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I. ABBREVIATIONS 

ADP Adenosindiphosphate 

Asn Asparagine 

BSL Biosafety level 

CC50 Cytotoxicity concentration 50% 

°C Degrees Celsius 

CDC 

 

Centres for Disease Control and 

Prevention 

CHIKF Chikungunya fever 

CHIKV Chikungunya virus 

CMC Carboxymethylcellulose 

CNS Central nervous system 

Cp Capsid protein 

CPE Cytopathic effect 

CPV Cytopathic vacuole 

cRNA Copy-RNA 

Ct Cycle threshold 

Cys Cysteine 

ddH2O Double-distilled water 

DENV Dengue virus 

DMEM Dulbecco’s Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

DNA Desoxyribonuclein acid 

DNase Desoxyribonuclease 

dNTP Desoxyribonucleosid-triphosphat 

DPBS Dulbecco’s Phosphate Buffered Saline 

dpi Days post infection 

dpt Days post treatment 

Dr. Doktor 

ds Double-stranded 

e.g. For example 

EC50 Half maximal effective concentration 

EEEV Eastern equine encephalitis virus 

EIDs Emerging infectious diseases 

ELISA Enzyme-linked immunosorbent assay 

et al. And others  

FBS Foetal Bovine Serum 

FDA U.S. Food and Drug Administration  

Fig. Figure 



Abbreviations 2 

G3BP Ras-GTPase-activating protein (Src-

homology 3 (SH3) domain)-binding proteins 

GAGs Glycosaminoglycans 

GTP Guanosine triphosphate 

HCQ Hydroxychlorquinine 

HCV Hepatitis C virus 

HG High glucose 

His Histidine  

HTS High-throughput screening 

IC50 Half maximal inhibition concentration 

IFA Immunofluorescence assay 

IFN Interferon 

IMPDH Inosine monophosphate dehydrogenase 

kb Kilobase 

kDa Kilodalton 

LB Lysogeny broth 

LG Low glucose 

LMU Ludwig-Maximilians-Universität 

log Logarithm 

M Molar 

Met Methionine 

min Minutes 

µL Microliter 

µm Micrometre 

µM Micromolar 

mL Millilitre 

mm Millimetre 

MOI Multiplicity of infection 

MPA Mycophenolic acid  

mRNA Messenger-RNA 

MTase Methytransferase 

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium 

NA Nucleoside analogue 

NaCl Natrium-chloride 

NC Nucleocapsid 

NCBI National Centre for Biotechnology 

Information 

ng Nanogram 

NHP Non-human primates 



Abbreviations 3 

nm Nanometre 

NP Nucleoside phosphonate analogue 

nsP(s) Non-structural protein(s) 

NTDs Neglected tropical diseases 

OD Optical density 

ONNV O'nyong-nyong virus 

ORF Open reading frame 

pi Post infection 

PCR Polymerase chain reaction 

% Percent 

pg Picogram 

PKR Protein kinase R 

+ssRNA Positive-sense, single-stranded RNA 

PM Plasma membrane 

PMS N-methyl dibenzopyrazine methyl sulfate 

PRR Pattern recognition receptor 

qRT-PCR Quantitative reverse transcriptase 

polymerase chain reaction 

R&D Research and development  

RBV Ribavirin 

RC Replication complex 

RCA Rolling circle amplification 

RdRp RNA-dependent RNA polymerase 

RKI Robert Koch Institut 

RNA Ribonucleic acid 

RNAi RNA interference 

rpm Rounds per minute 

RRV Ross River virus 

RT Room temperature 

RT-PCR Reverse transcriptase polymerase chain 

reaction 

RTP Ribofuranosyl 5’-triphosphate 

sec Seconds 

SFV Semliki Forest virus 

SI Selectivity index 

SINV Sinbis virus 

siRNA Small interfering RNA 

ss Single stranded 

T75 75 cm2 cell culture bottle 

Tab. Table 



Abbreviations 4 

TATase Terminal adenylyl-transferase 

TBEV Tick borne encephalitis virus 

TE-buffer Tris-ethylendiamin-tetraacetat-buffer 

TEM Transmission electron microscope 

Trp Tryptophan 

Tyr Tyrosine 

™ Unregistered trademark  

US United States 

VEEV Venezuelan equine encephalitis virus 

VLP Virus-like particle 

WEEV Western equine encephalitis virus 

WHO World Health Organisation 

wt Wildtype 

× Multiplied 

x g x gravitational force 

XTT Sodium 3´- [1- (phenylaminocarbonyl)- 3,4- 

tetrazolium]-bis (4-methoxy6-nitro) benzene 

sulfonic acid hydrate 

YFV Yellow fever virus 

ZBD Zentraler Bereich Diagnostik 

ZIKV Zika virus 

ZKÜ Zellkulturüberstand 
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II. INTRODUCTION 

Alphaviruses are enveloped single-stranded RNA arboviruses of the Togaviridae family and 

are geographically widely distriguted [1, 2]. They cause various diseases in humans and animals 

such as encephalitis, arthritis fever, rash and arthralgia [1]. 

Among the medically relevant members of the alphaviruses are Venezuelan, Western, and 

Eastern Equine Encephalitis viruses (VEEV, WEEV, and EEEV), Ross River virus (RRV) and 

Chikungunya virus (CHIKV). The Equine Encephalitis viruses are categoriesed as potential 

agents for bioterrorism since they can all be transmitted via aerosols, causing severe disease [3-

7]. 

Chikungunya virus (CHIKV) is categorised as a(n) (re)emerging disease and is mainly 

transmitted by Aedes spp. mosquitoes [8]. CHIKV is the causative agent of chikungunya fever 

(CHIKF) which is characterised by high fever, headache and myalgia and polyarthralgia [9]. 

Especially the polyarthralgia may last for months or even years and leave patients with a 

severely deteriorated quality of life. CHIKV has repeatedly been responsible for outbreaks that 

caused serious economic and public health problems in the affected countries [8]. To date, no 

vaccine or specific antiviral therapies are available.  

This thesis focusses on in vitro antiviral testing against a wild type CHIKV isolate and selecting 

possible hit to lead compounds. Climate change leads to the introduction of vectors in more 

temperate zones and thus it is possible that new diseases emerge with these vectors [10]. 

Consequently, the need for specific antivirals to treat such emerging diseases like CHIKV is 

current. Most of these in vitro antiviral assays are conducted in Vero cells, a cell line that 

originated from the kidney of an African green monkey [11]. Although this cell line is the model 

cell line to probagate CHIKV in, it lacks the clinical relevance of the disease and is not of 

human origin. Therefore, another goal of the thesis was to identify a human cell line with 

clinical relevance (especially for neurogenic CHIKV disease) to test antivirals in. This study 

was the first to describe the human glioblastoma cell line U138 in extensive antiviral tests 

against CHIKV. Furthermore, different assay methods were compared for their usefulness in 

antiviral tests against CHIKV in Vero-B4 and U138 cells. 
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III. LITERATURE REVIEW 

1. Emerging and neglected tropical diseases; medical biodefence 

The terms ‘emerging, and re-emerging diseases’ refer to diseases with infectious character and 

of which the incidence rate in humans has either increased in the past 20 years or might increase 

in the near future [12]. Emerging infectious diseases (EIDs) are epidemic, whereas neglected 

tropical diseases (NTDs) are endemic. EIDs and NTDs share essential health determining 

factors like neglect, poverty, a lack of access to clean water and sanitation facilities as well as 

limited or no provision of healthcare. Furthermore, many NTDs and EIDs have a zoonotic 

nature [13]. According to the WHO (World Health Organization), NTDs are a diverse group of 

communicable diseases that prevail in tropical and subtropical conditions in 149 countries and 

may cause severe effects on human health and lead to vast economic costs [12, 14]. The WHO 

classifies CHIKV as one of the 20 major NTDs responsible for various forms of disabilities and 

deaths especially in developing nations. These 20 NTDs afflict more than one billion people 

and cost developing nations billions of dollars every year [12]. Furthermore, CHIKV is also 

one of three diseases that were designated as ‘serious and necessitating further action as soon 

as possible’ in the WHOs ‘R&D Blueprint for Action to Prevent Epidemics’ (May 2016). This 

R&D Blueprint is a programme fostered by the WHO for accelerating research and 

development (hence R&D) concerning epidemic agents where there are no or insufficient 

preventive, and curative solutions [15].  

Apart from finding means of treatment for the general public, it is also crucial to find ways to 

treat troops deployed in tropical settings where CHIKV is endemic. Currently (as of January 

2020) the German Armed Forces have 42 troops deployed in regions where CHIKV is endemic 

and 1056 troops in Mali, a nation which southernly borders on CHIKV endemic countries. 

Frickmann and Herchenröder [16] have summarised the epidemiological findings on the 

occurrence of CHIKV in military personnel deployed in tropical settings. Frickmann found out 

that the infection risk for military personnel in the endemic setting is low but rises to the same 

level of that of local population during outbreaks. During the 2005/2006 La Réunion CHIKV 

outbreak, 19.3% of the French military personnel that were deployed there, developed 

Chikungunya fever (CHIKF) and 93.7% of the symptomatic patients had a chronic form of the 

disease with pains in joints and/or bones that had considerable impact on their duty [16].  

As CHIKV can lead to severely incapacitating polyarthralgia that may last several months to 

years, emergency preparedness and response as well as combat readiness may be impaired 

considerably. Until a licensed vaccine or virus-specific treatment are available, military 
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personnel deployed in tropical and subtropical regions with endemic CHIKV can only rely on 

permethrin-treated uniforms, repellents and the use of bed-nets to prevent CHIKV infection 

[16, 17]. 

In addition, the neurotropic alphaviruses VEEV, EEEV and WEEV are of special interest, since 

they are designated as Category B biothreat agents that could be used as possible weapons 

against humans [18, 19]. The neurotropic New World alphaviruses are potential agents for 

bioterrorism since they can all be transmitted via aerosols, causing severe disease [3-7]. This is 

well documented in over 180 lab-acquired infections and the fact that the former Soviet Union 

and America once developed VEEV into a biological weapon [20, 21]. While EEEV is probably 

the most virulent of the encephalitic alphaviruses, with a case-fatality rate in humans estimated 

in the range of 50–70%, VEEV is the most infectious one [22]. Aerosol exposure to as few as 

10 to 100 VEEV particles results in symptomatic disease in nearly all humans [6]. Among the 

symptoms of aerosol acquired VEEV are severe headache, chills, myalgia, weakness, malaise, 

fatigue, lower back pain, photophobia, anorexia, nausea and vomiting but severe encephalitis 

was not observed [6]. The VEEV complex is a group of 14 antigenic varieties divided into 

7 species. Naturally acquired VEEV infections can lead to severe encephalitis causing 

convulsions, hemiparesis, behavioural changes, and alteration of consciousness or even coma 

[23]. Although mortality in humans is below 1%, up to 14% of the infected patients develop a 

neurological form of the disease, which may leave the patient mentally impaired for weeks or 

even permanently.  

The NATO handbook on the medical aspects of NBC defensive operations (1996) originally 

also listed CHIKV as a potential biological weapon. The Biological Weapons Convention 

(BWC) of 2001, however, does no longer mention CHIKV [18], possibly due to the fact that 

spread of aerosolised CHIKV only results in minimal observed clinical disease and is thus not 

as effective as the neurotropic alphaviruses, especially VEEV [24]. Yet, since CHIKV shares a 

highly conserved non-structural protein 2 with the other members of the Alphavirus genus, 

potential antiviral compounds that target these conserved motives might also work against the 

neurotropic alphaviruses.  

2. Alphaviruses 

2.1. Taxonomy and distribution 

Alphaviruses together with the Rubiviruses are the two genera that make up the Togaviridae 

family. Alphaviruses belong to the arboviruses and encompass about 30 currently recognised 

Alphavirus spp. that divide into eight phylogenetic groupings which are geographically 
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distributed in a very wide range [1, 2]. Consequently, the members of the Alphavirus genus 

exist in several geographical variants. They have been categorised accordingly as ‘Old World’ 

and ‘New World’ viruses [25, 26].  

Alphaviruses can cause various diseases in humans and animals such as encephalitis, arthritis 

fever, rash and arthralgia. Although the incidence is not considered to be very high, the severity 

of disease caused by some members of the Alphavirus genus is significant and debilitating. 

Clinical sequelae can occur months or even years after the original infection in some patients 

[1]. 

Among the medically relevant members of the alphaviruses are Venezuelan, Western, and 

Eastern Equine Encephalitis viruses (VEEV, WEEV, and EEEV), Ross River virus (RRV) and 

Chikungunya virus (CHIKV). The equine encephalitis viruses all cause encephalic diseases in 

horses and humans in the Americas, thus belonging to the ‘New World’ category, while RRV 

and CHIKV are both ‘Old World’ viruses. The two categories have a symptomatic distinction 

as far as general disease manifestation in humans is concerned. While the ‘Old World’ viruses 

generally cause diseases with a clinical manifestation in the joints (acute arthralgia that might 

evolve into chronic arthritis/rheumatism), the ‘New World’ viruses primarily cause 

neurological disease [27]. Consequently, they are sometimes also referred to as arthritogenic 

and encephalitogenic or neurotropic alphaviruses.  

The global distribution of alphaviruses is believed to be the result of a combination of factors. 

An expanding mosquito population together with the adaption of viruses to other mosquito 

species as well as increased and fast international travel might have contributed to the spread 

[28-30].  

To date, no licenced anti-viral therapy is available to treat Alphavirus infections, but several 

promising candidates are under investigation. Currently there is no Alphavirus vaccine licenced 

for public use, but several vaccine candidates either made it to clinical trials or seem promising 

[31-34]. Vector control and active immunisation of equines are recommended in areas with 

VEEV to protect the human population from getting infected via the bite of a VEEV positive 

mosquito [35].  

Under natural conditions, the life cycle of alphaviruses interchanges between the arthropod 

vectors and the vertebrate hosts. In arthropods (usually mosquitoes), the virus causes a 

persistent, life-long and asymptomatic infection with a high virus titre in the salivary glands 

[36]. This ensures the transmission of the virus during the mosquitos’ blood meal to avian or 

mammalian hosts. In the vertebrate host, alphaviruses induce an acute infection which is 

marked by viremia caused by high virus titre. The high titre then infects new mosquitoes when 
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they feed on the viraemic host. In cell culture, the natural transmission cycle can be simulated, 

depending on the cell type that is being used. In cells of vertebrate origin, alphaviruses develop 

a highly productive, cytopathic infection that causes cell death within 24 to 48 hours after 

infection (post infection, pi). During the infection, typical modifications of the intracellular 

environment of the infected cells can be observed [37]. In cells derived from mosquitoes (e.g., 

C6/36 cells) on the other hand, a non-cytopathic, persistent or chronic infection occurs that 

nonetheless leads to the release of virus in high titres.  

Since alphaviruses naturally have a shift from host to vector, they are capable of replicating 

efficiently under fundamentally different conditions and in various different cell types (insect, 

avian, mammalian). For example, the body temperature of insects is usually quite low while the 

physiological body temperature of birds can exceed 40 °C. Tests with Sinbis virus (SINV) 

infected chicken cells in culture showed that high virus yield was produced over a temperature 

range from 25 °C (lower temperatures have not been tested) to about 41 °C [37]. This diversity 

enables alphaviruses to recruit a number of diverse host protein factors to achieve viral 

replication. Most importantly, alphaviruses have to find ways to avoid the cellular immune 

response in at least two different organisms in order to ensure an efficient replication and 

spreading in both cell types. One of the major antiviral responses to counteract viral infection 

in insect cells is the double-stranded (ds) RNA-mediated interference (RNAi) [38]. In vertebrate 

cell, the antiviral response is made up by inducing various cellular genes and is activated by 

pattern recognition receptors (PRRs). These PRRs are able to detect virus-specific dsRNA 

strands as well as other virus-specific molecules that are produced during virus replication and 

other processes [39]. 

2.2. Alphavirus structure and genome  

All alphaviruses are enveloped and have a diameter of about 70 nm. The virion is formed by an 

envelope consisting of a lipid bilayer and a lattice made up of 240 heterodimers of the viral 

envelope proteins E1 and E2 which are organised into 80 trimeric spikes (Figure 1). The E1 

and E2 proteins are transmembrane glycoproteins and the C-terminal domain of the E2 protein 

has direct contact with the virus’ nucleocapsid (NC) core [40]. As a result, the virion’s outer 

protein shell is tightly associated with the 240 capsid proteins (Cp) that build up the icosahedral 

nucleocapsid which is unique to alphaviruses [41]. Resulting from the tight association between 

the E1/E2 spikes with the NC, Alphavirus particles have two icosahedral layers, an outer from 

the E1/E2 proteins and an inner from the NC core. The NC encloses the positive-sense, single-

stranded RNA (+ssRNA) genome. The total genome is between 11,000 and 15,000 nucleotides. 
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It contains two open reading frames (ORFs), which encode the non-structural (ns) or replicase 

polyprotein and the structural polyprotein (Figure 1) [37]. 

 

Figure 1: Prototype Alphavirus particle and genome.  
Like other members of the Alphavirus genus, two thirds of the 5’ CHIKV genome encode for the four 

viral nsPs (nsP 1-4) whereas the structural proteins are encoded within a subgenomic 26S RNA, which 

in turn derives from a precursor 42S RNA. The non-structural (nsP) as well as the structural proteins are 

expressed as polyproteins and posttranslationally cleaved by cellular and viral proteases. Abbreviations: 

nsP, non-structural protein; sgRNA, subgenomic RNA; CP, capsid protein. (Picture retrieved from 

virologytidbits.blogspot.com; accessed on Feb. 21, 2019) 

The RNA has a 5’7-methylguanosine cap and a 3’poly-A tail and consequently mimics the 

structure of cellular mRNA [42]. Two thirds of the 5’-ORF encode for four essential non-

structural proteins (nsP1-4) which are required for virus replication and constitute the RNA 

replicase. The nsPs interact with cellular factors and form the replication complexes (RCs) 

which are responsible for the synthesis of the double stranded (ds)RNA replicative 

intermediates. These dsRNAs are the templates for the positive strand viral (42S) genomic and 

(26S) subgenomic RNAs. The subgenomic RNA thus is the last 1/3 of the viral RNA and is 

translated into the structural proteins (capsid (Cp), E3, E2, 6K/TF, and E1) [8, 37].  

2.3. Overview of the Alphavirus life cycle 

The key mechanisms for Alphavirus infection are entering cells via endocytosis and low pH-

triggered membrane fusion to deliver their RNA genomes into the cytoplasm. To enter host 

cells, alphaviruses bind to host cell surface receptors which trigger clathrin-mediated 

endocytosis (Figure 2) [43]. Depending on the virus, a variety of receptors are being used to 
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initiate endocytosis. Some are known (e.g., the specific receptor for SINV is NRAMP2 (Natural 

Resistance-Associated Macrophage Protein 2)) while others still have to be identified [44, 45]. 

Furthermore, some alphaviruses seem not to depend on clathrin-mediated endocytosis, at least 

in some cell types [46]. Virus binding to the host cell surface may be facilitated by attachment 

factors like heparan sulphate proteoglycans and DC-SIGN [47, 48]. Following internalisation, 

the endocytic vesicle containing the virus matures and becomes more and more acidic. The 

resulting low pH triggers a series of changes of the spikes’ conformation that cause the E2/E1 

dimers to dissociate. The fusion loop of the E1 protein inserts into the endosomal membrane 

and the E1 proteins form a homotrimer [43]. This leads to a fusion of the viral membrane with 

the cell membrane of the endosome and the release of the virus’s NC into the cytoplasm (Figure 

2).  

The NC disassembles and makes the genomic RNA accessible for translation [49-51]. The 

genomic RNA translates into the non-structural protein 1-4, which form the replication complex 

(RC) that produces positive sense 42S genomic and 26S subgenomic RNA (Figure 2). The 

subgenomic RNA is the template for the structural polyprotein that later cleaves into the 

individual structural proteins (Cp, p62 (which is the precursor of E2 and E3), 6K, TF, E1). Cp 

associates with the genomic RNA into new NCs while the other structural proteins undergo 

cleavage, translocation and modifications and accumulate at the plasma membrane (PM). At 

the PM, the NC associates with the other mature glycoproteins and budding of mature progeny 

virions takes place [8].  
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Figure 2: CHIKV replication cycle in mammalian cells as an example for alphaviruses.  
(i) The virion binds with the E2 surface protein to the cell surface via an unknown receptor and possibly 

glycosaminoglycans as attachment factors. (ii) Entrance of CHIKV into the cell is achieved through 

clathrin-mediated endocytosis. The fusion peptide in E1 is inserted into the endosomal membrane as a 

result of the acidification of the endosomes. (iii) The fusion of the viral envelope with the membrane of 

the endosomes leads to the release of the nucleocapsid into the cytosol. (iv) The NC disassembles and 

thus releases the viral positive-sense genomic RNA which can then be translated into the non-structural 

proteins (nsPs). (v) The nsP123 polyprotein, the nsP4, the genomic RNA and presumably host proteins 

assemble at the plasma membrane (PM). The PM is rearranged to form. The replication machinery of 

the nsP1–4 is located at the neck of the spherule and synthesises genomic, antigenomic and subgenomic 

RNAs. (vi) Large cytopathic vacuoles (CPV-1) are formed when spherules are internalised. Such CPV-

Is can house multiple spherules. (vii) The structural polyprotein is produced when subgenomic RNA is 

being translated. The autoproteolysis of the capsid releases the capsid into the cytoplasm. The E3-E2-

6K-E1/E2-E2-TF polyproteins are translocated into the ER. The structural proteins E2/E1 are 

posttranslationally modified, transit the secretory system, and accumulate at the PM. (viii) The capsid 

interacts with genomic RNA and thus forms the icosahedral nucleocapsid. (ix) The nucleocapsids 

assemble with E2/E1 at the PM, resulting in budding of mature progeny virions. (x) At later stages of 

infection, CPV-IIs form. They contain hexagonal lattices of E2/E1 and are covered with nucleocapsids. 

(xi) CPV-IIs are believed to serve as transport vehicles and assembly intermediates where structural 

proteins are put together. They are also involved in virion budding. Abbreviations: CPV, cytopathic 

vacuole; ER, endoplasmic reticulum; GAGs, glycosaminoglycans; nsPs, non-structural proteins. 

(Picture from Silva and Dermody [8])   
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2.4. Alphavirus replication and non-structural protein regulation 

For the synthesis of Alphavirus RNA, all four viral nsPs are required individually as well as in 

the context of ns precursor polyproteins [2]. The processing of the Alphavirus ns-polyprotein 

into the four individual nsPs is highly regulated. For most nsPs their major function has been 

unravelled, but for some (e.g., nsP3), research is still going on. NsP1 functions as a viral capping 

enzyme and is the sole anchor that attaches the RC to the inner surface of the plasma membrane 

[52]. Additionally, there is evidence that nsP1 plays a role in the transport of RCs and in host 

actin modification [53-55]. The nsP2, having RNA helicase and protease function, is 

responsible for the processing of the ns-polyproteins [56]. The function of the nsP3 has been 

unknown for a long time, but the protein is important for RNA replication and for the synthesis 

of negative sense and sub-genomic RNA [57]. Recent studies found out that it is phosphorylated 

and interacts with several host proteins, tempering with the host cells’ immune response [58, 

59]. NsP3 is able to modulate poly- and mono-ADP-ribosylation although to what end is still 

under investigation [60]. NsP4 is solely responsible for the RNA synthetic properties of the 

viral replicase complex. It contains the core viral RNA-dependent RNA polymerase (RdRp) 

domain [52]. However, nsP4 alone cannot synthesise viral RNA without the other nsPs. 

Replication: 

After being released into the host cell’s cytoplasm, the genomic RNA of alphaviruses is being 

translated and yields the early RCs which are formed by the non-structural polyprotein P123 

and nsP4. The RCs are membrane-associated (endosomal and lysosomal membranes) and the 

polyprotein stage of the nsPs is needed for the proper formation of the RC as well as its 

association with the membrane (Figure 2). The individual and simultaneously expressed nsPs 

are not able to form a RC [61]. Virus replication leads to the formation of bulb-shaped 

membrane invaginations called spherules (diameter, ∼50 nm) which are located at the plasma 

membrane. Alphaviruses as well as other RNA viruses induce a rearrangement of host 

membranes into so called type-1 cytopathic vacuoles (CPV-Is) (Figure 2 & Figure 3). It is 

possible that the CPV-I are former endosomes and modified secondary lysosomes [62]. The 

CPV-Is contain spherules which are typical for alphavirus infections. It has been known for 

quite some time that the CPV-Is and their spherules are the site of replication (Figure 3) [61-

66]. By concentrating replication components and protecting double-stranded RNA 

intermediates, these spherules provide the microenvironment for RNA synthesis [2]. 



Literature review 15 

 

Figure 3: Spherules, membranous replication complexes of Semliki Forest virus (SFV). 
A) Spherules located at the plasma membrane at an early time point. B) Type I cytopathic vacuole (CPV-

I) of an infected cell, containing numerous spherules lining the membrane. C) 3D reconstruction of a 

single spherule. D) Schematic of a spherule with replication complex proteins nsP1-4 located 

hypothetically on the neck region and newly synthesised RNA coming out. The scale bars in A and B 

are 200 nm and 100 nm respectively. (Picture and text from Pietila, Hellstrom [67]) 

The early RCs synthesise a complementary minus-strand copy of the 42S genomic RNA. The 

machinery responsible for the minus strand copy is the nsP123 polypeptide and the individual 

nsP4 (Figure 4). The nsP123 is later processed into the individual nsP1 that forms the 

nsP1/P23/nsP4 replicase complex. The nsP23 is very instable and short-lived [68]. The 

nsP1/P23/nsP4 replication complex is able to produce both negative and positive strand RNA 

as well as subgenomic RNA (Figure 4). The release of the nsP1 from the P123 polyprotein thus 

marks the functional transition between the synthesis of negative-sense to positive-sense RNAs 

[69, 70]. The late RC which is composed of the fully processed individual nsPs1-4, is 

responsible for the production of positive-sense viral RNAs (genomic and subgenomic plus 

strands) from the nascent minus-strand RNAs [70, 71].  



Literature review 16 

 
Figure 4: Alphavirus polyprotein processing and RNA synthesis. 
After entering the cell, the virus particles are disassembled thus releasing the viral plus-strand RNA. 

Translation of the 5’ORF leads to the synthesis of the nsP1234 polypeptide. After the nsP4 is cleaved 

from the polyprotein, the early RC synthesises minus strands from the genomic RNA template. Further 

proteolytic cleavage of the nsP123 polyprotein to the individual nsPs marks the switch to the synthesis 

of genomic and subgenomic positive-strand RNA. The structural proteins which are needed for 

nucleocapsid assembly and the packaging of viral genomic (+) RNA are translated from subgenomic 

RNA. (Picture from Pietila, Hellstrom [67]) 

The promoters for minus and plus strands are recognised by different parts of nsP4. The other 

nsPs are needed for binding the RNA strands. Experiments revealed that purified Alphavirus 

nsP4 polymerase is only able to synthesise RNA de novo when the nsP123 polyprotein is 

present as well [72]. Moreover, purified nsP4 has a terminal adenylyl-transferase (TATase) 

activity which may be responsible for generating the poly(A) tail at the 3’terminal of the 

genome [72, 73]. 

So far, the exact structure of the RC has not been determined and it is yet unknown how the 

viral and possible host components of the RC are arranged. A number of studies that revealed 

the importance of host-factor involvement for the RNA replication of some alphaviruses have 

been published in recent years. Some of these host proteins have been demonstrated to interact 

with viral RNA or nsPs, especially nsP3 [58, 74]. The requirement for host factors during RNA 

replication offers an additional point of action for antivirals. 

Apart from the CVP-I that forms right after the translation of the nsPs, a second type of 

cytopathic vacuole (CPV-II) is being formed at a late point during infection (Figure 2). The 

CPV-IIs have a tubular structure and probably originate from the trans-Golgi network, as both 

compartments contain vesicles with viral structural E1/E2 glycoproteins [75, 76]. The role of 

the CVP-IIs is not clear, they may be an intermediate for virus assembly [77].  
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2.5. Structural proteins, virus assembly, maturation and budding  

For a long time, it was postulated that the 3’ORF encodes for five structural proteins (Capsid 

(Cp), E1-3, 6K) which are synthesised as a long polyprotein (Figure 1). However, evidence was 

found that a ribosomal frameshift event occurs during translation of the 6K gene, initiating the 

production of a novel protein, termed transframe (TF) [78, 79]. Depending on the ribosomal 

frameshift, a major polyprotein product (E3-E2-6K-E1) and a minor polypeptide product 

(E3-E2-TF) are translated. The polyproteins are post-translationally cleaved into Cp, E1, 6K or 

TF and p62 (E2-E3).  

The nucleocapsid consists of 240 copies of the Cp protein which is closely associated with the 

viral RNA. The 80 spikes which cover the NC of alphaviruses are formed in the endoplasmic 

reticulum (ER) and consist of the heterodimeric glycoproteins E1 and p62 which subsequently 

trimerise by the cleavage of p62 into E2 and E3 by cellular furin [80]. The nucleocapsid is 

assembled in the cytoplasm of the host cell. While budding through the cell membrane, the 

nucleocapsids acquire the lipid bilayer envelope with the virus-encoded glycoproteins E1–E2. 

The trimeric spikes (E1-E3) seem to facilitate virus attachment and internalisation through the 

receptor Mxra8 [81]. Glycoprotein E1 is involved in cell fusion and the glycoprotein E2 binds 

to host receptors. The surface protein E1 belongs to the class II virus fusion proteins. The roles 

of the 6K and the TF protein have still to be elucidated, but K6 seems to facilitate particle 

morphogenesis [82]. The TF shares an N-terminus with the 6K and both are believed to form 

ion channels and seem to play a role in virus assembly, budding and pathogenesis [78, 79, 83-

85].  

Translation of subgenomic 26S RNA into the structural proteins, virus assembly and 

maturation 

The first protein that is translated from the subgenomic RNA is the Cp which is 

autoproteolytically cleaved from the nascent polyprotein [37]. As soon as the Cp is released, it 

packages the 42S genomic RNA and builds up the nucleocapsids. Following the cleavage of 

Cp, the p62, 6K (TF) and E1 are separated as well [41, 78]. 

The individual structural proteins are translocated into the ER where they are further processed 

and undergo conformational changes via posttranslational modifications while they are routed 

through the secretory pathway via the trans-Golgi-network to the plasma membrane (Figure 2) 

[1]. To ensure this transport, alphaviruses recruit several host factors and remodel the host cells 

transport machinery. E.g., VEEV and CHIKV rearrange the host cells actin cytoskeleton, 

presumably to organise the transport of the glycoproteins to the localised budding sites of the 

alphaviruses [86].  
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P62, the precursor of E2 and E3, associates with E1 and forms a heterodimer [87]. Furthermore, 

p62 assists in the folding and the transport of the E1 protein [88]. The formation of the p62/E1 

heterodimer protects the E1 from the low pH (~ pH 6.0) of the trans-Golgi-network [87, 89]. 

The cellular protease furin later cleaves p62 into the individual and mature envelope proteins 

E2 and E3 [37, 90]. The processing of p62 into E2 is not needed for virus assembly and budding 

[90, 91]. It is eminent for the production of infective virions and marks the destabilisation of 

the E1/E2 heterodimer which can be easily dissociated when exposed to a low pH (e.g., in 

endosomes). This is a key step to allow fusion of the viral membrane with the endosomal 

membrane at the early stages of infection and thus is important to ensure infectivity of the virus 

[92, 93]. 

Maturation 

The maturation process of alphaviruses is a major point to distinguish them from other related 

viruses e.g., flaviviruses. The particle components of alphaviruses are proteolytically modified 

before they assemble into mature viruses at the plasma membrane [94]. The N-terminal regions 

of the capsid proteins hold a conserved sequence that binds to the 60S ribosomal subunits of 

the host cell during infection. This initiates the dissociation of the nucleocapsid and the release 

of the viral RNA [51]. Later, during nucleocapsid assembly, the ribosome binding site is 

concealed. At the end of the maturation process, the site is exposed again [95, 96]. Alphavirus 

assembly is highly organised [40].  

Viruses need to further process their structural proteins in order to produce infectious progeny 

viruses. Usually, the surface glycoproteins determine the infectivity and tropism of enveloped 

viruses [90]. The glycoproteins, which are synthesised as precursors, are activated into the 

mature form by endoproteolytic cleavage. This cleavage is essential for many viruses to ensure 

infectivity and pathogenicity [97]. Nevertheless, the class II fusion protein E1 of the 

alphaviruses is not activated by being cleaved itself but by the processing of an interacting 

companion protein (p62/E2). The cleavage of the companion protein E2 is what finally enables 

virus fusion and infection [90, 91]. 

The final step of the virus life cycle takes place when the capsid protein and the genomic RNA 

interact with the other glycoproteins to assemble into viral particles at the plasma membrane 

[1]. This final action promotes virus budding at the cells surface. 

Budding 

Virus budding requires Cp-E2 binding, E2/E1 heterodimer formation, pH protection of E1 by 

p62/E3-E2, as well as spike lattice assembly [98] [99] [40]. The interaction between the 

cytoplasmic domain of the E2 protein and the NC triggers virus budding at the PM. Cholesterol 
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is needed to ensure virus budding [100-102] and, although not specifically required, the 

presence of 6K and TF also promotes budding [103] [83, 104]. In contrast to other enveloped 

viruses, budding of alphaviruses does not depend on the host cell machinery [105]. Likewise, 

packaging of the genomic RNA is not a precondition for virus budding, although the step is 

needed to ensure infectivity [98, 106].  

Alphavirus budding occurs at the PM and recent studies that imaged the process could 

demonstrate that it did not occur on just any localisation of the PM but on specialised sites [107, 

108]. For a more detailed description of the current state of knowledge on the Alphavirus exit 

pathway, I refer to the review of Brown, Wan [40]. 
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IV. OBJECTIVES 

This thesis describes experiments with Chikungunya virus and has the focus on three different 

objectives. 

 

Objective I: Evaluation of different human cell lines for their potential as in vitro cell 

models for infection with wild type (CHIKVBrazil) and lab adapted (CHIKVRoss) CHIKV 

strains, and for antiviral testing. 

Most antiviral in vitro assays against CHIKV are conducted in Vero cells. This cell line neither 

represents the relevant species (human) nor the relevant clinical site of CHIKV infection (joints, 

muscles or CNS). Finding a suitable in vitro cell model to represent neurogenic CHIKV disease 

in humans was thus one objective of this thesis. Additionally, lab-adapted CHIKV strains may 

differ considerably from field isolates as far as cell affinity and antiviral sensitivity are 

concerned. This is why we compared the lab-adapted CHIKV strain Ross with a CHIKV field 

isolate from Brazil for their ability to infect different cell lines and how they are affected by 

different antiviral substances. Furthermore, we sequenced the genomes of both strains to 

identify possible mutations that might explain the observed differences.  

 

Objective II: Test a panel of 34 selected compounds in vitro for their antiviral activity 

against wt CHIKV isolate from Brazil.  

To date, there are no approved antiviral drugs available for the treatment of CHIKF (or other 

alphaviruses). By screening 34 potential antiviral candidates via cell viability assays for their 

efficacy against a CHIKV field isolate, one other objective was to identify a candidate with IC50 

in the low micromolecular range and high CC50 and thus a wide selectivity index 

(SI = CC50/IC50). 

 

Objective III: Compare different antiviral assay methods and evaluate their feasibility for 

investigating antivirals against CHIKV in U138 cells. 

There are different assay methods to test antiviral activity against a virus (e.g., cell viability 

assays, virus yield assays) or the potential cytotoxicity of antiviral candidates in cells. As it was 

possible to identify a human glioblastoma cell line for antiviral assays against CHIKV, one 

objective was to asses if this cell line was equally well suited for different assay methods as 

Vero-B4 and yielded comparable results.  
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V. MATERIALS AND METHODS 

1. Cell line experiments 

All equipment and solutions that came into contact with cells were sterile. Cell related work 

was done under a Class-II-biosafety cabinet (Claire pro B3-190, Berner, Germany) in a BSL-2 

lab. All cell culture incubations were performed in a > 95% humidified, 37 °C incubator with 

5% CO2. All solutions with direct contact to the cells had been warmed up to room temperature 

or 37 °C in advance. All cell lines portrayed below are adherent.  

1.1. Cell culture 

Cells were cultured in sterile T75 cell culture flasks with vented caps, (NUNC™ EasY Flask™ 

75 m2 Nunclon™ Delta Surface, Thermo Fischer Scientific, Denmark) with 10 mL of 

Dulbecco’s Modified Eagle Medium (DMEM(1X) + GlutaMAX™-I medium, Thermo Fisher 

Scientific Ltd, UK), depending on the cell line with either 1 g/L of D-glucose (in the following 

referred to as Low Glucose (LG)) or with 4.5 g/L of D-glucose (High Glucose (HG) and 5% 

heat inactivated Foetal Bovine Serum (FBS, Sigma-Aldrich, Hilden, Germany) in an incubator 

at 37 °C with a 5% CO2 setting and humidified atmosphere (Heracell, Thermo Scientific). Cells 

requiring DMEM HG medium are U138, U251. Cells that grow on DMEM LG medium are 

Vero-B4, A549, DBTRG and Huh-7. 

Cell confluence was controlled every other day with a microscope. The cells were split when 

they exceeded a confluence of 80%. 

Cells were split using the following protocol (modified from Ammerman, Beier-Sexton [109]): 

 Remove cell supernatant and place bottle vertically. 

 Add 1.5 mL of trypsin (TrypLE™ Express, Gibco, Life Technologies Limited, UK) to 

each bottle, distribute it equally on the cell layer by gently canting the bottle. 

 Remove trypsin and add another 0.5 mL of fresh trypsin.  

 Place bottle into an incubator at 37 °C and 5% CO2 for 5 min.  

 Gently shake or tap the flask to detach cells. 

 Add 10 mL DMEM with 5% FBS to inactivate trypsin and wash down cells in media, 

pipetting gently to break up clumps of cells. 

 Prepare desired dilution of cells by removing superfluous amounts of cells and adding 

up the bottle with fresh medium to a total of 10-15 mL DMEM with 5% FBS. Depending 

on the cell line, dilutions of 1:5 to 1:10 were done. 

Media were renewed depending on media pH.  
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Counting and seeding cells 

Supernatant of an 80% confluent T75 flask was removed and 1.5 mL of trypsin added to the 

flask. After cells detached from the bottle, 10 mL of culture medium was added to the flask and 

gently mixed to ensure that the cells did not clump. The contents of the bottle were transferred 

into a 15 mL conical tube (Cellstar® Tubes, Greiner Bio-One, Germany); 10 µL of 0.4% trypan 

blue (Gibco) was added into a 1.5 mL Eppendorf tube and mixed with 10 µL of the cell 

suspension. After 5 minutes 10 µL of the dye-cell-mixture was put on a Neubauer improved 

cell counting camber (NanoEnTek Inc. South Korea). The cells were counted using a 

LeicaDM3000 microscope (Leica, Wetzlar, Germany) according to the generally used formula: 

Cells

mL
= (

(number of cells counted) × (dilution factor)

(number of large squares counted) × (volume of 1 large square)
) × 1000  

Depending on the number of cells, adequate dilutions were made with the cell specific growth 

media to achieve the required cell concentrations.  

Cells were seeded into the various plates using an Eppendorf Multipette® plus pipet with 10 mL 

Combitips advanced® (Eppendorf, Germany).  

Contamination: 

Cells were checked for mycoplasma contamination every other month. A PCR for mycoplasma 

was performed with the cell supernatant in which the cells had grown for at least 30 hours. Cells 

were deliberately kept in antibiotics-free medium to be able to spot contaminations 

immediately. In case of contamination, the flasks were destroyed or the running experiment 

was aborted and redone.  

1.1.1. A549 

The A549 cell line (ATCC® CCL-185™) originates from a human lung carcinoma [110]. Its 

morphology is epithelial-like (Figure 5A) and doubling time is 24 hours. For maintenance 

bottles were split in a ration of 1:10 twice a week. To have a full bottle within the next day, 

split ratio was 2-3:10. Cells were kept in DMEM LG with 5% FBS.  
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Figure 5: Microscopic pictures of A549 and DBTRG cells 
A) A549 cells at about 50% confluency, B) 70% confluent DBTRG cells. Pictures were taken with the 

Leica DM3000 microscope and the Leica Application Suite Version 4.1.0. Magnification and the 

passage (p) of the cells are stated on the top right corner of the photos. 

1.1.2. DBTRG 

The glioblastoma cell line DBTRG-05MG (ATCC® CRL-2020™) was established out of 

tissue from a patient with glioblastoma multiforme who had been treated with local brain 

irradiation and multidrug chemotherapy [111]. The cells have a spindle, fibroblast-like 

morphology (see Figure 5B). Doubling time is around 48 hours. The cells were kept in DMEM 

LG with 5% FSB and split in a ratio of 2:10 twice a week.  

1.1.3. Huh-7 

The Huh-7 cell line (JCRB0403) (Figure 6A) has been initiated out of a human hepatocellular 

carcinoma by Nakabayashi, Taketa [112]. The cells grow in an epithelial way and double every 

24 hours. Cells were kept in DMEM LG with 5% FBS and were split twice a week in a ratio of 

1:10.  
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Figure 6: Microscopic photo of Huh-7 and Vero-B4 cells 
A) Huh-7 cells at a confluency of about 20%, B) 60% confluent Vero-B4 cells. Pictures were taken with 

the Leica DM3000 microscope and the Leica Application Suite Version 4.1.0. Magnification and the 

passage (p) of the cells are stated on the top right corner of the photos. 

1.1.4. Vero-B4 

The Vero cell line (ATCC® CCL-81™) comes from the kidney of a normal, adult, African 

green monkey (Cercopithecus aethiops) [11]. The cells grow in an epithelial way (Figure 6B). 

Split ratios for maintaining bottles were 1:10 twice a week. The cells double in about 24 hours. 

Vero-B4 cells were kept in DMEM LG with 5% of FBS.  

1.1.5. U138 and U251 

The human glioblastoma cell lines U138 (ATCC® HTB-16™) and U251 (ATCC® HTB-17™; 

formerly known as U-373 MG) are adherent [113, 114], show different proliferation rates and 

morphologies. While U251 (Figure 7B) double in about 23 hours and grow in an epithelial and 

pleomorphic way, U138 (also epithelial) take up to 70 hours to double (Figure 7A). This was 

taken into consideration when maintaining and using the cells in the various assays. Both cell 

lines were kept in DMEM HG medium with 5% of FBS.  
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Figure 7: Microscopic photo of U138 and U251 cells 
A) U138 cells at about 60% confluency, B) 45% confluent U251 cells. Pictures were taken with the 

Leica DM3000 microscope and the Leica Application Suite Version 4.1.0. Magnification and the 

passage (p) of the cells are stated on the top right corner of the photos. 

U138 need cell-to-cell contract to proliferate. The cells were split in a ratio of 3:10 when 

maintaining the bottles and 5:10 when preparing for an 80-90% confluent bottle in 1-2 days’ 

time. Due to long doubling time, infection experiments with U138 cells were run for 5 days 

instead of 4 days. 

U251 were split twice a week in a ratio of 1:10. The cells were kept in DMEM HG with 5% of 

FBS. U251 turned out especially sensitive to overgrowing.  

1.2. Evaluation of seeding density of Huh-7 cells with MTS  

100 µL Huh-7 cells per well were plated in a 96-well plate in various cell densities (5×102, 

1×103, 5×103 and 1×104 cells/well) in DMEM LG 5% FBS the previous day. The following 

day, 100 µL of DMEM LG without supplementation of FBS was added to mimic the future 

toxicity experiments and the plate was then incubated for 5 days at 37 °C and 5% CO2 and 

humified atmosphere. After 5 days, 20, 30 or 40 µL of MTS/PMS (CellTiter 96®AQueous Non-

Radioactive Cell Proliferation Assay (MTS) (Promega, USA)) solution were added (Table 2). 

The plate was then incubated again at 37 °C and 5% CO2. Absorbance was measured at 490 nm 

in the VictorX5 Reader after 1 and 2 hours of incubation. Each set of parameters was repeated 

at least 3 times.  
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1.3. Kill curves 

See VI.1 CHIKV strains Brazil (wt) and Ross (lab-adapted) differ with regard to cell host range 

and antiviral sensitivity and show CPE in human glioblastoma cell lines U138 and U251 

1.4. Evaluation of CHIKV binding on different cell lines via immunofluorescence 

test (IFT) 

Two 12-well multiwell plates (Greiner Bio-one, Frickenhausen, Germany) were prepared with 

sterile round glass cover slips (16 mm diameter) for each well and 5×104 cells/mL/well were 

seeded with each cell line infection being repeated 3 times and one well holding non-infected 

cells (Mock). DMEM LG with 5% FBS was used as medium for Vero-B4, A549, Huh-7, U251 

and DBTRG cells, while U138 were kept in high glucose medium. The cells were allowed to 

settle overnight and the next day the supernatant was removed. 500 µL of virus dilution with a 

MOI of 0.065 were added to each infection well. The plates were incubated for 1 hour at 37 °C 

with 5% CO2 and > 95% humidified atmosphere. After incubation, the supernatant was 

removed and replaced with 1 mL of DMEM HG with 2.5% FBS. Plates were then put back in 

the incubator.  

Two days after infection, the supernatant of the cells was removed and cells were fixed with 

ice cold methanol-acetone (1:1) and put in the -80 °C freezer for 30 minutes. Then, the 

coverslips (CS) were removed from the wells, washed twice with PBS and allowed to dry. Then 

each CS was covered with 1% BSA in PBST (blocking buffer) for 30 min to block unspecific 

binding of the antibodies. Then, 100 µL of the primary antibody (anti-CHIKV (IgG) antibody 

by Euroimmun F160129BF diluted 1:100 in blocking buffer) were added and the CS were 

incubated in a humidified chamber for 1 hour RT. Then the CS were washed 3 times with PBS. 

The CS were then covered with 100 µL of a 1:1000 dilution of secondary antibody (Alexa Fluor 

488 goat α-human IgG by Invitrogen in 1% BSA in PBST) and incubated in a humidified 

chamber for 1 hour at RT without light. Then CS were washed with PBS three times. For 

counterstaining of nucleoli, 100 µL of 0.1-1 µg/mL DAPI (DNA stain) was mounted on the CS 

and incubated for 1 min, then washed off again with PBS. After drying, mounting medium was 

applied to each CS which were then transferred on glass slides (2 cover slips each) and sealed 

with nail polish. Finished slides were stored in the dark at -20 °C or 4 °C. 

For microscopy, the Confocal Laser Scanning Microscope LSM 710 by Zeiss or the Leica DMI 

3000 B microscopes, a 40x or 63x object lens and immersion oil was used. 
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1.4.1. Microscopes 

Leica DMI 3000 B microscope 

Leica DMI 3000 B is a manual inverted research microscope provided by Leica Microsystems. 

This microscope is suitable for fluorescence and many other uses like live cell, time-lapse 

imaging, high-speed multi-fluorescence optical sectioning, micromanipulation and more. The 

microscope was used for routine investigations in infected and backup cells and for simple 

fluorescence imaging. 

LSM 710 - Confocal laser scanning microscope 

The LSM 710 is a fully motorised upright confocal microscope constructed by Carl Zeiss. It is 

an instrument capable of creating detailed, high-contrast images. It has an excitation laser light 

suppression. This kind of microscope is generally used with fluorescence optics. While 

conventional fluorescence microscopes illuminate the whole specimen, the confocal laser 

scanning microscope (CLSM) captures the light that is emitted by a single plane of the sample. 

A laser beam (LASOS RMC 7812 Z1 Argon laser) scans the specimen pixel by pixel and line 

by line. The fluorescence emitted from the illuminated material is collected and brought to an 

image at a suitable light detector. A pinhole aperture is placed in front of the detector, at a 

position that is conjugated to the plane in focus. This pinhole obstructs the light that comes 

from objects outside that plane. Thus, only light from objects that are in focus can reach the 

detector. Pictures were taken using the ZEN 2.1 Software by Zeiss. 

1.5. Investigating CHIKV yield in different cell lines via RT-PCR  

1.5.1. Infection of cells and sample taking 

A549, Huh-7, Vero-B4, DBTRG and U138 cells were plated in a 24-well plate at a cell density 

of 1×105 Cells/mL/well. Cells were kept in DMEM LG with 5% FBS, the brain derived cells 

(DBTRG and U138) were kept in DMEM HG medium. Cells were incubated and allowed to 

settle overnight. Virus dilutions were made with DMEM to get MOIs of 0.1, 0.01 and 0.001. 

For infection, the supernatant was removed and 100 µL of the virus dilution was put on the 

corresponding wells (non-infected Mock controls were treated with 100 µL of DMEM) and 

incubated for 10 minutes. Then 1000 µL of DMEM LG/HG with 5% FBS were added to the 

wells. A 50 µL sample of the supernatant was collected (0dpi) and diluted in 450 µL of DMEM. 

140 µL of this 1:10 diluted sample was put in 560 µL AVL buffer with 5.6 µL cRNA and stored 

at -80 °C until RNA purification for PCR. Samples were taken every day at the same time. 

Before taking samples, 50 µL of growth medium were added to each well to keep the volumes 

in the wells adjusted. Experiments ran for 5 days and were repeated 3 times independently. 
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1.5.2. Purification of CHIKV RNA 

Purification of CHIKV specific RNA was either done manually with the QIAmp® RNA Mini 

Kit (Qiagen) or automatically with the QIACube (Qiagen, Hilden, Deutschland) with the 

corresponding RNA purification Kit according to the user manual. Purifications were done in 

a separate lab with no CHIKV related work, to prevent contamination of the samples. Purified 

samples were stored at -80 °C until PCR was done. With each purification run, a control (RNase 

free water) was purified as well. A 10-fold dilution of the CHIKV stock was purified to create 

a standard curve in the reverse transcriptase (RT) -PCR. 

Denaturing of CHIKV was done by lysing the sample under highly denaturing conditions to 

inactivate RNases and to ensure isolation of intact viral RNA. The principle of the kit lies in 

the binding of the RNA to a QIAamp silica membrane while contaminants are efficiently 

washed away by using different wash buffers. 

1.5.3. Chikungunya virus RT-PCR 

RealStar® Chikungunya RT-PCR Kit 2.0 (Altona, Hamburg, Germany) was used for the in 

vitro qualitative detection of CHIKV specific RNA. The test was conducted according to the 

manufacturer’s protocol. With the alteration that sample size was 12.5 µL instead of 25 µL. The 

composition of the master mix, the thermoprofile, as well as the measured colours are displayed 

in Table 1. 

The master mix was done in a spatially separated area to prevent contamination. The reagents 

were added into a 1.5 mL Eppendorf tube, mixed by pulse-vortexing it and centrifuged briefly. 

Per sample 20 µL were pipetted into a PCR tube (Eppendorf, Germany), and 10 µL of sample 

were added. Measurements of fluorescence were done using a RotorGeneQ thermocycler 

(Quiagen, (Hilden, Germany)) or the Light Cycler® 480 (Roche) during the amplification 

cycle. 
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Table 1: Master Mix, temperature profile and colour channels for  

Chikungunya-real time-PCR 2.0 according to Altona.  
Master Mix 

Master A 5 µL 

Master B 15 µL 

Internal Control IC 1 µL 

Reaction: 20 µL Master Mix + 10 µL sample 

Thermological profile 

Hold (reverse transcription) 1x 20 min at 55 °C 

Denaturing 1x 15 sec at 95 °C 

Amplification (Cycling) 45x 

15 sec at 95 °C 

45 sec at 55 °C 

15 sec at 15 °C 

Reading 

CHIKV Quantification FAM 

Reference internal control JOE 

1.5.4. Data Evaluation 

Evaluation of the PCR was done using the Rotor-Gene Q – Pure Detection Software Version 

2.3.1 (Quiagen)/ Light Cycler® 480 Software (Roche) Excel (Microsoft) and GraphPad 

Prism 6. Samples with cycle threshold (Ct) values of < 35 and with sigmoid curves were 

considered positive. With each PCR a negative and a positive control were run along as well as 

a10-fold dilution of virus stock RNA to create a standard curve to be able to estimate the amount 

of viral RNA. Calculations, trendline, equation and coefficient of determination (R2) were done 

using Microsoft Excel and the graph of the standard curve was done with GraphPad Prism 6 

programme. For yield curves means and standard deviations were calculated from three 

independent experiments with Microsoft Excel. Curves were then created using GraphPad 

Prism 6. 

2. Chikungunya virus propagation and evaluation 

All live CHIKV related work was done in a BSL-3(**) lab under a Class II biosafety cabinet 

(Berner Claire® pro, Berner International GmbH, Germany). Once the virus had been 

deactivated, work was continued under BSL-2 lab conditions. The CHIKV strain (L3-4497 DH 

150827) originates from a patient isolate from Brazil (2015) (in this thesis further referred to as 

CHIKVBrazil; GenBank accession number Banklt2561907 Chikungunya_Brazil_4497 

ON009842.). CHIKV had been diagnosed via IFT by the diagnostic laboratory (ZBD) of the 

Institute of Microbiology of the German Armed Forces when the sample had arrived. Serum of 

the patient had been used to infect Vero-B4 and C6/36 cells to grow and multiply the virus for 

the reference stocks. 
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2.1. Virus stock production 

For the production of a working CHIKV stock, the wildtype (wt) CHIKVBrazil isolate L3-4497 

that had previously been cultivated on Vero-B4 (Stock #6) and C6/36 (Stock #7) cells by the 

ZBD were used. CHIKV stock production was done as described in VI.1 

2.2. Plaque assay for CHIKV stock titre 

Plaque assays were done using Vero-B4 and U138 cells as described in VI.1 

2.3. Electron microscopy 

After cultivating CHIKVBrazil in Vero-B4 cells for 4 days, 80 µL of supernatant was inactivated 

with 10 µL of 25% glutaraldehyde and 10 µL of 20% paraformaldehyde (both Merck, 

Germany). Hydrophilisation of the grids was done with 1% alcian-blue (according to the recipe 

of the RKI); negative contrast staining was done with phosphotungstic acid (1%; Merck, 

Germany). 

For verification, the VirusExplorer20151127 of the Robert Koch Institute (RKI) [115] was 

taken into consideration as well as the publication of Noranate, Takeda [116]. Electron 

microscopy was done with the Zeiss Libra 120 TEM using Image SP Software and the 

TEMCon32 Programme (Zeiss, Germany). Magnification was 80 000x. 

3. Antiviral compounds and reference substance testing 

A total number of 34 antiviral compounds were provided from medical chemists Andrea 

Brancale and Marcella Bassetto in Cardiff [117]. All compounds were sent to us as solid 

powders and dissolved in DMSO (Dimethyl sulfoxide HyBRI-MAX®, Sigma-Aldrich®, UK). 

Stock solutions with concentrations of 10 mM were created and frozen until needed at -20 °C. 

For further delusions assay medium was used (DMEM LG). The wells of the screening and 

plaque reduction assay contained compounds at a concentration of 10 µM and 0.1% of DMSO. 

3.1. 1st Series: in silico nsP2 protease inhibitors 

The first series encompassed 19 compounds (#1-19) which were all modelled in silico after the 

hit of Bassettos study in 2013 (Figure 8). The general idea behind the constructs can be seen in 

Figure 8. For the complete list of the series-1 compounds see Appendix XII.1.1.1. These 

compounds were designed as nsP2 protease inhibitors and were constructed to match the nsP2 

CHIKV protease active site with the binding amino acid residues His1083, Cys1013, Asn1082, 

and Trp1084 forming the docking pose. 
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Figure 8: Pharmacophoric characterisation of the compounds from our first Bassetto 

series.  
The molecule features two terminal aromatic/hydrophobic groups, a hydrogen bonding donor and 

acceptor centres in the bridge structure. All nsP2 inhibitors crudely follow this scheme, with differences 

either in the terminal aromatic/hydrophobic groups and/or the H-bond accepting middle part. Only three 

of the 19 protease inhibitors contained the cyclopropane ring group at the upper fixed planar angle. In 

other constructs, the ring was replaced by various forms of –CH2— links. (Picture altered from Das, 

Puusepp [118]) 

3.2. 2nd Series: Nucleoside analogues and ProTides of defluorinated favipiravir (T-

1105) 

The second series consists of 15 analogues of the defluorinated favipiravir (T-1105). These 

compounds are either direct nucleoside (purine) analogues (#20-26) or ProTides (meaning, they 

are pronucleotides that consist of a 5′-nucleoside monophosphate/phosphonate in which the two 

hydroxyl groups are masked with an amino acid ester and an aryloxy moiety) (#27-34). Either 

way, they are meant to interfere with the nsP4 polymerase and the viral DNA/RNA synthesis 

(usually by causing termination of the nascent DNA/RNA chain) or by inhibition of cellular or 

viral enzymes that are involved in the nucleoside/tide metabolism. For the complete list of the 

series 2 compounds see Appendix XII.1.1.2. 

3.3. Reference substances 

Ribavirin (RBV) was used at a concentration of 410 µM as a control, since Briolant, Garin 

[119] and Gallegos, Drusano [120] had previously published IC50 values for RBV in similar in 

vitro assays of 341 µM and 419 µM respectively. Franco, Rodriquez [121] confirmed an IC50 

of 408.2 µM in Vero cells. RBV was dissolved in sterile water and held in stocks of 100 mg/mL 

(= 410 mM). 
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Since the 34 compounds were dissolved in DMSO and wells held final DMSO concentrations 

of 0.1% in the screening and the plaque reduction assay, Mock controls as well as CHIKV 

infected cells without compound also contained 0.1% of DMSO. 

3.4. Screening assays for selecting working compounds 

3.4.1. Screening of the compounds via viability assay (MTS) 

The viability of the infected cells was evaluated with the CellTiter 96®AQueous Non-Radioactive 

Cell Proliferation Assay (MTS) (Promega, USA) according to the manufacturer protocol with 

the difference that 20 μL (not 40 µL) of the combined MTS/PMS solution was use per 

200 μL/well in all MTS assays. 

Cells were seeded in a clear 96-well plate at a density of 1×104 cells/100 µL per well (Vero-

B4, U138) or 1×103 cells/100 µL per well (Huh-7, toxicity only) the previous day in DMEM 

with 5% FBS and allowed to settle overnight. The next day, 50 µL of compound was added to 

a final concentration of 10 µM in the well, 1 hour prior to adding 50 µL of CHIKV at a MOI of 

0.64. Chemotoxicity was run parallelly in the same way, but by adding 50 µL of DMEM instead 

of the virus solution. The plates were incubated at 37 °C and 5% CO2 with > 95% relative 

humidity for 4 days (Vero-B4 and Huh-7) or 5 days (U138). Then 20 µL of MTS/PMS solution 

were added to each well and the plates were incubated for 1 and 2 hours. Absorbance was 

measured using either the iMark™ Mikroplate Reader or the VictorX5 (toxicity only) at a 

wavelength of 490 nm. Experiments were repeated three times independently with each well 

having three technical replicates. Raw data were converted to percentages of controls with 

Microsoft Excel and statistical analysis as well as graphs were done with GraphPad Prism 6 

software. 

3.4.2. Plaque reduction assay 

Vero-B4 cells were plated at 1.2×105 cells/mL/well in DMEM LG with 5% FBS in a clear 24-

well plate (Cellstar®, Greiner, Germany). After settling overnight, supernatant was removed 

and 500 µL of compound in DMEM LG with 2.5% of FBS was added (final drug concentration 

per well: 10 µM). After 1 hour of incubation at 37 °C and 5% CO2, 100 µL of a CHIKV dilution 

that was calculated to produce about 20-40 plaques per well, was added. After 30 minutes, 

400 µL methylcellulose (Sigma-Aldrich, Germany) overlay (3 parts 2.5% methylcelluloses in 

H2O and one part of DMEM LG and 2.5% FBS) was added, (final methylcellulose 

concentration: 0.875%; final FBS concentration: 1.5% per well). As a control RBV was used 

(410 µM). The plates were checked for CPE daily with a microscope. Three to four days pi 

1 mL of crystal violet solution (0.2% crystal violet and 20% formaldehyde (both Merck, 

Germany)) was added directly on the overlay of each well. The plate was then sealed and put 
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into the fridge overnight. The following day, the plates were gently washed with ddH2O (using 

a serological pipet) 3 times. The plates were dried and plaques were evaluated. Each compound 

was repeated twice per plate and compounds which displayed interesting results were repeated 

in multiple independent experiments. 

3.5. Assays with selected compounds against CHIKV 

3.5.1. Virus yield assay with selected compounds in U138 cells 

U138 cells were plated in a 24-well plate with 1.5×105 cells/well in DMEM HG with 5% FBS. 

Cells were allowed to settle overnight and incubated at 37 °C with 5% CO2 and > 95% 

humidified atmosphere.  

Treatment: The next day, supernatant was removed and 1 mL of the compound dilutions added 

to the corresponding wells and incubated for 30 minutes (37 °C, 5% CO2). Cells were treated 

with either of compound #13 or T-1105 (both at 10 µM), 410 µM of RBV or 0.1% of DMSO. 

Mock control corresponds to non-infected, untreated cells while positive control are infected, 

untreated cells (both with 0.1% DMSO). 

Infection and sampling: Supernatants were removed and 100 µL of CHIKVBrazil at a MOI of 

0.001 was put on the cells, distributed evenly and the plate incubated for 10 minutes. Virus had 

previously been diluted in DMEM. Mock controls were treated likewise but with 100 µL of 

DMEM. Then 1000 µL of the corresponding compound dilution (in DMEM with 5% FBS) 

were added to the cells and gently mixed. Supernatant samples of 50 µL was collected every 

day. Before taking samples, 50 µL of growth medium including the corresponding compound 

were added to the well so to keep the volumes in the wells adjusted. 

The samples were diluted 1:10 with DMEM and 140 µL of the dilution was mixed with 560 µL 

of AVL buffer with 5.6 µL cRNA and stored at -80 °C until further processing. Experiments 

ran for 5 days and were repeated 3 times independently. For purification of the CHIKV RNA 

and Chikungunya RT-PCR see IV. 1.5.2 and VI. 1.5.3. 

Evaluation 

All samples with Ct levels of < 35 and with sigmoid curves were considered positive. Means 

and standard error of mean (SEM) were calculated from three independent experiments with 

Graph pad Prism 6. Curves were created with the same programme. Statistical significance was 

calculated with a two-way ANOVA test, comparing infected but untreated cells with the treated 

cells at different time points (day 0 to day 5 post infection). 

3.5.2. IC50/CC50 of selected compounds 

Cells were seeded in a clear 96-well plate at a density of 1×104 cells/100 µL per well (Vero-B4, 

U138) or 1×103 cells/100 µL per well (Huh-7, toxicity only) the previous day in DMEM LG 
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(U138 in HG) with 5% FBS and allowed to settle overnight. Serial dilutions of the compounds 

were prepared in (DMEM LG). One hour before infection, 50 µL of the compound dilution was 

added and the cells were incubated for 1 hour. Upon infection 50 µL of a virus dilution 

(MOI 0.325 or 0.355) (efficacy) or 50 µL of medium (toxicity) was added. The plates were 

incubated at 37 °C with 5% CO2 and > 95% relative humidity for 4 (Vero-B4 and U138 

efficacy) to 5 (toxicity in Huh-7 and U138) days. After incubation, each well was treated with 

20 µL of MTS/PMS solution (Promega), then incubated for 1 to 2 hours. Absorbance was 

measured using either the iMark™ Mikroplate Reader or the VictorX5 (toxicity only) at a 

wavelength of 490 nm. 

The serial dilution of the compounds had a final well concentration as follows: 

- Compound #13 had 0.5 to 30 µM in efficacy and toxicity assays. 

- T-1105 had 1 to 100 µM efficacy and toxicity assays. 

- RBV had between 10 and 700 µM in the assays. 

Mock and untreated infected cells contained 0.3% of DMSO. 

Each compound concentration was done in triplets and each plate was repeated at least in three 

different independent experiments. Raw data were converted to percentages of controls with 

Microsoft Excel and a t-test was done to analyse the probability. Raw data were then transferred 

to GraphPad Prism 6 and IC50 and CC50 values were derived from the dose-response curves that 

was analysed by the programme. IC50 value were calculated in relation to the raw data values 

of the most efficient compound concentration (= relative IC50). CC50 was calculated in relation 

to non-infected untreated cells (Mock control). Goodness of fit and plausible range are given 

by R2 and 95% Confidence Interval (95%CI). If a raw data value deviated more than 20% from 

the mean of the repeats, this particular value was omitted. 

3.6. Real-time cell analysis (RTCA) with xCELLigence 

Real-time cell analysis (RTCA) monitors cell viability in a dynamic and non-offensive way. 

The xCELLigence (ACEA Biosciences, San Diego, CA USA) is a microelectronic biosensor 

technology that measures electronic impedance based on the cell adherence to the plate. The 

impedance is defined as CI (Cell Index) and gives information on the cell status (differences in 

cell number, adhesion degree, cellular morphology and viability) [122]. 

The xCELLigence RTCA system encompasses an electronic sensor analyser, a device station, 

a control unit, and E-Plate 96. In this study the provided software was RTCA Software 2.0 

(Roche). Voltage for the analyser was between 100 V and 240 V with a frequency of 50 Hz to 

60 Hz. The device station was placed in the incubator at least 4 hours before the beginning of 

the experiment. 
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3.6.1. Cell growth and proliferation assay with RTCA 

The growth, proliferation and adhesion kinetics of Vero-B4, Huh-7, U138 and U251 cells were 

determined using RTCA technology to find the ideal cell amount for seeding. A volume of 

50 µL of DMEM LG (U138 wells with HG) with 5% FBS was put in each well of the 96-well 

E-plate (gold-microelectrode array integrated E-plate; ACEA Biosciences, San Diego, CA 

USA). The plate was installed in the device station for background impedance reading and 

checking the connections of the electrodes. Serial dilutions of 2.5×103, 5×103, 7.5×103, 1×104, 

1.5×104 and 2×104 cells in 50 μL DMEM HG were prepared. Then 50 µL of cell suspension 

was added to each well (total volume of 100 µM/well). The E-plates were incubated at RT for 

30 min in a laminar flow cabinet and then placed on the RTCA SP Station in the incubator at 

37 °C. CI values were measured every 15 minutes. After 20 hours, 100 µL of DMEM LG/HG 

without FBS was added to mimic the conditions of the planned infection experiment. 

Experiments ran for 5 days. Measurements, raw data evaluation and graphs were done by RTCA 

Software 2.0 (Roche). Data points represent means ± standard deviation from 2 independent 

experiments with 4 or 6 technical replicates each. 

3.6.2. Efficacy and toxicity of antivirals against CHIKV using RTCA 

A volume of 50 µL of DMEM LG (HG for U138) with 5% FBS were added to each well of a 

96-well E-plate. The plate was installed in the device station for background impedance reading 

and connections check. Then, Vero-B4, U138 and Huh-7 cells (toxicity only) were seeded in 

the 96-well E-plate at a concentration of 1×104 cells/50 µL, incubated at RT for 30 min under 

the laminar flow cabinet and then placed on the RTCA station and incubated at 37 °C until the 

next day. Nineteen to 24 hours after seeding the plate was detached from the device station and 

50 µL of the compound (diluted in DMEM LG/HG) was added to the corresponding wells. The 

plate was replaced in the RTCA station and incubated for 1 hour. 

Cells were then either infected with CHIKVBrazil (by adding 50 µL of virus dilution, MOI 0.4) 

for efficacy testing or not (addition of 50 µL DMEM) for toxicity evaluation. Final FBS 

concentration/well was 2.5%. Final compound concentrations were: #13 at 10 µM, T-1105 at 

10 and 50 µM, RBV at 410 µM. Non-infected and untreated Mock and positive control 

contained 0.1% of DMSO, which corresponds to the DMSO in the #13 and T-1105 treated cells. 

All wells were done in triplets. The plate was replaced in the RTCA station and monitored for 

close to 6 days. Impedance was measured every 15 min. The experiment was repeated three 

times independently. Measurements and raw data were done by RTCA Software 2.0 (Roche). 

Raw data was transferred to Microsoft Excel and mean ± standard deviation from significant 

time points (9 data sets (3 independent experiments each with 3 technical replicates)) were 
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calculated. Then graphs and statistical analysis were done with GraphPad Prism 6 software. A 

one-way ANOVA Sidiak’s multiple comparison test was done comparing compound treated 

cells with the positive control (infected but not treated cells; efficacy evaluation) or non-

infected, untreated Mock (toxicity evaluation). 

4. Controls 

Control compounds: 

Ribavirin (RBV): All compound assays contained a RBV control with 410 µM of RBV. At this 

concentration, RBV showed antiviral activity with statistical significance against CHIKV in all 

our assays. 

Defluorinated favipiravir (T-1105): Compound #25 corresponds to T-1105, defluorinated 

favipiravir. It was included in all experiments for selected compounds at a concentration of 

either 10 µM or 50 µM as previous IC50 values published by Delang, Segura Guerrero [123] 

ranged were 7.0 ± 1 µM and 47 ± 12 µM (depending on the protocol). 

Other controls: 

Cell culture was checked for mycoplasma contamination every 4 months via PCR from 

supernatant. Contaminated cells were eliminated. 

PCR 

Preparation of PCR samles and preparation of master mix were done in a spacially separated 

area to avoid cross contamination. 

Purification control: To exclude CHIKV RNA cross contamination of samples and/or reagents, 

a purification control was made. In every RT-PCR a sample with RNase free water (Qiagen) 

was purified and treated the same way as the experimental samples. 

Negative control: Likewise, one sample containing RNase free water was mixed with the PCR 

reagents and added in every RT-PCR alongside the other samples to see if there was a 

contamination either of the PCR regents or by pipetting. 

Positive control: A sample which was known to contain viral RNA and was provided by the 

manufacturer of the RT-PCR Kit was put in every PCR as a positive control. 

5. Statistical data analysis 

Screening assay with MTS: Mean values and standard deviation (SD) were calculated using 

Microsoft Excel and analysed with GraphPad Prism 6 using a One-Way ANOVA (analysis of 

variance) with a multiple comparisons test. The means of treated and infected cells were 

compared either to CHIKV infected, untreated cells (to determine efficacy) or Mock (non-
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infected untreated cells) (to determine toxicity). P-values < 0.05 indicated by asterisks show 

differences among the means which are statistically significant. 

Yield assay: All samples with Ct levels of < 35 and with sigmoid curves were considered 

positive. Means and standard error of mean (SEM) were calculated from three independent 

experiments with GraphPad Prism 6. Curves were created with the same programme. Statistical 

significance was calculated with a two-way ANOVA test, comparing infected but untreated 

cells with the treated cells at different time points (day 0 to day 5 pi). 

IC50/CC50 evaluation with MTS: Raw data were converted to percentages of controls with 

Microsoft Excel and a t-test was done to analyse the probability. Data were then transferred to 

GraphPad Prism 6 programme and IC50 or CC50 values were calculated via dose-response 

curves (equation: log(inhibitor) vs. normalised response with variable slope). R2 and 95% 

confidence interval (95%CI) was also calculated by the programme. 

xCELLigence analysis: For RTCA data analysis, the normalised CI value was calculated for 

each well. This was done automatically by the RTCA Software 2.0 (Roche). Curves, means and 

standard deviation of cell growth and proliferation assays were done with the RTCA Software. 

Means and standard deviations of efficacy and toxicity RTCA assays were calculated with 

Microsoft Excel (data points are the mean ± standard deviation from nine data sets 

(3 independent experiments with 3 identical wells each)). Graphs and statistics were done with 

GraphPad Prism 6. An ordinary one-way ANOVA Sidiak’s multiple comparison test was done 

comparing either untreated infected cells (positive control; efficacy evaluation) or untreated 

Mock (toxicity evaluation) with the treated groups. P-values were calculated and are given in 

the graphs indicated with asterisks as p-value * < 0.05; ** < 0.01; *** < 0.005; **** < 0.0001. 
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VI. RESULTS 

1. CHIKV strains Brazil (wt) and Ross (lab-adapted) differ with regard 

to cell host range and antiviral sensitivity and show CPE in human 

glioblastoma cell lines U138 and U251 
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tables are numbered individually within the manuscript. The corresponding supplementary 

material has been added directly following the reference section of this publication. 
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2. Characterisation of cell lines 

2.1. Evaluation of seeding density of Huh-7 cells for MTS assays  

As Huh-7 are able to metabolise MTS very efficiently, cell numers had to be adjusted to the 

reagent in order to get comparable results with the other cell lines and OD values that were in 

the linear range of the reader (0.0 to 2.0). Initial cell numbers of 1×103 cells/well and 

5×103 cells/well of Huh-7 cells and 20 µL of MTS reagent yielded acceptable OD values after 

1- and 2-hours incubation (Table 2). However, at 1×104 cells/well the conversion of MTS into 

formazan is reduced, suggesting that the cells are too dense and are curbing their metabolic 

activity. For the other cell lines (Vero-B4, U138 and U251) a 10-fold higher number 

(1×104 /cells/well) yielded OD values in the desired range (data not shown).  

Table 2: OD values of different Huh-7 cell densities and amounts of MTS/PMS solution. 
Viability assays ran for 5 days and MTS/PMS incubation was 1 to 2 hours.  

Cell  

density 

OD values after 1 h incubation at  

Different amounts of MTS 

2 h incubation 

Amount of MTS 

20 µL 30 µL 40 µL 20 µL 30 µL 40 µL 

5×102 cells 
0.543 

± 0.035 

0.600 

± 0.018 

0.630 

± 0.031 

0.750 

± 0.072 

0.870 

± 0.053 

0.863 

± 0.031 

1×103 cells 
0.705 

± 0.004 

0.820 

± 0.015 

0.856 

± 0.082 

1.094 

± 0.021 

1.332 

± 0.011 

1.278 

± 0.122 

5×103 cells 
0.979 

± 0.069 

1.066 

± 0.058 

1.133 

± 0.099 

1.727 

± 0.226 

2.104 

± 0.166 

2.283 

± 0.315 

1×104 cells 
0.941 

± 0.075 

1.094 

± 0.064 

1.268 

± 0.093 

1.300 

± 0.053 

1.456 

± 0.019 

1.764 

± 0.100 

2.2. CHIKV effect on different cell lines 

2.2.1. CHIKV kill curves on different cell lines 

see VI.1 

2.2.2. IFT 

The reference cell line Vero-B4 showed the best IFT signal among the tested cell lines (bright 

green signal in Figure 9A & B) while nuclei are stained light blue with DAPI. U251 and U138 

cells also displayed a very well detectable immunofluorescence (Figure 10A-C). A strong 

immunofluorescence signal indicates CHIKV particles in the cell membrane. Cells are 

interconnected with neighbouring cells via cellular protrusions or membrane extensions (Figure 

9A-C and Figure 10A-C).  
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Figure 9: Immunofluorescence staining against CHIKV in Vero-B4, DBTRG and A549 

cells. 
Cells infected with CHIKVBrazil (MOI: 0.065) and immunostained with anti-CHIKV (IgG) antibody 

(AB) (primary AB) by Euroimmun F160129BF and Alexa Fluor 488 goat α-human IgG (secondary AB) 

by Invitrogen. Nucleoli are stained with DAPI (light blue). Microscopy was done with the Confocal 

Laser Scanning Microscope LSM 710 by Zeiss. Pictures were edited with the ZEN 2.1 Software by 

Zeiss. Bars indicate either 50 µm or 20 µm. Magnification and cell line are stated in the top right corner 

of each indicidual photo. A) & B) Vero-B4 cells infected with CHIKV (bright green signal). A strong 

immunofluorescence signal indicates CHIKV particles in the cell membrane. Cells are interconnected 

with neighbouring cells via cellular protrusions or membrane extensions. C) DBTRG cells infected with 

CHIKV. D) A549 cells infected with CHIKV. Each cell line was repeated 3 times per plate and the setup 

was repeated at least twice in independent experiments. 
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Figure 10: Immunofluorescence staining against CHIKV in U138, U251 and Huh-7 cells. 
Cells infected with CHIKVBrazil (MOI: 0.065) and immunostained with anti-CHIKV (IgG) antibody 

(AB) (primary AB) by Euroimmun F160129BF and Alexa Fluor 488 goat α-human IgG (secondary AB) 

by Invitrogen. Nucleoli are stained with DAPI (light blue). Microscopy was done with the Confocal 

Laser Scanning Microscope LSM 710 by Zeiss. Pictures were edited with the ZEN 2.1 Software by 

Zeiss. Bars indicate either 50 µm or 20 µm. Magnification and cell line are stated in the top right corner 

of each indicidual photo. A) & B) U138 cells infected with CHIKV (bright green signal indicates 

CHIKV virions in the cell membrane). A strong immunofluorescence signal indicates CHIKV particles 

in the cell membrane. Cells are interconnected with neighbouring cells via cellular protrusions or 

membrane extensions. C) U251 cells infected with CHIKV. D) Huh-7 cells infected with CHIKV. Each 

cell line was repeated 3 times per plate and the setup was repeated at least twice in independent 

experiments. 

DBTRG cells had very weak IFT signals, probably due to too low MOI, but some virus particles 

still seemed to bind to this cell line (Figure 9C). Compared to Vero-B4 cells, fewer DBTRG 

cells were infected with CHIKV. CHIKV infection of Huh-7 and A549 cells at a MOI of 0.065 

did not result in a detectable IFT signal (Figure 10D and Figure 9D). Both cell lines appeared 
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like non-infected controls (Mock), which all showed no CHIKV IFT signals only DAPI blue 

stained nuclei (data not shown). 

2.2.3. Yield assay RT-PCR 

The RT-PCR in this thesis underwent 45 cycles of amplification. All samples with Ct levels of 

< 35 and with sigmoid curves were considered positive. 

The standard curve from the PCR of a 10-fold dilution (1:10 to 1:105) of a viral stock with 

known titre can be seen in Figure 11. From these standard curves as well as the different MOI 

(0.001, 0.01 and 0.1) it could be deducted that 3 Ct value points correspond to a 10-fold RNA 

amount (Figure 11). For analysis, the means of three independent experiments were created 

with standard deviation (SD). Maximal SD of the curves was ± 4.10, thus any difference 

between the maximal and minimal Ct points of > 5 Ct points was considered significant. 

 
Figure 11: Standard curve created with 10-fold dilution series of CHIKVBrazil stock. 
A 10-fold dilution series from 10-2 to 10-6 of a CHIKVBrazil stock with known titre was purified and the 

amount of viral RNA was quantified indirectly via CHIKV RT-PCR. Calculations, trendline, equation 

and coefficient of determination (R2) were done using Microsoft Excel and the graph was established 

with GraphPad Prism programme. Ct, cycle threshold; PFU, plaque forming units. 

MOI of 0.001 resulted initial Ct values of 28.16 ± 1.99, while MOI 0.01 had 25.21 ± 1.68 and 

MOI of 0.1 had 21.26 ± 1.34 Ct values. 

Three days pi with MOI 0.001, the Ct values of Vero-B4 and U138 cells had dropped to 

16.30 ± 2.32 (Vero-B4) and 16.82 ± 1.6 (U138) which calculates to a mean difference (∆Ct) of 

11.58 ± 0.23 compared to the initial level upon infection (0dpi) (Figure 12). This corresponds 

to a nearly 4-log increase (1×104) in virus amount. None of the other tested cell lines (DBTRG, 

Huh-7 and A549) showed any similar increase in viral RNA. 
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Figure 12: Viral RNA yield of Vero-B4, U138 and DBTRG cells infected with 

CHIKVBrazil over the course of 5 days. 
Cells were infected with CHIKVBrazil at different MOIs and supernatant was collected every day for 5 

days pi. Supernatant was diluted 1:10 with AVL-buffer and RNA was purified using the QIACube 

(Qiagen). PCR was done with RealStar® Chikungunya RT-PCR (Kit 2.0; Altona). Means and standard 

deviations were calculated from three independent experiments with Microsoft Excel. All samples with 

Ct levels of < 35 and with sigmoid curves were considered positive. Curves were created using 

GraphPad Prism. Vero-B4 (green graph) and U138 (yellow graph) cells were infected with a MOI of 

0.001. Infection of DBTRG cells (purple graphs) with CHIKV were at MOI of 0.01 (light purple graph) 

and 0.1 (dark purple graph). Ct, cycle threshold; MOI, multiplicity of infection. 

DBTRG cells infected with CHIKV at a MOI of 0.01 did show some changes in the Ct values 

over time, but the increase in viral RNA was not as significant as in the Vero-B4 and the U138 

cells. ∆Ct between the highest and the lowest Ct value was 2.55 Ct point and thus was in the 

range of the SD (Figure 12). At a 10-fold higher MOI (MOI 0.1) DBTRG did not show any 

increase in viral RNA. 

A549 cells had some increase in viral RNA at the lowest MOI (0.001) with ∆Ct being 

5.77 ± 2.56 points (Figure 13A). At higher MOI however, no significant change in the Ct values 

could be observed between the first day of infection and the following 5 days in A549 cells 

(Figure 13A). 

Huh-7 cells showed no change in Ct levels in the course of a 5-days infection (Figure 13B). 

The MOI had no influence on the virus production in Huh-7 cells. At the lowest MOI (0.001) 

Ct value at the day of infection was 28.18 ± 1.79, while 3dpi it was 27.90 ± 2.07 and 

28.62 ± 1.58 at the end of the experiment after 5 days (Figure 13B). 
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Figure 13: Viral RNA yield of A549 (A), Huh-7 (B) and Vero-B4 cells infected with 

CHIKVBrazil over the course of 5 days. 
Cells were infected with CHIKVBrazil at different MOIs and supernatant was collected every day for 5 

days pi. Supernatant was diluted 1:10 with AVL-buffer and RNA was purified using the QIACube 

(Qiagen). PCR was done with RealStar® Chikungunya RT-PCR (Kit 2.0; Altona). Means and standard 

deviations were calculated from three independent experiments with Microsoft Excel. Curves were 

created using GraphPad Prism. Vero-B4 cells (green graphs) were infected with a MOI of 0.001. A) 

Infection of A549 cells (blue graphs) with CHIKV were at different MOI. B) Huh-7 Characterisation of 

Chikungunya virus. 

The Ct values at MOI 0.01 and MOI 0.1 also showed no significant difference during the course 

of infection, with initial Ct values of 25.24 ± 1.78 and 21.65 ± 1.69 respectively and final values 

of 25.13 ± 1.10 for MOI 0.01 and 21.41 ± 1.10 for MOI 0.1 5dpi. 
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2.2.4. Titre of CHIKV stocks 

Two days post infection all the Vero-B4 cells had detached and the virus was harvested. Two 

different stocks (labelled as #6 (first virus isolation from the patient’s serum on Vero-B4 cells) 

and #7 (first cultivation on arthropod C6/36 cells)) were created. Differences in the titre 

between the two stocks could be observed which is interesting given the fact that they originate 

from the same serum and the only difference was their initial cultivation (either on Vero-B4 or 

on C6/36 cells). Stock #6 had an about 10-fold higher titre than stock #7. We tried tittering 

CHIKVBrazil on Vero-B4 and U138 cells (Figure 14B). 

One plaque assay plate for both stocks can be seen in Figure 14. For stock #6 the dilutions 

1:105 and 1:106 produced countable plaques (exemplary plate in Figure 14A has a plaque count 

of ((11+11+10+20)/4) ×5×105 = 65×105 = 6.5×106 PFU/mL for Stock #6. Assays were repeated 

at least four times independently for Stock #6 and produced titres between 6.5×106 and 

18.2×106 PFU/mL. Calculations were thus done with a mean titre of 1.27×107 PFU/mL. Stock 

#7 ended up with a titre of 7.25×105 PFU/mL. Stock #6 or progeny of this stock was mainly 

used for infection experiments. 

No plaques formed on the U138 cell layer even though the plates were processed the same way 

as the ones that held Vero-B4 cells (Figure 14B). Even after 5 days of incubation no clearly 

separated plaques could be observed on U138 cells. It is possible that immunostaining might 

be a more suitable way to determine virus titre in U138 cells. In this thesis, we thus calculated 

MOI with the Vero-B4 titres for all experiments (even those that were done with different cell 

lines) to have comparable virus amounts in all infection experiments. 
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Figure 14 A & B: CHIKV titration with plaque assay. 
Cells (Vero-B4 or U138) were seeded at 1.2×105 cells/mL/well in a 24-well plate and allowed to settle 

overnight. A 10-fold dilution of each virus stock added. Overlay consisted of 800 µL of 0.8 - 1% methyl 

cellulose mixed with DMEM and 2.5% FBS. The plates were incubated at 37 °C with 5% CO2 for 

4 days, then the cells were fixed and dyed with 1 mL of crystal violet per well. Mock represents non-

infected cells. The numbers above and below the wells indicate the exponent of the virus dilution. A) 

Titration of CHIKVBrazil stock #6 and #7 on Vero-B4 cells. Stock #6 is derived from CHIKVBrazil that 

had initially been cultivated on Vero-B4 cells while stock #7 was firstly grown on C6/36 cells. Counted 

plaques are marked with a red circle to distinguish them from dye and wash artefacts. B) Titration of a 

CHIKVBrazil stock on Vero-B4 and U138 cells. The CHIKVBrazil stock on U138 had once been 

subpassaged on U138 cells. While on Vero-B4 cells, countable plaques form in dilution -4 and -5, no 

distinguishable plaques can be observed in U138 cells. 

2.2.5. Electron microscopy 

Electron microscopic pictures of CHIKV were taken using the ZEISS Libra 120 TEM 

Electronic Microscope. Pictures of particles were compared to pictures of Noranate et al. (2014) 
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from his publication on the ‘Characterization of Chikungunya Virus-Like Particles’ (Figure 16) 

and the VirusExplorer20151127 of the Robert Koch Institute (RKI) [115]. 

 
Figure 15: Transmission electron microscopic images of CHIKV. 
CHIKV was cultivated in Vero-B4 cells for 4 days, then 80 µL of supernatant was inactivated with 

10 µL of 25% glutaraldehyde and 10 µL of 20% paraformaldehyde. Hydrophilisation of the grids was 

done with 1% alcian-blue; negative contrast staining was done with phosphotungstic acid (1%). 

Microscopy was done with the ZEISS Libra 120 TEM Electronic Microscope. The bars indicate 50 nm. 

Magnification is 80,000x. Enveloped virions with icosahedral nucleocapsid symmetry with a diameter 

of 50-60 nm can be seen as would correspond to virions of the Togaviridae. 

We were able to visualise virus particles that fit the description of togaviruses: enveloped 

virions with icosahedral nucleocapsid symmetry, spherical particles, 50-60 nm in diameter 

(Figure 15). 

 
Figure 16: TEM pictures of CHIKV VLPs and CHIKV virions. 
TEM analysis of purified virus like particles (VLPs) and CHIKV virion (top, left corner) done by 

Noranate and colleagues. Bars indicate 60 nm, magnification is 150,000x. Virions show great 

morphological similarity to our findings as well as the same size. (Picture retrieved from Noranate, 

Takeda [116])  
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3. Characterisation of compounds 

3.1. Compound screening via viability assays 

3.1.1. MTS screening results 

Antiviral activity of 34 compounds (#1-34) at a concentration of 10 µM varied between 

Vero-B4 and U138 cells in the efficacy assays. Apart from the RBV control, seven compounds 

(#7, 10, 13, 14, 16-18) had values which were statistically significant with a p-value < 0.05 in 

the brain derived U138 cell line (Figure 17). More than 50% of U138 cells survived CHIKV 

challenge when treated with 10 µM of #13 (57.79% ± 13.47% viable cells), #14 

(64.92% ± 16.65%) or #17 (53.75% ± 2.85%) (Figure 17). The RBV control (410 µM) showed 

a good antiviral activity of the compound with constantly between 71% to 81% of viable U138 

cells. About 28% of the U138 cells survived CHIKV infection 5dpi (Figure 17). The toxicity 

assays in U138 cells revealed statistically significant (p-value < 0.05) toxicity for compounds 

#16-18 and RBV in U138 cells (data not shown). Still more than 75% of the U138 cells survived 

treatment with these four compounds (data not shown). 

In Vero-B4 cells, compounds #14, 16 and 17 showed statistically significant differences to 

untreated infected cells (Figure 18A). Apart from RBV (55-66% viable Vero-B4 cells) 

compound #14 worked best ensuring 37.48% ± 2.82% cells to survive CHIKV infection (Figure 

18A). In untreated, infected controls about 24% of the Vero-B4 cells survived CHIKV 

challenge for 4 days at an initial MOI of 0.64. 

The toxicity screen in Vero-B4 showed a statistically significant negative difference to Mock 

control for compound #14 (39.73% ± 8.85% viable Vero-B4 cells) (Figure 18B). No other 

compound had cytotoxic effects on Vero-B4 cells (data not shown). Huh-7 cells did not show 

any CPE when infected with CHIKVBrazil even at MOI 6.4 (see colums with black square pattern 

in Figure 19A & B). Thus, this cell line was only used for toxicity evaluation. Statistically 

significant (negative) differences to Mock control could be observed for compounds #9, 13, 14, 

27 and RBV (Figure 19). 
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Figure 17: Efficacy of some compounds in U138 cells challenged with CHIKVBrazil (MOI 

of 0.64). 
Human glioblastoma cells U138 were infected with CHIKV and treated with the compounds at 10 µM 

or RBV at 410 µM. Five days after infection, cell survival was determined with MTS. Values are given 

as percentages in relation to Mock control (grey columns and blue line) and are means of three 

independent experiments each with at least three technical replicates. Error bars indicate SD of the 

relative values. (A) Efficacy of of compounds #1-14 against CHIKV. (B) Efficacy of the compounds 

#14-26 against CHIKV. Statistically significant (positive) differences between cells treated with 

compounds (white columns) and the positive control (virus only, columns with black square pattern and 

red line) were evaluated in a one-way ANOVA test and are indicated by black asterisks (p-values). 

P-values are given as follows: * p < 0.05; ** p < 0.01; **** p < 0.0001. MOI, multiplicity of infection; 

dpi, days post infection; MOI, multiplicity of infection; n, number of independent repeats. 
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Figure 18: Efficacy against CHIKVBrazil and toxicity of compounds at 10 µM in Vero-B4 

cells. 
Vero-B4 cells were infected at the indicated MOI (A) efficacy test) or not (B) toxicity test) and treated 

with various compounds. Four days after infection/treatment, cell survival was determined with MTS. 

Values are given as percentages in relation to Mock control and are means of three independent 

experiments each with at least three technical replicates. Error bars indicate SD of the relative values. 

(A) Vero-B4 were infected with CHIKVBrazil and treated with different compounds (white columns). 

Statistically significant (positive) differences between cells treated with compounds and the positive 

control (virus only, columns with black square pattern and red line) were evaluated in a one-way 

ANOVA test and are indicated by black asterisks. (B) Compound toxicity in Vero-B4 cells. Statistically 

significant (negative) differences between Mock control (100% live cells; grey bar and blue line) and 

the treated cells (white bars), are indicated by black asterisks. The number of asterisks indicate p-values 

as follows: ** p < 0.01; **** p < 0.0001. Graphs were done and analysed with GraphPad Prism in a 

One-Way ANOVA multiple comparisons test. MOI, multiplicity of infection; n, number of independent 

repeats; dpi, days post infection; dpt, days post treatment. 
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Figure 19: Toxicity of compounds at 10 µM in Huh-7 cells 4 days after treatment. 
Human hepatoma (Huh-7) cells were incubated with a selection of compounds for 4 days. Four days 

after infection/treatment, cell survival was determined with MTS. Values are given as percentages in 

relation to Mock control and are means of three independent experiments each with at least three 

technical replicates. Error bars indicate SD of the relative values. The white colums show toxicity of 

compounds #1-13 (A) and #14-26 (B) in Huh-7 cells. Statistically significant (negative) differences 

between Mock control (100% live cells; grey bar and blue line) and the treated cells (white bars), are 

indicated by black asterisks. The number of asterisks indicate p-values as follows: * p < 0.05; **** 

p < 0.0001. dpt, days post treatment. 

While > 80% of the Huh-7 survived 4 days of treatment with compounds #9 and 27, compounds 

#13 (46.40% ± 8.14% viable Huh-7 cells), #14 (27.09% ± 2.93%) and RBV (40-45%) were 

more toxic (Figure 19). 
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3.2. Plaque reduction assay 

Some compounds that showed activity in the individual assays of the screening were parallelly 

investigated with a plaque reduction assay. The antiviral effects of the compounds on the 

plaques were diverse, some produced less plaques, some produced smaller plaques and some 

had intermediate results (small plaques and ‘normal’ sized plaques and decreased or unaltered 

number). For statistical analyses only the plaques that matched the size of the virus infected, 

untreated control were counted. If the plaque size was considerably smaller, it was noted 

accordingly. An example of the different plaque features can be seen in Figure 20. 

 

Figure 20: Plaque reduction assay (PRA) on Vero-B4 cells. 
Vero-B4 cells were seeded at 1.2×105 cells/mL/well in a 24-well plate and allowed to settle overnight. 

After removal of the supernatant 500 µL of compound dilution (DMEM LG, 2.5% FBS) were added 

one hour prior infection with CHIKVBrazil. Overlay consisted of 400 µL of 1.875% methyl cellulose 

mixed with DMEM and 0.6% FBS. The plates were incubated at 37 °C with 5% CO2 for 4 days, then 

the cells were fixed and dyed with 1 mL of crystal violet per well. Mock represents non-infected cells. 

All the compounds were used at a final concentration of 10 µM, RBV at 410 µM. Mock represents untreated 

non-infected cells. The numbers on the plate indicate the different compounds. ‘CHIKV’ indicates infected but 

untreated controls (mean in this plate is 38 ± 5.6 PFU). For the statistical evaluation, only plaques matching the 

size of the CHIKV controls were counted. PFU, plaque forming units; RBV, ribavirin. 

RBV decreased the number as well as the size of plaques. Compounds #3 and #10 had no 

significant effect on plaque number, but the size of the plaques in the wells treated with #10 are 

smaller. Plaque size is considerably smaller in the wells treated with compounds #7, 8, and 11. 

Compounds #4, 9, 13, and 14 also displayed smaller plaques, yet not to such an extent as the 

previously mentioned compounds. A full analysis of all performed plaque reduction assays can 

be seen in Figure 21. 
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Figure 21: Evaluation of plaque reduction assays performed in Vero-B4 cells infected 

with CHIKV and selected compounds at 10 µM. 
Values are given as means in relation to infected, untreated controls (grey bar CHIKV = 100%). SD is 

in percent relative to the mean number of plaques of the infected, untreated controls. ‘n’ gives the 

number of repetitions of independent experiments each with two technical replicates. The red line 

indicates 100% of virus activity/infectivity and the green line 50% PFU reduction. Analysis was done 

with Microsoft Excel. 

3.3. Virus yield assay with selected compounds in U138 cells 

All non-infected and untreated Mock controls (contamination control) had no detectable Ct 

level at 5dpi (data not shown). Coinciding with the findings in chapter V.2.2.3 (Yield assay RT-

PCR), the peak of yielded viral RNA in U138 cells was detected 3dpi (Figure 22A). The amount 

of viral RNA in the positive control increased 1×103.2-fold (ΔCt of 9.62) two days and 

1×103.8-fold (ΔCt of 11.38) three days after infection (Figure 22). 
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Figure 22: Viral RNA yield in U138 cells infected with CHIKV (MOI 0.001) treated with 

various compounds. 
A) Infected and untreated control (red graph) and infected U138 cells supplied with 0.1% of DMSO 

(yellow graph). B) U138 cells infected with CHIKVBrazil at MOI 0.001 and treated with compound #13 

(green graph), T-1105 (blue graph) or RBV (purple graph). A two-way ANOVA test was applied to 

analyse differences between infected and not treated control (red graph) and the differently treated cells 

at the indicated time points. The black rectangle is placed over the values measured at day two after 

infection. Statistically significant differences are indicated with asterisks and give p-values as follows: 

* p < 0.05; ** p < 0.01; **** p < 0.0001. Abbreviations: Ct, cycle threshold; dpi, days post infection; 

MOI, multiplicity of infection; RBV, ribavirin. 

There was no significant difference between the infected, untreated control (positive control) 

and cells treated with 0.1% of DMSO (Figure 22A). 

The decrease in viral RNA yield in the cells treated with 10 µM of compounds #13 and T-1105 

compared to the positive control was only statistically significant two days after infection 

(Figure 22B). Compound #13 diminished viral RNA yield in treated cells by 5.35 Ct points 

(= ∆Ct) compared to untreated cells (this corresponds to a 55-fold (1×101.74) reduction of viral 

RNA). T-1105 performed equally well two days after infection, ∆Ct between treated and 

untreated cells was 5.55. This corresponds to a 70-fold (1×101.85) lower amount of viral RNA 

in the supernatant of treated cells. Cells treated with 410 µM of RBV had a statistically highly 

significant (p-value < 0.0001) reduction of viral RNA yield compared to the positive control. 

The Ct levels of RBV treated U138 cells (purple graph in Figure 22B) stayed at the initial RNA 

level until day 3 pi and stayed significantly low throughout the whole experiment. ∆Ct of RBV 

treated cells and the positive control at day 2 pi was 11.47. During the first two days after 
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infection, the Ct calues of RBV treated cell thus correspond to the initial infectious virus 

amount. 

3.4. IC50/CC50 of selected compounds 

Table 3: IC50 and CC50 values of different compounds against wt CHIKVBrazil (MOI: 

0.355) in Vero-B4 and U138 cells. 

Compound IC50 (µM)  

Vero-B4      U138 

CC50 (µM)  

Vero-B4      U138 

SI 

Vero-B4       U138 

Ribavirin 479.6 139 > 700 > 500 > 1.46 > 3.6 

T-1105 n.d. 35.74 > 100 > 100 n.d. > 2.8 

#13 n.d. 4.3 > 30 > 30 n.d. > 7 

Abbreviations: CC50, half maximal cytotoxic concentration; IC50, half maximal inhibitory concentration; 

n.d., not determined; SI, selectivity index. 

Ribavirin: 

RBV showed a dose-dependent efficacy against CHIKVBrazil (MOI 0.325) in Vero-B4 cells 

(1×104 cells/well). An IC50 of 480 µM was determined in 4 different, independent experiments 

each with three technical replicates (Figure 23A). 

 

Figure 23: IC50 value of ribavirin in Vero-B4 and U138 cells infected with CHIKVBrazil. 
RBV inhibits CHIKVBrazil-induced cell death in Vero-B4 (A) and U138 (C) cells in a dose-dependent 

manner. Cells (1×104 cells/well) were infected with CHIKV at an indicated MOI and treated with a 

serial dilution of RBV. After 4 days, cell death was determined via a colorimetric cell viability assay 

(MTS). The data represent means ± SD of raw data from at least 4 independent experiments performed 

with three technical replicates. Normalised fit of dose-response curves was calculated with GraphPad 

Prism 6 Software. Abbreviations: Abs, absorption; IC50, half maximal inhibitory concentration; RBV, 

ribavirin; MOI, multiplicity of infection; n, number of independent repetitions. 
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CC50 value for RBV in Vero-B4 cells could not be determined due to bad curve fit (R2). 

Analysis showed no toxicity at the highest concentrations (700 µM; data not shown). Selectivity 

index (SI) can be assumed to be > 1.46 (Table 3). 

IC50 value for RBV in U138 cells (1×104 cells/well) infected with CHIKVBrazil (MOI 0.355) 

was 139 µM (Figure 23B). CC50 could not be determined as U138 cells were not negatively 

affected by the highest RBV concentration (500 µM). SI can thus be assumed to be > 3.6 (Table 

3). 

T-1105 

A dose-dependent effect of T-1105 could only be detected in U138 cells but not in Vero-B4 

cells (Figure 24A). No toxic effect was observed at the highest concentration (100 µM) in all 

cell lines (Vero-B4, U138 and Huh-7) (data not shown). SI can thus be assumed to be > 2.8 for 

U138 cells (Table 3). 

 

Figure 24: IC50 value of compounds T-1105 and #13 in U138 cells infected with 

CHIKVBrazil. 
T-1105 (A) and #13 (B) inhibit CHIKV-induced cell death in U138 cells in a dose-dependent manner. 

U138 (1×104 cells/well) were infected at an MOI of 0.355 and treated with the compounds at the 

indicated concentrations. After 4 days, cell death was determined via a colorimetric cell viability assay 

(MTS). Data represent means ± SD of raw data from at least 4 independent experiments each with three 

technical replicates. Normalised fit of dose-response curve was done with GraphPad Prism 6 Software. 

Abbreviations: 95%CI, 95% confidence interval; Abs, absorption; IC50, half maximal inhibitory 

concentration; n, number of independent repetitions. 

Compound #13  

A dose-dependent effect of compound #13 could only be observed in U138 cells (not in 

Vero-B4). In U138 an IC50 of 4.3 µM could be observed (Figure 24B). Repeated tests to 

determine a CC50 in various cell lines (Vero-B4, U138) failed because of irregular response of 

the cells to increasing compound dose. In Vero-B4 and U138 cells, concentrations up to 30 µM 
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showed no dose-dependent toxic effect on the cells (SI in U138 cells > 7). It could be observed 

that with increasing concentration (> 10 µM), the compound precipitated in the (aqueous) 

dilution. Microscopic analysis revealed that #13 formed crystals at concentrations > 10 µM. 

3.5. Real-time cell analysis with xCELLigence  

3.5.1. Monitoring of cell growth and proliferation  

The ideal number of cells for a RTCA assay was determined by monitoring cell growth and 

proliferation of each cell line at different densities. RTCA software was used to evaluate CI 

values through the measured impedance recordings. Cell densities in the graphs increase with 

the darker shade of each corresponding colour. The lightest shade thus represents 

2.5×103 cells/well, and continues to increase in the following steps: 5×103, 7.5×103, 1×104, 

1.5×104 and 2×104 cell/well (darkest shaded colour). As shown in Figure 25 and Figure 26, cell 

lines displayed different ranges of CI values. 

Huh-7 and Vero-B4 cells had a similar CI range during the preliminary phase of cell adhesion 

and proliferation (first 20 hours of the experiment) (Figure 25A and B). Maximum CI values 

for Vero-B4 cells were between 4.0 and 6.0, while for Huh-7 cells CI values ranged around 5.0. 

U138 and U251 had lower CI values (Figure 26A and B). U138 reached between 1.0 and 2.5 CI 

(depending on the cell density) while U251 was between 0.3 and 2.0 CI. There was a definite 

variety in the curves of the different cell densities and cell lines. When Huh-7 cells were seeded 

lower than 7.5×103 cells/well the cells did not grow exponentially but linearly in the initial 

20 hours. The two lowest cell densities in Huh-7 (2.5×103 and 5×103) had CI values below 3.0 

(Figure 25A). 
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Figure 25: Proliferation curves of Huh-7 (A) and Vero-B4 (B) cells. 
Different cell densities (2.5×103, 5×103, 7.5×103, 1×104, 1.5×104 and 2×104 cells/well) were seeded in 

a 96-well E-plate and monitored via RTCA over 5 days. CI (cell index) indicates the adherence of the 

cells to the plate and is measured through electronic impedance in intervals of 15 minutes. The peak at 

19 hours timepoint comes from adding 100 µL of medium. The curves normalise at 20 hours. A) Huh-

7 cells at different cell densities (blue graphs, increasing cell numbers are indicated by darker shades of 

the colour; lightest shade: 2.5×103; darkest shade: 2.0×104 cells/well). B) Vero-B4 cells at different cell 

densities (green graphs, increasing cell numbers are indicated by darker shades of the colour; lightest 

shade: 5×103; darkest shade: 2.0×104 cells/well). Data points are means from quadruplicates with 

standard deviation. Analysis was done with RTCA Software 2.0 (Roche). 

Vero-B4, U138 and U251 cells seeded ≥ 7.5×104 cells/well showed exponential growth (Figure 

25B and Figure 26). For these three cell lines, higher cell densities (1.5×104 and 2.0×104) 

displayed better exponential curves during the initial 24 hours, however, in the course of the 

experiment (> 60 hours post seeding) the cells turned static or detached from the plate, which 

was detectable through decreasing CI values (Figure 25 & Figure 26). As a result, 

1×104 cells/well was selected as the optimum seeding concentration for the four cell lines. 
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Figure 26: Proliferation curves of U138 (A) and U251 (B) cells. 
Different cell densities (2.5×103, 5×103, 7.5×103, 1×104, 1.5×104 and 2×104 cells/well) were seeded in 

a 96-well E-plate and monitored via RTCA over 5 days. CI (cell index) indicates the adherence of the 

cells to the plate and is measured through electronic impedance in intervals of 15 minutes. The peak at 

19 hours timepoint comes from adding 100 µL of medium. The curves normalise at 20 hours. A) U138 

cells at different cell densities (purple graphs, increasing cell numbers are indicated by darker shades of 

the colour; lightest shade: 5×103; darkest shade: 2.0×104 cells/well). B) U251 cells at different cell 

densities (brown graphs, increasing cell numbers are indicated by darker shades of the colour; lightest 

shade: 2.5×103; darkest shade: 2.0×104 cells/well). Data points are means from quadruplicates with 

standard deviation. Analysis was done with RTCA Software 2.0 (Roche). 

3.5.2. Efficacy and toxicity of antivirals against CHIKV monitored with RTCA 

Efficacy (Vero-B4 and U138 cells): 

In Vero-B4 cells detectable CPE (declining CI) sets in about 18 hours pi. CI values dropped 

rapidly below 6.0 in infected, untreated Vero-B4 cells and reached 0.08 CI 80 hours after the 

experiment started (Figure 27A). In Mock control, the CI increased continuously to a maximal 

CI of 7.49 ± 0.16 at 90 hours timepoint and declined gradually thereafter (CI at 5.95 ± 0.14 

when experiment was terminated after nearly 6 days). Vero-B4 cells treated with 410 µM of 

RBV had delayed onset of CPE compared to the positive control (Figure 27A, black dashed 

vertical line). CI values started to decline about 30 hours later than in the untreated infected 

cells. At the 80 hours timepoint, RBV treated cells still had a CI of 5.0 ± 0.62. The graphs of 

Vero-B4 cells treated with 10 µM of compound #13 or T-1105 did not deviate significantly 

from the curve of the infected, untreated control. Vero-B4 cells treated with 50 µM of T-1105 
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had a significant shift of the curve (Figure 27A, dark blue graph). CI values declined 16 hours 

later than the positive control. At 80 hours timepoint, 50 µM T-1105 treated cells still had a CI 

of 1.4 ± 0.5. 

U138 growth curves differed from those of Vero-B4 (Figure 27B). The CI values of U138 were 

lower and the non-infected Mock control with 0.1% DMSO reached maximum CI values 

between 1.8 and 2.3 and continuously stayed on that level throughout the experiment (Figure 

27B). CPE set in 22 hours pi in U138 cells. CI values declined slower than in Vero-B4 cells. 

U138 positive control had a CI of 0.98 ± 0.34 at 80 hours timepoint and 0.09 ± 0.13 when the 

experiment was terminated after 140 hours. 
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Figure 27: Monitoring cell status and efficacy of #13, T-1105 and ribavirin in CHIKV 

infected Vero-B4 (A) and U138 (B) cells for 6 days via RTCA. 
Cells (1×104 cells/well) were treated with either compound #13 (green graphs), T-1105 (blue graphs) or 

RBV (purple graphs) and infected with CHIKVBrazil (MOI of 0.4). The cells were monitored via RTCA 

for 6 days. Impedance was measured every 15 minutes. A one-way ANOVA Sidiak’s multiple 

comparison test was done comparing compound treated cells with the positive control (red curves). P 

values are indicated with asterisks as follows: * p < 0.05; *** p < 0.005; **** p < 0.0001. Measurements 

and raw data were done by RTCA Software 2.0 (Roche), graphs and statistical analysis with GraphPad 

Prism 6 software. Data points are the mean ± standard deviation from nine data sets (three independent 

experiments each with three technical replicates) of significant time points and were calculated with 

Microsoft Excel. Treatment and infection caused the spike in the graphs at ~25 hours. The vertical, 

dashed red line marks onset of declining CI values due to CPE in the positive control (red graphs). 

Brown curves show non-infected, untreated Mock control with 0.1% DMSO. A) Vero-B4 cells; the 

black dashed vertical line indicates the onset of CPE in the RBV treated cells (about 30 hours delayed 

from the untreated control). B) U138 cells; the grey colums indicates the time the cells needed to 

normalise after treatment and infection. Abbreviations: MOI, multiplicity of infection; RBV, ribavirin. 
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U138 treated with 410 µM of RBV reached significantly higher CI values (3.03 ± 0.37 CI 

compared to 1.57 ± 0.35 in Mock after 36 hours). Additionally, there was no detectable onset 

of CPE in RBV treated U138 cells (Figure 27B, purple graph). These cells stayed on CI levels 

of over 3.0 until the termination of the experiment. 

Although differences in the curves between compound #13 treated U138 cells and the positive 

control were observable, compound #13 treatment (10 µM) had no statistically significant 

influence on infected U138 cells (Figure 27B, green graph vs. red graph). U138 cells treated 

with 10 µM of T-1105 (Figure 27B, light blue graph) had a delayed onset of CPE compared to 

the positive control. CI values started to decline about 68 hours pi, which is about 56 hours later 

than the positive control. At the 80 hours timepoint, these cells had a CI of 1.67 ± 0.52 and 

0.53 ± 0.36 at the end of the experiment. U138 cells treated with 50 µM of T-1105 had a growth 

curve similar to non-infected Mock control and no detectable onset of CPE (Figure 27B, dark 

blue graph). 

Toxicity (Vero-B4, U138 and Huh-7 cells) 

In Vero-B4 cells (Figure 28A), Mock control reached maximal CI values of 7.49 ± 0.16 at 

90 hours timepoint and gradually declined thereafter to reach a CI of 5.95 ± 0.14 after 

140 hours. Cells treated with 10 µM of compound #13 (Figure 28A) had curves close to Mock 

control, reaching a top CI value of 7.05 ± 0.30 at 90 hours timepoint. The CI at the last 

measuring point of 140 hours was 6.08 ± 0.39. RBV (410 µM) treated cells reached a maximum 

CI of 6.51 ± 0.27 at 90 hours and 6.08 ± 0.17 when the experiment was terminated after 

140 hours. The CI values of #13 and RBV had no statistically significant difference from the 

Mock control. Similarly, no onset of CPE could be detected in the T-1105 treated Vero-B4 

cells; the curves had no statistically different course than the Mock control (Figure 28A). 

In U138 cells (Figure 28B), Mock control reached CI values of 1.57 ± 0.37 after 30 hours and 

increased continuously to a maximum of 2.39 ± 0.45 at 130 hours timepoint. Cells treated with 

10 µM of compound #13 (Figure 28B) had a curve with the same course like the Mock control, 

but lower CI values. After 30 hours of monitoring, #13 treated cells had a CI value of 

1.38 ± 0.34. The CI at 130 hours was 2.11 ± 0.31 and had no statistically significant difference 

from the Mock control (Figure 28B). 
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Figure 28: Monitoring cell status and toxicity of #13, T-1105 and ribavirin in Vero-B4 

(A) and U138 (B) cells for 6 days via RTCA. 
Cells (1×104 cells/well) were treated with either compound #13 (green graphs), T-1105 (blue graphs) or 

RBV (purple graphs) monitored via RTCA for nearly 6 days (140 hours). Impedance was measured 

every 15 minutes. A one-way ANOVA Sidiak’s multiple comparison test was done comparing 

compound treated cells with untreated Mock control (brown curves). P values are indicated with 

asterisks as follows: **** p < 0.0001. Measurements and raw data were done by RTCA Software 2.0 

(Roche), graphs and statistical analysis with GraphPad Prism 6 software. Data points are the 

mean ± standard deviation from nine data sets (three independent experiments each with three technical 

replicates) of significant time points and were calculated with Microsoft Excel. Treatment and infection 

caused the spike in the graphs at ~25 hours (grey rectangle). Brown curves show non-infected, untreated 

Mock control with 0.1% DMSO. A) Vero-B4 cells. B) U138 cells. Abbreviations: MOI, multiplicity of 

infection; RBV, ribavirin. 
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RBV (410 µM) treated U138 cells (Figure 28B, purple graph) reached significantly higher CI 

values than the Mock control and continued to have CI values of over 2.74 until the termination 

of the experiment. Interestingly, the impedance in RBV treated cells was very similar to RBV 

treated and CHIKV infected U138 cells (see Figure 27B). The RBV (410 µM) treated U138 

cells had the same graph course as the CHIKV infected and RBV treated U138 cells. The RBV 

challenged U138 cells reached significantly higher CI values than the Mock control (e.g., CI of 

2.84 ± 0.69 compared to 1.57 ± 0.35 in Mock at 36 hours timepoint). U138 cells treated with 

either concentration (10 µM and 50 µM) of T-1105 had no statistically different graph courses 

than the Mock control (Figure 28B). At 36 hours timepoint, T-1105 treated cells had CI values 

of 1.62 ± 0.46 (10 µM) and 1.52 ± 0.35 (50 µM). After 130 hours, CI values were at 2.65 ± 0.73 

(10 µM) and 2.43 ± 0.53 (50 µM). 

The Mock control of Huh-7 cells reached a peak at 30 hours timepoint of 10.21 ± 1.22 CI after 

which the curve had a downward course with a minimum of 6.69 ± 0.75 CI at 60 hours 

timepoint, then rising continuously to a final CI of 10.89 ± 0.87 at 140 hours (Figure 29, brown 

graph). Huh-7 cells treated with compound #13 had CI values of 11.01 ± 1.55 at 30 hours, a 

minimal CI of 8.29 ± 1.06 after 60 hours and a CI of 10.15 ± 0.70 at the termination of the 

experiment. According to the one-way ANOVA test, 10 µM of #13 did not lead to a statistically 

significant difference compared to Mock, although the course is slightly altered (Figure 29, 

green curve). Treatment of Huh-7 cells with 410 µM of RBV resulted in a significant graph 

difference (p-value < 0.05) between treated cells and Mock control. The RBV group reached 

maximal CI values of 10.89 ± 1.16 after 36 hours of monitoring. The graph had a continuous 

downward course until the end of the experiment, where the minimal CI of 8.35 ± 0.42 was 

registered (140 hours). T-1105 treatment of Huh-7 cells did not lead to statistically different 

graph courses from the Mock control (Figure 29, blue graphs). The CI values were in the same 

range as the Mock control at both T-1105 concentrations. 
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Figure 29: Monitoring cell status and toxicity of #13, T-1105 and ribavirin in Huh-7 cells 

for 6 days via RTCA. 
Huh-7 cells (1×103 cells/well) were treated with either compound #13 (green graphs), T-1105 (blue 

graphs) or RBV (purple graphs) monitored via RTCA for nearly 6 days (140 hours). Impedance was 

measured every 15 minutes. A one-way ANOVA Sidiak’s multiple comparison test was done comparing 

compound treated cells with untreated Mock control (brown curves). P values are indicated with 

asterisks as follows: * p < 0.05. Measurements and raw data were done by RTCA Software 2.0 (Roche), 

graphs and statistical analysis with GraphPad Prism 6 software. Data points are the mean ± standard 

deviation from nine data sets (three independent experiments each with three technical replicates) of 

significant time points and were calculated with Microsoft Excel. Treatment and infection caused the 

spike in the graphs at ~25 hours (grey rectangle). The brown curve shows non-infected, untreated Mock 

control with 0.1% DMSO. Abbreviations: RBV, ribavirin. 
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VII. DISCUSSION 

In the line of this thesis, 34 antiviral compounds were tested against a clinical isolate of CHIKV. 

In addition, different assay methods as well as different cell lines were evaluated for their 

usefulness in antiviral tests against different strains of Chikungunya virus (CHIKVBrazil vs. 

CHIKVRoss). 

Because of its homology in the nsP2 to VEEV, CHIKV was used as a surrogate and prototypic 

alphavirus. CHIKV can be handled under BSL-3(**) conditions while the equine encephalitis 

viruses have to be strictly kept under BSL-3 conditions [124]. The neurotropic New World 

alphaviruses can all be transmitted via aerosols, causing severe disease [7]. So far, no lab-

acquired CHIKV infections attributed to aerosols have been known, although non-human 

primates (NHP) do develop mild symptoms of CHIKF when exposed to CHIKV aerosols [24]. 

According to the ‘Biostoffverordnung of the Bundesministerium für Justiz und 

Verbraucherschutz’ (2013), BSL-2 agents are biological agents which can cause a human 

disease and pose a threat to people working with them. A public spread is unlikely and there is 

an effective prophylaxis or treatment available. BSL-3 agents are biological agents which can 

cause a severe disease in humans and pose a serious threat to people working with them. The 

public spread of these agents is possible (e.g., via aerosols), but usually there is an effective 

prophylaxis or treatment. Certain BSL-3 agents which are generally not transmitted by air are 

BSL-3(**) classified [125]. BSL-3(**) (internationally also referred to as BSL-2+) conditions 

are in between BSL-2 and BSL-3 and can roughly be seen as BSL-2 labs with enhanced 

precautions ([124, 125]). For further details and information on BSL-3(**) conditions and 

agents I refer to the technical rules for biological agents (TRBA 100) published by the 

committee on biological agents (German ‘Ausschuss für Biologische Arbeitsstoffe’ – ABAS, 

2013 [125]). 

1. Discussion on cell lines 

In order to find suitable cell lines for CHIKV infection experiments, various cell lines were 

tested accordingly (MTS, IFT, plaque and viral RNA yield assay). For discussion on kill curves 

of the different cell lines see VI.1 

A549 

This cell line has been described in CHIKV experiments before, but reports are contradictory. 

Sourisseau, Schilte [126] and stated that wt CHIKV virions bind to A549 cells without 

proliferating within the cell. Lack of replication of CHIKV in A549 was also observed by 

Olagnier, Scholte [127]. Solignat, Gay [128] did not detect any CPE on wt CHIKV infected 
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A549. Franco, Rodriquez [121] however, used this cell line to test RBV and favipiravir against 

an attenuated CHIKV strain (vaccine strain (181/clone25) at MOI 0.1) in a yield assay. 

According to Franco, CHIKV proliferated in A549 cells. It is possible that the lab generated 

attenuated vaccine strain (181/clone25) has some affinity to this cell line. Others report that 

A549 yield low virus titres, but still propagate CHIKV [129]. 

Our own observations proved this cell line as unsuitable for wt CHIKVBrazil experiments since 

it displays no CPE, no CHIKV binding on the cells surface in the IFT and no viral RNA yield. 

DBTRG 

This brain derived cell line was tried as an infection model as CHIKV has been known to cause 

CNS disease. Although DBTRG was susceptible to CHIKV infection, the MOI needed to 

achieve a ‘noticeable’ kill was high. CHIKV did bind to the DBTRG cell surface, as IFT 

visualisation showed, the signal was however considerably weaker than in Vero-B4. 

Furthermore, infection of DBTRG with wt CHIKV at MOI 0.1 did not result in a yield of viral 

RNA, suggesting that a higher viral load is needed. This makes DBTRG unsuitable for our kind 

of experiments because high virus titres are needed and the results may be unreliable. It is 

possible that a different CHIKV strain (presumably an IOL isolate) might show better 

infectivity on this cell line. 

Huh-7 

The cell line is very sensitive to toxic effects and thus presents an ideal model for testing 

compound toxicity [130]. The human hepatoma cell line (Huh-7) showed different 

susceptibility depending on the CHIKV strain (see VI.1). 

Viral RNA yield of CHIKVBrazil could not be detected at neither MOI tested and in IFT the cell 

line had no detectable signal, suggesting that CHIKVBrazil did not bind on the cell surface. This 

made this cell line unsuitable for antiviral assays with our CHIKVBrazil isolate. Huh-7 cells were 

still used to critically elucidate the toxic properties of our compounds. 

Vero-B4 

Vero cells have been extensively used for CHIKV replication studies and plaque assays. The 

Vero-B4 cell line which derived from the original Vero cell line, is one of the most commonly 

used aneuploid mammalian cell lines in CHIKV research as it propagates CHIKV in high titres 

and shows extensive CPE [129]. In this thesis it was used as a reference cell line in viability 

screening assays, IC50/CC50 assays, plaque reduction assays and in plaque assays to determine 

CHIKV titre. However, especially when looking for antivirals that eventually are destined for 

use in human patients, a human derived cell line (preferably from a site with clinical relevance) 
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to test antivirals in, is more desirable. Cell difference between species may affect virus affinity, 

compound efficacy and toxicity and might lead to misleading or inconclusive data. 

 

U138 and U251 

The human glioblastoma cell lines U138 and U251 were tested excessively for their 

susceptibility for CHIKV infection. U138 cells had a strong IFT signal, and viral RNA yield in 

the corresponding experiments were equal to Vero-B4 cells. U138 were well suited for CHIKV 

infection experiments with some limitation: experiments to establish U138 and U251 as human 

cell lines for CHIKV plaque assays did not result in detectable plaques. As CPEs are detectable 

through MTS, a different overlay or a different staining method, e.g., immunostaining, may 

work better. 

U251 double in 23 hours and are sensitive to overgrowing. IFT showed strong signals, thus 

CHIKV seemed to bind to the U251 cell surface. One important observation was that cell 

viability assay with MTS in U251 was not working reliably when the experiment duration 

exceeded 3 days and when the initial cell concentration was ≥ 1×104 cells/well (96-well plate). 

Seeding too few cells resulted in badly proliferating cells (both U138 and U251), since the cells 

need close cell-to-cell contacts in order to form a layer. Too many cells will cause U251 to stop 

proliferating, curb their metabolism and reach a mode of stasis. In this state, U251 cells no 

longer reduced MTS into its formazan product. Consequently, the absorbance of the plate was 

so low that it would suggest no U251 cells were left alive, despite the fact that they were 

overconfluent. For these reasons, we carried our experiments on with U138 cells. 

2. Chikungunya virus from patient isolate 

As previously described, two stocks of the same CHIKV isolate were created, the difference 

being that in Stock #6 the first virus isolation from the patient’s serum was done on Vero-B4 

cells and in #7 the first cultivation happened on arthropod C6/36 cells (mosquito). To create 

our stock titres both ‘first cultivation stocks’ were handled the same and two similar Vero-B4 

cell bottles were infected. Still, differences in the titre between the two stocks could be 

observed. The titre from #7 was more than 10-fold lower than the titre of #6. This concurs with 

the findings Acharya, Paul [131] that CHIKV has a lower replication rate in C6/36 cells than in 

mammalian cells, produces less CPE and has a reduced antiviral response when tested in human 

and murine cell lines. According to Acharya, the impairment comes from reduced binding 

ability to glycosaminoglycan (GAG) receptors on mammalian cells. Since enveloped viruses 

acquire parts of the host cell membrane to generate the viral envelope membrane, the envelopes 

of these viruses have a variable carbohydrate and lipid composition, depending on the cell type 
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they originate from [131]. Furthermore, mosquito and mammalian cells enzymatically modify 

the viral glycoproteins after translation in different ways which leads to the formation of 

different kinds of oligosaccharides [131, 132]. Arachya demonstrated that a loss of GAG 

receptor binding is responsible for the reduced infectivity in CHIKV after mosquito cell passage 

and that after a successive passage in mammalian cells, CHIKV regained the binding capability. 

This may also explain why some lab-adapted CHIKV strains show different cell affinities than 

field isolated CHIKV. This fact should be kept in mind when creating stocks destined for 

infection experiments in mammalian cells. Viral stocks from two different cell lines 

(mammalian vs. mosquito) should not be used alternatively in the same line of infection 

experiments unless the stocks are to be compared in this respect. 

The CHIKV used in this thesis is a patient isolate originating from Brazil. CHIKV has been 

verified through IFT and PCR. Genome sequencing revealed that the isolate belongs to the 

ECSA genotype. This is in conclusion with the fact that phylogenetical analysis of CHIKV 

cases in Brazil revealed 41 importations of CHIKV and also the presence of the ECSA genotype 

[133]. 

3. Discussion on compound experiments 

Starting from the structure of the initial hit published by Bassetto, De Burghgraeve [117], a 

series of novel analogues (designed and synthesised by Bassetto to inhibit the nsP2 of CHIKV) 

were tested against wt CHIKV along with a series of favipiravir analogues (nucleoside 

analogues and ProTides). Since Bassetto’s first hit had anti-CHIKV IC50 values in the low 

micromolar range, an initial compound concentration of 10 µM was chosen for the screening 

assays. Any compound showing efficacy in this range, was to be investigated further. Among 

these were #13, 14, 16, 17 and 18 when tested in U138 cells. All these compounds are nsP2 

inhibitors and showed no statistically significant toxic effect in U138 cells. In Vero-B4 cells 

only #14 showed efficacy. The compound was toxic to such an extent that only 37.92% of Vero-

B4 cells survived, though. It is thus possible that the toxic properties of the compound led to a 

stress induced shut-down in the Vero-B4 cells that eventually also prevented the virus from 

replicating [134]. In Huh-7 cells the cytopathic effect of #13 (46.7% viable cells) was less than 

RBV (40-45% viable cells) but #14 was considerably toxic with only 26.84% of Huh-7 cells 

staying alive. As compound #14 was considerably more toxic than #13 at 10 µM in all tested 

cell lines, this compound was dropped from further IC50/CC50 investigations. 

Apart from RBV (HCQ) and T-1105 as controls, compound #13 was thus chosen for further 

investigation. 
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Bassettos lead compound from her previous study of 2013 was not among the tested in silico 

drugs. Her lead molecule inhibited CHIKV in a virus-cell-based CPE reduction assay with an 

IC50 value of 5.0 µM and IC50 values of 3.3 and 4.9 µM in a virus yield assay on Vero cells 

[117]. This is in line with the IC50 values we generated for our selected compound #13. 

Structurally closer analogues of this Bassetto’s lead did show minor efficacy in our screening 

assays (compounds #14, 16, and 17), but were not selected further. 

Comparing the efficacy of the control compounds and the selected #13 in different assays led 

to interesting results. While RBV worked well in all assays and in both cell lines (statistically 

highly significant differences toward positive control in the virus yield assay in U138 and in 

the RTCA monitoring in Vero-B4 and in U138), compound #13 did only show statistically 

significant efficacy in U138 cells. Also, T-1105 worked significantly better in U138 than in 

Vero-B4 cells (in the RTCA). It is likely that differences in the cell’s metabolisms of the two 

cell lines are one reason for the different compound efficacies. Vero-B4 cells e.g., have a 

doubling time of 24 hours while U138 take twice that long [109, 135]. See also discussion in 

VI.1. 

It was possible to demonstrate that the compounds #13, T-1105 and RBV actually curb virus 

replication in U138 cells (Figure 22B). While compound #13 and T-1105 treated cells had a 

reduced viral RNA production, CHIKV production in the RBV treated U138 cells was stalled 

completely during the first two days after infection. 

As to why the majority of analogues tested in this thesis (and #13 in Vero-B4 cells) did not 

perform equally well as her original hit of Bassetto’s lead might have (apart from their different 

chemical structure) various causes. Bassetto used a different CHIKV strain (CHIKV Indian 

Ocean strain 889 vs. CHIKVBrazil) with a different infectious dose (100CCID50 vs. MOI 0.64), 

in different cell densities (2.5×104 vs. 1×104 cells/well) over a different time post infection 

(6 days vs. 4 days) [117]. 

Monitoring Vero-B4 and U138 cells treated with selected compounds with and without CHIKV 

infection over a period of 6 days via RTCA led to interesting observations. While Vero-B4 cells 

display a 30-hours delayed onset of CPE under RBV (410 µM) treatment and CHIKV challenge 

compared to positive control, U138 seem to proliferate under RBV influence. CI values of RBV 

treated U138 cells nearly double in the first 30 hours compared to Mock control and there is no 

significant difference between the values of cells in the efficacy or in the toxicity assay. Not 

only does the virus not affect the cells, but the viability of the cells is considerably higher in the 

RBV treated U138 cells unrelated to virus addition. This phenomenon could at least be partly 

attributed to the different metabolic rates of the two cell lines. As mentioned before, Vero-B4 
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cells double in half the time than U138 and thus the time it takes for the cell to react to certain 

stresses might also be different. 

Different modes of action are attributed to RBV. The drug is a nucleoside analogue and cells 

need to convert RBV to ribavirin monophosphate (RMP) [136]. This is done by the adenosine 

kinase. Depending on the cell type, cells have different amounts of this enzyme available. 

Consequently, cells with less adenosine kinase can accumulate only small amounts of RMP 

[137]. RMP is then further phosphorylated into RDP (the diphosphate form) and RTP 

(triphosphate), the latter being the predominant active metabolite in cells. This further 

processing varies according to the amount of RMP available [136, 137]. The major antiviral 

action of RBV is that RTP inhibits the inosine monophosphate dehydrogenase (IMPDH) and 

thus curbs cellular GTP pools. GTP is very important for viral and cellular RNA-, DNA- and 

(glycol)protein synthesis, in energy storage, intracellular signalling and translation by 

ribosomes [136]. Another mechanism attributed to RBV is its ability to interact with enzymes 

that cap cellular mRNAs and viral genomic RNAs. RBV inhibits capping of RNA genomes 

either by interfering with guanosyltransferase or methyltransferase activities of the nsP1 [138]. 

This leads to mRNAs that are not fit for translation. RBV also directly inhibits nsP4 RdRp and 

thus stops viral genome replication. While these mechanisms could explain inhibition of 

CHIKV replication and a later onset of CPE in Vero-B4 cells (when RBV pool is used up, 

CHIKV can replicate again), it does not explain the proliferation of the U138 cell line in the 

non-infected but RBV treated cells. Further investigations might be justified to shed light on 

this observation. 

The cell curves of Vero-B4 cells treated with 50 µM of T-1105 show a delayed onset of CPE 

which is half way in between positive control and RBV. In U138 cells, 50 µM of T-1105 lead 

to a cell profile similar to Mock control. 10 µM of T-1105 result in a delayed onset of CPE 

compared to the positive control. CI values start to decline about 56 hours later than in the 

positive control. 

T-1105 is a nucleoside analogue like RBV and the active metabolite works as a pseudo purine. 

There are two suggested modes of action: (1) specifically blocking RNA-dependent RNA 

polymerase (RdRp) by binding at certain domains of the enzyme [139, 140]; (2) incorporation 

of favipiravir-RTP into the nascent viral RNA thus leading to lethal mutagenesis [141, 142] or 

chain termination [143, 144]. In order to work, T-1105 has to be phosphoribosylated in the cell 

into its active form, a ribofuranosyl 5’-triphosphate metabolite (favipiravir-RTP). Delang and 

colleagues have identified a favipiravir resistant CHIKV variant which had a mutation in the 
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motif F1 of the RdRp [123]. This would suggest that blocking the RdRp is the probable mode 

of antiviral action of T-1105 against CHIKV. 

Vero-B4 cells seem to be able to phosphorylate T-1105, but higher doses are needed and at 

50 µM, the antiviral effect only lasts for 16 hours. The reasons might be that either the 

phosphorylation capacity does not allow the cells to be more efficient, or the nucleoside pool is 

used up and there is no more substrate (RBV) for the Vero- B4 cells to metabolise. 

U138 cells also seem to be able to phosphorylate T-1105 and thus block CHIKV replication 

entirely at the concentration of 50 µM. At 10 µM CHIKV replication is at least delayed. Either 

this cell line metabolises the compound more efficiently than Vero-B4 or at a rate that grants 

CHIKV inhibition for the entire time at higher doses (5 days). 

#13 did have some effect on the cells when compared to the untreated, infected cells in the 

RTCA, however the difference was not statistically significant. Possibly the concentration was 

too low or the compound’s poor solubility did prevent its cellular uptake. As already discussed 

early, either some vehicle is found that enables the delivery of the drug to the site of action or 

the drug has to be chemically modified to adjust the pharmacological properties. The issue has 

been discussed with the medical chemists who designed the compounds and it seems to be a 

common problem with these kinds of compounds. 

3.1. IC50/CC50 in Vero-B4 and U138 cells 

The 50% inhibitory concentration (IC50) is defined as the compound concentration that is able 

to inhibit the virus-induced cell death by 50% compared to infected but untreated control. The 

IC50 is thus the half maximal inhibitory concentration of a compound that is able to inhibit a 

certain agent (in this case CHIKV). The 50% cytotoxic/cytostatic concentration is defined as 

the compound concentration that reduces the overall metabolic activity of non-infected but 

treated cells by 50% compared to non-infected and untreated cells (Mock). In this thesis, 

relative IC50 values are given. As the IC50 is calculated by putting compound concentration in 

relation with untreated infected control (positive control), 100% does not correlated with non-

infected healthy cells (this would then correspond to the absolute IC50), but with the highest 

concentration at which the compound was administered. This has to be kept in mind as the IC50 

does not mean that 50% of the cells actually survived. Especially for RBV in Vero-B4 cells, 

the IC50 value can thus be misleading, as at the highest concentration used (700 µM) only 

40-50% of the cells survived compared to non-infected and not treated Mock control. The same 

is the case with compound #13 in U138 cells. Even at the highest concentration of 30 µM only 

about 40-60% (in relation to Mock control) of the U138 cells survived CHIKVBrazil challenge. 
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Higher concentrations of the compound did not result in an increase in cell survival, but rather 

stalled cell viability (possibly due to cytotoxic effects).  

Interestingly T-1105 did not result in a dose-response curve against CHIKVBrazil in Vero-B4 

cells despite the fact that Delang and colleagues had published a study in 2014 stating that 

T-1105 had IC50 values of 7 and 47 µM (depending on the protocol he used) in Vero cells [123]. 

Delang however, had used a lab strain for his T-1105 tests. Thus, it is possible that our field 

isolate CHIKV strain may not show drug sensitivity at the concentrations between 5 and 

100 µM. Furthermore, a more recent study tested favipiravir against CHIKV in Vero cells and 

had IC50 values of 184.53 µM (MOI 0.0001 of CHIKV vaccine strain (181/clone 25)) [121]. 

Interestingly, the group conducting the study used Huh-7 and A549 cells (MOI 0.1) to generate 

IC50 values (measuring virus yield). Both cell lines could not be infected with our 

wt CHIKVBrazil strain. The study generated IC50 values of 127.3 µM in Huh-7 cells and 

245.13 µM in A549. Such data is very interesting but, on the same hand, raises questions on 

the comparability of the results. Delang, Segura Guerrero [123] had used a similar MTS assay 

from Promega like the one used in this thesis, while Franco generated his IC50 values measuring 

virus yield via plaque assays in Vero cells [121, 123]. Since further investigations with the 

xCELLigence proved T-1105 to be very effective at 50 µM, the IC50 generated in this thesis for 

T-1105 seem plausible and rather comparable with Delang’s findings. These comparisons show 

how important it is to test a compound in different cell lines, against different virus stains and 

in different assay systems. 

For #13 on the other hand, the IC50 of 4.3 µM is in accordance with the IC50 values of Bassetto’s 

first hit and subsequent analogues that were tested against CHIKV Indian Ocean strain 889 

(isolated in 2006 but now used as a ‘lab’ strain). Compound #13 is an analogue to Bassettos 

lead compound and her related compounds had values in the similar low micromolecular range 

in Vero cells [117, 145]. Compound #13 did not dissolve well in aqueous medium and 

precipitated at concentrations > 10µM. Microscopy revealed aggregated crystals of #13 at the 

bottom of the wells. The fact that compound concentration >30 µM did not result in higher 

compound efficacy might be rooted in the precipitation. It is also possible that the crystallisation 

of the compound at higher concentrations might be a reason for inconsistent cell viability curves 

especially in toxicity assays. An increase of soluble compound could not be achieved without 

raising the DMSO concentration in the supernatant of the cells. DMSO increase might however 

also impair cell viability as especially U138 cells were more sensitive to DMSO toxicity [146]. 

To improve solubility, either the chemical properties of the compounds need to be altered (e.g., 

the molecule is made more hydrophilic, which also bears the risk of losing the pharmacological 
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properties) or the drug has to be delivered via carriers. Drug delivery is a common problem in 

pharmacology and a great deal of research is focussing on new ways to deliver drugs to the site 

of action, e.g., by nanoparticles or nano micelles [147, 148]. 

The generated IC50 values of RBV in Vero-B4 cells are in conclusion with previous studies (for 

details and references see [149]). In this thesis mean IC50 value was 480 µM in Vero-B4 cells. 

RBV had a 3.5-fold higher efficacy in U138 cells. No CC50 could be generated in both U138 

and Vero-B4 cells, RBV showed some toxicity at 410 µM in U138 cells (85% live cells) and 

none in Vero-B4. RBV is a commonly used positive control in CHIKV antiviral cell viability 

assays. However, the dosages needed to have a CHIKV antiviral effect in vivo fall outside of 

the therapeutic window for RBV and are considered toxic in humans. To achieve an effective 

dose for RBV against CHIKV, an adult human patient would have to take a 71-fold higher 

amount of the drug than the standard clinical dosage regimen for Hepatitis C virus (HCV) 

infection [120, 150]. This dosage would result in serious adverse effects such as haemolytic 

anaemia, pulmonary, dermatologic, and teratogenic effects [151, 152]. Thus, RBV is not a 

suitable treatment regimen for CHIKV infection in humans and there is a great need for new 

therapeutic strategies for the treatment of CHIKF. 

4. Discussion on different assay methods 

Depending on the assay method, the focus lies either on the cell viabily or virus production. 

Consequently, different questions may be answered and it is not wise to rely on one of these 

assays alone. 

Cytopathic effect (CPE) inhibition assays evaluate morphological changes in cells caused by 

cytopathogenic virus (or compounds). The MTS cell viability assay, RTCA or plaque reduction 

assays work with registering CPE. Cell viability assays such as MTS, RTCA and PRA focus 

on the cell status without giving information on virus proliferation. These systems monitor the 

well-being of the cell and the cell layer. RTCA is limited to adherent cells. Both MTS and 

RTCA are feasible for evaluating compound toxicity. As a result, the efficacy and toxicity of 

compounds can be investigated at the same time. PRA however is not capable of monitoring 

compound toxcitiy. 

Virus yield quantification assays on the other hand, focus on the virus production. Either virus 

egress is measured via quantitative PCR methods (viral RNA/DNA in the supernatant is 

detected regardless if intact virions are present or not) or via a follow-up plaque assay (collected 

supernatant is used to infect a plaque assay plate). In the latter, only infectious virions are 

registered. Virus yield assay don’t register compound toxicity either.  
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4.1. Cell viability and compound screening assays with MTS 

The viability of the infected cells was evaluated with the CellTiter 96®AQueous Non-Radioactive 

Cell Proliferation Assay (MTS) (Promega, USA). This assay is a colorimetric method to 

determine the number of viable cells in proliferation and chemosensitivity assays. The assay 

consists of a tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; MTS) and an electron coupling 

reagent (phenazine methosulfate; PMS). Live cells are able to reduce MTS into a formazan 

product that is soluble in cell culture medium and its’ absorbance can be measured at 490 nm. 

Metabolically active cells achieve this conversion of MTS into formazan by dehydrogenase 

enzymes. 

According to the manufacturer, a ratio of 20 μL combined MTS/PMS solution per 100 μL 

culture medium should be used. However, if sensitivity of the assay is not a limiting factor, 

Promega states that 20 μL of the combined MTS/PMS solution may be adequate for use with 

volumes as large as 200 μL/well. This relation was used in all our MTS assays. 

The MTS assay method is suited for HTS and it is possible to evaluate efficacy and toxicity of 

compounds. Nevertheless, it has some limits. If cells grow too dense the optical density (OD) 

values might exceed those that are in the linear range of the reading instrument. For the iMark™ 

Microplate Reader form BioRad (Germany) a photometric range from 0.0 to 3.5 OD is given. 

For the Victor™X5 by PerkinElmer (USA) the photometric range is 0.0 to 4.0 with linearity 

granted between 0.0 and 2.0 and a precision in this range of 0.01. To achieve values within this 

range it is necessary discover the cell concentration that is enough to yield good result, yet not 

too many so that the cells are overconfluent at the end of the experiment. 

It must be noted that different cell lines are able to metabolise the MTS agent at different rates 

[153]. It is thus important to evaluate each cell line individually in this respect to find an 

appropriate seeding density. Huh-7 cells turned out to proliferate at a very high rate and were 

used in the toxicity assays. Attempts with initial cell densities of 1×104 cells/well did not work 

out well, because Huh-7 were able to metabolise MTS very efficiently and OD values 

repeatedly went beyond 2.0 after less than 2 hours of incubation. For toxicity assays 

1×103 Huh-7 cells/100 µL/well are sufficient to yield satisfying results 4 to 5 days after 

treatment, while all the other cell lines were seeded at 1×104 cells/100 µL/well. 

Apart from absorption values that are too high (and thus outside the linear range), too many 

cells may also cause irritating results. Initial MTS screening assays with U251 cells led to 

readings with extremely low OD values, suggesting that all the cells were dead. Microscopical 

observation however revealed confluent cell layers. The cells were so dense (and overconfluent) 
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that they had gone into a static state and curbed their metabolic activity. As the mode of action 

of MTS assays relies on metabolically active cells [153], the MTS reaction did not take place 

which gave the impression destructed cells. 

Consequently, viability assay results gained with MTS reagent should be interpreted critically 

especially in cell lines with short doubling times (like Huh-7 and U251 cells). Cell morphology 

should be checked under a microscope when the assay results are doubtful (e.g., readout 

suggests no viable cells in Mock control). 

Furthermore, phenol red medium has an absorption between 0.2 and 0.26 OD itself. These 

absorption values suggested that more cells might be alive than actually are. Microscopic 

observation of the plates would verify that this is not the case. To avoid this background 

absorption, it is either possible to use phenol red free media in the experiments or measure the 

plates before addition of MTS reagent (T0) and subtract the corresponding OD values from the 

ones measured after MTS addition and incubation (T1) (T1-T0 = ΔOD). Since we used phenol 

red media in all experiments, the background interference was the same in all experiments. A 

similar problem may arise from compounds that are of yellow colour. These compounds have 

their own OD values and could suggest cell viability although the cells might have died (due to 

cytotoxicity). For yellow-coloured compounds, MTS cannot be recommended and another cell 

viability assay method should to be used (e.g., CellTiter-Glo® Luminescent Cell Viability 

Assay (Promega) which works with luminescence, not absorption). 

The MTS/PMS assay method is easy, quick, objective, relatively cheap and suitable for large 

screenings as well as IC50/CC50 evaluation. Only metabolic active cells are detected, though 

[153]. Moreover, it is an endpoint assay and the ideal time for stopping and evaluating the 

experiment is not detectable, but depends on experience, or publications with similar tests. 

In this thesis, screening 34 compounds for their antiviral activity against CHIKV with MTS led 

to the discovery to a potential candidate. Still, it is reasonable to test discovered hits in more 

than just one test system to independently verify their antiviral potential. 

4.2. Plaque reduction assay (PRA) 

The only cell line that worked in plaque assays was Vero-B4. Repeated attempts to use any of 

the other human cell lines (A549, Huh-7, U138, and U251) failed. A549 and Huh-7 could not 

be infected by wt CHIKVBrazil and U138 and U251 did not form plaques. This shows one of the 

flaws of PRA as it is limited to viruses (and cells) that cause cell lysis or death [154]. PRA is a 

well-established way to test antivirals, as it is cheap and worked at with Vero, still it would be 

preferable to have a human cell line with clinical relevance for antiviral assays. Possibly other 

ways of detecting infected cells, (e.g., immunostaining) might work with U138 cells. 
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The PRA partly verified the results of the initial MTS screening (e.g., RBV and #14). Yet, some 

compounds that did not strike out in the screening MTS assay repeatedly had antiviral effects 

in the PRA at the same concentration. Compounds #4, 7 and 8 had notably decreased plaque 

sizes and #9 had a reduced plaque number which is not consistent with the screening assay 

where no antiviral effect could be observed in all four compounds. Compound #13 did show 

plaque reduction on Vero-B4, however, in the screening on Vero-B4 this compound did not 

strike out. 

A plaque is formed when cells are lysed or killed by a virus. Since the overlay prevents the 

virus from spreading, the neighbouring cells are re-infected either from newly set free virus 

particles or via cell-to-cell transmission by intercellular extensions [108]. The neigbouring cells 

are killed as well, gradually forming a whole or plaque in the cell layer [155]. It is assumed that 

one plaque was originally started from one infectious virus particle [155]. 

Fewer plaques could indicate that the virus is hindered to enter the host cell. Some virus 

particles manage to enter the cell, replicate and are transmitted from cell to cell, thus destroying 

the cell layer. Smaller plaque size may indicate that the virus is able to infect the cell, but 

replication is blocked or slowed down because of some enzyme inhibition or curbed down host 

cell metabolism. In addition to that, compounds might block the cell-to-cell transmission or the 

lysis on the cell. Smaller plaques may also indicate that the virus is not able to exit the host cell 

or that lysis or cell death are delayed. The compounds (notably #13 and #14) leading to smaller 

plaques are all potential nsP2 inhibitors. The nsP2 is a protein with C-terminal cysteine 

(auto)protease activity that cleaves initial polyprotein into individual non-structural proteins 

thus enabling viral replication [8]. It would be reasonable that not virus entry, but virus 

proliferation is inhibited. 

The PRA is easy and relatively cheap method. Still, it has limits for large screenings as it is 

labour intensive. It is not capable of evaluating compound toxicity. It allows limited 

interpretation of the results on virus entry, proliferation and exit due to plaque size and amount. 

Nevertheless, the endpoint evaluation (counting plaques) is very subjective which becomes less 

acurate if plaque morphology is indistinct [156]. Moreover, it is an endpoint assay and the time 

for stopping the assay should be determined microscopically (for Vero-B4 cells minimum 

3 days pi.). 

4.3. Viral RNA yield in treated U138 cells 

The selective antiviral effect on compounds that are believed to inhibit virus replication can be 

evaluated with the help of a virus yield assay. Yield assays allow quantification of dose-

response effects of a compound against a virus in two ways: (i) by the help of a quantitative 
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RT-PCR it is possible to detect the amount of viral nucleic acids (RNA or DNA) that is released 

in the supernatant; (ii) with a follow-up plaque titration assay it is possible to quantify the 

infectious virus particles that were released in supernatant [117]. While the first method detects 

all nucleic acids, no matter if they are released in intact capsids, defective viral particles or free 

RNA /DNA unless the sample is pretreated with nucleases, the second only registers infectious 

virions [157]. 

In this thesis, increase in viral RNA in the supernatant of the cells was measured by quantitative 

RT-PCR and it was thus possible to demonstrate that compound #13, T-1105 and RBV treated 

U138 cells had a reduced viral RNA production. 

Yield assays with quantitative RT-PCR are an accurate way of determining nucleic acid 

production. If the focus lies on infective virions, a plaque assay has to follow for quantification 

(which is more time consuming than a PCR). But yield assays are labour intensive, time 

consuming and if a commercial PCR Kit is used for RNA detection, also quite expensive. 

Besides, viral yield assays give no information on compound toxicity. It is possible that a 

compound has severe cytotoxic effects and therefore shows no viral RNA increase, due to the 

fact that no cells are left alive to replicate the virus. It is therefore crucial to check on compound 

toxicity separately. For these reasons this assay method is not recommendable for HTS. To 

complement other assays, it is however a valuable method to monitor compound efficacy on 

virus replication. 

4.4. xCELLigence/RTCA monitoring 

Real-time cell analysis (RTCA) monitors cell viability in a dynamic and non-offensive way by 

measuring electronic impedance based on the adherence of the cells to the plate [122]. CI (Cell 

Index) defines the impedance and gives information on the cell status. It is an arbitrary unit and 

is defined as (Rn−Rb)/15 where Rn is the cell–electrode impedance of the well with the cells 

and Rb is the background impedance of the well with the medium alone. The cell index value 

directly correlates with the number of viable cells [158]. It is thus possible to measure cellular 

features, including viral cytopathic effect (CPE). Without adherent cells, CI value is zero. The 

values increase consistently when more cells attach to the electrodes at the well bottom. 

CI values of 1 to 4 is defined as weak, 5 to 10 moderate and 10 to 15 a strong degree of cell 

adherence [159]. Nonetheless, different cell lines display different CI values even when the cell 

numbers are the same. It is thus important to empirically determine optimal cell numbers for 

each cell type. 
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As to antiviral testings against CHIKV via RTCA, the method is able to detect changes in cell 

morphology at precise timepoints, which is not the case with classical end point assays like 

MTS. 

One major advantage of RTCA over the aforementioned methods is the continuous evaluation 

of the cells during the entire assay time. With the xCELLigence it is possible to detect 

differences between various cell lines and the reaction of the different cell lines on virus or 

compound challenge. The ideal treatment and infection time can be determined, as well as 

effects between treatment and the termination of the experiment. While the aforementioned 

CPE assay methods (MTS, PRA) did not detect an efficacy of of T-1105 at 10 µM in U138 

cells, the RTCA monitoring clearly registered an antiviral action against CHIKV. At the same 

time, #13 did not yield a significant antiviral action in the RTCA monitoring while it showed 

efficacy in the MTS screening and at the RNA Yield assay at day 2 pi. RTCA has its advantages 

over “classical” assay methods, it is very accurate, easy and objective and requires not more 

handling of the plates than MTS assays. Additionally, IC50/CC50 evaluations are possible as 

well. Regardless, it is only possible to evaluate one 96-well plate per RTCA device at a time, 

which makes it unsuitable for HTS and since one 96-well plate costs around 120 euros, it is by 

far the most expensive method. Hence, it does have its limits and cannot be seen as a panacea 

but should be applied as a complementary method for gaining supplemental information. 
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VIII. CONCLUSION AND FUTURE PROSPECTS / 

SCHLUSSFOLGERUNG UND AUSBLICK 

This work demonstrates the successful application of various methods to test a series of in silico 

generated antiviral compounds against wt CHIKV. Besides, this thesis is the first record of 

successfully using the human glioblastoma cell line U138 as model for neurogenic CHIKV 

infection. Moreover, we were able to show that also the glioblastoma cell line U251 is 

susceptible to CHIKV infection and might be a used in infection assays. The cell lines A549 

and Huh-7 proved unsuitable for CHIKV infection tests with our Brazilian clinical isolate since 

the virus does not replicate in these cell lines. At least Huh-7 might work with lab-adapted 

CHIKVRoss strain. Our experiments also proved that there are differences in cytopathological 

effects and antiviral efficacies between wt and laboratory-adapted CHIKV strains and in 

different cell lines. 

As many drugs inhibit CHIKV replication at different potencies based on factors like MOI, cell 

type, viral strain/genotype and assay readouts, care must be taken when choosing an assay 

method, virus strain or cell line. Objective readouts should be given preference over empirical 

readouts which are based on the experience of a human reader (e.g., quantifying cytopathic 

effects under a light microscope) and might thus vary considerably. The use of different assay 

methods is certainly a good concept to evaluate and verify antiviral tests. The pros and cons of 

the different methods have to be known and ideally should complement one another so to 

receive the most meaningful results. 

Compared to previously published data obtained by similar assays, the data and values of the 

compounds and the controls in this thesis vary within an acceptable range for each cell type. 

The calculated IC50 values are consistent and within the order of magnitude of published data. 

Especially the IC50 value determined for T-1105 in U138 cells (IC50 = 35.74 µM; R2 of 0.790) 

seems reasonable given the fact that in the RTCA monitoring 50 µM of T-1105 fully protected 

the cells against CHIKVBrazil infection. It must be noted that despite the molecular modelling of 

the in silico designed potential nsP2 inhibitors (like #13), it still needs to be validated if the 

retardation of virus replication is actually grounded on nsP2 inhibition. This might be some 

project for future research, as assay methods on how to specifically test for nsP2 inhibitors have 

been published [118, 160]. 

The initial screenings for efficacy and toxicity in this thesis were done at 10 µM compound 

concentration due to previous publications on IC50 values of in silico nsP2 inhibitors [117, 145]. 

Various studies showed that some compounds and especially nucleoside analogues display 

different IC50 values depending on the cell line and their ability to metabolise (pro)drugs [137]. 
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For future screening of drug series, I would recommend efficacy and toxicity screens at 10 µM, 

after which all compounds that show cytotoxicity and no or little efficacy at that dosage are 

being dismissed. The remaining compounds should then be screened again at 50 or even 

100 µM. With this approach, all compounds that show toxicity at a low µM range can be 

rejected and the compounds which might display an antiviral effect at a higher concentration 

are not missed. 

Future experiments might investigate if the discovered antiviral property of compound #13 also 

works in other alphaviruses. Especially an antiviral efficacy against the new world Alphavirus 

VEEV would be of interest, since the compound had originally been designed to inhibit the 

nsP2 of VEEV. 

Schlussfolgerung und Ausblick 

In dieser Arbeit wurden verschiedene Methoden zur Testung einer Reihe von in silico 

generierten antiviralen Substanzen gegen ein klinisches CHIKV Isolat erfolgreich eingesetzt. 

Dies ist zugleich die erste Veröffentlichung über den erfolgreichen Einsatz der humanen 

Glioblastom-Zelllinie U138 als neuronales Infektionsmodell für CHIKV. Zudem konnte 

gezeigt werden, dass sich CHIKV auch in der humanen Glioblastoma-Zelllinie U251 repliziert 

und dass diese Zelllinie ebenfalls für verschiedene Infektionsexperimente einsetzbar ist. Die 

Zelllinien A549 und Huh-7 stellten sich als unbrauchbar für Infektionsexperimente mit dem 

hier verwendeten CHIKV Isolat aus Brasilien heraus, da sich das Virus nicht in diesen Zellen 

vermehren konnte. Huh-7 Zellen scheinen zumindest mit dem Labor-adaptierten CHIKVRoss 

Stamm infizierbar zu sein. Zudem bewiesen unsere Experimente, dass es zwischen 

feldisolierten und labor-adaptierten CHIKV Stämmen, sowie zwischen verschiedenen 

Zelllinien, unterschiedliche zytopathologische Effekte und antivirale Wirkungen gibt. 

Viele Substanzen hemmen die Replikation von CHIKV in unterschiedlichen Konzentrationen, 

abhängig von MOI, Zelltyp, Virusstamm und Assay Methode. Daher muss darauf geachtet 

werden, welche Methode, welcher Virusstamm und welche Zelllinie benutzt werden sollen. 

Objektiven Messmethoden sollten empirischen Methoden vorgezogen werden, da letztere von 

der Erfahrung und dem Geschick einer Person abhängen (etwa der Quantifizierung von 

zytopathischen Effekten mithilfe eines Lichtmikroskopes) und somit größeren Schwankungen 

unterliegen. Die Verwendung unterschiedlicher Methoden kann ein gutes Konzept für die 

Evaluierung und Bestätigung von antiviralen Tests sein. Die Vor- und Nachteile jeder Methode 

müssen bekannt sein. Idealerweise ergänzen sich die Tests, so dass die bestmöglichen Aussagen 

über die Ergebnisse gemacht werden können. 
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Verglichen mit zuvor veröffentlichten Daten ähnlicher Tests, bewegen sich die Daten und 

Werte der (Referenz-) Substanzen welche in dieser Arbeit getestet wurden, in einem für die 

unterschiedlichen Zelllinien akzeptablen Bereich. Die ermittelten IC50- Werte sind stetig und in 

der Größenordnung von vorangegangenen Publikationen. Vor allem der IC50-Wert für T-1105 

in U138 Zellen (IC50 = 35.74 µM; R2 von 0.790) erscheinen glaubwürdig in Anbetracht der 

Tatsache, dass in der RTCA-Messung eine Konzentration von 50 µM von T-1105 die Zellen 

vollständig vor einer Infektion mit CHIKVBrazil schützt. Es muss jedoch erwähnt werden, dass 

obgleich die in silico designten Substanzen potentielle nsP2 Inhibitoren sind (wie #13), es noch 

zu beweisen gilt, ob die Verringerung der CHIKV Replikation tatsächlich auf eine nsP2 

Inhibition zurückzuführen ist. Dies zu ergründen könnte ein zukünftiges Projekt sein, da 

Methoden mit denen man speziell nsP2 Inhibition testen kann, bereits publiziert wurden [118, 

160]. 

Das Screening der Substanzen für Effektivität und Toxizität wurde bei einer Konzentration von 

10 µM durchgeführt, da vorangegangene Publikationen über ähnliche Substanzen (in silico 

nsP2 Inhibitoren) IC50-Werte in diesem Bereich beschrieben [117, 145]. Verschiedene 

Veröffentlichungen belegen, dass einige Substanzen (allen voran Nukleosidanaloga) in 

unterschiedlichen Zelllinien auch unterschiedliche IC50-Werte besitzen, abhängig von der 

Fähigkeit des Zelltyps die Substanzen (oder deren Vorstufe) zu metabolisieren [137]. Für 

zukünftige Screenings antiviraler Substanzen würde ich daher folgendes Vorgehen 

vorschlagen: Zunächst wird ein Screening Assay bei 10 µM durchgeführt und alle Substanzen 

welche bei dieser Konzentration eine Zytotoxizität bei fehlender oder mangelhafter Effektivität 

vorweisen, werden aussortiert. Die übrigen Substanzen werden bei einer höheren Konzentration 

(50 oder sogar 100 µM) erneut gescreent. Mit diesem Ansatz können alle Substanzen welche 

im unteren mikromolaren Bereich zytotoxisch sind ausgesondert werden und die Substanzen 

welche eventuell eine antivirale Effektivität bei einer höheren Konzentration besitzen, werden 

nicht übersehen. 

Zukünftige Experimente könnten untersuchen ob die gefundenen antiviralen Eigenschaften von 

Substanz #13 auch bei anderen Alphaviren funktionieren. Insbesonders wäre es von Interesse 

ob eine antivirale Wikung gegen die Alphaviren der Neuen Welt wie etwa VEEV bei #13 

vorhanden ist, da die Substanz urspünglich als ein Inhibitor für das nsP2 von VEEV designt 

wurde.  
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IX. SUMMARY 

Alphaviruses belong to the RNA viruses and are globally distributed with a broad host range. 

They are zoonotic arboviruses and although they usually maintain their common cycle between 

mosquito vectors and avian or mammal hosts, they can nevertheless cause frequent infections 

in humans and livestock. This makes alphaviruses an economic and public health concern. 

While infections in the arthropod vector are persistent and asymptomatic, humans develop 

disease symptoms ranging from fever, rash, nausea and polyarthritis to fatal encephalitis. 

Although mortality in humans for many alphaviruses is considered low, the acute disease can 

be incapacitating and clinical sequelae may last for months to years, leaving some patients with 

chronic morbidities [161]. Climate change as well as vector range change can contribute to the 

spread of a formerly neglected tropical disease and turn it into an emerging (or re-emerging) 

disease with vast impact, especially when a naïve population is affected. Such emergence events 

are exemplified by the Chikungunya virus (CHIKV) outbreaks in the Indian Ocean (especially 

La Réunion Island) in 2005/2006 and the epidemic in the Caribbean which started with the first 

autochthonous cases in 2013 after CHIKV had been (re)introduced to the Americas [161-163]. 

To date, no specific antiviral therapies or safe, effective vaccines against alphaviruses are 

available for public use [164]. It is thus important to identify possible targets for antiviral 

intervention and find antivirals that block these targets. 

The goal of this study was to test a number of antiviral compounds for their efficacy against a 

wildtype Chikungunya virus strain in cell viability assays. Some of the compounds have been 

developed in silico as potential inhibitors of the CHIKV/VEEV non-structural protein 2 (nsP2), 

while others are nucleoside analogues. CHIKV was used, firstly as a primary target for the 

antiviral compounds and secondly as a surrogate virus for those alphaviruses which require 

higher biosafety levels (such as Venezuelan, Western and Eastern Equine Encephalitis virus 

(VEE, WEE and EEEV)). In order to establish the cell viability assays, various cell lines were 

tested for their susceptibility to CHIKV infection with the goal to find a human cell line that 

would mimic CHIKV infection in the central nervous system. It was possible to identify the 

human glioblastoma cell lines U138 and U251 as being susceptible to CHIKV infection. 

Besides, different assay methods were compared (MTS/PMS viability assay, plaque reduction 

assay, viral RNA yield and electrical impedance monitoring (xCELLigence RTCA system)) to 

find a procedural method that would give the best information on dose-response effects of a 

compound against Chikungunya virus. After an initial screening of 34 antiviral compounds, it 

was possible to select a promising candidate which was further evaluated in IC50/CC50 assays 

and compared to ribavirin (RBV) and T-1105 as reference compounds. The goal was to find a 



Summary 154 

substance with a good selective index (SI= CC50/IC50). The selected antiviral compound (#13) 

had efficacy in the low micromolecular range (4 µM) with no observable cytotoxicity in 

Vero-B4 and U138 cells at 30 µM. 
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X. ZUSAMMENFASSUNG 

Alphaviren sind RNA Viren mit einer weltweiten Verbreitung und einem breiten 

Wirtsspektrum. Sie sind zoonotische Arboviren, die meist in ihrem üblichen Infektionskreislauf 

mit Moskitos als Vektoren und Vögeln oder Wildsäugern als Wirt zirkulieren. Dennoch kommt 

es regelmäßig zu Infektionen bei Menschen und Nutztieren, wodurch Alphaviren von Interesse 

für Wirtschaft und öffentliche Gesundheit sind. Während beim Vektor die Infektion 

persistierend und symptomlos von statten geht, entwickeln Menschen Krankheitserscheinungen 

wie Fieber, Hautausschlag, Übelkeit, Polyarthritis bis hin zu tödlichen Encephalitiden. 

Obgleich die Mortalität im Menschen bei vielen Alphaviren als gering eingeschätzt wird, kann 

der akute Krankheitsverlauf den Patienten für sehr lange Zeit außer Gefecht setzen mit 

klinischen Rückfällen die Monate bis Jahre nach der akuten Krankheit andauern können und zu 

chronischen Beschwerden führen können [161]. Der Klimawandel und Wechsel zu anderen 

Vektoren können die Ausbreitung einer einst vernachlässigten tropischen Krankheit fördern 

und dazu führen, dass sie zu einer neu (oder wieder) auftretenden Erkrankung mit großen 

Auswirkungen wird, v.a. wenn eine naïve Bevölkerung betroffen ist. Dies wurde deutlich in 

den CHIKV Ausbrüchen im Indischen Ozean (v.a. auf La Réunion) 2005/2006 sowie der 

Epidemie in der Karibik welche 2013 die ersten autochthonen Fälle hatte, nachdem CHIKV 

(wieder) in Amerika eingeführt wurde [161-163]. Bis heute gibt es noch keine spezifische 

antivirale Therapie oder effektive für die breite Bevölkerung zugelassene Impfung gegen 

Alphaviren [164]. Es ist daher von größter Wichtigkeit, mögliche Ziele für antivirale 

Substanzen zu identifizieren und geeignete Substanzen für diese Ziele zu finden.  

Im Rahmen dieser Arbeit sollten diverse antiviral Substanzen in Zellviabilitätstests auf ihre 

Wirksamkeit gegen ein klinisches Chikungunya Virus-Isolat getestet werden. Ein Teil der 

Substanzen gehören zu in silico hergestellten potentiellen Inhibitoren des nicht-struktur 

Proteins 2 (nsP2), der Rest sind Nukleosid Analoga. Das Chikungunya Virus (CHIKV) dient 

hier zum einen als primäres Ziel der antiviralen Substanzen als auch als Surrogat-Organismus 

für jene Alphaviren, welche eine höhere Sicherheitsstufe erfordern (etwa neurotrope 

Alphaviren, die unter BSL3 Bedingungen untersucht werden müssen). Zur Etablierung der 

Assays wurden zunächst unterschiedliche Zelllinien auf ihre Empfänglichkeit für Chikungunya 

Infektion getestet. Ziel war es zudem, eine humane Zelllinie zu finden, die ein Infektionsmodell 

für den neuronalen Krankheitsverlauf des Chikungunya Fiebers ermöglicht. Es gelang zwei 

humane Glioblastom-Zelllinien U138 und U251 zu identifizieren welche sich für Versuche mit 

CHIKV eignen.  
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Zudem wurden unterschiedliche Testsysteme (MTS/PMS Viabilitätsassay, Plaque 

Reduktionstest, Yield assay und Impedanzmessung (xCELLigence)) miteinander verglichen, 

um eine Vorgehensweise zu finden, welches die aussagekräftigsten Ergebnisse bezüglich der 

Dosis-Wirkungsrelation eines Stoffes gegen Chikungunya Virus liefert. Nach einem initialen 

Screening von 34 antiviralen Substanzen, konnte eine vielverstprechende Verbindung selektiert 

werden welche in IC50/CC50 Versuchen weiter evaluiert wurde und mit zwei 

Referenzsubstanzen (Ribavirin und T-1105) verglichen wurde. Ziel war es, eine Substanz mit 

einem guten selektiven Index (SI = CC50/IC50) zu identifizieren. Die selektierte antivirale 

Verbindung #13 hatte eine Effektivität im unteren mikromolekularen Bereich (4 µM) und bei 

Konzentration von 30 µM keine zellschädigende Wirkung in Vero-B4 und U138 Zellen. 
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XII. APPENDIX 

1. List of materials 

1.1. Working compounds 

1.1.1. Series 1: in silico nsP2 protease inhibitors  

Molecule 

No. 

 Structure Internal 

Code 

Primary 

Code 

Molar mass 

g/mol 

1 

 

MB-58 AB-224 362.429 

2 

 

MB-59 AB-228 363.417 

3 

 

MB-60 AB-233 352.394 

4 

 

MB-61 AB-237 396.531 

5 

 

MB-62 AB-244 394.515 

6 

 

MB-63 AB-246 320.436 
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7 

 

MB-64 AB-248 392.499 

8 

 

MB-65 AB-249 380.488 

9 

 

MB-66 AB-252 420.514 

10 

 

MB-67 AB-260 320.436 

11 

 

MB-68 AB-274 363.417 

12 

 

MB-69 AB-280 351.406 

13 

 

MB-70 AB-287 308.425 

14 

 

MB-71 AB-293 362.517 

15 

 

MB-72 

 

AB-295 367.489 
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16 

 

MB-73 AB-297 394.515 

17 

 

MB-74 AB-298 334.463 

18 

 

MB-75 AB-581 410.514 

19 

 

MB-76 AB-582 322.452 

 

1.1.2. Series 2: Nucleoside analogues and ProTides of favipiravir (T-1105) 

 Molecule  

 No. 

 Structure internal 

code 

primary 

code 

Series Molar mass 

g/mol 

20 

 

MB-85 AB-1717 T-1105-nuc 285.25598 

21 

 

MB-86 AB-1718 T-1105-nuc 271.229 

22 

 

MB-87 AB-1719 T-1105-nuc 287.24698 

23 

 

MB-88 AB-1720 T-1105-nuc 287.24698 
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24 

 

MB-89 AB-1721 T-1105-nuc 213.19299 

25 

 

MB-90 AB-1723 T-1105 

Reference 

139.114 

26 

 

MB-91 AB-1724 T-1105-nuc 285.25598 

27 

 

MB-101 AB-1884 T-1105-ProTide 530.474 

28 

 

MB-102 AB-1885 T-1105-ProTide 482.42999 

29 

 

MB-103 AB-1886 T-1105-ProTide 604.52802 

30 

 

MB-104 AB-1887 T-1105-ProTide 604.52802 

31 

 

MB-105 AB-1888 T-1105-ProTide 560.5 

32 
 

MB-106 AB-1889 T-1105-ProTide 877.78101 

33 

 

MB-107 AB-1890 T-1105-ProTide 602.53699 

34 

 

MB-108 AB-1891 T-1105-ProTide 602.53699 
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1.2. Commercial chemicals, enzymes and solutions  

Tab. 35: Commercial chemicals, enzymes, media and solutions 

Name Manufacturer/ Source 

Alcian-blue 8 GX, C.I. 74240 Sigma-Aldrich (Schnelldorf, Germany) 

Antibodies: 

anti-CHIKV (IgG) antibody F160129BF 

Alexa Fluor 488 goat α-human IgG  

 

Euroimmun (Lübeck, Germany) 

Invitrogen (Carlsbad, CA, USA) 

Crystal violet (C.I. 42555) Merck (Darmstadt, Germany) 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, UK 

Dulbecco’s Modified Eagle Medium 

(DMEM(1X) + GlutaMAX™-I medium 

with 1 g/L of D-glucose Ref# 21885-025 

Thermo Fisher Scientific Ltd, UK 

Dulbecco’s Modified Eagle Medium 

(DMEM(1X) + GlutaMAX™-I medium 

with 4.5 g/L of D-glucose Ref# 61965-06 

Thermo Fisher Scientific Ltd, UK 

Dulbecco’s Phosphate Buffered Saline 

(DPBS) ohne CaCl2 und MgCl2 

Sigma-Aldrich (Schnelldorf, Germany) 

Ethanol (99.9%) Roth (Karlsruhe, Germany) 

Foetal Bovine Serum Sigma-Aldrich, Hilden, Germany 

Formaldehyde (37%) Merck (Darmstadt, Germany) 

Glacial acetic acid (99%) Merck (Darmstadt, Germany) 

Glutaraldehyde (25%) G5882 Merck (Darmstadt, Germany) 

Hydroxychloroquine Sigma-Aldrich, Hilden, Germany 

Ivermectine Sigma-Aldrich, Hilden, Germany 

Loading Buffer (5X) 

0.4 % Trypan blue 

Invitrogen (Carlsbad, CA, USA) 

ICN Biomedicals Inc. (CA, USA) 

Methyl cellulose (M0262-250G) 

(Viscosity 400 cP) 

Sigma-Aldrich (Schnelldorf, Germany) 

Paraformaldehyde  Merck (Darmstadt, Germany) 

Phosphotungstic acid (1%) Merck (Darmstadt, Germany) 

Ribavirin  Merck (Darmstadt, Germany) 

RNase-free water Qiagen (Hilden, Germany) 

Trysin: TrypLE™ Express, Ref# 12604-

013 

Gibco, Life Technologies Limited, UK 

1.3. Commercial kits 

Tab. 36: Commercial kits 

Name Manufacturer/ Source of supply 

CellTiter 96®AQueous Non-Radioactive Cell 

Proliferation Assay (MTS) 

Promega (Madison, Wisconsin, USA) 

QIAmp® DNA Mini Kit Qiagen (Hilden, Germany)  

QuantiTect®Probe RT PCR Kit Qiagen (Hilden, Germany)  

ReadyMix™ Taq PCR Reaction Mix Sigma-Aldrich (Missouri, USA) 

RealStar® Chikungunya RT-PCR Kit 2.0 Altona diagnostics (Hamburg, Germany) 

TOPO TA Cloning® Kit for Sequencing Thermo Fischer Scientific (MA, USA) 

TopTaq™ Master Mix Kit  Qiagen (Hilden)  
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1.4. Buffers and solutions 

Tab. 37: Buffers and solutions   

Name Composition 

0.2% Crystal violet, 20% 

Formaldehyde 

460 mL miliQ water  

2 gr Crystal violet 

540 mL Formaldehyde (37%) 

2.5 % Methyl celluloses 25 gr of Methyl celluloses in 1000 mL of miliQ water 

NaCl-Solution (5M) 5 M NaCl  

TE-Buffer (1X) 10 mM Tris, pH 8 

0,1 mM EDTA 

Alcian-blue (1%) 

 

1:1 Mixture of Solution I and 

Solution II 

Solution I: 

2% alcian blue  

ddH2O 

Dissolve by using an ultrasonic 

bath (10 min)  

Centrifuge Solution I for 1h at 

14150×g or full speed rpm at RT  

Carefully collect the supernatant 

 

Solution II: 

2% glacial acetic acid 

ddH2O 

 

1.5. Consumables 

Tab. 38: Consumables 

Name Manufacturer/ Source of supply 

24-Well Cell Culture Plates (Cellstar®) 

 

Greiner bio-one (Frickenhausen, 

Germany) 

96-Well Plates clear (Costar®) 

 

Corning Inc. (NY, USA) 

 

Cell culture flask (75 m2) with vented caps: 

NUNC™ EasY Flask™ 75 m2 Nunclon™ 

Delta Surface, Cat#. 156499 

Thermo Fischer Scientific, Denmark 

Conical Tubes (15 ml, 50 ml): Cellstar® 

Tubes, Cat#. 188271 
Greiner Bio-one, Germany 

Desinfectant:  

Pursept® AXpress  
Schülke & Mayr GmbH, Germany 

Disposable gloves, Nitril 
UNIGLOVES® Arzt- und Klinikbedarf 

(Troisdorf) 

Mikro Tubes (1.5 mL, 2 mL) Eppendorf, (Hamburg Germany) 

Neubauer cell counting chamber NanoEnTek Inc. South Korea 

PCR-Tubes Eppendorf, (Hamburg Germany) 

Pipet tips (10 – 1000 μl) Thermo Scientific, UK 

real time-PCR-Tubes  Sarstedt (Nümbrecht) 

Serological pipets (5 mL, 10 mL, 25 mL) 

 

Falcon corning incorporated – Life 

Sciences, USA 

Trash bags Carl Roth (Karlsruhe) 
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1.6. Machines and software 

Tab. 39: Machines and software 

Name Model/ Type Manufacturer/ Source of supply 

Biosafety cabinets  Berner Claire® pro & 

Berner Claire® pure 

Berner International GmbH, Germany 

Cell Resistance  xCELLigence RTCS 

 

RTCA Software 2.0 

PerkinElmer (MA, USA)  

 

ACEA Biosciences Inc. (USA) 

Centrifuges Heraeus MultifugeX1R 

Centrifuge  

 

 

Centrifuge 5424 R 

Unity™Lab Services, Part of Thermo 

Fischer Scientific, (MA, USA).  

 

Eppendorf (Hamburg, Germany) 

Data Programmes 

 

Microsoft Office 2013 

 

GraphPad Prism6 

 

Adobe-Reader 11 

 

VirusExplorer20151127 

Microsoft (Redmond, USA) 

 

GraphPad Software, (La Jolla, CA, 

USA) 

Adobe Systems (San Jose, USA) 

 

Robert Koch Intitute, Germany 

DNR/RNA 

purification 

QIAcube classic Qiagen, Hilden, Deutschland 

Incubators Heraeus® HeraCell® Thermo Scientific (Waltham, MA, 

USA) 

Micropipets (10 – 

1000 µL) 

Research plus Eppendorf, (Hamburg, Germany) 

Microplate-Readers 

 

iMark™ Microplate 

Reader 

 

Victor™X5 

PerkinElmer 2030 

Manager Software 

Bio-Rad (München, Germany 

 

 

PerkinElmer (MA, USA)  

 

Microscopes: 

 

Axiovert25 

 

LSM-TPMT 

 

Leica DM3000 

(inverted) 

 

Zeiss Libra 120 TEM 

ImageSp Software 

WinTEMTM control 

software 

Zeiss (Oberkochen, Germany) 

 

Zeiss (Oberkochen, Germany) 

 

Leica, (Wetzlar, Germany) 

 

 

Zeiss (Oberkochen, Germany) 

 

PCR-Cycler 

real time PCR-Cycler 

 

 

RotorGeneQ 

RotorGeneQ Version 

2.3.1 Software  

Light Cycler® 480 

Qiagen, (Hilden, Germany) 

Qiagen, (Hilden, Germany) 

 

Roche, Germany 

Pipetting Aid Pipetus® Hirschmann Laborgeräte (Eberstadt, 

Germany) 



IX. Appendix 180 

Preparation of nucleic 

acids 

MagnNA Pure LC 

MagNa Pure LC Total 

Nucleic Acid Isolation 

Kit REF# 03038505001 

Roche Diagnostics GmbH, (Mannheim, 

Germany) 

Vortexer IKA®MS3 basic IKA, IKA-Werke GmbH & Co. KG 

(Staufen, Germany)  
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