
Effects of selected natural products on human 

immunocompetent cells 

 

Inauguraldissertation 

zur Erlangung der Würde eines Doktors der Philosophie 

vorgelegt der Philosophisch-Naturwissenschaftlichen Fakultät 

der Universität Basel 

von 

Amy Marisa Zimmermann-Klemd 

 

Basel, 2020 
 

 

 

This work is licenced under the agreement  

„Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)“ 

The complete text may be reviewed here:  

https://creativecommons.org/licenses/by-nc-nd/4.0/# 

 

Originaldokument gespeichert auf dem Dokumentenserver der Universität Basel edoc.unibas.ch  



 

Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultät 

auf Antrag von 

 

Prof. Dr. Carsten Gründemann 

Prof. Dr. Matthias Hamburger 

Prof. Dr. Jörg Heilmann 

 

 

Basel, den 17. März 2020 

 

 

Prof. Dr. Martin Spiess 

Dekan 

  



 

Attribution-NonCommercial-NoDerivatives 4.0 International  

(CC BY-NC-ND 4.0) 

 

You are free to: Share — copy and redistribute the material in any medium or format 

The licensor cannot revoke these freedoms as long as you follow the license terms. 

 

 

 

 

 

 

 

 

 

 

No additional restrictions — You may not apply legal terms or technological measures that 

legally restrict others from doing anything the license permits.  

Notices: You do not have to comply with the license for elements of the material in the 

public domain or where your use is permitted by an applicable exception or limitation. 

No warranties are given. The license may not give you all of the permissions necessary for 

your intended use. For example, other rights such as publicity, privacy, or moral rights may 

limit how you use the material. 

 

Source: https://creativecommons.org/licenses/by-nc-nd/4.0/   date: 21.01.2020 

NoDerivatives — If you remix, transform, or build upon the 

material, you may not distribute the modified material. 

NonCommercial — You may not use the material for commercial 

purposes. 

Attribution — You must give appropriate credit, provide a link to 

the license, and indicate if changes were made. You may do so in 

any reasonable manner, but not in any way that suggests the 



 

  



Table of contents 
List of abbreviations ................................................................................................................................. I 

Summary ................................................................................................................................................ III 

Zusammenfassung .................................................................................................................................. VI 

1. Aim of work ..................................................................................................................................... 1 

2. Introduction ..................................................................................................................................... 5 

2.1. The human immune response ...................................................................................................... 6 

2.1.1. The innate immune response ................................................................................................ 6 

2.1.2. The adaptive immune response ............................................................................................ 8 

2.2. T cell signaling pathways ............................................................................................................ 12 

2.3. Autoimmune diseases ................................................................................................................ 14 

2.3.1. Treatment of autoimmune diseases ................................................................................... 17 

2.4. Natural product-based drug discovery ....................................................................................... 20 

2.5. Reverse pharmacology approach ............................................................................................... 24 

2.6. Cell-based in vitro test systems .................................................................................................. 26 

2.7. Flow cytometry-based analysis .................................................................................................. 27 

2.8. High-performance liquid chromatography (HPLC)-based activity profiling ............................... 29 

3. Results and discussion ................................................................................................................... 31 

3.1. Sesquiterpene lactones from Artemisia argyi: absolute configuration and immunosuppressant 

activity ............................................................................................................................................... 32 

3.2. Immunosuppressive activity of Artemisia argyi extract and isolated compounds .................... 43 

3.3. Boswellia carteri extract and 3-O-acetyl-alpha-boswellic acid suppress T cell activation and 

function ............................................................................................................................................. 57 

3.4. Influence of traditionally used Nepalese plants on wound healing and immunological 

properties using primary human cells in vitro................................................................................... 66 

4. Conclusion and outlook ................................................................................................................. 76 

5. Acknowledgments ......................................................................................................................... 84 

Curriculum vitae .................................................................................................................................... 87 

 

 



List of abbreviations 

I 

List of abbreviations 
 

A. argyi Artemisia argyi 
ADAP Adhesion and degranulation promoting adaptor 

protein 
ADCC Antibody-dependent cellular cytotoxicity 
AICD Activation-induced cell death 
AIRE Autoimmune regulator 
AP-1 Activator protein 1 
APC Antigen presenting cell 
BAFF B cell activating factor 
B. carteri Boswellia carteri 
Bcl-10 B cell lymphoma/leukemia 10 
BCR B cell receptor 
B. longifolia Bassia longifolia 
CARMA1 CARD-containing MAGUK protein 1 
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 
CRAC Calcium release-activated channel 
DAG Diacylglycerol 
DAMPs Damage associated molecular patterns 
DC Dendritic cell 
DCM Dichloromethane 
DNA Deoxyribonucleic acid 
DMSO Dimethyl sulfoxide 
dsRNS Double-stranded ribonucleic acid 
ECD Electronic circular dichroism 
ELS Evaporative light scattering 
ER Endoplasmic reticulum 
Erk Extracellular signal-regulated kinase 
FCM Flow cytometry 
FDA Food and Drug Administration 
FEZF2 FEZ family zinc finger 2 
Fsc Forward scatter 
G. arborea Gmelina arborea 
GFP Green fluorescent protein 
HMGB1 High-Mobility Group Protein B1 
HPLC High-performance liquid chromatography 
HTS High-throughput screenings 
IC50 Half maximal inhibitory concentration 
IFN-γ Interferon-γ 
Igs Immunoglobulins 
IκB Inhibitor of κB 
IKK IκB kinase 
IL-1 Interleukin-1 
IL-2 Interleukin-2 
IL-4 Interleukin-4 
IL-5 Interleukin-5 
IL-6 Interleukin-6 
IL-8 Interleukin-8 
IL-9 Interleukin-9 
IL-10 Interleukin-10 



List of abbreviations 

II 

IL-13 Interleukin-13 
IP3 Inositol trisphosphate 
ITAM immunoreceptor tyrosine-based activation 

motif 
ITK IL-2 inducible T cell kinase 
Jakinhibs Janus kinases inhibitors 
JNK Jun kinase 
LAT  Linker for activation of T cells 
LCK Lymphocyte-specific protein tyrosine kinase 
LPS Lipopolysaccharides 
MALT1 Mucosa-associated lymphoid tissue lymphoma 

translocation protein 1 
MAPK Mitogen-activated protein kinase 
MS Mass spectrometry 
mTECs Medullary thymic epithelial cells 
mTor Mammalian target of rapamycin 
NFAT  Nuclear factor of activated T cells 
NF-κB Nuclear factor kappa-light-chain-enhancer of 

activated B cells 
NK cell Natural killer cell 
NMR Nuclear magnetic resonance 
NOD-like receptors, NLRs Nucleotide-binding oligomerization domain-like 

receptors 
ORAI1 Calcium release-activated calcium channel 

protein 1 
PAMPs Pathogen-associated molecular patterns 
PD-1 Programmed cell death protein 1 
PD-L  PD-ligand 
PIP2 Phosphatidylinositol 4,5-bisphosphate 
PKC-θ Protein kinase C-θ 
PLCγ1 Phospholipase Cγ1 
PMTs Photomultiplier tubes 
PRRs Pattern recognition receptors 
RIG-like receptors, RLRs Retinoic acid-inducible gene-I-like receptors 
SLP76 SH2-domain-containing leukocyte protein of 76 

kDa 
SOCE Store operated calcium entry 
SR Scavenger receptors 
Ssc Side scatter 
STAT Signal transducer and activator of transcription 
STIM1 Stromal interaction molecule 1 
TAP Transporter associated with antigen processing 
TCM Traditional Chinese medicine 
TCR T cell receptor 
TDC Thymic dendritic cell 
Tfh Follicular T helper cells 
TGF-β Transforming growth factor β 
TLR Toll-like receptor 
TNF α Tumor necrosis factor α 
Tregs Regulatory T cells 
UV Ultraviolet 
VCD Vibrational circular dichroism 
ZAP70 ζ -chain-associated protein kinase 70 



Summary 

III 

Summary 

  



Summary 

IV 

The identification of new lead compounds, and the development of novel drugs for the treatment of 

autoimmune diseases, are of great importance, since today’s available pharmaceuticals often have 

substantial limitations. Glucocorticoids and drugs that inhibit the deoxyribonucleic acid (DNA) 

synthesis (e.g. cyclophosphamide) often cause severe side effects, while state-of-the-art biologicals 

usually impose a heavy financial burden. Plant extracts are a good starting point for the development 

of immunosuppressive leads, since they are evolutionarily optimized to serve numerous biological 

functions. The track record of natural product drug discovery for immunosuppressive leads has been 

distinguished by blockbuster drugs, such as cyclosporin A or tacrolimus; however, a well-planned, 

multidisciplinary research approach is required for screening plant extracts, characterizing their 

effects, clarifying targets, and isolating bioactive compounds.  

Enhanced T cell proliferation is a feature of autoimmune diseases such as rheumatoid arthritis or 

multiple sclerosis; therefore, as a starting point, this study investigated the T cell proliferation 

inhibitory potential of a library of 435 extracts, prepared from plants used in traditional Chinese 

medicine (TCM). The immunosuppressive activity of the extracts was assessed by a proliferation-based 

assay utilizing physiologically-relevant anti-CD3 and anti-CD28 stimulated primary human T 

lymphocytes. It showed that an Artemisia argyi (Asteraceae, A. argyi) ethyl acetate extract and a 

Boswellia carteri (Burseraceae, B. carteri) dichloromethane (DCM) extract were active, reflected by a 

half maximal inhibitory concentration (IC50) of 16.2 µg/mL for the A. argyi extract and 27.0 µg/mL for 

B. carteri extract. The observed inhibitory effect on T cell proliferation was based on a specific 

intervention of T cell signaling via an interleukin-2 (IL-2)-dependent mechanism, rather than induced 

apoptosis or necrosis. Further characterizations revealed a reduced expression of the T cell activation 

markers CD25 and CD69, as well as a decreased production of IL-2 and interferon-γ (IFN-γ), by the A. 

argyi extract; the B. carteri extract also suppressed the IL-2 and IFN-γ secretion. Moreover, treatment 

with B. carteri extract resulted in a reduced degranulation capacity of stimulated T cells. 

Both extracts were subjected to high-performance liquid chromatography (HPLC)-mass spectrometry 

(MS)-based activity profiling. A T cell proliferation assay identified 8-acetyl-artanomaloide, arteglasin 

A, jaceosidin, 1R-canin, and (4S,5S,6S,7S)- and (4R,5R,6S,7S)-seco-tanapartholides as active 

constituents of A. argyi. The proliferation assay showed that for B. carteri, 3-O-acetyl-8,24-

dienetirucallic acid, 3-O-acetyl-7,24-dienetirucallic acid, 3-oxo-8,24-dienetirucallic acid and 3-O-acetyl-

α-boswellic acid suppressed the proliferation of stimulated T lymphocytes. 

To validate the target of the active A. argyi and B. carteri compounds, monitoring of the T cell signaling 

cascade was performed, starting with the IL-2 transcription factor activator protein 1 (AP-1), the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), and the nuclear factor of 

activated T cells (NFAT). Suppression of the NF-κB and NFAT activity, with IC50 values between 2.0 and 
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9.3 µM for NF-κB and 1.6 and 9.3 µM for NFAT, was detected for the A. argyi sesquiterpene lactones. 

3-O-acetyl-alpha-boswellic acid was found to be the most promising candidate among the B. carteri 

compounds, as reflected by an IC50 value of 5.6 µM for NFAT activity suppression. For A. argyi the T 

cell signaling cascade monitoring was extended to the calcium flux in anti-CD3 stimulated Jurkat T cells. 

The results indicated a suppression of the calcium flux by 30 µg/mL A. argyi extract; however, no 

influence on the calcium flux of stimulated Jurkat T cells could be shown for the A. argyi compounds, 

suggesting that the crude plant extract may affect the signaling on a more upstream level than the 

single compounds, isolated thus far. 

This study also evaluated the potential wound healing and immune modulating capacities of extracts 

from nine plants that are traditionally used in Nepal to improve wound healing. An ethyl acetate 

extract of Gmelina arborea (Lamiaceae, G. arborea) positively influenced the wound-healing capacity 

of human keratinocytes and fibroblasts.  

For satisfactory wound healing, a balance between pathogen clearance by inflammatory feedback 

loops, and regulatory mechanisms to prevent fatal inflammatory responses, is essential; thus, the 

influence of the extracts on inflammation parameters was addressed. The G. arborea ethyl acetate 

extract, and an ethyl acetate extract from Bassia longifolia (Sapotaceae, B. longifolia), concentration-

dependently inhibited the proliferation of stimulated T cells. This proliferation inhibition was not 

related to induced apoptosis or necrosis. The observed suppression of T cell proliferation could be 

linked to a decreased secretion of IL-2, which is essential for the proliferation and differentiation of T 

lymphocytes. Furthermore, the degranulation capacity of stimulated T cells was shown to decrease in 

response to treatment with either B. longifolia or G. arborea extract, emphasizing the anti-

inflammatory potential of both extracts. Dendritic cells (DCs) play an important role in wound closure, 

since they increase the cell migration rate of keratinocytes by secreting interleukin-8 (IL-8). A slightly 

enhanced IL-8 secretion by DCs was detected after treatment with ethyl acetate extracts of either G. 

arborea or B. longifolia. 
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Die Identifikation neuer Leitstrukturen und die Entwicklung neuer Medikamente zur Behandlung von 

Autoimmunerkrankungen ist von großer Wichtigkeit, da derzeit auf dem Markt verfügbare Präparate 

zum Teil beträchtliche Einschränkungen aufweisen. Glucocorticoide und Medikamente, welche die 

DNA Synthese hemmen (wie z.B. Cyclophosphamid) besitzen zum Teil starke Nebenwirkungen, die 

hochmodernen Biologika bedeuten hingegen eine hohe finanzielle Belastung.  

Da Pflanzenstoffe evolutionär optimiert sind, um vielerlei biologische Funktionen zu erfüllen, sind 

Pflanzenextrakte ein guter Ausgangspunkt für die Entwicklung neuer immunsuppressiver 

Medikamente. Blockbuster-Medikamente, wie Cyclosporin A und Tacrolimus, sind Teil der 

Erfolgsgeschichte der Naturstoffforschung zur Entwicklung anti-entzündlicher Präparate. Allerdings ist 

für die Selektion vielversprechender Pflanzenextrakte, die Charakterisierung ihrer Wirkung, die 

Aufklärung von Targets, sowie die Isolation bioaktiver Inhaltsstoffe ein gut durchdachter, 

multidisziplinärer Forschungsansatz essenziell.  

In dieser Arbeit wurden 435 Extrakten von Heilpflanzen der Traditionell Chinesischen Medizin im 

Hinblick auf eine mögliche immunsuppressive Aktivivät untersucht. Bei Autoimmunerkrankungen, wie 

rheumatoider Arthritis oder multipler Sklerose, ist die Zellteilung der T-Zellen gesteigert. Die 

immunsuppressive Aktivität der Extrakte wurde daher, initial, mittels Proliferations-basierter Analyse 

anhand von physiologisch relevanten, anti-CD3 und anti-CD28 stimulierten humanen T-Lymphozyten 

evaluiert. Für einen Artemisia argyi (Asteraceae, A. argyi) Ethylacetat-Extrakt (IC50: 16,2 µg/mL) sowie 

einen Boswellia carteri (Burseraceae, B. carteri) Dichloromethan-Extrakt (IC50: 27,0 µg/mL) konnte eine 

anti-proliferative Wirkung beobachtet werden. Es konnte weiter gezeigt werden, dass diese 

immunsuppressive Aktivität nicht auf der Induktion von Apoptose oder Nekrose basiert. Eine genauere 

Charakterisierung der immunsuppressiven Effekte zeigte eine Suppression der Expression der 

Aktivierungsmarker CD25 und CD69, sowie eine erniedrigte IL-2- und IFN-γ-Produktion durch 

Behandlung humaner T-Zellen mit A. argyi-Extrakt. Der B. carteri-Extrakt supprimierte ebenfalls die 

Sekretion von IL-2 und IFN-γ. Außerdem inhibierte der Extrakt die Degranulationsfähigkeit stimulierter 

T-Zellen. 

Für beide Extrakte wurde ein HPLC-MS-basiertes Aktivitätsprofil erstellt. Somit konnten mittels T-Zell-

Proliferations-Test 8-Acetyl-Artanomaloid, Arteglasin A, Jaceosidin, 1R-Canin und (4S,5S,6S,7S)- und 

(4R,5R,6S,7S)-Seco-Tanapartholid als aktive Komponenten aus A. argyi identifiziert werden. Für B. 

carteri konnte gezeigt werden, dass 3-Acetoxytirucallicsäure, O-Acetyl-Elemolicsäure, 3-Oxo-

tirucallicsäure und 3-O-Acetyl-Alpha-Boswelliasäure die Proliferation stimulierter T-Zellen inhibierten. 

Zur Validierung des Targets der aktiven Einzelstoffe aus A. argyi und B. carteri wurde ein Monitoring 

der T-Zell-Signaltransduktionskaskade, angefangen bei den Transkriptionsfaktoren des iL-2 Gens, AP-
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1, NF-κB und NFAT, durchgeführt. Für die Sesquiterpenlactone aus A. argyi konnte eine Suppression 

der NF-κB und NFAT-Aktivität, mit IC50 Werten zwischen 2,0 und 9,3 µM für NF-κB und 1,6 und 9,3 µM 

für NFAT, verzeichnet werden. Für B. carteri stellte sich 3-O-Acetyl-Alpha-Boswelliasäure als 

vielversprechendster Kandidat heraus, der die NFAT-Aktivität mit einer IC50 von 5,6 µM inhibierte.  Für 

A. argyi wurde das Monitoring auf die Untersuchung des Calcium-Fluxes in stimulierten Jurkat T-Zellen 

erweitert. Die Behandlung mit 30 µg/mL A. argyi-Extrakt führte dabei zu einer Unterdrückung des 

Calcium-Fluxes in stimulierten Jurkat T-Zellen. Für die Einzelstoffe aus A. argyi konnte jedoch kein 

Einfluss auf den Calcium-Flux in stimulierten Jurkat T-Zellen nachgewiesen werden. Die Ergebnisse 

lassen vermuten, dass der A. argyi-Gesamtextrakt die T-Zell-Signaltransduktion auf einer höheren 

Stufe beeinflusst, als die aus dem Extrakt isolierten Einzelstoffe. 

Die vorliegende Arbeit umfasst weiterhin auch die Evaluierung möglicher wundheilungsfördernder und 

immunmodulierender Effekte von neun Pflanzen, die traditionell in Nepal zur Verbesserung der 

Wundheilung verwendet wurden. Ein Gmelina arborea (Lamiaceae, G. arborea) Ethylacetat-Extrakt 

verbesserte die Wundheilungskapazität humaner Keratinozyten und Fibroblasten. 

Für eine adequate Wundheilung ist die Balance zwischen der Eliminierung von Krankheitserregern 

durch entzündliche Feedbackschleifen, sowie regulatorischer Mechanismen zur Prävention von 

schwerwiegenden Entzündungsreaktionen von großer Bedeutung. Aus diesem Grund wurde der 

Einfluss der nepalesischen Pflanzenextrakte auf verschiedene Entzündungsparameter untersucht. Der 

G. arborea-Extrakt und ein Bassia longifolia (Sapotaceae, B. longifolia) Ethylacetat-Extrakt inhibierten 

die Zellteilung stimulierter humaner T-Zellen konzentrationsabhängig. Diese Inhibition ist nicht auf die 

Induktion von Apoptose oder Nekrose zurückzuführen, konnte jedoch mit einer verminderten 

Sekretion von IL-2 in Verbindung gebracht werden. Bei IL-2 handelt es sich um ein Zytokin, welches 

eine wichtige Rolle für die Proliferation und Differenzierung von T-Lymphozyten spielt. Es konnte 

außerdem ein inhibitorischer Einfluss von B. longifolia und G. arborea auf die Degranulationsfähigkeit 

von T-Zellen gezeigt werden. Da DCs mittels IL-8 Sekretion die Zellmigration von Keratinozyten steigern 

können, sind sie ebenfalls von Bedeutung für die Wundschließung. In dieser Arbeit konnte eine leichte 

Erhöhung der IL-8 Sekretion durch die Behandlung DCs mit G. arborea Ethylacetat-Extrakt oder B. 

longifolia Ethylacetat-Extrakt nachgewiesen werden.  
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Excessive immune reactions are a major challenge for modern medicine, either by themselves causing 

a problem, in the case of autoimmunity, or by accompanying other medical conditions and processes, 

such as wound healing; thus, immune modulatory treatments are now indispensable for treating 

pathological conditions. 

Despite the achievements of modern medicine concerning the development of innovative 

medications, continuous research on novel drugs is vital for overcoming current and future limitations. 

Problems of available medications can be side effects, nonresponding, the development of bacterial 

or viral resistances, or high costs (Allison, 2000; Aslam et al., 2018; Daubert et al., 2017; Mathur and 

Hoskins, 2017; Río et al., 2009). 

Natural products provide a sound basis for the development of novel and innovative drugs, including 

blockbuster drugs, such as β-lactams or paclitaxel (Desai et al., 2006; Deshpande et al., 2004; Newman 

and Cragg, 2016; Singla et al., 2002). Nevertheless, natural product research has become the preserve 

of startup companies and academic research groups, because the fast turnaround and tight deadlines 

of modern screening programs have deterred major pharmaceutical companies from undertaking such 

research (Hamburger, 2019). 

The overall aim of this study was to establish a cell-based screening platform for the initial investigation 

of natural products, based on a database of plants that have been used in TCM for thousands of years. 

Since autoimmune diseases are characterized by an increase of T cell proliferation, inhibition of the T 

lymphocyte proliferation was used as a marker for immunosuppressive activity. This first part of the 

work aimed to identify plant extracts with immunosuppressive potential that invite further 

investigation with regard to drug development. An ethyl acetate extract of Artemisia argyi (Asteraceae, 

A. argyi) and a DCM extract from Boswellia carteri (Burseraceae, B. carteri) were further analyzed in 

this work. 

The second part of the project addressed the characterization of the impact of plant extracts, which 

tested positive in the preliminary screening, on the function of human T cells. Upon activation, T 

lymphocytes fulfill several important functions, including degranulation and cytokine secretion. In this 

part of work, the impact of A. argyi extract and B. carteri extract on the activation and functions of 

human T lymphocytes, namely degranulation capacity and cytokine secretion, was examined. 

The third part of this work was performed in collaboration with the Department of Pharmaceutical 

Sciences in Basel and dealt with the identification of bioactive compounds from the investigated plant 

extracts, using an approach that combined microfractionation with a T cell proliferation assay. 
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The final part of this study covered the target validation for the plant extracts and active compounds 

by monitoring the T cell signaling cascade downstream of the target, using state-of-the-art biological 

assays for cellular systems. 

Another project included in this work addressed the immune modulatory and wound-healing potential 

of nine extracts from plants traditionally used in Nepal to treat wounds and cuts. The potential to 

ameliorate wound healing was initially investigated with classical scratch assays using human 

keratinocytes and human fibroblasts, while the procedure to detect anti-inflammatory potential was 

carried out as described previously for the TCM project. The results qualified the ethyl acetate extracts 

of Bassia longifolia (Sapotaceae, B. longifolia) and Gmelina arborea (Lamiaceae, G. arborea) for further 

investigation.  

As a next step, the ability of the promising extracts to intervene in the function of T lymphocytes was 

investigated as outlined for the TCM project. In cases of injury, DCs secrete IL-8, which in turn 

stimulates the migration of keratinocytes and, thereby, supports wound closure; hence, the 

examination of the activation state and the IL-8 secretion of dendritic cells was a further aim of the 

study. 
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2.1. The human immune response 

 

The human immune system fulfills diverse and complex functions, such as the clearance of invading 

microorganisms, viruses, fungi, parasitic worms, bacteria, and archaea; moreover, it detects tissue 

damage and triggers repair mechanisms. To perform these complex functions, the immune system 

employs humoral and cellular defense, as well as regulatory mechanisms (Figure 1). 

 

Figure 1: Overview of the human immune system: features and functions 

 

2.1.1. The innate immune response 

 

The first line of defense consists of anatomical and physiological barriers, such as the skin and its acidic 

environment, mucociliary clearance, antibacterial lysozymes in salivary juice and lachrymal fluid, and 

gastric pH (Marshall et al., 2018). Additionally, a variety of antimicrobial proteins, acting as natural 

antibiotics, is produced by mucosal surfaces (Murphy and Weaver, 2016). 
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If, nevertheless, a pathogen enters the tissue, the innate immunity is activated within minutes 

(Marshall et al., 2018). Macrophages, natural killer cells (NK cells), neutrophils, basophils, eosinophils, 

mast cells, and DCs act, in part, to initiate an inflammatory reaction (Stephen and Hajjar, 2018). 

Additionally, epithelial cells are capable of promoting an immune reaction, mainly by secreting 

cytokines, chemokines, and antimicrobial molecules (Buckner et al., 2011; Ihara et al., 2017). 

Furthermore, soluble factors, such as the proteins of the complement system, acute-phase proteins, 

or antimicrobial peptides complete the innate immunity (Turvey and Broide, 2010). Initially, the innate 

immune response can be activated by damage-associated molecular patterns (DAMPs)—endogenous 

biomolecules that are released in response to tissue damage; for example, heat shock proteins or the 

high-mobility group protein B1 (HMGB1) (Hato and Dagher, 2015; Schaefer, 2014). The innate immune 

response is also activated by pathogen-associated molecular patterns (PAMPs), which share conserved 

pathogen-specific surface structures that are not found on host tissue. Common examples of PAMPs 

are mannans from fungi, hemozoin from parasites, lipopolysaccharides (LPS) from bacteria, and viral 

double-stranded ribonucleic acid (dsRNA) (Akira et al., 2006). PAMPs are recognized by specific 

pattern-recognition receptors (PRRs) on and inside innate immune cells, which then initiate an immune 

reaction. Toll-like receptors (TLRs) and scavenger receptors (SR) are examples of PRRs and can be found 

on the membranes of specific antigen-presenting cells (APCs) (Abdul Zani et al., 2015; Hato and Dagher, 

2015). Aside from the membrane-bound PRR, cytoplasmic PRRs like nucleotide-binding 

oligomerization domain-like receptors (NOD-like receptors, NLRs), retinoic acid-inducible gene-I-like 

receptors (RIG-like receptors, RLRs), and other TLRs, complete the innate immunity (Hato and Dagher, 

2015). Binding of a PAMP by the PRR of a cell causes phagocytosis of the pathogen and secretion of 

cytokines (Akira et al., 2006). Cytokines are a key factor during the innate immune response, because 

they attract and activate further immune cells in order to initiate the cellular immune response. During 

an early immune reaction, prominent cytokines are tumor necrosis factor α (TNF α), interleukin-1 (IL-

1), and interleukin-6 (IL-6) (Marshall et al., 2018). In addition to phagocytosis and cytokine secretion, 

macrophages are capable of producing cytotoxic mediators, such as reactive oxygen species or 

degrading enzymes, to defeat pathogens (Murphy and Weaver, 2016). Likewise, the short-lived 

neutrophils contain cytotoxic granules to support microbial clearance (Marshall et al., 2018). The 

innate immunity can be maintained for days (Murphy and Weaver, 2016). 
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2.1.2. The adaptive immune response 

 

Pathogens that are not eliminated by the innate immune system become the target of the adaptive 

immune response, which starts hours after infection (Murphy and Weaver, 2016). The adaptive 

immune system features a broad repertoire of highly specific antigen receptors that allow the very 

efficient clearance of infections. T lymphocytes (T cells) and B lymphocytes (B cells) express epitope-

specific antigen receptors and, thus, play a key role in the adaptive immune response (Murphy and 

Weaver, 2016).  

T cell development takes place in the thymus and is hallmarked by the generation of cells with an 

antigen-specific T cell receptor (TCR) and the ability to distinguish between endogenous and 

exogenous antigens (Marshall et al., 2018). T cells that react to self-antigens are eliminated during the 

development process (Marshall et al., 2018). After progression, the naive T cells circulate through the 

body until they differentiate into functional effector T cells upon contact with their specific antigen. In 

general, effector T cells are sub-classified into cytotoxic CD8+ T cells and CD4+ T helper cells by their 

different co-receptors. The main function of the CD8+ T cells is the elimination of the detected 

pathogen by a process called granulation (Murphy and Weaver, 2016). Exocytosis of cytotoxic granules, 

which contain granzymes and the pore-forming molecule, perforin (pfn), induces apoptosis of the 

target cell (Veugelers et al., 2004). The CD4+ T cells are sub-divided into Th1, Th2, Th17, Th9, Th22, 

follicular T helper cells (Tfh), and regulatory T cells (Tregs) (Ivanova and Orekhov, 2015). The T helper 

cells secrete a variety of cytokines in order to perform their manifold functions. The pattern of secreted 

cytokines groups the T helper cells and defines the type of immune reaction that is produced. The Th1 

reaction is characterized by the cytokines IL-2 and IFN-γ and promotes a cell-mediated immune 

reaction to eliminate virus-infected cells and intracellular pathogens (Bonilla and Oettgen, 2010). The 

major function of Th2 cells is the activation of B cells and enhancement of antibody production due to 

the secretion of interleukin-4 (IL-4), interleukin-5 (IL-5), interleukin-10 (IL-10), and interleukin-13 (IL-

13) (Bonilla and Oettgen, 2010). Th17 cells are mainly responsible for the clearance of extracellular 

bacteria and fungi by activating neutrophils (Murphy and Weaver, 2016). Th9 cells secrete the mast 

cell factor interleukin-9 (IL-9), which also enhances the immunosuppressive function of Tregs and 

promotes the cell division of Th17 cells (Jia and Wu, 2014a). Th22 cells promote immune reactions that 

are mediated by the epithelial cells of the skin, gut, and respiratory tract (Jia and Wu, 2014b) and Tfh 

cells promote B cell activation and initiate the germinal center formation (Bonilla and Oettgen, 2010). 

Tregs are important for the maintenance of self-tolerance, since they secrete the immunosuppressive 

cytokines IL-10 and transforming growth factor β (TGF-β) (Ivanova and Orekhov, 2015). All T cells 

express the TCR complex on their surface, which is composed of variable TCRα and TCRβ chains and 

non‐covalently associated CD3γ, CD3δ, CD3ɛ, and ζ-chain polypeptides (Call and Wucherpfennig, 2007; 
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Clevers et al., 1988; Ngoenkam et al., 2018). For adequate activation of a T cell, the TCR complex, the 

CD8 or CD4 co-receptor, and the CD28 co-receptor are essential (Adam et al., 1998; Esensten et al., 

2016; Malissen, 2003). Activation occurs via antigen presentation by MHC surface molecules on APCs. 

MHC molecules are classified as class I or class II. MHC I molecules are found on the surface of all 

nucleated cells and are responsible for the presentation of intracellular peptides. By contrast, MHCII 

molecules are only presented by APCs, such as macrophages, DCs, or B lymphocytes. APCs take up and 

process exogenous antigens and finally present them via MHCII (Rock et al., 2016). Cross-presentation 

constitutes an optional extracellular antigen presentation, via MHC I molecules, to prime cytotoxic T 

cells (Kotsias et al., 2019). Cross-presentation proceeds most effectively through DCs, either via the 

vacuolar or the cytosolic pathway. The vacuolar pathway is initiated by endocytosis of an extracellular 

antigen by a DC and subsequent phagocytic vesicle formation. Cross-presentation demands decreased 

levels of antigen degradation inside phagocytic vesicles to preserve epitopes for the presentation on 

MHC I molecules. After MHC I loading of the extracellular antigen, the complex is transported to the 

cell membrane for cross-presentation (Kotsias et al., 2019). The cytosolic pathway is also initiated by 

endocytosis of the extracellular antigen by a DC; thereafter, proteasomal degradation and procession 

of the antigen takes place in the cytosol and the processed antigen is transported to the endoplasmic 

reticulum (ER) via a specific peptide transporter (transporter associated with antigen processing, TAP). 

In the ER, antigen loading to MHC I is realized and, finally, the antigen-MHCI-complex can be cross-

presented (Kotsias et al., 2019). Along with the recognition of an MHC presented antigen, the complete 

activation of a T cell requires the binding of B7 molecules, which are expressed by DCs, to the CD28 

co-receptor (Adam et al., 1998). Fully-activated T cells express the α-chain of the IL-2 receptor (CD25) 

on their surface, which then connects with the β- and γ-chain to build a functional IL-2 receptor (Malek, 

2008); the T cells then take up their function.  

The major task of B cells is to secrete antibodies, thereby playing a crucial role in the humoral adaptive 

immune response (Parkin and Cohen, 2001). Both the antibodies and the B cell receptors (BCR) are 

formed by the protein group of immunoglobulins (Igs) (Yang and Reth, 2016). For a complete activation 

of B cells, binding of an antigen in combination with a stimulus from a Th2 cell is necessary (Parkin and 

Cohen, 2001). Activated B cells differentiate either to antibody secreting plasma cells or memory B 

cells (Murphy and Weaver, 2016). Antibodies can neutralize pathogens and toxins by activating the 

complement system and opsonization of pathogens to produce phagocytosis or antibody–dependent 

cellular cytotoxicity (ADCC) by other immune cells (Forthal, 2014). The function of the memory cells 

triggers an immune reaction upon renewed infection within hours (Leo et al., 2011; Murphy and 

Weaver, 2016). This immunological memory is distinguished by its robustness, rapidity, and high level 

of specificity, which can be lifelong (Inoue et al., 2018). The adaptive immune response can persist for 
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weeks and is characterized by an ingenious interaction between cell types, components, and accurate 

regulatory mechanisms (Leo et al., 2011; Murphy and Weaver, 2016). 
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2.2. T cell signaling pathways 

 

Antigen recognition by the TCR complex initates several signal transduction cascades (Figure 2). It first 

leads to clustering of the CD4 or CD8 co-receptor with the lymphocyte-specific protein tyrosine kinase 

(LCK), which in turn mediates the phosphorylation of the immunoreceptor tyrosine-based activation 

motifs (ITAMs) of the CD3 chains (Gaud et al., 2018). This phosphorylation causes the recruitment of 

ζ-chain-associated protein kinase 70 (ZAP70), which is phosphorylated by LCK (Yan et al., 2013). 

Thereafter, the linker for activation of T cells (LAT)-signalosome is formed. It consists of other adaptor 

molecules and proteins (GRB2, adhesion- and degranulation-promoting adaptor protein (ADAP), the 

SH2/SH3 adaptor protein NCK1, the SH2-domain-containing leukocyte protein of 76 kDa (SLP76), 

phospholipase Cγ1 (PLCγ1), IL-2 inducible T cell kinase (ITK), and VAV1 (Gaud et al., 2018)). PLCγ1 

catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol trisphosphate 

(IP3) and diacylglycerol (DAG). DAG is membranous, whereas IP3 binds to the IP3 receptor in the 

membrane of the ER to allow calcium ER store depletion. This, in turn, causes clustering of stromal 

interaction molecule 1 (STIM1) and calcium release-activated calcium channel protein 1 (ORAI1) to 

form the calcium release-activated channel (CRAC) and allow a strong store-operated calcium entry 

(SOCE) from the outer cell compartment to refill the exhausted ER calcium store (Hogan et al., 2010). 

The elevated calcium concentration in the cytosol enables calmodulin and the phosphatase calcineurin 

to bind calcium ions and become partially activated. Complex formation of calcineurin and calmodulin 

leads to a full activation of calcineurin and facilitates dephosphorylation and, thus, unmasking of the 

nuclear localization sequence of the transcription factor NFAT (Srikanth et al., 2017); consequently, 

NFAT can translocate to the nucleus to activate target genes, such as IL-2. Further, PLCγ1 promotes 

the mitogen-activated protein kinase (MAPK) pathway by activating Ras via RasGRP. Ras, in turn, 

activates the MAPK signaling cascade that includes RAF (MAP3K), Mek1 (MAP2K), and the extracellular 

signal-regulated kinase (Erk). Erk activates Elk, which stimulates the serum response factor to 

transcribe the Fos genes (Myers et al., 2019); thereby, Elk is responsible for the formation of AP-1, 

consisting of Fos and Jun. For a full activation of AP-1, phosphorylation of Jun by Jun kinase (JNK) is 

required (Murphy and Weaver, 2016). JNK is activated by protein kinase C-θ (PKC-θ), a further key 

player of T cell signaling that is recruited by the second messenger DAG. Aside from the activation of 

JNK, PKC-θ triggers the pathway, resulting in the activation of NF-κB. The first step in this signaling axis 

is the phosphorylation of CARD-containing MAGUK protein 1 (CARMA1) by PKC-θ to induce BCM 

complex formation (Smith-Garvin et al., 2009). The BCM complex comprises B-cell 

lymphoma/leukemia 10 (Bcl-10), CARMA1, and mucosa-associated lymphoid tissue lymphoma 

translocation protein 1 (MALT1), and it enables the degradation of the inhibitor of κB (IκB) by IκB kinase 

(IKK) via a phosphorylation cascade of TRAF-6 and TAK1 (Smith-Garvin et al., 2009). IκB degradation 



Introduction - T cell signaling pathways  

13 

results in the release of NF-κB and its translocation to the nucleus (Sun, 2012). For the transcription of 

the iL-2 gene NFAT, AP-1, and NF-κB are required to bind the respond elements, respectively. IL-2 is an 

autocrine growth factor of T lymphocytes and plays a major role in the function and regulation of the 

immune response, stimulating the proliferation and differentiation of T cells (Ross and Cantrell, 2018). 

Contrary to expectations, genetic deletion of iL-2 or its receptor causes autoimmunity, rather than 

immune deficiency (Abbas et al., 2018), which can be explained by the role of IL-2 for the development 

and function of Tregs, emphasizing the importance of IL-2 for the regulation of the immune system 

(Abbas et al., 2018; Zhang and Tang, 2015). 

Figure 2: Overview of T cell signaling pathways 
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2.3. Autoimmune diseases 

 

An autoimmune disease is defined as a breakdown of immune tolerance, leading to an immune 

reaction to endogenous cells or tissue (Khan and Ghazanfar, 2018). Approximately 5% of the 

population suffer from an autoimmune disease with a rising incidence (Khan and Ghazanfar, 2018), 

emphasizing the importance of understanding this disease pattern (Murphy and Weaver, 2016); 

however, due to several immune system mechanisms (Figure 3) autoimmune diseases are usually 

prevented.  

The first important mechanism for ensuring self-tolerance is known as central tolerance and takes 

place during lymphocyte development in the bone marrow (B cells) and the thymus (T cells) 
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(Romagnani, 2006; Theofilopoulos et al., 2017). A strong recognition of the self-antigens that circulate 

in the blood plasma, or are presented in the bone marrow by stromal cells or hematopoietic cells, 

causes rearrangement of the B cell immunoglobulin genes (receptor editing), apoptosis, or functional 

unresponsiveness (anergy) (Romagnani, 2006). For T lymphocytes, central tolerance is more complex. 

In the thymus, medullary thymic epithelial cells (mTECs) and thymic dendritic cells (TDCs) present 

tissue-specific antigens, under the control of the transcription factor autoimmune regulator (AIRE) and 

FEZ family zinc finger 2 (FEZF2) (Passos et al., 2018; Takaba and Takayanagi, 2017; Theofilopoulos et 

al., 2017); hence, central tolerance can be generated for a broad repertoire of self-antigens. Despite 

the fact that these mechanisms being well-orchestrated, some self-reactive lymphocytes evade the 

system and leave the primary lymphoid organs (Khan and Ghazanfar, 2018); a number of self-reactive 

lymphocytes is important, since they contribute, for example, to the renewal of tissue (Murphy and 

Weaver, 2016). 

To ensure tolerance with regard to mature self-reactive lymphocytes, the immune system has several 

other safety mechanisms available; thus, only if the concentration of antigens rises exponentially and 

rapidly, as is the case during infections, lymphocytes become activated. By contrast, self-antigens with 

an abundant, but constant, concentration can provide tolerance (Murphy and Weaver, 2016). 

Moreover, low antigen concentrations, as well as physical barriers (e.g., the blood–brain barrier), 

induce ignorance of self-antigens by T cells (Khan and Ghazanfar, 2018). These phenomena are 

collectively referred to as clonal ignorance (Khan and Ghazanfar, 2018). 

The concept of peripheral tolerance involves numerous mechanisms that occur in secondary lymphoid 

tissues or at the site of inflammation. An effective mechanism for preventing autoimmunity is 

activation-induced cell death (AICD), which is triggered by iterated TCR activation and mediated by 

interaction of the Fas death receptor and its ligand (Walker and Abbas, 2002). During infection, pro-

inflammatory cytokines and co-stimulatory molecules produce an appropriate immune reaction. An 

absence of cytokines and co-stimulatory molecules induces negative signals, leading to functional 

unresponsiveness (anergy) or the development of Tregs in place of effector cells (Khan and Ghazanfar, 

2018). Additionally, T cells and other immune cells (NK, natural killer T (NKT) cells, B cells, 

macrophages, and some DCs) express the inhibitory programmed cell death protein 1 (PD-1) receptor 

transiently upon TCR engagement. Antigen clearance causes the disappearance of PD-1 whereas, in 

the case of a continuous stimulus, PD-1 expression remains high and leads to T cell “exhaustion” 

(Schildberg et al., 2016). The ligand PD-ligand 1 (PD-L1) is expressed on hematopoietic and non-

hematopoietic cells whereas the PD-ligand 2 (PD-L2) can be found on the surface of dendritic cells, 

macrophages, and non-hematopoietic lung cells. The interaction of PD-L1 or PD-L2 with PD1 

downregulates TCR signaling via dephosphorylation of signaling molecules, as a negative feedback 
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loop, to prevent immunity-related tissue damage (Schildberg et al., 2016). Tregs suppress a variety of 

autoreactive lymphocytes, either by expressing cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 

which binds to the B7 molecules present on DCs, or by the secretion of IL-10 and TGF-β, which directly 

interfere with the signaling of the effector cells (Göschl et al., 2019). Finally, the predefined limitation 

of the proliferation and survival of lymphocytes can terminate immune responses to foreign and self-

antigens. 

The peripheral tolerance of B cells is based on the dependence of B cell activation on a T cell stimulus; 

hence, activation of an autoreactive B cell would only be possible in response to stimulation of an 

autoreactive T cell. 

 

 

Figure 3: Overview of the tolerance mechanisms in T and B cells 

 

Despite the fact that these mechanisms preventing autoimmunity are fine-tuned and well-organized, 

autoimmune diseases may occur. The mechanisms underlying the development of autoimmune 

diseases are not completely clear, but genetic predisposition, in combination with environmental 

triggers, seems to contribute to their emergence (Zhang and Lu, 2018). 
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Autoimmunity can be classified according to organ-specific or systemic autoimmune diseases (Amaya-

Uribe et al., 2019). Organ-specific autoimmune diseases, such as multiple sclerosis, lead to a 

destruction of a specific tissue, whereas in the case of systemic autoimmune diseases, such as 

rheumatoid arthritis, the immune cells react to antigens, which are spread through different parts of 

the body (Theofilopoulos et al., 2017).  

 

2.3.1. Treatment of autoimmune diseases 

 

Since a causal therapy for autoimmune diseases is currently unavailable, the prevention of tissue 

damage is achieved by symptomatic treatment with immune suppressive drugs. These drugs include 

derivatives of the glucocorticoid family, called corticosteroids. One of the most commonly applied 

corticosteroid drugs is prednisone, a prodrug actively metabolized to prednisolone (Becker, 2013). 

Steroid hormones pass through the cell membrane to bind and activate their intracellular receptor. 

Activation of the receptor causes its transport to the nucleus and enables DNA binding; thus, 

corticosteroids can regulate many genes expressed in lymphocytes, such as NF-κB, AP-1, or the signal 

transducer and activator of transcription (STAT), and thereby suppress the function of lymphocytes 

(Frenkel et al., 2015; Oakley and Cidlowski, 2013). Moreover, they can induce apoptosis or decrease 

the expression of adhesion molecules, which are important for the migration of lymphocytes 

(Ramamoorthy and Cidlowski, 2016). Although quite effective, corticosteroids cause a range of side 

effects, such as diabetes or osteoporosis (Ramamoorthy and Cidlowski, 2016).  

Drugs like cyclophosphamide or mycophenolate cause even more side effects. They act through the 

inhibition of DNA synthesis and, thus, by inhibiting the proliferation of lymphocytes, as well as cells in 

the skin, the gut lining, and the bone marrow. The side effects range from leukopenia, damage of the 

epithelium, cardiotoxicity, and hemorrhagic cystitis to hair loss and fetal death (Allison, 2000; Murphy 

and Weaver, 2016).  

A further option is offered by a group of drugs that interfere with the T cell signaling. This group 

includes some natural-product-derived drugs, such as cyclosporin A, tacrolimus, rapamycin, and 

fingolimod, and synthetic Janus kinase inhibitors (Jakinhibs), such as tofacitinib (Wiseman, 2016). The 

mode of action of these drugs is versatile, since the T cell signaling is complex and affords many target 

locations. Cyclosporin A and tacrolimus both prevent T cell proliferation by inhibition of the 

phosphatase calcineurin, but chronic nephrotoxicity is a side effect (Allison, 2000; Tedesco and 

Haragsim, 2012; Wiseman, 2016). Rapamycin inhibits T lymphocyte proliferation via blockage of the 

mammalian target of rapamycin (mTor) activation, but thereby induces hyperlipidemia, leukopenia, 
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and thrombocytopenia (Allison, 2000; Pallet et al., 2018). Fingolimod impedes the migration of 

lymphocytes, because it interferes with the lipid sphingosine 1-phosphate receptor on lymphocytes; 

the compound is specifically used to treat multiple sclerosis. (Buc, 2018).  

Nowadays, a group of biotechnically manufactured, most of all protein-based, drugs are increasingly 

the focus of research and clinical application (Chan and Chan, 2017). These so-called biologics comprise 

a high level of specificity and a low level of toxicity (AlDeghaither et al., 2015). A major group of 

biologics are immune therapy releated antibodies (AlDeghaither et al., 2015; Murphy and Weaver, 

2016). Antibodies against cytokines, or their receptors, are popular (Moroncini et al., 2017; Wagner, 

2019). In addition, antibodies that inhibit the lymphocyte survival and antibody production of 

pathogenic B cells by neutralizing the B cell activating factor (BAFF) are promising (Wagner, 2019). 

Moreover, interference with co-stimulatory pathways can be achieved with CTLA-4 Igs, which compete 

with the T cell co-receptor for B7 molecules (Wagner, 2019). Last but not least, biologics can achieve 

an unspecific removal of lymphocytes. In autoimmune diseases, which are mediated by 

autoantibodies, recovery may come with antibodies against CD20 (retuximab), which induce apoptosis 

in B cell precursor cells (Moroncini et al., 2017; Wagner, 2019). The side effects of these biologics are 

not wide-ranging, yet an increased risk of developing serious infections must be considered (Moroncini 

et al., 2017). 
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2.4. Natural product-based drug discovery 

 

Despite the achievements of modern medicine in developing innovative medications, continuous 

research on novel drugs is crucial for overcoming current and future limitations. The problems of 

current therapies include various side effects, nonresponding, the development of bacterial or viral 

resistance, or the high cost of available pharmaceuticals (Allison, 2000; Aslam et al., 2018; Daubert et 

al., 2017; Mathur and Hoskins, 2017; Río et al., 2009). Natural-product-based drug discovery has played 

a substantial role in the field of drug development since the isolation of morphine, in 1804, established 

rational drug discovery from plants (Atanasov et al., 2015; Pollastro et al., 2009). The discovery of 

penicillin in 1928 extended the field of natural products for pharmaceutical purposes to microbial 

sources (David et al., 2014); furthermore, the pharmaceutical industry moved from crude extracts and 

partially-purified natural products to pure compounds during these times (David et al., 2014). The rapid 

progress in the field of chemistry in the twentieth and twenty-first centuries has promoted high-

throughput screenings (HTS) of synthetic compound libraries for drug development (Atanasov et al., 

2015), resulting in natural products taking a backseat (Bäumler, 2007). The important advantages of 

plant-based molecules, compared to synthetic compounds, however, are mainly related to structural 

differences: a lower flexibility and a higher size and number of chiral centers, resulting in stronger and 

more specific activity (Atanasov et al., 2015). The restricted chemical diversity within the synthetic 

compound libraries was reflected in a declining number of drug approvals, and this development finally 

led to a return to natural-product-based drug discovery (Kingston, 2010). This progression was 

exemplified by the analysis of Newman and Cragg, postulating that 1/3 of the drugs approved by the 

Food and Drug Administration (FDA) between 1981 and 2014 were based on natural products 

(Newman and Cragg, 2016). 2018 was a very successful year with respect to both the number of FDA-

approved drugs based on natural products and the overall FDA-approved drugs (Figure 4) (de la Torre 

and Albericio, 2019). In this year, 10 of 59 (16%) of all approved drugs were of natural origin. The 

majority of these drugs were bacteria-inspired (de la Torre and Albericio, 2019); they included three 

tetracycline antibiotics, originating from Streptomyces; two carbohydrate-inspired drugs, which were 

derived from a combination of nojirimycin, originally produced from Streptomyces (Argoudelis et al., 

1976), and gentamicin from Micromonospora purpurea (Wei et al., 2019); and two macrocycles—one 

a semi-synthetic derivate of nemadectin, a fermented product of Streptomyces cyaneogriseus ssp. 

Noncyanogenus (Song et al., 2018), and rifamycin, which is isolated semi-synthetically from 

Amycolatopsis rifamycinica sp. nov.(Bala et al., 2004). Furthermore, one combination of the steroid 

estrogen ethinylestradiol and progestin segestrone acetate, as well as a fish oil-derived fatty acid 

emulsion, called OmegavenTM, were successfully approved. Finally, cannabidiol, which is derived from 

the marijuana plant, was licensed by the FDA in 2018 (de la Torre and Albericio, 2019). There are 
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several more prominent examples of new chemical entities that were discovered in the world of higher 

plants in the past 40 years: paclitaxel (from the bark of the Pacific yew, Taxus brevifolia), vinblastine 

(from the Madagascar periwinkle, Catharanthus roseus), and camptothecin (from the bark and stem 

of a Chinese tree, Camptotheca acuminata) exemplify the importance of plant-based natural products 

as a drug discovery source (Atanasov et al., 2015; Kinghorn et al., 2011). 

 

Figure 4: Drugs approved by the FDA in 2018 and classified on the basis of their chemical structure (adapted from de la 

Torre and Albericio, 2019). Numbers indicate the percentages for the groups. 

 

Plant-based drug discovery is bedeviled with intricacies and challenges (Figure 5). The first step 

involves the identification of plants by reference to morphological, anatomical, genetic, and chemical 

classifications, which can be challenging in respect of nomenclatural synonyms and changes in the 

plant taxonomy (Atanasov et al., 2015). A further problem is the availability of plant material, as well 

as the accessibility of remotely-existing plants, reductions due to natural catastrophes, local wars, or 

legal regulations (Atanasov et al., 2015). Furthermore, guaranteeing a steady quality supply of the 

crude plant material is crucial. Climatic conditions, light availability, soil conditions (including 

fertilization), and the harvest season affect active ingredients and, thus, the quality of the plant 

material (Bäumler, 2007). To compensate for this natural variability of the plants, the pharmaceutical 

industry is nowadays switching from wild harvesting to controlled biological cultivation or to the use 

of composites from different crop years and locations (Bäumler, 2007). The processing of plant 

material is essential for the standardization of a plant extract, which requires unification and 

comprehensive documentation at all levels of manufacturing (Bäumler, 2007). Total synthesis of 

bioactive compounds from natural sources represents an alternative to standardized plant extracts; 

the challenge, however, is that natural products are often characterized by the high complexity of their 

chemical structures, demanding specialized synthesis methods (Atanasov et al., 2015; Calixto, 2019). 
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Despite the challenges of natural product drug discovery, the heavy financial burden attending the 

common and popular big molecules (biologicals) has renewed interest in small molecules from natural 

products (Pollastro et al., 2009). Such research requires interdisciplinary experimental approaches 

with a fine-tuned choice of biological assays and chemical methods for fractionation, compound 

isolation, and structure elucidation. 

 

 

Figure 5: Basic considerations and challenges regarding plant-based-drug discovery 
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2.5. Reverse pharmacology approach 

 

In this study, screening of plant extract libraries was performed with a “reverse pharmacology” 

phenotypic approach, using a cell-based test system (Figure 6). The “reverse pharmacology” 

phenotypic approach begins with the selection of a model for in vitro testing, which can be target-

oriented (e.g. function of a specific protein) or phenotypic (e.g. cell proliferation or wound healing) 

(Atanasov et al., 2015). Thereafter, promising hits must be validated with appropriate in vivo models. 

This approach allows minimal animal testing, since in vitro non-active substances are excluded from in 

vivo assays (Atanasov et al., 2015). The great demand for novel and innovative drugs, as well as the 

number and diversity of candidates that are relevant for testing, has led to the establishment of HTS 

assays in the field of natural product drug discovery. HTS assays are classified as biochemical assays 

and cell-based assays. Biochemical assays mainly involve enzyme inhibition and receptor-ligand 

binding assays (Zang et al., 2012), which allow downscaling to a test model with low variation, but the 

disadvantages are the limited availability of targets. Also, possible effects may not occur in a cellular 

context. By contrast, cell-based assays can provide considerable information about the concentration–

response relationship of a test substance with respect to diverse cellular functions in a biologically-

relevant micro-environment (Butterweck and Nahrstedt, 2012; Nierode et al., 2016; Zang et al., 2012). 

 

Figure 6: Reverse pharmacology approach for HTS based drug discovery 
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2.6. Cell-based in vitro test systems 

 

This study applies phenotypic model assays using either primary human cells or immortalized human 

cell lines. Immortalized cell lines support a cheap and reproducible test system (Atanasov et al., 2015). 

They are easy to cultivate because they are homogenous cell populations, highly proliferative, and 

adapted to the cell culture environment (Atanasov et al., 2015; Zang et al., 2012); however, they often 

accumulate mutations and show aberrant phenotypes (Atanasov et al., 2015; Zang et al., 2012). 

Overall, immortalized cell lines reflect the in vivo situation in an inferior way to primary cells (Atanasov 

et al., 2015; Zang et al., 2012). Primary cells represent an alternative, but they are laborious to 

cultivate, since they need to be freshly prepared. Moreover, their lifespan in a culture is limited and 

the experimental reproducibility is sometimes challenging (Atanasov et al., 2015; Zang et al., 2012). 

Altogether, cell-based assays are a reasonable and simple option for evaluating pharmacological 

activity and elucidating the underlying molecular mechanism. Furthermore, cell-based assays can be 

applied in bioactivity-guided fractionations to identify and isolate active compounds from natural 

products, but some pitfalls need to be considered during the planning and performance of cell-based 

in vitro experiments (Figure 7) (Atanasov et al., 2015). When planning cell-based experiments, it is 

mandatory to ensure a reliable and robust test system, so suitable controls and an appropriate sample 

size for adequate statistical analysis are obligatory. A further important issue is the choice of test 

concentrations that are realistic for further drug development. In this regard, Butterweck and 

Nahrstedt recommended IC50 values below 100 µg/mL for extracts and 25 µM for pure compounds 

(Butterweck and Nahrstedt, 2012). Also, care must taken, since the solvent, such as dimethyl sulfoxide 

(DMSO), can itself affect the cells (Butterweck and Nahrstedt, 2012). Moreover, the increased solubility 

might yield compounds that would never be dissolved under normal physiological conditions. These 

compounds might influence test results although they might be irrelevant for the therapeutic effect. 

Furthermore, plant extracts may contain solid constituents that can cause oxidative stress or toxic 

effects when they come into contact with cells during the experimental procedure; therefore, it is 

recommended to use only clear supernatants obtained by centrifugation prior to experimental use 

(Butterweck and Nahrstedt, 2012).  
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Figure 7: Considerations for in vitro cell-based test systems (adapted from Butterweck and Nahrstedt, 2012). 
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2.7. Flow cytometry-based analysis  

 

Flow cytometry (FCM) is currently state-of-the art in the field of immunology. A flow cytometer 

includes three interacting systems: fluidic, optic, and electronic (Figure 8) (McKinnon, 2018). A sheath 

fluid (mostly PBS) (fluidic) transports and presents the sample for analysis by the laser system. The 

optical system consists of lasers (excitation optics), photomultiplier tubes (PMTs), and photodiodes 

(collection optics). It is responsible for the detection of visible and fluorescent light, which is then 

converted into digital signals by the electronic system (McKinnon, 2018). This complex interaction of 

systems allows the detection of light scattered by a particle in the forward direction (forward scatter; 

Fsc) and in the sideways direction (side scatter; Ssc); thereby, the Fsc indirectly gives information about 
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the size of the particle, whereas the Ssc shows its granularity (McKinnon, 2018). A flow cytometer is 

capable of detecting fluorescence signals that can be generated by either staining with fluorescence 

dyes (e.g., PI) or fluorescence marked antibodies (e.g., CD4-APC). Furthermore, analysis of 

fluorescence proteins (e.g., green fluorescent protein) produced by transfected cells is possible 

(Cossarizza et al., 2019; McKinnon, 2018). 

Overall, this technology can be used to analyze complex cell phenotypes, the molecules produced after 

stimulation by a specific cell population, signaling processes, proliferation, differentiation, cell–cell 

interactions, cytotoxicity, and cell death (Figure 8) (Cossarizza et al., 2019). Specific surface markers 

allow the characterization of lymphocyte subsets or activation stages, while the production of 

cytokines is linked to the functional stages. In addition, differentiation stages and homing capacities 

can be analyzed (Cossarizza et al., 2019; McKinnon, 2018). 

 

Figure 8: Overview of the flow cytometry process 
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2.8. High-performance liquid chromatography (HPLC)-based activity profiling 

 

Depending on a comprehensive characterization of crude plant extracts and further mode of action 

tests, this study addressed the identification and isolation of the compounds responsible for the 

activity of the extract guided by HPLC-based activity profiling. The classical bioactivity-guided isolation 

approach includes repetitive fractionation cycles, combined with biological tests, whereby inactive 

fractions are dropped and active fractions are further separated to identify bioactive compounds 

(Atanasov et al., 2015). This arduous approach is incompatible with the rapid development of modern 

medicine (Hamburger, 2019). By contrast, HPLC-based activity profiling offers an accelerated approach 

for tracking the bioactivity of active compounds (Figure 9). HPLC can be performed analytically and 

fractions are collected as microfractions, either by time windows or based on specific peaks (Potterat 

and Hamburger, 2014a). The microfractions are tested with the biological assay of interest, allowing 

the activity to be correlated with specific peaks or regions of the chromatogram (Hamburger, 2019). 

This is then followed by the targeted isolation of compounds found in this region, which can be tested 

by a simple run on the HPLC, instead of by time-consuming biological testing (Hamburger, 2019; 

Potterat and Hamburger, 2014a). In parallel to the fractionation process, structural information is 

obtained on-line by ultraviolet (UV) light, evaporative light scattering (ELS), or mass spectrometry (MS) 

detection (Hamburger, 2019; Potterat and Hamburger, 2014a). Another means of shedding light on 

chemical structures is an off-line approach using microprobe nuclear magnetic resonance (NMR) on 

fractions obtained from a semi-preparative fractionation, since a larger sample is required in this case. 

NMR is required for a full elucidation of the structure (relative configuration) of a purified compound. 

It is a highly robust method and does not involve delicate adjustments (Potterat and Hamburger, 

2014a). Recurring difficulties of this approach can result from the complexity of the plant extract, 

whereby compounds can act together additively or synergistically. In this case, the fractionation 

process would prevent the compound interactions and consequently result in lower activity. In 

addition, promising bioactive compounds may have low concentrations in the crude extract or be 

masked by other abundant compounds (Atanasov et al., 2015), and some compounds (e.g. tannins) 

may interfere with the bioassay readout (Hamburger, 2019).  

Nevertheless, HPLC-based activity profiling can be applied to a variety of bioassays with little adaption. 

An early prioritization of samples for further investigation facilitates and accelerates the process of 

compound discovery, showing that HPLC-based activity profiling is a powerful tool for identifying and 

characterizing the potential and novel immunosuppressive leads from natural products (Potterat and 

Hamburger, 2014a). 
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Figure 9: Principle of HPLC-based activity profiling 
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3.1. Sesquiterpene lactones from Artemisia argyi: absolute configuration and immunosuppressant 

activity 

 

Reinhardt, J.K., Klemd, A.M., Danton, O., De Mieri, M., Smieško, M., Huber, R., Bürgi, T., Gründemann, 

C., Hamburger, M., 2019. Sesquiterpene Lactones from Artemisia argyi: Absolute Configuration and 

Immunosuppressant Activity. Journal of Natural Products 82, 1424–1433.  

 

A library of 435 extracts from plants used in traditional Chinese medicine was screened for a T cell 

proliferation inhibitory potential. An ethyl acetate extract of Artemisia argyi suppressed the cell 

division of activated human T cells independently of apoptosis and necrosis induction. HPLC-based 

activity profiling was performed to track the active compounds. Thereby, guaianolides, seco-

tanapartholides, flavonoids, and sesquiterpene lactones were identified. Comparison of experimental 

spectra with calculated electronic circular dichroism (ECD) spectra or experimental and calculated 

vibrational circular dichroism (VCD) spectra, yielded the absolute configurations. A T cell proliferation 

assay discovered the immunosuppressive potential of guaianolides and seco-tanapartholides, 

reflected by IC50 values between between 1.0 and 3.7 μM. Apoptosis and necrosis induction was 

excluded to be responsible for these effects.  

 

My contribution: I performed the T cell proliferation and T cell viability experiments, analyzed the data, 

calculated the statistics, prepared the figures and wrote the draft manuscript of the corresponding 

parts. 

Amy Marisa Zimmermann-Klemd      
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3.2. Immunosuppressive activity of Artemisia argyi extract and isolated compounds 

 

Zimmermann-Klemd, A.M., Reinhardt, J.K., Morath, A., Schamel, W.W., Steinberger, P., Leitner, J., 

Huber, R., Hamburger, M., Gründemann, C., 2020. Immunosuppressive Activity of Artemisia argyi 

Extract and Isolated Compounds. Frontiers in Pharmacology 11.  

 

Previous investigations identified an ethyl acetate extract of Artemisia argyi to suppress the 

proliferation of stimulated human T lymphocytes in vitro and yielded active compounds, linked to anti-

proliferative effects (Reinhardt et al., 2019a). In this work the immunosuppressive effect of A. argyi on 

human T cells could be extended to suppression of activation and an inhibition of the IL-2 and IFN-γ 

production. In order to determine the target of A. argyi extract and isolated bioactive compounds, the 

activity of the il-2 transcription factors AP-1, NF-κB, and NFAT was analyzed, within the frame of a T 

cell signal transduction monitoring. Thereby, the IL-2 conditioned T cell proliferation inhibition could 

be linked to a suppression of NF-κB and NFAT. Moreover, the T cell signal transduction monitoring 

revealed an inhibitory impact of the A. argyi extract on the calcium flux of activated Jurkat T cells. 

However, the isolated compounds had no on the calcium flux, pointing towards a different mode-of-

action. 

 

My contribution: I collected all data, except the data for figure 6. I analyzed all data, calculated the 

statistics and prepared the figures, except Figure 5. I wrote the draft manuscript together with Jakob 

K. Reinhardt. This work also yielded my master thesis. 

Amy Marisa Zimmermann-Klemd 
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3.3. Boswellia carteri extract and 3-O-acetyl-alpha-boswellic acid suppress T cell activation and 

function 

 

Zimmermann-Klemd, A.M., Reinhardt, J.K., Nilsu, T., Morath, A., Falanga, C.M., Schamel, W.W., Huber, 

R., Hamburger, M., Gründemann, C., 2020. Boswellia carteri extract and 3-O-acetyl-alpha-boswellic 

acid suppress T cell function. Fitoterapia 146, 104694.  

 

The resin of the Boswellia species has been traditionally used to treat several disorders including 

inflammatory diseases. This work addresses anti-inflammatory effects of a Boswellia carteri DCM 

extract on human T lymphocytes. B. carteri inhibits the cell division of stimulated T cells, based on a 

suppression of IL-2. Furthermore, the B. carteri extract lowered the production of IFN-γ and suppressed 

the degranulation capacity of stimulated T cells. HPLC-based activity profiling resulted in the 

identification of active compounds. A concentration-dependent inhibition of the NFAT activity, 

reflected by an IC50 of 5.6 µM, was detected for 3-O-acetyl-alpha-boswellic acid. 

 

My contribution: I performed all experiments, except the IFN-γ and IL-2 Legendplex experiments, as 

well as the compound elucidation and isolation experiments. I analyzed the data of all bioassays, 

calculated the statistics for all bioassays, prepared the figures all bioassays, and wrote the draft 

manuscript. 

Amy Marisa Zimmermann-Klemd       
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3.4. Influence of traditionally used Nepalese plants on wound healing and immunological 

properties using primary human cells in vitro 

 

Zimmermann-Klemd, A.M., Konradi, V., Steinborn, C., Ücker, A., Falanga, C.M., Woelfle, U., Huber, R., 

Jürgenliemk, G., Rajbhandari, M., Gründemann, C., 2019. Influence of traditionally used Nepalese 

plants on wound healing and immunological properties using primary human cells in vitro. Journal of 

Ethnopharmacology 235, 415–423.  

 

Nepal has a long-lasting tradition of using medicinal plants. Extracts of nine different plants, which 

were traditionally used for the treatment of inflammatory skin injuries, were investigated for their 

immune modulatory effects and their capacity to support wound healing. An ethyl acetate extract of 

Gmelina arborea was shown to improve the wound closure of human keratinocytes and fibroblasts. 

Furthermore, the G. arborea extract and an ethyl acetate extract of Bassia longifolia suppressed the 

proliferation, the IL-2 and IFN-γ secretion, and the degranulation capability of stimulated T 

lymphocytes. Finally, an increase in the IL-8 secretion by stimulated DCs for both plant extracts was 

detected. 

 

My contribution: I designed all experiments and supervised a medical student to perform the 

experiments. I analyzed all data, calculated the statistics and prepared all figures. Finally, I wrote the 

draft manuscript. This work also yielded the doctoral dissertation of Viktoria Konradi. 

Amy Marisa Zimmermann-Klemd      
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This work presents an established cell-based screening platform for the initial investigation of natural 

products. Three examples demonstrated that this platform is a powerful tool for identifying and 

characterizing potential novel leads from natural product sources. 

TCM is a millennia-old medical concept that includes external practices (acupuncture, acupressure, 

cupping, and moxibustion), exercises (meditation, tai chi chuan, and qigong), and herbal and dietary 

therapies (Efferth et al., 2019). The success of the TCM concept is largely experienced-based; hence, 

evidence-based scientific research is needed to provide proof of the success of TCM applications 

(Efferth et al., 2019). Consequently, screening for the anti-inflammatory effects of extracts from plants, 

which have been applied in TCM for thousands of years, constitutes the central part of this study.  

Proliferation of T lymphocytes follows a number of signal transduction steps, which are initiated upon 

stimulation of the cell via TCR. Proliferation inhibition is therefore a robust marker for anti-

inflammatory effects. For this reason, proliferation inhibition was used as an initial parameter to screen 

plants for their anti-inflammatory capacity.  

This study found that an ethyl acetate extract of A. argyi inhibited the proliferation of T lymphocytes 

in a concentration-dependent manner, with an IC50 of 16.2 µg/mL. Ideally, toxicity can be excluded for 

a defined bioactive concentration range (Liu, 2008). Induced apoptosis and necrosis was excluded as a 

cause of the anti-proliferative effects of A. argyi extract, suggesting a functional inhibition of T cell 

proliferation. The anti-proliferative capacity of A. argyi could be further defined as IL-2-dependent, 

since a concentration-dependent inhibition of the IL-2 secretion was observed upon treatment with A. 

argyi extract. The pro-inflammatory cytokine IL-2 autocrinely stimulates the proliferation and 

differentiation of T cells (Ross and Cantrell, 2018) and its inhibition therefore prevents proliferation.  

The next steps of the research approach focused on the signaling transduction of activated T cells 

(described in 1.2). First, the impact of A. argyi extract on the activity of the il-2 transcription factors 

NFAT, AP-1, and NF-κB was analyzed. Since an influence on the AP-1 activity could be excluded, an 

impact on the factors of the AP-1 signaling cascade seemed unlikely and was therefore not addressed. 

Investigation of relevant factors, downstream to upstream of NFAT, was performed, in order to relate 

the inhibition of NFAT activity to the reduced calcium flux of stimulated T cells upon treatment with A. 

argyi extract. It can be assumed that A. argyi has a direct impact on the calcium flux, because inhibition 

of factors upstream of the calcium flux, such as Lck, ZAP70, LAT, or PLCγ1, would also affect AP-1. 

However, IP3 and the IP3 receptors are qualified as targets and the impact of A. argyi on them should 

be a subject of prospective tests. 

A more precise characterization of the calcium flux inhibition by A. argyi extract could also be 

investigated in the future. A question to be answered is whether A. argyi directly interferes with the 
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cell membrane channels that mediate the calcium flux. The most popular channel, regarding calcium 

flux, is the TCR inducible CRAC channel, but voltage-gated calcium channels and channels of the P2X 

family also play a role in calcium flux induction (Kliem et al., 2012; Yip et al., 2009). The use of specific 

channel agonists in combination with calcium flux experiments, as in this study, should help to evaluate 

a specific influence on any calcium channel. In addition, some efforts should be made to elucidate the 

suppression of the NF-κB activity by A. argyi extract. 

Aside from research regarding the mode of action of A. argyi, HPLC-based activity profiling yielded six 

bioactive sesquiterpene lactone compounds (three guaianolides, two seco-guaianolides, and a 

guaianolide dimer) and a moderately active flavone jaceosidin. These seven compounds appear to be 

responsible for the anti-proliferative capacity of A. argyi (Reinhardt et al., 2019a). In plant extracts, 

many different compounds may act in combination and, thereby, add up to overall efficacy (Colalto, 

2018; Fürst and Zündorf, 2015). These multi-component characteristics are very specific, and the 

elucidation of the compound interaction is extremely interesting; therefore, the NFAT and NF-κB 

transcription factor analysis was repeated for the isolated compounds. Except jaceosidin, all the 

compounds inhibited the activity of NFAT and NF-κB. The influence of sesquiterpene lactones on NF-

κB has been thoroughly described (García-Piñeres et al., 2001; Garcıá-Piñeres et al., 2004); therefore, 

investigation of the impact of the sesquiterpene lactone compounds of A. argyi on the NFAT signaling 

pathway was preferred. Nevertheless, it is already known that the sesquiterpene lactone helenalin 

suppresses the abundance and nuclear translocation of NFATc2 (Berges et al., 2009).  In contrast to 

the A. argyi crude extract, none of the compounds, and no mixture of all compounds, including 

jaceosidin, showed any influence on the calcium flux of activated Jurkat T cells. These results point 

towards different modes of action of the crude extract and the isolated compounds, whereby the 

crude extract might affect cell biology through a more upstream level than the single isolated 

components.  

Further examination should aim at describing the mode of action of the compounds. The target of the 

isolated compounds is expected to be downstream of the calcium flux and upstream of NFAT activity, 

because calcium flux was not affected but NFAT activity significantly suppressed. An impact of A. argyi 

active compounds on calmodulin seems unlikely, since calmodulin is composed of EF-hand domains, 

and the superfamily of EF-hand calcium binding proteins regulates diverse cellular activities, including 

metabolism, transcription, and cell proliferation (Bhattacharya et al., 2004; Carafoli and Krebs, 2016; 

Eldik and Watterson, 2012; Oku et al., 2017). Inhibition would imply massive toxic effects on the cells, 

which were not measurable with the crude plant extract. The phosphatase calcineurin would be a 

possible target; its activity can be addressed by either Western blot analysis of the phosphorylation 

state of NFAT or by using a commercial colorimetric test kit.  
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Further research would include the analysis of compounds that are responsible for the calcium 

inhibition of the A. argyi crude extract. HPLC-based activity profiling would need to be repeated, with 

microfractionation combined with calcium flux assays, rather than proliferation assays. 

Moreover, pharmacological research should examine substance intake and metabolization and, finally, 

in vivo studies in a suitable model organism are required. 

The initial screening of TCM plants revealed that, aside from the A. argyi ethyl acetate extract, a DCM 

extract of B. carteri suppressed the proliferation of activated T cells dose-dependently with an IC50 of 

27.0 µg/mL. Induced apoptosis and necrosis was excluded as a cause of proliferation inhibition; 

however, a functional, IL-2 mediated inhibition was shown to be responsible for the observed effects.  

HPLC-based activity profiling was performed and led to the identification of four bioactive compounds 

(3-O-acetyl-8,24-dienetirucallic acid, 3-O-acetyl-7,24-dienetirucallic acid, 3-oxo-8,24-dienetirucallic 

acid, and 3-O-acetyl-α-boswellic acid) with T cell proliferation inhibitory capacity. Transcription factor 

analysis of NFAT, AP-1, and NF-κB resulted in a reduction of the NFAT activity by all four compounds; 

AP-1 and NF-κB were not affected. The strongest activity suppression was registered for 3-O-acetyl-α-

boswellic acid, making this compound the first choice for further research.  

The exact mode of action of B. carteri extract and 3-O-acetyl-α-boswellic acid remains unknown and 

should be addressed by future studies. Possible targets here are IP3 or the IP3 receptor, as well as 

calcium flux or calcineurin, and their investigation should be done systematically. 

Autoimmune diseases affect roughly 5% of the population and the incidence rate is rising, emphasizing 

the need for appropriate therapy options (Khan and Ghazanfar, 2018; Murphy and Weaver, 2016). 

Because available medications are attended by severe side effects or high costs, constant research on 

novel treatments is ongoing. Research on plant extracts has great potential for the development of 

innovative drugs, because the high number of plant species worldwide produces a variety of bioactive 

compounds with different, evolutionarily-optimized chemical scaffolds (Atanasov et al., 2015). Due to 

the vast number of plant species and related scaffolds a systematic and well-planned approach for 

plant-based drug discovery is required. Guidelines and exemplary studies may be very helpful in this 

context; hence, this study presents a procedure for basic plant-based drug discovery on the basis of A. 

argyi and B. carteri.  

Aside from autoimmune diseases, the complex regulation of inflammatory reactions is also critical for 

the process of wound healing. For satisfactory wound healing, a balance of pathogen clearance by 

inflammatory feedback loops, and regulatory mechanisms to prevent fatal inflammatory responses, is 

essential (Sen and Roy, 2008). Nepal has a long-standing tradition of using medicinal plants for the 
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treatment of inflammatory skin injuries and, therefore, offers a promising field for wound-healing 

medication and drug discovery (Kunwar et al., 2013). The potential for improving wound healing and 

the modulation of inflammatory immune dysfunction of defined extracts from Nepalese plants, which 

are traditionally used to improve wound healing, was addressed in an in vitro study (Zimmermann-

Klemd et al., 2019).  

Ethyl acetate extracts of B. longifolia and G. arborea inhibited the proliferation of activated T 

lymphocytes concentration-dependently, without showing cytotoxic effects such as apoptosis and 

necrosis (Zimmermann-Klemd et al., 2019). The observed suppression of T cell proliferation could be 

linked to a decreased secretion of IL-2 (Zimmermann-Klemd et al., 2019). The degranulation capacity 

of stimulated T cells was shown to be reduced by treatment with 30 µg/mL of either B. longifolia or G. 

arborea extract, evidencing the anti-inflammatory potential of both extracts (Zimmermann-Klemd et 

al., 2019). 

Generally, wound healing can be separated into four different phases, starting with the exudation 

phase, followed by the resorption phase and, finally, the proliferation and reparative phases. The 

exudation phase is characterized by the initiation of an inflammatory reaction (Diegelmann and Evans, 

2004). The resorption phase starts with the secretion of pro-inflammatory cytokines to prevent the 

entry of bacteria (Guo and Dipietro, 2010). The proliferation phase and the reparative phase conduce 

the formation of granulation tissue, angiogenesis, and re-epithelization, followed by remodeling 

(Lippert et al., 2012; O’Toole, 2001). This step is distinguished by reduced proliferation and 

inflammatory activity (DiPietro, 1995). A prolonged inflammation phase usually implies a delayed 

remodeling process and matrix synthesis, indicating retarded wound closure and a higher pain level. 

Both extracts could help to improve wound healing when applied after the completed exudation and 

resorption phases. A possible field of application may also be for the treatment of chronic wounds, 

since those often stall in the inflammation phase (Frykberg and Banks, 2015).  

In addition to the anti-inflammatory capacity, the study addressed the wound healing capacity of the 

Nepalese plant extract. The results showed that the ethyl acetate extract of G. arborea improved the 

wound-healing response of human keratinocytes and fibroblasts. Cytotoxicity of the applied 

concentrations was excluded (Zimmermann-Klemd et al., 2019). The wound healing capacity of G. 

arborea could be linked to a slightly enhanced secretion of IL-8 by DCs, which in turn increased the cell 

migration rate of keratinocytes (Jiang et al., 2012). This effect was observed for G. arborea ethyl 

acetate extract, as well as for B. longifolia ethyl acetate extract. 

Taken together, the study presents two promising extracts with wound healing and anti-inflammatory 

capacity, but the characterization of bioactive compounds from B. longifolia and G. arborea, and 
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confirmation of compound–effect relationships, should be addressed in further studies. An additional 

topic that needs to be addressed is the route of administration. The extracts that were investigated in 

this study are traditionally applied topically to improve wound healing. A topical application may be 

favorable, since many plant compounds, such as flavonoids, are characterized by a low bioavailability 

when given orally (Thilakarathna and Rupasinghe, 2013). In vivo studies are needed to ascertain 

whether the applied concentrations act local and whether the in vitro observed effects can be seen in 

vivo.  

There is a high demand for novel and innovative drugs, due to the limitations of currently available 

pharmaceuticals, including various side effects, nonresponding the development of bacterial or viral 

resistance, and high costs (Allison, 2000; Aslam et al., 2018; Daubert et al., 2017; Mathur and Hoskins, 

2017; Río et al., 2009). Ethnobotanical research is an excellent choice for drug discovery, because 

plants have been historically used in many cultures (Kunwar et al., 2013). A well-planned, 

multidisciplinary research approach is essential; hence, this study provides the principles for a well-

planned, multidisciplinary drug discovery approach based on three recent, promising examples, and 

thereby serves as a basis for future research projects. 
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aufbauenden Worte und eure umfangreiche Unterstützung bedeuten! 

Bei meinen Eltern und Geschwistern möchte ich mich ganz besonders bedanken. Lieber Papa, liebe 

Mama, lieber Noah, liebe Cara, danke, dass ihr mir zugehört habt, euch mit mir gefreut, mich getröstet 

und mir so viel Mut und Vertrauen geschenkt habt, meinen eigenen Weg zu gehen.  

Zu guter Letzt möchte ich mich bei meinem Mann bedanken. Lieber Peter, ich bin dir unglaublich 

dankbar für deine Liebe und uneingeschränkte Unterstützung. Du hast mir die letzten fünf Jahre Mut 

gemacht, an mich geglaubt, hast mich in den Arm genommen und getröstet, hattest Verständnis für 

meine (oft hungerbedingten) Launen, hast dich mit mir geärgert und gefreut, hast mit mir große 

fachliche Diskussionen geführt, hast mit mir am Wochenende im Labor gestanden (insgeheim habe ich 

es doch gemocht), hast mit mir die Nadel im Heuhaufen gesucht, hast mir Ablenkung verschafft, hast 

mich manchmal gezwungen, mir Auszeiten zu nehmen und zu lernen, wie wichtig dies ist. Vielen Dank, 

dass du bei allen Aufs und Abs in dieser Zeit mit so viel Geduld und Liebe für mich da warst. 
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