software (V.10.7.1, FlowJo LLC, Ashland, OR, United States). 

2.5. Proteome analysis 

2.5.1. Cell harvest and lysis 
After 24 h of treatment, cells were harvested by centrifugation (5 

min, 300 xg, RT). Cell pellets were washed twice with ice-cold PBS, and 
the washed cells were lysed in 100 μl lysis buffer per 106 cells. The lysis 
buffer was composed of 150 mM NaCl (S7653-250G), 10 mM TRIS pH 
7.2 (T1503-250G), 5 mM EDTA (E5134-250G), 0.1% (v/v) SDS 
(436143-25G), 1% (v/v) Triton X-100 (T8787-100ML), 1% (v/v) so-
dium deoxycholate (30970-100G), 200 μM phenylmethylsulfonyl fluo-
ride (P7626-1G), 1 mM sodium orthovanadate (S6508-10G) and 
cOmplete protease inhibitor cocktail (Roche, 1.167.498.001). Cells were 
thoroughly vortexed, incubated on ice for 15 min and sonicated to shear 
DNA. Subsequently, the samples were centrifuged (10 min, 16,000 g, 
4 ◦C), and the supernatant was collected. The protein concentration of 
the supernatant was determined using Pierce BCA protein assay 
(Thermo Fisher Scientific, 23225). For SILAC experiments, equal protein 
numbers of treated and control cells were combined in a fresh tube. 

2.5.2. Sample preparation 
For each sample condition, 30 μg protein were diluted in 100 mM 

triethylammonium bicarbonate buffer (T7408). Proteins were reduced 
using 200 mM tris(2-carboxyethyl)phosphine (Serva, 36970.01) and 
subsequently alkylated with 375 mM iodoacetamide (Serva, 26710.02). 
For tryptic digestion of the proteins, the lysis buffer was removed using 
SpeedBeads™ magnetic carboxylate modified particles (SP3 beads, GE 
Healthcare, 65152105050250). Organic concentration of the samples 
was adjusted to >50% (v/v) acetonitrile (ACN, 1000292500) to enable 
binding of the proteins to the beads. The beads were washed twice with 
70% (v/v) ethanol (1117272500) and once with ACN. Proteins were 
digested using trypsin (1:50 ratio, Promega, V5117) in 50 mM ammo-
nium bicarbonate buffer. After tryptic digestion, the aqueous superna-
tant containing the peptides was collected and transferred to a fresh 
tube. The beads were washed with 50 mM ammonium bicarbonate and 
the supernatant was collected into the same tube as before. Peptides 
were then prepared for LC-MS analysis using solid phase extraction 
cartridges (Waters, 186000383), vacuum-dried and reconstituted in 
0.1% (v/v) formic acid (00940) prior to measurement. 

2.5.3. LC-MS/MS 
An UPLC system (Ultimate 3000, Dionex, Thermo Fisher Scientific) 

coupled to a Q Exactive HF (Thermo Fisher Scientific) was used to 
analyze the samples as described previously for LFQ (Wang et al., 2020). 
Peptides were injected to an Acclaim PepMap 100 C18 trap column (3 
μm, nanoViper, 75 μm × 5 cm, Thermo Fisher Scientific, PN164535) at a 
flow rate of 5 μl/min using a loading eluent composed of 2% (v/v) ACN 
and 0.05% (v/v) trifluoroacetic acid (Biosolve, 202341A8) in water. 
Peptides were subsequently separated by a 150 min non-linear gradient 
from 0 to 80% (v/v) ACN in 0.1% (v/v) formic acid on a reversed-phase 
column (Acclaim PepMap 100 C18, 3 μm, nanoViper, 75 μm × 25 cm, 
Thermo Fisher Scientific, PN164569). Ionization was performed with a 
chip-based ESI source (Nanomate, Advion, Ithaca, NY, United States). 

The MS1 scans were acquired at a resolution of 120 K in a range of 
350–1550 m/z. AGC target was set to 3 × 106 with a maximal injection 
time of 10 ms. MS2 data acquisition was based on a Top 10 approach 
with an isolation window of 1.4 m/z. Peptides were fragmented at 
normalized collision energy of 28, and the fragment ion spectra were 
acquired at a resolution of 15 K using AGC target of 2 × 105 and maximal 
IT of 100 ms. Dynamic exclusion was set to 20 s. All spectra were ac-
quired using XCalibur (Version 4.2). 

2.5.4. Data analysis 
MaxQuant Version 1.6.2.10 (Cox et al., 2014) was used to process the 

raw MS data using the default parameters if not indicated otherwise. For 
peptide identification, a database search against the Homo sapiens Uni-
ProtKB reference proteome (07-10-2021) was performed. Carbamido-
methylation of cysteine was set as fixed, whereas oxidation of 
methionine and acetylation of protein N-terminus were set as variable 
modifications. Protein identification was performed applying a false 
discovery rate ≤ 0.01 to proteins, with a minimum of two peptides and 
at least one unique peptide. The protein quantification was performed 
on the basis of two unique peptides. Match between runs was activated. 
Protein contaminants, identification only by site and reverse hits were 
excluded before further use. SILAC and LFQ protein intensities were 
processed, and results were visualized in R-3.5.0 using the following 
packages: plyr (Wickham, 2011), reshape2 (Wickham, 2007), xlsx 
(Adrian and Cole, 2018), DEP (Zhang et al., 2018), mixOmics (Rohart 
et al., 2017), pheatmap (Kolde, 2019), ggsci (Nan, 2018), circlize (Gu, 
2014), calibrate (Jan, 2019), ggplot2 (Hadley, 2016), dendsort (Sakai, 
2015), readxl (Hadley and Jennifer, 2019), qpcR (Andrej-Nikolai, 
2018), splitstackshape (Ananda, 2019), tidyr (Hadley and Lionel, 2019), 
and Tmisc (Stephen, 2019) Accordingly, the data were Log2- 
transformed, filtered for proteins that were quantified in a minimum 
of three replicates under at least one condition, followed by variance- 
stabilization. Fold changes (FCs) were calculated relative to medium 
control. For SILAC, p-values were calculated using Student's t-test based 
on the Log2(FC) of the replicates tested against 0. For LFQ samples, p- 
values were calculated relative to medium control replicates. P-values 
were adjusted according to Benjamini and Hochberg. Proteins with an 
adjusted p-value ≤0.05 were considered regulated. 

2.5.5. Pathway enrichment 
Enriched pathways were identified using Ingenuity Pathway Anal-

ysis (IPA) (Qiagen, 2023; Krämer et al., 2013), considering regulated 
proteins (adjusted p-value ≤0.05). For this purpose, the database was 
filtered for human data, and the tissue specificity was set to immune 
cells. Obtained z-scores reflect the regulation direction and Benjamini 
and Hochberg adjusted p-values indicate significance of enrichment. 
Pathways were considered significantly enriched with adjusted p-value 
≤0.05. 

3. Results 

3.1. SILAC quantification outperforms LFQ with respect to the number of 
regulated proteins 

The aim of this study was to obtain novel insights into proteomic 
changes during cellular activation of contact allergen-treated THP-1 
cells exposed to 20 μM BQ, 10 μM DNCB, 2 μM NBB or 400 μM Ni for 24 
h. Cell viability was ensured to be at least 75% (Supplementary Fig. 1), 
in concordance with the CV75 value of the h-CLAT assay (OECD, 2022c). 
First, we compared two untargeted proteomics approaches, SILAC and 
LFQ, regarding their potential to identify regulated proteins. 

Overall, 1997 and 2200 proteins were reliably quantified using 
SILAC and LFQ, respectively, of which 1904 proteins were identified by 
both methods (Fig. 1A). A principal component analysis (PCA) of SILAC- 
quantified proteins revealed that proteomic changes induced by the 
contact allergens DNCB and NBB led to a clear separation from vehicle 
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controls (DMSO). Separation of Ni-treated cells from controls and other 
treatments was distinct (Fig. 1B). LFQ also resulted in a separation of the 
allergens DNCB, NBB and Ni from controls. BQ-treated cells clustered in 
between. Overall, separation of the different treatments was not as clear 
compared to SILAC quantification (Fig. 1C). Next, regulated proteins 
(adjusted p-value ≤0.05) were determined, and comparing the distri-
bution of Log2(FCs) and -Log10(adjusted p-values) for SILAC (Fig. 1D) 
and LFQ data (Supplementary Fig. 2A), it was noted that Log2(FC) 
ranges were smaller in SILAC data than in LFQ data. Notably, a high 
reproducibility and treatment-specific cluster formation of regulated 
proteins was observable with both methods (SILAC: Fig. 1E, LFQ: Sup-
plementary Fig. 2B). Again, DNCB- and NBB-induced clusters differed 
clearly from control cells, whereas BQ-induced proteins predominantly 
clustered with control cells. Ni-treatment induced clusters that differed 
from controls as well as the other treatments. Interestingly, when 

comparing the numbers of regulated proteins, we found that SILAC 
resulted in a higher percentage for each treatment (Fig. 1F) and also a 
higher number of regulated proteins in at least one treatment than LFQ 
(Fig. 1G). Although 643 proteins were regulated in both SILAC and LFQ 
data, the majority of regulated proteins (1017) were identified exclu-
sively in SILAC data (Fig. 1G). 

Overall, the allergens clearly induced effects, which were detectable 
using SILAC and LFQ. Since SILAC yielded more regulated proteins 
(Fig. 1G) and showed a clearer separation of treatments (Fig. 1B), we 
decided to focus on SILAC data for subsequent analyses. Nevertheless, 
corresponding LFQ results are available in the supplementary material. 

Fig. 1. Quantitative proteomic analysis in THP-1 cells treated with skin sensitizers. THP-1 cells were treated with the allergens BQ, DNCB, NBB or Ni. DMSO (solvent 
control) and medium only (WO) samples were used as controls. The number of quantified proteins is displayed in (A). PCA revealed general differences between 
treated cells and controls for SILAC (B) and LFQ (C) data. Volcano plots showing Log2(FCs) and –Log10(adjusted p-values) of allergen-treated THP-1 cells indicated 
changes induced by the allergens tested here. Numbers of regulated proteins (adjusted p-value ≤0.05; up: Log2(FC) > 0, red; down: Log2(FC) < 0, blue) are provided 
in the corners (D). Clustering of regulated proteins was determined using z-scored replicate data (E). Percentages of regulated proteins were compared for SILAC and 
LFQ data (F). Regulated proteins shared between SILAC and LFQ data were determined (G). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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3.2. Contact allergen-exposed THP-1 cells show pronounced metabolic 
reprogramming 

Next, an IPA pathway analysis was employed for regulated proteins 
(adjusted p-value ≤0.05) to gain functional insights into the effects of 
contact allergens on the pathway level. The majority of the significantly 
(adjusted p-value ≤0.05) enriched IPA pathways (74) was shared for 
SILAC and LFQ but again SILAC outperformed LFQ as more pathways 
were found significantly enriched (Fig. 2A). Among the TOP 30 signif-
icantly enriched pathways identified using SILAC, most pathways were 
regulated uniformly by the four allergens tested (Fig. 2B). The magni-
tude of induction varied with DNCB and NBB being the most potent 
inducers of cellular response mechanisms. Interestingly, five pathways 
were directly related to cellular metabolism: Oxidative phosphorylation 
(OXPHOS), gluconeogenesis, TCA cycle and pentose phosphate pathway 

were upregulated, pointing towards an increased cellular energy de-
mand. β-oxidation of fatty acids was significantly upregulated after 
treatment with DNCB, NBB and Ni but was downregulated in BQ-treated 
cells (Fig. 2B). Of these pathways, OXPHOS was strongly upregulated 
after contact allergen exposure of the THP-1 cells (Fig. 2B). OXPHOS 
serves to supply the cell with ATP produced by a series of five protein 
complexes in the inner mitochondrial membrane. Several isoforms and 
subunits of the enzymes belonging to the electron transport chain were 
found to be upregulated, including NADH dehydrogenase (NDUF, 
complex I), cytochrome c oxidase (COX, complex IV) and ATP synthase 
(ATP, complex V) (Fig. 2C). Furthermore, the TCA cycle was highly 
affected (Fig. 2B). The conversion of isocitrate to α-ketoglutarate is the 
rate-limiting step of the TCA cycle and is catalyzed by the enzyme iso-
citrate dehydrogenase (IDH). Here, we identified two subunits of IDH 
(IDH3A and B) to be upregulated after treatment with DNCB and NBB. 

Fig. 2. Significantly enriched IPA pathways and regulated proteins assigned to selected pathways. Regulated proteins (adjusted p-value ≤0.05) were subjected to the 
enrichment of canonical pathways using IPA, resulting in adjusted p-values describing the significance of the enrichment and z-scores reflecting the direction of the 
regulation (activation (red): z-score > 0, inhibition (blue): z-score < 0). Overlaps of significantly enriched pathways (adjusted p-value ≤0.05) were compared for 
SILAC and LFQ data (A). TOP 30 pathways were extracted based on the adjusted p-values across all treatments for SILAC data (B). SILAC-based regulated proteins 
were depicted for oxidative phosphorylation, TCA cycle II and Nrf2-mediated oxidative stress response (C). Significances are indicated by asterisks: * adjusted p-value 
≤0.05; ** adjusted p-value ≤0.01; *** adjusted p-value ≤0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Treatment with BQ selectively led to the upregulation of IDH3B and the 
metal allergen Ni did not induce IDH at all. Succinate dehydrogenase 
was the only protein of the TCA cycle that was found to be down-
regulated after treatment with BQ and Ni or remained unchanged for 
DNCB and NBB (Fig. 2C). This points towards a high succinate with-
drawal from the cycle. 

Moreover, the exposure to the contact allergens induced pronounced 

cellular stress, which was reflected in the induction of Nrf2-mediated 
oxidative stress response, superoxide radicals degradation, 
glutathione-mediated detoxification, glutathione redox reactions and 
unfolded protein response (Fig. 2B). With 44 assigned regulated pro-
teins, Nrf2-mediated oxidative stress response seemed to be very rele-
vant. Among the highly upregulated proteins, we found proteins like 
NAD(P)H dehydrogenase (quinone) 1 (NQO1), epoxide hydrolase 1 

Fig. 3. Comparison of results from THP-1 cells and MoDCs. The gene signature employed by Johansson et al., 2011 to distinguish allergens from non-allergens was 
matched to regulated proteins in the allergen-treated THP-1 cells and the previously described MoDCs, focusing on the candidates being regulated in SILAC data. 
Shown are Log2(FCs) and significances for matching proteins (* adjusted p-value ≤0.05; ** adjusted p-value ≤0.01; *** adjusted p-value ≤0.001, for MoDCs, raw p- 
values were used) (A). According to the previously described procedure (Johansson et al. (2011)), triggered IPA diseases and biological functions were determined 
and filtered for those with at least 15 matching regulated proteins (adjusted p-value ≤0.05 for THP-1 cells, raw p-values ≤0.05 for MoDCs) in at least one treat-
ment (B). 
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(EPHX1), thioredoxin reductase 1 (TXNRD1), superoxide dismutase 2 
(SOD2), glutamate-cysteine ligase (GCLM) and glutathione reductase 
(GSR). The co-chaperones DnaJ homolog subfamily A member 1 
(DNAJA1) and DnaJ homolog subfamily C member 7 (DNAJC7) were 
downregulated due to allergen treatment (Fig. 2C). 

Furthermore, allergen-treatment induced downregulation of path-
ways involved in cell cycle maintenance and mRNA translation. 
Reconstruction of the actin cytoskeleton was also represented in the TOP 
30 IPA pathways (Fig. 2B). Analogous figures for LFQ data are provided 
in the supplement (Supplementary Figs. 3 and 4). 

3.3. Proteomics data reflect GARD gene signature and underline central 
role of Nrf2-mediated stress response as well as cholesterol biosynthesis 

To assess the suitability of proteomics for detection of skin sensi-
tizing chemicals in THP-1 cells, we compared our data to complemen-
tary data from a transcriptomic study, which defined the so-called GARD 
signature, a set of 200 genes that was found to be applicable to distin-
guish allergens from irritants and non-allergens in MUTZ-3 cells 
(Johansson et al., 2011). In total, 43 proteins relating to the signature 
genes were found in the THP-1 cells investigated here (SILAC and LFQ). 
For SILAC data, 38 proteins were part of the signature, of which 32 were 
regulated by at least one allergen. With 20 regulated proteins out of 41 
assigned proteins, LFQ was again outperformed by SILAC and we thus 
decided to focus on the SILAC candidates as before (Fig. 3A). 

Matched proteins were mostly unidirectionally regulated across the 
four allergens investigated here. Since directionality of transcriptional 
regulation was not published together with the GARD signature, com-
parison of regulation directionality between gene and protein level was 
impossible. Interestingly, the signature included proteins related to 
cholesterol biosynthesis, including hydroxymethylglutaryl-CoA syn-
thase (HMGCS1) and ATP-citrate synthase (ACLY). Furthermore, pro-
teins of the antioxidant response were successfully matched to the gene 
signature, i.e. the induced proteins NQO1, TXNRD1, microsomal gluta-
thione S-transferase 3 (MGST3) and GSR (Fig. 3A). 

We then compared the data retrieved from the THP-1 cells here to 
data from MoDCs. MoDCs are a frequently used in vitro model for DCs 
and are derived from human blood cells. For the comparison of THP-1 
cells and MoDCs, we used our previously published proteomics data, 
where the effects of Ni were investigated using LFQ (Höper et al., 2021). 
Notably, the share of regulated proteins was rather low between THP-1 
cells and MoDCs (Supplementary Fig. 5), which was also reflected by the 
low overlap in regulated proteins among the GARD signature genes 
(Fig. 3A). In total, 65 proteins of the MoDC data set were assigned to the 
GARD signature. However, only 14 of them were regulated after treat-
ment with Ni. In most cases, these proteins were regulated opposite for 
THP-1 cells compared to MoDCs. Proteins that were found to be regu-
lated unidirectional included GSR, bridging integrator 2 (BIN2) and 
mitochondrial import receptor subunit TOM40 homolog (TOMM40). 
These proteins are involved in oxidative stress response, cell motility 
and mitochondrial shuttling processes, respectively. In summary, the 
picture that emerges is that proteomic studies reflect the GARD signa-
ture to a limited extent. Also, the comparison of two different cell 
models on protein level does not yield congruent results, which was 
independent of the quantification method used. 

3.4. Similar diseases and functions were affected in THP-1 cells compared 
to MoDCs 

The low overlap on single protein level between THP-1 cells and 
MoDCs (Supplementary Fig. 5) prompted us to investigate whether this 
would still induce a comparable effect on enrichment level. For doing so, 
IPA was used to analyze diseases and functions based on regulated 
proteins in THP-1 cells compared to MoDC data (Fig. 3B). These provide 
information on superordinate toxicological functions, diseases and bio-
logical processes that are regulated and thereby provide more causal and 

holistic information on the organism under investigation than the 
analysis of canonical pathways alone. As done by Johansson et al. 
(2011) to determine the dominating functions of the GARD prediction 
signature, only diseases and functions with at least 15 matched regu-
lated proteins were considered for this comparison. Among those, dis-
eases and functions related to inflammation and especially 
inflammatory responses ranked highest (Fig. 3B). Other terms related to 
inflammation and cell damage, like cellular compromise and organismal 
injury abnormalities, were also affected after treatment with the four 
contact allergens investigated (Fig. 3B). This inflammatory status of the 
cells was accompanied by biological functions involved in the cellular 
adaption to these conditions like cellular development, cellular function 
and maintenance, cell-to-cell signaling and interaction as well as cell 
morphology (Fig. 3B). As expected, some of the identified diseases and 
functions were linked to contact allergy, such as dermatological disease 
and conditions and cell-mediated immune response. The comparison of 
these results with those previously described in MoDCs treated with Ni 
(Höper et al., 2021) revealed similar diseases and functions to be 
affected (Fig. 3B). Yet, the cellular response of the MoDCs to Ni-exposure 
seems to be less augmented compared to THP-1 cells (Fig. 3B). 

Overall, the induced diseases and functions well reflect the cellular 
stress induced by allergen-treatment and point towards inflammatory 
signaling, which was less evident in the canonical pathway analysis. 
Notably, we observed the induction of the very same diseases and 
functions in two proteomic sets with low overlap in regulated proteins, 
suggesting the pathway/enrichment level to be better suited for dataset 
comparison than the single protein level. 

4. Discussion 

4.1. SILAC outperforms LFQ in terms of regulated proteins and enriched 
pathways 

The determination of the skin-sensitizing potential of chemicals is 
essential for proper chemical safety assessment. Hence, the research on 
cellular mechanisms during the induction of skin sensitization as well as 
the development of animal-free test guidelines have gained much 
attention in the field of toxicology over the last decades. In general, 
omics techniques were already applied in research on alternative 
methods for skin sensitization. Transcriptomics, for example, were 
successfully deployed for the discrimination of contact allergens from 
non-sensitizers in DC models (Hooyberghs et al., 2008; Johansson et al., 
2011; Lambrechts et al., 2011). Although the proteome maps the 
phenotype of the biological organism more accurately, only few studies 
applying proteomics to investigate cellular mechanisms in the context of 
contact allergy were published to date (Höper et al., 2017; Koppes et al., 
2017). Our group conducted a preceding study in human MoDCs to 
reveal differences in the cellular proteome after treatment with the 
metal contact allergen nickel versus the bacterial endotoxin LPS and 
found significant differences between the two treatments (Höper et al., 
2021). Ni-treatment induced metabolic reprogramming, a pronounced 
Nrf2-mediated stress response, hypoxia as well as cholesterol depletion 
in MoDCs, whereas LPS-treated MoDCs displayed interferon signaling 
additionally to metabolic reprogramming and Nrf2 activation (Höper 
et al., 2021). Now, we aimed at screening multiple allergens to broaden 
the proteomic understanding of contact allergy. For this purpose, we 
selected THP-1 cells as surrogate model for DCs, as cell lines are better 
suited for screenings of broad sets of chemicals. Nevertheless, critical 
discussions on suitable cell models are inevitable in toxicology. Even 
though THP-1 cells are the selected cell model in the validated h-CLAT 
assay, they have been questioned due to their monocytic character and 
leukemia background. 

For quantification of the proteomic data, we performed SILAC and 
LFQ, both of which are common approaches. LFQ can be applied to any 
kind of experimental setup and moreover was used for our preceding 
MoDC study. SILAC was selected as it is well-known for its high 

T. Höper et al.                                                                                                                                                                                                                                   



Toxicology and Applied Pharmacology 475 (2023) 116650

8

reproducibility and precision (Li et al., 2012). Overall, both quantifi-
cation strategies delivered comparable results in terms of affected 
pathways. Yet, more regulated proteins and pathways were identified 
based on SILAC data. Both techniques have their justification, but for 
cell lines SILAC is preferable, as it is easier to handle, requires sub-
stantial less measuring time at the mass spectrometer, minimizes 
measuring bias due to multiplexing and moreover, led to more detailed 
mechanistic insights due to the higher number of proteins found regu-
lated. Thus, we recommend to use SILAC quantification when working 
with cell lines. Alternatively, chemical labeling like tandem mass tags 
(TMT) can be applied, which allows multiplexing of up to 16 samples 
and can be applied to any kind of sample as LFQ (Stepath et al., 2020; 
Wang et al., 2020). 

4.2. Contact allergen-exposed THP-1 cells undergo pronounced metabolic 
shifts 

Exposure of THP-1 cells to electrophils, such as contact allergens, 
results in a distinct cellular stress response that is largely mediated by 
Nrf2. Earlier in vivo studies with contact allergens have already sug-
gested a substantial role of Nrf2 during skin sensitization (El Ali et al., 
2013). Enzymes like NQO1, SOD2, glutathione s-transferases, heme 
oxygenase or catalase have been reported to be induced in allergen- 
treated THP-1 cells and DCs in the past (Lewis et al., 2006; Ade et al., 
2009; Mussotter et al., 2016; Höper et al., 2021). Nrf2-mediated stress 
response can thus be considered a hallmark in DCs during skin sensiti-
zation. The central role of Nrf2 was also confirmed in keratinocytes, 
which led to the development of the KeratinoSens™ assay that has 
become an official OECD test guideline (OECD, 2018). Due to the power 
of proteomics, we are the first to report >40 regulated proteins upon 
contact allergen treatment linked to Nrf2-mediated stress response 
(Fig. 2C). We therefore recommend to use an additional Nrf2-related 
readout directly in DCs or DC surrogates. 

In an antecedent multi-omics study, we already found evidence for 
metabolic reprogramming in THP-1 cells after treatment with the 
extreme skin sensitizer DNCB. The metabolome of DNCB-exposed cells 
was highly affected, pointing towards upregulation of glycolysis, TCA 
cycle and lipid synthesis (Mussotter et al., 2018). The current study 
confirms and expands these findings. Several metabolic pathways like 
TCA cycle, pentose phosphate pathway and oxidative phosphorylation 
were induced after treatment with all allergens investigated. In DCs, 
metabolic reprogramming was found to be crucial to support cellular 
activation following exposure to danger signals (Krawczyk et al., 2010). 
This metabolic adaption is typically characterized by upregulation of 
glycolysis and pentose phosphate pathway (PPP) with simultaneous 
downregulation of OXPHOS. DC activation via TLR massively increases 
aerobic glycolysis to a similar level as observed in cancer cells that 
display the typical Warburg effect (Kelly and O'Neill, 2015). The rapid 
metabolic switch supports maturation of the cells to enable migration to 
the draining lymph nodes and thereby ultimately enables immunolog-
ical signaling as well as the induction of a systemic immune response. 
Induction of glycolytic proteins in contact allergen-exposed DCs was 
already reported in mouse bone marrow-derived DCs as well as in 
human MoDCs (Mussotter et al., 2016; Höper et al., 2021). Compared to 
the here investigated THP-1 cells, metabolic reprogramming in MoDCs 
was far less pronounced on proteome level (Höper et al., 2021). Eluci-
dation of the underlying cellular mechanisms is complex and cannot be 
resolved using proteomics only. We speculate that the more pronounced 
metabolic activation of the THP-1 cells can partly be attributed to their 
cancer background (Warburg effect). Furthermore, the potency of a 
stimuli determines the degree of metabolic reprogramming both in DCs 
and monocytes (Lachmandas et al., 2016; Guak et al., 2018). Thus dif-
ferences in metabolic shift can also be induced by different stimulatory 
potency of the contact allergens in different cells types. 

Downstream of glycolysis, glycolytic products are fed into the TCA 
cycle, which was an activated metabolic pathway in the here 

investigated THP-1 cells. It has been shown that LPS-activated DCs 
rapidly upregulate glycolysis to increase the production of citrate via the 
TCA cycle (Everts et al., 2014). Citrate, which is transported to the 
cytosol to serve as a precursor for fatty acid and cholesterol biosynthesis, 
is required for maturation, involving restructuring of the plasma mem-
brane. Our study confirms that most enzymes of the TCA cycle are 
upregulated after treatment of THP-1 cells with contact allergens 
(Fig. 2C). This is further supported by the upregulation of the PPP, which 
we also observed. Upregulation of PPP was also found in THP-1 cells 
treated with the sensitizer 2-hydroxyethylmethacrylate (Samuelsen 
et al., 2019). Importantly, the PPP supplies the cells with the reducing 
equivalent NADPH that is needed for fatty acid and cholesterol 
synthesis. 

Interestingly, in the last ten years, it has become clear that the TCA 
cycle is not only important to deliver precursors for several synthesis 
routes but also is able to control various biological processes, including 
regulating cellular immunity. Since biological diseases and functions 
linked to inflammation were found to be upregulated in allergen-treated 
THP-1 cells, we suggest that the pronounced induction of the enzymes in 
the TCA cycle strongly supports a proinflammatory phenotype of the 
cells by providing respective metabolites. Citrate, for instance, has been 
shown to play an important role in key inflammatory pathways being 
relevant for macrophages as well as for DCs (Williams and O'Neill, 
2018). Citrate is essential for the production of proinflammatory 
signaling molecules, including ROS and prostaglandin E2 (Infantino 
et al., 2014). Prostaglandin E2 is mandatory for the synthesis of pro-IL- 
1β after exposure of macrophages to LPS (Zasłona et al., 2017), and IL-1β 

was shown to play a major role during mediation of ACD (Yeung et al., 
2021). Moreover, high levels of citrate and acetyl-CoA were shown to 
increase the expression of glycolytic enzymes in tumor cells (Lee et al., 
2014). 

Of all TCA cycle enzymes detected in this study, the only enzyme 
downregulated was succinate dehydrogenase, pointing towards a high 
succinate demand in the activated cells. Succinate is known to act as a 
proinflammatory signal in immune cells (Rubic et al., 2008; Tannahill 
et al., 2013). Furthermore, succinate was shown to enhance immuno-
logical signaling in DCs (Rubic et al., 2008) and to stabilize HIF-1α in the 
cytosol, thereby inducing genes like IL-1β important for glycolysis, 
inflammation and inflammasome activation (Tannahill et al., 2013; Li 
et al., 2016). Another potential fate of succinate could be the succiny-
lation of lysine residues. Lysine succinylation can directly affect cellular 
metabolism by increasing enzyme activity of enzymes involved in 
glycolysis and TCA cycle (Park et al., 2013). Mitochondrial succinate can 
leak from dysfunctional mitochondria, and especially macrophages 
were shown to secrete succinate under inflammatory conditions (Lit-
tlewood-Evans et al., 2016). Extracellular succinate binds to its receptor 
SUCNR1 (succinate receptor 1) expressed on the plasma membrane of 
immune cells including DCs (Rubic et al., 2008; Littlewood-Evans et al., 
2016), which is considered an immunological danger signal. Further-
more, succinate stimulates cell migration in a chemokine-like manner 
and enhances antigen-presentation to T cells as reported by Rubic et al. 
(2008). Indeed, Suncr1-deficient mice did not show elevated T cell 
activation after re-exposure of pre-sensitized mice to the contact 
allergen oxazolone (Rubić-Schneider et al., 2017). 

To further elucidate the fate of TCA cycle metabolites in contact 
allergen-treated THP-1 cells, the proteomic data presented here should 
be complemented by a metabolomics experiment. In addition, mito-
chondrial respiration and glycolysis can for example be tracked using 
the seahorse analyzer. A metabolic flux analysis using isotope-labeled 
glucose or glutamine could reveal whether the disrupted TCA cycle 
that was described for LPS-treated macrophages and DCs (Everts et al., 
2014; Galván-Peña and O'Neill, 2014) is also featured in THP-1 cells. 
Furthermore, inhibition of selected enzymes of the TCA cycle and 
analysis of downstream effects can be employed to support the prote-
omics data. 
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4.3. Affected pathways rather than single proteins are suitable for the 
comparative investigation of skin sensitization in THP-1 cells and MoDCs 

One of our aims was to elucidate whether THP-1 cells are an 
appropriate surrogate to study proteomic changes during skin sensiti-
zation in DCs. Thus, we compared the effects uncovered here with effects 
observed in our previous study with MoDCs (Höper et al., 2021). We 
found that the overlap of regulated proteins was low between the two 
cell models (Supplementary Fig. 5). Based on the small overlap between 
the two cell systems on protein level, THP-1 cells should be considered a 
limited model for DCs. However, on enrichment level (pathways, dis-
eases and functions) we obtained comparable results. 

Exposure of DCs with contact allergens alters a broad range of pro-
teins that orchestrate the complex immune response induced in the cells, 
eventually enabling presentation of the antigen to T cells. For T cells, 
antigen-specificity is well known (Chaplin, 2010) and specific T cell 
receptor repertoires were described for metal- as well as for chemical- 
induced allergy (Curato et al., 2022; Riedel et al., 2022). However, 
DCs are able to recognize, process and present a large range of antigens 
and thereby induce the antigen-specific immune response. Depending 
on the DC population, route of antigen uptake and the antigen itself, 
activation and maturation of DCs may vary and is not considered 
antigen-specific (Kamphorst et al., 2010; Alloatti et al., 2016). Due to 
this lack in specificity, it seems unlikely that specific protein biomarkers 
for skin sensitization can be identified in DCs. Thus, the use of predictive 
signatures seems more promising. Johansson et al. (2011) suggested a 
gene signature for the prediction of skin sensitizing chemicals in vitro. It 
is commonly known that the overlap between gene regulation and 
altered protein levels is not necessarily high. Yet, the integrative appli-
cation of transcriptomic and proteomic data may support the identifi-
cation of biomarkers, as it helps to uncover transcriptionally active 
mRNAs during the complex course of skin sensitization. We compared 
the GARD assay mRNA signature to regulated proteins in THP-1 cells 
after treatment with contact allergens, revealing 32 matching regulated 
proteins (Fig. 3A, SILAC). Among those, we found proteins linked to 
oxidative stress response like NQO1 and GSR, further underlining Nrf2- 
regulated pathways as hallmark during sensitization to exogenous 
chemicals. Also, proteins related to the cholesterol biosynthesis like 
HMGCS1 and CYP51A1 were regulated on mRNA level in MUTZ-3 cells 
as well as on protein level in THP-1 cells and MoDCs. Yet, directionality 
of protein regulation was contrary. These findings underline the evi-
dence that cholesterol biosynthesis plays a pivotal role in allergen- 
treated DCs. However, due to equivocal regulation of proteins, this 
pathway has to be investigated further to assess its suitability as po-
tential hallmark for skin sensitization. Notably, Lindberg et al. (2020) 
conducted a proteomics study in MUTZ-3 cells combined with the GARD 
assay to assess the skin sensitizing potential of glyphosate and its for-
mulations. Here, 3 proteins were successfully matched to the predictive 
GARD signature and these proteins were also involved in cholesterol 
biosynthesis. Overall, we believe that the establishment of a proteomic 
signature of specific proteins and triggered cellular pathways might be 
more conducive than the search for individual biomarkers. Yet, a 
pathway-signature has to be chosen carefully to securely predict contact 
allergens based on proteomic data. 

To be able to assess the suitability of a proteomic signature for the 
prediction of contact sensitizers in more depth, a larger set of contact 
sensitizers of different potency as well as irritants and non-allergenic 
chemicals should be analyzed to withdraw profound information for 
both cell systems, THP-1 cells and MoDCs, as the classification of al-
lergens, irritants and non-allergenic chemicals is critical for proper risk 
assessment. The inclusion of irritants and non-allergens would thus in-
crease the predictive power of the signature, as unspecific pathways can 
be identified and removed from the set of signature pathways. 
Furthermore, data from untargeted proteomic analyses could be used to 
develop a targeted proteomic method for routine testing of identified 
biomarkers and biomarker signatures. Moreover, THP-1 cells should be 

discussed more critically in the future when used as a tool for predicting 
contact allergens based on proteomic studies. Further proteomics studies 
should be conducted to investigate if THP-1 cells, differentiated into a 
DC-like phenotype before contact allergen treatment, resemble DCs 
more closely. Furthermore, a comparative proteomic study comparing 
THP-1 and MUTZ-3 cells could provide information on the suitability of 
these cell lines for the proteomic investigation of skin sensitization. 

5. Conclusion 

Overall, our study underlines the power of proteomics to unravel 
toxicity mechanisms. When comparing the two different proteomics 
approaches applied here, SILAC and LFQ, certainly both have their 
justification. However, when working with cell lines, SILAC should be 
preferred as it delivers more robust data and yields a higher number of 
regulated proteins. 

The four allergens BQ, DNCB, NBB and Ni overall showed compa-
rable responses in THP-1 cells, which underwent profound metabolic 
reprogramming that was accompanied by pronounced induction of 
proteins of the Nrf2 oxidative stress response pathway. The TCA cycle 
seems to play a central role and might be connected to the proin-
flammatory response. Compared to Ni-treated MoDCs, similar IPA dis-
eases and functions as well as pathways were triggered in THP-1 cells 
but the overlap on the protein level was rather low. When aiming to 
improve existing in vitro assays by proteomic signatures, one should 
therefore focus on proteins that are regulated by allergens in both, THP- 
1 cells and primary MoDCs. This includes proteins of the Nrf2 pathway 
along with proteins from glycolytic and lipid metabolism. For the 
elucidation of cellular modes of action, primary cells seem to be supe-
rior, as THP-1 cells were reacting unidimensional and showed a much 
less complex network of induced IPA pathways compared to MoDCs. 
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T. Höper et al.                                                                                                                                                                                                                                   



Toxicology and Applied Pharmacology 475 (2023) 116650

10

Acknowledgments 

The authors would like to thank all institutions and the UFZ-funded 
ProMetheus platform for proteomics and metabolomics for the support 
of this project. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.taap.2023.116650. 

References 
Ade, N., Leon, F., Pallardy, M., Peiffer, J.L., Kerdine-Romer, S., Tissier, M.H., Bonnet, P. 

A., Fabre, I., Ourlin, J.C., 2009. HMOX1 and NQO1 genes are upregulated in 
response to contact sensitizers in dendritic cells and THP-1 cell line: role of the 
Keap1/Nrf2 pathway. Toxicol. Sci. 107, 451–460. 

Adrian, A.D., Cole, A., 2018. xlsx: Read, Write, Format Excel 2007 and Excel 97/2000/ 
XP/2003 Files. R Package Version 0.6.1. https://CRAN.R-project.org/package=xlsx. 

Alloatti, A., Kotsias, F., Magalhaes, J.G., Amigorena, S., 2016. Dendritic cell maturation 
and cross-presentation: timing matters! Immunol. Rev. 272, 97–108. 

Ananda, M., 2019. splitstackshape: Stack and Reshape Datasets After Splitting 
Concatenated Values. R Package Version 1.4.8. https://CRAN.R-project.org/p 
ackage=splitstackshape. 

Andrej-Nikolai, S., 2018. qpcR: Modelling and Analysis of Real-Time PCR Data. R 
Package Version 1.4–1. https://CRAN.R-project.org/package=qpcR. 

Ashikaga, T., Yoshida, Y., Hirota, M., Yoneyama, K., Itagaki, H., Sakaguchi, H., 
Miyazawa, M., Ito, Y., Suzuki, H., Toyoda, H., 2006. Development of an in vitro skin 
sensitization test using human cell lines: the human cell line activation test (h- 
CLAT). I. Optimization of the h-CLAT protocol. Toxicol. in Vitro 20. 

Ashikaga, T., Sakaguchi, H., Sono, S., Kosaka, N., Ishikawa, M., Nukada, Y., 
Miyazawa, M., Ito, Y., Nishiyama, N., Itagaki, H., 2010. A comparative evaluation of 
in vitro skin sensitisation tests: the human cell-line activation test (h-CLAT) versus 
the local lymph node assay (LLNA). Altern. Lab. Anim 38, 275–284. 

Chaplin, D.D., 2010. Overview of the immune response. J. Allergy Clin. Immunol. 125, 
S3–23. 

Cox, J., Hein, M.Y., Luber, C.A., Paron, I., Nagaraj, N., Mann, M., 2014. Accurate 
proteome-wide label-free quantification by delayed normalization and maximal 
peptide ratio extraction, termed MaxLFQ. Mol. Cell. Proteomics 13, 2513–2526. 

Curato, C., Aparicio-Soto, M., Riedel, F., Wehl, I., Basaran, A., Abbas, A., Thierse, H.J., 
Luch, A., Siewert, K., 2022. Frequencies and TCR repertoires of human 2,4,6-Trini-
trobenzenesulfonic acid-specific T cells. Front. Toxicol. 4, 827109. 

Dhingra, N., Shemer, A., Correa da Rosa, J., Rozenblit, M., Fuentes-Duculan, J., Gittler, J. 
K., Finney, R., Czarnowicki, T., Zheng, X., Xu, H., Estrada, Y.D., Cardinale, I., Suárez- 
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7 Discussion  

Skin sensitization poses a major challenge for economy and public health as well as individual well-

being in Europe since approximately 20 - 27% in the general public are skin-sensitized (Diepgen et 

al., 2016b; Alinaghi et al., 2019). The occurrence of several contact allergen epidemics in the recent 

past (Thyssen et al., 2007) further emphasized how important correct prediction of chemical allergens 

is to prevent future outbreaks. This thesis provides novel insights into the cellular changes induced by 

skin sensitizers through the generation of comprehensive proteomic data sets in a human primary 

dendritic cell model (MoDCs) as well as a human cell line (THP-1) upon exposure to human relevant 

contact allergens (NiSO4, DNCB, BQ, NBB) (Höper et al., 2017; Höper et al., 2021; Höper et al., 2023). 

Furthermore, the suitability of proteomic techniques for the investigation of cellular modes of action 

during skin sensitization and future applications are outlined.  

7.1 Proteomics – not only a matter of generation of extensive data sets  

Proteomics have been proven to be a useful tool to get deeper insights into the still largely elusive 

cellular mechanisms during skin sensitization (Mussotter et al., 2016; Strasser et al., 2017; Mussotter 

et al., 2018; Höper et al., 2021; Höper et al., 2023). In contrast to gene signatures, the proteome 

reflects the actual phenotype of an organism at a given time. MS-based techniques offer the 

advantage of highly sensitive qualitative detection coupled with quantification of proteins. In contrast 

to immunoassays such as enzyme-linked immunosorbent assays (ELISA), a large number of proteins 

can be detected at the same time, which increases sample throughput. Compared to ELISAs, the 

amount of material required and the cost per sample are lower for LC-MS/MS measurements, yet the 

initial costs for the mass spectrometer are higher. However, LC-MS/MS methods are generally equally 

or more sensitive and selective than ELISA-based methods. In particular, selectivity can be critical 

with ELISA, as it is highly dependent on the quality of the antibody and minor variances of the antigen 

(such as isoforms or post-translational modifications) often cannot be distinguished (Fuchs et al., 

2011; Denburg et al., 2016; Dingess et al., 2021). Limits of detection of MS and ELISA were shown 

to be comparable for food allergens (Holzhauser et al., 2020) as well as for the detection of various 

clinical diagnosis markers (Fortin et al., 2009; Faupel-Badger et al., 2010; Dingess et al., 2021). 

Nguyen et al. (2019) showed that high-resolution targeted proteomics can be applied to detect 

attomoles of low abundant proteins like transcription factors and challenging membrane proteins at 

low cost and with little sample preparation effort. However, untargeted proteomic workflows are not 

designed to primarily detect low abundant proteins but rather serve the analysis of global protein 

changes. For the proteomic studies presented here, data-dependent acquisition was used. This term 

refers to a specific measuring mode at the mass spectrometer. Generally, data acquisition is 

subdivided in different cycles. Every cycle, all ions that reach the first quadrupole, are detected. The 
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mass spectrometer then choses the so-called ‘Top N’ ions for further fragmentation in the collision cell 

and detection of the fragment ions in the analyzer. We used a Top 10 approach meaning that the 10 

most intense ions were automatically selected for further fragmentation. Subsequently, these m/z 

ratios are transferred to a temporary exclusion list and the mass spectrometer proceeds with 

fragmentation of the next Top 10 ion package. Fragmentation of serial Top 10 ion packages is 

continued until the cycle time has elapsed. Then, a new list of incoming ions is generated in the first 

quadrupole and gradually fragmented like during the first cycle. Hence, low abundant proteins are 

underrepresented in the generated data if the cycle time is shorter than the theoretical time needed 

for fragmentation of all incoming ions. Untargeted proteomics, as applied within this thesis, are also 

limited in terms of data analysis and interpretation. The complex mass spectrometry data require 

automated data analysis using curated data bases. This biases the data towards proteins that have 

already been identified in the past and are therefore listed in the data base. Identification of novel 

proteins does usually not occur within these workflows. Additionally, data interpretation with the help 

of software tools like Qiagen’s Ingenuity Pathway Analysis provides helpful guidance for data 

interpretation, yet they are restricted towards pathways, diseases, and adverse effects that have 

previously been described for a specific species, organ or cell type. Consequently, it obliges on the 

researcher in charge to scientifically evaluate and manually rework the data if necessary. Despite 

known limitations, the sensitive detection, price effectiveness and sample handling time underline the 

great potential of proteomics-based analytical methods for the sensitive detection of biomarkers.  

Yet, apart from the GARD assay, omics-techniques are till today not commonly applied for regulatory 

purposes although transcriptomics, metabolomics, and proteomics likewise generate extensive data 

at low costs for a specific endpoint and the underlying mechanisms. The main reason for the poor 

acceptance can also be attributed to low standardization in the field of omics. Since omics are a fast-

evolving field, data acquisition and processing parameters are subject to frequent changes and 

optimizations. Especially data processing is crucial for omics as one deals with a huge quantity of data 

which is highly affected by the bioinformatics applied and the curated data bases behind it. 

Furthermore, data reporting and storage have not been harmonized, yet. In Höper et al. (2023) we 

conducted a study to test the robustness and reproducibility of proteomic data by comparing two 

different quantitation methods: LFQ and SILAC. Aside from the introduction of stable isotope-labeled 

amino acids for SILAC quantification, samples were treated identically and also the MS method as 

well as data analysis was identical. We found that, a greater number of proteins was identified with 

LFQ quantification (2200 proteins versus 1997 proteins for SILAC), yet more significantly altered 

proteins were identified using SILAC (1660 proteins versus 815 proteins for LFQ). SILAC delivered 

more robust data in our experimental setup. This study illustrates well that modifications to a 
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proteomics workflow such as a changed quantitation strategy, may lead to differences in the number 

of regulated proteins, which of course also impacts downstream interpretation of data.  

To overcome these challenges and in order to define best practices, several working groups have 

been established in the field. Already in 2002, the Human Protein Organization has founded the 

Proteomics Standard Initiative with a particular focus on data standardization (Orchard et al., 2003; 

Deutsch et al., 2017). Also, the OECD has established a framework program for omics-technologies 

in chemical testings. Based on the work of Harrill et al. (2021), the OECD has now published a 

guidance document and reporting framework for metabolomics and transcriptomics data in regulatory 

toxicology (OECD, 2022a). The framework is designed to facilitate assessment of data quality by 

providing information on study design and execution within the data report. However, data 

interpretation was not yet been included. It remains unclear why proteomics have been excluded from 

this framework program. However, it can be suspected that this is due to the nature of proteomics as 

it is difficult to scale the method up. Sample material is a limiting factor and cannot be multiplied as 

for example DNA. Furthermore, sample collection in patients is invasive. Mostly, biopsies of the tissue 

under investigation have to be taken in order to analyze proteomic changes. Metabolomic analyses in 

contrast are often done using body liquids e.g. blood serum which is usually much easier to obtain. 

The Human Metabolome Database for 2022 lists ~1700 endogenous human metabolites which have 

different levels of confidence including predicted as well as already experimentally quantified 

metabolites (Wishart et al., 2022). In contrast to this, ~21.000 protein-coding genes are annotated in 

the human reference proteome in the UniProt database whereas approximately 82.000 unique 

proteins have been described (UniProt Consortium, 2017). This illustrates the immense quantity of 

proteins in the human body which renders proteomics data complex for interpretation and biomarker 

identification.  

7.2 Advantages and limitations of DC models 

Besides technical considerations, the choice of the biological model under investigation is crucial. Due 

to the low occurrence of DCs in the skin and the blood, studies on human DC biology often rely on 

surrogate models such as cell lines or MoDCs. For the experimental work of this thesis, MoDCs and 

THP-1 cells were used to elucidate proteomic changes in these cells after treatment with selected 

contact allergens. The study using MoDCs as surrogates for dermal DCs has revealed NiSO4-specific 

and thus potentially skin sensitization-specific protein changes in the cells (Höper et al., 2021). 

Bacterial and chemical activation were clearly distinct. Some of these findings could be verified in 

allergen-treated THP-1 cells (Höper et al., 2023). However, merely 50% of regulated proteins in 

MoDCs were also regulated in THP-1 cells. This raises the question of suitability of the two cell models 

used to investigate cellular mode of actions of skin sensitizing agents (Höper et al., 2023). 
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In the human body, different DC subsets exist (cf. section 4.4) challenging the researchers studying 

DCs in different contexts. Since the frequency of DCs is rather low in tissues and blood (Merad and 

Manz, 2009; Orsini et al., 2012), several DC models were established in order to cultivate and expand 

DCs in vitro. Manifold protocols serving this purpose exist and the cells can for example be obtained 

from bone marrow, from blood, and via differentiation of monocytes or pluripotent stem cells (Luo and 

Dalod, 2020). MoDCs are differentiated from isolated blood monocytes treated with a cytokine cocktail 

in vitro (Sallusto and Lanzavecchia, 1994). Since monocytes are progenitors for a wide range of cells 

including MoDC, monocyte-derived LCs and monocyte-derived macrophages, the phenotypic 

differentiation is dictated by the cellular microenvironment, i.e. the cytokines in the cell culture medium. 

The classical approach for the generation of MoDCs comprises GM-CSF and IL-4 induced maturation 

of blood monocytes (Sallusto and Lanzavecchia, 1994). Differentiation to monocyte-derived LCs is 

induced by minor alterations to the aforementioned protocol by using GM-CSF, IL-4, and additionally 

transforming growth factor beta 1β (Geissmann et al., 1998). As the differentiation of monocytes is 

sensitive to bias due to deviation in cytokine concentrations, generated cells thus require extensive 

characterization, to allow comparable scientific results. Another drawback of MoDC-generation is the 

restricted availability of the material, since blood samples are limited and can only be handled in 

laboratories with the respective biosecurity category. Also, donor variances have to be considered 

(Aiba et al., 1997; Rougier et al., 2000). For fundamental research, MoDCs have frequently been 

used, however for routine and high throughput testing limited availability and biological variance are 

exclusion criteria. For this reason, cell lines are frequently used for these applications.  

7.3 THP-1 cells as DC model for regulatory testing of skin sensitizers 

Skin sensitization is an adverse health effect that chemicals marketed in the EU are routinely tested 

for. The gold standard for skin sensitizer testing, the LLNA, is an animal experiment (OECD, 2010). 

The implementation of the 3R principle in scientific research has escalated the demand for non-animal 

test systems. The overarching goal is to develop and apply NAMs to generate reliable in vitro data 

that are able to picture the in vivo situation as precise as possible. One pillar of alternative in vitro 

systems is the use of cell culture systems carefully selected to meet the experimental criteria for the 

endpoint under investigation. Working with cell lines has some advantages over e.g. primary tissues 

or cells. Experiments with cell lines can be easily scaled up as sample material is usually not limited. 

Furthermore, the biological variation is low, which facilitates the identification of biological effects. 

However, since many cell lines have been genetically modified, e.g. immortalized, to make them easy 

to handle and multiply in the lab, they may possess alterations in metabolism and phenotype that differ 

from their primary counterpart (Bosshart and Heinzelmann, 2016).  
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For the work within this thesis, THP-1 cells were used to investigate allergen-induced proteomic 

changes. The use of THP-1 cells should be questioned as DC surrogate for the testing of sensitizing 

chemicals due to their monocytic character and leukemia background. The latter could potentially 

affect the suitability of THP-1 cells as DC model for assays with metabolic readout. For example, 

despite pronounced activation of metabolic pathways like pentose phosphate pathway and 

tricarboxylic acid (TCA) cycle, that are crucial for metabolic reprogramming in DCs, we were unable 

to detect significant induction of glycolysis in allergen-treated THP-1 cells on proteome level (Höper 

et al., 2023). Basal glycolytic levels of THP-1 cells were found to be the lowest among eight acute 

myeloid leukemia cells lines investigated by Erdem et al. (2022). The authors also described a 

pronounced proteomic upregulation of TCA cycle enzymes in THP-1 cells and glutaminolysis was 

proposed as major pathway sustaining high TCA activity in the cells (Erdem et al., 2022). Besides, 

Guak et al. (2018) showed that long-term upregulation of glycolysis is only achieved by strong DC 

stimuli like LPS. Weak stimuli were shown to induce glycolytic genes only shortly after exposure. 

Furthermore, DCs seem to sustain a basal OXPHOS activity, which enables switching from glycolysis 

to OXPHOS in glucose-deprived media. However, OXPHOS alone does not deliver sufficient energy 

for full maturation of the DCs (Guak et al., 2018). Likewise to DCs, monocytes undergo metabolic 

reprogramming upon activation, which is also characterized by a switch to glycolysis (Lachmandas et 

al., 2016). Yet, Lachmandas et al. (2016) demonstrated that also monocyte activation is not uniformly 

connected to a switch towards glycolysis and was also dependent on the stimuli itself. LPS-treated 

monocytes induce glycolysis in favor of OXPHOS whereas Pam3CysSK4 (P3C, a TLR2 ligand) was 

shown to induce both pathways (Lachmandas et al., 2016). This demonstrates that the extent of 

metabolic reprogramming is strongly dependent on the offending stimuli on the immune cells, making 

it difficult to determine a fixed signature of regulated proteins after activation of DCs. Despite Ni, the 

other allergens investigated here have not yet been reported to directly bind to TLRs which might be 

a reason for insufficient cellular activation and thus no long-term shift towards glycolysis. Although Ni 

directly binds to TLR4, we could already show in MoDCs that LPS is a more potent inducer of cellular 

activation compared to Ni (Höper et al., 2021). The different reprogramming regimes of MoDCs and 

THP-1 cells that support maturation of the cells make it delicate to identify metabolic activation marker 

that are allergen-specific. It could thus be helpful to test further allergens in MoDCs first and then 

validate these findings in THP-1 cells or other surrogate cell lines at a later time point. 

In addition to different metabolic capacities, DCs and THP-1 cells differ also concerning alterations of 

cell surface marker expression and cytokine secretion upon treatment with contact allergens (Hitzler 

et al., 2013). In this comparative study, Hitzler et al. (2013) found significant differences for CD86 and 

HLA-DR expression and IL-8 secretion by MoDCs, THP-1, and MUTZ-3 cells. Based on the cell 

surface markers and cytokines analyzed within this study, MoDCs were found to be more sensitive 
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and predictive for the identification of skin sensitizers than THP-1 and MUTZ-3 cells (Hitzler et al., 

2013). The group of van Helden et al. (2008) characterized multiple human and murine cell lines for 

their applicability as DC model. In this study MUTZ-3 cells clearly outperformed THP-1 cells as their 

immunological functions such as phenotype, antigen presentation, cytokine secretion, and migration 

resembled maturated MoDCs most closely. Bocchietto et al. (2007) compared THP-1 cells and 

MoDCs with regard of their suitability as in vitro test system. The expression of the costimulatory 

molecules CD80 and CD86 on the cell surface after treatment with extreme, strong, and medium 

sensitizers was assessed. MoDCs and THP-1 cells were found to perform similar and the authors thus 

concluded that THP-1 cells are a useful tool for the identification of extreme to moderate contact 

allergens. However, for discriminating weak sensitizers and irritants MoDCs are more sensitive. Other 

studies compared THP-1 cells with their primary counterparts. THP-1 cells were found to differ 

significantly on transcriptional and functional level from primary monocytes (Schildberger et al., 2013; 

Riddy et al., 2018; Liu et al., 2021). In general, THP-1 cells are considered to be easy to culture in a 

laboratory environment. However, significant performance variances in the hCLAT assay were 

reported for cells from four different biorepositories (Kosaka et al., 2008). More recently, Noronha et 

al. (2020) revealed genetic drift and phenotypic discrepancies among THP-1 cells from varying 

vendors.  

In order to improve the predictability of allergens using THP-1 cells, multiple approaches were 

proposed in the past, e.g. the co-cultivation of THP-1 cells with keratinocytes, which was shown to 

improve immunological responses of THP-1 cells (Cao et al., 2012; Karri et al., 2021), detection of 

prohaptens (Hennen et al., 2011; Hennen and Blömeke, 2017) and activation of THP-1 cells by weak 

and moderate allergens (Galbiati et al., 2020). More recently, THP-1 cell activation was assessed in 

a co-culture model with human reconstructed epidermis (Schellenberger et al., 2019). Applying the 

hCLAT assay for the assessment of potential sensitizers relies on augmented CD54 and CD86 

expression (Ashikaga et al., 2006a). However, the addition of further cellular markers as readouts, 

such as IL-1, IL-8 release, or HLA-DR expression, was shown to improve predictability of sensitizing 

chemicals in THP-1 cells (Takahashi et al., 2011; Corti et al., 2015; Iulini et al., 2020; Terui et al., 

2021). 

All these efforts were made to enhance the correct predictivity of THP-1 cells in in vitro assays for skin 

sensitization. Yet, none of the proposed ameliorations have been validated and incorporated in official 

OECD test guidelines. However, in light of genetic drift, vendor-specific biological responses as well 

as limited ability to correctly mirror DC biology, THP-1 cells should be carefully assessed in the future 

and be replaced by superior models as soon as available. At the moment, MUTZ-3 cells seem 

promising. Furthermore, differentiation of the THP-1 monocytes to immature THP-1-DCs before 
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treatment with skin sensitizers could overcome the known immunologic limitations of the cells. Hölken 

and Teusch (2023) developed a sophisticated differentiation protocol for the generation of iDCs and 

mDCs from THP-1 cells that express classical DC markers like CD54, CD86, CD83, and CD11b. 

7.4 Cholesterol pathway 

Altered lipid metabolism is crucial for DC maturation as it supports the reconstruction of the plasma 

membrane in order to express cell surface markers that serve immunological signaling. Besides, lipids 

can also be broken down to provide the cell with energy. Lipid class alterations in mature MoDCs have 

been characterized by Lühr et al. (2020). Among the lipids, cholesterol and its role during skin 

sensitization have emerged as interesting target for research. Cholesterol is essential for the organism 

since it is an integral part of the cell membrane and also serves as precursor for bile acids as well as 

steroid hormones. Cellular cholesterol levels are finely balanced by sterol response element binding 

proteins (SREBP) and liver X receptors (LXR). These two families of transcription factors have 

antithetical effects with SREBPs inducing cholesterol accumulation and LXRs cholesterol efflux. 

Especially altered cholesterol levels in cell membranes were described to affect DCs during response 

to xenobiotics leading to impaired cellular differentiation and maturation, antigen presentation, 

migration as well as priming of T cells (Wang et al., 2012). During DC maturation, the Golgi apparatus 

and endoplasmic reticulum are expanded to enable increased protein translation for the cellular 

reconstruction. Cholesterol plays a pivotal role during this process. Cholesterol is known to stabilize 

cell membranes by reducing their fluidity (Simons and Ikonen, 2000). Furthermore, perturbed 

cholesterol concentrations strongly influence the functionality of lipid rafts in the cell membrane. Since 

major immunological signaling receptors such as TLRs or MHCs are located there, receptor induced 

signaling like NFκB- or IFN-signaling is directly impacted by altered cholesterol levels (Hiltbold et al., 

2003; Cheng et al., 2012; Wang et al., 2012; York et al., 2015). In DCs from apolipoprotein E-deficient 

mice, clearance of cholesterol from the cell membrane was found to be impaired (Bonacina et al., 

2018). This resulted in lipid raft accumulation. As these rafts were found to possess higher MHC II 

contents, DCs showed a higher antigen presentation ability than DCs from wild type animals. In 

contrast, expression levels of costimulatory molecules like CD86 and CD80 were not altered 

(Bonacina et al., 2018). When treated with the strong skin sensitizer fluorescein isothiocyanate, 

apolipoprotein E deficiency resulted in a markedly decreased DC migration to lymph nodes which 

eventually culminated in diminished contact sensitization (Angeli et al., 2004). Despite its role as 

cellular building block for membranes, cholesterol also affects the cellular stress and hypoxia 

response as well as immunological signaling (Hughes et al., 2005). For instance, cholesterol was 

shown to play an important role in antiviral defense. Low cholesterol levels significantly hamper viral 

infection and replication in hepatitis C infections (Ye et al., 2003; Kapadia et al., 2007). During viral 
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defense, the oxysterol Ch25h is upregulated after TLR4 activation leading to increased production 

and secretion of 25-hydroxycholesterol (25HC) in macrophages. 25HC induces the down-regulation 

of SREBP2-dependent genes which results in reduced cholesterol biosynthesis. This prevents viral 

cell-to-cell spreading and inhibits viral replication after the virus has entered the cell (Blanc et al., 

2011). Elevated 25HC levels negatively regulate the adaptive immune response through declining IgA 

production in B cells (Bauman et al., 2009). Oxysterols were also shown to promote a DC-like 

phenotype of THP-1 cells exposed to 7α-hydroxycholesterol or 27-hydroxycholesterol (Son et al., 

2013). 

In Höper et al. (2021) a pronounced alteration in cholesterol biosynthesis on protein level after 

treatment of MoDCs with the contact allergen NiSO4 was described for the first time. Strikingly, these 

effects were not detected in LPS-treated cells (Höper et al., 2021). On gene level, the induction of 

selected genes relevant for cholesterol biosynthesis like HMGCS1, DHCR7 and CYP51A1 was 

already described to contribute to the discrimination of skin sensitizing chemicals from non-sensitizers 

and irritants in MUTZ-3 cells (Johansson et al., 2011a). Höper et al. (2021) were able to confirm these 

proteins and additional proteins linked to the cholesterol biosynthesis to be significantly upregulated 

in NiSO4-treated MoDCs. Furthermore, cellular cholesterol levels were found to be diminished pointing 

to a high demand of cholesterol. Depletion of cellular cholesterol levels was also observed by Lühr et 

al. (2020) in maturated MoDCs. Lindberg et al. (2020) and de Ávila et al. (2022) also found proteins 

of the cholesterol biosynthetic pathway to be enriched in MUTZ-3 cells which were treated with 

pesticide formulations that were previously classified as skin sensitizers by the GARD assay. 

Recently, time-of-flight secondary ion mass spectrometry analysis of human skin biopsies exposed to 

metal allergens indeed revealed altered lipid composition of the affected skin. Ni2+-induced changes 

were found to differ from changes induced by Co2+ and Cr3+ (Knox et al., 2022). In this study, Co2+ 

was reported to increase cholesterol levels in the stratum corneum of affected skin whereas Ni2+ 

seemed to reduce cholesterol in the epidermis (Knox et al., 2022). These differences were linked to 

the limited skin penetration capabilities of Ni2+ compared to the other metal allergens (Knox et al., 

2022). Evidence for altered protein expression of cholesterol-related pathways in THP-1 was also 

found (Höper et al., 2023). For the treatment with NiSO4, the exposure time as well as cell number 

and the final concentration of 400 µM NiSO4 were adopted from the preliminary work with MoDCs. 

Yet, the cholesterol biosynthesis was found to be down-regulated in THP-1 cells after treatment with 

the four contact allergens investigated. Hence, the role of cholesterol biosynthesis during skin 

sensitization needs to be further investigated to potentially deduce mechanistic information.  

The experimental results of this thesis have greatly contributed to the understanding of cellular 

mechanisms during skin sensitization. The pathway of cholesterol biosynthesis is thus, besides long-
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known pathways like Nrf2-mediated oxidative stress response, an interesting target for studying DC 

activation and possibly identifying predictive protein markers for the in vitro assessment of skin 

sensitizers. The latter could then be implemented into in vitro testing guidelines for the determination 

of skin sensitizing chemicals. Although the scientific evidence for a central role of cholesterol during 

skin sensitization is substantiating, the fate of cholesterol and the underlying mechanisms are yet 

unresolved and multiple scientific approaches can be pursued to investigate fundamental mechanisms 

in more detail. A metabolomic or lipidomic study of the lipid class alterations during the course of skin 

sensitization would provide quantitative results that could aid mechanistic understanding. Despite 

cellular signaling pathways that can best be investigated by silencing of selected enzymes or 

receptors, cholesterol efflux should be confirmed by treatment with other contact allergens and could 

potentially also be explained by the secretion of extra cellular vesicles. Extracellular vesicles are 

important for cell-to-cell communication and can contribute to immunological signaling (Vallhov et al., 

2015). However, their role during skin sensitization has not been elucidated, yet. Due to their small 

size and low weight, extracellular vesicles are not pelleted during classical centrifugation protocols for 

eukaryotic cell cultures e.g. 300 × g (Brennan et al., 2020). Thus, potential vesicles were washed 

away during preparation of the cells for cholesterol quantification (Höper et al., 2021). Extracellular 

vesicles can be retrieved by differential ultracentrifugation or other techniques as compiled by Clos-

Sansalvador et al. (2022). Membrane marker like CD9, CD63, and CD81 can be used to identify 

extracellular vesicles by immunoblot or flow cytometry (Campos-Silva et al., 2019). After isolation, an 

extensive characterization of the extracellular vesicles using flow cytometry and proteomics would be 

a good starting point, which can later be followed by functional assays.  

Overall, the pathway of cholesterol biosynthesis should be further investigated to ameliorate the 

mechanistic understanding of skin sensitization and optimize existing in vitro testing strategies for the 

assessment of skin sensitizers.  

7.5 From Proteomics towards refinement of current in vitro testing strategies and beyond 

The in chapter 4.6 mentioned animal-free test methods for skin sensitization have been incorporated 

into testing strategies. These test strategies have proven to largely mirror LLNA data in terms of 

sensitivity as well as accuracy and even outperform the LLNA in terms of specificity when comparing 

to a human data set (OECD, 2021). In research as well as regulation, the focus has now been set on 

advanced in vitro models to investigate and predict skin sensitization. Especially 3D skin models using 

human reconstituted skin are extremely valuable for risk assessment as they also allow to estimate a 

more realistic exposure scenario. The penetration properties of the chemical under investigation can 

be analyzed in parallel to the metabolism and the toxicological effects on different skin cells 

represented in the model (e.g. keratinocytes, fibroblasts, melanocytes). 3D skin models could also be 
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beneficial for the classification of prohaptens, lipophilic chemicals, mixtures or even nano materials 

that are difficult to assess or cannot be tested with the current test batteries. Reconstructed human 

epidermis models have already gained regulatory acceptance for testing the phototoxicity as well as 

skin corrosion potential of chemicals (OECD, 2019; 2023). 

However, these models still have major limitations: the handling is delicate, they are expensive, and 

so far, there are no immune-competent models commercialized. In most approaches, immune cells 

like DCs are often co-cultured in the cell culture media of the skin models, while the skin models 

themselves are cultured on a membrane at the air-liquid interface (Schellenberger et al., 2019). Bock 

et al. (2018) succeeded in the incorporation of LCs derived from the cell line MUTZ-3 or primary 

monocytes into a human 3D skin model. After 14 days of cultivation, the models were treated with 

contact allergens and both Langerhans cell models displayed distinct functions like migration, cytokine 

release, and expression of relevant marker proteins. Again, the cells derived from primary monocytes 

outperformed the Langerhans cells with cell lineage background. Another way forward could be the 

use of immune-competent micro-physiological systems that have already been used to determine 

chemical toxicity and skin irritation (Ramadan and Ting, 2016; Wufuer et al., 2016; Lee et al., 2022).  

Despite of the refinement of existing in vitro assays and development of possible therapies, proteomic 

data can also be used for computer-based prediction models for skin sensitization like, for example, 

the Bayesian integrated testing strategy proposed by Jaworska et al. (2013). This would require a set 

of high-quality proteomic data generated from treatment with a significant number of different contact 

allergens and controls. Based on triggered pathways and proteins, the models could then retrieve 

structure-related signatures which can be used for read-across for future predictions and assessments 

of skin sensitizers in silico (Alves et al., 2015; Chayawan et al., 2022; Golden et al., 2023). Of particular 

interest in this context are data from structurally closely related compounds that differ only by minor 

modifications of e.g. side chains. Kanazawa et al. (1999) and Roberts et al. (1988) have already 

uncovered, that the length of an alkyl side chain strongly impacts the sensitizing potential of chemicals. 

Furthermore, various chemical reaction mechanisms, by which haptenation of skin proteins occurs, 

were identified and investigated (Roberts et al., 2007a; Roberts et al., 2007b). Ferreira et al. (2018) 

showed that electrophilicity and the reaction mechanism potentially have an impact on the kinetics of 

cellular activation in allergen-treated THP-1 cells. Cellular ROS and therefore redox imbalance are 

crucial for activation of the cells upon exposure to contact allergens (Esser et al., 2012b). The highly 

thiol-reactive skin sensitizer 1-fluoro-2,4-dinitrobenzene induced this imbalance via glutathione-

depletion much faster and with a different cellular mechanism than an amine-reactive allergen 

(Ferreira et al., 2018). Overall chemical reactivity is well reflected in the EC3 values of the LLNA 

(Roberts et al., 2007b). Yet, until today, it is not fully understood, whether the different reaction 
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mechanisms are somehow related to the potency of the allergens. Thus, by investigating a large set 

of contact sensitizers with a preferably multi-omics approach, structure-related information could be 

elucidated.  

The greatest potential of the application of proteomics in ACD research may indeed be the use as 

diagnostic tool. Patients that report to doctors with unknown cause of skin eczema could be tested for 

ACD as can already be done for the differentiation of psoriasis and eczema based on NOS2 and 

CCL27 gene regulation (Quaranta et al., 2014b). Skin biopsies or blood samples can be analyzed and 

relevant data from the different cell types involved can be obtained by a targeted proteomic approach. 

However, this requires intensified research on biomarker identification. Once established, this 

biomarker screening could also be useful to discriminate between different skin diseases like atopic 

dermatitis, psoriasis, urticaria, and irritant and allergic contact dermatitis in one analytical 

measurement (Spiewak, 2023). For atopic dermatitis for example, biomarker signatures were 

identified by immunological methods which are always limited in the number of identified proteins and 

biased by antibody selection (Wang et al., 2017; Pavel et al., 2020). These signatures can be 

expanded with data derived from modern LC-MS/MS-based proteomic techniques as done by Winget 

et al. (2016), Leung et al. (2019) and Morelli et al. (2021). 

Furthermore, proteomic data and omics data in general are extremely valuable for the development 

of precision medicine. The generation of extensive data sets are useful both for identification of 

molecular targets as well as for accompanying drug development and clinical studies (Ogulur et al., 

2021). Proteomics was shown to harbor a great potential for identification of individual drug-

development, especially in cancer therapy (Correa Rojo et al., 2021; Su et al., 2021). Precision 

medicine is a fast-emerging research field which has led to novel therapeutics for immunological 

disorders. Often, specific antibodies are developed after molecular targets were identified. Atopic 

dermatitis, for example, is a chronic inflammation of the skin. It manifests with severe itch and flares 

that can also weep. In patients with severe symptoms, administration of antibodies is now commonly 

employed to manage the disorder if conventional therapeutics like e.g. glucocorticoids or cyclosporine 

failed to substantially reduce the symptoms. These antibodies inhibit pathways and cytokines that are 

important for inflammatory T cell response like for example OX40, IL-4, and IL-13 and thereby alleviate 

clinical symptoms of atopic dermatitis (Kraft and Worm, 2017; Duggan, 2021; Guttman-Yassky et al., 

2023). Whilst private people can easily manage ACD by simply reducing or avoiding to be exposed to 

the culprit chemical, occupational ACD may lead to repeated sick notifications and eventually 

unemployability. Occupational contact dermatitis (including ICD and ACD) accounts for approximately 

80% of all occupational skin diseases which bears great economic impact on the industry (Chu et al., 
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2020). Thus, development of proteomic based precision medicine entails relief for affected individuals 

as well as economic impact for employers. 

In summary, the implementation of proteomics into regulatory testing for skin sensitization is at present 

unlikely in the near future as existing methods were designed to be simple and fast, thereby 

outperforming proteomics. Most OECD validated TGs focus on a single key event by testing in suitable 

cell models for specific gene induction or protein regulation. However, the implementation of advanced 

models for skin sensitization such as immunocompetent 3D skin models poses a great potential for 

the application of proteomics. This would enable researchers to assess changes in keratinocytes, 

DCs, and maybe even T cells at the same time. By doing so, regulatory testing for skin sensitizing 

chemicals would gain more mechanistic complexity and thereby also more significance.  
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8 Conclusion and outlook 

The ability to distinguish sensitizers from non-sensitizing chemicals such as irritants or microbial 

activators is central for development and refinement of in vitro test procedures. The need for proteomic 

experiments is substantiated by limitations in current methods and the few available publications in 

the field, as identified by a systematic literature research (Höper et al., 2017). Proteomics are 

considered a suitable tool to complement transcriptomic data. Here, in a two-tiered approach, 

proteomic data from primary human cells exposed to the contact allergen Ni were mapped against 

data derived from cell lines exposed to Ni and three other allergens (BQ, DNCB, NBB). 

The first study presented showed that the proteome of MoDCs activated with bacterial LPS 

significantly differed from contact allergen (NiSO4) activation although agonistic binding through the 

TLR4 is involved in both cases (Höper et al., 2021). In contrast to LPS, NiSO4 strongly induced HIF1α 

and Nrf2 signaling as well as cholesterol biosynthesis in human MoDCs. The latter has recently also 

emerged in other studies as an interesting target for mechanistic research to shed light on the 

underlying cellular mode of action in the context of skin sensitization. NiSO4-treatment induced over 

40 Nrf2-regulated proteins, confirming Nrf2 as a key player during skin sensitization. Therefore, Nrf2 

activation should be considered as a hallmark during skin sensitization not only in keratinocytes but 

also in DCs. 

To circumvent intricate sample acquisition and preparation for MoDCs, the MS-based methodology 

was then applied to the THP-1 cell line. In order to validate the MoDC findings in THP-1 cells, the 

latter were treated with NiSO4 or three other potent sensitizers (Höper et al., 2023). THP-1 cells also 

reacted to the treatment with skin sensitizers with upregulation of the Nrf2-dependent stress response. 

Conversely, cholesterol biosynthesis was down-regulated and the TCA-cycle was strongly induced in 

THP-1. Overall, regulated proteins and pathways differed markedly between the two cell models but 

superordinate diseases and functions were triggered likewise. THP-1 cells were testified to be a limited 

model for MoDCs on global proteome level.  

Based on the proteomic studies presented in this thesis (Höper et al., 2021; Höper et al., 2023) and 

already published transcriptomic data in the field (Johansson et al., 2013), it can be concluded that 

the search for single protein-based biomarkers for skin sensitization seems to be more challenging 

than the search for a biomarker signature. In order to identify suitable candidates for this signature, 

more chemicals have to be screened. This should include a larger number of skin sensitizers with 

different applicability domains as well as skin irritating and non-adverse controls. Since irritants fail to 

induce the adaptive immune response, regulated proteins in DCs that are linked to adaptive immunity 

are of particular interest as biomarkers for contact allergy. These markers can only be identified upon 
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detailed comparison of allergens with non-allergens. To ensure identification of biologically meaningful 

marker proteins, the biomarkers could furthermore be validated in skin biopsies from allergic patients. 

However, it is more important that an in vitro biomarker for skin sensitization serves the prediction of 

the in vivo situation accurately rather than verifying the marker in vivo.  

Shotgun proteomics is an adequate tool to complement other omics-approaches for the in-depth 

characterization of tissues, cells and organisms. Furthermore, untargeted proteomics, as applied here, 

allows the elucidation of biological mechanisms by screening thousands of proteins at the same time. 

However, in the context of skin sensitization and enhancement of existing and future predictive 

regulatory in vitro assays, shotgun proteomics may not be feasible for routine screening of larger sets 

of chemicals. Hence, after identification of suitable proteome-based markers it would thus be eligible 

to establish targeted methods for routine screening. When setting-up an assay for specific proteins, a 

straight-forward option is to work antibody-based. With the help of specific antibodies, ELISA or flow 

cytometry assays can be designed. Especially flow cytometry-based readouts can easily be integrated 

into existing assay workflows like the hCLAT protocol. Another option is the establishment of targeted 

proteomics workflows. These assays may comprise immunoprecipitation of target proteins with 

antibodies. The antibodies are typically bound to magnetic beads which allows removal of interfering 

matrix proteins through washing steps. After tryptic proteolysis of the proteins, peptides are quantified 

with the help of stable isotope-labeled standards. Due to the enrichment of the target proteins and 

reduction of matrix signals, the separation of the peptides via liquid chromatography can be conducted 

using significantly higher flow rates and shorter gradients compared to the commonly used nano flow 

liquid chromatography for shotgun proteomics. With regard to instrumentation, shotgun proteomics 

are mostly performed on high resolution mass spectrometers like Orbitraps. However, targeted 

proteomics are also well suited for other mass spectrometers like triple quadrupole devices. Targeted 

proteomics significantly reduce the number of recorded spectra and thus facilitates data analysis work 

flows. In summary, mass spectrometry-based proteomics harbor a great potential for the elucidation 

of cellular mode of actions as well as regulated protein biomarkers involved in skin sensitization and 

targeted testing strategies for routine assessment of skin sensitizers. 

The OCED’s AOP on skin sensitization and the available test guidelines are astonishingly well able to 

predict most skin sensitizers in vitro. Despite this high correlation with the in vivo situation, several 

challenges remain including limited applicability domains, missing procedures for the assessment of 

products, mixtures and novel nano- or advanced materials. To complement existing methods and for 

a better understanding of pathomechanisms, proteomic-based approaches offer new and promising 

solutions, as outlined in this thesis.   
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Supplementary Figure 1: Surface marker expression and protein uptake of LPS- and NiSO4-treated 

MoDCs. Immature MoDCs were treated for 24 h with 400 µM NiSO4 or 2.5 µg/ml LPS. (A) Cell 

viability was assessed by flow cytometry using near-IR dead cell stain. Induced expression of the 

activation markers CD86 (B), CD40 (C), CD80 (D), CD83 (E) on the live cells depicted in (A). 
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Depicted are the means as well as individual percent values of live cells or positive cells, respectivley 

(n = 5 donors). Significance to medium control was calculated using Student’s t-test (*: p-value ≤ 
0.05; **: p-value ≤ 0.01; ***: p-value ≤ 0.001). (F, G) Phagocytic activity was assessed by HSA-

TNP uptake of MoDCs treated with NiSO4 or LPS for 3 h (F) or 24 h (G). One representative 

experiment out of three is shown. (H-L) Gating strategy for MoDCs: Cells were gated based on size 

(H), live cells (I), FSC (J) and SSC (K) single cells and the marker of interest (L).  

 

 

 

 

 

Supplementary Figure 2: Relative TNFA gene expression after treatment with 2.5 µg/ml LPS 

or 400 µM NiSO4 at the indicated time points. Gene expression was normalized to the gene 

expression of HPRT (housekeeping gene) and medium control. Means and SDs of the normalized 

data are shown (n = 3 donors). 
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Supplementary Figure 3: Quantification of secreted cytokines in the cell culture supernatant 

after 24 h treatment of MoDCs with 400 µM NiSO4, 2,5 µg/ml LPS or medium only (WO). IL-

1β, IL-6 and IL-8, IL10, IL12p70, IL-18 and TNFα were quantified using a bead-based assay. Shown 

are means and SDs of the log2 concentrations (n = 5 donors). Significance to medium control was 

calculated using Student’s t-test (ns: not significant; *: p-value ≤ 0.05; **: p-value ≤ 0.01; ***: p-

value ≤ 0.001; ****: p-value < 0.0001). 
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Supplementary Figure 4: T cell proliferation was assessed in a mixed leukocyte reaction via 

CFSE dilution. (A) % CFSE negative cells on day 4 of the mixed leukocyte reaction relative to 

medium control (set to 100 %). Allogenic T cells were stimulated by MoDCs treated for 24 h with 

2.5 µg/ml LPS, 400 µM NiSO4 or medium only (n = 3 donor pairs). (B-G) Dot plots of CFSE-

negative and CD3+ T cells on day four of the mixed leukocyte reaction. Cells were gated for live cells 

(C), CD3+ cells (D), FSC (E) and SSC single cell gate (F) and CFSE (G). 
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Supplementary Figure 5: Relative gene expression as well as protein levels of proteins involved 

in glucose metabolism. Relative gene expression of hypoxia-inducible factor 1-α (HIF1α, A) and 

solute carrier family 2 member 6 (SLC2A6, B). Gene expression was measured by qRT-PCR and 

normalized to the gene expression of HPRT (housekeeping gene) and medium control. Means and 

SDs of the normalized data are depicted (n = 3 donors). MoDCs were treated with medium only, 2.5 

µg/ml LPS or 400 µM NiSO4 for 24 hours. Significance to medium control was calculated using 

Student’s t-test (ns: not significant; *: p-value ≤ 0.05; **: p-value ≤ 0.01; ***: p-value ≤ 0.001; ****: 

p-value < 0.0001). (C) HIF1α immunoblot of LPS- and NiSO4-treated MoDCs. Cells were harvested 

after 24 h of treatment. HIF1α was quantified by standardizing the specific band to the respective β-

actin loading control. These ratios were normalized to medium only as control (WO). One 

representative immunoblot is shown (n = 3 donors). 

 



  Supplementary Material 

 6 

 

Supplementary Figure 6: Effects of p38 inhibition (A) and HIF1α inhibition (B) on the mean 

fluorescence intensity of CD86. 105 cells were incubated with 20 µM SB203580 or 0.5 nM 

echinomycin and medium only as control (WO). After 30 min, cells were additionally stimulated 

with medium only, 2.5 µg/ml LPS or 400 µM NiSO4 for 24 h. CD86 expression was monitored by 

flow cytometry. Means and SDs are plotted (n = 3 donors). Significance was calculated using 

Student’s t-test with *: p ≤ 0.05; **: p-value ≤ 0.01 and ***: p-value ≤ 0.001. 
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Figure 1 Cell viability normalized to medium control cells. Viability of the cells was 
determined for each biological replicate used for the proteomic analysis. Data were normalized 
to corresponding medium control cells. Mean and SD are depicted (n=5). The dashed red line 
indicates the CV75 value. 
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Figure 2 LFQ-based quantitative proteomic analysis in THP-1 cells treated with skin 
sensitizers. Volcano plots showing Log2(FCs) and –Log10(adjusted p-values) of allergen-
treated THP-1 cells indicate changes induced by the allergens tested here. Numbers of 
regulated proteins (adjusted p-value ≤ 0.05; up: log2(FC) > 0, red; down: log2(FC) < 0, blue) 
are provided in the corners (A). Clustering of regulated proteins was investigated using z-
scored replicate data (B).  
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Figure 3 TOP 30 significantly enriched IPA pathways for all treatments for SILAC and 
LFQ data. Regulated proteins (adjusted p-value ≤ 0.05) were subjected to the enrichment of 
canonical pathways using IPA, resulting in adjusted p-values (*adjusted p-value ≤ 0.05; 
**adjusted p-value ≤ 0.01; ***adjusted p-value ≤ 0.001) describing the significance of the 
enrichment and z-scores reflecting the direction of the regulation (activation (red): z-score > 0, 
inhibition (blue): z-score < 0). The TOP 30 pathways were extracted based on the adjusted p-
values across all treatments. 
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Figure 4 Regulated proteins in selected IPA pathways in THP-1 cells. Proteins assigned 

to IPA’s Nrf2-mediated oxidative stress response, oxidative phosphorylation and TCA cycle II 

are depicted. Upregulation (red, log2(FC) > 0) and downregulation (blue, log2(FC) < 0) are 

reflected by colors. Significance is indicated by asterisks: * adjusted p-value ≤ 0.05; ** adjusted 
p-value ≤ 0.01; *** adjusted p-value ≤ 0.001.  
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Figure 5 Overlaps of identified and regulated proteins in THP-1 cells investigated with 
SILAC and LFQ compared to proteins obtained with LFQ in MoDCs. Shown are the 
overlaps of all reliably identified proteins (A) and the proteins regulated (THP-1 cells: adjusted 
p-value ≤ 0.05, MoDCs: raw p-value ≤ 0.05) in at least one treatment. MoDC data were 
extracted from a previously published study of our lab (Höper et al., 2021). 
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