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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 Dulbeccoôs Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

DNA Desoxyribonuclein acid 

DNase Desoxyribonuclease 

dNTP Desoxyribonucleosid-triphosphat 

DPBS Dulbeccoôs 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 5ô-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 

Ê 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 speciýc 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.  L ITERATURE REVIEW  

1. Emerging and neglected tropical diseases; medical biodefence 

The terms óemerging, and re-emerging diseasesô 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 óserious and necessitating further action as soon 

as possibleô in the WHOs óR&D Blueprint for Action to Prevent Epidemicsô (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 50ï70%, 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 óOld Worldô 

and óNew Worldô 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 óNew Worldô category, while RRV 

and CHIKV are both óOld Worldô viruses. The two categories have a symptomatic distinction 

as far as general disease manifestation in humans is concerned. While the óOld Worldô viruses 

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

evolve into chronic arthritis/rheumatism), the óNew Worldô 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 mosquitosô 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 virusô nucleocapsid (NC) core [40]. As a result, the virionôs 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 5ô 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 5ô7-methylguanosine cap and a 3ôpoly-A tail and consequently mimics the 

structure of cellular mRNA [42]. Two thirds of the 5ô-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 spikesô 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 virusôs 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].  



Literature review 13 

 

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 nsP1ï4 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 cellsô 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 cellôs 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, Ḑ50 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]. 
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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].  
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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 5ôORF 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 3ôterminal 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 3ôORF 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 E1ïE2. 

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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