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Abstract
Inflammatory processes are involved in numerous acute and chronic diseases. In this 

context, the Toll-like receptor 4 (TLR4) plays a central role by detecting pathogen- and 

damage-associated molecular patterns such as lipopolysaccharides and various proteins. 

For example, the TLR4 can be stimulated by nutritional amylase trypsin inhibitors (ATI), 

nongluten proteins that are associated with gluten containing grains like wheat. In the gut, 

ATI can activate immune cells, especially myeloid cells (macrophages and dendritic cells), 

via TLR4, thereby initiating or enhancing intra- and extra-intestinal inflammation. 

Upon stimulation of the TLR4 and in the course of inflammation, pro-inflammatory cytokines 

are secreted and reactive oxygen- and nitrogen species are generated. Among these 

reactive species is peroxynitrite, which is an anti-microbial and protein-nitrating agent. 

Proteins can also be nitrated by reactive species in the environment such as nitrogen oxides 

and ozone in polluted air. Either way, nitration leads to modifications in the chemical 

structure of proteins and can result in altered immune responses and allergic reactions.  

This dissertation investigates the immunostimulatory effects of native and nitrated ATI and 

other TLR4 stimulating proteins. For this purpose, I developed and established a new stable 

monoclonal TLR4 reporter cell line to measure simultaneously TLR4 stimulation and toxic 

effects. Moreover, I optimized a method for the isolation and culturing of human primary 

macrophages tailored to the requirements of single molecule microscopy. This method 

revealed donor-dependent differences in TLR4 surface clustering on the nanoscale induced 

by nitrated ATI, which were not accessible to detection by conventional methods. 

The key scientific findings of this dissertation can be summarized as follows: Nitrated ATI 

were found to enhance the immune response of primary human myeloid immune cells, 

resulting in increased nuclear translocation of NF-κB, secondary T cell proliferation, and pro-

inflammatory cytokine secretion. Moreover, chemical modifications by peroxynitrite were 

found to amplify the inflammatory potential of several TLR4-stimulating proteins (ATI, 

α-synuclein, heat shock protein 60, high mobility group protein B1, grass pollen allergen Phl 

p 5). These findings suggest that protein nitration and related chemical modifications, such 

as oligomerization, may not only be a result of inflammation, but may also trigger or maintain 

inflammatory processes in a self-amplifying feedback cycle involving Toll-like receptors.  

In addition to the above studies and results, the pro- and anti-inflammatory effects of herbal 

extracts and Cyanobacteria were investigated: Two herbal extracts with previously unknown 

anti-inflammatory toll like receptor 2 and 4 mediated activity were identified, and two species 

of Cyanobacteria were found to induce pro-inflammatory TLR4 signaling.  

Overall, this dissertation provides new insights into the molecular mechanisms of 

inflammation, their potentiation by intrinsic and environmental factors, especially the process 

of protein nitration, and potential perspectives of medical anti-inflammatory treatment. 
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Zusammenfassung 
Akute und chronische Entzündungen sind Bestandteil und Prozess vieler Krankheiten. 

Hierbei spielt der Toll-like-Rezeptor 4 (TLR4) eine zentrale Rolle, da er schadens- und 

pathogen-assoziierte Muster wie bakterielle Lipopolysaccharide und verschiedene Proteine 

erkennt. Beispielsweise kann der TLR4 durch Amylase-Trypsin-Inhibitoren (ATI) stimuliert 

werden, welche als Bestandteil von glutenhaltigem Getreide (zum Beispiel Weizen) über die 

Nahrung aufgenommen werden. Die durch ATI vermittelte TLR4-Stimulierung kann myeloide 

Immunzellen wie Makrophagen und dendritische Zellen im Darm aktivieren und intra- und 

extraintestinale Entzündungen auslösen. 

Im Zuge der Entzündungsreaktionen werden entzündliche Zytokine ausgeschüttet und 

reaktive Sauerstoff- und Stickstoffspezies gebildet. Zu diesen reaktiven Spezies zählt 

Peroxynitrit, welches antimikrobiell wirkt und zudem Proteine nitrieren kann. Proteine können 

auch durch umweltbedingte reaktive Spezies wie Stickstoffoxide und Ozon nitriert werden. In 

beiden Fällen hat die Nitrierung Auswirkungen auf die chemische Struktur des Proteins, 

wodurch seine immunologische und allergene Reaktivität beeinflusst werden kann. 

Im Rahmen dieser Doktorarbeit habe ich die immunstimulierende Wirkung von nativen und 

nitrierten ATI sowie von weiteren Proteinen, welche den TLR4 stimulieren können, 

untersucht. Zwecks simultaner Detektion von TLR4-Stimulierung und von toxischen Effekten 

wurde eine stabile, monoklonale Zelllinie entwickelt und etabliert. Zusätzlich wurde eine 

Methode zur Kultivierung von primären humanen Makrophagen optimiert, welche 

maßgeschneidert für die Einzelmolekül-Lokalisationsmikroskopie ist. Mit Hilfe dieser 

Methode konnte eine spenderabhängige TLR4-Cluster-Bildung im Nanobereich sichtbar 

gemacht werden, was mittels konventioneller Methoden nicht möglich gewesen wäre. 

Die Hauptergebnisse dieser Arbeit können wie folgt zusammengefasst werden: Es wurde 

deutlich, dass nitrierte ATI eine erhöhte Immunreaktion bei primären humanen myeloiden 

Immunzellen hervorrufen. Dies zeigte sich in einer erhöhten Translokation von NF-κB in die 

Zellkerne, einer verstärkten sekundären T-Zell-Proliferation sowie einer gesteigerten 

Produktion von entzündlichen Zytokinen. Zusätzlich konnte für weitere TLR4-stimulierende 

Proteine (ATI, α-Synuclein, Hitzeschockprotein 60, High-Mobility-Group-Protein B1, 

Pollenallergen Phl p 5) nach der Behandlung mit Peroxyntirit eine erhöhte 

Entzündungsreaktion festgestellt werden. Die Ergebnisse deuten darauf hin, dass die 

Protein-Nitrierung und die damit verbundenen Mechanismen, wie zum Beispiel die 

Oligomerisierung, nicht nur ein Resultat entzündlicher Reaktionen sind. Vielmehr werden 

diese entzündlichen Reaktionen in einem selbstverstärkenden Prozess über Toll-like-

Rezeptoren ausgelöst oder aufrechterhalten. 

Über meine oben genannten Forschungen und die damit verbundenen Resultate 

hinausgehend wurden ethanolische Pflanzenextrakte sowie Cyanobakterien hinsichtlich ihrer 
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entzündungshemmenden und -auslösenden Wirkung untersucht. Dabei konnte bei zwei 

Pflanzenextrakten eine durch die Toll-like-Rezeptoren 2 und 4 vermittelte antientzündliche 

Wirkung identifiziert werden. Weiterhin wurden zwei Cyanobakterien-Spezies gefunden, die 

eine TLR4-vermittelte entzündliche Wirkung aufweisen. 

Zusammenfassend bietet diese Dissertation neue Erkenntnisse über die molekularen 

Mechanismen entzündlicher Prozesse sowie über deren Potenzierung durch intrinsische und 

umweltbedingte Faktoren, insbesondere durch die Protein-Nitrierung. Sie zeigt außerdem 

mögliche Perspektiven der entzündungshemmenden medizinischen Behandlung auf. 
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1. Introduction and Motivation

1.1 Inflammatory Processes 
Inflammation describes the body’s own protective reaction upon damage. The protective 

reaction comprises defense, repair and restoration of the tissue, whereas damage can be 

induced by infectious bacteria, viruses, fungi, injury, radiation or chemical substances. 

Inflammatory reactions are primary driven by cells of the innate immune system like 

macrophages, dendritic cells (DC), granulocytes and natural killer cells. As inflammatory 

response they release toxic agents and signaling molecules to fight invading microbes, 

recruit further immune cells and initiate wound healing. If an acute inflammatory reaction is 

not timely and locally terminated the host develops a chronic inflammation, which is 

characterized by a cyclic and repetitive process between tissue damage and repair (Schett 

and Neurath, 2018; Lucas and Maes, 2013). Inflammation is part of many diseases such as 

rheumatoid arthritis, chronic obstructive pulmonary disease (COPD), Parkinson’s and 

Alzheimer’s disease, inflammatory bowel disease (IBD) or non-alcoholic steatohepatitis 

(Schett and Neurath, 2018; Chen et al., 2018). 

Sensing of damage and pathogen associated molecular patterns (DAMPs/PAMPs) is mainly 

performed by receptors of the four pattern recognition receptor families: Toll-like receptors 

(TLR), C-type lectin receptors, NOD-like receptors and RIG-I-like receptors (Jang et al., 

2015). Here especially the TLR-family, consisting of 10 receptor types, plays a central role as 

each receptor type is specialized sensing various DAMPs or PAMPs. One of the best studied 

TLRs is the TLR4 which recognizes a broad spectrum of agonists, such as bacterial 

lipopolysaccharides (LPS), several DAMPs, allergens (Kawasaki and Kawai, 2014) and also 

amylase trypsin inhibitors (ATI) (Junker et al., 2012; Cuccioloni et al., 2017). Upon 

stimulation TLR4 dimerizes and activates various intracytoplasmic kinases, causing the 

nuclear translocation of different transcription factors. Of special interest is the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB, p50/p65), which controls about 250 

mostly pro-inflammatory genes (Gilmore, 2018; Kawai and Akira, 2010; Kawasaki and Kawai, 

2014).  

Further triggers of inflammation are anthropogenic pollutants such as fine particulate matter 

and environmental factors, like ozone and nitrogen dioxide. Inhaled air particulate matter 

modifies the oxidant system in the lung which causes production of reactive oxygen species 

(ROS) and epithelial damage. In turn allergens or other substances can penetrate the 

epithelial barrier more easily, thereby triggering acute or chronic inflammation (Rao et al., 

2018; Reinmuth-Selzle et al., 2017). Additionally, airborne bioparticles can be modified by 

anthropogenic pollutants. The modified bioparticles possess altered chemical and structural 
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properties, which induce or potentiate inflammation and immunogenic reactions in the body 

(Reinmuth-Selzle et al., 2017)(Figure1). 

Figure 1: Sources and modifications of bioparticles which have pro-inflammatory and 
immunomodulatory effects. 
Both, exogenous environmental factors and endogenous inflammation associated 

factors can modulate diverse immune reactions. Abbreviations: Temperature (T), relative 

humidity (RH), ultraviolet (UV) radiation, particulate matter (PM), ozone and nitrogen 

oxides (O3, NOx), reduced nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase, pollen-associated lipid mediators (PALMs), damage-associated molecular 

patterns (DAMPs), pattern recognition receptors (PRR), type 2 T helper (Th2) cells, 

immunoglobulin E (IgE), allergenic proteins (green dots), and chemical modifications 

(red dots). Figure is adopted from (Reinmuth-Selzle et al., 2017). 

For example, due to enhanced stabilization the modified bioparticles will be prolonged 

degraded in immune cells which causes enhanced antigen presentation inducing thereby 

increased immune stimulation (Untersmayr et al., 2010; Karle et al., 2012). Moreover, new 

epitopes can be introduced or binding properties of antibodies can be changed, due to amino 

acid modification such as nitrotyrosine or dityrosine formation during protein nitration. Due to 

modified ligand binding sites an adjuvant function may be introduced or an existing adjuvant 

function can be potentiated. Chemical modification of bioparticles or proteins induces also 

agglomeration or oligomerization, such as protein-protein cross linking by dityrosine 

formation, or agglomeration between proteins with other bioparticles, e.g. pollen particles or 
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soot. Both mechanisms can multiply or shield existing epitopes which in turn may enhance 

cross linking of effector cell receptors and immune reactivity (Scholl et al., 2005; Rouvinen et 

al., 2010; Ackaert et al., 2014; Gruijthuijsen et al., 2006; Reinmuth-Selzle et al., 2017).  

Accompanied with inflammatory conditions is the synthesis of reactive oxygen and nitrogen 

species (ROS/RNS). These bi-functional species serve as cellular signaling molecules as 

well as anti-microbial agents (Sies et al., 2017). Major sources of superoxide are NADPH 

oxidases (NOX) and complex I of the respiratory chain in mitochondria by interaction with 

ubiquitinated ECSIT (Katsuyama, 2010; West et al., 2011). Moreover, inducible Nitric Oxide 

Synthase 2 (NOS2 or iNOS) provides during inflammation enhanced amounts of nitric oxide. 

Additionally, other reactive species are formed by secondary reaction, like peroxynitrite, 

hydrogen peroxide, nitrogen dioxide, hypochlorite and hydroxyl radical. 

1.2 Protein Nitration 
Nitration of proteins can be induced by two independent processes: Exogenously in the 

environment, or endogenously in the body. Causal agents in these mechanisms are reactive 

species like ozone, hydroxyl radicals, hydrogen peroxide, superoxide, nitric oxide or 

peroxynitrite. Exogenous nitration can happen during humid summer smog conditions, 

comprising high levels of ozone, nitrogen oxide, UV radiation and humidity (Franze et al., 

2005; Walcher et al., 2003; Yang et al., 2010; Zhang et al., 2011; Shiraiwa et al., 2012; 

Reinmuth-Selzle et al., 2014). Endogenous nitration occurs under inflammatory conditions, 

where typically high concentrations of superoxide and nitric oxide are generated, what leads 

to the formation of peroxynitrite, a potent nitrating agent (Galinanes and Matata, 2002; 

Salvemini et al., 2006; Reinmuth-Selzle et al., 2014; Ferrer-Sueta et al., 2018; Selzle et al., 

2013). Therefore, nitrotyrosine is an important biomarker for inflammatory and oxidative 

stress in the context of many diseases (Greenacre and Ischiropoulos, 2001; Murata and 

Kawanishi, 2004; Ghosh et al., 2006; Ischiropoulos, 2009). 

The oxidants react in a two-step mechanism at the aromatic ring of the amino acid tyrosine, 

resulting in the formation of a reactive oxygen intermediate (ROI), namely a tyrosyl radical 

(Figure 2). In the second step the free radical on the tyrosyl ring reacts either with nitrogen 

dioxide (NO2) to 3-nitrotyrosine or with a second tyrosyl radical to dityrosine, whereby protein 

dimers or higher order oligomers are formed (Walcher et al., 2003; Franze et al., 2005; 

Ischiropoulos, 2009; Shiraiwa et al., 2012; Radi, 2013; Reinmuth-Selzle et al., 2014; Liu et 

al., 2017; Kampf et al., 2015). As during the reaction of protein nitration such as by 

peroxynitrite, not only nitrotyrosine but also intra- and inter-molecular dityrosine formation 

occurs, in the course of this thesis the term peroxynitrite modified proteins will refer to the 

aforementioned mechanisms. 
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Figure 2: Nitrotyrosine and dityrosine formation.
A two-step reaction mechanism facilitates the formation of nitro- or dityrosine on the protein 

tyrosine residue. In the first step an oxidizing agent (such as ozone, hydroxyl radicals, 

hydrogen peroxide, superoxide, nitric oxide or peroxynitrite) reacts with the aromatic ring of 

tyrosine to a reactive oxygen intermediate (ROI). In the next step the ROI reacts either with 

NO2 to nitrotyrosine or with a second ROI to dityrosine, forming thereby a protein dimer. 

Figure is modified from (Reinmuth-Selzle et al., 2017). 

Protein nitration is an irreversible mechanism that has major impact on the structural and 

chemical features of the protein, as 3-nitrotyrosine lowers the pKa value, which in turn affects 

conformation and function of the protein (Turko and Murad, 2002; Hodara et al., 2004). 

Moreover, dityrosine can be formed during the nitration process which causes protein cross 

linking (Kampf et al., 2015) and thereby stabilization. Therefore, the nitrated and 

oligomerized proteins prolong degradation in APC and in turn promote antigen presentation 

on the MHCII (Untersmayr et al., 2010; Karle et al., 2012). Additionally, protein-aggregates 

may shield or multiply epitopes and enhance cross-linking of the effector cell receptors. 

All together these altered conformational and functional changes of the nitrated proteins 

result in an increased immune reactivity, which was observed for different nitrated proteins 

(Gruijthuijsen et al., 2006; Untersmayr et al., 2010; Karle et al., 2012; Ackaert et al., 2014; 

Lang-Yona et al., 2016; Ziegler et al., 2019) that might contribute to the rise and prevalence 

of allergies. 
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1.3  Amylase Trypsin Inhibitors (ATI) 
ATI are a family of mono-, di- and tetrameric non-gluten proteins with a monomer size range 

of 12-15 kDa which cause mainly extra-intestinal symptoms of non-celiac non-allergy wheat 

sensitivity (NCWS) (Fasano et al., 2015; Schuppan et al., 2015; Schuppan and Zevallos, 

2015; Leccioli et al., 2017). Especially the tetrameric CM3 and dimeric 0.19 ATI variants 

possess high immune stimulatory capacity by stimulation of the innate immune receptor 

TLR4 (Junker et al., 2012; Cuccioloni et al., 2017). Additionally, in Baker’s Asthma, a 

classical IgE mediated allergy, ATI are major allergens (Walusiak et al., 2004; Tatham and 

Shewry, 2008). ATI are part of the protein fraction of all gluten containing grains, like wheat, 

barley and rye where they represent 2-4% of the total protein (Dupont et al., 2011). Their 

regular function in plants are the modulation of germination processes (Finnie et al., 2002) 

and possibly defending of pathogens by blocking the amylase/trypsin activity in their salvia 

(Payan, 2004). As wheat is a major staple, the daily intake of an adult person is about 250 g, 

mainly as processed bread or pasta, which equals approximately 0.5 g to 1.0 g of ATI 

(Fasano et al., 2015). Remarkably, ATI are resistant to food processing and to proteolysis in 

the gut where they stay biologically active and remain able to stimulate immune cells in the 

lamina propria of the gut lining that appear to emigrate to the surrounding and mesenteric 

lymph nodes after TLR4 stimulation (Zevallos et al., 2017).  

Several in vivo studies have demonstrated that an ATI-enriched diet induces and worsens 

intestinal and extra intestinal inflammation in an IgE and TLR4 mediated manner 

(Bellinghausen et al., 2019; Zevallos et al., 2017; Zevallos et al., 2018). Moreover, ATI open 

intestinal tight junctions, explaining their pro-inflammatory activity via enhanced entry of 

potentially toxic luminal components and allergens (Caminero et al., 2019). Especially 

monocytes and dendritic cells of the intestine are stimulated by ATI via TLR4 and release 

pro-inflammatory cytokines, which activate further immune cells and in turn initiate and fuel 

ongoing inflammation (Fasano et al., 2015; Schuppan and Zevallos, 2015; Schuppan et al., 

2015) (Figure 3). 
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Figure 3: Schematic activation mechanisms of different immune cells by ATI in the gut. 
ATI from food stay biologically active and pass active or passively the intestinal epithelium. 

In the lamina propria ATI stimulate TLR4 on innate immune cells e.g. macrophages and 

dendritic cells (DC) which subsequently release cytokines such as IL-8, IL-5 and MCP1. 

This leads to the recruitment and activation of further innate immune cells, especially 

monocytes from the blood, which differentiate into macrophages and dendritic cells. The 

activated immune cells possess an enhanced antigen presentation via major 

histocompatibility complex two (MHCII), mainly as mature DC. After migration to the 

surrounding draining lymph nodes, they activate T cells. In the case an autoimmune 

diseases or intestinal or pulmonary allergies, already autoantigen primed T cells will be 

further stimulated by the gut-emigrating ATI-activated myeloid cells. Thereby ATI possess 

an additional adjuvant effect by previous activation of macrophages and DC that represent 

the major antigen presenting cells for T cell activation. Together ATI stimulate innate and 

secondarily adaptive immune responses, which fuels intra and extra-intestinal inflammation. 

Figure is based on (Fasano et al., 2015). 

1.4 Research Objectives 
The focus of this work is the immunological process of inflammation, how it is triggered, 

enhanced and prevented. Therefore, the modulation of innate and adaptive pro-inflammatory 

reactions by natural compounds such as herbal extracts and Cyanobacteria as well as 

chemical modified proteins were studied. A central part of this work covers altered pro-

inflammatory effects by nitrated proteins. Since nitration occurs under environmental and 

inflammatory conditions, protein nitration is a highly relevant mechanism and influences 

health aspects. 
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The topic of protein nitration was already initiated by Weller, Pöschl and colleagues (Franze 

et al., 2005; Reinmuth-Selzle et al., 2014; Kampf et al., 2015) which observed changes in the 

structural properties of the nitrated birch pollen allergen Bet v 1a. Moreover, the modified 

Bet v 1a and other proteins were found to possess an altered immune reactivity 

(Gruijthuijsen et al., 2006; Untersmayr et al., 2010; Karle et al., 2012; Ackaert et al., 2014; 

Lang-Yona et al., 2016), but the underlying mechanisms are still elusive. Based on this 

knowledge, my goal was to investigate to which degree nitration of TLR4 stimulating proteins 

alters their immune response. As ATI were intensively studied by Schuppan and colleagues 

(Junker et al., 2012; Schuppan and Zevallos, 2015; Bellinghausen et al., 2019; Caminero et 

al., 2019) and exhibit strong immune stimulation via TLR4. My aim was to elucidate whether 

nitration of ATI affect or enhances this function. Various immunologic read outs, assessing 

cytokine release, secondary T cell proliferation, TLR4 stimulation and NF-kB translocation to 

the nucleus, demonstrated that nitrated ATI show an enhanced immunogenicity compared to 

native ATI (Ziegler et al., 2019).  

To test whether nitration also enhances the immunostimulatory function of other proteins, we 

modified TLR4-stimulating proteins by peroxynitrite from three different categories: DAMPs, 

disease related proteins and allergens. Indeed, we found for several such treated proteins 

(ATI, α-synuclein, heat shock protein 60, high mobility group protein B1, grass pollen allergen 

Phl p 5) an amplified inflammatory reaction. Protein nitration is often regarded as a side 

effect of inflammation. Here we find strong indications for a peroxynitrite driven, self-

enhancing mechanism of inflammation, which may apply generally for many diseases. 
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2. Results and Conclusions

2.1 Overview 
Altogether the work within my PhD study focused on pro- and anti-inflammatory immune 

reactions and especially the influence of protein nitration (Figure 3). The main results can be 

summarized as follows: 

i. One important finding of my thesis are the enhanced immune reactions triggered by

nitrated ATI. Therefore I developed a new HeLa TLR4 dual reporter cell line as fast

and robust in vitro read out system detecting simultaneous TLR4 activation and

toxicity, which enabled me to show that ATI induce enhanced TLR4 stimulation.

Additional immunologic read outs based on human primary myeloid cells

demonstrated that the nitrated ATI trigger enhanced secondary T cell proliferation

and inflammatory cytokine release (Ziegler et al., 2019)

ii. For the project “Nanoscale distribution of TLR4 on primary human macrophages

stimulated with LPS and ATI”, I developed a protocol tailored to the needs of single

molecule localization microscopy, regarding preparation and culturing of human

primary macrophages. We found an increased number of TLR4 clusters after

stimulation with LPS, ATI or nitrated ATI with strong donor dependent variations

(Neumann et al., 2019).

iii. My latest results are indicating that several TLR4 stimulating proteins induce

enhanced NF-κB as well as TLR4 stimulation after peroxynitrite treatment. This

suggests the existence of a so far unknown peroxynitrite driven feed forward

mechanism in inflammation. Ongoing studies should provide a more comprehensive

picture whether peroxynitrite induced protein nitration or oligomerization is the

causative agent, and which receptors are most prone for sensing (Ziegler et al. in

preparation).

iv. As TLR4 stimulation plays a central role in inflammatory reactions, also other

compounds were tested using my newly developed HeLa TLR4 dual reporter cell line.

This enabled me to contribute to two publications characterizing pro- or anti-

inflammatory properties and toxicity of various herbal extracts and Cyanobacteria

species (Schink et al., 2018; Lang-Yona et al., 2018).
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Figure 3: Visualization of five relevant publications to which I contributed during my PhD 
thesis. 

Vertical axis from anti- to pro-inflammatory studies, horizontal axis from left to right studies 

contributing to the field of protein nitration. 

2.2 Individual Studies 

2.2.1 Nitration increases the immunostimulatory potential of amylase 

trypsin inhibitors 
To elucidate the effect of nitration, we chemically modified amylase trypsin inhibitors from 

wheat (ATI) using three different methods simulating endo- (in vivo) and exogenous 

(environmental) nitration mechanisms. The aim of our study was to examine whether 

nitration of ATI alter their innate and adaptive immunostimulatory capacity. Modified ATI were 

quantified for their nitration degree using HPLC-DAD and ELISA. Furthermore, various in 

vitro studies were performed. The new HeLa TLR4 reporter cell line was generated and used 

for determination of innate immune stimulation. Adaptive immune reactions were analyzed in 

a mixed lymphocyte reaction by using primary immune cells which I isolated from whole 

blood of ten healthy donors. TLR4 activation, nuclear NF-κB translocation, expression of 

surface maturation markers, Th1, Th2 relevant cytokines and T cell proliferation were 

measured. We were able to demonstrate that ATI are potent immune stimulators which act 

even stronger after nitration. For details see Appendix B.1 Ziegler et al., Front. Immunol, 

2019.  
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2.2.2 Nanoscale distribution of TLR4 on primary human macrophages 
In this study we investigated clustering of TLR4 on primary human macrophages from three 

healthy donors before and after stimulation with LPS, ATI or nitrated ATI. For this project we 

applied single molecule localization microscopy (SMLM) to observe changes in TLR4 

distribution below the resolution limit of conventional fluorescence microscopy (<200 nm). 

For this study I developed a protocol tailored to the needs of SMLM regarding isolation and 

enrichment of human primary macrophages. In unstimulated cells we found remarkable 

donor dependent variations of pre-clustered TLR4 molecules, which may have clinical 

implications and should be further investigated in future studies. Thereafter cells were treated 

with LPS, ATI or nitrate ATI. Interestingly, although the clusters differed much in their pre-

clustered state, there were no pronounced variations in cluster size and number of molecules 

within one cluster. Independently of treatment and donor, the cluster size remained 

unchanged at around ~57 nm containing ~25 molecules within a single cluster. Therefore, it 

can be concluded that TLR4 clusters have a fixed size but the percentage of pre-clustered 

TLR4 molecules varies largely between individuals. For details see Appendix B.2, Neumann 

et al., Nanoscale, 2019. 

2.2.3 Amplification of TLR4 signaling and NF-kB activation by 

peroxynitrite 
Based on our previous findings for nitrated ATI we elucidated whether peroxynitrite modified 

TLR4 stimulating proteins generally can enhance their inflammatory potential. Therefore, we 

treated proteins from three different categories: DAMPs (high mobility group B1, heat shock 

protein 60), disease specific protein (α-synuclein) and allergens (grass pollen allergen Phl p 

5, ATI) with peroxynitrite. The native and peroxynitrite treated proteins were tested for their 

capability to induce TLR4 stimulation, NF-κB activation, and transcription of inflammatory 

genes. For most of the tested TLR4 stimulating proteins we found a stronger 

immunostimulatory potential after nitration. By using THP-1 NF-κB reporter and HeLa TLR4 

dual reporter cells we observed enhanced TLR4 stimulation and NF-κB activation. Moreover, 

upon TLR4 blocking by the antagonist TAK242, the NF-κB activation was significantly 

reduced, which indicates that peroxynitrite treated proteins stimulated specifically TLR4. 

Additionally the gene expression of tumor necrosis factor alpha, interleukin 1 beta was 

enhanced for all tested proteins and for some proteins also interleukin 8. Ongoing studies 

focus on pro-inflammatory cytokine release and stimulation of other receptors, which will 

contribute to a clear and more comprehensive picture. Moreover, we want to elucidate 

specifically whether nitrotyrosine or dityrosine formation is causative for enhanced receptor 

stimulation. For details see Appendix B.3, Ziegler et al., in preparation, 2019. 
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2.2.4 Pro- and anti-inflammatory effects of herbal extracts and 

Cyanobacteria 
Natural compounds which modulate inflammatory reactions are widely used as medication 

and food supplement. As TLR4 plays a central role in inflammatory reactions, I tested several 

herbal extracts and Cyanobacteria for their TLR4 stimulation and toxic effects, using my 

novel stable transfected monoclonal HeLa TLR4 dual reporter cell. Results obtained here 

contributed to two publications. 

In the first study we screened 99 herbal extracts, which are known to have beneficial health 

effects. We screened the extracts for their potential to inhibit TLR2 and TLR4 induced pro-

inflammatory responses. The ten most promising extracts were further tested for their ability 

to inhibit LPS induced nuclear translocation of NF-κB in HeLa TLR4 dual reporter cells using 

high content screening microscopy. Despite all extracts were found in pre-tests to be anti-

inflammatory, surprisingly we found that three extracts did not inhibit LPS induced NF-κB 

translocation. This finding suggests that these three extracts induce the transcription of anti-

inflammatory cytokines through NF-κB or counteract inflammation by other pathways. 

Further, we could show previously unknown anti-inflammatory TLR dependent effects for the 

extracts of sweet chestnut leaves (Castanea sativa) and common lady’s mantle (Alchemilla 

vulgaris). Moreover, we proofed anti-inflammatory activity on TLR2- and TLR4-dependent 

signaling pathways for three whole extracts, such as bearberry leaves (Arctostaphylos uva-

ursi), cinchona bark (Cinchona pubescens) and hops cones (Humulus lupulus), from which 

only single active compounds were known. For details see Appendix B.4, Schink et al., PLoS 

ONE, 2018. 

In the second study the focus was drawn on inflammatory effects of Cyanobacteria. Since 

Cyanobacteria are widely spread and used for biofuel production and as food supplements, 

they are considered to be a potential health hazard. In this study we tested Cyanobacteria 

species from different origins (marine, terrestrial, and fresh water) for their inflammatory and 

allergenic characteristics by various in vitro assays. Herein the first results generated with the 

use of the new HeLa TLR4 dual reporter assay system were published. Therefore, I tested 

seven different Cyanobacteria species for their TLR4 agonistic properties and their endotoxin 

levels. Interestingly, I found high levels of endotoxin in all samples but only two 

Cyanobacteria species (Cylindrospermum siamensis and Anabaena ambigua) stimulated 

TLR4. For details see Appendix B.5, A.1. Lang-Yona et al., Sci Total Environ., 2018. 
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2.3 Conclusions and Outlook 
This PhD study proceeds further along previous studies on nitrated proteins (Gruijthuijsen et 

al., 2006; Karle et al., 2012; Lang-Yona et al., 2016; Untersmayr et al., 2010; Ackaert et al., 

2014). In line with earlier findings, we observed for nitrated ATI an enhanced cytokine 

release and T cell proliferation. Additionally, we demonstrated enhanced TLR4 stimulation by 

using the new HeLa TLR4 dual reporter cell line. The observed enhanced immunogenicity 

provides a causative chain between stronger TLR4 agonistic effects leading to enhanced T 

cell proliferation and Th cytokine release upon nitration (Ziegler et al., 2019). 

Figure 3: Illustration of increased immune reactions in vitro towards nitrated ATI
HeLa TLR4 dual reporter cells and human primary dendritic cells were treated with nitrated 

ATI. Increased TLR4 stimulation, cytokine secretion and T cell proliferation was observed. 

Figure is adopted from (Ziegler et al., 2019). 

To prove our assumption that nitration amplifies the immune stimulant function of other 

proteins than ATI, we modified different TLR4 stimulating proteins with peroxynitrite. For 

several of the modified proteins tested, we found an increased TLR4 stimulation and 

inflammatory reaction. Ongoing studies focus on pro-inflammatory gene expression, cytokine 

release and stimulation of further receptors which induce NF-κB activation. Up to now it is not 

clear to which degree the formation of nitrotyrosine or dityrosine and thereby protein-

oligomerization induces enhanced inflammation. The former would require a nitrotyrosine 

recognition function, whereas the latter may be explained by stabilizing receptor dimerization 

such as TLR4. All together these results will provide a comprehensive understanding, how 

peroxynitrite modified proteins affect immune reactions, contribute to inflammatory processes 

and related diseases. 
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Amylase trypsin inhibitors (ATI) can be found in all gluten containing cereals and are,

therefore, ingredient of basic foods like bread or pasta. In the gut ATI can mediate

innate immunity via activation of the Toll-like receptor 4 (TLR4) on immune cells residing

in the lamina propria, promoting intestinal, as well as extra-intestinal, inflammation.

Inflammatory conditions can induce formation of peroxynitrite (ONOO−) and, thereby,

endogenous protein nitration in the body. Moreover, air pollutants like ozone (O3) and

nitrogen dioxide (NO2) can cause exogenous protein nitration in the environment. Both

reaction pathways may lead to the nitration of ATI. To investigate if and how nitration

modulates the immunostimulatory properties of ATI, they were chemically modified by

three different methods simulating endogenous and exogenous protein nitration and

tested in vitro. Here we show that ATI nitration was achieved by all threemethods and lead

to increased immune reactions. We found that ATI nitrated by tetranitromethane (TNM) or

ONOO− lead to a significantly enhanced TLR4 activation. Furthermore, in human primary

immune cells, TNM nitrated ATI induced a significantly higher T cell proliferation and

release of Th1 and Th2 cytokines compared to unmodified ATI. Our findings implicate

a causative chain between nitration, enhanced TLR4 stimulation, and adaptive immune

responses, providing major implications for public health, as nitrated ATI may strongly

promote inhalative wheat allergies (baker’s asthma), non-celiac wheat sensitivity (NCWS),

other allergies, and autoimmune diseases. This underlines the importance of future work

analyzing the relationship between endo- and exogenous protein nitration, and the rise

in incidence of ATI-related and other food hypersensitivities.

Keywords: allergy, amylase trypsin inhibitors, dendritic cells, non-celiac wheat sensitivity, protein nitration, wheat

INTRODUCTION

Nitration of proteins can occur endogenously in the human body or exogenously in the
environment. Air pollutants, like ozone and nitrogen oxides, are able to nitrate allergenic
proteins, like the major birch pollen allergen Bet v 1, leading to an increased allergic potential
and elevated immune reactions (1–6). In the human body, inflammatory conditions can lead
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GRAPHICAL ABSTRACT | Amylase Trypsin Inhibitors (ATI) can be found in all gluten containing grains and are capable to mediate innate immunity by direct TLR4

stimulation. As protein nitration can occur during inflammatory processes in the body and under environmental conditions, ATI were nitrated and tested in vitro. The

nitrated ATI induced increased innate and adaptive immune reactions.

to the formation of ONOO−, which is the main agent for
endogenous protein nitration (5, 7–9). Moreover, several air
pollutants and pathogens can induce or favor inflammatory
processes and related nitration processes (1, 3, 6). Diseases
typically accompanied by a high degree of inflammation are, for
example, autoimmune and other chronic inflammatory diseases,
like chronic obstructive pulmonary disease (COPD), allergic
asthma, inflammatory bowel diseases (IBD), or non-celiac non-
allergy wheat sensitivity (NCWS) (10–12).

We previously showed that amylase trypsin inhibitors (ATI), a
family of non-gluten proteins, are responsible for manifestations
of mainly extra-intestinal symptoms of NCWS (10, 11, 13,
14). Moreover, ATI are major allergens in baker’s asthma, a
classical IgE mediated allergy (15, 16). ATI can be found in
all gluten containing grains (wheat, barley, rye), and represent
2–4% of the total protein (17). In plants, ATI regulate
the germination processes (18) and defense mechanisms by
blocking the amylase and trypsin activity of parasites (19).
The wheat intake of an adult person is about 250 g per
day, mainly as processed bread or pasta which is equivalent
to 0.5–1 g ATI (10). Remarkably, ATI are resistant to food
processing and to proteolysis in the gastrointestinal tract where
they stay biologically active (20). In the gut ATI are able
to stimulate immune cells residing in the lamina propria
and mesenteric lymph nodes through TLR4 binding and
stimulation, and the emigration of the activated myeloid cells
(20–22).

The innate immune receptor TLR4 recognizes damage
and pathogen associated patterns (DAMPs/PAMPs), like
lipopolysaccharides (LPS), which are major components in the
outer membrane of gram negative bacteria. Upon stimulation,

the receptor triggers an NF-κB dependent cascade leading to
the release of pro-inflammatory cytokines (23, 24). Importantly,
ATI can trigger TLR4 by direct interaction, and provoke innate
immunity (21, 22). In a mouse model of inflammatory bowel
disease, ATI enhanced the dextran sodium sulfate-induced
intestinal inflammation by increasing the number of activated
macrophages and dendritic cells in all sections of the intestine,
the lamina propria, and especially in the mesenteric lymph
nodes (20). Moreover, we showed in two mouse studies on
experimental airway inflammation that ATI-enriched diets not
only enhanced allergen-induced intestinal, but also lung allergic
responses in an IgE- and TLR4-dependent manner (25, 26).
Thus, the adjuvant effect of ATI is not limited to the intestine,
but can also be observed for other organs, fueling ongoing
inflammation. These inflammatory conditions might favor the
formation of ONOO− and, thereby, protein nitration (7–9, 27),
including ATI in the gut, apart from the environmental factors
that may induce protein nitration.

To elucidate the effect of nitration, we chemically modified
ATI using three different methods simulating endo- (in
vivo) and exogenous (environmental) nitration mechanisms.
These nitrating agents mainly induce the formation of 3-
nitrotyrosine (1, 5, 27–31). The aim of our study was to examine
whether nitrated ATI exhibit an altered innate and adaptive
immunostimulatory capacity. Modified ATI were quantified
for their nitration degree using HPLC-DAD and ELISA.
Furthermore, various in vitro studies were performed. A novel
HeLa TLR4 reporter cell line was established for determination
of innate immune stimulation. Adaptive immune reactions were
analyzed in a mixed lymphocyte reaction by the use of primary
immune cells isolated from whole blood of healthy donors. TLR4
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activation, NF-κB translocation, expression of surfacematuration
markers, Th1, Th2, relevant cytokines, and T cell proliferation
were measured.

MATERIALS AND METHODS

Nitration and Analysis of Nitrated ATI
Nitration With Tetranitromethane (TNM) of ATI
ATI were obtained from Sigma Aldrich (α-Amylase Inhibitor
from Triticum aestivum (wheat seed), Sigma-Aldrich, Darmstadt,
Germany). Aliquots of aqueous ATI solutions (1 mg/mL, 0.5mL)
were mixed with 4.55 µL TNM/Methanol (4%, v/v) and stirred
for 3 h at room temperature. To remove excess TNM after the
reaction, a PD-25 size exclusion chromatography column (GE
Healthcare, Little Chalfont, Great Britain) was used according
to the manufacturer’s instructions. Finally, the ATI were eluted
with endotoxin free water (MilliQ, Biopak, Merck, Darmstadt,
Germany).

Nitration With O3/NO2 of ATI
ATI aqueous solutions (0.5 mg/mL, 1mL) were exposed to a gas
mixture of O3 and NO2, as described previously (31). Briefly,
O3 was produced from synthetic air passed through a UV lamp
(LOT-Quantum Design, Darmstadt, Germany) at ∼1.98 L/min.
The air flow was then mixed with a N2 flow (20 mL/min)
containing ∼5 ppmV NO2 (AirLiquide, Düsseldorf, Germany).
The resulting air gas mixtures were bubbled directly through
the aqueous ATI solutions at a flow rate of 60 mL/min using
a Teflon tube (ID: 1.59mm). The concentrations of O3/NO2
were monitored by commercial monitoring instruments (Ozone
analyzer, 49i; NOx analyzer, 42i-TL, Thermo Fisher Scientific,
Darmstadt, Germany, respectively).

ONOO− Nitration of ATI
ATI solutions were prepared in 50mM ammonium bicarbonate
buffer at pH 7.8 (Carl Roth, Karlsruhe, Germany). For one
reaction 300 µL of ATI solution [1 mg/mL] were mixed with 2.85
µL ONOO− (160–200mM, Merck) in brown reaction vessels
(Eppendorf, Hamburg, Germany) and incubated for 110min on
ice. Immediately after the reaction, the samples were desalted
using a PD-10 size exclusion mini column (GE Healthcare),
following the manufacturer manual with endotoxin free water.

HPLC-DAD Analysis
All nitrated ATI samples were analyzed using HPLC coupled
to diode array detection (HPLC-DAD, 1,200 series, Agilent
Technologies, Santa Clara, California, USA). Values were
determined using peak areas of signals at wavelengths 280 and
357 nm. A detailed description of the analytical method can be
found in Selzle et al. (30). The nitration degree is defined as the
concentration of nitrotyrosine as a fraction of the sum of the
concentrations of nitrotyrosine and tyrosine. For example, ATI
0.19 Chain D from T. aestivum comprises five tyrosine residues.
A nitration degree of 20% reflects on average one nitrotyrosine
per ATI 0.19 molecule.

Endotoxin Quantification
Endotoxin was quantified by Limulus Amebocyte Lysate
chromogenic endotoxin quantitation kit (Thermo Fisher
Scientific). ATI samples were tested at several dilutions and
compared to an Escherichia coli endotoxin standard (011:B4)
provided with the kit. The endotoxin levels in the final
concentration used for all experiments were <20 Endotoxin
units per mL.

Protein Analysis
To determine the ATI protein concentrations before and after
nitration, a bicinchoninic acid assay (Thermo Fisher Scientific)
was used according to the manufacturer’s instructions. The
optical density at 562 nm was determined using a Synergy Neo
plate reader (Biotek, Bad Friedrichshall, Germany).

ATI oligomers were detected using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (5–20%, Bio-Rad, Munich,
Germany), referring to the instruction manual. A 5 µg portion
of each sample was prepared in 2x Laemmli buffer (Bio-Rad)
containing 100mM Dithiothreitol (Sigma Aldrich), heated on
96◦C for 5min, and loaded on the gel. After separation, the gel
was stained for 3 h in Coomassie blue (Bio-Rad) and unstained in
an aqueous solution containing 10% methanol (Merck) and 20%
acetic acid (Carl Roth) over night. For image acquisition and for
analysis, a ChemiDoc system and Image Lab software 5.2.1 (both
Bio-Rad) were used, respectively.

Cell Culture
Hela TLR4 Dual Luciferase Reporter Cell Line (HeLa

TLR4 Dual)
Cells were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM, Thermo Fisher Scientific) containing 25mM D-
glucose, 1mM sodium pyruvate supplemented with 10% heat-
inactivated fetal calf serum (FCS), (Biochrom, Berlin, Germany),
1% Penicillin/Streptomycin (Thermo Fisher Scientific), and
140µg/mL Hygromycin B (Invivogen, Toulouse, France) in a
humidified atmosphere of 5% CO2 at 37◦C.

For simultaneous determination of TLR4 stimulation and
viability, a novel monoclonal dual reporter cell line was
established. Therefore, the HeLa TLR4 cell line (Novusbio,
Wiesbaden, Germany), expressing Renilla luciferase under the
control of an IL-8 promotor reporting TLR4 activity, was stably
transfected with a plasmid, constitutively expressing Firefly
luciferase, and, thereby, measuring viability (pCMB-firefly-luc-
hygro, kindly provided by Ernesto Bockamp, University Medical
Center of the Johannes Gutenberg University). Lipofectamine
3000 (Thermo Fisher Scientific) was used as the transfecting
reagent according to the manufacturer’s protocol.

Combined TLR4 and viability assay
20,000 HeLa TLR4 dual reporter cells were seeded in a flat
bottom 96-well plate (Greiner, Frickenhausen, Germany) in 100
µL complete DMEM. On the next day, the cells were treated
with different nitrated ATI at a final concentration of 7.5µg/mL.
Mock nitrations and medium served as negative controls, and
LPS EB (25 ng/mL, Invivogen) as a positive control. After 7 h,
the plate was washed with 200 µL of warm PBS containing
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calcium and magnesium (Thermo Fisher Scientific). Then the
cells were lysed by adding passive lysis buffer (Dual-luciferase
reporter assay, Promega, Mannheim, Germany) and frozen at
−80◦C. An analysis of both luciferase reporter activities in
the cell lysate was performed according to the manufacturer’s
manual (Promega). The relative luciferase activity was calculated
by dividing the Renilla luciferase (TLR4) signal by the Firefly
luciferase (viability) signal. The resulting values were normalized
to the value obtained for LPS treated cells.

To inhibit TLR4 signaling, HeLa TLR4 dual cells were
pre-incubated with the TLR4 antagonist TAK242 (0.36µg/mL,
Merck), or, as a negative control, its solvent dimethylsulfoxide
(4.4µg/mL, Thermo Fisher Scientific) for 150min.To provide
a stronger stimulation, the doses of ATI were doubled in these
experiments [15 µg/mL].

Generation of Monocyte Derived Dendritic Cells (DC)
Buffy coats from ten healthy donors were obtained from the
Transfusion Center (University Medical Center of the Johannes
Gutenberg University, Mainz, Germany) with approval from the
local ethical committee (Landesärztekammer Rheinland-Pfalz).
Peripheral blood mononuclear cells (PBMC) were isolated by
Ficoll-Paque 1.077 g/mL (Biochrom) density centrifugation. The
autologous plasma was heat-inactivated at 56◦C for 30min,
centrifuged at 1,500 × g, and stored at 4◦C. To enrich CD14+
monocytes, 5 × 106 PBMC per well were incubated in a
12-well plate (Greiner) in 1.5mL Iscove modified Dulbecco
medium (IMDM, Lonza, Basel, Switzerland) enriched with
1% antibiotic/antimycotic solution (Sigma Aldrich) and 3%
autologous plasma for 40min in a cell incubator under
5% CO2 atmosphere at 37◦C. Cells were washed 3 times
with warm PBS (without calcium magnesium, Thermo Fisher
Scientific), and maintained in IMDM, supplemented with
10 ng/mL IL-4 (Miltenyi, Bergisch Gladbach, Germany), 200

U/mL granulocyte-macrophage colony-stimulating factor (GM-
CSF, Leukine R©, Immunex Corp., Seattle, WA, USA), and 2%
autologous plasma. On day 6, immature DC were pulsed with
ATI [15µg/mL], TNM nitrated ATI [15µg/mL], equivalent
amounts of mock nitrated solution, or were left untreated.
To induce DC maturation, the cells were additionally treated
with tumor necrosis factor (TNF)-alpha, 10 ng/mL, Miltenyi
Biotec), IL-1β (10 ng/mL, Miltenyi Biotec) and prostaglandin E2
(1µg/mL, Cayman Chemical, Ann Arbor, MI, USA). After 48 h,
DC were harvested, washed twice in cold PBS, and used for T
cell stimulation assays as well as for analysis of surface marker
expression.

Surface marker staining and analysis by flow cytometry
5 × 104 DC or 5 × 105 T cells were stained with specific
mouse anti-human monoclonal antibodies (mAbs) for 20min
at 4◦C. The following antibodies were used: AlexaFluor 647-
conjugated CD4 (MT310; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA), fluorescein isothiocyanate (FITC)-
conjugated human leukocyte antigen D-related (HLA-DR)
(L243), phycoerythrin (PE)-conjugated CD80 (L307.4), and
allophycocyanin-conjugated CD83 (HB15e, all from BD
Biosciences). As a negative control, matured cells were used.
Then, cells were washed, and analyzed by BD AccuriTM C6 Plus
Flow Cytometer (BD Biosciences).

Isolation of CD4+ T cells and co-culture with autologous

native ATI- or TNM nitrated ATI-pulsed DC
Autologous CD4+ T cells were obtained from PBMC using
antibody-coated paramagnetic MicroBeads (MACS; Miltenyi
Biotec) according to the manufacturer’s protocol. Separation was
confirmed by flow cytometry (purity, >98% CD4+ T cells).

1 × 105 T cells and 1 × 104 mDC were co-cultured in 96-
well plates (Greiner) in triplicates in 200 µL IMDM containing

FIGURE 1 | Different nitrated ATI induce distinct TLR4 activation in HeLa TLR4 dual reporter cells. (A) HeLa TLR4 dual reporter cells were treated for 7 h with nitrated

or unmodified ATI [7.5µg/mL] or LPS [25 ng/mL] as a positive control. (B) Cells were pre-incubated for 2.5 h with TAK242 [0.36µg/mL] or its solvent DMSO

[4.4µg/mL]. Then the cells were stimulated with nitrated or unmodified ATI [15µg/mL], or LPS [25 ng/mL] for 7 h. The relative luciferase activity was calculated by

dividing the Renilla luciferase (TLR4) signal by the Firefly luciferase (viability) signal. The resulting values were normalized to the value obtained for LPS- treated cells.

Shown are the means ± SD of three independent experiments measured in triplicates using two independently nitrated probes. ***P < 0.001, **P < 0.01.
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5% autologous plasma. Five days later, 50 µL of supernatant
was taken for quantification of cytokine production. For the
determination of proliferation, the co-culture was pulsed with 37
kBq/well of [3H]-thymidine (ICN Biomedicals, CA, USA) for 6 h
and [3H]-TdR incorporation was measured using a beta counter
(1205 Betaplate, LKB Wallac, Turku, Finland).

Quantification of soluble cytokines by magnetic multiplex

assay
For quantification of cytokines, multiplex assay kits (R&D
systems, Biotechne, Wiesbaden, Germany) were used.
Supernatants from immature DC cultures were tested for
TNF-alpha, IL-6, IL-8, IL-1β, and monocyte chemoattractant
protein 1 (MCP1). Supernatants of mature DC-T cell co-cultures
were analyzed for interferon gamma (IFN-gamma), IL-10, IL-17,
IL-6, IL-4, IL-5, and IL-13. The samples were prepared according

to the manufacturer’s manual and analyzed on a MAGPIX device
(Luminex, Austin, Texas, USA).

Quantification of ATI Induced NF-κB
Translocation
Nuclear NF-κB translocation in macrophages was determined by
fluorescence microscopy. Therefore, PBMCs were isolated and
seeded in 12-well glass bottom plates (Cellvis, California, USA)
at a concentration of 1.5 × 106 – 2 × 106 cells per well in
IMDM enriched with 200 U/mL GM-CSF and 2% autologous
plasma. After 6 days, cells were stimulated for 2 h either with ATI,
ATI TNM [12.5µg/mL], or with LPS EB (100 ng/mL, Invivogen)
as a positive control. Untreated cells (medium) served as a
negative control. Next, cells were washed once in pre-warmed
PBS and fixed using 4% formaldehyde solution (Thermo Fisher

FIGURE 2 | Increased NF-κB p65 translocation into the cell nucleus in ATI and ATI TNM treated primary human macrophages. (A) Fluorescence microscopy images

of macrophages treated for 2 h with LPS (positive control, 100 ng/mL), ATI or ATI TNM [12.5µg/mL] and stained for NF-κB. In untreated conditions (medium) NF-κB

resides mostly in the cytoplasm, whereas an increased translocation of NF-κB p65 into the nucleus can be observed for LPS, ATI, and ATI TNM treated cells (indicated

by arrows). Brightness and contrast were adjusted to the same level for every image within the panel. Scale bar = 50µm. (B) Quantitative evaluation of NF-κB

translocation from the cell cytoplasm to the nucleus by Harmony high-content analysis software (Perkin Elmer). Shown are the means ± SEM from four independent

experiments/donors, *P < 0.05, **P < 0.01. (C) Donor-dependent response to LPS (green), ATI (yellow), and ATI TNM (blue) treatment.
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Scientific) in PBS for 10min at 37◦C. Subsequently, cells were
rinsed three times with PBS, then blocked and permeabilized
in PBS containing 0.3% Triton X-100 (Merck) and 5% bovine
serum albumin (BSA, Cell Signaling Technology, Danvers,
Massachusetts) for 1 h at room temperature. Afterwards, cells
were incubated with primary rabbit anti-NF-κB p65 mAb
(D14E12, Cell Signaling Technology) diluted in PBS comprising
1% BSA and 0.3% Triton X-100 (Merck) overnight at 4◦C.
Thereafter, cells were washed three times in PBS for 5min each
and incubated for 1 h at room temperature with anti-rabbit

Alexa Fluor 568 antibody (A-11011, Thermo Fisher Scientific)
diluted in PBS comprising 1% BSA and 0.3% Triton X-100. Cells
were washed again three times in PBS for 5min each and cell
nuclei were counterstained using 4′,6-diamidino-2-phenylindole
(DAPI, Thermo Fisher Scientific) according to themanufacturer’s
instructions. Imaging of stained macrophages was performed
at an Opera Phenix High-Content Screening system (Perkin
Elmer, Waltham, Massachusetts, USA). PBS was used as an
imaging buffer. For image analysis, Harmony high-content
analysis software (Perkin Elmer, Waltham, Massachusetts, USA)

FIGURE 3 | Enhanced expression of maturation markers as well as pro-inflammatory cytokines by human immature DCs upon stimulation with ATI and ATI TNM.

Immature DCs were pulsed with ATI or ATI TNM [15µg/mL] on day 6. Forty-eight hours later cells were stained for expression of the indicated surface markers and

analyzed by flow cytometry (A,B). Before, supernatants were taken for determination of IL-1β, IL-6, IL-8, and TNF-alpha by magnetic multiplex assay (C–F). Shown

are the means ± SEM from ten independent experiments/donors, *P < 0.05, ***P < 0.001.
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was used. Nuclei were identified by DAPI staining, and a ring-like
mask around each identified nucleus was created to obtain the
corresponding cytoplasm area. Afterwards, the mean intensities
of NF-κB within both masks were determined and the nuclear to
cytoplasmic ratio of NF-κB was calculated. The described image
processing steps are illustrated in Figure S1.

Statistics
GraphPad Prism version 6.07 (GraphPad, San Diego, California)
was used for statistical analysis. To determine the standard
deviation between the different treated groups, an ANOVA was
performed. Unpaired t-tests were performed for TLR4 activation
measurements using the Hela TLR4 dual reporter cell line. For
all data sets based on primary immune cells, paired t-tests
were carried out. Differences between groups were considered
as significant when ∗p < 0.05, ∗∗p < 0.01, or ∗∗∗p < 0.001. The
number of experiments performed for each data set is described
at the end of each figure legend.

RESULTS

Nitration of ATI by Different Nitrating
Agents
The degree of ATI nitration varied for the different nitrating
agents and methods used. High nitration was observed with
TNM and ONOO−. Lowest nitration was obtained for O3/NO2
(Table 1). All three nitration methods were able to modify ATI
and induce about 3–13% of covalently linked ATI oligomers
(Figures S2A,B).

Nitration of ATI Enhances TLR4
Stimulatory Activity
Compared to unmodified ATI, TNM, and ONOO−, nitrated
ATI induced a significantly higher TLR4 activation in HeLa
TLR4 dual reporter cells. However, ATI nitrated with O3 and
NO2 exhibited a lower TLR4 activation compared to native ATI
(Figure 1A). All mock nitrations showed no TLR4 activation
(Figure S3).

Administration of the TLR4 antagonist TAK242 completely
diminished TLR4 activation induced by ATI or by the positive
control LPS (Figure 1B).

TABLE 1 | Levels of ATI nitration by different nitrating agents.

Agent Reaction condition Nitration

degree (%)a
Nitrotyrosine

[µg/ml]b

TNM 4.55 µL [4%], 3 h 19.5 ± 0.2 0.36 ± 0.03

O3/NO2 O3 [200 ppb], NO2

[50 ppb], 4 h

8.6 ± 0.5 7.8E-04 ± 2.4E-04

ONOO− 2.85 µl [200mM], 1.8 h 26.2 ± 6,2 0.23 ± 0.12

aThe ND values here were corrected according to the background for pre-nitrated signals

of native ATI (n = 2). Blank samples were conducted under the same nitration conditions,

and no signal at 280 nm and 357 nm was detected for all the mock samples.
bThe values are expressed in equivalents of nitrotyrosines [µg] nitrated BSA nBSA per

1 µg of nitrated ATI solution (n = 2). The values were corrected against unmodified ATI

solution. Mock samples showed no nitration.

Nitrated and Unmodified ATI Induce Similar
Activation of Macrophages and Immature
DC
In unstimulated primary human macrophages, NF-κB is mostly
located in the cytoplasm. Upon treatment with ATI or TNM
nitrated ATI, a significantly enhanced NF-κB translocation from
cytoplasm to the cell nucleus was observed using fluorescence
microscopy (Figure 2A). Nitrated ATI exhibited only slightly
higher NF-κB translocation compared to native ATI, which
was also observed in the individual donor dependent responses
(Figures 2B,C).

Immature DC treated with unmodified or TNM nitrated
ATI expressed significantly higher amounts of CD80, CD83,
and HLA-DR on their surface in comparison to untreated cells
(Figures 3A,B). For DC treated with mock nitrated samples,
no changes were observed (Figures S4A,B). Furthermore, the
release of the pro-inflammatory cytokines IL-1β, IL-6, IL-8,
and TNF-alpha by immature DC was similarly elevated upon
ATI or ATI TNM treatment compared to untreated cells
(Figures 3C–F). No significant changes were observed forMCP-1
release or cells treated with mock nitrations (Figures S4C–G).

Nitrated ATI Enhance Proliferation and
Induce an Enhanced Th1 and Th2 Cytokine
Expression Profile in CD4+ T Cells
Stimulated With Autologous Mature DC
To analyze the immunogenicity of nitrated vs. unmodified ATI,
CD4+ T cells were co-cultured with autologous mature DC
treated before with ATI or ATI-TNM. Proliferations as well as
production of Th1 and Th2 cytokines were analyzed. In general,
CD4+ T cells from almost all donors showed an enhanced
proliferative response and cytokine release after stimulation with
ATI-pulsed compared to untreated DC. Only DC treated with
nitrated ATI induced a significantly increased T cell proliferation
(Figure 4A). Moreover, the release of the Th2 cytokines IL-
5, IL-6, IL-10, and IL-13 as well as the Th1 cytokine IFN-
gamma was significantly enhanced after stimulation with DC
treated with ATI-TNM (Figures 4B–F). Comparing both ATI-
treated groups, we found a significant higher release for IL-
5, IL-6, IL-10, and IFN-gamma upon the ATI-TNM stimulus
(Figures 4B,D,F). There were no significant changes in IL-4
and IL-17A release between all groups (Figures S5A,B). Mock
nitration did neither influence cytokine release nor T cell
proliferation (Figures S5C–H).

DISCUSSION

In the present study, we analyzed the impact of nitration on the
immunogenicity of ATI, and could show that ATI can be nitrated
by exogenous and endogenous nitrating agents. Furthermore,
we demonstrated that nitration of ATI lead to enhanced innate
and adaptive immune responses compared to unmodified ATI
(Graphical Abstract).

By using a novel HeLa TLR4 dual luciferase reporter cell
line, we could demonstrate that TNM and ONOO− mediated
ATI nitration induced significant enhanced TLR4 stimulation,
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FIGURE 4 | Enhanced T cell proliferation as well as Th1 and Th2 cytokine production of CD4+ T cells stimulated with autologous ATI TNM-pulsed mature DC.

Immature DC were pulsed with ATI or ATI TNM [15µg/mL] and matured with pro-inflammatory cytokines as described in Materials and Methods. After 48 h, mature

DC were washed and co-cultivated with autologous CD4+ T cells for 5 days. (A) T cell proliferation was measured by [3H]-thymidine incorporation, and proliferation

index was calculated related to untreated cells. (B–F) Supernatants (50 µL) were collected before thymidine administration to determine the production of IL-5, IL-6,

IL-10, IL-13, and IFN-gamma by multiplex assay. Results are presented as means ± SEM from 10 independent experiments/donors. In some cases, cytokine

concentrations were below the detection limit so that n < 10 (IL-5 n = 8, IL-13 n = 5, IFN-gamma n = 9), *P < 0.05, **P < 0.01.

which seems to correlate with the higher nitration degrees
as determined by HPLC-DAD and ELISA. Pre-incubation of
the cells with the TLR4 antagonist TAK242 inhibited ATI-
induced TLR4 signaling, providing further evidence that
ATI stimulate TLR4 directly, as reported in previous studies
(21, 22). The complete abolishment of TLR4 activity by TAK242
furthermore allows the conclusion that nitrated ATI also impact
the TLR4 agonistic properties directly. As nitration always
induces the formation of nitrotyrosine (1, 5, 9, 27–31), it may

be hypothesized that nitrotyrosine embedded into the ATI
secondary structure itself serves as an amplifier. This hypothesis
is supported by our results, showing the lack of enhanced TLR4
stimulation in HeLa TLR4 dual reporter cells upon treatment
with unmodified ATI combined with pure nitrotyrosine
(Figure S6).

Moreover, nitration of proteins is known to change their
structure and function (29). Further investigations would be
necessary to clarify to which degree nitration of ATI alters their
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interaction with TLR4 (22), which may explain the observed
enhanced TLR4 agonistic activity.

One essential step in TLR4 signaling is the nuclear
translocation of the transcription factor NF-κB, controlling
the expression of many genes relevant in innate and adaptive
immunity (23, 24, 32). Therefore, we performed several studies
on primary immune cells from healthy human donors in vitro.
Using fluorescence microscopy, we visualized and quantified
nuclear translocation of NF-κB in primary human macrophages
after the addition of ATI or nitrated ATI. Under the conditions
chosen, native and nitrated ATI provoked comparable nuclear
translocation of NF-κB.

Previous studies showed that, not only NF-kB, but also
the interferon regulatory factor (IRF-3) gets activated upon
ATI treatment (21). Therefore, future investigations should also
investigate whether nitrated ATI effect the IRF-3 pathway.

Moreover, we found that the NF-κB controlled cytokines
IL-1β, IL-6, IL-8, TNF-alpha, and the DC maturation markers
CD80 and CD83 (32) were strongly enhanced after treatment of
immature DC with ATI and nitrated ATI, which is consistent
with previous studies (21, 26). This finding indicates that ATI
in general induce the maturation of DC, which is an essential
step in the induction of T cell mediated immunity, both via
Th1 and Th2T helper cells, as occurs in autoimmunity and
allergy, underpinning the intrinsic immune adjuvant function of
(nutritional) ATI (20, 25, 26).

To investigate the modulation of adaptive immunity by
nitrated ATI, we analyzed syngeneic DC-T cell co-cultures.
Here, only TNM ATI treated DC induced significantly enhanced
T cell proliferation. Moreover, treatment of DC with ATI or
nitrated ATI caused a significantly higher release of Th2 relevant
cytokines IL-5, IL-6, IL-10, and IL-13, and of the Th1 cytokine
IFN-gamma. For unmodified ATI, this finding is in line with
our prior studies on nutritional and inhalative allergies (25, 26).
Remarkably, nitrated ATI significantly enhanced the production
of both Th1 and Th2 cytokines compared to unmodified ATI.

Therefore, it can be concluded that nitrated ATI possess an
overall enhanced immune stimulatory potential, including Th1
mediated diseases, as was shown by us before for unmodified
ATI in murine inflammatory bowel disease (20). These results
make it highly probable that nitrated ATI may more strongly
promote inhalative wheat allergies (baker’s asthma), NCWS,
other allergies, and autoimmune diseases.

Similar findings were reported for other nitrated allergens
in the context of allergic airway inflammation or anaphylaxis,
but the exact underlying molecular mechanisms are still elusive
(1–6). Allergen oligomerization as a side product during the
nitration process (e.g., cross-linking of protein-bound tyrosine
to form a dimer, or the formation of disulfide bridges) was
observed for several proteins, and is discussed as one possible
mechanism (4, 30, 31, 33). In this respect, it was suggested
that one structural aspect of allergens is their capability to
form dimers or oligomers, thereby enhancing their allergenicity
(34). Ackaert et al. (4) reported two-fold higher stability for
nitrated, as compared to unmodified, Bet v 1, making the allergen
more resistant to proteolytic degradation, thus permitting
enhanced and prolonged presentation on DC, followed by an
enhanced T cell response (3, 4). Interestingly, higher molecular

weight aggregates instead of oligomers of Bet v 1 (4), and
the hypoallergenic Bet v 1d (35) were reported to favor Th1
immunogenicity. Indeed, for all nitration methods used, we
found fractions of covalently linked ATI oligomers after the
reaction.

Taken together, our results demonstrate that ATI are potent
stimulators of innate and adaptive immune responses. In contrast
to unmodified ATI, the nitrated ATI exhibit stronger immune
stimulatory effects. The observed enhanced immunogenicity
of ATI provides a causative chain between stronger TLR4
agonistic effects, leading to enhanced Th1 and Th2 cell activation
upon nitration. Future investigations are needed to test how
far the degrees of nitration obtained in our study match
endogenous ATI nitration under inflammatory conditions, or
exogenous nitration, which may occur under certain conditions
of wheat growing and processing, e.g., via intensive fertilization,
environmental pollution, or nitration during food processing.

DATA AVAILABILITY STATEMENT

All datasets analyzed for this study are included in themanuscript
and the supplementary files.

AUTHOR CONTRIBUTIONS

DS, UP, KR-S, IB, and KL designed the experiments. KZ, JN, FL,
and IB performed the experiments. KZ, JN, FL, JF-N, DS, UP,
IB, and KL analyzed and interpreted the data. CC, JS, FL, KR-S,
and IB contributedmaterials, methods, analysis tools. KZ, IB, and
KL wrote the paper. All authors were involved in the editing and
proofreading of the manuscript.

FUNDING

This work was supported by the Max Planck Graduate Center
with the Johannes Gutenberg University Mainz (MPGC). DS
was supported for ATI-related work by grants from the German
Research Foundation (DFG) (DFG-Schu 646/17-1, DFG-Schu-
646/20-1, the Collaborative Research Center TR128 Multiple
Sclerosis project A08), and the Leibniz Foundation (project
Wheatscan). IB was supported by DFG grant BE 4504/3-1.

ACKNOWLEDGMENTS

The authors acknowledge helpful discussions with the members
of the Mainz Program for Chemical Allergology (MPCA) and
support from the Max Planck Graduate Center with the Johannes
Gutenberg University Mainz (MPGC). KZ and JN acknowledge
the support by the IMB Microscopy and Histology Core Facility,
as well as the DFG for funding the Opera Phenix High Content
Spinning Disk Microscope (Project 402386039).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.03174/full#supplementary-material

Frontiers in Immunology | www.frontiersin.org 9 January 2019 | Volume 9 | Article 3174

36

https://www.frontiersin.org/articles/10.3389/fimmu.2018.03174/full#supplementary-material
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Ziegler et al. Nitrated ATI Show Enhanced Immunogenicity

REFERENCES

1. Franze T, Weller MG, Niessner R, Poschl U. Protein nitration by polluted air.
Environ Sci Technol. (2005) 39:1673–8. doi: 10.1021/es0488737

2. Gruijthuijsen YK, Grieshuber I, Stocklinger A, Tischler U, Fehrenbach T,
Weller MG, et al. Nitration enhances the allergenic potential of proteins. Int
Arch Allergy Immunol. (2006) 141:265–75. doi: 10.1159/000095296

3. Karle AC, Oostingh GJ, Mutschlechner S, Ferreira F, Lackner P, Bohle B, et al.
Nitration of the pollen allergen bet v 1.0101 enhances the presentation of bet
v 1-derived peptides by HLA-DR on human dendritic cells. PLoS ONE (2012)
7:e31483. doi: 10.1371/journal.pone.0031483

4. Ackaert C, Kofler S, Horejs-Hoeck J, Zulehner N, Asam C, Von Grafenstein
S, et al. The impact of nitration on the structure and immunogenicity of
the major birch pollen allergen Bet v 1.0101. PLoS ONE (2014) 9:e104520.
doi: 10.1371/journal.pone.0104520

5. Reinmuth-Selzle K, Ackaert C, Kampf CJ, Samonig M, Shiraiwa M, Kofler
S, et al. Nitration of the birch pollen allergen Bet v 1.0101: eÿ ciency and
site-selectivity of liquid and gaseous nitrating agents. J Proteome Res. (2014)
13:1570–7. doi: 10.1021/pr401078h

6. Reinmuth-Selzle K, Kampf CJ, Lucas K, Lang-Yona N, Frohlich-Nowoisky
J, Shiraiwa M, et al. Air pollution and climate change effects on
allergies in the anthropocene: abundance, interaction, and modification
of allergens and adjuvants. Environ Sci Technol. (2017) 51:4119–41.
doi: 10.1021/acs.est.6b04908

7. Galinanes M, Matata BM. Protein nitration is predominantly mediated by a
peroxynitrite-dependent pathway in cultured human leucocytes. Biochem J.
(2002) 367:467–73. doi: 10.1042/bj20020825

8. Salvemini D, Doyle TM, Cuzzocrea S. Superoxide, peroxynitrite and
oxidative/nitrative stress in inflammation. Biochem Soc Transl. (2006) 34:965–
70. doi: 10.1042/BST0340965

9. Ferrer-Sueta G, Campolo N, Trujillo M, Bartesaghi S, Carballal S, Romero N,
et al. Biochemistry of peroxynitrite and protein tyrosine nitration. Chem Rev.
(2018) 118:1338–408. doi: 10.1021/acs.chemrev.7b00568

10. Fasano A, Sapone A, Zevallos V, Schuppan D. Nonceliac gluten sensitivity.
Gastroenterology (2015) 148:1195–204. doi: 10.1053/j.gastro.2014.12.049

11. Schuppan D, Zevallos V. Wheat amylase trypsin inhibitors as
nutritional activators of innate immunity. Dig Dis. (2015) 33:260–3.
doi: 10.1159/000371476

12. Zundler S, Neurath MF. Pathogenic T cell subsets in allergic and
chronic inflammatory bowel disorders. Immunol Rev. (2017) 278:263–76.
doi: 10.1111/imr.12544

13. Schuppan D, Pickert G, Shfaq-Khan M, Zevallos V. Non-celiac wheat
sensitivity: differential diagnosis, triggers and implications. Best Pract Res Clin
Gastroenterol. (2015) 29:469–76. doi: 10.1016/j.bpg.2015.04.002

14. Leccioli V, Oliveri M, Romeo M, Berretta M, Rossi P. A New proposal for the
pathogenic mechanism of non-coeliac/non-allergic gluten/wheat sensitivity:
piecing together the puzzle of recent scientific evidence. Nutrients 9:E1203.
doi: 10.3390/nu9111203

15. Walusiak J,WiszniewskaM, Krawczyk-Adamus P, Palczynski C. Occupational
allergy to wheat flour. Nasal response to specific inhalative challenge in asthma
and rhinitis vs. isolated rhinitis: a comparative study. Int J OccupMed Environ
Health (2004) 17:433–40.

16. Tatham AS, Shewry PR. Allergens to wheat and related cereals. Clin Exp
Allergy (2008) 38:1712–26. doi: 10.1111/j.1365-2222.2008.03101.x

17. Dupont FM, Vensel WH, Tanaka CK, Hurkman WJ, Altenbach SB.
Deciphering the complexities of the wheat flour proteome using quantitative
two-dimensional electrophoresis, three proteases and tandem mass
spectrometry. Proteome Sci. (2011) 9:10. doi: 10.1186/1477-5956-9-10

18. Finnie C, Melchior S, Roepstorff P, Svensson B. Proteome analysis of grain
filling and seed maturation in barley. Plant Physiol. (2002) 129:1308–19.
doi: 10.1104/pp.003681

19. Payan F. Structural basis for the inhibition of mammalian and insect alpha-
amylases by plant protein inhibitors. Biochim Biophys Acta (2004) 1696:171–
80. doi: 10.1016/j.bbapap.2003.10.012

20. Zevallos VF, Raker V, Tenzer S, Jimenez-Calvente C, Ashfaq-Khan M,
Russel N, et al. Nutritional wheat amylase-trypsin inhibitors promote

intestinal inflammation via activation of myeloid cells. Gastroenterology
(2017) 152:1100–13. doi: 10.1053/j.gastro.2016.12.006

21. Junker Y, Zeissig S, Kim SJ, Barisani D, Wieser H, Leffler DA, et al. Wheat
amylase trypsin inhibitors drive intestinal inflammation via activation of toll-
like receptor 4. J Exp Med. (2012) 209:2395–408. doi: 10.1084/jem.20102660

22. Cuccioloni M, Mozzicafreddo M, Ali I, Bonfili L, Cecarini V, Eleuteri
AM, et al. Interaction between wheat alpha-amylase/trypsin bi-functional
inhibitor and mammalian digestive enzymes: Kinetic, equilibrium and
structural characterization of binding. Food Chem. (2016) 213:571–8.
doi: 10.1016/j.foodchem.2016.07.020

23. Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nat Immunol. (2010) 11:373–84.
doi: 10.1038/ni.1863

24. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol.
(2014) 5:461. doi: 10.3389/fimmu.2014.00461

25. Bellinghausen I, Weigmann B, Zevallos V, Maxeiner J, Reissig S, Waisman
A, et al. Wheat amylase-trypsin inhibitors exacerbate intestinal and airway
allergic immune responses in humanizedmice. J Allergy Clin Immunol. (2018).
doi: 10.1016/j.jaci.2018.02.041. [Epub ahead of print].

26. Zevallos VF, Raker VK, Maxeiner J, Scholtes P, Steinbrink K, Schuppan D.
Dietary wheat amylase trypsin inhibitors exacerbate murine allergic airway
inflammation Eur J Nutr. (2018). doi: 10.1007/s00394-018-1681-6. [Epub
ahead of print].

27. Ischiropoulos H. Protein tyrosine nitration–an update.Arch Biochem Biophys.
(2009) 484:117–21. doi: 10.1016/j.abb.2008.10.034

28. Walcher W, Franze T, Weller MG, Poschl U, Huber CG. Liquid- and gas-
phase nitration of bovine serum albumin studied by LC-MS and LC-MS/MS
using monolithic columns. J Proteome Res. (2003) 2:534–42. doi: 10.1021/pr03
4034s

29. Radi R. Protein tyrosine nitration: biochemical mechanisms and
structural basis of functional effects. Acc Chem Res. (2013) 46:550–9.
doi: 10.1021/ar300234c

30. Selzle K, Ackaert C, Kampf CJ, Kunert AT, Duschl A, Oostingh GJ, et al.
Determination of nitration degrees for the birch pollen allergen Bet v 1. Anal
Bioanal Chem. (2013) 405:8945–9. doi: 10.1007/s00216-013-7324-0

31. Liu F, Reinmuth-Selzle K, Lai S, Weller MG, Poschl U, Kampf CJ.
Simultaneous determination of nitrated and oligomerized proteins
by size exclusion high-performance liquid chromatography coupled
to photodiode array detection. J Chromatogr A. (2017) 1495:76–82.
doi: 10.1016/j.chroma.2017.03.015

32. Sakai J, Cammarota E, Wright JA, Cicuta P, Gottschalk RA, Li N, et al.
Lipopolysaccharide-induced NF-kappaB nuclear translocation is primarily
dependent on MyD88, but TNFalpha expression requires TRIF and MyD88.
Sci Rep. (2017) 7:1428. doi: 10.1038/s41598-017-01600-y

33. Kampf CJ, Liu F, Reinmuth-Selzle K, Berkemeier T, Meusel H, Shiraiwa
M, et al. Protein cross-linking and oligomerization through dityrosine
formation upon exposure to ozone. Environ Sci Technol. (2015) 49:10859–66.
doi: 10.1021/acs.est.5b02902

34. Scheurer S, TodaM, Vieths S.Whatmakes an allergen?Clin Exp Allergy (2015)
45:1150–61. doi: 10.1111/cea.12571

35. Zaborsky N, Brunner M, Wallner M, Himly M, Karl T, Schwarzenbacher R,
et al. Antigen aggregation decides the fate of the allergic immune response. J
Immunol. (2010) 184:725–35. doi: 10.4049/jimmunol.0902080

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Ziegler, Neumann, Liu, Fröhlich-Nowoisky, Cremer, Saloga,
Reinmuth-Selzle, Pöschl, Schuppan, Bellinghausen and Lucas. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org 10 January 2019 | Volume 9 | Article 3174

37

https://doi.org/10.1021/es0488737
https://doi.org/10.1159/000095296
https://doi.org/10.1371/journal.pone.0031483
https://doi.org/10.1371/journal.pone.0104520
https://doi.org/10.1021/pr401078h
https://doi.org/10.1021/acs.est.6b04908
https://doi.org/10.1042/bj20020825
https://doi.org/10.1042/BST0340965
https://doi.org/10.1021/acs.chemrev.7b00568
https://doi.org/10.1053/j.gastro.2014.12.049
https://doi.org/10.1159/000371476
https://doi.org/10.1111/imr.12544
https://doi.org/10.1016/j.bpg.2015.04.002
https://doi.org/10.3390/nu9111203
https://doi.org/10.1111/j.1365-2222.2008.03101.x
https://doi.org/10.1186/1477-5956-9-10
https://doi.org/10.1104/pp.003681
https://doi.org/10.1016/j.bbapap.2003.10.012
https://doi.org/10.1053/j.gastro.2016.12.006
https://doi.org/10.1084/jem.20102660
https://doi.org/10.1016/j.foodchem.2016.07.020
https://doi.org/10.1038/ni.1863
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1016/j.jaci.2018.02.041
https://doi.org/10.1007/s00394-018-1681-6
https://doi.org/10.1016/j.abb.2008.10.034
https://doi.org/10.1021/pr034034s
https://doi.org/10.1021/ar300234c
https://doi.org/10.1007/s00216-013-7324-0
https://doi.org/10.1016/j.chroma.2017.03.015
https://doi.org/10.1038/s41598-017-01600-y
https://doi.org/10.1021/acs.est.5b02902
https://doi.org/10.1111/cea.12571
https://doi.org/10.4049/jimmunol.0902080
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Supplementary Material 

Nitration of Wheat Amylase Trypsin Inhibitors Increases Their Innate 
and Adaptive Immunostimulatory Potential in vitro 

Kira Ziegler1, Jan Neumann1,2, Fobang Liu1, Janine Fröhlich-Nowoisky1, Christoph Cremer2,1, 
Joachim Saloga3, Kathrin Reinmuth-Selzle1, Ulrich Pöschl1, Detlef Schuppan4, Iris 
Bellinghausen3†, and Kurt Lucas1†* 

1Multiphase Chemistry Department, Max Planck Institute for Chemistry, Mainz, Germany 
2Institute of Molecular Biology, Mainz, Germany 
3Department of Dermatology, University Medical Center of the Johannes Gutenberg University, 
Mainz, Germany 
4Institute of Translational Immunology, University Medical Center of the Johannes Gutenberg 
University, Mainz, Germany 
†equally contributing senior authors 

* Correspondence:
Dr. Kurt Lucas 

k.lucas@mpic.de

38



Supplementary Material 

2 

Supplementary Figure 1. Image processing steps to quantify nuclear translocation of NF-κB. 
DAPI (pseudocolor blue) and NF-κB (pseudocolor yellow) input images were taken at the Opera 
Phenix High-content screening system (Perkin Elmer, Waltham, Massachusetts, USA). The output 
image contains the nuclear and cytoplasm masks, which were used to calculate the mean NF-κB p65 
intensities within the cytoplasm and the nucleus. Scale bar = 50 µm. 
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3 

Supplementary Figure 2. SDS PAGE of unmodified ATI and nitrated ATI samples. 
5 µg of each ATI sample was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS PAGE). Molecular weight (MW) is shown in kDa. A: Oligomers can be found for all nitrated 
ATI samples (indicated with arrows). B: Quantification of oligomers was carried out by Image lab 
software (Biorad). Results are presented as means ± SEM from n = 2 independent SDS PAGE and 
nitration experiments. 
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Supplementary Figure 3.  TLR4 stimulation by Mock nitration on HeLa TLR4 dual reporter 
cells. 
HeLa TLR4 dual reporter cells were treated for 7 h with equivalent volumes of mock nitrated solution, 
LPS [25 ng/mL] served as positive control. The relative luciferase activity was calculated by dividing 
the Renilla luciferase (TLR4) signal to the Firefly luciferase (viability) signal. The resulting values 
were normalized to the value obtained for LPS treated cells. Shown are the means ± SD of three 
independent experiments carried out in triplicates, using two independently nitrated probes.  
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Supplementary Figure 4. Expression of maturation markers as well as pro-inflammatory 
cytokines by human immature DCs upon stimulation with Mock TNM 
Immature DCs were left untreated or pulsed with ATI or ATI TNM [15 µg/mL] or equivalent volumes 
of mock nitrated solution on day 6. 48 h later the cells were stained for expression of the indicated 
surface markers and analyzed by flow cytometry (A+B). Before, supernatants were taken for 
determination of MCP-1, IL-1β, IL-6, IL-8 and TNF-alpha by magnetic multiplex assay (C-G). Shown 
are the means ± SEM from n ≥ 6 independent experiments/donors, *P<0.05, ***P<0.001. 
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Supplementary Figure 5. T cell proliferation as well as Th1 and Th2 cytokine production of 
CD4+ T cells stimulated with autologous Mock TNM pulsed mature DC. 
Immature DC were left untreated or pulsed with ATI or ATI TNM [15 µg/mL] or equivalent volumes 
of mock nitrated sample and matured with pro-inflammatory cytokines as described in Materials and 
Methods. After 48 h, mature DC were washed and co-cultivated with autologous CD4+ T cells for 5 
days. A-G: Supernatants (50 µL) were collected before thymidine administration to determine the 
production of IL-4, IL-17A, IL-5, IL-6, IL-10, IL-13 and IFN-gamma by multiplex assay. H: T cell 
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proliferation was measured by [3H]-thymidine incorporation and proliferation index was calculated 
related to untreated cells. Results are presented as means ± SEM from n ≥ 6 independent 
experiments/donors.  
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Supplementary Figure 6. TLR4 stimulation by ATI combined with pure nitrotyrosine. 
HeLa TLR4 dual reporter cells were treated for 7 h with ATI [7.5 µg/ml] with or without addition of 
tyrosine or nitrotyrosine [30 µM], LPS [25 ng/mL]. The relative luciferase activity was calculated by 
dividing the Renilla luciferase (TLR4) signal to the Firefly luciferase (viability) signal. The resulting 
values were normalized to the value obtained for LPS treated cells. Shown are the means ± SD two 
independent experiments carried out in duplicates.  
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Nanoscale distribution of TLR4 on primary human
macrophages stimulated with LPS and ATI†
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Toll-like receptor 4 (TLR4) plays a crucial role in the recognition of invading pathogens. Upon activation

by lipopolysaccharides (LPS), TLR4 is recruited into specific membrane domains and dimerizes. In addition

to LPS, TLR4 can be stimulated by wheat amylase-trypsin inhibitors (ATI). ATI are proteins associated with

gluten containing grains, whose ingestion promotes intestinal and extraintestinal inflammation. However,

the effect of ATI vs. LPS on the membrane distribution of TLR4 at the nanoscale has not been analyzed. In

this study, we investigated the effect of LPS and ATI stimulation on the membrane distribution of TLR4 in

primary human macrophages using single molecule localization microscopy (SMLM). We found that in

unstimulated macrophages the majority of TLR4 molecules are located in clusters, but with donor-depen-

dent variations from ∼51% to ∼75%. Depending on pre-clustering, we found pronounced variations in the

fraction of clustered molecules and density of clusters on the membrane upon LPS and ATI stimulation.

Although clustering differed greatly among the human donors, we found an almost constant cluster dia-

meter of ∼44 nm for all donors, independent of treatment. Together, our results show donor-dependent

but comparable effects between ATI and LPS stimulation on the membrane distribution of TLR4. This may

indicate a general mechanism of TLR4 activation in primary human macrophages. Furthermore, our

methodology visualizes TLR4 receptor clustering and underlines its functional role as a signaling platform.

Introduction

Toll-like receptors (TLR) represent a family of pattern reco-
gnition receptors (PRRs) that are part of the innate immune
system.1,2 TLRs detect damage and pathogen associated mole-
cular patterns (DAMPs, PAMPs), which subsequently triggers
the production and release of inflammatory mediators. One of
the best studied TLRs is TLR4, which is sensitive to lipopoly-
saccharide (LPS), a cell wall component of Gram-negative
bacteria.3,4 Moreover, TLR4 detects a broad spectrum of
different molecules that are summarized as DAMPs, such as

high-mobility group protein B1 (HMGB1) or heat-shock
protein 60 (HSP60). TLR4 plays a central role in many acute
and chronic inflammatory diseases such as chronic obstructive
pulmonary disease (COPD), allergic asthma or non-celiac
wheat sensitivity (NCWS).5–8

Stimulation of TLR4 through LPS is facilitated by a complex
interaction between multiple molecules. First, LPS is bound by
the soluble lipopolysaccharide binding protein (LBP), which
transfers LPS to the co-receptor CD14. The LPS-CD14 complex
in turn interacts with the TLR4-myeloid differentiation
protein-2 (MD-2) heterodimer.9–11 Binding of LPS leads to the
dimerization of the TLR4/MD-2 complex followed by a change
in receptor conformation and finally to the translocation of
the transcription factor nuclear factor ‘kappa-light-chain-
enhancer’ of activated B-cells (NF-κB) to the nucleus.2

Stimulation and subsequent downstream signaling of TLR4
is accompanied by a re-localization of TLR4 and its accessory
molecules into specific domains of the cell membrane
(reviewed in Płóciennikowska et al.,12 Ruysschaert and
Lonez13). Thereby, TLR4 is recruited into CD14 cholesterol-rich
membrane microdomains after treatment with LPS.14 Since
these domains are smaller than 200 nm,15,16 they are inaccess-
ible by conventional microscopy. With the advent of super-
resolution microscopy techniques,17–26 various studies have

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9nr00943d
‡Current address: Hochschule für Technik und Wirtschaft Chur,
Pulvermühlestrasse 57, 7000 Chur, Switzerland.
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bInstitute of Molecular Biology, Ackermannweg 4, 55128 Mainz, Germany
cDepartment of Dermatology, University Medical Center of the Johannes Gutenberg

University, 55131 Mainz, Germany
dInstitute of Translational Immunology, University Medical Center of the Johannes

Gutenberg University, Langenbeckstraße 1, 55131 Mainz, Germany
eDivision of Gastroenterology, Beth Israel Deaconess Medical Center,

Harvard Medical School, 330 Brookline Ave, Boston, MA 02215, USA
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investigated the membrane distribution of TLR4 at the single
molecule level. It has been reported that in human glioblas-
toma cells TLR4 clusters are present with a cluster size of
∼50 nm.27 In mouse macrophages, another study reported an
increased TLR4 cluster size from ∼380 nm to ∼520 nm after
simulation with LPS.28 Moreover, it was shown that the oligo-
meric state of TLR4 in HEK 293 cells is affected, depending on
the presence of the co-receptors MD2 and CD14 as well as on
the LPS chemotype used.29

In general, it is assumed that the existence of receptor clus-
ters and the recruitment of receptors into specific domains
creates a local environment that facilitates downstream
signaling and thus represents a functional or regulatory
mechanism.30,31 Thus, an increase in the cluster size or density
of TLR4 on the membrane upon stimulation apparently pro-
motes immune responses. Of note, in the course of stimulation
the entire TLR4/MD-2/CD14 complex is endocytosed,32 which
might cause a depletion of TLR4 on the cell surface.

Our prior studies have shown that TLR4 can be stimulated
by amylase trypsin inhibitors (ATI) from wheat and thus act as
natural activators of innate immunity in monocytes, macro-
phages and dendritic cells.7,33–39 Moreover, ATI are major aller-
gens in Baker’s asthma.40 ATI are a family of non-gluten pro-
teins found in different cereals containing gluten such as
wheat, rye or barley.35 With wheat as a major staple in modern
societies, the daily intake of ATI is estimated at 0.5 g to 1.5 g
per person.35 Nutritional ATI are resistant to intestinal proteol-
ysis and are major causes of non-celiac wheat sensitivity,6,34,41

driving intestinal and extraintestinal inflammation.33,35,37,38

During inflammation, endogenous reactive oxygen and
nitrogen species are formed that are capable of inducing
protein nitration. Moreover, during highly polluted environ-
mental conditions, proteins can be nitrated exogenously.42–44

In a previous study, we have demonstrated that nitrated ATI
induced enhanced TLR4 stimulation, pro-inflammatory cyto-
kine secretion and T-cell proliferation.39

To investigate if the elevated immune reactions are caused
by a change in TLR4 surface representation and distribution,
we tested native and nitrated ATI as well as the natural TLR4
agonist LPS. We used single molecule localization microscopy
(SMLM) to observe their effect on the spatial distribution of
TLR4 in primary human macrophages.

Experimental
Cell culture

Primary human macrophages were derived from peripheral
blood mononuclear cells (PBMC) isolated from leucocyte-
enriched buffy coats from healthy donors (Transfusion Center,
University Medical Center of the Johannes Gutenberg
University, Mainz, Germany; for all donors: IgE < 20 kU l−1,
food- and aero-allergy negative, (CAP 0)) using Ficoll-Paque
(1.077 g ml−1, Biochrom) density centrifugation. After two
washing steps with phosphate-buffered saline (PBS, Thermo
Fisher Scientific), PBMC were diluted in Isocove’s Modified

Dulbecco’s medium (IMDM, Lonza) containing 1% antibiotic
antimycotic solution (Sigma Aldrich) and 3% heat-inactivated
(30 min at 56 °C) autologous plasma. To enrich CD14+ mono-
cytes, 2.5 × 106 PBMC were seeded per endotoxin-free glass
coverslip (R. Langenbrinck GmbH, thickness of 0.17 mm ±
0.005 mm), which had been placed in a 6-well plate (Greiner
Bio-One). After 30 min incubation at 37 °C and 5% CO2, cells
were washed three times with pre-warmed PBS and the remain-
ing monocytes were incubated for 6 days in IMDM sup-
plemented with granulocyte macrophage colony stimulating
factor (GM-CSF, 200 Units ml−1, Immunex) and 2% heat-inacti-
vated autologous plasma.

Treatment with LPS, ATI or nitrated ATI

Primary human macrophages grown on glass coverslips were
washed once with pre-warmed PBS. Next, cells were incubated
with either 100 ng ml−1 lipopolysaccharide (LPS-EB; from
E. coli O111:B4, Invivogen), 12.5 µg ml−1 ATI (α-amylase
inhibitor from Triticum aestivum, Type I, Sigma Aldrich) or
12.5 µg ml−1 tetranitromethane (TNM)-nitrated ATI. All stimuli
were diluted in complete cell culture medium and incubation
was done at 37 °C and 5% CO2 for 15 min and 30 min.
Afterwards, cells were washed once in PBS followed by a two-
step fixation process.45,46 First, cells were fixed in cold PBS
containing 4% formaldehyde (Thermo Fisher Scientific) and
0.2% glutaraldehyde (Sigma Aldrich). After 15 min at 4 °C, a
second fixation step was performed with the same fixation
buffer for 30 min at room temperature. Afterwards, cells were
washed three times in PBS and stored at 4 °C in PBS until
further use for immunostaining.

Immunostaining

Fixed cells were quenched for 7 min in 0.1% (w/v) sodium
borohydride (NaBH4, Sigma Aldrich). After three washing steps
in PBS, cells were blocked in 2% bovine serum albumin (BSA,
Cell Signaling Technology) dissolved in PBS for 60 min. Next,
cells were incubated for 60 min at room temperature with
10 µg ml−1 mouse monoclonal anti-TLR4-antibody (ab22048,
Abcam) diluted in blocking buffer. The performance of this
TLR4 antibody has been validated in a previous study by
Zeuner et al.,27 which showed similar results in TLR4 imaging
and clustering. Then, samples were washed three times with
PBS and subsequently incubated with 20 µg ml−1 F(ab′)2 goat
anti-mouse Alexa Fluor 647 secondary antibody (A-21237,
Thermo Fisher Scientific) diluted in blocking buffer for
60 min at room temperature. After incubation, the sample was
washed again three times in PBS and stained cells were post-
fixed with 4% formaldehyde in PBS for 10 min at room tem-
perature. After three additional washing steps in PBS, the
sample was embedded in Vectashield H-1000 (Vector
Laboratories) and sealed using picodent twinsil (picodent
Dental Produktions- und Vertriebs GmbH).

Localization microscopy

Experiments were conducted on a custom-built localization
microscope (for details see Fig. S1†). Alexa Fluor 647 was
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excited using a 647 nm laser (Obis, Coherent). For SMLM
imaging, the laser beam was expanded 3.125-fold, resulting in
an illuminated area of ∼640 µm2 in the sample plane (area of
1/e2 width of Gaussian profile). The collimated laser beam was
coupled into the back port of the microscope (DM RBE, Leica)
and focused onto the back focal plane of the objective lens
(100×/NA 1.49, Olympus). After passing an emission filter
(bandpass 700/75 nm, Chroma Technology), emitted fluo-
rescent light was collected on an electron multiplying charge-
coupled device (EMCCD) camera (iXon 897 Ultra, Andor
Technology) with an effective pixel size of 95 nm.

Imaging and data processing

A region of interest (ROI) was placed on a single cell selected for
SMLM imaging. The ROI typically covered an area of ∼50 µm2

to ∼400 µm2 of the plasma membrane. From each ROI, 5000
frames were acquired with a laser intensity of 6.5 kW cm−2

(measured in the sample plane) and an exposure time of 40 ms.
To obtain the list of localizations, processing of the raw

data stacks was done using Matlab (MathWorks) and the
custom written software package Integrated Localization
Environment (ILE; https://gitlab.com/microscopy/ILE). The
localization algorithm of ILE, which accomplishes the extrac-
tion and position determination of single molecule signals
from the raw data stacks, is based on fastSPDM.47 In brief, an
initial background image was created from the first eight
frames of the raw data stack. The background image was sub-
tracted from the frames of the raw data stack and while
looping through the frames of the raw data stack the back-
ground image was continuously adjusted to account for
changes in background intensities during imaging. Next,
signal peaks were extracted from the resulting background cor-
rected images. A 7 × 7 px ROI was centered around each signal
peak exceeding a standard deviation of 2 times the noise. The
noise was considered to follow a Poisson noise model.
Extracted signal peaks were passed for subsequent position
determination. Positions with subpixel accuracy were deter-
mined by calculating the center of mass of each input ROI,
which corresponds in the absence of background (due to back-
ground subtraction) to a maximum likelihood estimation
(MLE). Close-by signals were detected by searching each ROI
from its center towards its boundaries for local intensity
minima. In case of local minima, the ROI was clipped and the
signal was recalculated or discarded when the clipping
resulted in a loss of more than 30% of the ROI intensity. An
initial list of localizations was returned by the algorithm,
listing x- and y-coordinates of each detected single molecule as
well as information about its photon count and localization
precision. Next, the list of localization was post-processed
using ILE by first joining localizations occurring in consecutive
frames and within 2.5 times of the mean localization pre-
cision. Drift correction was done by splitting the list of localiz-
ation in 5 subsets and correlating the reconstructions of the
subsets.48,49 The shift among the subsets was interpolated and
used to correct the positions of the detected signals in the list
of localizations. No further filtering of the list of localizations

was applied. For reconstruction of SMLM images, the single
molecule positions were blurred by a Gaussian with a standard
deviation corresponding to the localization precisions of the
respective signals.

Spatial point pattern analysis of SMLM data

A custom-written software package in Matlab (Localization
Analyzer for Nanoscale Distributions (LAND), https://github.
com/Jan-NM/LAND) was used to analyze spatial distribution of
the detected single molecule signals. The list of localizations
was pre-processed in a first step by reconstructing the images
(via histogram binning) and cropping a rectangular ROI for
each cell that showed a homogenous distribution on large
scales; i.e. no visible gaps. For each cell, a new list of localiz-
ations was generated containing only the molecule signals
within the rectangular ROI. The new list of localizations was
used as experimental input data in the subsequent analysis,
which was performed on the basis of the single molecule coor-
dinates. Random data following complete spatial randomness
(CSR) were generated using the density of signals of the experi-
mental input data. In total, three different algorithms were
used to characterize the point pattern:

Grid-based density analysis. Detected single molecule
signals were binned on a uniform grid with a bin size of
10 nm, which corresponds to the average localization pre-
cision. For every bin, the density of signals per µm2 was calcu-
lated. Each bin was subsequently divided by the mean density
of the corresponding ROI. For better visualization, bin values
larger than 20 times the ratio of bin density to mean density
have been set to 2. Values lower than 20 times of the ratio were
re-assigned between 0 and 2. Finally, bins were color-coded.
Yellow colored areas indicate clustering, whereas blue areas
indicate dispersion.

Ripley’s H-function. Ripley’s H-function50 up to a distance of
1 µm was calculated to estimate the typical domain size of the
point pattern. To account for edge effects, molecule signals
with a minimum distance of 1 µm from the image border were
extracted from the input data. A distance matrix between the
extracted point pattern and the input data was pre-computed.
The distance matrix contained only entries of distances
smaller than 1 µm. Using the distance matrix, Ripley’s
K-function was calculated:51

KðrÞ ¼ 1
N

XN
i¼1

npiðrÞ
λ

:

Here N denotes the total number of molecule signals that
are investigated, n is the number of molecule signals within a
distance r of a point pi and λ the density of molecule signals.
The K-function was later transformed to obtain Ripley’s
H-function:

HðrÞ ¼
ffiffiffiffiffiffiffiffiffiffi
KðrÞ
π

r
� r:

Subsequently, the Ripley’s H-functions obtained from
different donors from the same treatment were averaged and
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the maximum of Ripley’s H-function was used as an estimate
of the characteristic cluster size. Only maxima within a dis-
tance of 200 nm were considered.

Density-based spatial clustering of applications with noise
(DBSCAN). Further cluster analysis was done using DBSCAN,52

which allows identification and visualization of individual
clusters of any shape (Fig. S2†). DBSCAN requires two user
input parameters – the radius (ε) and the minimum number of
neighboring molecule signals (minPts) within this radius.
Together, these values form a local density threshold that
determines whether the point under investigation is part of a
cluster. Initial DBSCAN parameter selection was done as
follows: the 4th nearest neighbor distances of the detected
molecules from the list of localizations for a few experimental
data sets were calculated. The nearest neighbor distances were
sorted in ascending order and plotted against the number of
molecule signals within the corresponding data set. The dis-
tance where the bend in the plot occurs was used as a starting
value for the radius parameter of DBSCAN. Next, DBSCAN was
executed with those starting parameters and further iterative
adjustment of the parameters was done by visualizing the clus-
ters and comparing the distance distribution obtained from
the molecule signals outside of clusters with a random distri-
bution (Fig. S3†). Using this parameter estimation pipeline, a
value of 30 nm for the radius (ε) and a value of 6 for the
minimum number of molecule signals (minPts) were deter-
mined. With these input parameters and the list of localiz-
ations, the implemented DBSCAN algorithm first calculated a
sparse distance matrix, which contains for every molecule
signal (= single molecule) entries to molecule signals that lie
within the specified distance (ε = 30 nm). DBSCAN was applied
to the distance matrix and points were assigned to a specific
cluster or as noise. Next, for every detected cluster the algor-
ithm generated a table containing its area, diameter, center of
mass, density, the number of molecules and the distance to
the next neighboring cluster as well as an assignment list for
every point to which cluster it belongs. This assignment list
was used to calculate the distances of molecule signals outside
of the clusters as shown in Fig. S3.† The maximum allowable
cluster diameter was set to 1 µm. If a cluster larger than 1 µm
was detected, its molecule signals were assigned as noise.

Wide-field fluorescence microscopy of TLR4

Primary human macrophages were derived and isolated from
PBMC as described before. Instead of glass coverslips, 2.5 ×
106 cells per well were seeded in a glass bottom 12-well plate
(Cellvis). Fixation and immunostaining of TLR4 was done in
the same way as for the localization microscopy experiments.
Nuclei were counterstained using 4′,6-diamidino-2-phenylin-
dole (DAPI; Thermo Fisher Scientific) at a concentration of
300 nM in PBS for 3 min. After incubation, cells were washed
three times in PBS. Instead of Vectashield H-1000, cells were
imaged in PBS on the Opera Phenix High-Content Screening
system (PerkinElmer). TLR4 stained cells (excitation 640 nm,
emission 650 nm–760 nm) and DAPI stained nuclei (excitation

405 nm, emission 435 nm–480 nm) were imaged in non-con-
focal mode using a 20×/1.0 water immersion objective.

Nitration of ATI with tetranitromethane (TNM) and endotoxin
quantification

ATI were diluted in ultra-pure water to a final concentration of
1 mg ml−1. 4.55 µl TNM/methanol (4% v/v) were added to
500 µl of diluted ATI. The mixture was stirred for 3 h at room
temperature. Residual TNM was removed using a PD-25 size
exclusion column (GE Healthcare). The endotoxin content was
quantified using a limulus amebocyte lysate (LAL) assay
(Thermo Fisher Scientific). Nitrated ATI solutions with a final
endotoxin content of less than 20 endotoxin units per ml
(1.3 EU μg−1 protein) were used for experiments.

Sample size

Experiments were conducted on primary human macrophages
obtained from three different healthy donors. A total of at least
25 cells were evaluated per treatment. All values refer to the
median. Number of cells used for Ripley’s H-function and
DBSCAN analysis can be found in Tables S1–S3.†

Ethics statement

Buffy coats from healthy donors were obtained anonymously
from the local blood bank (Transfusion Center, University
Medical Center of the Johannes Gutenberg University, Mainz,
Germany). The local ethical committee (Landesärztekammer
Rheinland-Pfalz, Mainz, Germany) approved all experiments
according to the guidelines of the 1964 Declaration of Helsinki
(9th revision, 2013). Consent of participants was given in
written form.

Results and discussion
TLR4 is pre-clustered in unstimulated primary human
macrophages

To investigate the large and small-scale distribution of TLR4
on the cell membrane, unstimulated macrophages stained for
TLR4 were imaged by conventional fluorescence and localiz-
ation microscopy (Fig. 1A + B). Conventional fluorescence
images show that macrophages express TLR4. In line with
other studies,53,54 we observed differences in TLR4 surface rep-
resentation between cells and variations on individual cells
(Fig. 1A, Fig. S4†). Using SMLM, finer structural details
become visible compared to conventional fluorescence
microscopy (Fig. 1B, Fig. S5†). An accumulation of
TLR4 molecules in domains at the nanometer range was
detected (Fig. 1C, ROI). To quantitatively evaluate the observed
pattern, a grid-based density analysis was performed (Fig. 1D,
ROI). It reveals that in unstimulated cells TLR4 clusters are
present that are embedded in regions reduced in TLR4 surface
representation. These regions contain small isolated clustered
regions that can be associated with fluorophores belonging to
a single TLR4 receptor. Normally, a single fluorophore may
blink several times during SMLM imaging. This results in mul-

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2019

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 5

/9
/2

01
9 

8:
54

:0
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

51

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C9NR00943D


tiple detected signals per fluorophore, whose positions are dis-
tributed within the localization precision. Therefore, several
fluorophores coupled to a single antibody generate small
pseudo-clusters (Fig. S6, ESI Note 1†). Overall, our findings
show that TLR4 molecules are present in a pre-clustered state
on unstimulated macrophages, which confirms previous
investigations on receptor clustering.55–57

Next, we investigated whether ATI and tetranitromethane
(TNM)-nitrated ATI have an effect on the membrane distri-
bution of TLR4. Therefore, macrophages were stimulated with
ATI or nitrated ATI for 15 min and 30 min, respectively (ESI
Note 2 + 3, Fig. S7†). LPS served as a positive control. Visual
inspection and grid-based density analysis of SMLM images
from the stimulated cells revealed a clustered distribution of

TLR4 as observed in the unstimulated samples (Fig. 1C + D,
Fig. S8†).

Donor-dependent TLR4 cluster formation upon stimulation
with LPS and ATI

To analyze the effect of LPS and ATI further, the density of
molecules on the membrane was calculated for the different
donors (Fig. 2, Fig. S9A†). Already in the unstimulated state,
the donors exhibit different levels of density of molecules on
the membrane (Fig. 2A). With ∼80 signals per µm2, the lowest
density of molecules was observed for donor 2, while the other
donors showed densities 4 times higher in the unstimulated
state. Differences among donors were also detected in
response to LPS, ATI and nitrated ATI (Fig. 2B–D). Donor 2 in

Fig. 1 TLR4 clusters on the cell membrane of primary human macrophages. (A) Conventional fluorescence microscopy image of unstimulated
macrophages stained for TLR4. Intensity-coded visualization reveals differences in TLR4 expression levels between cells and variations in its surface
representation on individual cells (white arrows). Scale bar = 50 µm. (B) Combined SMLM and wide-field image of an untreated macrophage stained
for TLR4. Scale bar = 2 µm. (C) TLR4 SMLM image sections of macrophages treated with LPS-EB (100 ng ml−1), ATI (12.5 µg ml−1) or nitrated ATI
(12.5 µg ml−1) for 15 min compared to medium control. The image section of the medium control was taken from the region of interest (ROI) indi-
cated in panel 1B. SMLM images are intensity-coded, i.e. high intensity areas correspond to an accumulation of single molecule signals. Scale bar =
500 nm. (D) Grid-based density analysis of SMLM images from panel 1C. Blue areas indicate a dispersed distribution, whereas yellow areas show
clustering of TLR4.
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particular showed an increase in the density of molecules by
about 390% and 250% compared to unstimulated cells after
treatment with LPS and ATI for 15 min (Fig. 2C). In contrast,
no change in molecule densities was found after treatment of
macrophages from donor 2 with nitrated ATI. The substantial
changes in the density of molecules seen for donor 2 after
stimulation with LPS and ATI was not observed for the other
donors (Fig. 2B + D). Apparently, these donors already had an
elevated level in the density of molecules in the unstimulated
state, suggesting that the ground state may influence later
response to external stimuli.

To analyze the clustering behavior of TLR4, the fraction of
clustered molecules and the density of clusters was calculated
for each donor separately (Fig. 3, Fig. S9B + C†). Similar to the

density of the molecules on the cell membrane, strong differ-
ences were present in the fraction of clustered molecules
among the donors in the unstimulated state (Fig. 3A). These
range from ∼51% for donor 2 to ∼75% for donor 1. For donor
2, a pronounced increase in the fraction of clustered molecules
was found after stimulation, with LPS and ATI showing the
highest increase of about 40% and nitrated ATI the lowest with
∼10%. After 15 min ATI stimulation, donor 1 showed an
increase of about 7%, whereas donor 3 showed the strongest
increase after 30 min stimulation with ATI and nitrated ATI.
Furthermore, the cluster analysis revealed that on unstimu-
lated cells, approximately 2 clusters per µm2 to 4.4 clusters per
µm2 were present (Fig. 3B). This can be translated to a distance
of neighboring clusters between 200 nm and 320 nm, respect-

Fig. 2 Molecule densities on the cell membrane are specific to the individual donors. (A) Density of molecules on unstimulated macrophages. The
colors of the boxes represent the three different donors. (B–D) Density of molecules after stimulation with LPS, ATI or nitrated ATI, categorized
according to the various donors. The boxes represent the median and the 25th to 75th percentile of the donors, whereas the whiskers cover 99.3%
of the data. The horizontal red line indicates the median value of the medium control.
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ively. Comparing the density of clusters vs. the density of mole-
cules on the membrane, a positive correlation between both
variables can be found (Fig. S10†). As a result, an increase in
the density of clusters on the membrane was most pronounced
for donor 2, forming about 8 clusters per µm2 after 15 min of
stimulation with LPS and ATI. For donor 3, a broadening of
the cluster density distribution was recognizable after 30 min
stimulation, which may suggest a heterogeneous response to
the stimuli. The observed densities of clusters on the mem-

brane are in agreement with previous investigations on LPS
stimulated glioblastoma cells.27

TLR4 cluster sizes remain unchanged after LPS or ATI
stimulation

The clusters were further analyzed by extracting their diameter,
the absolute number of molecules per cluster and the density
of molecules within the clusters (Fig. 4). A median cluster dia-
meter of about 44 nm was found (Fig. 4A). No significant

Fig. 3 Donor dependent clustering of TLR4 as analyzed by DBSCAN. The fraction of clustered molecules (A) and the density of clusters on the
membrane (B) for the three different donors is shown. The color-coded boxes indicate the median and the 25th to 75th percentile for the individual
donors. The dashed lines represent the median values of the medium control from the respective donors. The whiskers cover 99.3% of the data. In
total 264 cells were evaluated.
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changes in the median cluster diameter could be observed, as
the variations for each condition stayed close to the median of
unstimulated cells, within the interquartile range. To verify the
results, Ripley’s H-function was calculated (Fig. S11†) and the
maximum of the function was used to derive the characteristic
cluster size (Fig. 4B). Moreover, simulations were carried out to
verify that the characteristic cluster size corresponds to the
cluster diameter (Fig. S12†). As already found in the previous
analysis, cluster size remained unchanged among the samples.
Similar findings were made by Zeuner et al.,27 where the
authors observed a cluster size of ∼50 nm on glioblastoma cells
independent of the LPS stimuli applied. In contrast, Aaron
et al.28 reported a TLR4 cluster size of ∼380 nm in unstimulated
mouse macrophages, which increased to ∼520 nm after stimu-

lation with LPS. Discrepancies between the studies could be
attributed to the use of different cell lines, especially a different
behavior of TLR4 in mouse cells compared to human cells.27

Alternatively, these discrepancies may be the result of inefficient
photoswitching during localization imaging,27 which can lead
to an apparently larger cluster size. It must be also noted that
our measured cluster diameter is larger than actual diameters
due to the indirect labeling system. This system consists of
primary antibody and fluorescently labeled secondary F(ab′)2
fragments, which increases the distance between protein and
detection molecule. Therefore, the measured cluster diameter
represents an upper limit.

Regarding the absolute signals per cluster, on average
22 molecule signals were detected (Fig. 4C), resulting in an

Fig. 4 Unchanged cluster characteristics of TLR4 revealed by DBSCAN and Ripley’s H-function. (A) Cluster diameter as obtained from DBSCAN ana-
lysis. The numbers above the boxes denote the number of identified clusters for panels A, C and D. (B) Average cluster size of TLR4 obtained from
the maximum of Ripley’s H-function of individual cells (Fig. S11†). (C) Number of molecules per cluster and (D) density of molecules within the clus-
ters as obtained from DBSCAN analysis. All data are presented as box plots, showing the median and the 25th to 75th percentile as boxes. The whis-
kers cover 99.3% of the data.
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average density within the clusters of 1.6 × 104 molecules per
µm2 (Fig. 4D). As already observed for the cluster diameter, no
significant changes were observed.

Model of TLR4 receptor clustering

In our study, we have demonstrated that the majority of
TLR4 molecules are already located in clusters in unstimulated
primary human macrophages. Upon stimulation, donor-
dependent variations in the fraction of clustered molecules
accompanied by changes in the density of receptors and clus-
ters on the membrane were observed. These changes may
result from the superposition of TLR4 recruitment and endocy-
tosis processes (Fig. 5). On the one hand, TLR4 receptors can
be recruited into or around pre-existing clusters. On the other
hand, new clusters can be generated by recruitment of recep-
tors around monomers or pre-existing lower order oligomers.
Moreover, any recruitment of receptors increases the local
density of detected single molecule signals during SMLM
imaging, thus exceeding the threshold beyond which DBSCAN
detects a cluster. For both processes, replenishment of TLR4
receptors can happen from the Golgi apparatus58,59 or by
translocation of receptors present on the membrane following
stimulation, i.e. recruitment into cholesterol-rich micro-
domains, also referred as lipid rafts.14 These recruitment pro-
cesses can also be assumed to take place continuously in
unstimulated cells, but the rate might differ after stimulation.

Moreover, the TLR4 receptor complex can be endocytosed
from the membrane after stimulation.60,61 Altogether, these
processes determine the density of clusters on the membrane
and the fraction of clustered molecules.

A recent study elucidated the ligand-specific receptor
dimerization of TLR4 using stoichiometric labeling of TLR4
together with quantitative single molecule localization

microscopy.29 In that study, the authors were able to deter-
mine the proportion of monomeric and dimeric TLR4 com-
plexes depending on the LPS chemotype used. An extension of
these experiments to ATI might help to understand whether
the formation of clusters is accompanied by a change in the
ratio of monomers to dimers upon ATI stimulation. Such
effects would indicate stronger and focused signaling events,
which would underline together with our results the impor-
tance of receptor clusters as signaling platforms.

Conclusions

In our study, we investigated the membrane distribution of
TLR4 on primary human macrophages using SMLM. We
focused on ATI and nitrated ATI, which have been identified as
stimulating the TLR4/NF-κB pathway in macrophages and den-
dritic cells.33,39 Using different quantitative analysis methods,
we found that the majority of TLR4 molecules are already
located in clusters, whereby pronounced differences existed
among the donors already in the unstimulated state. Upon
stimulation with LPS or ATI, the overall fraction of clustered
TLR4 molecules increased. Moreover, we observed an overall
increase in the density of clusters up to ∼8 clusters per µm2

compared to ∼2 clusters per µm2 in the unstimulated state.
Furthermore, we found that the clusters have a median dia-
meter of about 44 nm, which did not change significantly after
treatment. The donor-dependent differences underline the
individuality of human samples and the need for future experi-
ments on a larger cohort of donors to get a better understand-
ing and comprehensive picture of TLR4 clustering and acti-
vation, as well as to extract possible patterns of different
response types.

Altogether, our findings suggest a donor-dependent for-
mation of clusters before and after stimulation with LPS and
ATI. This structural change could further affect functional or
regulatory processes of the TLR4 downstream cascade indu-
cing finally enhanced inflammation. Regardless of the TLR4
agonist used, we found similar structural changes suggesting a
general mechanism of TLR4 cluster formation upon
stimulation.
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Fig. S1: Schematic diagram of the custom-built localization microscope setup. 
The setup was equipped with a 647 nm laser (Obis, Coherent) and a 488 nm laser 

(Sapphire, Coherent). Selection of laser lines was done with custom-built shutters and 

neutral density filters allowed adjustment of laser intensities. Both laser lines were 

combined using a dichromatic mirror (DM1; HC BS 580, AHF Analysetechnik). With 

two motorized flipping mirrors (FLM; Radiant Dyes), the laser beam could be switched 

between two beam paths consisting of beam expanders for localization or wide-field 

acquisitions. In wide-field mode, the laser beam was expanded 10-fold, illuminating the 

whole field of view of the camera (49.15 µm x 49.15 µm) homogenously. For 

localization measurements, the beam was expanded 3.125-fold. This led to an 

illuminated area of ~640 µm² in the sample plane (area derived from 1/e² width of 

Gaussian profile). The collimated laser beams were coupled into the back port of the 

microscope (DM RBE, Leica) using a periscope. The mirror in the top unit was placed 

in the focal plane of the focusing lens and piezoelectric actuators (Thorlabs) attached 

to the mirror allowed the beam to be steered between epi-illumination and total internal 

reflection (TIR) illumination. The collimated laser beam was focused on the back focal 

plane of a 100x/NA 1.49 objective lens (Olympus) using a f = 300 mm focusing lens 

(FL, Thorlabs) mounted on a xyz-translator. The objective lens was attached to a piezo 

objective scanner (Physik Instrumente) for z-focusing of the sample. The sample was 

mounted on a xy-stepper stage, guided by a commercial controller (Corvus-2 eco TT, 

ITK Dr. Kassen GmbH). Fluorescence discrimination was done with a dichroic mirror 

(dual line zt488/647 rpc, AHF Analysetechnik) incorporated into a filter cube (DM2). 
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The filter cube also contained a laser clean-up filter (ZET488/640, AHF 

Analysetechnik) and a dual-notch filter (488/647 nm, AHF Analysetechnik) to remove 

remaining excitation light. Emitted fluorescent light was collected on an EMCCD 

camera (iXon 897 Ultra, Andor Technology) mounted on a custom-built camera 

adapter, which included an emission filter wheel. The emission filter wheel contained 

a 500 nm long pass filter (Chroma Technology) for 488 nm illumination and a 700/75 

nm bandpass filter for 647 nm illumination. For astigmatism-based 3D localization 

microscopy,1 a weak cylindrical lens (f = 1,000 mm, Thorlabs) could be placed between 

the tube lens (TL; f = 300 mm, Thorlabs) and the camera. Interfacing with all hardware 

devices and data acquisitions was done with µManager.2
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Fig. S2: Visualization of clusters as detected by DBSCAN. Representation of the 

detected clusters from the SMLM images from Fig. 1C. A color was randomly assigned 

to each identified cluster. The white cross indicates the center of mass of the cluster. 

Black dots represent detected molecules that are not part of a cluster.
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Fig. S3: Iterative determination of DBSCAN parameters. Different TLR4 sample 

data sets were selected for determination of DBSCAN parameters. Step A shows an 

11.6 µm x 11.6 µm SMLM image from such a dataset containing approximately 80,000 

detected single molecule signals (scale bar = 1 µm, inset scale bar = 500 nm). To 
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estimate the DBSCAN parameters (minPts and ε), a similar approach as shown in 

Ester et al (1996)3 was used in a first step. The detected molecule coordinates from 

the list of localizations were used to determine the 4th nearest neighbor distances. 

These distances were sorted in ascending order and plotted against the number of 

detected signals. The distance value where the first strong bend in the curve occurs, 

was taken as a starting point for ε (step B, indicated by the black arrow). Next, DBSCAN 

was applied using minPts = 4 and the estimated ε obtained from step B. The clusters 

obtained by DBSCAN were visualized (step C). Every detected cluster is represented 

by a different color. Black dots correspond to molecules that are not part of a cluster 

or which belong to a cluster with a diameter larger than 1 µm. The white cross indicates 

the center of mass of the cluster. For better visibility, only the ROI from step A is shown, 

but calculations were done for all molecule signals of the dataset. In addition to the 

visualization, distances between all molecule signals outside of the detected clusters 

were calculated and plotted in a histogram (blue histogram). The obtained frequency 

distribution of distances was then compared to the one expected from a random 

distribution. To account for edge effects, distances originating from molecule signals 

that are located within the cut-off distance of 200 nm from the image border, were not 

calculated. The result of different combinations of ε and fixed minPts for DBSCAN is 

depicted in step C. Using an ε value of 10 nm, DBSCAN identified some small clusters 

that are surrounded by non-clustered molecule signals (assigned as noise, white 

arrow). By visual inspection, it appears that these noise signals belong to the clusters. 

This can be also seen in the frequency distribution of the distances from the molecule 

signals outside of the cluster (= noise points). At shorter distances, points deviate from 

the random distribution indicating clustering. If parameter for DBSCAN were correctly 

selected, these molecule signals should follow a random distribution. As a result, the ε 

parameter was set in this case to small. If ε is set to 40 nm, more molecule signals are 

assigned to a cluster and the frequency distribution of the distances from the residual 

noise signals approximates a random distribution. If ε is set too large, i.e. 70 nm, well 

separated clusters will be detected as one large cluster. The final parameters were 

found by iteratively adjusting minPts and ε such that the frequency distribution of 

distances from molecule signals outside of a cluster approximates a random 

distribution, supported by visual inspection of the clusters obtained from DBSCAN.
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Fig. S4: Wide-field images of untreated primary human macrophages. Bright field 

(A) and fluorescence microscopy images of macrophages stained for the cell nucleus

(B, pseudocolor blue) and TLR4 (C, pseudocolor red). (D) Overlay of nucleus and

TLR4 image. Scale bar = 50 µm.
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Fig. S5: Raw data images of the cell membrane of a TLR4 stained macrophage. 
(A) Wide-field image and frames 132 to 136 of the raw SMLM image data stack. A total

of 5,000 frames was recorded for each cell. Scale bar = 2 µm. (B) Reconstructed

SMLM image, where each detected signal had been blurred with a Gaussian function

whose standard deviation is equal to the localization precision of the corresponding

signal. Scale bar = 2 µm.
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Fig. S6: Cluster size due to multiple blinking of the same fluorophore. (A) Grid-

based density analysis of sparsely distributed secondary antibodies on a coverslip. 

2 µm x 2 µm region of interest (ROI) showing the level of clustering. Yellow areas 

indicate clusters on the order of a few pixels. The pixel size is 10 nm. (B) Average 

cluster diameter obtained by DBSCAN. Every point corresponds to the average cluster 

diameter obtained from a stained cell or a field of sparsely distributed secondary 

antibodies on a coverslip (antibody alone). Of note, the cluster diameter obtained from 

the stained cell is the result of using a labeling system consisting of primary and 

secondary antibody. Furthermore, the mean localization precision in the cell sample 

was about 11 nm, whereas the mean localization precision in the antibody sample was 

about 16 nm. This could adversely influence the cluster diameter measured for the 

antibody sample.

Supplementary Note 1: Sample preparation to estimate size of clusters due to 
multiple blinking.
To estimate the size of clustering due to multiple blinking of the same fluorophore, 

coverslips containing sparsely distributed secondary antibodies were prepared. Glass 

coverslips (R. Langenbrinck GmbH) were coated with poly-l-lysine (Sigma Aldrich) for 

15 min to 30 min and then rinsed in ddH2O. Meanwhile, secondary antibodies (A-

21237, Thermo Fisher Scientific) were diluted 1 to 10,000 in ddH2O. After vortexing, 

100 µl of diluted antibody solution were pipetted on parafilm. The coverslip was placed 

on top of it with the coated side facing downwards. The sample was incubated for 1 h 

to 2 h. Next, the sample was rinsed with PBS (Thermo Fisher Scientific), embedded in 

Vectashield H-1000 (Vector Laboratories) and sealed using picodent twinsil (picodent 
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Dental Produktions- und Vertriebs GmbH). Imaging and data evaluation were 

performed in the same way as for the cell samples.
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Supplementary Note 2: Choice of stimulation time

The chosen stimulation times are based on previous studies with LPS as agonist, 

where it was shown that within 10 min after stimulation TLR4 is recruited into lipid 

rafts.4 Furthermore, it was observed that TLR4 co-localizes with endosomes within 15 

min of LPS stimulation.5 Additionally, our measurements on macrophages revealed, 

that an LPS-induced translocation of NF-κB from the cytoplasm into the nucleus occurs 

within 30 minutes of stimulation (Fig. S7).
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Fig. S7: Time-dependent translocation of NF-κB induced by LPS. (A) 

Fluorescence microscopy images of human primary macrophages stimulated for 120 

min with LPS-EB (100 ng/ml). After fixation, cells were stained for NF-κB (pseudocolor 

yellow). The nucleus is counterstained using DAPI (pseudocolor blue). In the medium 

control NF-κB is mostly located in the cytoplasm, whereas in LPS-stimulated samples 

NF-κB is enriched in the nucleus (indicated by arrows). Scale bar = 50 µm. (B) 

Quantitative evaluation of NF-κB translocation for cells fixed at indicated time points. 

The ratio of nuclear to cytoplasmic NF-κB is plotted against the stimulation time. 

Nuclear translocation of NF-κB is visible within 30 min of LPS stimulation.
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Supplementary Note 3: Treatment, immunofluorescence staining and imaging of 
NF-κB p65.

Treatment

Primary human macrophages were isolated and differentiated as described in the 

experimental section. Cells were seeded on 12-well glass bottom plates (Cellvis). After 

6 days of differentiation, cells were stimulated with 100 ng/ml LPS-EB for 15 min to 

480 min. Cells were then washed once in pre-warmed PBS and subsequently fixed 

using 4 % formaldehyde in PBS for 10 min at 37 °C. Next, cells were washed three 

times in PBS before proceeding with immunostaining of NF-κB.

Immunofluorescence staining

For immunostaining, cells were permeabilized and blocked for 1 h in PBS containing 5 

% bovine serum albumin (BSA; Cell Signaling Technology) and 0.3 % Triton X-100 

(Merck). Primary antibody (D14E12, Cell Signaling Technology), directed against 

human p65 subunit of NF-κB, was diluted 1 to 400 in antibody dilution buffer (1 % BSA 

and 0.3 % Triton X-100 in PBS). Cells with primary antibody were incubated overnight 

at 4 °C. Afterwards, cells were washed three times in PBS, followed by incubation with 

goat anti-rabbit Alexa Fluor 568 conjugated secondary antibody (Thermo Fisher 

Scientific, cat. no. A-11011), diluted 1 to 400 in the same buffer as the primary 

antibody. After 1 h of incubation at room temperature, cells were again washed three 

times in PBS. Counterstaining of cell nuclei was done using 4’,6-diamidino-2-

phenylindole (DAPI; Thermo Fisher Scientific) at a concentration of 300 nM in PBS for 

3 min. After three washing steps in PBS, stained cells were immediately imaged. PBS 

was used as the imaging buffer.

Imaging

Imaging was done using the Opera Phenix High-Content Screening system 

(PerkinElmer). Samples were imaged through a 20x/1.0 water immersion objective. 

Cells stained for NF-κB p65 and DAPI were excited using 561 nm and 405 nm laser 

lines, respectively. Emitted light was collected on two sCMOS cameras through 

specific emission filters for NF-κB p65 (570 nm to 630 nm) and DAPI (435 nm to 480 

nm). 2 x 2 binning was used for the two cameras and the microscope was operated in 
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a non-confocal mode. Intensity and exposure time were set to obtain sub-saturating 

pixels. In each well, images from 72 different ROIs were taken.

Image processing was done using Harmony software (PerkinElmer). First, stained cell 

nuclei were identified by segmenting the DAPI channel. Identified nuclei were used as 

seeds to identify their corresponding cytoplasm masks using the NF-κB p65 channel. 

Masks were resized to avoid overlapping between them and to stay within the 

boundaries of the cell. Finally, a nuclear mask with a corresponding ring-like cytoplasm 

mask was obtained. Mean NF-κB p65 intensities within both masks were determined 

and the ratio of nuclear to cytoplasmic NF-κB p65 was calculated.
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Fig. S8: Grid-based density analysis reveals the local level of clustering. 
Representation of the grid-based density analysis depicted in Figure 1D with absolute 

values. Detected signals were binned on a 10 nm x 10 nm grid and the signal density 

of each bin was divided by the mean signal density of the corresponding ROI.
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Fig. S9: TLR4 membrane clustering upon LPS and ATI stimulation. The mean 

density of detected molecules on the cell membrane (A) as well as the fraction of 

clustered molecules (B) and the density of clusters (C) as analyzed by DBSCAN is 

shown. The boxes represent the median and the 25th to 75th percentile, whereas the 
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whiskers cover 99.3 % of the data. The horizontal red line indicates the median value 

of the medium control. Overlaid dots represent mean values obtained from different 

cells. The color of the dots corresponds to the respective donors and the number above 

each treatment denotes the number of measured cells.
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Fig. S10: Correlation between TLR4 surface representation and TLR4 clustering. 
For donor 1 (A), donor 2 (B) and donor 3 (C) the density of molecules vs. the density 

of clusters on the cell membrane is shown. All plots indicate a positive correlation 

between both variables. Each point represents a cell and the color of the point 

corresponds to the respective treatment.
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Fig. S11: Average of Ripley’s H-function for the different treatments. Ripley’s H-

function of macrophages stimulated for 15 min and 30 min with (A) 100 ng/ml LPS, (B) 

12.5 µg/ml ATI or (C) 12.5 µg/ml nitrated ATI. Each function displays the average 

obtained from three healthy donors. All plots also show Ripley’s H-function, which was 

obtained from the random data of the medium sample.
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Fig. S12: Simulation of clusters. (A) Section of a 10 µm x 10 µm simulated image. 

Simulation parameters were set to represent experimental data. The average density 

is 300 molecule signals/µm², with 70 % of molecule signals being part of a simulated 

Gaussian-shaped cluster. Simulated clusters were randomly distributed over the 

randomly simulated point pattern with an average density of 6 cluster/µm². Cluster 

diameter was set to 60 nm. (B) Ripley’s H-function of the simulated point pattern. The 

maximum of Ripley’s function is approximately 60 nm.
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Table S1: TLR4 cluster size obtained by Ripley’s H-function. Values denote 

mean ± standard deviation.

donor number of cells Maximum Ripley’s H 
function [nm]

donor 1 11 58 ± 5

donor 2 19 67 ± 11

donor 3 12 66 ± 9

donor 1 11 66 ± 15

donor 2 18 62 ± 14

donor 3 10 75 ± 44

donor 1 11 58 ± 8

donor 2 13 64 ± 7

donor 3 11 67 ± 29

donor 1 11 61 ± 10

donor 2 16 69 ± 37

donor 3 11 62 ± 15

donor 1 11 64 ± 10

donor 2 19 55 ± 7

donor 3 11 51 ± 5

donor 1 7 62 ± 8

donor 2 12 53 ± 8

donor 3 6 79 ± 25

donor 1 11 58 ± 9

donor 2 20 58 ± 10

donor 3 12 65 ± 14

30 min nitrated 
ATI

medium

15 min LPS

30 min LPS

15 min ATI

30 min ATI

15 min nitrated 
ATI
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0.7 ± 0.1
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59 ± 87
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S
11

18
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300 ± 130
430 ± 210

380 ± 300
0.8 ± 0.1

0.7 ± 0.2
0.6 ± 0.1

44 ± 42
37 ± 45

54 ± 99
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in LP

S
11
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210 ± 110
190 ± 65

300 ± 210
0.8 ± 0.1

0.7 ± 0.1
0.7 ± 0.2

28 ± 26
31 ± 30

40 ± 47

15 m
in ATI

11
16

11
280 ± 120

340 ± 200
230 ± 105

0.8 ± 0.1
0.7 ± 0.2

0.7 ± 0.1
39 ± 34

33 ± 47
30 ± 36

30 m
in ATI

11
19

11
270 ± 150

130 ± 60
360 ± 180

0.7 ± 0.1
0.6 ± 0.1

0.7 ± 0.1
37 ± 37

23 ± 21
32 ± 35

15 m
in nitrated ATI

7
12

6
350 ± 220

110 ± 40
150 ± 50

0.8 ± 0.1
0.5 ± 0.1

0.6 ± 0.1
43 ± 42

15 ± 12
29 ± 31

30 m
in nitrated ATI

11
20

12
200 ± 110

120 ± 60
290 ± 160

0.7 ± 0.1
0.6 ± 0.1

0.7 ± 0.1
30 ± 28

23 ± 20
42 ± 57

num
ber of cells

density of m
olecules on the m

em
brane 

[1/µm
²]

fraction of clustered m
olecules

num
ber of m

olecules per cluster
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57 ± 29
38 ± 20
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2.3 ± 16

2.4 ± 4.3
2.1 ± 23
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360 ± 230
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5 ± 2

2 ± 1
5 ± 2

15 m
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S
57 ± 27

52 ± 32
59 ± 43

1.9 ± 4.5
2.0 ± 2.7

2.0 ± 2.6
220 ± 110

190 ± 90
230 ± 130

6 ± 3
8 ± 3

6 ± 3

30 m
in LP

S
43 ± 24

46 ± 25
55 ± 32

2.4 ± 4.6
2.4 ± 3.9

1.9 ± 2.0
220 ± 120

270 ± 150
200 ± 110

6 ± 2
4 ± 1

6 ± 3

15 m
in ATI

53 ± 25
48 ± 32

45 ± 27
2.1 ± 17

3.3 ± 85
2.5 ± 3.6

220 ± 120
200 ± 120

230 ± 130
6 ± 3

8 ± 3
5 ± 2

30 m
in ATI

52 ± 28
39 ± 22

46 ± 24
2.1 ± 7.3

2.7 ± 5.3
2.2 ± 1.9

230 ± 130
260 ± 150

190 ± 100
6 ± 3

4 ± 2
8 ± 4

15 m
in nitrated  ATI

58 ± 29
31 ± 16

45 ± 27
1.7 ± 1.5

2.9 ± 4.1
2.4 ± 2.7

200 ± 110
260 ± 160

290 ± 170
7 ± 4

4 ± 2
3 ± 1

30 m
in nitrated ATI

47 ± 26
39 ± 21

56 ± 34
2.5 ± 19

3.1 ± 23
2.1 ± 4.7

240 ± 140
300 ± 180

240 ± 140
5 ± 3

3 ± 2
5 ± 3

cluster diam
eter [nm

]
density of m

olecules w
ithin clusters

 [x10
4 1/µm

²]
distance to next neighboring cluster [nm

]
density of clusters [1/µm

²]

Table S2: D
onor-specific results from

 TLR
4’s density-based clustering analysis. V

alues denote m
ean ± standard deviation.
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Abstract 

In the course of inflammatory processes reactive species such as peroxynitrite are formed and 

lead to protein modification by nitration and oligomerization. So far, however, the question 

whether these modified proteins are markers or mediators of inflammation remaines elusive. 

Here, we show that modification by peroxynitrite enhances the pro-inflammatory reaction of 

prominent disease-related, damage-associated and allergenic proteins.  

Methods: 

To mimic inflammatory conditions, proteins were modified with peroxynitrite. The degree of 

protein nitration was determined by HPLC and protein oligomerization identified by gel 

electrophoresis and silver stain. General pro-inflammatory properties of the native and 

modified proteins were assessed by measuring the stimulation of TLR4 and activation of 

NF-κB by specific reporter cell lines. Furthermore, pro-inflammatory cytokine expression was 

determined on mRNA and protein level of THP-1 monocytes. 

Results: 

We find enhanced TLR4 and NF-κB stimulation, as well enhanced TNF-α and IL-1 β 

expression after modification with peroxynitrite for most of the tested proteins. These are, the 

Parkinson disease associated protein alpha-Synuclein (α-Synuclein) the DAMPs: Heat shock 

protein 60 (HSP60) and high mobility group 1 (HMGB1) and the allergens: Grass pollen 

allergen Phl p 5 and bakers’ asthma allergen amylase trypsin inhibitors (ATI) from wheat. 

Based on our findings, we suggest a model, in which the process of protein modification by 

peroxynitrite contributes to inflammation and disease in a TLR4, NF-kB, IL-1 and TNF-alpha 

mediated positive feedback loop. This suggested molecular pathomechanism might be 

relevant in many diseases and especially in Parkinson’s disease. 
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1. Introduction

Protein nitration occurs exogenously in the environment and endogenously in the body by 

independent mechanisms. Exogenous nitration can happen under summer smog conditions, 

where the main causing agents are ozone, nitrogen dioxide, UV radiation, and humidity 

(Franze et al., 2005; Shiraiwa et al., 2011; Shiraiwa et al., 2012; Selzle et al., 2013). 

Endogenous nitration frequently takes place during inflammatory processes in the body. 

Thereby immune cells produce locally high concentrations of reactive oxygen and nitrogen 

species (RS) to kill invading pathogens. However, RS also causes damage in sterile 

inflammation. Reactive species such as superoxide and nitric oxide can lead to the formation 

of peroxynitrite, which is the main nitrating agent in endogenous nitration (Radi, 2013; 

Reinmuth-Selzle et al., 2014).  

Exogenous and endogenous protein nitration are irreversible processes, which are facilitated 

in a two-step mechanism. First forms a tyrosine residue RS intermediate. In a second step, 

the RS-Tyrosine residue is reacting with nitrogen oxide to nitrotyrosine. (Selzle et al., 2013; 

Shiraiwa et al., 2012) Alternatively, the RS-Tyrosine residue can react with a second RS-

Tyrosine residue and form a dityrosine. Thereby protein dimers or higher oligomers can be 

formed (Kampf et al., 2015; Liu et al., 2017; Kanwar and Balasubramanian, 2000). 

Summarized, during the reaction of proteins with peroxynitrite nitration and oligomerization 

can take place. To cover both aspects, in the following collectively term nitration modified 

proteins (n-proteins) is used. 

Indeed, nitrotyrosine is frequently used as a marker for inflammation and oxidative stress 

(Greenacre and Ischiropoulos, 2001;Ghosh et al., 2006;Ischiropoulos, 2009) (Murata and 

Kawanishi, 2004). Here we investigate how peroxynitrite treatment alters pro-inflammatory 

potential of proteins, which are described as TLR4 agonists. We tested proteins from three 

different categories: disease related proteins, damage associated molecular pattern (DAMPs), 

and allergens for their inflammatory reactivity. We mimicked endogenous protein-nitration 

using peroxynitrite and determined the degree of nitration by HPLC and oligomerization by gel 

electrophoresis followed by silver stain. As NF-κB (p50/p65) signaling is a key pathway to 

induce the transcription of many pro-inflammatory cytokines, we tested the modified proteins 

in comparison to their native forms for their ability to induce NF-κB activation in THP-1 NF-κB 

reporter cells. As second measure of pro-inflammatory effects, we analyzed TLR4 stimulation 

in HeLa TLR4 dual reporter cells. To obtain a more precise pattern of the single pro-

inflammatory markers, we assessed mRNA expression of TNF-α, IL-1 β IL-6, IL-8, IFN-γ, 

CCL5 and TGF-β as well as cytokine secretion of IL-6, IL-8 and IL-1β from THP-1 monocytes 

treated with native and modified proteins.  
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2. Material and Methods

2.1 Selected proteins 

Table 1: Overview proteins tested and their main functions 

Category Protein Source & 
Supplier 

Concentration 
applied 

Main function 

Control Keyhole limpet 
haemocyanine 
(KLH) 

Chicken egg 
white,  

Invivogen 

50.0 µg/mL Immune stimulant 
and carrier for 
haptens 

Control Ovalbumin 
(OVA) 

Megathura 
crenulata, 
Sigma 

50.0 µg/mL Model allergen in 
asthma mouse 
models 

Disease 
specific 

Amyloid beta (β-
Amyloid), human 
peptide 1-42  

Recombinant 
E.coli,
Genscript

45.0 µg/mL Associated to the 
pathology of 
Alzheimer´s 
disease 

Disease 
specific 

Alpha Synuclein (α-
Synuclein), human  

Recombinant 
E.coli,
Merck
Millipore

50.0 µg/mL Associated to the 
pathology of 
Parkinson´s 
disease 

DAMP High Mobility group 
1 (HMGB1), human 

Recombinant 
E.coli,
Sigma Aldrich

3.6 µg/mL Nuclear DAMP 

DAMP Heat Shock Protein 
60 (HSP 60), human 

Recombinant
E.coli,
Abcam

14.3 µg/mL Mitochondrial 
DAMP 

Allergen Amylase trypsin 
inhibitors (ATI), 
wheat seed type I 

Triticum
aestivum,
Sigma Aldrich

15.0 µg/mL Major allergen in 
baker´s asthma 
and TLR4 
stimulant  

Allergen Phleum pratense, 
timothy grass pollen 
allergen 5 (Phl p 5) 

Recombinant 
E.coli,
Biomay

30.0 µg/mL Major grass pollen 
allergen 

Allergen Betula verrucosa, 
allergen isoform 1a 
(Bet v 1a) 

Recombinant 
E.coli,
Biomay

30.0 µg/mL Major birch pollen 
allergen 

Allergen Betula verrucosa, 
allergen isoform 1d 
(Bet v 1d) 

Recombinant 
E.coli,
Biomay

30.0 µg/mL Isoform of the 
major birch pollen 
allergen Bet v 1a 
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2.1.1 Control proteins 

Ovalbumin (OVA) is a 45 kDa glycoprotein and the most abundant protein in avian egg white. 

Through its high accessibility, OVA is widely used in protein chemistry and in experimental 

mouse models of allergy when combined with adjuvants. In a mouse model of food allergy 

nitrated OVA induced enhanced IgE reactions (Untersmayr et al., 2010), whereas a second 

study demonstrated enhanced immunogenicity for nitrated OVA in general (Gruijthuijsen et 

al., 2006). In our study OVA served as negative control for human TLR4 and NF-κB. 

Keyhole limpet haemocyanine (KLH) provokes unspecific innate and adaptive immune 

responses. Therefore, it is frequently used as a carrier for haptens to induce immune 

reactions. Here it served as unspecific positive control, as it is described to stimulate TLR4 

and other receptors. 

2.1.2 Damage associated molecular patterns (DAMPs) 

DAMPs play a crucial role in innate immunity, stimulating pattern recognition receptors (PRRs) 

such as TLR4. Naturally, TLR4 senses lipopolysaccharides of gram-negative bacteria and 

DAMPs, which induces pro-inflammatory cytokine production via NF-κB and IRF3/IRF7 

(Kawasaki and Kawai, 2014) and RS (Park et al., 2004). One classical DAMP is HMGB1, 

which interacts with the advanced glycosylation end product-specific receptor (RAGE or 

AGER) (Chandramouleeswaran et al., 2016; Liu et al., 2014), TLR2 (Yu et al., 2006) and 

TLR4. HMGB1 induces the production of nitric oxide and RS, the stimulation of TLR4, and 

nitrotyrosine formation (Chandrashekaran et al., 2017). Other classical DAMPs are Heat 

shock proteins (HSP), which are chaperones and relevant for correct protein folding. 

Moreover, secreted HSP60 can act as danger signal and can stimulate TLR2, TLR4 and 

TREM2 (Zanin-Zhorov et al., 2018; Stefano et al., 2009; Cohen-Sfady et al., 2005).  

2.2.3 Disease specific proteins 

Amyloid Beta (β-Amyloid) is formed by β-Amyloid peptides and involved in Alzheimer´s 

disease. The β-Amyloid oligomers are major component in plaques (Glenner and Wong, 

2012), related to synaptic and cognitive dysfunctions, and act as TLR4 agonists (Balducci et 

al., 2017). To obtain bioactive Amyloid beta oligomers, dissolving of the β-Amyloid peptide in 

to monomers is a crucial step (Ryan et al., 2013). To receive comparable results, we used 

synthesized β-Amyloid peptides (amino acids 1-42) comprising normal tyrosine in its native 

form, or nitrotyrosine in the nitrated form.  

A different prominent disease specific protein is alpha-Synuclein (α-Synuclein) which is highly 

relevant in Parkinson’s disease. Interestingly, an enrichment of nitrated α-Synuclein is found 

in Lewy bodies and during neuroinflammation (He et al., 2018). Benner et al. demonstrated a 
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robust T cell response by immunization with nitrated α-Synuclein in mice (Benner et al., 2008). 

Moreover, α-Synuclein can stimulate TLR4, inducing the nuclear translocation of NF-κB, the 

release of pro-inflammatory cytokines and the production of RS in microglia and astroglia 

(Fellner et al., 2013).  

2.2.4 Allergens 

Allergic reactions are characterized by a hypersensitivity towards a non-pathogenic protein or 

epitope, leading to a strong adaptive immune response (Scheurer et al., 2015). Here we tested 

the major allergen in baker´s asthma, amylase trypsin inhibitors from wheat (ATI) (Walusiak 

et al., 2004; Tatham and Shewry, 2008). ATI can are associated to gluten containing grains 

and can be adsorbed through gluten containing food. In the intestine ATI can trigger TLR4 

stimulation and thereby intra and extra-intestinal inflammatory reactions (Junker et al., 2012; 

Zevallos et al., 2018; Bellinghausen et al., 2018). In a previous study, we found an increased 

immune reaction towards nitrated ATI, exhibited by enhanced T-cell proliferation, cytokine 

secretion and TLR4 stimulation (Ziegler et al., 2019). 

Moreover, we used the pollen allergen of Common timothy grass (Phleum pretense) Phl p 5, 

which induces high IgE reactions in grass pollen allergic patients (Bastl et al., 2016).  

In addition we tested, major birch pollen allergen (Bet v 1a) and its isoform d (Bet v 1d). The 

major allergen Bet v 1a is known to provoke immunoglobulin E (IgE) reactions in birch allergic 

patients (Bastl et al., 2016; Scholl et al., 2005) whereas Isoform d induces low IgE but high T-

cell proliferation (Zaborsky et al., 2010).  

2.2 Protein Analysis 

2.2.1 Concentration determination 

To determine the protein concentrations before and after nitration, a Take3 trio micro-volume 

plate (Biotek, Bad Friedrichshall, Germany) was used, measuring the absorption at 260 nm / 

280 nm in a Synergy Neo plate reader (Biotek). The amount of proteins given by the suppliers 

were used as starting point for concentration calculation. Dilution series of the native proteins 

served as reference for the determination of their nitrated counterparts. 

2.2.2 Protein- and oligomer quantification 

To validate that equal amounts of each native its modified counterpart was applied and to 

quantify the oligomerization degree, the proteins were visualized by silver stain (Thermo 

Fisher Scientific, Darmstadt, Germany). Therefore, 50 ng of each protein was prepared in 2x 

Laemmli buffer, containing 65.8 mM Tris-HCl (pH 6.8, Carl Roth, Karlsruhe, Germany), 26.3% 

glycerol (w/v, Carl Roth), 2.1% SDS (Carl Roth), 0.02% bromphenol blue (Sigma Aldrich) and 
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5.0% 2-mercaptoethanol (Sigma, #M3148-100ml). The samples were applied on protein gels 

(4-20% mini-protean TGX, Bio-Rad, Munich, Germany) together with a molecular weight 

marker (broad range, New-England Biolabs, Frankfurt, Germany) and stained with using a 

silver stain kit (Thermo Fisher Scientific) referring to the instruction manual. For image 

acquisition a ChemiDoc (Bio-Rad) system and for quantification of protein monomers, dimers 

and oligomers Image Lab software 5.2.1 (Bio-Rad) was used. The values of protein 

monomers, dimers and oligomers were quantified in two independent experiments. Except Phl 

p 5 which was analyzed once. As the size of KLH (>391.5 kDa) and ß-Amyloid (<5 kDa) were 

beyond the detection limits, both were not analyzed.  

Table 2: Oligomerization of native and peroxynitrite modified Proteins 

Protein Monomers 
[%] 

Dimers 
[%] 

Oligomers 
[%] 

Total di- & oligomers 
[%] 

OVA 83.8 ± 4.3 16.2 ± 4.3 0 16.2 ± 4.3 
nOVA 87.6 ± 0.5 12.5 ± 0.6 0.3 ± 0.3 12.7 ± 0,3 

α-Synuclein 100 0 0 0 
nα-Synuclein 77.5 ± 3.6 19.7 ± 3.0 2.8 ±0.5 22.5 ± 3.5 

HMGB1 96.7 ± 3.4 3.4 ± 3.4 0 3.4 ± 3.4 
nHMGB1 95.8 ± 4.2 4.2 ± 4.2 0 4.2 ± 3.0 

HSP60 100 0 0 0 
nHSP60 54.8 ± 3.1 14.6 ± 14.6 30.7 ±11.5 45.25 ±3.1 

ATI 100 0 0 0 
nATI 94.6 ± 5.5 2.6 ± 2.6 2.9 ± 2.9 5.5 ± 5.5 

Phl p 5 100 0 0 0 
nPhl p 5 56.4 ± 4.8 25.8 ±1.7 17.7 ±6.4 43.5 ± 4.7 

Bet v 1a 100 0 0 0 
nBet v 1a 77.5 ± 5.6 18.8 ± 2.5 3.7 ± 3.2 22.5 ± 5.5 
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2.2.3 Endotoxin quantification 

The amount of endotoxin was quantified by Pierce LAL chromogenic endotoxin quantitation 

kit (Thermo Fisher Scientific). Therefore, the protein samples were tested at several dilutions 

and compared to an E. coli endotoxin standard (011:B4) provided with the kit. The endotoxin 

level in all protein samples was less than 1 EU per µg of protein. 

2.3 Protein nitration 

2.3.1 Nitration of proteins with peroxynitrite 

Protein solutions were prepared in PBS (Thermo Fisher Scientific) containing 50 mM 

ammonium bicarbonate buffer at pH 7.8 (Carl Roth). For each reaction 300 µL – 500 µL of 

protein solution (1 mg/mL) was used. After being thawed on ice, sodium peroxynitrite 

(ONOO-, 160-200 mM, Merck, Darmstadt, Germany) was added to yield a molar ratio of 

ONOO- to Tyr of 5/1, except for KLH 9/1. Reaction was performed in brown reaction tubes 

(Eppendorf, Hamburg, Germany) on ice for 110 minutes. Thereafter, the buffer was replaced 

with fresh PBS using a 10 kDa centrifugal filter (Amicon, Merck). Briefly, the sample was 

pipetted into the filter device, centrifuged at 14,000 x g for two minutes (Eppendorf) and 

200 µL PBS were added. This procedure was repeated five times. For sample recovery, the 

filter was turned upside down, transferred into a clean microcentrifuge tube, and centrifuged 

at 1,000 x g for two minutes. To remove possible sample residues, the filter was washed with 

200 µL fresh PBS and centrifuged upside down at 1,000 x g for two minutes into the 

concentrated protein sample. Equivalent amounts of PBS were treated under the same 

peroxynitrite conditions and used as Mock samples. 

For ß-Amyloid synthetic peptides 1-42 with Tyr respective nitro-Tyr were used (GenScript, NJ, 

USA).  
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2.3.2 HPLC-DAD Analysis 

The nitration degree for each protein sample was determined as described previously (Selzle 

et al. 2013) (Table 2). Briefly, an HPLC−DAD system (Agilent Technologies 1200 series, 

Waldbronn, Germany) was equipped with a monomerically bound C18 column (Vydac 238TP, 

250 mm x 2.1 mm i.d., 5 μm, Grace Vydac, Alltech, Mainz, Germany) for chromatographic 

separation. Gradient elution was performed with 0.1 % (v/v) trifluoroacetic acid in water and 

acetonitrile. Absorbance was measured at wavelength of 280 nm and 357 nm. Injection 

volume was 10 μL, and each chromatographic run was repeated twice. For system control 

and data analysis, ChemStation Software was used (Rev. B.03.01, Agilent).  

The nitration degree (ND) was calculated using Equation (1). 

𝑁𝑁𝑁𝑁 =  𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,357

𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,357+ 𝑓𝑓𝑘𝑘 �𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎,280−𝑘𝑘 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,357�
  (1) 

with scaling factors f = 2.93 ± 0.06 and k = 1.79 ± 0.06, absorbance signal of NTyr at 357 nm 

(ANTyr,357), and absorbance signal of Tyr and NTyr at 280 nm (Aall,280). 

Table 3: Properties of native and peroxynitrite modified proteins 

Protein Size 
[kDa] 

Length 
[AA] 

Tyrosine 
residues 

Nitration degree 
[%] 

KLH 391.5 3408 141 nd 

OVA 42.8 386 10 17.3 

β-Amyloid 4.5 42 1 100 

α-Synuclein 19.5 140 4 33.2 

HMGB1 25.0 215 7 63.5 

HSP60 60.0 573 7 82.5 

ATI 19.0 124 5 38.4 

Phl p 5 30.7 309 14 40.1 

Bet v 1a 17.5 160 7 31.8 

Bet v 1d 17.5 160 7 21.9 
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2.4 Cell culture 

2.4.1 THP-1 NF-κB reporter cells and specific receptor antagonists 

To assess the NF-κB activity of cells treated with different native and modified proteins, THP-

1 NF-κB reporter cells (Invivogen, Toulouse, France) were used. Per well 100.000 cells were 

seeded into an flat-bottom 96-well plate (Greiner, Frickenhausen, Germany) in RPMI medium 

(Thermo Fisher Scientific) supplemented with 10% heat-inactivated fetal calf serum (FCS, Lot 

#0973F; Biochrom, Berlin, Germany), 100 µg/mL Zeocin (Invivogen), and 1% 

Penicillin/Streptomycin (Thermo Fisher Scientific) in a humidified atmosphere of 5% CO2 at 

37 °C. To inhibit TLR4 or RAGE signaling, THP-1 NF-κB reporter cells were pre-incubated 

with the TLR4 specific antagonist TAK242 (0.36 µg/mL, Merck Millipore, Darmstadt, Germany) 

or the RAGE antagonist FPS-ZM1 (1 µM, Merck Millipore) for four hours. As a negative control 

served dimethylsulfoxide (4.4 µg/mL, Thermo Fisher Scientific). Subsequently, cells were 

incubated for 24 hours with the respective protein sample (see Table 1). Activity of NF-κB was 

measured by Quantiluc reagent (Invivogen) according to the manufacturer`s instructions. 

Briefly, each 10 µL of cell culture supernatant were transferred into a white plate (Lumitarc, 

Greiner, Frickenhausen, Germany), and mixed with 50 µL of Quanitluc reagent (Invivogen). 

The luminescence was detected in a Synergy Neo plate reader (Biotek). Values were 

normalized to the mean of the positive control LPS EB UP (25ng/mL, Invivogen), which was 

set to 100%. 

Assessment of viability was performed using the Alamar blue assay (Thermo Fisher Scientific), 

according to the manufacturer protocol. Excitation was performed at 560 nm and emission 

was measured at 590 nm in a Synergy Neo plate reader plate reader (Biotek). 

2.4.2 HeLa TLR4 dual reporter cells: 

Based on the HeLa TLR4 reporter cells (Novusbio, Wiesbaden, Germany) we determined 

simultaneously TLR4 stimulation and viability by a HeLa TLR4 dual luciferase reporter cell line 

(Ziegler et al., 2019). Cells were grown in Dulbecco's Modified Eagle's Medium (DMEM, 

Thermo Fisher Scientific) containing 25 mM D-glucose, 1 mM sodium pyruvate supplemented 

with 10% heat-inactivated fetal calf serum (Lot #0973F, Biochrom, Berlin, Germany), 

1% Penicillin/Streptomycin (Thermo Fisher Scientific) and 140 µg/mL Hygromycin B 

(Invivogen) in a humidified atmosphere of 5% CO2 at 37 °C. 

In a flat bottom 96-well plate (Greiner) 10.000 HeLa TLR4 dual reporter cells per well were 

seeded. On the next day, the cells were incubated with the respective protein samples (see 

Table 1) for seven hours. Thereafter, cells were washed with PBS (Thermo Fisher Scientific) 

and lysed using passive lysis buffer (Promega, Mannheim, Germany) over night at -80°C. The 
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read out was performed using a dual luciferase kit (Promega) according to the manufacturer 

manual. Both luminescence signals were measured in a Synergy Neo plate reader (Biotek). 

The relative luciferase activity was calculated by dividing the Renilla luciferase (TLR4) signal 

by the Firefly luciferase (viability) signal. The resulting values were normalized to the value of 

LPS-treated cells, which was set to 100%. 

2.4.3 mRNA extraction and qPCR analysis 

Quantification of mRNA expression was performed using real time quantitative PCR (qPCR). 

Therefore, human THP-1 monocyte cells (ATCC, #TIB-202, Manassas, Virginia) were grown 

in RPMI medium 1640 (Thermo Fisher Scientific, #A1049101) supplemented with 10% heat 

inactivated fetal bovine serum (Lot #0973F, Biochrom), 0.05 mM 2-mercaptoethanol (Sigma, 

#M3148-100ml) and 1x penicillin-streptomycin (Thermo Fisher Scientific, #15140122). For 

qPCR analysis, 400.000 cells/well were seeded into a 6-well cell culture plate (Greiner, 

#657160). On the next day cells were stimulated for one hour and four hours with the different 

native or nitrated proteins (see Table 1). As positive control cells were exposed to LPS (25 

ng/mL, InvivoGen, #tlrl-eblps). Mock nitrated PBS served as negative control. Cells were 

harvested by centrifugation for 5 minutes at 500 x g for qPCR analysis and supernatant was 

analyzed by multiplex ELISA. 

Total RNA was extracted from cells using RNeasy mini kit (Qiagen, #74104) following the spin 

technology protocol. Total RNA yield was determined using a Take3 trio micro-volume plate 

in Synergy Neo plate reader (Biotek). Using the high capacity cDNA reverse transcription kit 

(Thermo Fisher Scientific, # 4374966) 500 ng of total RNA per sample were transcribed into 

cDNA. Afterwards qPCR was performed using 5 µL of cDNA mixed with SsoAdvanced 

Universal SYBR Green Supermix (Bio-Rad, #1725274) to a final concentration of 5 µM for 

each primer (see Table 4). As reference genes served TBP and PPIA. Reactions were 

performed at 98°C for 30 seconds followed by 37 cycles of 98°C for 10 seconds and 60°C for 

25 seconds. 
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Table 4: Sequence of Real Time-PCR primers 

Gene Accession number Sequence 5´→ 3´ 

CCL5 NM_001278736.1 fw ACCCAGCAGTCGTCCACAGG 
rev CTTGCCCTTGTTCAGCCGGGA 

IFN-γ NM_000619.3 fw ATGGCTGAACTGTCGCCAGCA 
rev AGGCAGGACAACCATTACTGGGAT 

IL-1 β NM_000576.2 fw GCCCTAAACAGATGAAGTGCTC 
rev GAACCAGCATCTTCCTCAG 

IL-6 NM_000600.5 fw ACCCCTGACCCAACCACAAAT 
rev AGCTGCGCAGAATGAGATGAGTT 

IL-8 NM_000584.3 fw AGTCCTTGTTCCACTGTGCCTTGG 
rev TGCTTCCACATGTCCTCACAACATC 

IL-10 NM_001565.4 fw CTGTACGCTGTACCTGCATCAGCA 
rev ACACGTGGACAAAATTGGCTTGC 

PPIA NM_021130.4 fw TCTGCACTGCCAAGACTGAG 
rev TGGTCTTGCCATTCCTGGAC 

TBP NM_001172085.1 fw TGAGCCAGAGTTATTTCCTGGT 
rev AATTTCTGCTCTGACTTTAGCACC 

TGF-β NM_000660.6 fw CGGCATCAAGGCACAGGGGA 
rev TCCCTGCATCTCAGAGTGTTGCT 

TNF-α NM_000594.4 fw GCCCAGGCAGTCAGATCATCTT 
rev CCTCAGCTTGAGGGTTTGCTACA 

2.4.4 Cytokine secretion 

To assess the amount of pro-inflammatory cytokines, THP-1 monocytes were treated for 

1 hour or 4 hours with the respective protein, as described in the qPCR section. The 

supernatant of the cells was analyzed for IL-6, IL-8 and IL-1 beta by a multiplex assay kit (R&D 

systems, Biotechne, Wiesbaden, Germany), prepared according to the manufacturer’s manual 

and analyzed on a MAGPIX device (Luminex, Austin, Texas, USA). 

2.5 Statistic 

For statistical analysis GraphPad Prism version 6.07 (GraphPad, San Diego, California) was 

used. Unpaired t-tests were performed to observe differences between the native and nitrated 

protein. The results were considered as significant when *p<0.05, **p<0.01, ***p<0.005, 

****p<0.001. All protein samples were tested in duplicates or triplicates, the number of 

independent experiments is indicated in the text below each figure. 
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Figure 1: TLR4 and NF-κB related inflammatory reactions after peroxynitrite treatment. 
(A) NF-κB signaling of THP-1 NF-κB reporter cells after challenge with native and modified

proteins; 25 ng/mL LPS EB UP served as reference; n ≥ 2. LPS and KLH served as positive

control and OVA as negative control for NF-κB activation, whereas peroxynitrite treatment had

no major effect. Under the condition of our experiments, neither native nor modified β-Amyloid

peptide 1-42 induced activation of NF-κB. Strong differences in signaling are observed for the

modified α-Synuclein, the modified DAMPs HMGB1 and HSP60 and the modified allergens

ATI and Phl p 5. No differences were observed for the allergens Bet v 1a and Bet v 1d as well

as their modified counterparts. (B) TLR4 response of HeLa TLR4 dual reporter cells after

stimulation with native and modified proteins; 25 ng/mL LPS EB served as reference; n = 3.

α-Synuclein, HMGB1, HSP60, ATI and Phl p 5 exhibit clearly stronger stimulation after

modification with peroxynitrite than their native counterparts. Modified KLH shows slightly

reduced TLR4 stimulation. The proteins OVA, β-Amyloid, Betv 1a and Betv 1d, did not alter in

TLR4 stimulation potential after peroxynitrite treatment.
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Figure 2: Modified proteins, which induced stronger TLR4 stimulation, also induce 
enhanced mRNA expression of inflammation relevant genes and cytokine secretion. 
The red color indicates a significant stronger response of cells to the modified protein, the grey 

color indicates no significant difference between native and modified protein and the blue color 

indicates a significant weaker response to the peroxynitrite modified protein. Native and 

modified proteins were compared by an unpaired t-test p > 0.05 *, p > 0.01 **, p > 0.005 ***, 

p > 0.001 ****; NF-κB n ≥ 2; TLR4 n = 3, mRNA and cytokine release n = 1.  
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3. Results

3.1 Several pro-inflammatory proteins induce a stronger stimulation of NF-κB and TLR4 
after peroxynitrite modification 

All proteins were tested for their pro-inflammatory potential inducing TLR4 stimulation and 

activation NF-κB. Only if significant differences between native and medium control or 

modified protein and mock control were observed, the respective proteins where tested further 

(Suppl. Figure 1). No toxic effects were observed in the concentrations applied (see Table 1) 

for THP-1 monocytes (Suppl. Figure 2).  

In the disease specific protein group, the Parkinson’s disease relevant modified α-Synuclein 

induced a significant stronger TLR4 stimulation and NF-κB activation compared to native 

α-Synuclein. The Alzheimer’s disease relevant ß-Amyloid was already described to be NF-κB 

and TLR4 active. But this activity depends strongly of entangling (Ryan et al., 2013). Anyhow, 

in our experiments neither the native nor the synthetically nitrated ß-Amyloid peptide 1-42 

induced significant TLR4 stimulation or NF-κB activation. Here we used synthetic nitro-Tyr 

comprising ß-Amyloid, with a nitration degree of 100%. 

In the group of DAMPs HMGB1 and HSP60 induced a stronger NF-κB and TLR4 activity after 

modification compared to induction by their native form. Remarkable is the by factor four 

stronger (Suppl. Figure 3C + 3D & Suppl. Figure 4C + 4D).  

In the allergen group, we could show that the native grass pollen allergen Phl p 5 is a strong 

TLR4 agonist. Further, modified Phl p 5 and ATI induced a stronger TLR4 stimulation then 

their native counterparts. For NF-κB activation, we found significant higher effects for modified 

ATI but only slightly enhancement for modified Phl p 5 (Figure 1 A+B). For modified Bet v 1a 

and Bet v 1d no differences in NF-κB or TLR4 stimulation were observed. Both native and 

modified Bet v 1 isoforms induced only a minor TLR4 stimulation and NF-κB activation. 

3.2 Proteins, which induced after modification a stronger TLR4 activation, induce 
additionally enhanced mRNA expression and cytokine secretion of pro-inflammatory 
genes 

The proteins, which were more pro-inflammatory in their modified form where further analyzed 

for mRNA expression and cytokine secretion of pro-inflammatory genes (Figure 2). Secretion 

of TNF-α and IL-1 β were enhanced for all of the tested modified proteins, compared to the 

native form. For modified HMGB1 moreover IL-8, IFN-γ and CCL-5 mRNA expression and IL-

8 and IL-1 β secretion was significantly enhanced. For α-Synuclein IL-8, CCL-5 mRNA 

expression and IL-6 and IL-1 β secretion was significantly higher after modification. For the 

modified variant of the major grass pollen allergen Phl p 5 mRNA expression of IL-6 and IL-8 
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was enhanced. For modified ATI enhanced IL-1β secretion was found. The control, modified 

and native OVA, induced no significant differences in mRNA expression or cytokine secretion, 

all values were at background level. The positive, TLR4 agonistic control, native and modified 

KLH, stimulated TLR4 and activated NF-κB similarly strong. 

Of note, the TLR4 specific inhibitor TAK242 substantially mitigate the NF-κB response to the 

modified and native forms of HMGB1, α-Synuclein, Phl p 5 and partially to ATI (Suppl. Figures 

3 & 5). Inhibition of the RAGE receptor by FPS-ZM1 did only induce slightly reduction of NF-

κB signaling for HMGB1 (Supp. Figures 3C & 5). Due to low availability of HSP60 no inhibitory 

testing, qPCR or ELISA were performed. 

3.3 Modification by peroxynitrite induces nitrotyrosine and protein oligomers 

After modification by peroxynitrite the proteins were analyzed for oligomerization degree by 

silver stain (Table 2 & Suppl. Figure 6) and for presence of nitrotyrosine (Table 3) by HPLC 

and for. All proteins analyzed were found to have a nitration degree between 8% to 70%, 

whereas the strongest nitration was observed for HSP60 and the weakest for HMGB1. In a 

close correlation to the nitration degree, the oligomerization was found to be the highest for 

HSP60 (45%) and the weakest for HMGB1 (4%). Anyhow, all peroxynitrite treated proteins 

were found to have an increased number of oligomers compared to their native counterparts. 

As KLH has a size of 391 kDa and beta-Amyloid of 4.5 kDa, both proteins were not detectable 

by this method. 
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4. Discussion

4.1 Summary 

In the present study, we found that several TLR4 agonistic proteins exhibit enhanced TLR4 

stimulation and NF-κB activation after peroxynitrite treatment. We conclude that these 

modification conditions can cause amplification of inflammatory reactions by generating 

nitrated and oligomerized proteins, which induce enhanced inflammation. Future experiments 

must clarify, whether this effect regards to nitrotyrosine formation, protein oligomerization, or 

both. The observed amplification effects seem to be related to TLR4, since the TLR4 specific 

antagonist almost completely abolished amplification, whereas the RAGE antagonist had no 

effect. The presence of nitrotyrosine in a protein per se seems unlikely to be TLR4 agonistic, 

since the modified OVA and the synthetic nitrotyrosine comprising β-Amyloid showed no TLR4 

stimulation. 

Alpha-Synuclein misfolding, aggregation and chronic inflammation are hallmarks of 

Parkinson’s disease (PD) (Villar-Pique et al., 2016), therefore, the significant enhanced pro-

inflammatory effects induced by modified α-Synuclein may be another relevant factor in the 

progression of this disease. α-Synuclein is described as TLR4 agonist in Alpha-

synucleinopathies (Fellner et al., 2013) and oligomeric alpha-synuclein is sensed by TLR4, 

what is regarded as important for the development of PD (Hughes et al., 2019). Oxidative and 

nitrating conditions of α-Synuclein modification are discussed as central mechanism of PD 

(Schildknecht et al., 2013; Hodara et al., 2004). Dimerization of Peroxynitrite treated 

α-Synuclein proteins seem to occur preferential via Tyrosine 125 (Takahashi et al., 2002). 

Indeed a recent study listed the possible implications of nitrated α-Synuclein in Parkinsons 

Disease (He et al., 2018). New here is a direct and enhanced positive feedback of peroxynitrite 

modified α-Synuclein via TLR4.  

Moreover, Parkinson’s disease affected patients show elevated levels in pro-inflammatory 

molecules such as TNF-alpha, iNOS and IL-1 beta (Herrero et al., 2015). Thereby elevated 

iNOS levels may implicate enhanced production of nitric oxide, consequently enhanced 

presence of peroxynitrite and therefore protein nitration and oligomerization. However, for the 

pathology of PD also other factors such as the DAMP HMGB1 is of major relevance, since 

patients with PD were found to have an increased expression of TLR4 and HMGB1 (Yang et 

al., 2018). Moreover, the DAMP HSP60 is discussed to play a role in Parkinson’s disease, 

since it showed toxic effects to dopaminergic cells and was upregulated in a mouse model of 

PD (Noelker et al., 2014). Moreover, a second study suggested that extracellular HSP60 

released by damaged cells may activate microglia in models of PD (Feng et al., 2013). Here 

we find at least a three-fold or higher induction of modified HMGB1 and HSP60 in NF-κB 
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activation and TLR4 stimulation, which implicates an additional serious stressor in Parkinson’s 

disease. This drastic amplification may be also relevant for inflammation in many other acute 

and chronic diseases. 

Previous studies showed that nitration of the major birch pollen allergen Bet v 1a leads to 

enhanced allergenicity and immune reactions (Karle et al., 2012; Franze et al., 2005; Ackaert 

et al., 2014; Gruijthuijsen et al., 2006). As no adjuvant was added, or samples of birch allergic 

patients were challenged, we observed for both modified Bet v 1a and Bet v 1d no NF-kB 

activation or TLR4 stimulation. Notably, we found that the grass pollen allergen Phl p 5 is a 

TLR4 agonist, which acts in a stronger manner after peroxynitrite treatment. It can be 

hypothesized that the pro-inflammatory function of Phl p 5 acts as an “on board adjuvant”, 

which can be enhanced by nitrating conditions, modulating its allergenicity. Recently we could 

show an enhanced immune reacitivity for nitrated ATI (Ziegler et al., 2019), which was 

manifested by enhanced T-cell proliferation, pro-inflammatory cytokine secretion and TLR4 

stimulation. Additionally we could demonstrate by this study, that modified ATI activates 

NF-κB stronger. Altogether, we demonstrated for three different allergens stronger 

pathological properties after contact with nitrating conditions. Since nitration of proteins can 

occur also under summer smog conditions, nitration may generally contribute to the rising 

prevalence of allergies worldwide. 

It is known, that the introduction of a nitro group on a tyrosine can affect the chemical and 

physiological properties of the protein. One consequence is a lowered pKa value (Hodara et 

al., 2004; Turko and Murad, 2002), which may strengthen or lower binding abilities to certain 

receptors, thereby modulating downstream cascades. Moreover, conformational changes of 

the modified protein may create new epitopes or shield immunological relevant epitopes 

(Rouvinen et al., 2010; Ackaert et al., 2014; Gruijthuijsen et al., 2006; Scholl et al., 2005). 

Therefore, the nitrated or oligomerized protein may possess an increased stability and immune 

reactivity (Untersmayr et al., 2010; Karle et al., 2012; Ackaert et al., 2014). Oligomerization of 

the major birch pollen allergen Bet v 1a resulted in slower degradation and enhanced surface 

representation in antigen presenting cells (Ackaert et al., 2014; Karle et al., 2012). Oligomers 

are discussed to cross link Fcε receptors and thereby mast cell degranulation, a major factor 

in type 1 hypersensitivities (Scholl et al., 2005; Rouvinen et al., 2010; Ackaert et al., 2014; 

Gruijthuijsen et al., 2006).  

The vicious cycle of inflammation of TLR receptors, DAMPs, cytokines and reactive oxygen 

species (ROS) was previously introduced as the “TLR Radical Cycle” (Lucas and Maes, 2013). 

In the former study we mainly discussed secreted DAMPs such as HMGB1 and HSPs, and 

the mechanism of oxidation (ox), which induces the formation of oxDAMPs. With our new 
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findings that also peroxynitrite modified proteins can fuel this recursive inflammatory process, 

the model of the “TLR Radical Cycle” can be extended by a substantial contribution of protein 

modification by nitration and oligomerization. Moreover, during inflammation RS can be 

formed which induces further protein modifications (Reinmuth-Selzle et al., 2017; Bernstein et 

al., 2004). Therefore, the term “TLR-Reactive Species Cycle” might be more adequate, since 

peroxynitrite is not a radical. Additionally the positive feedback of the cytokines IL-1β and 

TNFα and their respective receptors are now taken into consideration in our model (Suppl. 

Figure 7). 

Our findings on amplification of inflammation of five TLR4 stimulating proteins after 

modification by peroxynitrite may be only the peak of an iceberg. Future studies are necessary 

to find out, whether this phenomenon applies for more proteins and further receptors. Anyhow, 

therapeutically intervention to reduce protein nitration may help to reduce the burden of 

Parkinson’s disease and possibly in many other diseases such as sepsis, Alzheimer’s disease, 

stroke and many others, where high nitration conditions occur. 

Inflammation induced oxidation is a well-known mechanism, frequently referred as ROS-

induced ROS (Zorov et al., 2014). Of note, reactive nitrogen species and resulting protein 

nitration are mainly considered as a consequence of inflammation but not as a cause. Here 

we suggest a nitration induced nitration mechanism by which the reactive species 

peroxynitrite, induces the formation of modified proteins amplifying inflammation, extending 

the current view on the pathomechanism of inflammation. 

Since inflammation is part of many diseases and frequently associated with protein nitration, 

it might be worthwhile to examine, whether nitration scavenger and or the mitigation of RS 

production can improve the burden of disease. Peroxynitrite is the main causing agent for 

endogenous protein nitration. Peroxynitrite scavenger have been shown to reduce 

inflammation in several diseases (Pacher et al., 2007) and specifically TLR4 mediated 

signaling (Das et al., 2015). Therefore, a deeper understanding of the underlying molecular 

mechanism may pave the way for the development of new treatments. 
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5. Supplement:

Supplement Figure 1: Initial test of pro-inflammatory potential of tested proteins. Native 

and nitrated proteins were tested for NF-κB activity and TLR4 stimulation to assess their pro-

inflammatory potential. Native proteins were tested against medium control and nitrated 

proteins vs mock control by an unpaired t-test p > 0.05 *, p > 0.01 **, p > 0.005 ***, 

p > 0.001 ****. 
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Supplement Figure 2: Viability of THP-1 NF-kB reporter cells treated with native and 

nitrated proteins with and without TLR4 or RAGE inhibitor. The cell viability was measured 

using the Alamar blue assay according to the manufacturer’s instructions.  
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Supplement Figure 3: NF-κB activation by native and modified proteins and TLR4 or 
RAGE blocking. To determine if NF-κB activation was mainly TLR4 or RAGE dependent, 

cells were pre-incubated for two hours with the TLR4 antagonist (TAK242) or RAGE 

antagonist (FPS-ZM1). Shown are the means ± SD from two independent experiments. 

Unpaired T-tests were performed, comparing NF-κB induction by native to nitrated proteins p 

> 0.05 *,p > 0.01 **, p > 0.005 ***, p > 0.001 ****.

105



Supplement Figure 4: TLR4 stimulation by native and modified proteins. HeLa TLR4 dual 

reporter cells were incubated for 7 h with the respective proteins. TLR4 stimulation was 

measured by Renilla luciferase expression. Shown are the means ± SD from three 

independent experiments. Unpaired T-tests were performed, comparing TLR4 induction by 

native to nitrated proteins p > 0.05 *, p > 0.01 **, p > 0.005 ***, p > 0.001 ****. 
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Supplement Figure 5: TLR4 and RAGE dependent NF-κB activation by native and nitrated 

proteins. To determine whether NF-κB activation was mainly TLR4 or RAGE dependent, THP-

1 NF-κB reporter cells were pre-incubated with the TLR4 antagonist (TAK242) or RAGE 

antagonist (FPS-ZM1) for two hours, followed by 24 h stimulation with the respective proteins. 

Unpaired T-tests were performed, comparing NF-κB induction of cells treated with native 

proteins to cells pre-treated with TAK242 or FPS-ZM1 and the respective native protein 

p > 0.05 *, p > 0.01 **, p > 0.005 ***, p > 0.001 ****. 
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Supplement Figure 6: Quantification of oligomerized proteins by SDS PAGE and silver 
stain. To analyze the oligomerized fractions, 50 ng of each protein and its modified 

counterpart were loaded on a 4-20% mini-protean TGX gel (Biorad) and stained using silver 

stain (Thermo fisher Scientific) for quantification ImageLab software (Biorad) was used.  

108



Supplement Figure 7: Schematic cycle of inflammatory-processes inducing protein nitration 

and oligomerization and enhanced inflammation. Nitrated DAMPs or proteins may stimulate 

enhanced TLR4 and thereby NF-κB translocation. Additionally, TLR4 stimulation triggers ROS 

and NO formation and in order protein nitration. Enhanced NF-κB translocation is followed by 

enhanced transcription and secretion of IL-1 β and TNF-α, which trigger again IL-1- and TNF-

receptor. 
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Abstract

Herbal extracts represent an ample source of natural compounds, with potential to be used

in improving human health. There is a growing interest in using natural extracts as possible

new treatment strategies for inflammatory diseases. We therefore aimed at identifying

herbal extracts that affect inflammatory signaling pathways through toll-like receptors

(TLRs), TLR2 and TLR4. Ninety-nine ethanolic extracts were screened in THP-1 monocytes

and HeLa-TLR4 transfected reporter cells for their effects on stimulated TLR2 and TLR4 sig-

naling pathways. The 28 identified anti-inflammatory extracts were tested in comparative

assays of stimulated HEK-TLR2 and HEK-TLR4 transfected reporter cells to differentiate

between direct TLR4 antagonistic effects and interference with downstream signaling cas-

cades. Furthermore, the ten most effective anti-inflammatory extracts were tested on their

ability to inhibit nuclear factor-κB (NF-κB) translocation in HeLa-TLR4 transfected reporter

cell lines and for their ability to repolarize M1-type macrophages. Ethanolic extracts which

showed the highest anti-inflammatory potential, up to a complete inhibition of pro-inflamma-

tory cytokine production wereCastanea sativa leaves, Cinchona pubescens bark,Cinnamo-
mum verum bark, Salix alba bark, Rheum palmatum root, Alchemilla vulgaris plant,

Humulus lupulus cones, Vacciniummyrtillus berries, Curcuma longa root and Arctostaphy-
los uva-ursi leaves. Moreover, all tested extracts mitigated not only TLR4, but also TLR2 sig-

naling pathways. Seven of them additionally inhibited translocation of NF-κB into the

nucleus. Two of the extracts showed impact on repolarization of pro-inflammatory M1-type

to anti-inflammatory M2-type macrophages. Several promising anti-inflammatory herbal

extracts were identified in this study, including extracts with previously unknown influence

on key TLR signaling pathways and macrophage repolarization, serving as a basis for novel

lead compound identification.
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Introduction
Herbs, algae, fungi and cyanobacteria have been used in traditional medicine for centuries.
During the last decades, plant extracts and natural compounds became a focal point of interest
again as novel lead compounds for the treatment of inflammatory diseases are needed [1]. Sev-
eral diseases progression and development are influenced by acute and chronic inflammation,
such as: autoimmune diseases, allergies, obesity, diabetes, organ fibrosis and dysfunction.
Plant extracts that contain largely orally available compounds which attenuate inflammatory
processes may be highly attractive as potential therapies [2±8]. Regardless of the origin, inflam-
mation is often associated with a self-enhancing, cyclic process, involving stimulation of innate
immunity, prominently of TLRs, production of reactive oxygen and nitrogen species (ROS/
RNS), pro-inflammatory cytokine/chemokine secretion, as well as the release of host-derived
damage associated molecular patterns (DAMPs) [9,10]. In healthy individuals the initial
immune response to an acute stimulus, e.g. a microbial infection, is mitigated over time by
downregulation of TLR stimulation, leading to a diminished cytokine production and inter-
ruption of the vicious inflammatory circle. In diseases associated with chronic inflammation,
the appropriate regulation of TLRs and their downstream signaling pathways is often absent
[1, 11]. Antagonists for TLR signaling play an important role in counter-regulating such over-
whelming reactions, especially for TLR4 which is a central danger-sensing innate immune
receptor. Different from all other TLRs, stimulation of TLR4, leads to activation of two major
pathways: 1) the myeloid differentiation 88-dependent (MyD88) or canonical pathway of NF-
κB activation, and 2) the MyD88-independent or Toll/interleukin-1 receptor (TIR)-domain-
containing adaptor molecule (TRAM) pathway. The canonical pathway can also be activated
via TLR2 stimulation [12,13]. Some synthetic small molecules (e.g. Eritoran and TAK-242),
but also natural compounds (e.g. epigallocatechin-3-gallate and 6-shogaol) inhibit TLR4 sig-
naling [14±18]. Nevertheless, to date, no effective orally active TLR4 antagonist is available for
experimental or clinical application.

Due to their easy oral application and minor adverse effects, herbal extracts compromising
of TLR4 antagonistic activity would be highly interesting as new oral treatment strategies for
inflammatory diseases. Nevertheless, identification of the active compounds and their targets
are often complex. Furthermore, also metabolization products and not only the applied com-
pounds themselves might interact with the TLR signaling pathways. This further complicates
the identification of the responsible mechanism(s). Recently, numerous studies have focused
on Chinese herbal medicines and their impact on several diseases [19±22], however, their anti-
inflammatory effects remain largely unknown. Thus, in the current study we analyzed ethano-
lic extracts of medicinal plants, which may have anti-inflammatory properties (see S1 Table in
the supplementary data).

Materials andmethods
Ethanolic extracts
Most of the ethanolic extracts were purchased directly from Maros Arznei GmbH. All other
samples listed in Table 1 were freshly prepared by grinding 10 g plants or algae in a mortar, if
necessary under liquid nitrogen. Afterwards, the powder was resuspended in 50 ml of 70% eth-
anol (VWR International GmbH, Darmstadt, Germany). Subsequently, the samples were incu-
bated for ten days in the dark at room temperature (RT), being inverted once a day. Then, the
extracts were filtered through Rotilabo-folded filters (type 113P; Carl Roth, Karlsruhe, Ger-
many) to remove unresolved residues.

Screening of herbal extracts

PLOS ONE | https://doi.org/10.1371/journal.pone.0203907 October 11, 2018 2 / 27

no role in study design, data collection and

analysis, decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

117

https://doi.org/10.1371/journal.pone.0203907


Table 1. Sources of ethanolic herbal extracts.

Latin name Common English name Used part Source
Achillea millefolium Common yarrow Whole plant Maros Arznei, FuÈrth, Germany
Aconitum napellus Monkshood Whole plant Maros Arznei, FuÈrth, Germany
Aesculus hippocastanum Horse-chestnut Fruit/berry/seed Maros Arznei, FuÈrth, Germany
Alchemilla vulgaris Common lady's mantle Whole plant Maros Arznei, FuÈrth, Germany
Allium sativum Garlic Root2 Farmer's market, Mainz, Germany
Allium ursinum Wild garlic Leaf1 Tee und GewuÈrze Lilianna Kamberg und Marianne Schmidt,

Offenbach, Germany
Aloe ferox Aloe Whole plant Maros Arznei, FuÈrth, Germany
Alpinia officinarum Galangal Root Maros Arznei, FuÈrth, Germany
Althaea officinalis Common marshmallow Root Maros Arznei, FuÈrth, Germany
Arctostaphylos uva-ursi Bearberry Leaf Maros Arznei, FuÈrth, Germany
Armoracia rusticana Horseradish Root2 Farmer's market, Mainz, Germany
Arnica montana Arnica Whole plant Maros Arznei, FuÈrth, Germany
Arnica montana Arnica Flower Maros Arznei, FuÈrth, Germany
Artemisia absinthium Wormwood Whole plant Maros Arznei, FuÈrth, Germany
Avena sativa Oat Whole plant Maros Arznei, FuÈrth, Germany
Betula alba Birch Juice/resin Maros Arznei, FuÈrth, Germany
Betula verrucosa Weeping birch Juice/resin Maros Arznei, FuÈrth, Germany
Boswellia carterii Frankincense Whole plant1 Olibanum B.V., Kerkrade, Netherlands
Boswellia serrata Frankincense Juice/resin Maros Arznei, FuÈrth, Germany
Calendula officinalis Marigold Flower Maros Arznei, FuÈrth, Germany
Camellia sinensis (L.) Green tea Leaf1 Ostfriesische Tee Gesellschaft, Seevetal, Germany
Capsicum frutescens Chili Fruit/berry/seed1 Tee und GewuÈrze Lilianna Kamberg und Marianne Schmidt,

Offenbach, Germany
Carum carvi Caraway Fruit/berry/seed Maros Arznei, FuÈrth, Germany
Castanea sativa Sweet chestnut Leaf Maros Arznei, FuÈrth, Germany
Chelidonium majus Celandine Root Maros Arznei, FuÈrth, Germany
Chlorella pyrenoidosa Chlorella Whole green algae1 Naturya, Southstoke, United Kingdom
Cinchona pubescens Cinchona Bark Maros Arznei, FuÈrth, Germany
Cinnamomum verum Cinnamon Bark Maros Arznei, FuÈrth, Germany
Convallaria majalis Lily of the valley Whole plant Maros Arznei, FuÈrth, Germany
Coriandrum sativum Coriander Fruit/berry/seed Maros Arznei, FuÈrth, Germany
Crataegus species Hawthorn Fruit/berry/seed Maros Arznei, FuÈrth, Germany
Curcuma longa Turmeric Root Maros Arznei, FuÈrth, Germany
Cynara scolymus Artichoke Leaf Maros Arznei, FuÈrth, Germany
Daucus carota subsp.
sativus

Carrot Root2 Aldi SuÈd, Mainz, Germany

Digitalis purpurea Common foxglove Leaf Maros Arznei, FuÈrth, Germany
Dioscorea villosa Yam Root Maros Arznei, FuÈrth, Germany
Echinacea purpurea Purple coneflower Whole plant Maros Arznei, FuÈrth, Germany
Elettaria cardamomum Cardamom Fruit/berry/seed1 Tee und GewuÈrze Lilianna Kamberg und Marianne Schmidt,

Offenbach, Germany
Equisetum arvense Field horsetail Whole plant Maros Arznei, FuÈrth, Germany
Erythraea centaurium Common centaury Whole plant Maros Arznei, FuÈrth, Germany
Euphrasia officinalis Eyebright Whole plant Maros Arznei, FuÈrth, Germany
Filipendula ulmaria Meadowsweet Flower Maros Arznei, FuÈrth, Germany
Foeniculum vulgare Fennel Fruit/berry/seed Maros Arznei, FuÈrth, Germany
Fucus vesiculosus Bladderwrack Whole plant Maros Arznei, FuÈrth, Germany

(Continued)
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Table 1. (Continued)

Latin name Common English name Used part Source
Gentiana lutea Gentian Root Maros Arznei, FuÈrth, Germany
Geranium robertianum Herb robert Whole plant Maros Arznei, FuÈrth, Germany
Ginkgo biloba Ginkgo Leaf Maros Arznei, FuÈrth, Germany
Glycyrrhiza glabra Liquorice Root Maros Arznei, FuÈrth, Germany
Hamamelis virginiana Witch hazel Leaf Maros Arznei, FuÈrth, Germany
Harpagophytum
procumbens

Devil's claw Root Maros Arznei, FuÈrth, Germany

Hedera helix Common ivy Leaf Maros Arznei, FuÈrth, Germany
Hibiscus sabdariffa Roselle Leaf Maros Arznei, FuÈrth, Germany
Humulus lupulus Hops Flower Maros Arznei, FuÈrth, Germany
Hypericum perforatum St John's wort Whole plant Maros Arznei, FuÈrth, Germany
Ilex paraguariensis Yerba mate Leaf Maros Arznei, FuÈrth, Germany
Juniperus communis Common juniper Fruit/berry/seed Maros Arznei, FuÈrth, Germany
Lavandula angustifolia Lavender Flower Maros Arznei, FuÈrth, Germany
Marrubium vulgare Common horehound Whole plant Maros Arznei, FuÈrth, Germany
Matricaria chamomilla Chamomile Whole plant Maros Arznei, FuÈrth, Germany
Melilotus officinalis Sweet clover Whole plant Maros Arznei, FuÈrth, Germany
Melissa officinalis Lemon balm Leaf Maros Arznei, FuÈrth, Germany
Mentha piperita Peppermint Whole plant Maros Arznei, FuÈrth, Germany
Nicotiana tabacum Tobacco Leaf1 British American Tobacco Nederland B.V., Amstelveen, Netherlands
Origanum majorana Marjoram Whole plant Maros Arznei, FuÈrth, Germany
Panax ginseng Ginseng Root Maros Arznei, FuÈrth, Germany
Petroselinum crispum Parsley Whole plant Maros Arznei, FuÈrth, Germany
Pimpinella anisum Anise Fruit/berry/seed Maros Arznei, FuÈrth, Germany
Plantago lanceolata Ribwort Whole plant Maros Arznei, FuÈrth, Germany
Primula officinalis Common cowslip Root Maros Arznei, FuÈrth, Germany
Primula vulgaris Common primrose Root Maros Arznei, FuÈrth, Germany
Pulmonaria officinalis Common lungwort Flower Maros Arznei, FuÈrth, Germany
Quercus robur English oak Bark1 Holger Senger Naturrohstoffe und Gartenbau, Dransfeld, Germany
Rheum palmatum Rhubarb Root Maros Arznei, FuÈrth, Germany
Rosmarinus officinalis Rosemary Leaf Maros Arznei, FuÈrth, Germany
Rubus fruticosus Blackberry Leaf Maros Arznei, FuÈrth, Germany
Salix alba White willow Bark Maros Arznei, FuÈrth, Germany
Salvia officinalis Salvia Leaf Maros Arznei, FuÈrth, Germany
Sambucus nigra (L.) Elderflowers Flower1 Tee und GewuÈrze Lilianna Kamberg und Marianne Schmidt,

Offenbach, Germany
Schinus terebinthifol ius Brazilian pepper tree Fruit/berry/seed1 Tee und GewuÈrze Lilianna Kamberg und Marianne Schmidt,

Offenbach, Germany
Scrophularia nodosa Common figwort Whole plant Maros Arznei, FuÈrth, Germany
Spirulina Spirulina Whole

cyanobacteria1
VegaVital UG, Berlin, Germany

Symphytum officinale Comfrey Root Maros Arznei, FuÈrth, Germany
Syzygium aromaticum Clove Flower1 FUCHS GewuÈrze, Dissen, Germany
Tanacetum parthenium Feverfew Whole plant Maros Arznei, FuÈrth, Germany
Taraxacum officinale Dandelion Whole plant Maros Arznei, FuÈrth, Germany
Thymus vulgaris Common thyme Whole plant Maros Arznei, FuÈrth, Germany
Tropaeolum majus Nasturtium Whole plant Maros Arznei, FuÈrth, Germany
Uncaria tomentosa Cat's claw Whole plant1 Herbathek Naturheilmittel, Berlin, Germany

(Continued)
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Cell cultures and treatments
HeLa-TLR4 cell line. The HeLa-TLR4 transfected reporter cell line (Novusbio, Wiesba-

den Nordenstadt, Germany) was cultured in Dulbecco's Modified Eagle Medium (DMEM,
Thermo Fisher Scientific, Darmstadt, Germany) supplemented with 10% fetal bovine serum
(FBS, Biochrom, Berlin, Germany), 1% penicillin-streptomycin (Thermo Fisher Scientific),
5 µg/ml blasticidine (Sigma-Aldrich, Darmstadt, Germany), 1 µg/ml puromycin (Sigma-
Aldrich), and 1 mg/ml geneticin (G418, Sigma-Aldrich) at 37ÊCin humidified atmospheric air
supplemented with 5% CO2. In black 96-well microplates with clear bottom (Greiner Bio-One,
Solingen, Germany), 2×105 cells/ml were seeded in 100 µl medium and allowed to settle over-
night. Experiments were conducted with different concentrations of the extracts or the same
amount of vehicle (70% ethanol). Concentrations ranging from 0.01% to 3% in cell culture
medium were used to receive a dose-response curve and to cover a broad spectrum of concen-
trations. Due to toxic effects, higher concentrations than 3% were not used in the performed
assay systems. Cells were pre-incubated with extracts or vehicle (70% ethanol) for 2 h at 37ÊC.
Afterwards, lipopolysaccharide (LPS-EB, from E. coli O111:B4, Invivogen, Toulouse, France)
in a final concentration of 25 ng/ml was added to stimulate TLR4 (incubation for 8 h at 37ÊC).
Alamar Blue assay was used to determine cell viability and TLR4 stimulation was measured
using luciferase assay (Novusbio).

NF-κB translocation experiments were conducted on a monoclonal HeLa-TLR4 cell line
(Novusbio) stably transfected with a plasmid expressing constitutive active firefly luciferase, as
a reporter for cell viability (HeLa-TLR4 dual reporter cell line). Cells were cultured as
described for HeLa-TLR4 reporter cell line, but selective antibiotics were replaced by 140 µg/
ml Hygromycin B Gold (Invivogen). HeLa-TLR4 dual reporter cells were seeded on 12-well
glass bottom plates (Cellvis, Mountain View, USA) at a concentration of 2.0×105 cells/ml in 1
ml complete medium per well and incubated for 48 h at 37ÊC.Cells were pre-incubated with
0.6% extracts in final cell culture medium or with the same amount of vehicle control for 2 h at
37ÊC.After pre-incubation, LPS-EB in a final concentration of 50 ng/ml was added for 1 h at
37ÊC.Next, cells were washed 1x with phosphate buffered saline (PBS) and fixed with 4%
formaldehyde in PBS buffer (Thermo Fisher Scientific) for 10 min at 37ÊC.Subsequently, cells
were washed 3x with PBS before proceeding with immunostaining for NF-κB.

Table 1. (Continued)

Latin name Common English name Used part Source
Urtica dioica Stinging nettle Root Maros Arznei, FuÈrth, Germany
Usnea barbata Barber's itch Whole plant Maros Arznei, FuÈrth, Germany
Vaccinium myrtillus Bilberry Fruit/berry/seed Maros Arznei, FuÈrth, Germany
Valeriana officinalis (L.) Common valerian Root Maros Arznei, FuÈrth, Germany
Vanilla planifolia Vanilla Fruit/berry/seed Maros Arznei, FuÈrth, Germany
Verbena officinalis Common vervain Whole plant Maros Arznei, FuÈrth, Germany
Vigna radiata Mung bean (dried) Fruit/berry/seed1 Thai World Import Export, Bangkok, Thailand
Vigna radiata Mung bean (cooked in boiling water for

20 min)
Fruit/berry/seed2 Thai World Import Export, Bangkok, Thailand

Viscum album European mistletoe Whole plant Maros Arznei, FuÈrth, Germany
Xanthoria parietina Common orange lichen Whole lichen1 AG Weber, Max Planck Institute for Chemistry, Mainz, Germany
Zingiber officinale Ginger Root Maros Arznei, FuÈrth, Germany

110 g dry sample used for extract preparation
210 g wet sample used for extract preparation

https://doi.org/10.1371/journal.pone.0203907.t001
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THP-1 cell line. The myeloid THP-1 cell line TIB-202 (ATCC; LGC Standards, Wesel,
Germany) was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo
Fisher Scientific) supplemented with 10% FBS (heat-inactivated), 1% penicillin/streptomycin
and 0.05 mM β-mercaptoethanol (Sigma-Aldrich) at 37ÊCin humidified atmospheric air sup-
plemented with 5% CO2. In a 96-well microplate (Greiner Bio-One), 4×105 cells/ml were
seeded in 80 µl complete medium and were allowed to settle for 1 h. Experiments were con-
ducted at the same extract concentration range used for HeLa-TLR4 cells. Cells were incubated
with extracts or vehicle for 2 h at 37ÊC.Afterwards, LPS-EB in a final concentration of 50 ng/
ml was added to stimulate TLR4 (4 h incubation at 37ÊC).Alamar Blue assay was used to deter-
mine cell viability. TLR4 stimulation was measured using enzyme-linked immunosorbent
assay (ELISA, BD Biosciences, Heidelberg, Germany).

Polarization experiments were conducted with THP-1 monocytes differentiated to macro-
phages. In a 96-well microplate (Greiner Bio-One), 1.5x105 cells/ml were seeded in 200 µl
complete growth medium containing 10 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma-
Aldrich). Cells were incubated for three days at 37ÊCto differentiate to M0 macrophages.
Afterwards, the medium was exchanged to 200 µl complete growth medium without PMA and
cells were incubated overnight at 37ÊC.Cells were polarized to M1-type macrophages with 20
ng/ml interferon-gamma (IFNγ, Thermo Fisher Scientific) for 24 h. All further steps were per-
formed as described for THP-1 monocytes.

HEK-TLR2 and HEK-TLR4 cell lines. The HEK-Blue hTLR2 (HEK-TLR2) and HEK--
Blue hTLR4 cell lines (HEK-TLR4) (both Invivogen) were cultured in DMEM high glucose
medium supplemented with 10% FBS (heat-inactivated), 1% penicillin/streptomycin and 1x
HEK-Blue Selection (Invivogen) at 37ÊCin humidified atmospheric air supplemented with 5%
CO2. In experiments examining cell viability, medium without HEK-Blue Selection was used.
In experiments analyzing TLR2 and TLR4 stimulation, cells were cultured in HEK-Blue detec-
tion medium (Invivogen). Extracts with concentrations between 0.01% and 3% in final cell cul-
ture medium or vehicle (70% ethanol) were added in empty 96-well microplates. Directly
afterwards, cells were seeded with 2.8×105 cells/ml in 100 µl complete growth medium and
were incubated with the extracts for 2 h at 37ÊC.Subsequently, receptor activity was stimulated
by adding 1 ng/ml S-(2,3-bis(palmitoyloxy)-(2RS)-propyl)-(R)-cysteinyl-(S)-seryl-(S)-lysyl-
(S)-lysyl-(S)-lysyl-(S)-lysine (Pam2CSK4, HEK-TLR2 cell line, Invivogen) or 100 ng/ml
LPS-EB Ultrapure (HEK-TLR4 cell line, LPS from E. coli O111:B4, Invivogen). Cells were
incubated overnight at 37ÊC.Alamar Blue assay was used to determine cell viability and TLR2/
TLR4 stimulation was measured using HEK-Blue detection assay (Invivogen).

Determination of cell viability
Cell viability was measured by the Alamar Blue assay (Thermo Fisher Scientific) according to
the manufacturer's protocol (10% final concentration of Alamar Blue solution in cell culture
medium). Cells were incubated with Alamar Blue solution at 37ÊCfor 4 h (HeLa-TLR4 cell
line) or overnight (all other cell lines). Fluorescence intensity was measured with microplate
reader Synergy Neo (Biotek, Bad Friedrichshall, Germany) at an excitation wavelength of 560
nm and an emission wavelength of 590 nm.

IL-8 transcriptional activity in HeLa-TLR4 cells
LightSwitch Luciferase assay (Novusbio) was used to determine production of renilla luciferase
under transcriptional control of interleukin-8 (IL-8) promoter. HeLa-TLR4 cells were washed
with PBS (Thermo Fisher Scientific) after performing the cell viability assay to remove the Ala-
mar Blue staining and were frozen overnight at -80ÊCfor better cell lysis. After thawing the
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cells, LightSwitch Luciferase assay was performed according to manufacturer's protocol and
luminescence was measured with microplate reader Synergy Neo (Biotek).

IL-8, IL-10 and TNF-α secretion
Supernatants of pre-treated THP-1 monocytes and macrophages were examined for concen-
tration of IL-8, IL-10 or tumor necrosis factor alpha (TNF-α) using ELISAs (BD Biosciences).
Sandwich ELISA was carried out according to manufacturer's protocol with optimized wash-
ing buffer volume. Supernatant was diluted up to 6-fold (total used volume: 100 µl/well).
Absorbance was measured using a Synergy Neo plate reader at a wavelength of 450 nm and a
reference wavelength of 570 nm. Based on pipetted standard values, a four-parameter logarith-
mic standard curve was determined with the Gen5 software on SynergyNeo (Biotek). Cytokine
production of THP-1 monocytes and macrophages were calculated according to standard
curves and dilution factors.

Determination of transcription activity in HEK-Blue cells
HEK-Blue Detection assay (Invivogen) was used to determine production of inducible
secreted embryonic alkaline phosphatase (SEAP), based on activation of NF-κB and activator
protein 1 (AP-1). HEK-Blue cells were cultured in HEK-Blue Detection medium during incu-
bation with extracts and stimulation of receptor activity. Afterwards, stimulation of TLR2
(HEK-TLR2 cell line) and TLR4 (HEK-TLR4 cell line) were determined using a Synergy Neo
plate reader (Biotek) at a wavelength of 640 nm.

Determination of NF-κB p65 translocation by fluorescence microscopy
For immunostaining of NF-κB, HeLa-TLR4 dual reporter cells were incubated in blocking
solution consisting of 5% bovine serum albumin (BSA, Cell Signaling Technology, Cambridge,
UK) and 0.3% Triton X-100 (Merck, Darmstadt, Germany) in PBS for 1 h at RT. Next, cells
were incubated with primary anti-NF-κB p65 antibody (D14E12, Cell Signaling Technology)
overnight at 4ÊC.After washing, secondary anti-rabbit Alexa Fluor 568 antibody was applied
(Thermo Fisher Scientific) for 1 h at RT. Both antibodies were diluted 1:400 in PBS containing
1% BSA and 0.3% Triton X-100. Cell nuclei were counterstained using 4',6-diamidino-2-phe-
nylindole (DAPI, Thermo Fisher Scientific).

Stained cells were imaged using the Opera Phenix High-Content Screening System
(PerkinElmer, Waltham, USA) with laser lines for Alexa Fluor 568 at 568 nm excitation and
570 nmÐ630 nm emission and laser lines for DAPI at 405 nm excitation and 435 nmÐ480
nm emission. Image processing was done using Harmony software (PerkinElmer). Nuclear
masks (DAPI stained cell nuclei) and surrounding ring-like masks (cytoplasm) were identified
and the mean fluorescence intensity ratio of nuclear to cytoplasmic NF-κB was determined.

Statistical analyses
Statistical analyses were accomplished in GraphPad Prism 5.01 (GraphPad Software, San
Diego, California, USA, www.graphpad.com) conducting one-way ANOVA followed by Dun-
nett's post hoc test. Values of p<0.05 were considered as significant. For statistical analyses of
data from macrophage polarization, ANOVA was accomplished, followed by an unpaired t-
test. Values of p<0.05 were considered significant.
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Results
Screening of ethanolic herbal extracts for TLR-dependent anti-
inflammatory effects
During initial screening, 99 ethanolic extracts (96 herbal extracts, one cyanobacterial, one
green algae and one lichen extract) were tested for their anti-inflammatory activity. Ten
extracts displayed major anti-inflammatory activity combined with a high cell viability (Fig 1,
Fig 2 and Fig 3). The results for the other 89 extracts are graphically displayed in the supple-
mentary data (S1 Fig). Comparing the effects in both cell lines used for efficacy and toxicity
readout, HeLa-TLR4 transfected reporter cells were more susceptible to toxic effects of most
extracts. THP-1 monocytes showed a viability above 85% after treatment with the ten most
effective anti-inflammatory extracts in concentrations up to 1%, except forHumulus lupulus
and Arctostaphylos uva-ursi (Fig 1, Fig 2 and Fig 3). Some extracts such as Castanea sativa, Cin-
namomum verum,Humulus lupulus and Curcuma longa revealed comparable anti-inflamma-
tory efficacy in both cell lines, whereas other extracts (e.g. Cinchona pubescens and Rheum
palmatum) were more effective in THP-1 monocytes than in HeLa-TLR4 cells. Castanea sativa
was the only extract with a dose-dependent anti-inflammatory activity already at low concen-
trations, whereas most of the other extracts possessed an inhibition threshold (e.g. between
0.3% and 0.6% for cinnamon extract). Ethanolic extracts with the highest anti-inflammatory
potential were sweet chestnut (Castanea sativa), cinchona (Cinchona pubescens), cinnamon
(Cinnamomum verum), white willow (Salix alba), rhubarb (Rheum palmatum), common lady's
mantle (Alchemilla vulgaris), hops (Humulus lupulus), bilberries (Vaccinium myrtillus), tur-
meric (Curcuma longa) and bearberry (Arctostaphylos uva-ursi) (Fig 1, Fig 2 and Fig 3). Three
bark extracts were within the top five anti-inflammatory extracts (number 2: Cinchona pubes-
cens, number 3: Cinnamomum verum and number 4: Salix alba). Fig 4 shows the 25 most effec-
tive anti-inflammatory extracts and S2 Fig displays all 99 extracts with a ranking according to
their anti-inflammatory potential. For visualization, heat maps display TLR4 stimulation nor-
malized to viability shown in green for anti-inflammatory and in red for pro-inflammatory
effects. THP-1 monocytes naturally express TLR4 and several other innate immune receptors,
in contrast to HeLa-TLR4 cells, which were transfected with TLR4. THP-1 monocytes more
reflect the physiological mechanisms in the human body, therefore effects on THP-1 mono-
cytes vs. HeLa-TLR4 cells were weighted in a ratio of 2:1 for ranking of the extracts. In addi-
tion, TLR4 inhibition was calculated with a higher impact than toxic effects. Extracts resulting
in anti-inflammatory activity but with a viability below 75% should be viewed critically, since
the anti-inflammatory effects have to be rather attributed to toxicity. In the heat maps these
values are displayed in grey.

Screening for exclusive TLR4 antagonistic effects
Besides the identification of anti-inflammatory extracts, we were also interested in specific
antagonists for TLR4. Twenty-eight ethanolic extracts with strong anti-inflammatory effects
were additionally tested in a comparative assay with Pam2CSK4-stimulated HEK-TLR2 and
LPS-EB Ultrapure-stimulated HEK-TLR4 cells to discriminate a direct TLR4 antagonistic
effect from interference with downstream signaling pathways shared by TLR2 and TLR4 sig-
naling. All tested extracts exhibited mitigation of TLR2- and TLR4-dependent responses (see
Figs 5 and 6 for the five most effective anti-inflammatory extracts and S3 Fig for all other
extracts). For most of the extracts, especially the most effective anti-inflammatory extracts,
HEK-TLR2 and HEK-TLR4 cell lines showed comparable dose-dependent anti-inflammatory
effects. Interestingly, Castanea sativa leaves inhibited TLR2- and TLR4-dependent
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Fig 1. Cell viability and concentration-dependent anti-inflammatory effects of selected herbal extracts (part 1).HeLa-TLR4
cells (red) and THP-1 monocytes (blue) were incubated with extracts in different concentrations or vehicle (70% ethanol),
followed by stimulation with LPS-EB. Viability was measured using the Alamar Blue Assay and was normalized to the negative
control (untreated cells). TLR4 receptor stimulation was measured using Renilla luciferase expression for the HeLa-TLR4 cell line
and IL-8 ELISA (pg/ml) for the THP-1 monocytes and was normalized to ethanol-treated cells. Data are displayed as viability (%)
in the left graphs and TLR4 stimulation divided by normalized viability (%) in the right graphs. Data represents means (n�2). For
graphical display of further extracts, see Fig 2, Fig 3 and supplementary data S1 Fig.

https://doi.org/10.1371/journal.pone.0203907.g001
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Fig 2. Cell viability and concentration-dependent anti-inflammatory effects of selected herbal extracts (part 2).HeLa-TLR4
cells (red) and THP-1 monocytes (blue) were incubated with extracts in different concentrations or vehicle (70% ethanol),
followed by stimulation with LPS-EB. Viability was measured using the Alamar Blue Assay and was normalized to the negative
control (untreated cells). TLR4 receptor stimulation was measured using Renilla luciferase expression for the HeLa-TLR4 cell line
and IL-8 ELISA (pg/ml) for the THP-1 monocytes and was normalized to ethanol-treated cells. Data are displayed as viability (%)
in the left graphs and TLR4 stimulation divided by normalized viability (%) in the right graphs. Data represents means (n�2). For
graphical display of further extracts, see Fig 1, Fig 3 and supplementary data S1 Fig.

https://doi.org/10.1371/journal.pone.0203907.g002
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inflammatory responses already at 0.01% extract dilution, accompanied by a cell viability of
98%. An increase of inflammatory activity was observed for most of the extracts with concen-
trations between 1% and 3% in cell culture medium. This may be due to toxic effects and
should therefore be viewed critically. Heat maps displaying the TLR2- and TLR4 stimulation
are shown in Fig 7 (the five most promising extracts) and S4 Fig (all 28 extracts), with anti-
inflammatory activity shown in green to pro-inflammatory activity shown in red. The ranking
of the extracts was taken from the THP-1 and HeLa-TLR4 screening shown in Fig 4 and S2
Fig. Values with viability below 75% are marked in grey.

Fig 3. Cell viability and concentration-dependent anti-inflammatory effects of selected herbal extracts (part 3).HeLa-TLR4
cells (red) and THP-1 monocytes (blue) were incubated with extracts in different concentrations or vehicle (70% ethanol),
followed by stimulation with LPS-EB. Viability was measured using the Alamar Blue Assay and was normalized to the negative
control (untreated cells). TLR4 receptor stimulation was measured using Renilla luciferase expression for the HeLa-TLR4 cell line
and IL-8 ELISA (pg/ml) for the THP-1 monocytes and was normalized to ethanol-treated cells. Data are displayed as viability (%)
in the left graphs and TLR4 stimulation divided by normalized viability (%) in the right graphs. Data represents means (n�2). For
graphical display of further extracts, see Fig 1, Fig 2 and supplementary data S1 Fig.

https://doi.org/10.1371/journal.pone.0203907.g003
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Fig 4. Ethanolic extracts with highest anti-inflammatory activity. HeLa-TLR4 cells or THP-1 monocytes were incubated with extracts in different concentrations or
vehicle (70% ethanol), followed by stimulation with LPS-EB. Viability was measured using the Alamar Blue Assay and was normalized to the negative control (untreated
cells) (Viability (%)). TLR4 receptor activity was measured using Renilla luciferase expression for the HeLa-TLR4 cell line or IL-8 ELISA for the THP-1 monocytes and
was normalized to ethanol-treated cells (TLR4-Activity). Data are displayed as TLR4 stimulation divided by viability and ranked ascending by the following formula:
(150ÐViability (%)) � (2 � TLR4-Activity + 100) weighted in a ratio of 2:1 for THP-1 monocytes vs. HeLa-TLR4 cells. The 25 extracts with the highest mitigation of LPS-
induced inflammatory signal are displayed here (for comparison of all extracts see S2 Fig). Data represents means (n�2).

https://doi.org/10.1371/journal.pone.0203907.g004
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Fig 5. Extracts with TLR2 and TLR4 antagonistic effects (part 1).HEK-TLR2 cells (purple) and HEK-TLR4 cells (orange) were
incubated with extracts in different concentrations or vehicle (70% ethanol), followed by stimulation of HEK-TLR2 cells with
Pam2CSK4 or HEK-TLR4 cells with LPS-EB Ultrapure. Viability was measured using the Alamar Blue Assay and was normalized
to the negative control (untreated cells). TLR2 and TLR4 receptor stimulation were measured using SEAP production and were
normalized to ethanol-treated cells. Data are displayed as viability (%) in the left graphs and TLR4 stimulation divided by viability
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Inhibition of NF-κB p65 translocation by select extracts
Several pro-inflammatory signaling pathways cumulate in the nuclear translocation of the tran-
scription factor NF-κB. Therefore, the ten extracts with the highest anti-inflammatory activity,
combined with no or low toxicity in THP-1 and HeLa-TLR4 cells (Fig 1, Fig 2 and Fig 3) were
tested regarding their influence on NF-κB p65 translocation in LPS-stimulated HeLa-TLR4 dual
reporter cells. Here Castanea sativa, Cinnamomum verum, Salix alba, Rheum palmatum, Humulus
lupulus, Curcuma longa as well as Arctostaphylos uva-ursi significantly inhibited NF-κB transloca-
tion, compared to the LPS-stimulated vehicle control (Fig 8). Interestingly, Cinchona pubescens,
Alchemilla vulgaris and Vaccinium myrtillus, which demonstrated strong anti-inflammatory activ-
ity in the THP-1 and HeLa-TLR4 as well as in the comparative HEK-TLR2/HEK-TLR4 assays,
did not prevent the LPS-induced NF-κB translocation into the nucleus, indicating interference
with another, alternative pro-inflammatory mechanism.

Repolarization of THP-1 macrophages by select extracts
The same ten extracts were additionally tested for their influence on repolarization of pro-
inflammatory M1-type to anti-inflammatory M2-type macrophages. Here, enhanced secretion

(%) in the right graphs. Data represents means (n�4). For graphical display of further extracts, see Fig 6 and supplementary data
S3 Fig.

https://doi.org/10.1371/journal.pone.0203907.g005

Fig 6. Extracts with TLR2 and TLR4 antagonistic effects (part 2).HEK-TLR2 cells (purple) and HEK-TLR4 cells (orange) were
incubated with extracts in different concentrations or vehicle (70% ethanol), followed by stimulation of HEK-TLR2 cells with
Pam2CSK4 or HEK-TLR4 cells with LPS-EB Ultrapure. Viability was measured using the Alamar Blue Assay and was normalized
to the negative control (untreated cells). TLR2 and TLR4 receptor stimulation were measured using SEAP production and were
normalized to ethanol-treated cells. Data are displayed as viability (%) in the left graphs and TLR4 stimulation divided by viability
(%) in the right graphs. Data represents means (n�4). For graphical display of further extracts, see Fig 5 and supplementary data
S3 Fig.

https://doi.org/10.1371/journal.pone.0203907.g006
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of TNF-α is an indicator for M1-type polarization, whereas IL-10 secretion suggests M2-type
polarization. All tested M1-polarized, LPS and extract treated THP-1 macrophages showed a
viability above 85%, except for Humulus lupulus extract, which resulted in 64% viability com-
pared to the vehicle control (Fig 9A). A significant mitigation of TNF-α secretion was observed
after incubation with all extracts, except for Salix alba and Vaccinium myrtillus (Fig 9B). Fur-
thermore, IL-10 production was significantly induced by several extracts, especially Rheum
palmatum and Arctostaphylos uva-ursi (Fig 9C).

Discussion
Potent anti-inflammatory effects were observed in THP-1 monocytes and HeLa-TLR4 cells
after treatment with various ethanolic extracts (Fig 1, Fig 2 and Fig 3). In addition, the most
effective extracts were tested in a comparative assay of HEK-TLR2 and HEK-TLR4 cells (Figs 5
and 6). Comparable dose-dependent anti-inflammatory activities in both transfected HEK cell
lines suggested that all tested extracts interfere with the NF-κB/AP-1 signaling pathways of
TLR2 and TLR4 (and some other innate immune receptors). Thus, it is reasonable that no
exclusive TLR4 antagonist was found among the tested extracts. Furthermore, the ten most
effective extracts were tested for their ability to inhibit translocation of NF-κB p65 into the cell
nucleus (Fig 8). Seven extracts mitigated NF-κB p65 translocation. Despite being anti-inflam-
matory in THP-1 and HeLa-TLR4 screening as well as in the comparative HEK-TLR2/
HEK-TLR4 assay, three extracts (Cinchona pubescens, Alchemilla vulgaris and Vaccinium myr-
tillus) showed no effect on NF-κB p65 translocation. This is remarkable, since nuclear translo-
cation of NF-κB is an essential step in inflammation. Thus, other signaling pathways, such as
those triggered by TNF-α receptor (TNFαR) and interleukin-1 receptor (IL-1R) lead to the
observed translocation of NF-κB, however, without IL-8 cytokine release. Those three extracts
that lack inhibition of NF-κB translocation may inhibit other molecules downstream of NF-
κB. Ethanolic and organic extracts were shown to mainly comprise of anti-inflammatory com-
pounds, whereas water extracts primarily comprise of compounds stimulating the immune
system [23, 24]. A mixture of anti-inflammatory and pro-inflammatory compounds within
our tested 70% ethanolic extracts might therefore serve as a partial explanation for the

Fig 7. Ethanolic extracts with TLR2 and TLR4 antagonistic activities in HEK-TLR2 and HEK-TLR4 cell lines.HEK-TLR2 or HEK-TLR4 cells were incubated with
extracts in different concentrations or vehicle (70% ethanol), followed by stimulation of HEK-TLR2 cells with Pam2CSK4 or HEK-TLR4 cells with LPS-EB Ultrapure.
Viability was measured using the Alamar Blue Assay and was normalized to the negative control (untreated cells). TLR2 and TLR4 receptor activity were measured
using SEAP production and were normalized to ethanol-treated cells. Data are displayed as receptor stimulation divided by normalized viability. The five extracts with
the highest mitigation of LPS-induced inflammatory signal from Fig 4 are displayed here (for comparison of further extracts, see S4 Fig). Data represents means (n�4).

https://doi.org/10.1371/journal.pone.0203907.g007
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contradictory results between the anti-inflammatory effects in HeLa-TLR4 and THP-1 screen-
ing vs. the lack of inhibition of LPS-induced NF-κB translocation observed after incubation
with Cinchona pubescens, Alchemilla vulgaris and Vaccinium myrtillus. Furthermore, incuba-
tion with two out of the ten most effective extracts (Rheum palmatum and Arctostaphylos uva-
ursi, Fig 9) suggest an activity to repolarize pro-inflammatory and tissue destructive M1-type
towards M2-type macrophages, which are involved in tissue repair and angiogenesis [25].
Comparing both cell lines, THP-1 monocytes were more susceptible to TLR4-dependent anti-
inflammatory effects than HeLa-TLR4 cells. Since HeLa-TLR4 cells were co-transfected with
the functional human TLR4, MD-2 and CD-14 complex they do exhibit high TLR4 canonical
pathway specificity compared to other TLR4-related pathways. Extracts with stronger anti-
inflammatory effects in THP-1 monocytes could possibly influence molecular mechanisms
absent in HeLa-TLR4 cells. Therefore, the results observed in THP-1 monocytes may be better
suited to reflect physiological TLR4 signaling.

Fig 8. NF-κB translocation of select anti-inflammatory extracts. A: Fluorescence microscopy images of NF-κB
stained HeLa-TLR4 dual reporter cells incubated with extracts or vehicle (70% ethanol), followed by stimulation with
LPS-EB. For better visibility, images were cropped and adjusted in brightness and contrast. Scale bar = 50 µm. B:
Quantitative evaluation of NF-κB p65 translocation. Mean fluorescence ratios of nuclear to cytoplasmic NF-κB p65
were calculated and compared to ethanol control. Data represents means ± SD (n = 3, 72 images (fields) per
experiment and per treatment condition). Dunnett's post hoc test with ��p<0.01; ���p<0.001 compared to ethanol
control.

https://doi.org/10.1371/journal.pone.0203907.g008
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In the NF-κB translocation experiments, the incubation time differs from those in THP-1
and HeLa-TLR4 based screening assays (1 h vs. 4±8h incubation with LPS), which might also
explain the differing results. These LPS incubation times were chosen, as influences of the
extracts on THP-1 and HeLa TLR4 screening were best seen after 4 h and 8 h, whereas NF-κB
showed highest translocation into the nucleus at 1-2 h.

Due to the high number of extracts tested, we focused on the ten most effective anti-inflam-
matory extracts identified on screening. These included Castanea sativa leaves, Cinchona pub-
escens bark, Cinnamomum verum bark, Salix alba bark, Rheum palmatum root, Alchemilla
vulgaris plant,Humulus lupulus cones, Vaccinium myrtillus berries, Curcuma longa root and
Arctostaphylos uva-ursi leaves. To the best of our knowledge, Castanea sativa leaves and
Alchemilla vulgaris plant extracts had not been reported to modulate the NF-κB, TLR2 or
TLR4 signaling pathways, thus representing new promising candidates for further investiga-
tions. However, spiny burrs of sweet chestnuts inhibited NF-κB activation in vivo [26] and ella-
gitannins present in Alchemilla vulgariswere shown to possess NF-κB dependent anti-
inflammatory effects [27].

Fig 9. Effect of ten most effective anti-inflammatory extracts on macrophage repolarization. THP-1 M1 macrophages
were incubated with extracts or vehicle (70% ethanol) control, followed by stimulation with LPS-EB. Negative control:
untreated M1-type macrophages.A: Viability (Alamar Blue assay) was normalized to viability of untreated cells. B: TNF-α
secretion (pg/ml) measured by ELISA. C: IL-10 secretion (pg/ml) measured by ELISA. Data represents means ± SD of 2
independent experiments (each with n = 3); unpaired t-test with ���p<0.001, ��p<0.005 compared to respective ethanol
control.

https://doi.org/10.1371/journal.pone.0203907.g009
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Sweet chestnut (Castanea sativa)ÐLeaves
Strong dose-dependent anti-inflammatory effects, represented by decreased IL-8 concentra-
tions, were observed after sweet chestnut extract incubation. In addition, high anti-inflamma-
tory activity in the comparative HEK-Blue assay, even at low extract concentrations, were
found. Apparently, sweet chestnut leaf extracts affect the signaling pathway of both TLR2 and
TLR4. Sweet chestnut extract is used in traditional medicines for treatment of skin and soft tis-
sue infections [28]. In modern studies several medicinal properties have been reported, e.g.
anti-oxidant and anti-microbial effects [28±30]. Spiny burrs of sweet chestnuts applied for
hepatorenal injury in diabetic rats inhibit NF-κB activation [27]. The carotenoid content in
fruit and leaves has been suggested to possess direct anti-oxidant effects as well as to influence
redox-sensitive and vitamin A signaling pathways [29,31]. Nevertheless, for sweet chestnut
leaves only limited information has been available concerning its anti-inflammatory potential,
including its ability to suppress TLR2 or TLR4 signaling pathways.

Common lady's mantle (Alchemilla vulgaris)–whole plant
In our experiments, common lady's mantle plant extract led to a decrease of LPS-induced IL-8
release and showed inhibitory effects on stimulated signaling pathways of both TLR2 and
TLR4, but it displayed no inhibitory effects on nuclear NF-κB translocation. Thus, these results
offer a promising starting point for identification of novel pro-inflammatory pathways and
anti-inflammatory lead compounds. Common lady's mantle has been used traditionally in
Europe to treat several disorders like urogenital diseases, eczema, inflammation, diarrhea and
sepsis [32, 33]. But also, in modern science, beneficial health effects like anti-viral, anti-oxidant
and wound-healing properties have been reported [32±35]. Again, its properties to mitigate
TLR2 or TLR4 stimulation and to influence NF-κB signaling has not yet been described. How-
ever, ellagitannins, which are known to be present in Alchemilla vulgaris, were reported to mit-
igate inflammatory effects via the NF-κB pathway [27].

Besides these two extracts, with newly TLR2 and TLR4 dependent anti-inflammatory
effects, the anti-inflammatory activities of our remaining herbal extracts are supported by
existing descriptions in the literature. For several of these extracts, anti-inflammatory effects or
the influence on TLR2 and TLR4 signaling pathways were solely described for single com-
pounds but not for the complex mixtures present within the whole extract. Therefore, it is pos-
sible that further compounds, not investigated so far, contribute to their beneficial health
effects.

Bearberry (Arctostaphylos uva-ursi)±leaves
In our assays, bearberry leaves showed strong dose-dependent anti-inflammatory activities in
several cell lines and inhibition of LPS-induced NF-κB translocation. In addition, this extract
mitigated the secretion of TNF-α accompanied with an increased secretion of IL-10 in macro-
phages, indicating a switch from pro-inflammatory M1-type to anti-inflammatory M2-type
macrophages [26]. Bearberry leaves are traditionally used to treat symptoms of lower urinary
tract infections and have been proven in modern medicine to possess anti-septic and anti-
adhesion properties [36]. The most representative constituent of bearberry, the phenolic glyco-
side arbutin, is an anti-oxidant and anti-inflammatory agent [37]. Among others, arbutin sig-
nificantly reduced production of pro-inflammatory cytokines including IL-1β and TNF-α, and
other inflammation-related genes such as monocyte chemoattractant protein-1 (MCP-1) and
IL-6. Furthermore, it inhibits the nuclear translocation of NF-κB [37]. These data support our
data. Although arbutin is the major active ingredient, whole bearberry extracts are necessary
to reveal the complete pharmaceutical activity [38]. The complex mixture of bearberry extract
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has not yet been reported to influence TLR2/TLR4 signaling pathways or to induce macro-
phage repolarization, making it a suitable candidate for further investigations.

Cinchona (Cinchona pubescens)–bark
Cinchona bark extract diminished LPS-induced inflammatory signals, especially in THP-1
monocytes and the comparative HEK-TLR2/TLR4 assay system, whereas LPS-induced NF-κB
translocation was not affected. In vivo inhibition of TLR2- and TLR4-mediated signaling cas-
cades by cinchonine from cinchona bark are demonstrated in literature, supporting our
observed inhibition of pro-inflammatory cytokine production in stimulated TLR2 and TLR4
signaling pathways [39]. Besides cinchonine, further quinine derivatives in cinchona bark, e.g.
chloroquine inhibited different TLR signaling pathways [40,41]. However, whole cinchona
bark extract has, based on our present knowledge, not yet been described to influence TLR2
and/or TLR4 signaling pathways. Further analyses need to be performed to explore the under-
lying active constituents, besides cinchonine, especially those that affect TLR2 and TLR4
signaling.

Hops (Humulus lupulus)–cones
A strong decrease of pro-inflammatory cytokine production and a mitigation of LPS-induced
NF-κB translocation were observed after hops extract treatment in our cell culture-based
assays. Flavonoids from hops cones possess pharmaceutically important properties, e.g. anti-
oxidant, anti-microbial, anti-carcinogenic, anti-inflammatory and estrogenic effects [42]. In
particular, flavonoids like xanthohumol are effective inhibitors of arachidonic acid metabolism
through inhibition of cyclooxygenase 1 and 2 (COX-1, COX-2) [43]. Furthermore, LPS-
induced production of nitric oxide (NO), IL-1β, and TNF-α, and the activation of NF-κB sig-
naling were inhibited by xanthohumol isolated from hops [44,45]. Again, it is likely that fur-
ther compounds present in hops extract contribute to its strong anti-inflammatory effects
demonstrated in our experiments.

White willow (Salix alba)–bark
Strong dose-dependent anti-inflammatory effects, as shown by decreased IL-8 production,
were observed in TLR2- and TLR4-stimulated cell lines, coupled with a significant decrease in
LPS-induced NF-κB translocation. White willow extract is commonly known for its beneficial
health effects. Its active compound, the alcoholic β-glucoside salicin, was the basis for the dis-
covery of Aspirin, a COX inhibitor, which still is one of the most widely used medicines in the
world [46]. During absorption, salicin is metabolized into several salicylate derivatives result-
ing in pharmaceutical activities based on various components. This leads to a different mode
of action compared to Aspirin and its pure compound acetylsalicylic acid, with less severe side
effects [47]. In numerous in vitro and in vivo studies, anti-inflammatory effects have been
shown for white willow extract, e.g. downregulation of several pro-inflammatory cytokines
like TNF-α and inhibition of NF-κB translocation, which supports the data obtained by us
[48±50]. The anti-inflammatory effects have been credited to salicin [48]. However, salicin
alone cannot satisfactorily explain the anti-inflammatory effects, and other compounds within
the complex mixture, especially polyphenols such as flavonoids and proanthocyanidins, are
suggested to contribute to its overall activity and thereby broaden the mechanisms of action
[51].
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Turmeric (Curcuma longa)±root
Our results suggest that TLR2/TLR4 signaling pathways are molecular targets of turmeric
extract. This is supported by reports that show that turmeric and some of its compounds, espe-
cially curcumin and aromatic-turmerone, inhibit LPS-induced NF-κB activation, and expres-
sion of TLR4 and the downstream genes IL-1 receptor-associated kinase 1 (IRAK-1) and
tumor necrosis factor receptor-associated factor 6 (TRAF-6) [52]. Treatment with curcumin
inhibits both MyD88- and TRAM/TRIF-dependent pathways in LPS-induced TLR4 signaling.
Production of TNF-α, IL-6 and ROS as well as levels of TLR4, MyD88 and the downstream
effectors including NF-κB, interferon regulatory factor 3 (IRF3), MyD88, and TIRF were
attenuated [53±55]. Incubation with aromatic-turmerone, another compound of turmeric
extract, blocked TLR4-mediated downstream signaling and the release of pro-inflammatory
mediators [56]. Furthermore, Curcuma longa induced a shift from M1-type to M2-type macro-
phages in the murine RAW 264.7 macrophage cell line [57], which is in line with our data
showing a decreased TNF-α secretion.

Rhubarb (Rheum palmatum)–root
Rhubarb root extract led to a decrease of LPS-induced cytokine production, inhibited both
TLR2 and TLR4 signaling, nuclear NF-κB translocation, and induced M1-type to M2-type
macrophage polarization. Treatment of inflammatory diseases with rhubarb roots has been
described to significantly decrease TLR2, TLR4 and NF-κB mRNA, and protein expression in
vivo [58,59], which is in line with our results. Emodin, which has been isolated from rhizomes
of Rheum palmatum, inhibits several target molecules in inflammation and cancer, such as
NF-κB and the serine/threonine kinase Akt, both important molecules in TLR2 and TLR4 sig-
naling pathways [60]. Furthermore, emodin suppressed LPS-induced pro-inflammatory cyto-
kines and chemokines as well as NF-κB inhibitor alpha (IκBα) degradation and thus NF-κB
activation by disruption of lipid rafts [61]. Further research has to be conducted on whether
the inhibition of TLR2- and TLR4 mediated signaling is only related to the reported effects of
emodin or if further compounds present in the complex mixture of rhubarb root extract play a
role in the observed anti-inflammatory effects.

Cinnamon (Cinnamomum verum)–bark
Cinnamon bark extract strongly mitigated pro-inflammatory cytokine production in stimu-
lated TLR2 and TLR4 signaling pathways, and in LPS-induced nuclear NF-κB translocation.
For cinnamon extract, several beneficial health effects are reported in literature, e.g. anti-
inflammatory effects on murine alcohol-induced steatosis and colitis [62±64]. Ethanolic cinna-
mon bark extracts have been shown to suppress release of TNF-α, IL-1β and IL-6 and NF-κB
activation, in line with our data [65,66]. The major constituent present in cinnamon bark
extract, trans-cinnamaldehyde, showed several anti-inflammatory effects [67±70]. Still, more
active compounds may be present in cinnamon extract.

Bilberries (Vaccinium myrtillus)–berries
Bilberry extract mitigated LPS-induced inflammatory signals, whereas LPS-induced NF-κB
translocation was not affected. Bilberry extract, which is rich in antioxidant anthocyanins,
showed anti-inflammatory effects in vivo, e.g. suppression of LPS-induced inducible nitric
oxide synthase (iNOS), TNF-α, IL-1β and IL-6 transcripts, and iNOS, TNF-α and NF-κB pro-
tein levels in liver inflammation [71], compatible with our results. In a randomized, controlled
dietary intervention for patients with the metabolic syndrome, bilberry supplementation
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reduced serum high-sensitivity C-reactive protein (CRP), IL-6, IL-12 and LPS levels, and
downregulated genes associated with the TLR pathway [72]. Consumption of bilberry juice by
patients with an increased risk for cardiovascular disease led to decreased plasma concentra-
tions of CRP, IL-6 and IL-15 [73]. Overall, bilberry consumption may reduce low-grade meta-
bolic inflammation, decreasing the risk of cardiometabolic diseases [72]. In our study,
bilberries showed no inhibitory effects on nuclear translocation of NF-κB. In contrast, querce-
tin, resveratrol and epicatechin, all polyphenols present in bilberry, were shown to inhibit
LPS-induced NF-κB activation in vitro, which suggests that conflicting effects of compounds
in whole bilberry extract may play a significant role [73]. Taken together, both clinical studies
demonstrate not only the anti-inflammatory potential of bilberries, but also their oral effective-
ness in humans.

In conclusion, we showed that numerous ethanolic herbal extracts mitigate TLR2- and
TLR4-dependent signaling and downstream inflammation. Several of them are known as offi-
cinal plants, but the underlying molecular mechanisms of their anti-inflammatory effects are
often ill-defined or unknown. TLR pathways are of fundamental relevance in diverse inflam-
matory diseases. With the identification of orally active TLR-and/or NF-κB antagonizing
herbal extracts and their active compounds, new promising treatment strategies might be
developed. Moreover, a previously unknown attenuation of TLR-induced inflammatory
responses by Castanea sativa leaves and Alchemilla vulgaris plants could be shown in our
study. Interestingly, three out of the ten most effective anti-inflammatory extracts showed no
inhibition of NF-κB translocation. Further identification of the active compounds of different
extracts, investigations concerning their anti-inflammatory activity and their molecular targets
within the signaling cascades are necessary. Furthermore, the anti-inflammatory activity dem-
onstrated with our in vitro assays might differ in animals and humans due to alterations by
digestion, absorption and metabolism of different compounds, as well as excretion of the
extracts. Often, the overall efficacy in complex herbal mixtures is not only based on single
compound activity, but on the combination of several different compounds. Hereby, not only
additive but also synergistic effects were observed [74±76]. Therefore, experiments with com-
binations of defined compounds can help to elucidate these interactions.

Supporting information
S1 Table. Overview of herbal extracts. Scientific and common names, taxonomic informa-
tion, active compounds and classification and reported beneficial health effects. #: downre-
gulation, ": upregulation, AChE: acetylcholinesterase, ALP: alkaline phosphatase, ALT: alanine
transaminase, AP-1: activator protein 1, AST: aspartate transaminase, CRP: C-reactive protein,
CXCL1: chemokine (C-X-C motif) ligand 1, EGCG: epigallocatechin-3-gallate, ERK: extracel-
lular signal-regulated kinase, Fg: Fibrinogen, GSH: glutathione, Hmox1: heme oxygenase
(decycling) 1, IBD: inflammatory bowel disease, IFN: interferon, IL: interleukin, iNOS: induc-
ible nitric oxide synthase, IRAK1: IL-1 receptor-associated kinase, IRF: interferon regulatory
factor, IκBα: NF-κB inhibitor alpha, JNK: c-Jun N-terminal kinase, LDH: lactate dehydroge-
nase, LOX: lipoxygenase, MCP-1: monocyte chemoattractant protein-1, MDA: malondialde-
hyde, MPO: myeloperoxidase, MyD88: myeloid differentiation primary response 88, NF-κB:
Nuclear factor-κB, NLRP3: NOD-like receptor family pyrin domain-containing 3, NO: nitric
oxide, Nrf2: nuclear factor erythroid 2-related factor 2, PGE2: prostaglandin E2, RAGE: recep-
tor for advanced glycation end products, RANKL: receptor activator of nuclear factor kappa-B
ligand, ROS: reactive oxygen species, SOD: superoxide dismutase, TLR4: Toll-like receptor 4,
TGFβ1: Transforming growth factor beta 1, TRAF6: TNF receptor-associated factor 6.
(PDF)
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S1 Fig. Cell viability and anti-inflammatory effects of ethanolic herbal extracts. HeLa-
TLR4 cells (red) and THP-1 monocytes (blue) were incubated with extracts (the ten extracts
with highest anti-inflammatory potential are displayed in Fig 1, Fig 2 and Fig 3) or vehicle
(70% ethanol), followed by stimulation with LPS-EB. Viability was measured using the Alamar
Blue Assay was normalized to the negative control (untreated cells). TLR4 receptor activity
was measured using Renilla luciferase expression for the HeLa-TLR4 cell line or IL-8 ELISA
(pg/ml) for the THP-1 monocytes and was normalized to ethanol-treated cells. Data are dis-
played as viability (%) in the left graphs and TLR4 activity divided by normalized viability (%)
in the right graphs. Data represents means (n�2).
(PDF)

S2 Fig. Anti- and pro-inflammatory effect of ethanolic extracts in HeLa-TLR4 reporter
cells and THP-1 monocytes. HeLa-TLR4 reporter cells or THP-1 monocytes were incubated
with extracts in different concentrations or vehicle (70% ethanol), followed by stimulation
with LPS-EB. Viability was measured using Alamar Blue Assay and was normalized to the neg-
ative control (Viability (%)). TLR4 receptor activity was measured using Renilla luciferase
expression for the HeLa-TLR4 cell line or IL-8 ELISA (pg/ml) for THP-1 monocytes and was
normalized to ethanol-treated cells (TLR4-Activity). Data are displayed as TLR4 stimulation
divided by viability and sorted ascending by the following formula: (150ÐViability (%)) � (2 �

TLR4-Activity + 100) weighted in a ratio of 2:1 for THP-1 monocytes vs. HeLa-TLR4 cells.
Data represents means (n�2).
(PDF)

S3 Fig. TLR2 and TLR4 antagonistic effects of ethanolic herbal extracts. HEK-TLR2 cells
(purple) and HEK-TLR4 cells (orange) were incubated with extracts (the five extracts with
highest anti-inflammatory potential are displayed in Figs 5 and 6) or vehicle (70% ethanol), fol-
lowed by stimulation of HEK-TLR2 cells with Pam2CSK4 or HEK-TLR4 cells with LPS-EB
Ultrapure. Viability was measured using the Alamar Blue Assay was normalized to the respec-
tive negative control. TLR2 and TLR4 receptor activity were measured using SEAP production
was normalized to ethanol-treated cells. Data are displayed as viability (%) in the left graphs
and receptor activity divided by viability (%) in the right graphs. Data represents means (n�2).
(PDF)

S4 Fig. TLR2 and TLR4 antagonistic effects of select ethanolic extracts in HEK-TLR2 and
HEK-TLR4 cell lines.HEK-TLR2 or HEK-TLR4 cells were incubated with extracts in differ-
ent concentrations or vehicle (70% ethanol), followed by stimulation of HEK-TLR2 cells with
Pam2CSK4 or HEK-TLR4 cells with LPS-EB Ultrapure. Viability was measured using Alamar
Blue Assay was normalized to the negative control. TLR2 and TLR4 receptor activity were
measured using SEAP production and were normalized to ethanol-treated cells. Data are dis-
played as receptor activity divided by normalized viability. Data represents means (n�2).
(PDF)
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43. Gerhäuser C Beer constituents as potential cancer chemopreventive agents. Eur J Cancer. 2005; 41

(13):1941–54. https://doi.org/10.1016/j.ejca.2005.04.012 PMID: 15953717
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63. Hagenlocher Y, Hösel A, Bischoff SC, Lorentz A. Cinnamon extract reduces symptoms, inflammatory

mediators and mast cell markers in murine IL-10(-/-) colitis. 2016;J Nutr Biochem. 30:85–92. https://

doi.org/10.1016/j.jnutbio.2015.11.015 PMID: 27012624

64. Hagenlocher Y, Satzinger S, Civelek M, Feilhauer K, Köninger J, Bischoff SC et al. Cinnamon reduces
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Latin name
Common
English name

Used part 0.01% 0.03% 0.1% 0.3% 0.6% 1% 3% 0.01% 0.03% 0.1% 0.3% 0.6% 1% 3%

100,00 101,30 103,67 102,01 93,23 85,77 90,26 98,88 97,04 96,54 96,59 97,67 95,66 107,91

Castanea sativa Sweet chestnut Leaf
90,53 82,03 30,91 3,53 10,59 1,34 0,79 118,69 71,34 46,42 25,73 5,65 0,00 0,00

Cinchona 
pubescens

Cinchona Bark
122,15 137,25 148,02 131,28 148,76 98,71 2,77 47,68 104,26 125,10 62,37 29,49 15,68 3,49

Cinnamomum 
verum

Cinnamon Bark
96,77 98,57 109,17 83,50 59,41 21,59 3,24 101,16 87,70 95,31 106,02 26,08 6,08 11,36

Salix alba White willow Bark
93,03 74,48 79,05 99,83 58,02 3,79 1,45 97,50 93,93 88,45 33,44 5,95 0,00 21,34

Rheum palmatum Rhubarb Root
71,38 72,58 79,60 55,28 64,48 96,37 2,34 99,17 98,60 27,86 6,42 1,94 3,57 29,89

Alchemilla vulgaris
Common lady's 

mantle
Whole plant

91,35 85,79 82,86 76,83 66,53 78,18 1,63 125,37 102,96 92,63 62,93 60,89 73,46 0,00

Humulus lupulus Hops Flower
64,31 67,38 74,08 3,57 1,10 0,92 0,96 108,76 99,78 55,66 1,46 0,00 0,00 0,73

Vaccinium myrtillus Bilberries
Fruit/berry/ 

seed 86,00 84,71 81,50 80,48 83,01 76,30 68,10 102,84 91,37 92,22 96,85 92,91 92,95 63,02

Curcuma longa Turmeric Root
124,40 109,62 142,43 67,28 11,92 5,54 1,83 127,14 110,90 115,73 45,39 8,99 0,00 15,80

Arctostaphylos uva-
ursi

Bearberry Leaf
91,28 109,88 127,59 123,26 86,52 40,81 1,18 89,45 99,97 27,43 5,97 1,72 4,71 35,80

Allium ursinum Wild garlic Leaf
115,74 118,86 97,71 91,94 81,27 78,25 42,93 105,80 109,20 77,64 38,94 24,16 5,90 11,21

Hypericum 
perforatum

St John's wort Whole plant
120,77 104,44 85,91 83,69 71,41 53,35 14,06 91,44 85,40 90,32 71,54 51,19 32,03 1,14

Arnicae montana Arnica Flower
114,17 96,34 2,78 2,14 2,61 2,55 1,28 144,96 146,96 11,90 0,70 0,69 1,67 0,53

Aloe ferox Aloe Whole plant
105,30 105,90 82,53 58,19 27,69 5,15 1,30 123,82 117,87 88,51 38,22 9,71 7,37 0,13

Cynara scolymus Artichoke Leaf
109,98 112,42 117,52 100,14 90,16 31,21 1,99 47,40 53,68 127,22 228,92 16,56 6,13 2,86

Salvia officinalis Salvia Leaf
94,88 96,95 107,50 89,57 73,14 17,55 2,65 94,87 87,05 79,10 72,53 97,48 42,03 0,00

Ginkgo biloba Ginkgo Leaf
107,04 120,25 119,37 90,15 44,17 4,77 2,22 124,31 101,09 22,26 7,98 16,68 9,27 0,00

Tanacetum 
parthenium

Feverfew Whole plant
127,34 111,53 120,04 114,28 99,98 68,82 2,22 129,88 139,58 123,43 124,51 72,56 21,24 6,12

Vigna radiata
Mung bean 

(dried)

Fruit/berry/ 

seed 83,31 85,02 87,84 85,99 69,53 52,04 25,33 121,14 141,32 120,83 62,61 38,87 23,18 11,00

Betula verrucosa Weeping birch Juice/resin
144,10 148,90 136,35 139,46 143,77 154,99 88,24 120,90 131,27 106,29 88,92 93,49 94,35 93,18

Filipendula ulmaria Meadowsweet Flower
120,04 113,11 130,06 117,06 106,72 131,55 52,01 132,40 135,84 124,42 75,12 23,05 8,87 1,88

Matricaria 
chamomilla

Chamomile Whole plant
100,35 104,50 90,84 78,36 84,92 5,43 1,26 107,39 110,30 81,01 78,37 109,61 0,00 0,00

Spirulina Spirulina
Whole 

cyanobacteria 93,17 100,77 107,05 92,24 76,80 50,64 3,57 142,68 138,71 169,61 74,85 20,59 2,70 36,20

Gentiana lutea Gentian Root
120,08 105,07 118,69 89,81 89,96 82,85 39,06 80,63 60,91 89,51 140,23 62,51 43,53 2,92

Quercus robur English oak Bark
143,68 142,56 127,88 124,88 134,53 106,17 8,76 106,31 116,82 88,62 57,00 35,67 16,07 16,81

Glycyrrhiza glabra Liquorice Root
69,76 13,55 17,52 2,60 2,55 2,39 1,41 124,15 119,86 9,19 2,26 0,00 0,00 0,00

Coriandrum 
sativum Coriander

Fruit/berry/ 

seed 94,70 82,24 87,66 90,37 89,65 77,49 44,98 145,74 168,38 152,38 158,20 188,96 155,51 6,45

Achillea 
millefolium

Common yarrow Whole plant
99,04 103,48 102,37 83,36 68,35 55,50 4,09 93,70 98,28 118,44 107,59 100,57 52,47 0,54

Mentha piperita Peppermint Whole plant
102,97 91,41 91,14 78,20 72,36 55,95 6,57 130,45 151,24 119,30 123,66 149,47 84,49 0,00

Zingiber officinale Ginger Root
94,65 103,21 52,82 24,16 2,18 4,32 3,92 73,81 82,12 75,13 80,11 34,29 0,19 6,73

Carum carvi Caraway
Fruit/berry/ 

seed 108,52 107,56 121,15 115,23 96,15 83,63 2,63 126,27 123,61 127,15 136,91 201,67 118,87 0,00

Boswellia serrata Frankincense Juice/resin
109,56 96,96 80,61 3,87 2,80 3,49 2,35 97,42 88,36 75,32 23,64 10,16 11,86 9,76

Camellia sinensis 
(L.)

Green tea Leaf
71,42 64,90 60,73 53,03 34,40 5,10 2,05 104,85 90,19 80,66 52,63 128,30 78,12 71,24

Echinacea 
purpurea

Purple 

coneflower
Whole plant

93,87 121,50 103,17 111,27 121,75 86,28 3,42 110,63 100,92 147,05 98,88 95,70 98,35 1,71

Ilex paraguariensis Yerba mate Leaf
118,38 113,40 129,00 98,03 46,11 7,19 1,87 138,05 86,82 106,45 142,70 113,19 149,98 29,15

Melissa officinalis Lemon balm Leaf
139,03 150,28 144,79 79,25 68,78 76,74 2,31 88,63 126,13 138,48 148,82 86,05 36,73 0,00

Daucus carota ssp. 
sativus Carrot Root

98,38 101,96 87,71 99,88 87,68 98,85 87,26 96,35 110,50 87,33 79,92 93,51 85,16 137,06

Alpinia officinarum Galangal Root
119,58 118,04 149,25 135,19 45,52 3,29 2,27 127,08 98,10 138,77 38,12 0,70 0,00 2,44

Boswellia carterii Frankincense Whole plant
149,54 178,92 15,63 14,15 11,16 11,09 12,66 27,95 31,63 4,81 7,98 18,51 6,92 3,63

Hamamelis 
virginiana

Witch hazel Leaf
100,46 99,15 137,19 118,74 70,76 4,96 1,01 123,19 189,63 211,05 38,28 5,85 5,40 7,92

Equisetum arvense Field horsetail Whole plant
113,79 125,14 120,99 128,87 130,20 133,00 109,17 93,55 94,65 83,58 114,07 124,64 145,69 189,41

HeLa-TLR4 reporter cell line THP-1 monocytes

Ethanol control
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Scrophularia 
nodosa

Common figwort Whole plant
98,78 93,42 113,41 123,22 114,38 105,67 10,92 107,47 125,14 152,78 113,07 101,17 88,26 24,69

Lavandula 
angustifolia

Lavender Flower
93,68 101,24 110,76 95,94 91,92 36,15 3,80 81,97 87,67 115,57 116,55 141,91 137,61 0,00

Euphrasia 
officinalis

Eyebright Whole plant
101,53 105,92 114,90 115,55 113,31 116,53 10,37 136,41 103,87 107,91 96,64 107,09 125,33 0,38

Capsicum 
frutescens

Chili
Fruit/berry/ 

seed 101,94 167,29 120,07 115,20 118,62 95,65 3,07 117,80 124,86 154,50 180,15 171,38 145,55 29,51

Erythraea 
centaurium

Common 

centaury
Whole plant

106,04 92,14 96,31 87,33 82,62 62,99 5,13 113,71 85,01 148,74 133,41 141,78 119,84 4,22

Hibiscus sabdariffa Roselle Leaf
105,58 98,26 132,94 133,23 118,60 97,39 48,78 90,10 94,55 87,49 93,64 145,26 231,97 65,51

Chlorella 
pyrenoidosa

Chlorella
Whole green 

algae 71,44 72,14 75,70 62,00 44,51 16,46 2,86 102,98 94,60 18,27 0,00 0,00 0,00 173,01

Allium sativum Garlic Root
78,39 95,63 87,21 84,35 83,82 96,56 112,72 129,06 117,29 96,92 89,62 103,10 110,42 132,77

Melilotus officinalis Sweet clover Whole plant
111,02 114,31 92,87 95,90 86,37 76,52 30,05 107,23 86,20 97,54 119,85 62,88 158,37 0,00

Artemisia 
absinthium

Wormwood Whole plant
118,20 128,44 124,74 137,46 112,64 90,75 1,69 146,74 160,40 77,99 89,46 44,77 51,21 0,00

Uncaria tomenosa Cat's claw Whole plant
131,44 136,66 124,86 114,39 100,57 132,50 121,12 109,66 131,32 109,33 105,76 107,51 109,99 104,97

Origanum 
majorana

Marjoram Whole plant
109,40 100,22 104,08 105,12 87,00 83,56 44,13 98,64 99,81 138,44 139,16 124,52 147,26 9,77

Usnea barbata Barber's itch Whole plant
93,46 92,28 106,88 100,70 101,15 124,63 3,85 104,78 100,16 110,27 111,35 61,61 63,62 2,27

Taraxacum 
officinale

Dandelion Whole plant
109,52 108,09 104,38 90,20 98,79 80,62 56,45 140,46 125,98 150,64 197,11 101,07 104,89 109,75

Crataegus sp. Hawthorn
Fruit/berry/ 

seed 98,69 95,22 83,59 88,20 75,56 67,10 6,03 68,02 87,86 90,53 169,63 108,10 175,25 5,53

Syzygium 
aromaticum

Clove Flower
130,27 153,49 129,52 111,74 3,84 4,04 2,97 113,40 106,43 28,55 64,60 0,00 0,00 0,00

Plantago 
lanceolata

Ribwort Whole plant
104,81 156,04 140,16 152,61 145,60 124,31 81,91 73,59 77,75 99,03 94,45 91,42 91,59 135,20

Aconitum napellus Monkshood Whole plant
117,73 122,26 128,16 141,94 171,12 159,82 122,60 99,75 113,53 110,99 131,43 154,05 214,24 226,55

Rubus fruticosus Blackberry Leaf
127,50 109,58 113,80 106,40 93,56 73,60 68,53 155,10 133,75 158,55 231,87 137,62 160,15 6,26

Schinus 
terebinthifolius

Brazilian 

peppertree

Fruit/berry/ 

seed 111,76 128,25 118,65 124,42 83,27 11,51 3,58 153,65 194,72 140,78 156,82 22,67 9,93 2,35

Hedera helix Common ivy Leaf
91,23 92,82 79,19 4,54 3,93 4,92 3,35 106,81 105,99 164,47 16,45 0,48 18,81 3,05

Pulmonaria 
officinalis

Common 

lungwort
Flower

130,49 108,61 136,54 140,36 116,71 111,27 75,45 125,06 95,78 190,61 162,64 164,20 134,71 95,52

Betula alba Birch Juice/resin
132,70 132,59 119,10 123,74 109,52 110,59 175,69 93,66 114,38 113,57 96,37 88,04 113,21 88,16

Vanilla planifolia Vanilla
Fruit/berry/ 

seed 113,32 101,03 109,01 117,05 92,96 94,61 31,02 103,36 106,83 167,48 188,94 131,81 146,05 6,91

Armoracia 
rusticana

Horseradish Root
112,02 115,66 120,07 140,73 134,50 111,66 45,08 104,74 124,98 107,81 106,12 97,03 142,36 143,87

Nicotiana tabacum Tobacco Leaf
95,45 115,94 103,93 107,47 91,20 101,64 43,82 126,54 119,78 135,07 148,77 165,43 177,65 37,75

Valeriana 
officinalis (L.)

Common 

valerian
Root

100,20 91,61 147,82 156,35 138,95 52,36 2,58 138,12 95,56 147,35 197,61 206,61 71,26 5,16

Rosmarinus 
officinalis Rosemary Leaf

85,92 108,99 122,78 150,67 97,28 16,54 4,02 136,08 138,36 152,73 128,42 141,11 0,15 80,17

Tropaeolum majus Nasturtium Whole plant
101,46 84,01 87,90 77,92 79,16 75,39 81,14 86,16 109,46 140,46 135,69 107,73 130,22 81,44

Marrubium vulgare
Common 

horehound
Whole plant

92,34 93,29 88,32 86,32 95,10 100,87 3,75 98,80 104,74 135,83 176,09 166,83 174,18 0,00

Xanthoria parietina
Common orange 

lichen
Whole lichen

132,43 117,59 130,84 104,27 104,89 106,46 39,67 150,70 163,97 169,59 192,87 206,05 180,74 1,76

Elettaria 
cardamomum

Cardamom
Fruit/berry/ 

seed 120,81 123,83 125,38 135,62 133,76 125,41 3,62 110,45 103,25 120,45 152,87 225,96 216,74 0,00

Vigna radiata
Mung bean 

(cooked)

Fruit/berry/ 

seed 104,69 135,60 133,28 135,94 134,61 147,80 124,20 106,85 112,74 124,20 137,77 159,06 119,88 98,96

Thymus vulgaris Common thyme Whole plant
118,89 124,53 122,18 110,86 120,29 97,87 1,59 89,27 76,48 88,74 122,81 172,45 279,61 0,00

Foeniculum 
vulgare

Fennel
Fruit/berry/ 

seed 113,92 97,22 97,97 94,07 87,06 84,14 3,97 134,14 173,01 197,93 186,12 199,79 223,76 21,35

Convallaria majalis Lily of the valley Whole plant
54,48 36,78 19,24 14,57 17,70 10,11 1,72 154,97 124,30 115,50 106,13 116,39 29,53 0,00

Sambucus nigra 
(L.)

Elderflower Flower
65,76 71,40 76,66 85,55 90,78 112,07 71,97 186,27 178,06 140,90 155,66 162,33 122,89 68,63

Avena sativa Oat Whole plant
106,83 121,15 121,84 107,76 114,50 118,79 91,19 98,22 114,88 116,09 141,54 156,55 204,12 498,22

Arnica montana Arnica Whole plant
128,77 122,08 135,39 180,41 210,78 124,21 2,17 107,35 127,87 145,42 224,38 201,18 60,44 0,00

Geranium 
robertianum

Herb Robert Whole plant
84,73 91,07 108,37 84,64 92,55 71,75 142,28 118,42 113,83 140,82 148,56 183,75 184,72 173,60

Fucus vesiculosus Bladderwrack Whole plant
122,31 100,62 99,24 94,51 93,75 94,92 108,01 103,21 95,74 91,21 104,75 110,16 113,90 199,19

Petroselinum 
crispum

Parsley Whole plant
122,97 152,03 133,00 132,12 119,74 101,03 38,49 129,60 163,16 183,36 155,06 122,44 153,04 2,18

Urtica dioica Stinging nettle Root
109,01 104,90 110,43 109,07 100,86 93,37 29,81 137,84 156,50 224,44 199,41 185,63 208,82 100,88

Symphytum 
officinale

Comfrey Root
105,62 120,61 114,45 99,46 97,54 85,58 47,79 106,24 143,47 166,37 191,76 123,39 156,54 67,34

Althaea officinalis Marshmallow Root
100,22 93,79 80,71 82,49 87,56 78,29 67,86 104,25 113,39 96,02 194,59 160,52 183,97 139,71

Panax ginseng Ginseng Root
107,05 107,98 125,88 147,96 173,19 164,01 4,13 106,76 94,66 117,42 82,44 99,07 116,80 199,71

Harpagophytum 
procumbens

Devil's claw Root
125,75 116,09 135,75 145,66 142,70 144,23 3,68 115,10 127,64 160,49 180,30 147,55 163,53 275,03
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Dioscorea villosa Yam Root
113,51 108,51 103,64 60,24 29,52 11,04 3,27 104,81 102,20 163,08 224,08 138,65 169,18 26,64

Calendula 
officinalis

Marigold Flower
60,30 40,34 58,30 3,49 2,91 2,77 2,19 91,73 78,85 269,59 354,55 0,00 0,00 0,00

Chelidonium majus Celandine Root
120,88 105,15 123,10 127,73 170,41 111,32 1,42 99,40 157,00 190,57 292,73 271,52 280,41 0,00

Verbena officinalis Common vervain Whole plant
96,47 88,48 97,54 86,98 86,77 85,59 47,65 127,02 140,00 208,28 208,79 233,55 236,51 374,51

Pimpinella anisum Anise
Fruit/berry/ 

seed 116,49 118,67 116,39 114,10 108,54 84,98 3,36 136,25 169,95 236,67 250,31 286,11 344,07 20,08

Viscum album
European 

mistletoe
Whole plant

125,75 138,13 162,97 160,01 166,89 174,64 76,09 93,86 114,91 100,53 170,99 242,81 373,37 625,53

Digitalis purpurea
Common 

foxglove
Leaf

86,35 49,52 28,50 9,67 2,50 1,49 2,18 146,70 344,09 313,09 296,48 11,91 3,20 1,60

Primula officinalis Common cowslip Root
122,30 155,54 145,79 116,90 57,14 26,43 3,07 125,37 140,65 188,90 819,19 85,17 12,98 8,91

Juniperus 
communis

Common juniper
Fruit/berry/ 

seed 106,49 131,13 121,88 77,99 3,10 2,84 1,55 859,81 863,37 888,08 759,89 18,31 9,85 0,00

Aesculus 
hippocastanum

Horse-chestnut
Fruit/berry/ 

seed 110,81 80,80 92,60 7,84 5,11 5,00 3,20 123,23 134,19 212,88 1537,04 102,98 77,65 58,38

Primula vulgaris
Common 

primrose
Root

48,96 26,97 24,47 13,49 12,19 8,12 1,52 115,35 604,33 1193,00 674,91 45,73 58,06 21,03
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Latin name
Common
English name

Used part 0.01% 0.03% 0.1% 0.3% 0.6% 1% 3% 0.01% 0.03% 0.1% 0.3% 0.6% 1% 3%

100,00 102,45 101,84 101,03 102,55 103,43 124,76 100,00 106,70 106,82 105,37 103,93 107,97 127,11

Castanea sativa Sweet chestnut Leaf
20,06 17,83 9,78 11,82 19,94 28,56 118,82 24,28 17,36 12,78 15,09 20,87 32,77 161,75

Cinchona 
pubescens

Cinchona Bark
100,53 94,50 77,03 65,89 25,61 13,17 22,78 96,97 92,46 86,34 75,11 48,95 37,82 32,81

Cinnamomum 
verum

Cinnamon Bark
100,40 100,11 105,47 65,88 36,23 22,34 37,65 100,75 97,62 94,69 59,98 27,50 18,82 32,43

Salix alba White willow Bark
102,12 100,18 85,03 42,14 20,67 17,65 73,17 100,01 85,03 67,85 40,08 34,16 24,12 52,75

Rheum palmatum Rhubarb Root
96,48 87,24 59,40 36,53 13,11 8,17 24,68 89,65 89,52 64,85 40,62 20,74 16,27 38,65

Humulus lupulus Hops Flower
90,21 90,80 45,52 6,84 7,25 12,55 88,75 99,42 104,49 56,15 18,10 13,97 15,99 105,06

Arctostaphylos uva-
ursi

Bearberry Leaf 91,42 71,09 20,16 11,86 25,75 41,19 385,83
101,93 96,18 91,06 77,63 36,71 24,40 217,02

Allium ursinum Wild garlic Leaf 95,05 117,18 104,97 110,95 85,31 45,41 8,55
92,64 101,32 83,11 79,90 53,77 32,22 13,36

Hypericum 
perforatum

St John's wort Whole plant
100,82 92,09 94,08 89,60 48,53 29,53 6,00 101,20 125,93 115,86 99,00 72,14 41,77 12,66

Aloe ferox Aloe Whole plant
99,50 94,02 95,36 76,96 56,33 45,12 158,90 95,70 105,77 87,57 62,60 40,30 32,00 208,70

Cynara scolymus Artichoke Leaf
104,96 99,81 95,14 60,38 11,43 7,45 9,75 102,92 109,70 99,86 71,37 37,63 25,76 19,01

Salvia officinalis Salvia Leaf
79,45 87,83 73,41 38,26 9,48 5,77 25,80 100,28 103,61 65,58 34,90 14,99 9,98 19,63

Ginkgo biloba Ginkgo Leaf
83,06 80,39 74,11 30,88 4,92 4,06 7,87 100,24 107,01 81,26 42,13 21,39 14,24 14,18

Vigna radiata
Mung bean 

(dried)

Fruit/berry/ 

seed 86,58 110,71 78,43 91,74 84,41 65,29 30,75 77,04 94,29 88,78 86,30 76,44 74,46 59,49

Filipendula ulmaria Meadowsweet Flower
75,12 63,58 51,28 40,60 30,35 18,59 15,08 101,71 111,43 107,58 103,43 102,99 101,11 94,91

Spirulina Spirulina
Whole 

cyanobacteria 116,49 139,54 127,71 129,36 67,85 15,01 28,28 99,69 110,62 69,12 40,91 16,95 12,20 38,50

Gentiana lutea Gentian Root
96,77 103,65 99,90 113,40 83,38 59,14 5,82 108,21 129,60 117,81 107,54 77,28 60,19 18,10

Quercus robur English oak Bark
93,72 113,22 81,11 42,60 15,04 7,52 16,84 89,53 70,65 63,23 38,30 18,82 12,82 24,23

Glycyrrhiza glabra Liquorice Root
78,30 44,63 5,56 12,09 28,06 37,27 101,27 83,64 60,59 32,18 33,77 70,66 67,87 162,46

Zingiber officinale Ginger Root
89,51 75,69 74,77 35,53 4,69 5,18 35,84 103,89 120,85 95,36 77,68 26,45 25,34 223,46

Boswellia serrata Frankincense Juice/resin
82,46 38,96 19,81 17,73 159,07 432,24 2076,63 78,29 54,43 40,86 45,48 288,07 744,11 2813,02

Alpinia officinarum Galangal Root
71,36 68,16 57,03 21,85 8,95 6,85 29,83 100,45 105,34 99,27 91,33 95,04 97,57 176,07

Hamamelis 
virginiana

Witch hazel Leaf
68,01 54,73 25,63 18,14 24,82 28,25 174,32 101,02 102,08 90,19 64,82 34,21 35,64 129,53

Chlorella 
pyrenoidosa

Chlorella Whole algae
103,97 104,34 84,84 28,14 6,63 12,96 209,74 113,66 124,42 67,31 17,39 8,74 18,75 227,74

Usnea barbata Barber's itch Whole plant
90,08 109,48 113,03 107,82 66,29 37,56 7,49 93,50 99,92 95,64 90,15 67,63 54,02 36,36

Syzygium 
aromaticum

Clove Flower
91,40 76,21 45,89 13,37 8,91 16,47 49,18 86,11 54,39 52,82 16,99 10,06 18,12 77,65

Aesculus 
hippocastanum

Horse-chestnut
Fruit/berry/ 

seed 86,76 83,98 24,02 36,87 106,93 85,46 44,41 92,43 76,26 43,91 134,14 388,13 413,57 323,76

HEK-TLR2 reporter cell line HEK-TLR4 reporter cell line

Ethanol control
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• Cyanobacteria increase in abundance
and usage, yet the allergenicity
remained elusive.

• Allergenic potential of different taxa is
demonstrated through three immuno-
assays.

• Similarities are observedbetween fresh-
water cyanobacteria and C-
phycocyanin.

• Nostoc sp. shows anti-inflammatory and
unique immune-reactive characteris-
tics.

• Increase in public awareness would en-
able mitigation of the potential health
risk.
Abbreviation list: BSA, bovine serum albumin; C-PC, C-
hemocyanin; LCM, linker core-membrane; LPS, lipopolysac
amide gel electrophoresis; TBS-T, Tris-buffered saline +0
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During the last decades, global cyanobacteria biomass increased due to climate change aswell as industrial usage
for production of biofuels and food supplements. Thus, there is a need for thorough characterization of their po-
tential health risks, including allergenicity. We therefore aimed to identify and characterize similarities in aller-
genic potential of cyanobacteria originating from the major ecological environments. Different cyanobacterial
taxawere tested for immunoreactivity with IgE from allergic donors and non-allergic controls using immunoblot
and ELISA. Moreover, mediator release from human FcεR1-transfected rat basophilic leukemia (RBL) cells was
measured, allowing in situ examination of the allergenic reaction. Phycocyanin content and IgE-binding potential
were determined and inhibition assays performed to evaluate similarities in IgE-binding epitopes. Mass spec-
trometry analysis identified IgE-reactive bands ranging between 10 and 160 kDa as phycobiliprotein compounds.
Levels of cyanobacterial antigen-specific IgE in plasma of allergic donors and mediator release from sensitized
RBL cells were significantly higher compared to non-allergic controls (p b 0.01). Inhibition studies indicated
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cross-reactivity between IgE-binding proteins from fresh water cyanobacteria and phycocyanin standard. We
further addressed IgE-binding characteristics of marine water and soil-originated cyanobacteria. Altogether,
our data suggest that the intensive use and the strong increase in cyanobacterial abundance due to climate
change call for increasing awareness and further monitoring of their potential health hazards.

© 2017 Elsevier B.V. All rights reserved.
Immunoassay
Inhibition assay
1. Introduction

Cyanobacteria are considered to be the most ancient
photosynthetically-active life form, having played a key role in Earth
history and the evolution of life on Earth (Knoll, 2008; Lenton and
Daines, 2016). Thus they are found in all illuminated environments on
this planet, including salty lakes, ice fields, hot springs, soils, fresh and
marine waters (Whitton, 2012).

Various cyanobacteria serve as main biocatalysts in the nitrogen
cycle (Issa et al., 2014), and they may be responsible for about 50% of
global nitrogen fixation (Elbert et al., 2012). Some species are used for
biofuel production, e.g., Synechococcus spp. (Nozzi et al., 2013), and
others serve as food additives, e.g., Arthrospira platensis (Spirulina),Nos-
toc spp., Synechocystis spp. due to their high nutrient value (Borowitzka,
2013) and anti-inflammatory properties (Ku et al., 2013). Increased and
expendedmarine cyanobacterial blooms have been reported due to en-
vironmental change, e.g., increase in temperature and CO2 (Gobler et al.,
2017), which may lead to an extended aerosolization of such species,
carried toward the coastal areas (Lang-Yona et al., 2014).

Human exposure to cyanobacteria can occur through skin contact,
consumption of food or food supplements, contaminated water, or in-
halation of aerosolized cyanobacteria (Genitsaris et al., 2011;
Bernstein and Safferman, 1970; Mittal et al., 1979; Schlichting, 1974;
Sharma and Rai, 2008). Numerous cyanobacterial species can produce
dermatotoxic, neurotoxic or hepatotoxic agents (van Apeldoorn et al.,
2007), which may cause animal and, rarely, human deaths (Osborne
et al., 2001). In addition to toxins, lipopolysaccharides (LPS) present in
the outer membrane of cyanobacteria, have been reported to induce
influenza-like illnesses (Annadotter et al., 2005) and were detected in
air samples (Lang-Yona et al., 2014).

First reports on allergic reactions to cyanobacteria have appeared
around 1950 (Heise, 1951), and since then, several studies demonstrat-
ed a correlation between cyanobacteria crude extracts and cutaneous
hypersensitivities (Sharma andRai, 2008; Bernstein et al., 2011; Stewart
et al., 2006b; Torokne et al., 2001; Stewart et al., 2006a). Few case stud-
ies have reported severe allergic reactions upon exposure to
cyanobacteria, i.e. anaphylactic shocks after food supplement consump-
tion (Le et al., 2014; Petrus et al., 2010) and after swimming in a lake
during cyanobacterial bloom (Geh et al., 2016).

Phycocyanin, a blue pigment protein complex, is commonly found in
cyanobacteria and serves as light-absorbing compound in their photo-
synthetic apparatus (Schirmer et al., 1985). This pigment is widely
used in the industry as a natural fluorescent dye, in food and beverages
as a natural coloring agent, or in pharmaceutical applications (Kuddus
et al., 2013). Recent studies have identified this compound as a potential
allergen in two cyanobacteria species, i.e., A. platensis (Petrus et al.,
2010) and Microcystis aeruginosa (Geh et al., 2015). However, a wider
characterization of cyanobacterial allergens is still needed to compre-
hensively understand their allergenic potential, as well as similarities
or differences of the allergens present in the different species.

We therefore aimed to analyze and characterize the allergic reactiv-
ity of seven cyanobacterial taxa originating from terrestrial, fresh and
marine water environments. We compared the allergenic behavior of
these species to the previously characterized allergenic cyanobacterium
M. aeruginosa (Geh et al., 2015), and searched for similarities through
protein identification and IgE-binding inhibition patterns.
2. Materials and methods

2.1. Cultures of cyanobacteria

Eight cyanobacterial taxa as listed in Table 1 were obtained from the
Culture Collection of Algae at the Göttingen University (international
acronym: SAG; Göttingen, Germany). Five species originating from
fresh water (Microcystis aeruginosa, Cylindrospermum siamensis,
Anabaena ambigua, Lyngbya lagerheimii, Planktothrix agardhii), two
from marine (Synechocystis sp. and Phormidium sp.), and one was
from a terrestrial environment (Nostoc sp.). Cultures were grown in dif-
ferent media as detailed in Table 1 at 20 °C, 120 rpm, and a 16 h/8 h
light/dark cycle (76 μmoles m−2 s−1 daylight lamps; Heraeus BK 6160
low temperature incubator, Thermo Fisher Scientific, Darmstadt,
Germany). Growing cultures were screened by light microscopy (Axio
Imager A2, Zeiss, Göttingen, Germany) for purity of the cultures and
morphological validation.

2.2. Human plasma samples

Six plasma samples (PL 1–6) were obtained from PlasmaLab Ltd.
(Everett, WA, USA) and four (PL 7, PL N1–N3) from the Department of
Dermatology (University Medical Center of the Johannes Gutenberg
University, Mainz, Germany). Donors of plasma PL 1–7 were sensitized
to a variety of aeroallergens and food allergens as summarized in
Table 2, (the complete list is detailed in Table S1). Plasma N1–N3 were
from non-allergic donors with no sensitization against aeroallergens
or food allergens, with low levels of total IgE. All plasma samples were
aliquoted and stored at −80 °C until use. The study was approved by
the local ethics committee (Landesaerztekammer Rheinland-Pfalz, no.
837.055.16 (10374)), and written consent was obtained from all
subjects in advance.

2.3. Protein extraction and quantification

Crude extraction of total proteins from cyanobacteria was per-
formed as previously described (Ivleva and Golden, 2007) with some
modifications (Lang-Yona et al., 2016). In brief, cultures of
cyanobacteria in the late exponential growth phase were transferred
into 50 mL tubes and centrifuged at 10,000 ×g for 10 min. The pellets
were washed with sterile phosphate buffered saline (PBS; Sigma-
Aldrich, Munich, Germany), and resuspended in 200 μL PBS buffer be-
fore overnight storage at −80 °C. After thawing at 37 °C, the samples
were placed on ice and a protease inhibitor cocktail (Sigma-Aldrich) to-
gether with 0.5 mm acid washed glass beads (Sigma-Aldrich) were
added to the samples. They were then homogenized for 30 s using the
Fastprep 24 homogenizer (MP Biomedicals, Heidelberg, Germany),
and additional 100 μL PBS were added. After 10 min centrifugation at
4 °C and 10,000 ×g, the supernatantwas collected. This stepwas repeat-
ed twice followed by filtration through sterile 5 and 0.45 μm syringe fil-
ters (Pall Corporations, Bad Kreuznach, Germany). Phleum pratense and
Betula pendula pollen (Allergon AB, Ängelholm, Sweden) were used as
positive controls for the allergic reaction assays, and the extraction of
proteins followed the same procedure as described above.

Protein concentrations were determined with Pierce bicinchoninic
acid assay (BCA, Thermo Fisher Scientific) according to the
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Table 1
Species tested for allergenic reaction.

Tested organism Strain Origin Growth
environment

Growth
medium

Special characteristics Reference

Microcystis aeruginosa SAG
1450-1

Wisconsin,
USA

Fresh water ESb Produce microcystin and cyanopeptolin (Dittmann et al., 1997)

Cylindrospermum siamensis
(Antarikanonda)

SAG 11.82 Thailand Fresh water,
damp soil

BG-11a Grow under a wide range of environmental conditions (Johansen et al., 2014)

Anabaena ambigua (C.B. Rao) SAG
1403-7

India Fresh water ESb Nitrogen fixing abilities; neurotoxin production (Komárek, 2005)

Lyngbya lagerheimii (Gomont
ex Gomont)

SAG 24.99 Hungary Fresh water BG-11a Grow in mats; natural compounds used for pharmaceutics (Komárek and
Komárková-Legnerová,
1992)

Planktothrix agardhii (Gomont)
Anagnostidis & Komárek

SAG 3.82 Norway Fresh water ESb High abundance in shallow and eutrophic lakes; microcystin
production

(Rücker et al., 1997)

Synechocystis sp. (C.
Sauvageau)

SAG 37.92 California,
USA

Marine
water

1/2
SWESb

Used for biofuel production (Lang et al., 2011)

Phormidium sp. (Kützing ex
Gomont)

SAG 9.92 Spain Marine
water

SWESb Red-pigmented cyanobacteria (Komarek et al., 2014)

Nostoc sp. (Vaucher ex Bornet
& Flahault)

SAG 70.79 France Soil ESb Grow under a wide range of environmental conditions;
characteristic morphology of colonies comprising filaments in a
gelatinous sheaths

(Potts, 1997)

Phleum pratense 011312102 – – –
Betula pendula 11101 – – –

a Recipe from by Sammlung von Algenkulturen Göttingen (SAG) culture collection of algae.
b Recipes from SAG culture collection of algae.
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manufacturer's protocol, and absorbance was measured with a micro-
plate photometer (MultiskanGO, Thermo Fisher Scientific). The extracts
were stored at −80 °C until further analysis.

2.4. SDS-PAGE and immunoblot

The extracted proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) using 4–20% Precast
Protein Gels (Mini-PROTEAN TGX, Bio-Rad, Munich, Germany) and de-
tected with an imaging system (ChemiDoc XRS+, Bio-Rad). For West-
ern blots, proteins were transferred onto PVDF membranes (PVDF
Transfer Packs, Bio-Rad) using the Trans Blot Turbo semi-dry transfer
system (Bio-Rad) according to the manufacturer's protocol. The mem-
branes were washed with Tris-buffered saline containing 0.05% Tween
20 (TBS-T; Sigma-Aldrich), and blocked for 1 hwith 5% bovine serumal-
bumin (BSA; Sigma-Aldrich) in TBS-T buffer (5% BSA-TBS-T).

To detect human IgE-binding proteins, membranes were incubated
overnight with 10% human plasma diluted in 5% BSA-TBS-T, followed
by an overnight incubation with goat anti-human IgE antibody conju-
gated with horseradish peroxidase (HRP; Thermo Fisher Scientific) di-
luted in 5% BSA-TBS-T. To verify general reactivity of C-PC standard,
detection was conducted with pooled plasma, containing PL 1, 3, 4
and 5. For the detection of phycocyanin compounds, blocked
Table 2
Characterization of plasma samples for different allergens and total IgE levels.

Sample ID IgE levels (kU L−1)

Phleum pratense Other grass pollens Betula pendula Other tree

PL 1 N100 N100 N100 N100
PL 2 90 90 37 43
PL 3 N100 N100 12 32
PL 4 78 b N100 N100
PL 5 43 b 5 3
PL 6 21 b 83 b

PL 7 23.7 d N100 d

PL N1 c c c c

PL N2 c c c c

PL N3 c c c c

a Tested in the current study.
b Not detected.
c b0.35 kU L−1.
d No information available.
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membranes were incubated overnight with a polyclonal rabbit anti-
phycocyanin antibody conjugated to HRP (raised against C-
phycocyanin whole protein from Spirulina, Biorbyt, Cambridge, UK) di-
luted in 5% BSA-TBS-T. Bound antibodies were developed with the en-
hanced chemiluminescence (ECL) Western Blotting Substrate kit
according to the manufacturer's protocol (Pierce/Thermo Fisher Scien-
tific). The resulting chemiluminescence was detected with the
ChemiDoc XRS+ imaging system. Membranes were washed with
TBS-T between all incubation steps and each assay was repeated 3
times.

2.5. IgE measurement and inhibition ELISA

The total and specific IgE concentrations were evaluated in human
plasma as previously described (Bashir et al., 2013), with somemodifi-
cations. Clear flat-bottomMaxiSorp 96-well plates (Nunc, Thermo Fish-
er Scientific) were coated with cyanobacteria/pollen extracts or C-
phycocyanin from Spirulina sp. (C-PC; Sigma-Aldrich) at a protein con-
centration of 10 μg mL−1 in carbonate buffer. Wells reserved for stan-
dards and for the total IgE content were coated with anti-human IgE
(A80-108A-15, Bethyl Laboratories, Inc., Montgomery, TX, US) at a con-
centration of 10 μgmL−1 in carbonate buffer. Plates were incubated at 4
°C overnight, washed three times with PBS-0.05% Tween 20 (PBS-T),
pollen Food Weeds Animals Molds Insects Mites Totala

N100 33 40 37 24 81 5058
29 10 92 61 12 32 5468
32 38 3 21 26 2 5192
N100 15 N100 65 b N100 6036
9 2 N100 10 1 N100 7085
1 0.7 3 c d 22 2391
68.1 d d d d d 2944
c c c c d c 19
c c c c d c 37.5
c c c c d c 27
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and blocked with 1% BSA in PBS-T (1% BSA-PBS-T; Sigma-Aldrich) at
room temperature for 1 h. Standard serial dilutions (0.975 to
250 ngmL−1) of the human IgE calibrator (RC80-108-6, Bethyl Labora-
tories) in 1% BSA-PBS-T, as well as buffer blanks, were dispensed to the
corresponding wells. Plasma samples and controls (diluted with 1%
BSA-PBS-T) were added to the remaining wells and incubated at room
temperature for 2 h. Bound IgE was detected with HRP conjugated
goat anti-human IgE antibody (A80-108P-35, Bethyl Laboratories, Inc.;
diluted 1:100,000 in 1% BSA-PBS-T) incubated at room temperature
for 2 h. Color development was achieved in the dark by addition of 1-
Step Ultra TMB-ELISA reagent (Thermo Fisher Scientific) and terminat-
ed with 2 mM sulfuric acid (Sigma-Aldrich) after sufficient color devel-
opment. Absorbance was detected at 450 nm using a microplate
photometer (Multiskan GO, Thermo Fisher Scientific). The amount of
bound IgE antibody was calculated from the standard curves. Plates
werewashedwith PBS-T between all steps and each assaywas repeated
3 times.

ELISA inhibition assays were performed as described previously (de
Leon et al., 2003) with somemodifications. Briefly, 96-well polystyrene
plates were coated with protein extracts (10 μg mL−1) and blocked as
described above. In order to obtain a better assessment of similarities
in IgE-binding epitopes, pooled plasma (containing PL 1, 3, 4 and
5) and controls (diluted with 1% BSA-PBS-T) were pre-incubated with
serial dilutions of the cyanobacterial extracts or, as a control, keyhole
limpet hemocyanin (KLH; Sigma-Aldrich) in sterile 96-well conically
shaped polypropylene plates (Nunc, Thermo Fisher Scientific) at room
temperature for 2 h. One hundredmicroliters of the inhibitionmixtures
(including plasma with no inhibitor as positive control) were then dis-
pensed into coated wells and incubated at room temperature for 2 h.
The incubation with secondary antibody and color development was
performed as described above. After correction for non-specific binding
(control wells containing no antigen), percentage of inhibition was cal-
culated using the following formula:

%inhibition ¼ 100–
OD405 serum with inhibitor

OD405 serum without inhibitor
� 100

2.6. Mediator release assay

The mediator release assay followed an established protocol (Ladics
et al., 2008). In short, HuFcεRI-transfected rat basophilic leukemia (RBL)
cells expressing the α-chain of human FcεRI were sensitized overnight
with patients' plasma diluted inminimumessential medium containing
5% fetal calf serum (Biochrom, Berlin, Germany). After washing, cells
were stimulated with serial dilutions of protein extracts in Tyrode's
buffer containing 0.1% BSA and 50% D2O. Degranulation was quantified
bymeasuring theβ-hexosaminidase activity in the culture supernatants
by a substrate reactionwith 4-Nitrophenyl N-acetyl-β-D-glucosaminide
(Sigma-Aldrich). The absorbance was measured in a microplate reader
at 405/620 nm, and the releasewas expressed as percent of the total cel-
lular β-hexosaminidase content obtained by lysing the cells with Triton
X-100 (Sigma-Aldrich) after correction for spontaneous release (cells
incubated with plasma alone). Vitality of cells was evaluated before
each step using light microscopy observation.

2.7. Statistical analysis

Data are reported as themean± SD. Significant differences between
samples and controls were calculated using unpaired, two-sided Stu-
dent's t-test, after normal distribution and homogeneity of variance
were verified. Significance of inhibition levels between samples and
negative control was evaluated using One Way ANOVA followed by
Tukey post-hoc analysis for means comparison (Origin Pro 9). Levene's
test for homogeneity of variance and normal distribution were verified
prior to the analysis. Significant differences were assumed for p b 0.05.
3. Results

3.1. Immunoblot and protein analysis of cyanobacterial extracts

Cyanobacterial proteins were probed for IgE-binding using seven
plasma samples from allergic patients (PL 1–7) and three samples
from IgE-negative, non-allergic controls (PL N1–N3). Fig. 1A and B pres-
ent protein bands and immunoblot results, respectively, for all eight
cyanobacterial taxa, after reaction with PL 4 as a representative plasma.
Cyanobacterial IgE-binding proteins were found in all species
(Table S3), and the frequency of immunoblot bands varied for different
plasma samples (Fig. S1). Strong bandswere observed forM. aeruginosa,
C. siamensis, A. ambigua, L. lagerheimii, P. agardhii and Synechocystis sp.
(Fig. 1B, lanes 1–6 respectively). All fresh water cyanobacteria showed
bands at ~100–110 kDa, whereas the marine taxa Synechocystis sp.
and Phormidium sp. (Fig. 1B, lane 6 and 7) showed different IgE-
binding protein patterns, with a common band detected at ~10 kDa.
Nostoc sp. bands were relatively weak (Fig. 1B, lane 8) and resembled
the fresh water band patterns. The control allergen, P. pratense grass
pollen (Fig. 1B, lane 9), presented typical IgE-reactive bands of about
10, 13, 28, 34 and 50 kDa (Dolecek et al., 1993; Rajashankar et al.,
2002; Suck et al., 2000).Mass spectrometry analysis (Table S2) revealed
phycobilisome-related proteins in ~100 kDa bands, e.g., the
phycobilisome rod-core linker and phycobilisome linker (both in the
range of 30 kDa), phycobilisome linker core-membrane (LCM,
101.06 kDa) as well as phycocyanin β chain and phycobiliprotein
core-membrane linker, ApcE (100.9 kDa), with the highest identifica-
tion score. These bands were previously identified as IgE-binding pro-
teins from M. aeruginosa and Spirulina (i.e., LCM protein and
phycocyanin β subunit) (Petrus et al., 2010; Geh et al., 2015). Other
high-score proteins varied between the different species and included
ATPase, ATP synthase subunits, and Photosystem I and II proteins,
with the latter being bound to the phycobilisome complex at the inner
part of the chloroplast membrane (Sidler, 1995).

Fig. 1C shows the C-PC protein bands on SDS-PAGE (lane 1) com-
pared to IgE-binding bands in immunoblot (line 2) from pooled plasma
samples (PL 1, 3, 4 and 5). Prominent IgE-binding bands were detected
at ~50 and 60 kDa. The four additional species presenting IgE-binding
bands in the size range of C-PC (Fig. 1B) were C. siamensis,
L. lagerheimii, Nostoc sp. and Phormidium sp. Proteins within the
50 kDa band belong to the phycobilisome complex as identified by
mass spectrometry (Table S2, in bold), and the highest identification
score for these proteins was given to Phormidium sp., in concordance
with the observed bands in Fig. 1B.

Further characterization and quantification of the phycocyanin pro-
tein in the different cyanobacteria is presented in Fig. 1D. The
phycocyanin-related bands in immunoblot can be divided into five
groups: group I (160–250 kDa) includes phycocyanin hexamers
(Morschel et al., 1980), group II (90–120 kDa) comprises the core-
membrane linker polypeptides as well as phycocyanin trimers (Sidler,
1995;Morschel et al., 1980), group III (45–60 kDa) contains C-PCmono-
mers (Morschel et al., 1980), group IV (30–40 kDa) represents the rod
and rod-core linker polypeptides (Sidler, 1995), and group V (10–
20 kDa) contains the monomeric form of phycocyanin (Bloomfield
and Jennings, 1969), phycobiliprotein subunits and small linker pro-
teins (Sidler, 1995). The bands expressed by each species are summa-
rized and compared to the IgE-binding bands in Table S3. An overlap
between phycocyanin and IgE-binding proteins occurred for one or
more bands of each cyanobacterial taxon, as well as for the C-PC stan-
dard, where both bands detected by the phycocyanin antibody reacted
with allergic donor IgE as well. The monomeric form of α- (~21 kDa)
and β-phycocyanin-subunits (~18 kDa) did not react with the IgE-
antibodies (Fig. 1C, lane 2). As expected, no phycocyanin-binding
band was observed for the grass pollen control.

Phycocyanin bands of 100–110 kDa, indicating core-membrane link-
er polypeptides or the trimer form of C-PC (Fig. 1D, group II), and
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Fig. 1. Immunoblot analysis of cyanobacterial protein extracts. (A) SDS-PAGE separation of cyanobacterial protein extracts. (B) IgE-reactive bands from separated proteins blotted and
probed with patient plasma. Results show species-extracts interacting with PL 4. (C) Immunoblot of C-PC standard with pooled patients' plasma (PL 1, 3, 4 and 5). Lanes: M, molecular
weight standard; 1, C-PC protein bands; 2, IgE-binding protein bands. (D) C-PC-reactive bands from separated proteins blotted and probed with anti-phycocyanin antibody. Brackets I–
V represent the five phycocyanin-related groups (Sidler, 1995; Morschel et al., 1980). Lanes in panel A, B and D: M, molecular weight standard; 1, Microcystis aeruginosa; 2,
Cylindrospermum siamensis; 3, Anabaena ambigua; 4, Lyngbya lagerheimii; 5, Planktothrix agardhii; 6, Synechocystis sp.; 7, Phormidium sp.; 8, Nostoc sp.; 9, Phleum pratense and (D only)
C-PC standard, respectively. Data are representative for ≥2 independent experimental repeats. The previously reported allergenic species M. aeruginosa is denoted (★).
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corresponded with IgE-binding in fresh water cyanobacteria, and the
Nostoc sp. (which presented weak phycocyanin-containing bands, su-
perimposable to its IgE-binding bands, Fig. 1B, lane 9). Both
Synechocystis sp. and Phormidium sp. showed distinct similarities be-
tween phycocyanin (Fig. 1D, lanes 6 and 7) and IgE-binding proteins,
with multiple dual-reactive phycocyanin bands at higher molecular
mass fractions for Synechocystis sp.

3.2. Higher cyanobacterial-specific IgE levels in plasma samples from aller-
gic compared to non-allergic donors

To determine the amount of cyanobacteria specific IgE in the plasma
samples, a quantitative ELISA was performed (Fig. 2). Phleum pratense-
specific IgE levels are presented in comparison (Fig. 2, upper right).
The different plasmas from the allergen-sensitized donors expressed
varying amounts of IgE upon exposure to different cyanobacterial ex-
tracts. These IgE concentrations were approximately one order of mag-
nitude lower than those obtained upon exposure to the P. pratense grass
pollen extract (with levels over 100 kU L−1 inmost plasmas), and in the
same range as the phycocyanin-specific IgE. All examined donor
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Fig. 2. Cyanobacteria-specific IgE concentration in examined plasmas. ELISA evaluation of
specific IgE concentration against cyanobacteria and C-PC standard in plasma samples
from allergic patients (PL 1–7) and a negative control plasma (PL N1). Phleum pratense
grass pollen extract is shown for comparison. Data are representative of 3 independent
experimental repeats.
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plasmas presented significantly higher IgE levels compared to the neg-
ative control plasma, PL N1.

3.3. Induction of IgE-dependent and IgE-independent basophilic degranula-
tion by cyanobacterial extracts

The presence of specific IgE levels in patients' plasma does not nec-
essarily lead to IgE cross-linking and the initiation of an allergic re-
sponse. Therefore, we further performed a mediator release assay
with RBL cells expressing the human high-affinity receptor for IgE
(FcεR1) on their surface (Vogel et al., 2005). In this assay, human IgE
is bound by FcεR1, and functional cross-linking by allergens will lead
to the release of mediators including β-hexosaminidase, which can eas-
ily be measured by a substrate reaction. Fig. 3 shows the results of a
representative mediator release assay for cells sensitized with PL 4
and cross linked by exposure to serial dilutions of the different
cyanobacterial extracts. High release levels were observed for Nostoc
sp. (56 ± 3%), but similar levels were also detected after stimulation
of the RBL cells sensitized with negative control plasma and treated
with this cyanobacterial extract, and evenwithout plasma sensitization.
H
e

x
o

s
a

m
i
n

i
d

a
s

e
r
e

l
e

a
s

e
 
(
%

)

Protein concentration (µg mL
-1

)

Spontaneous 
release

Human

1E-4 1E-3 1E-2 1E-1 1E0 1E1
0

10

20

30

40

50

60

70

80

90

100

Mic
Cyl
Ana
Lyn
Syn
Pho
Nos
Phl

α

Fig. 3. In vitro characterization of cyanobacterial extracts. Mediator release from FcεRI-
humanized RBL cells sensitized with human plasma (PL 4) was determined for serial
dilutions of the cyanobacterial proteins. Anti-human IgE was used as positive control
(upper dashed line), and cells without cyanobacterial extracts as negative control (lower
dashed line). Mean values of triplicates are shown, with p b 0.01 compared with control
plasma for all samples.
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This indicates an IgE-independent degranulation response to antigens
from this cyanobacterial species. The maximal release values of the
other cyanobacteria did not differ much, and ranged from 26 to 31%.
The species C. siamensis (30 ± 3%), A. ambigua (32 ± 2%),
L. lagerheimii (27 ± 3%), and M. aeruginosa (28 ± 3%) showed their
highest release levels at a protein concentration of 1 μg mL−1. Mediator
release induced by Synechocystis sp. (30 ± 2%) was highest at 10
μg mL−1 protein concentration, while Phormidium sp.-induced release
was 31 ± 2% at 0.1 μg mL−1. As a positive control, cells were sensitized
with 0.3 μgmL−1 polyclonal human IgE and then cross-linkedwith goat
anti-human IgE (1:500), or with PL 4 and timothy grass pollen extract,
which resulted in maximal β-hexosaminidase release of 94 ± 5% and
64 ± 6% (at 1 μg mL−1), respectively. No release was observed with
the extracts for the control plasmas.

The unique behavior of Nostoc sp. was also noted in its anti-
inflammatory properties (Fig. S1, A and B). This species was the only
one showing a reduction of LPS-induced inflammation by 50% and
87% in the THP-1 cell line at 1 μg mL−1 and 10 μg mL−1, respectively,
compared to cells treated with LPS alone. Cyanobacteria-exposed THP-
1 were tested for toxicity, as assessed by THP-1 viability demonstrating
insignificant difference between THP-1 exposed to cyanobacterial ex-
tracts at both concentrations and the controls (see Supporting Informa-
tion for more details).

3.4. Cross-reactivity between cyanobacterial species, pollen allergens and
C-PC

To understand similarities in IgE-binding epitopes, we performed
dose-dependent ELISA inhibition assays with cyanobacterial proteins
as well as grass and birch pollen extracts (Fig. 4). The maximum inhibi-
tion values are presented in Fig. S2 as a heat map. Generally, Nostoc sp.
and both the grass (P. pratense) and the birch pollen extract (B. pendula)
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Fig. 4. Cross-reactivity of cyanobacterial proteins analyzed by inhibition ELISA. Cyanobacterial p
were tested for IgE-binding inhibition. Pooled plasma (including PL 1, 3, 4 and 5) were pre-inc
plates, coated with extracts of the different cyanobacteria species as well as P. pratense and
antibody. Data are representative of two independent experimental repeats. The same pooled
were less efficient inhibitors for the tested cyanobacteria (compared to
the average values), and pollen extracts were never exceeding an inhi-
bition of 20% (Fig. 4, charts 1–8). Inhibition of P. pratense by
cyanobacterial protein extracts was also relatively low (below 25% in
all cases), whereas inhibition of B. pendula by cyanobacteria was higher,
with highest rates observed by Synechocystis sp. (42.2±4%),A. ambigua
(38 ± 1%) and P. agardhii (34 ± 2%). Insignificant or no inhibition of
IgE-binding was observed for the negative control (KLH). Self-
inhibition in all samples was in the range of 70–80%.

Freshwater cyanobacterial extracts (Fig. 4, chart 1–5) showed cross-
reactivity with Spirulina-extracted C-PC, which was significantly higher
compared to species originating from other growth environments
(Fig. 4, chart 6–8). Although low C-PC inhibited,marine species strongly
inhibited fresh water cyanobacterial extracts, whereas fresh water spe-
cies did not inhibit Synechocystis sp. or Phormidium sp.

4. Discussion

In recent years, cyanobacteria have been in the spotlight due to their
beneficial effects, among which are their high nutrition levels and their
ability to produce biofuel and assimilate carbon and nitrogen. As their
global biomass also increases due to climate change, there is a need to
properly characterize potential hazards associated with this phylum.
In this study, we investigated the allergenic properties of cyanobacteria,
thriving within different habitats and ecological niches.

We observed distinct IgE-binding patterns for the examined fresh
water cyanobacteria. Analysis of the corresponding bands revealed
phycobilisome-related proteins, previously identified as IgE-binding
proteins fromM. aeruginosa and Spirulina (i.e., LCM protein and phyco-
cyanin β subunit) (Petrus et al., 2010; Geh et al., 2015). IgE bindingwas
also found for the standard C-PC proteins, in contrast to the study by
Geh et al. (Geh et al., 2015), where no IgE-reactive bands had been
0.2 1 5 25 125 0.2 1 5 25 125

0.2 1 5 25 1250.2 1 5 25 125

 Mic  Pla C-PC
 Cyl    Syn Phl.p
 Ana Pho Bet.p
 Lyn  Nos KLH

ntration (µg mL
-1

)

3 Ana 4 Lyn

7 Pho 8 Nos

rotein extracts (charts 1–8), P. pratense extract (chart 9), and B. pendula extract (chart 10)
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B. pendula, respectively. Bound IgE was quantified with an HRP-labeled anti-human IgE
plasma was used for all experiments.
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detected for this standard. We attribute this difference to variations in
specific IgE content in the tested plasmas/sera used in both studies.
The absent IgE-binding signal of the monomer form of α- and β-
phycocyanin subunits may indicate that the dimer form (~50 and
60 kDa) exposes IgE-binding epitopes different from the monomers.

The terrestrial Nostoc sp. presented weak IgE-binding bands, which
might either result from low levels of IgE-binding proteins, lower expo-
sure of the allergic individual to this subgroup or binding interferences
by other substances.Nostoc spp. are known for their thickmucilaginous
carbohydrate sheaths (Oren, 2014; Jordan, 2004), which might cause
difficulties in isolation of different compounds from cells. They may
also interact with specific compounds (e.g., proteins), as was previously
shown for Nostoc commune DRH1 (Jordan, 2004), reducing their avail-
ability for IgE-binding. Nevertheless, the IgE-binding proteins shared
common bandswith phycocyanin in fresh water-derived cyanobacteria
aswell asNostoc sp., suggesting the core-membrane linker polypeptides
(indirectly binding the phycocyanin) or the trimer form of C-PC as IgE-
binding candidates.

On the other hand, different IgE-binding bands were observed for
Synechocystis sp. and Phormidium sp. (originating frommarine environ-
ments), as well as distinct correlation patterns between phycocyanin
and IgE-binding proteins. It might be that proteins other than phycocy-
anin are involved, or, alternatively, thismay reflect differences in phyco-
cyanin structure in these species. This conclusion is supported by
previous publications that reported a unique phycocyanin structure of
marine cyanobacteria (Sidler, 1995; Sonani et al., 2015). The differences
in structure of the phycobiliprotein pigments compared to fresh water
species are attributed to adaptation and modification for optimal light
absorption in sea-water. However, conserved regions are yet present,
allowing protein recognition by polyclonal antibody. The higher num-
ber of phycocyanin components as detected by western blotting using
the anti-phycocyanin antibody compared to IgE-binding bands indi-
cates a limited number of primarily allergenic proteins of the
phycocyanin-complex.

In preliminary experiments C-PC was found to induce an upregula-
tion of dendritic cell (DC) activation markers (data not shown), which
was not due to LPS contamination. This implies that C-PC has intrinsic
DC-activation properties that may contribute to its allergenicity, but
this requires further investigation.

The different reactivity patterns of specific IgE against
cyanobacterial strains indicate diverse epitope recognitions by IgE
of the different plasma samples. This strengthens our statement
that in addition to phycocyanin, other IgE-binding proteins/epitopes
are present in cyanobacteria. The latter statement is further support-
ed by the comparison of phycocyanin protein bands with the bands
detected by patients' IgE, where some IgE-bound proteins were not
identified as phycocyanin.

The false-positive behavior of the Nostoc sp. observed in the media-
tor release assay is most probably due to a substance that is able to ac-
tivate the RBL cells independently from IgE, and not by an allergenic
component. In a preliminary study, a slight degranulation could be ob-
served for RBL cells, sensitized with various plasmas, cross-linked with
C-PC standard. As the signal is not sufficient for the tested plasmas, to
determine the C-PC allergenicity further, a larger cohort would be need-
ed where the prior sensitization to cyanobacteria had been verified by
skin tests.

The observed cross-reactivity of fresh water cyanobacteria with Spi-
rulina-extracted C-PC may be explained by the origin of the Spirulina,
which is mostly grown in fresh water (Vonshak, 1997). Thus, the struc-
tures of the phycocyanins probably share similarities in IgE-binding epi-
topes. Marine species strongly inhibited fresh water cyanobacterial
extracts, however, amild inhibition for themarine specieswas observed
by C-PC. These results emphasize structural differences in phycocyanin
molecules between species (Sidler, 1995), which apparently affect their
IgE-binding efficiencies. Moreover, other molecules may participate in
IgE-binding and in the potential induction of allergies by cyanobacteria.
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The moderate to high inhibition of B. pendula by cyanobacterial
strains implies a potential similarity between the cyanobacterial IgE-
binding proteins and a selected B. pendula protein, requiring further in-
vestigation. The insignificant inhibition of B. pendula by phycocyanin
suggests an alternative cyanobacterial IgE-binding protein for the ob-
served similarity.

The low IgE-binding abilities observed for the Nostoc sp. throughout
all assays, together with the false-positive stimulation of IgE cross-
linking lead to the conclusion that this taxon is an unsuitable candidate
for allergy induction. Self-inhibition of cyanobacteria is most probably
influenced by other compounds in the crude protein extracts which in-
terfere with IgE-binding, reducing binding efficiency to epitopes
(Chlipala et al., 2009).

In conclusion, we observed distinguished allergenic activity of the
examined fresh water cyanobacteria compared to marine- and soil-
derived taxa. The standard C-PC from Spirulina demonstrated similari-
ties in all immunoassays for fresh water cyanobacteria, supporting its
role as a prime allergenic protein candidate in these species. Differences
in IgE-binding proteins compared to the phycocyanin protein patterns
observed in immunoblot and inhibition assays, indicate the presence
of additional allergenic proteins,which should be investigated in further
detail. Differences in inhibition patterns and in immunoassays between
freshwater species and cyanobacteria fromother environments suggest
different allergenic protein types or structures. Low allergenic potential
was determined by combined analyses for the terrestrialNostoc sp., and
the involvement of itsmucilaginous layer in inhibition of the protein ac-
tivity and availability should be examined. Further studies are needed to
identify and fully characterize these allergens, including the abundance
of such allergies in the general population, the suspected additional al-
lergenic proteins observed in this study and the similarities with other
allergens.
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Materials and Methods 

Table S1. Detailed description of specific IgE levels in different plasma samples. 

Sample ID PL 1 PL 2 PL 3 PL 4 PL 5 PL 6 PL 7 PL N1 PL N2 PL N3 
Grasses 
Sweet Vernal Grass a a >100 a a a c b b b 
Bermuda Grass 41.0 5.9 89.0 a a a c b b b 
Orchard Grass a a >100 a a a c b b b 
Meadow Fescue a a >100 a a a c b b b 
Perennial Rye Grass a a >100 a a a c b b b 
Timothy Grass >100 90.2 >100 77.8 43.0 20.7 23.7 b b b 
Common Reed Grass 77.5 15.8 >100 a a 0.7 c b b b 
Meadow Grass 
(Kentucky Blue) a a >100 a a a c b b b 

Red Top a a >100 a a a c b b b 
Johnson Grass 63.1 13.4 93.0 a a a c b b b 
Brome Grass a a >100 a a a c b b b 
Cultivated Rye Grass a a >100 a a a c b b b 
Velvet Grass a a >100 a a a c b b b 
Cultivated Oat Grass a a >100 a a a c b b b 
Cultivated Wheat Grass a a >100 a a a c b b b 
Meadow Foxtail Grass a a >100 a a a c b b b 
Trees 
Box-elder (Maple) 9.6 4.6 25.1 a a a c b b b 
Grey Alder >100 43.0 6.1 a a a c b b b 
Silver Birch >100 37.2 12.0 >100 5.0 83.0 >100 b b b 
Hazel 58.9 24.5 12.0 a a a c b b b 
American Beech 78.5 26.1 24.8 a a a c b b b 
Mountain Juniper 
(Cedar) 10.2 2.7 13.9 a a a c b b b 

Oak 25.0 21.0 25.2 a a a c b b b 
Elm 31.7 6.7 23.1 a a a c b b b 
Olive 24.3 10.1 32.3 a 3.5 a c b b b 
Walnut 24.7 9.4 24.1 a a a c b b b 
Maple Leaf Sycamore, 
London Plane 33.5 4.2 28.3 a a a c b b b 

Willow 14.6 5.8 23.6 a a a c b b b 
Cottonwood 15.6 3.3 22.3 a a a c b b b 
White Ash 42.7 16.9 24.3 a a a c b b b 
White Pine 4.0 1.4 19.9 a a a c b b b 
Japanese Cedar 16.6 1.9 20.4 a a a c b b b 
Pecan, Hickory 10.3 7.8 20.4 a a a c b b b 
Italian/Funeral Cypress 9.4 2.4 15.0 a a a c b b b 
Food 
Egg White 0.9 2.7 a 32.2 5.4 b c b b b 
Milk 1.3 0.4 a a 2.3 a c b b b 
Codfish 68.4 26.5 a a b a c b b b 
Wheat 20.4 1.8 31.8 a a a c b b b 
Rye 19.9 2.2 28.4 a a a c b b b 
Barley 22.2 2.0 27.5 a a a c b b b 
Oat 18.0 4.5 21.4 a a a c b b b 
Corn 20.9 1.6 16.2 10.9 a a c b b b 
Rice 21.4 2.4 27.4 a a a c b b b 
Sesame Seed 59.6 8.1 27.0 a a a c b b b 
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Buckwheat 6.5 2.7 26.7 a a a c b b b 
Green Pea 3.8 1.7 11.9 a a a c b b b 
Peanut 8.7 a 30.9 >100 2.9 a c b b b 
Soybean 10.1 2.9 21.5 15.2 0.4 1.2 c b b b 
White Bean 9.1 0.9 21.7 a a a c b b b 
Hazelnut >100 29.3 20.6 >100 b a 68.1 b b b 
Brazil Nut 3.8 1.1 9.9 >100 a a c b b b 
Almond 4.5 6.3 21.6 57.9 a a c b b b 
Crab 28.2 5.0 9.2 >100 a a c b b b 
Shrimp 66.2 17.4 0.9 >100 9.3 a c b b b 
Tomato 23.5 4.3 25.0 a a a c b b b 
Pork 3.3 1.9 a 22.3 a a c b b b 
Beef 0.4 b a a a a c b b b 
Carrot 20.0 4.7 25.2 a a a c b b b 
Orange 20.1 1.9 18.8 a a a c b b b 
Potato 19.8 1.9 27.5 a a a c b b b 
Coconut 5.7 1.3 13.5 8.1 a a c b b b 
Blue Mussel 8.2 0.5 0.7 51.0 a a c b b b 
Tuna 11.4 7.9 a 2.2 a a c b b b 
Salmon 44.6 25.9 a a a a c b b b 
Strawberry 5.5 4.5 21.1 a a a c b b b 
Baker’s Yeast 34.8 5.4 1.1 a a a c b b b 
Garlic 24.7 3.1 32.3 a a a c b b b 
Onion 15.0 4.1 27.9 a a a c b b b 
Apple 6.2 11.5 15.7 a a a c b b b 
Egg Yolk 0.4 1.3 a a a a c b b b 
Chicken Meat 0.6 0.5 a 50.2 a a c b b b 
Weeds 
Common Ragweed 26.9 5.3 28.5 14.7 1.9 0.7 c b b b 
Western Ragweed 18.1 3.6 28.9 a a a c b b b 
Giant Ragweed 17.9 6.6 28.3 a a a c b b b 
Wormwood 27.8 3.3 23.8 a a a c b b b 
Mugwort 16.8 2.8 22.5 a b a c b b b 
Ox-Eye Daisy 10.1 3.4 24.3 a a a c b b b 
Dandelion 11.8 2.6 21.4 a a a c b b b 
English Plantain 32.9 4.1 26.1 a a a c b b b 
Lamb’s Quarter 11.0 6.0 27.0 a a a c b b b 
Russian Thistle 15.3 9.4 28.6 a a a c b b b 
Goldenrod a 3.1 25.3 a a a c b b b 
Cocklebur 24.3 5.2 30.0 a a a c b b b 
Common Pigweed 9.67 10.0 25.5 a a a c b b b 
Scale, Lenscale 14.4 3.0 27.1 a a a c b b b 
Sheep Sorrel 11.1 3.9 37.8 a a a c b b b 
Wall Pellitory (Parietaria 
officinalis) 7.5 6.0 28.0 a a a c b b b 

Nettle 6.7 6.0 33.0 a a a c b b b 
Parietaria judaica 11.0 4.4 28.8 a 2.4 a c b b b 
Animals 
Cat Dander Epithelium 40.4 28.5 3.3 >100 62.1 2.8 c b b b 
Dog Epithelium a a a a a 1.3 c b b b 
Horse Dander 35.1 14.4 a a 14.7 a c b b b 
Cow Dander 5.4 10.2 1.2 a 30.1 a c b b b 
Dog Dander 17.9 92.5 2.7 >100 >100 a c b b b 
Guinea Pig Epithelium 5.8 7.1 a a 7.8 a c b b b 
Pigeon Droppings 9.5 4.9 0.9 a 3.7 a c b b b 
Molds 
Penicillium notatum 2.1 3.0 1.0 a a a c b b b 
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Cladosporium herbarum 4.9 60.5 0.8 40.2 a a c b b b 
Aspergillus fumigatus 21.6 13.1 3.5 32.1 10.2 b c b b b 
Mucor racemosus 4.2 2.7 1.5 14.3 a a c b b b 
Candida albicans 22.7 11.8 5.3 65.4 a a c b b b 
Alternaria tenuis 3.9 10.7 8.5 16.9 5.0 b c b b b 
Botrytis cinerea 14.2 5.1 2.6 23.6 a a c b b b 
Setomelanomma rostrata 21.2 12.7 11.8 42.3 a a c b b b 
Fusarium prolieratum 37.1 8.6 2.4 24.2 a a c b b b 
Stemphylium herbarum 2.5 8.7 10.7 a a a c b b b 
Rhizopus nigricans 14.0 5.7 2.4 27.2 a a c b b b 
Aureobasidium pullulans 16.5 9.9 2.6 a a a c b b b 
Phoma betae 33.0 6.7 15.8 a a a c b b b 
Epicoccum purpurascens 10.5 9.7 20.9 a a a c b b b 
Trivchoderma viride 6.5 5.0 a a a a c b b b 
Curvularia lunata 2.4 4.2 8.6 a a a c b b b 
Insects 
Honey Bee Venom 2.4 b 25.7 a a c c c c c 
White-faced Hornet 3.0 0.4 16.8 a a c c c c c 
Yellow Jacket Venom 3.7 0.4 11.5 a a c c c c c 
Paper Wasp Venom 3.5 0.6 1.1 a a c c c c c 
Cockroach 24.2 12.3 14.3 a 1.1 c c c c c 
Mites 
Dermatophagoides 
pteronyssinus 81.0 31.5 0.7 >100 >100 22 c b b b 

Dermatophagoides 
farinae 70.6 36.8 0.9 a a a c b b b 

Dermatophagoides 
microceras a a 2.4 a a a c b b b 

a Not detected 
b <0.35 kU L-1 
c No information available 
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Mass spectrometry analysis  

In parallel to immunostaining, proteins corresponding to the immunoblot bands were 

detected by staining gel with Coomassie brilliant blue R-250 (Sigma-Aldrich, Darmstadt, 

Germany). The bands were cut from the SDS-PAGE gel for mass spectrometry (MS) analysis as 

described previously (1). In short, protein-containing gel pieces were destained, dehydrated and 

dried. Disulfide bonds were reduced and alkylated. After an additional dehydrating step, proteins 

were digested with trypsin at 37°C overnight. Peptides were loaded onto a self-prepared C18-

layered StageTip (2), washed with 50 mM ABC, 0.1% formic acid (Merck, Darmstadt, Germany), 

and eluted with 30 µL of 80% ACN, 0.1% formic acid. 

For MS analysis of the peptides, samples were injected into a nano-UHPLC (EASY-nLC 

1000, Thermo Fisher Scientific, Darmstadt, Germany), with an autosampler and loaded onto a 

25 cm capillary (75 µm inner diameter; New Objective, MA, USA) packed in-house with Reprosil 

C18-AQ 1.9 m resin (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) for reversed-phase 

chromatography. Peptide elution from the column was conducted using a 28 min gradient from 2 

to 40% ACN with 0.1% formic acid at a flow rate of 250 nL min-1, and the chromatography was 

stabilized with a 40°C column oven set-up (Sonation, Biberach, Germany).  

The processing of the raw files (listed in Table S1) was performed using MaxQuant (version 

1.5.2.8) and compared to a subset of the Uniprot database (www.uniprot.org, downloaded on June 

27, 2016) using the Andromeda search engine (3) integrated into MaxQuant. Proteins were 

identified with at least two peptides, based on unmodified unique and razor peptides. 

Phycocyanin ELISA 

To measure the concentration of phycocyanin in cyanobacterial extracts, we used a similar 

procedure as in IgE ELISA with some modifications. In short, plates were coated (90% efficiency) 

with cyanobacterial extracts at a protein concentration of 10 µg mL-1 in carbonate buffer. Wells 

reserved for standards were coated with polyclonal rabbit anti-phycocyanin (BYT-ORB10452, 

Biorbyt) at a concentration of 10 µg mL-1 in carbonate buffer. After blocking, C-PC standard serial 

dilutions (0.244 - 250 ng mL-1) in 1% BSA-PBS-T, as well as buffer blank, were dispensed to the 

corresponding wells. Cyanobacteria and pollen extracts (diluted with 1% BSA-PBS-T) were added 

to the remaining wells with three dilutions per extract (5, 25 and 125 µg mL-1) and incubated at 

room temperature for 2 h. Bound phycocyanin was detected with HRP conjugated rabbit anti-
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phycocyanin antibody (diluted 1:100,000 in 1% BSA-PBS-T) and the experiment was proceeded 

as described above. Results are reported in ng mL-1 of protein extract, as calculated from the linear 

phase of the dilution to OD curves. 

Cell culture growth conditions 

Human monocytic THP-1 cells (ATCC code TIB-202; LGC Standards GmbH, Wesel, 

Germany) were grown in RPMI 1640 medium containing 25 mM D-glucose, 10 mM HEPES, 

2 mM L-glutamine, 18 mM sodium bicarbonate, 1 mM sodium pyruvate (Thermo Fisher 

Scientific, Darmstadt, Germany) supplemented with 10% heat-inactivated fetal calf serum (FCS; 

Biochrom, Berlin, Germany), 1% penicillin/streptomycin (Thermo Fisher Scientific) and 0.05 mM 

β-mercaptoethanol (Sigma Aldrich) in a humidified atmosphere of 5% CO2 at 37°C.  

HeLa Toll-like receptor (TLR) 4 reporter cells (Novusbio, Wiesbaden, Germany) were stably 

transfected with a plasmid for constitutive firefly luciferase expression (pCMB-firefly-luc-hygro, 

provided by courtesy of Ernst Otto Bockamp, University Medical Center of the Johannes 

Gutenberg University, Mainz, Germany) by using Lipofectamine 3000 (Thermo Fisher Scientific) 

following the manufacturer’s protocol. The cells were grown in Dulbecco's Modified Eagle's 

Medium (Thermo Fisher Scientific) containing 25 mM D-glucose, 1 mM sodium pyruvate 

supplemented with 10% FCS (heat-inactivated) and 1% penicillin/streptomycin, in a humidified 

atmosphere of 5% CO2 at 37°C. 

TLR4 activation assays  

a. Anti-inflammatory activity

The anti-inflammatory abilities of the eight cyanobacteria species were examined by detecting 

IL-8 levels in the THP-1 cell line. Four x 104 THP-1 monocytes were seeded in 100 µL culture 

medium per well in V-shaped 96-well plates. Cells were incubated at 37°C for 1 h followed by 

incubation with cyanobacteria at two concentrations for 2 h. Afterwards, the inflammatory signal 

was induced by 50 ng mL-1 lipopolysaccharide (LPS; from E. coli O111:B4, Invivogen, San Diego, 

CA, USA) for 4 h. Incubation with PBS was used as negative control, and 50 ng mL-1 LPS served 

as positive control. The cell supernatant was collected for ELISA and the cells were washed with 

culture medium before performing Alamar Blue Assay (Thermo Fisher Scientific) to detect cell 

viability. Human IL-8 protein concentrations in the cell supernatant were measured using the 
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Human IL-8 ELISA Set (BD Biosciences, San Diego, CA, USA) following the manufacturer’s 

protocol. The supernatant was diluted 6-fold for the measurement. The absorbance was measured 

using a microplate reader (Synergy Neo, Biotek, Bad Friedrichshall, Germany) at 450 nm. Cell 

viability was determined by the Alamar Blue assay measuring the fluorescence signal with a 

microplate reader (Synergy Neo, Biotek) with an excitation wavelength of 560 nm and an emission 

wavelength of 590 nm. 

b. Inflammatory reactivity

Pro-inflammatory potential of seven cyanobacteria species (except Phormidium sp.) was tested 

using the HeLa TLR4 reporter cell-line. The IL-8 dependent renilla luciferase expression was 

measured in the HeLa TLR4 reporter cell lysate. Two x 104 cells per well were seeded in a flat 

bottom 96-well plate (Greiner, Frickenhausen, Germany) containing 100 µL culture medium and 

incubated overnight. Next, the cells were treated with different concentrations of cyanobacteria (1-

50 µg mL-1), LPS (25 ng mL-1) as positive control or PBS buffer as negative control for 7 h, 

followed by a washing step with PBS containing calcium and magnesium (Thermo Fisher 

Scientific). Lysis of cells was conducted using 10 µL of passive lysis buffer (PLB, Promega, 

Mannheim, Germany), after which cells were stored at -80°C overnight. Analysis of reporter gene 

activities in cell lysate was performed using a dual-luciferase reporter assay (Promega) according 

to the manufacturer´s manual. The luminescence was measured on a plate reader (Synergy Neo). 

The relative luciferase activity was calculated by normalizing each sample’s renilla luciferase 

activity (i.e., TLR4 activation) against the constitutive firefly activity (i.e., viability) measured 

within the same sample. For data analysis, the value of the negative control (PBS-treated) was set 

to 1 and other values were scaled accordingly. 
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Results 

Table S2: Uniprot tremble database subsets used for MS protein identification 

Name Entries 

uniprot-Anabaena.fasta 32527 
uniprot-cylindrospermum.fasta 6288 
uniprot-Lyngbya.fasta 26216 
uniprot-Microcystis.fasta 98050 
uniprot-Nostoc.fasta 40298 
uniprot-Phormidium.fasta 8372 
uniprot-Planktothrix.fasta 8500 
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Table S3: Mass spectrometry protein identification for cyanobacterial IgE-reactive bands 

determined by SDS-PAGE*

Tested 
species 

Fragment size 
(kDa) Candidate protein Identified species Sum of 

peptides 
Unique 
peptides 

MW 
(kDa) 

C
yl

in
dr

os
pe

rm
um

 si
am

en
si

s 100 

Phycocyanin beta subunit C. siamensis 4 4 18.2 
Aconitate hydratase B  C. stagnale 17 17 95.6 
ATPase with chaperone activity C. stagnale 12 12 91.1 
Protein translocase subunit SecA C. stagnale 10 10 106.1 
Phycobilisome core-membrane linker C. stagnale 8 8 126.4 
Alpha-1,4 glucan phosphorylase C. stagnale 7 7 97.0 
Photosystem II CP47 reaction center C. stagnale 7 7 56.7 
Phycobilisome Linker 
polypeptide/CpcD/allophycocyanin linker domain C. stagnale 2 2 36.8 

50 

Phycocyanin beta subunit C. siamensis 5 4 18.2 
60 kDa chaperonin C. stagnale 18 18 58.0 
Glutamine synthetase C. stagnale 17 17 53.1 
Nucleotide sugar dehydrogenase C. stagnale 11 11 49.6 
Nitrogenase protein alpha chain C. stagnale 10 10 56.0 
Glucose-6-phosphate 1-dehydrogenase  C. stagnale 9 9 58.2 
Ribulose bisphosphate carboxylase large chain C. stagnale 9 8 53.1 
Photosystem II D2 C. stagnale 2 2 39.3 
Phycobilisome Linker 
polypeptide/CpcD/allophycocyanin linker domain C. stagnale 2 2 36.8 

A
na

ba
en

a 
am

bi
gu

a 

100 

Phycobilisome linker A. cylindrica 33 5 126.7 
Photosystem I P700 chlorophyll a apoprotein A2 A. cylindrica 4 4 83.1 
Allophycocyanin beta subunit A. sp. 90 2 2 17.3 
UvrB/UvrC protein A. variabilis 5 5 91.4 
Phycocyanin, beta subunit A. variabilis 2 1 18. 4 
Aconitate hydratase B Anabaena sp. wa102 11 3 94.5 

50 

Glutamine synthetase A. cylindrica 17 8 53.2 
Phosphoglucosamine mutase A. cylindrica 14 6 51.8 
Glutamate--tRNA ligase A. cylindrica 11 5 53.9 
6-phosphogluconate dehydrogenase, decarboxylating A. cylindrica 5 5 52.3 
Transcription termination/antitermination protein NusA A. cylindrica 4 4 48.1 
Glycogen synthase A. cylindrica 9 4 54.9 
Phycobilisome linker A. cylindrica 2 2 32.3 
3-octaprenyl-4hydroxybenzoate decarboxylase A. variabilis 4 4 55.5 
Phycocyanin, beta subunit A. variabilis 2 2 18.4 
ATP synthase subunit beta Anabaena sp. 90 10 5 51.7 
ATPase domain-containing protein Anabaena sp. 90 7 7 57.0 
60 kDa chaperonin Anabaena sp. wa102 20 3 58.0 

Ly
ng

by
a 

la
ge

rh
ei

m
ii 

100 

Aldehyde-alcohol dehydrogenase L. aestuarii 4 3 97.4 
Allophycocyanin alpha chain L. aestuarii 2 1 17.5 
Phycobiliprotein ApcE 
Alanine--tRNA ligase 

L. aestuarii 
L. confervoides

2 
4 

1 
3 

102.5 
96.5 

Allophycocyanin L. confervoides 5 2 17.5 
Phycocyanin alpha subunit L. kuetzingiana 2 2 10.2 

Photosystem II CP43 L. sp. (strain PCC
8106) 3 3 44.8 

Aconitate hydratase B Moorea producens 3L 4 3 93.6 
Phosphoenolpyruvate synthase M. producens 3L 3 3 92.6 

50 

60 kDa chaperonin L. aestuarii 5 5 57.9 
Ribulose bisphosphate carboxylase large chain L. confervoides 18 8 52.9 
Allophycocyanin L. confervoides 4 4 17.5 
Phycocyanin alpha subunit L. kuetzingiana 2 2 10.2 
ATPase of the AAA+ class M. producens 3L 5 5 57.8 
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Tested 
species 

Fragment size 
(kDa) Candidate protein Identified species Sum of 

peptides 
Unique 
peptides 

MW 
(kDa) 

Pl
an

kt
ot

hr
ix

 a
ga

rd
ii 

100 

Clp protease ATP binding subunit P. agardhii 16 11 91.6 
Aldehyde-alcohol dehydrogenase P. agardhii 7 7 97.7 
ApnB P. agardhii 7 5 123.5 
Alpha-1,4 glucan phosphorylase P. agardhii 5 5 97.1 
Leucine--tRNA ligase P. agardhii 5 5 97.5 
1-pyrroline-5 carboxylate dehydrogenase P. agardhii 4 4 111.2 
ATPase, E1-E2 type P. agardhii 4 4 102.1 
Isoleucine--tRNA ligase P. agardhii 3 3 112.1 
Phycobiliprotein (ApcE) P. agardhii 2 2 104.8 
Photosystem II CP47 reaction center P. agardhii 2 2 56.5 

80 

Clp protease ATP binding subunit P. agardhii 16 11 91.6 
Aconitate hydratase B  P. agardhii 5 5 89.8 
Photosystem I P700 chlorophyll a apoprotein A2 P. agardhii 3 3 83.0 
Photosystem I P700 chlorophyll a apoprotein A1 P. agardhii 2 2 83.1 
Bile acid beta-glucosidase P. agardhii 2 2 94.0 
ClpC P. agardhii 2 2 87.1 
Photosystem II D2 P. agardhii 2 2 41.9 

50 

60 kDa chaperonin P. agardhii 11 11 58.2 
Ribulose bisphosphate carboxylase large chain P. agardhii 8 6 53.2 
ATP synthase subunit beta P. agardhii 4 4 51.8 
D-3-phosphoglycerate dehydrogenase P. agardhii 3 3 56.5 
Photosystem II D2 P. agardhii 2 2 41.9 
Photosystem II CP43 reaction center P. agardhii 2 2 53.5 

Ph
or

m
id

iu
m

 sp
. 

50 

Phycoerythrin Beta subunit P. rubidum 5 5 18.5 
Phycoerythrin Alpha subunit P. rubidum 4 4 17.2 
Allophycocyanin P. rubidum 4 4 16.8 
Allophycocyanin P. rubidum 4 3 16.6 
ATP synthase subunit beta P. willei 4 4 52.3 
ATP synthase subunit alpha P. willei 3 3 54.5 

Ribulose bisphosphate carboxylase large chain Phormidium sp.
OSCR 4 4 57.1 

Phycocyanin alpha subunit CpcA Phormidium sp.
OSCR 3 2 17.6 

N
os

to
c 

sp
. 

110 

Phycobilisome linker polypeptide ApcE N. punctiforme 26 9 126.2 
DNA-directed RNA polymerase subunit beta N. punctiforme 8 5 123.2 
Carbamoyl-phosphate synthase (glutamine-hydrolyzing) N. punctiforme 5 5 119.2 
Protein translocase subunit SecA N. punctiforme 15 4 106.1 
Putative delta-1-pyrroline-5-carboxylate dehydrogenase N. punctiforme 10 4 109.4 
Phycocyanin, alpha subunit PcyA  N. punctiforme 3 3 17.6 
Phycobilisome linker polypeptide CpcC N. punctiforme 2 2 32.0 

Phycocyanin, beta subunit  Nostoc sp. (ATCC
29411/PCC 7524) 2 2 18.4 

Phycobilisome protein 
All3041 protein 

Nostoc sp. NIES-3756 
Nostoc sp. PCC 7107

4 
2 

2 
1 

126.9 
116.2 

All3041 protein Nostoc sp. PCC 7107 2 1 116.2 
Allophycocyanin beta subunit Nostoc sp. PCC 7107 2 1 17.3 

50 

Peptidase U62 N. flagelliforme 10 10 53.3 
6-phosphogluconate dehydrogenase, decarboxylating N. punctiforme 12 12 52.2 
S-adenosylmethionine synthase N. punctiforme 9 9 45.7 
Aldehyde dehydrogenase N. punctiforme 7 6 49.2 
Alpha amylase, catalytic region N. punctiforme 9 5 55.6 
Adenylosuccinate synthetase N. punctiforme 9 5 49.2 
Phycocyanin, alpha subunit PcyA N. punctiforme 2 2 17.6 

Asparagine--tRNA ligase Nostoc sp. (ATCC
29411/PCC 7524) 5 5 52.8 

Photosystem II CP47 reaction center Nostoc sp. (ATCC
29411/PCC 7524) 3 3 56.3 

Long-chain-fatty-acid--CoA ligase Nostoc sp. PCC 7107 4 4 54.9 
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Tested 
species 

Fragment size 
(kDa) Candidate protein Identified species Sum of 

peptides 
Unique 
peptides 

MW 
(kDa) 

M
yc

ro
cy

st
is

 a
er

og
in

os
a 

100 

Phycobiliprotein ApcE M. aeruginosa 40 40 100.9 
DNA-directed RNA polymerase subunit beta M. aeruginosa 30 30 123.9 
Protein translocase subunit SecA M. aeruginosa 26 26 107.3 
HlyB protein M. aeruginosa 20 20 112.4 
Delta-1-pyrroline-5-carboxylate dehydrogenase, putative M. aeruginosa 19 19 109.8 
Glycine dehydrogenase (decarboxylating)  M. aeruginosa 16 16 108.6 
Isoleucine-tRNA ligase M. aeruginosa 16 16 107.8 
Genome sequencing data, contig C283 M. aeruginosa 12 12 118.9 
UvrABC system protein A M. aeruginosa 12 12 106.3 
Photosystem II CP43 reaction center protein M. aeruginosa 9 9 50.2 
C-phycocyanin beta chain M. aeruginosa 6 6 18.2 
Multidrug transporter MdtC M. aeruginosa 6 6 109.5 
Phycobilisome core-membrane linker M. aeruginosa 7 7 101.06 
phycocyanin alpha subunit M. aeruginosa 5 5 10.0 
Phycobilisome 32.1 kDa linker M. aeruginosa 5 5 32.2 
Phycobilisome rod-core linker M. aeruginosa 4 4 28.7 
Patatin-related protein M. aeruginosa 36 2 116.5 
Allophycocyanin beta chain M. aeruginosa 2 2 17.1 

80 

Aconitate hydratase B M. aeruginosa 18 18 93.7 
Photosystem I P700 chlorophyll a apoprotein M. aeruginosa 13 13 82.4 
Negative regulator of genetic competence ClpC/MecB M. aeruginosa 17 12 91.4 
Photosystem I P700 chlorophyll a apoprotein A1  M. aeruginosa 11 11 82.5 
1,4-alpha-glucan branching enzyme GlgB M. aeruginosa 9 9 88.1 
Alpha-1,4 glucan phosphorylase M. aeruginosa 24 8 96.5 
Phosphoenolpyruvate synthase M. aeruginosa 8 8 89.9 
Cyanophycin synthetase  M. aeruginosa 7 7 95.1 
DNA gyrase subunit A M. aeruginosa 6 6 94.3 

30 

ATP synthase subunit beta M. aeruginosa 34 34 51.7 
Phycobiliprotein ApcE M. aeruginosa 25 25 100.9 
ATP synthase subunit alpha M. aeruginosa 25 25 54.0 
Glutamine synthetase M. aeruginosa 26 23 53.0 
4-alpha-glucanotransferase M. aeruginosa 21 21 56.8 
Ribulose bisphosphate carboxylase large chain M. aeruginosa 32 20 52.4 
60 kDa chaperonin M. aeruginosa 19 19 57.6 
Glycogen synthase M. aeruginosa 17 17 54.6 
Ferredoxin--nitrite reductase M. aeruginosa 15 15 57.0 
C-phycocyanin beta chain M. aeruginosa 7 7 18.2 
C-phycocyanin alpha chain M. aeruginosa 7 7 17.5 
Phycobilisome 32.1 kDa linker M. aeruginosa 5 5 32.2 
Allophycocyanin alpha chain M. aeruginosa 3 3 17.4 
Photosystem II CP47 reaction center M. aeruginosa 3 3 51.9 
Photosystem II D2 domain M. aeruginosa 2 2 9.3 
Allophycocyanin beta chain M. aeruginosa 2 2 17.1 
Photosystem II CP43 reaction center M. aeruginosa 2 2 50.2 
Phycobilisome rod-core linker M. aeruginosa 2 2 28.7 

* Proteins in bold indicate candidate phycocyanin-related proteins
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Table S4: Comparison of IgE-binding* and phycocyanin protein bands detected from 

different cyanobacterial taxa.** 

IgE-binding bands (kDa) Phycocyanin bands (kDa) 
M. aeruginosa 30, 37, 80, 110 20, 23, 45, 50, 80, 110 
C. siamensis 20, 23, 30, 37, 110 23, 25, 50, 110 
A. ambigua 20, 50, 80, 110 110 
L. lagerheimii 50, 60, 100, 110, 160 110, 150, 160 
P. agardhii 30, 37, 75, 100 75, 100, 150, 240, 250 
Synechocystis sp. 10, 25, 37, 40, 150 20, 37, 40, 50, 75, 85, 110, 150, 160, 200, 240, 260 
Phormidium sp. 10, 50 10, 20, 50, 150 
Nostoc sp. 15, 20, 30, 50, 60, 120 20, 45, 50, 60, 110, 120, 160 
C-PC std. 50, 60 18, 21, 37, 50, 60, 75, 80, 90, 110 
P. pratense 10, 13, 30, 50, 75 -- 

* Protein reaction with PL 4 as representative plasma.

** IgE-binding and phycocyanin protein bands of identical size are printed in bold letters.
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Figure S1: Western blot screen of protein extracts with tested plasma. IgE-reactive bands of Microcystis 
aeruginosa (A), Cylindrospermum siamensis (B), Anabaena ambigua (C), Lyngbya lagerheimii (D), 
Planktothrix agardhii (E), Synechocystis sp. (F), Phormidium sp. (G), Nostoc sp. (H) .and Phleum pratense 
as a positive control (I) with tested plasmas. Data are representative for three independent experimental 
repeats with specific plasma. 
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Phycocyanin content in cyanobacteria species 

Additional evaluation of the phycocyanin levels in each sample was performed by quantitative 

ELISA presented in Figure S2. Highest levels were observed in L. lagerheimii and M. aeruginosa 

extracts (3272 ± 123 and 2773 ± 39 ng mL-1, respectively). C. siamensis (997 ± 76 ng mL-1), A. 

ambigua (629 ± 9 ng mL-1), P. agardhii (643 ± 20 ng mL-1) Nostoc sp. (988 ± 32 ng mL-1) and 

Phormidium sp. (849 ± 26 ng mL-1) presented intermediate levels, whereas Synechocystis sp. 

(315 ± 4) had relatively low phycocyanin levels. Negative controls included pollen extracts, KLH 

and PBS buffer blank, and show significantly low levels of phycocyanin.  

Figure S2: Quantification of phycocyanin concentration in protein extracts. Cyanobacteria, P. pratense 
and Betula pendula extracts were investigated for phycocyanin content using ELISA, detected with rabbit 
HRP-labeled anti-phycocyanin antibody. Values of the negative control, Keyhole limpet hemocyanin (KLH) 
as well as phosphate-buffered saline (PBS) as blank are also presented. Data are representative of two 
independent experimental repeats. Mean values of triplicates are shown, and p < 0.01 compared with control 
plasma for all samples. 
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Inflammation and anti-inflammation of cyanobacteria species 

Cyanobacterial LPS have different effects on the immune system as compared to Escherichia 

coli-derived LPS due to structural differences in the Lipid-A components (4, 5). It was found to 

provoke a reduced activation of the TLR4, leading to a lower intensity of inflammation (6). 

Nevertheless, LPS originating from cyanobacteria can affect the innate immune system by 

provoking allergies or respiratory and skin diseases (7). 

Antibody-driven allergy is regarded as a malfunction of the adaptive immune system (8). 

Nevertheless, the activation of B-cells depends on innate immune activities. One of the most 

prominent reactions of innate immunity is the cytokine release after TLR activation. Therefore, we 

investigated the effect of the cyanobacterial extracts on TLR4, a core receptor in the innate immune 

system. Activation of TLR4 receptor initiates the expression of various pro-inflammatory cytokines 

(e.g., Interleukin (IL)-8).  
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 Figure S3: TLR4 activation by cyanobacterial taxa. The anti-inflammatory effect of cyanobacterial taxa 
as assessed by TLR4 activation normalized to cell viability (A,C) and cell viability (B,D) in THP-1 (A,B) 
and in HeLa TLR4 reporter (C,D) cells. Negative controls represent TLR4 activation of cells exposed to 
PBS buffer and positive controls the effect of TLR4 activation by LPS. Results are presented as mean values 
of triplicates with SD, indicated by error bars. Asterisks denote significantly different groups compared to 
the negative control.  
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Nostoc spp. were previously reported to possess anti-inflammatory abilities.(9-11) However, 

to the best of our knowledge, the data presented here are the first report of anti-inflammatory 

properties for the Nostoc sp. (SAG 70.79) used in this study.  

Several studies investigated the interaction of cyanobacterial LPS with the TLR4 receptor and 

its abilities to block TLR4 activation, hence preventing endotoxin shock and cytokine expression 

(4, 12-14). But the stimulation of TLR4 by cyanobacterial extracts has not been analyzed. LPS 

levels in all cyanobacterial extracts were found to be high, ranging between 1.09 x 105 – 9.18 x 

105 EU mL-1. However in TLR4-activation experiments (Fig. S1, C + D) out of seven investigated 

species, only C. siamensis and A. ambigua protein extracts activated TLR4. We conclude that the 

LPS variants from these species probably do not significantly activate TLR4 due to varying LPS 

structure, as was previously discussed for other cyanobacteria (5, 12). Further studies are needed 

to define the specific triggers of this reaction. 
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Figure S4: Heat map of IgE-binding inhibition. The inhibition indicated as percentages at the maximal 

inhibitor concentration (125 µg mL-1) are summarized in color scale.  

Min

Max

In
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te

d 
sp

ec
ie

s
Inhibitor species

25%

Mic Cyl Ana Lyn Pla Syn Pho Nos Phl Bet C-PC KLH

Mic 74.01 37.89 48.39 34.76 49.12 49.12 54.86 22.95 18.47 9.77 36.75 2.49

Cyl 29.62 71.16 51.07 32.36 29.59 49.56 48.54 32.09 9.21 8.40 35.75 7.92

Ana 51.40 48.75 61.67 49.10 42.86 54.95 45.91 49.94 12.58 5.59 34.18 2.49

Lyn 31.70 34.32 48.48 77.10 22.59 58.88 48.68 37.50 17.18 7.95 31.14 2.49

Pla 65.86 37.89 54.22 34.35 79.96 54.25 41.63 39.58 14.90 10.84 25.32 2.49

Syn 23.75 16.94 28.38 35.47 26.36 65.26 16.94 34.20 3.38 -0.77 19.95 1.49

Pho 26.47 28.17 39.43 25.78 21.82 41.81 76.00 6.29 15.82 7.40 18.00 2.49

Nos 6.87 16.24 32.47 12.54 15.73 28.65 20.74 60.93 13.82 -5.67 17.70 3.02

Phl 15.88 17.35 21.96 13.14 11.89 24.40 15.60 10.63 83.37 16.98 4.01 7.16

Bet 23.17 24.97 37.88 12.06 33.97 42.25 26.02 -11.50 28.29 72.71 8.675 4.23
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