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l. ABBREVIATIONS

| ADP || Adenosindiphosphate |
| Asn || Asparagine \
|BSL || Biosafety level |
| CCso || Cytotoxicity concentration 50% |
°C || Degrees Celsius \

CDC Centres for Disease Control and
Prevention
| CHIKF || Chikungunya fever |
| CHIKV || Chikungunya virus |
ICMC || Carboxymethylcellulose \
CNS Central nervous system

[Cp || Capsid protein |
|CPE || Cytopathic effect |
|CPV || Cytopathic vacuole |
| cCRNA || Copy-RNA |
|Ct || Cycle threshold |
|Cys || Cysteine |
| ddHO || Doubledistilled water \
| DENV || Dengue virus |
| DMEM IDul beccobds Modifi efd(
|DMSO || Dimethyl sulfoxide \
| DNA || Desoxyribonuclein acid \
| DNase || Desoxyribonuclease |
[dNTP || Desoxyribonucleosidriphosphat \
| DPBS IDul beccobs Phosphalt
| dpi || Dayspostinfection |
| dpt || Daysposttreatment \
|Dr. || Doktor \
|ds || Doublestranded |
le.q. || For example |
| ECso || Half maximal effective concentration |
| EEEV || Eastern equine encephalitis virus |
|EIDs || Emerging infectious diseases \
|ELISA || Enzymelinked immunosorbent assay |
letal || And others |
|FBS || FoetalBovine Serum \
| FDA || U.S. Food and Drug Administration \
| Fig. || Figure |




Abbreviations

G3BP RasGTPaseactivating protein (Src
homology 3 (SH3) domair)inding proteing
| GAGs || Glycosaminoglycans |
|GTP || Guanosine triphosphate \
[HCQ || Hydroxychlorquinine |
|[HCV || Hepatitis C virus |
|HG || High glucose \
| His || Histidine |
|HTS || High-throughput screening |
[ 1ICs0 || 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-Universitat |
log [ Logarithm |
M || Molar \
| Met || Methionine |
| min || Minutes |
luL || Microliter \
lum || Micrometre |
| UM || Micromolar \
mL || Millilitre \
lmm || Millimetre |
| MOI || Multiplicity of infection |
|MPA || Mycophenolic acid \
| mRNA || MessengeRNA |
|MTase || Methytransferase |
MTS 3-(4,5-dimethylthiazol2-yl)-5-(3-
carboxymethoxypheny2-(4-sulfophenyl)
2H-tetrazolium
NA || Nucleoside analogue |
| NaCl || Natrium-chloride \
INC || Nucleocapsid |
NCBI National Centre for Biotechnology
Information
Ing || Nanogram |
|NHP || Non-humanprimates |




Abbreviations 3
nm || Nanometre |
INP || Nucleoside phosphonate analogue \
| nsKs) || Nonstructural protei(s) |
INTDs || Neglected tropical diseases |
|OD || Optical density \
| ONNV || O'nyongnyong virus |
|ORF || Open reading frame \
[ pi || Postinfection |
|PCR || Polymerase chain reaction |
| % || Percent \
Py || Picogram |
| PKR || Protein kinase R |
| +ssRNA || Positive-sense, singlstranded RNA \
[PM || Plasma membrane |
| PMS || N-methyl dibenzopyrazine methyl sulfate |
|PRR || Pattern recognition receptor |
gRT-PCR Quantitative reverse transcriptase
polymerase chain reaction
|R&D || Research and development \
|RBV || Ribavirin \
IRC || 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 transcriptag®lymerase chain
reaction
|RTP IRi bof ur #riphosphate 5 6 |
| sec || Seconds \
|SFV || Semliki Forest virus |
[SI || Selectivity index |
| SINV || Sinbis virus \
| SIRNA || Small interfering RNA \
|ss || Single stranded |
| T75 || 75 cn? cell culture bottle \
|

| Tab.

|| Table




Abbreviations

| ZKU

|| Zellkulturilberstand

| TATase || Terminal adenylytransferase \
| TBEV || Tick borne encephalitis virus \
| TE-buffer || Tris-ethylendiamirtetraacetabuffer |
| TEM || Transmission electron microscope \
[ Trp || Tryptophan \
[ Tyr || Tyrosine |
E || Unregistered trademark \
|US || United States \
| VEEV || Venezuelan equine encephalitis virus |
|VLP || Virus-like particle |
|WEEV || Westernequine encephalitis virus \
|WHO || World Health Organisation |
|wt || Wildtype \
E || Multiplied |
X g || x gravitational force |

XTT Sodium 3= [1- (phenylaminocarbony)3,4-
tetrazoliumijbis (4methoxy6nitro) benzene

sulfonic acid hydrate

[YFV || Yellow fever virus |
|ZBD || Zentraler Bereich Diagnostik |
| ZIKV || Zika virus |
|
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. INTRODUCTION

Alphavirusesare envelopedsinglestranded RNAarbovirusesof the Togaviridaefamily and

are geographically widely distrigutgtl 2]. Theycause various diseases in humans and animals
such as encephalitis, arthritis feversh and arthralgig].

Among the medically relevant members of the alphaviruses are Venezuelan, Western, and
Eastern Equine Encephalitis viruses (VEEV, WEEV, and EEEV), Ro&s virus (RRV) and
Chikungunya virus (CHIKV)The Equine Encephalitis viruses are categoriesqubtential
agents for bioterrorism since they can all be transmitted via aerosols, causing severgdisease
7].

Chikungunya virus (CHIKV)is categosed as a(n) (re)emerging disease asdmainly
transmitted byAedesspp. mosquitoe$8]. CHIKV is the causative agent of chikungunya fever
(CHIKF) which is charactesed byhigh fever, headache and myalgia and polyattfia[9].
Especially the polyarthralgia may last for months or even years and leave saitbna
severely deteriorated quality of lIf€HIKV has repeatedly been responsible for outbréadkis
caused serious economic and public health problems in the affected cd@ptriesdate, no
vaccine or speciyc antiviral therapies are
This thesis focusses amvitro antiviral testing against aild type CHIKV isolate and selecting
possible hit to lead compoundslimate change leads the introduction ofvectors in more
temperate zones and thus it is possible teav diseases emergéth these vector$10].
Consequentlythe need for specific antivirals to treat such emerging diseases like CHIKV is
current. Most of thesdn vitro antiviral assays are conducted in Vero cells, a cell line that
originated from the kiney of an African green monkgl1]. 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. Tkrefore anothergoal of the thesisvasto identify a human cell line with
clinical relevance(especiallyfor neurogenic CHIKV disea¥¢o test antiviralsn. This study

was the first to describe the human glioblastoma cell line U138 in extensive antiviral tests
against CHIKV.Furthermore, different assay methadsre compared for theiusefulness in
antiviral tests again§€HIKV in Vero-B4 andU138 cells.
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1. L ITERATURE REVIEW

1. Emerging and neglected tropical diseasesnedical biodefence

The termg®emergingand reemerging diseaségefer 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 futur¢l2]. Emerging infetious diseases (EIDs) are epidemibereas neglected
tropical diseases (NTDs) are endemic. EIDs and NTDs share essential health determining
factorslike neglect, poverty, a lack of access to clean water and sanitation facilities as well as
limited or noprovision of healthcare. Furthermore, many NTDs and EIDs have a zoonotic
nature[13]. According to the WH@World Health Organizabn), 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 leastieconomic costfl2, 14] The WHO
classifies CHIKV as one of the 20 major NTDs responsible for various forms of disalzhd

deaths especially in developing nations. These 20 NTDs afflict more than one billion people
and cost developing nations billions of dollars every y2a}. Furthermore, CHIK\s also

one of three diseases that were designatédeamus and necessitating further action as soon
as possibled in the WHOs 6R&D Blueprint for
R&D Blueprint is a programme fostered by the WHO for accelerating research and
development (hence R&Djoncerningepidemicagentswhere there are no or insufficient
preventive, and curative solutiofis].

Apart from finding meansf 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 Forcesve 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 Herchenrtder [16ave summased the epidemiological findings on the
occurrence o€HIKV in military personnel deployed in tropical settings. Frickmann found out
that the infection risk for military personnel in the endemic setting is low buttages same

level of that of local populatioduring outbreaksDuring the2005/2006 La Bunion CHIKV
outbreak 19.3% of the French military personnel thaererdeployed there, developed
Chikungunya feve(CHIKF) and 93.7% of the symptomatic patients had a chronic form of the
disease with pains in joints and/or bones that had considerabletianptneir duty16].

As CHIKV can lead to severeinpcapacitatingpolyarthralgia that may last several months

years emergeng preparedness and response as well as combat readiness may be impaired

considerably. Until a licensed vaccine or vigpecific treatment are available, military
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personnel deployed in tropical and subtropical regions with endemic CHIKV can only rely on
pemethrintreated uniforms, repellents and the use ofietd to prevent CHIKV infection

[16, 17]

In addition the neurotropic alphaviruses VEEV, EEEV and WEH¥ of special intess, since

they are designated as Category B biothreat agents that could be used as possible weapons
against humangl8, 19] The neurotropic New World alphaviruses are potential agents for
bioterrorism since they can all be transmitted via aerosols, causing severe[@8is8@asais is

well documentedh over180 labacquired infectioaand the fact that the former Soviet Union

and America once developed VEEYV into a biological wegp0n21] While EEEV is probably

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

in the range of 5070%, VEEV is the most infectious of22]. Aerosol exposure to as few as

10 to 100 VEEV particles results in symptomatic disease in nearly all hyBladsnong 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 obserk[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 weapdine Biological Weapons Convention
(BWC) of 2001 however does no longer mention CHIKM.8], possibly due to the fact that
spread of aerosaid CHIKV only results in minimal observed clinical disease and is thus not

as effective as the neurotropic alphaviruses, especially V[EENVYet, since CHIKV shares a

highly canserved nosstructural protein 2 with the other members of tighavirus 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 Tipgtheridae
family. Alphaviruses belong to the arboviruses and encompass aoutrently recogreed

Alphavirus spp. that divide into eight phylogenetic groupings which ar@ggaphically
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distributed in a very wide randé, 2]. Consequently, the members of #N@havirusgenus

exist in several geographical variants. Theye ber categorised accordingly é&ld Worldd
anddNew Worldviruses[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 hsgvettisy

of diseae caused by some members of Mighavirus 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 EER®}s River virus (RRV) and
Chikungunya virus (CHIKV). The equine encephalitis virusesalise enceltic diseasem

horses and humais the Americas, thus belonging to téiéew World categorywhile RRV

and CHIKV are bothdOld Worldbviruses.The two categories have a symptomatic distinction

as far as general disease manifestation in humans is concerned. Wéltiéorlddviruses
generally cause diseases with a clinical manifestation in the joints (acute arthralgia that might
evolve into clonic arthritis/rheumatism), the@New Worldd viruses primarily cause
neurological diseasR7]. Consequently, they are sometimes also referred to as arthritogenic
and encephalitogenar neurotropi@lphaviruses.

The global distribution of alphaviruseshislievedto be the rsult of a combination of factors.

An expanding mosquito population together wiitle adaption of viruses to other mosquito
species as well as increased and fast international travel might have contribtbessptead
[28-30].

To date, no licenced artiral therapy is available to treAtphavirusinfectiors, but several
promising candidates are under investigation. €hily there is ndphavirusvaccinelicenced

for public use but several vaccine candidagthermade it to clinical triad or seem promising
[31-34]. Vector control and @ive immunisation okquines areecommended in areas with
VEEYV to protect the human population from getting infectedtivéabite of aVEEV positive
mosquito[35].

Under natural conditions, the life cycle of alphaviruses interchanges betweenttihepod
vectors and the vertebrate hosks. arthropods (usually mosquitoeghe virus causes a
persistent, lifdong and asymptomatimfection with a high virus titre in the salivary glands

[36]. This ensures the transmission of the virusnduthe mosquitasblood meal to avian or
mammalian hostsln the vertebrate host, alphaviruses induce an acute infection which is

marked by viremia caused by high vititse. The high tite then infects new mosquitoes when
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they feed on theiraemichost.In cell culture the natural transmission cyaan be simulated,
depending on the cdlpe that is being used. In cells of vertebrate origin, alphaviruses develop
a highly productive, cytopathic infection that causes cell death within 24 to 48 dfters
infection (ostinfection pi). During the infection, typical modifications of the intracellular
environment of the infected cells can be obsef8&4l In cells derived from mosquitoés.g.,
C6/36 cells)on the other hand, a naytopathic, persistent or chronic infectioncurs that
nonetheless leads terelease of virus in high titres.

Since alphairuses naturally have a shift from host to vector, they are capéiéplicaing
efficiently under fundamentally different conditions and in various diffecehtypes(insect,
avian, mammalian)}or example, the body temperature of insects is usyailg low while the
physiological body temperature of birds can exceed@lOTests withSinbis virus §INV)
infected chicken cells in culture showed thigh virus yield was produced over a temperature
range from 25C (lower temperatures have not beéested) to about 42C [37]. This diversity
enables alphaviruses to recruit a number of diverse host rpriatefors to achieve viral
replication. Most importantlyalphaviruses have to find ways to avaia cellular immune
response in at least two different organisms in order to ensure an effipdioation and
spreading in both cell types. One of the maptiviral responses to counteract viral infection
in insect cells is the doubkranded (ds) RNAnediated interference (RNA38]. In vertebrate
cell, the antiviral response is made up by inducing various cetielaesand is activated by
pattern recognition receptors (PRRs). These PRRs are able to detedpeiciic dsSRNA
strands as well as other virgpecific molecules that are produced during virus replication and
other processd89].

2.2. Alphavirus structure and genome

All alphaviruses are enveloped and hawdtaaneterof about 70hm. The virion is formed by an
envelope consisting of a lipid bilayand a latticemade up of 240 heterodimers of the viral
envelope proteins E1 and E2 which are organised into 80 trimekesgpigure1). The E1
and E2 proteins are transmembrane glycoproteins and-téenthal domain of the E2 protein
has direct contact with [A0lhAsarxesult us e nouterlt e o0 & §f
protein shell igightly associated witthe240 capsid proteins (Cp) that build up tbesdedral
nucleocapsiavhich is unique to alphavirusggl]. Resulting from the tight association between
the E1/E2 spikes with the N@|phavirus particles have two icosahedral layers, an outer from
the E1/E2 proteins and an inner from the NC coheNC encloses theositive sensesingle
stranded RNA (+ssRNygenone. The total genomis betweeri1,000and15,000nucleotides
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It contains two open reading frames (ORKd)ichencodethe non-structural (ns) or replicase

polyprotein and the structural polyprotefidurel) [37].

E1/E2 (trimer)/
6K

Genomic
+ RNA
Capsid

5’Cap — Non-structural polyprotein - Structural polyprotein. — 3'-PolyAAA  Viral RNA

Sty l late 4 nsP2 protease 4 Furin
l Capsid l Signal Peptidase

’afel 5'Cap—|CPVES| E2| 6K EIN— 3-PolyAAA  SORNA

Latata Ll

CcP E3|E2|6K |E1

Figure 1: Prototype Alphavirus particle and genome.

Like other members of thphavirusgenust wo t hi rds of t he ®rdhe®@litl KV ge
viral nsPs (nsP 14) whereas the structural proteins are encoded within a subgenomic 26S RNA, which

in turn derives from a precursor 42S RNA. The-stmictural (nsP) as well as the structural protaies

expressed as polyproteins and posttranslationally cleaved by cellular and viral prétebsmgations:

nsP, norstructural protein; sgRNA, subgenomic RNA; CP, capsid pro{@irtture retrievedfrom
virologytidbits.blogspot.om; accessed on Feb. 2D019)

The RNA has a &-methylguanosine cap and §8ly-A tail and consequentlymimics the
structure of cellular mRNA42]. Two thirds of the56ORF encode for four essential non
structural proteins (nsP4) which are required for virus replication andnstitutethe RNA
replicase The n$s interact with cellular factors and form the replication compléR€s)

which are responsible for the synthesis of the double stranded (ds)RNA replicative
intermediates. These dsRNAs are the templates for the positive strar{d28glenonic and

(26S) subgenomic RNAsThe subgenomic RNA thus is the last 1/3 of the viral RNA and is
translated into the structural proteiesygsid (Cp), E3, E2, 6K/TF, and H8, 37].

2.3. Overview of the Alphavirus life cycle

The key mechanisms féiphavirusinfection are entering cells via endocytosis and low pH
triggered membrane fusion to deliver their RNA genomes into the cytoplasmenter host
cells, alphaviruses bind to host cell surfaeeeptors which triggerclathrin-mediated

endocytosigFigure 2) [43]. Depending on theirus, a variety of receptors are being used to
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initiate endocytosis. Some are knoveny,the specific receptor for SINV is NRAMP2 (Natural
Resistancé\ssociated Macrophage Proteir) @hile others still have to be identifi¢di4d, 45]
Furthermore, some alphaviruses seem not to depend on clawiiated endocytosis, at least

in some cell typept6]. Virus binding to the host cell surfaceaybe facilitated by attachment
factors like heparan suthate proteoglycans aridiC-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 ofstie i komferi@ationthat 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 homotrinj48]. This leads to a fusioof the viral membrane with

the cellmembrane oftheendosome d t he r el ease of t h(igurei rusaos
2).

The NC disassembles and makes the genomic RNA accessible for tranglatklj. The
genomic RNA translates into the netructural protein -4, which form the replication complex

(RC) tha produces positive sense 42S genomic 268 subgenomic RNAKigure 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 plasnisamerfPM). At

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

virions takes placgs].
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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 fagtdii) Entrance of CHIKV into the cell is achieved through
clathrinrmediated endocytosi$he fusion peptide in E1 is inserted into the endosomal membrane as a
result of the acidification of the endosomi§). The fusion of the viral envelope with theembrane of

the endosomes leads to the release of the nucleocapsid into the ¢ip3tle NCdisassembleand

thus releases the viral positigense genoim RNA which can then be translated into the 4stnuctural
proteins (nsPs)v) The nsP123 polyptein, 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 nsP14 is located at the neck of the spherule and syrsdgegenomic, antigenomic and subgeic

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

Is can house multiple spherulégi) The structural polyprotein is produced when subgenomic RNA is
being translated. The autoproteolysis of the capehses the capsid into the cytoplasm. Thé&E3
6K-E1/E2E2-TF polyproteins are translocated into the ER. The structural proteins E2/E1 are
posttranslationally modified, transit the secretory system, and accumulate at th@iilPNThe capsid
interactswith genomic RNA and thus forms the icosahedral nucleocafigsjddThe nucleocapsids
assemble with E2/E1 at the PM, resulting in budding of mature progeny vigxQms. later stages of
infection, CPV/lIs form. They contain hexagonal lattices of E2/E1 aredcovered with nucleocapsids.

(xi) CPV-lIs are believed to serve as transport vehicles and absamermediates where structural
proteins are put together. They are also involved in virion buddibgreviations:CPV, cytopathic
vacuole; ER, endoplasm reticulum; GAGs, glycosaminoglycansnsPs, nosstructural proteins.
(Picturefrom Silva and Dermodyd])
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2.4, Alphavirusreplication and nonstructural protein regulation

For the synthesis dflphavirusRNA, all four viral nsPs are required individuadlg well as in

the context of ns precursor polyprote[@%. The praessing of thélphavirusns-polyprotein

into the four individual nsPs is highly regulated. For most nsPs their major function has been
unravelled, but for some (e,gsP3), research is still going on. NsP1 functions as a viral capping
enzyme and is thek 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 thepadyproteins[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 sgbnomic RNA57]. Recent studies found out that it is phosphorylated
and interacts wiih several host proteins, tempering with the host @linune responsgb8,

59]. NsP3 is able to modulate pcelyand moneADP-ribosylation although tevhat end is still

under investigatiorj60]. NsP4 is solely responsible for the RNA synthetic properties of the
viral replicase complex. It contains the core viral RN&pendent RNA polymerase (RARp)
domain[52]. However, nsP4 alone cannot synthesise viral RNA wittimuibther nsPs.

Replication:

After being released into the host cell 6s cy
translated and yields the early R@hich areformed by the nosstructural polyprotein P123

and nsP4. The RCs are membrassociatedendosomal 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 membragiéigure2). The individual and simultaneously expressed nsPs
are not able to form a R(B1]. Virus replication leads to the formation of bidbaped
membrane invaginations called spherules (diamB&0,nm) which are located at the plasma
membrane.Alphaviruses as well as other RNA virusegluce a rearrangement of host
membranes int@o called typel cytopathic vacuoles (CRM) (Figure2 & Figure 3). It is
possible that the CRVare former endosomes and modified secondary lysos{@@gsThe
CPV-Is contain spheruleshich are typical for ghhavirus infectionslt has been known for

guite some time that the CPI¥ and their spherules are the site of replicatitboguie 3) [61-

66]. By concentrating replication components and protecting deatldaded RNA
intermediates, these spherules provide the microenvironment for RNiAesisfi2].
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Replication
complex

Host factors
plus strand

RNA

minus strand
RNA

Figure 3: Spherules, membranous replication complexes &emliki Forest virus (SFV).

A) Spherules located at the plasma membrane at an early time point. B) Type | cytopathic vacuole (CPV
I) of an infected cell, containingumerous spherules lining the membrane. C) 3D reconstruction of a
single spherule. D) Schematic of a spherule with replication complex proteins4 nkRated
hypothetically on the neck region and newly syntiebRNA coming out. The scale bars in A and B

are 200 nm and 100 nm respectivéBicture and text froniietila, Hellstrom [67)]

The early RCs synthesise a complementary mattand 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 andiv&tf{68]. The
nsP1/P23/nsP4 replication complex is able to produce both negative and positive strand RNA
as well as subgenomic RN&igure4). The release of the nsP1 from the P123 polyprotein thus
marks the functional transition between the synthesis of negange to positiveense RNAs

[69, 70] The late RC which is composed of the fully processed individual APl
responsible for the produch of positivesense viral RNAs (genomic and subgenopiics

strand$ from the nascent minestrand RNAJ70, 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 visitgiidsRNA.
Transl ation of tsynthesis @ hdrrisP1234 polypeptide oAftdr theensP4 is cleaved
from the polyprotein, the early R&/nthessesminus strands from the genomic RNA template. Further
proteolytic cleavage of the nsP123 polyprotein to the individual nsPs marks the switelsyaottiesis

of genomic and subgenomic positisgand RNA. The structural proteins which are needed for
nucleocapsid assembly and the packaging of viral genomic (+) RNA are translated from subgenomic
RNA. (Picture fromPietila, Hellstrom [67)]

The promoters for minus and plus strands are recognised by differesiof nsP4The other

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

nsP4 polymerase is only able to synthesise RIAnovowhen the nsP123 polyprotein is
present as well72]. Moreover purified nsB has a terminal adenyiylansferase (TATase)
activity which may be responsible for gener
genomqg72, 73]

So far, the exact structure of the RC has not been determidatliaryet unknown how the

viral and possible host components of the RC are arranged. A number of studies that revealed
the importance of hodactor involvement for the RNA replication of some alphaviruses have
been published in recent yeaBame of thee host proteins have been demonstrated to interact
with viral RNA ornsPs especially nsP[B8, 74] The requirement for host factors during RNA
replication offers an additional point of action for antivirals.

Apart from the CVH that forms right after the translation of the nsPs, a second type of
cytopathic vacuole (CPM) is being formed at a late poirduring infection Figure2). The

CPV-lIs have a tubular structure and probably originate frontrtires-Golgi network as both
compartments caain vesicles with viral structural E1/E2 glycoprotej@S, 76] The roleof

the CVRIIs is not clear, they may be an intermediate for virus assembly



Literature review 17

2.5. Structural proteins, virus assembly, naturation and budding

For a long time, it was postulated that 88®RF encodedor five structural proteins (&psid

(Cp), EX3, 6K) which aresynthessedas a long polyproteirHgurel). However, evidenceas
foundthat a ribosomal frameshift event occurs during translatieheo6K gene, initiang the
production of a novel protein, termed transframe ([I78) 79] Depending on the ribosomal
frameshift, a major polyprotein product (E2-6K-E1) and a minor polypeptide product
(E3-E2-TF) are translated. The polyproteins posttranslationally cleaved into Cp, E1, 6K or

TF and p62 (EZES3).

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 dplaaviruses 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 fi80}. The nucleocapsid is
assembled in the cytoplasm of the host cell. While budding through the cell membrane, the
nucleocapsids acquire the lipid bilayewvelope with the virugncoded glycoproteins EE2.

The trimeric spikes (EE3) seem to facilitate virus attachment and intesatibn through the
receptor Mxrag81]. Glycopotein E1 is involved in cell fusion and the glycoprotein E2 binds

to host receptord.he surface proteigl belong to theclassll virus fusion proteinsThe roles

of the 6K and the TF protein have still to be elucidated, but K6 seems to facilitatdeparti
morphogenesif82]. The TF shares an-términus with the 6K and both are believed to form

ion channels and seem to play a role inwviagsembly, budding and pathogeng&ss 79, 83

85].

Translation of subgenomic 26S RNAinto the structural proteins, virus assemblyand
maturation

The first protein that is trateed from the subgenomic RNA is the Cp which is
autoproteolytically cleaved from the nascent polyprot@ij. As soon as the Cp is released, it
packages the 42S genomic RNA and builds up the nucleocapsids. Following the cleavage of
Cp,thep62, 6K (TF) and E1 are separated as dl|] 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 thens-Golgi-network to the @sma membranéigure2)

[1]. To ensure this transport, alphaviruses recruit sevestlfactors and remodel the host cells
transport machineryE.g., VEEV and CHIKV rearrange the host cells actin cig&ston,
presumably to organise the transport of the glycoproteins to the localised budding sites of the

alphaviruse$36].
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P62, the precursor of E2 and E3, associates with E1 and forms a hete{8djnfeurthermore,

p62 assists in the folding and the transport of the E1 prf@8]nThe formation of the p62/E1
heterodimer protects the E1 frotretlow pH (~ pH 6.0) of therans-Golgi-network[87, 89]

The cellular protease furin later cleaves p62 into the individual and mature envelope proteins
E2 and E337, 90] The processing of p62 into E2nist needed for virus assembly andlBung

[90, 91] It is eminentfor the production of infective virionand marks the destalsdition d

the E1/E2 heterodimer which can be easily dissociated when exposed to a low pi (e.g.
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 ensatwityfof 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 menf@tarehe Nterminal 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 maturatprocessthe siteis exposedagain[95, 96] Alphavirus
assembly is highly orgased [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 glycoproteinswhich are synthesed as precursors, are activated into the
mature form by endoproteolytic cleavage. This cleavage is essential for many taresssre
infectivity and pathogenicity{97]. Neverthelessthe class Il fusionprotein E1 of the
alphaviruses isiot activated by being ehved itself but by the processing of an interacting
companion protein (p62/E2). The cleavagéhefcompanion protein E2 is what finally enables
virus fusion and infectioff0, 91}

The final step of the virus life cyctakes placevhen the capsid proteandthe genomic RNA
interact with the other glycoproteins to assemble into viral particles ataem@imembrane

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

Budding

Virus budding requires GR2 binding, E2/E1 heterodimer formation, pH protection of E1 by
p62/E3E2, as well as spike lattice assempP®d] [99] [40]. The interaction between the
cytoplasnic domain of the E2 protein and the NC triggers virus budding at th&CRMesterol
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IS neededto ensure virus buddinfl00-102] and although not specifically required, the
presence of 6K and T&lsopromotes budding[103] [83, 104] In contrast tather enveloped
viruses, lndding of alphaviruses does not depend on the host cell macfiO&iy Likewise,
packaging of the genomic RNA is not a precondition for virugding, although the step is
needed to ensure infectivif98, 106]

Alphavirus budding occurs at the PM and recent studlest imaged the process could
demonstrate that it did not occur on just any l@a#ibn of the PMout onspecialsed site§107,
108]. For a more detailed description of the current state of knowledge @tptiavirusexit

pathway | refer to the review oBrown, Wan [40]
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Abstract

Chikungunya virus (CHIKV) is a (re)emerging arbovirus and the causative agent of chikungunya fever. n recent years,
CHIKYV was responsible for a series of outbreaks, some of which had serious economic and public health impacts in the
affected regions. So far, no CHIK V-specific antiviral therapy or vaccine has been approved. This review gives a brief sum-
mary on CHIKV epidemiology, spread, infection and diagnosis. It furthermore deals with the strategies against emerging
diseases, drug development and the possibilities of testing antivirals against CHIKYV in vitro and in vivo. With our review,
we hope to provide the latest information on CHIKV, disease manifestation, as well as on the current state of CHIKV vac-

cine development and post-exposure therapy.

Keywords CHIKV epidemiology - Antiviral design - Antiviral testing - Vaccines - Monoclonal antibodies

Introduction CHIKV
Taxonomy, structure and genome organisation

Chikungunya virus (CHIKV) is an “old world™ alphavirus
(family: Togaviridae).

Alphaviruses are enveloped viruses with a diameter
of about 70 nm and single-stranded positive sense RNA
(+ssRNA). CHIKYV belongs to the Semliki Forest virus
antigenic complex and is closely related to O nyong-nyong
virus [1]. Other viruses in this particular complex are
Sempliki Forest virus, Ross River virus and Mayaro virus.
Phylogenetic relationships of alphaviruses are shown in \*
MERGEFORMAT Fig. 1. The virion is formed by an enve-
lope 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. The E1 and E2 pro-
teins are transmembrane glycoproteins and the C-terminal
domain of the E2 protein has direct contact with the virus’s
nucleocapsid (NC) core [2]. Thus, the virion’s outer protein

Edited by Detlev H. Kruger.

B4 JoachimJ. Bugert
Joachim1Bugert @bundeswehr.org

Bundeswehr Institute of Microbiology, Neuherbergstrafie 11,
80937 Miinchen, Germany

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

The CHIKV genome consists of about 11,800 nucleotides
and follows the general organisation of all alphaviruses. It
contains two open reading frames (ORFs) which encode the
non-structural (ns) or replicase polyprotein and the structural
polyprotein [6]. The RNA has a 5" 7-methylguanosine cap
and a 3 poly-A tail and, thus, mimics the structure of cellular
mRNA [7]. Two-thirds of the 5'-ORF encode for four essen-
tial 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 com-
plexes (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 (425)
genomic and (265) subgenomic RNAs. The subgenomic
RNA thus constitute the last third of the viral RNA and is
translated into the structural proteins (capsid (Cp), E3, E2,
6 K/TF, and E1) [6, &]. For a brief characterisation, see \*
MERGEFORMAT Table 1.

For a more detailed description especially with regard to
the fact that the nsPs pose possible targets for antiviral drugs
we refer the reviews of Strauss and Strauss [6], Silva and
Dermody [8], and Pietila, Hellstrom [9] on the subject of
alphavirus and CHIKV structure, replication and life cycle.

@ Springer
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_|:NC 001547 - Sindbis Virus
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Fig. 1 Molecular phylogeny of the medically most relevant and rep-
resentative alphaviruses. CHIKV belongs to the Semliki Forest virus
antigenic complex and is closely related to O'nyong-nyong virus [3].
The phylogenetic tree was inferred based on a MAFFT-E transla-
tional alignment. Fifteen representative nucleotide sequences of the
ORF 2 encoding the structural proteins of alphaviruses were used.

A maximum likelihood phylogenetic tree was generated using the
GTR +F+1+G4 model and 1000 bootstrap replicates. The software
used was IQ-TREE [4, 5]. Virus names are shown next to the Gen-
Bank accession numbers. EEE Eastern equine encephalitis; VEE Ven-
ezuelan equine encephalitis, WEE Western equine encephalitis

Table1 Functions of the various structural and non-structural Proteins of CHIKV

Protein Size(aa) Function

Non-structural Proteins 2474 P1234 precursor protein

Methyltransferase and guanylyl transferase activities capping and methylation of new viral RNAs; is the

only membrane anchor for the replication complex

C-terminal cysteine (auto)protease activity cleaves initial polyprotein into individual non-structural pro-

teins thus enabling viral replication; has also N-terminal helicase, nucleoside triphosphatase and RNA
triphos phatase activities; interferes with the host cells mRNA transcription & translation and inhibits

Interacts with several host proteins, possibly modulates protein poly- and mono-ADP-ribosylation; influ-

ences host cells stress response; Phosphoprotein, important for RNA minus-strand synthesis

nsP1 535
nsP2 798
interferon signalling
nsP3 530
nsP4 611
activity
Structural Proteins 1244 Structural precursor protein
C (Capsid) 261
prote ase
P62/PE2 487
El 435
peptides
E2 423
tors on host cell membrane
E3 64
egress
6K 61
TF 76

RNA-dependent RNA polymerase (RdRp) essential for viral replication; presumed terminal transferase

Forms nucleocapsid core by encapsidating genomic RNA; carboxyl domain is an autocatalytic serine

Precursor/Intermediate, later cleaved into E2 and E3 by host furin protease

Surface protein; Type IT fusion protein; mediates fusion of viral envelope and cellular membrane by fusion
Surface protein; major target of neutralizing antibodies; mediates binding to receptors and attachment fac-
N-terminal domain is uncleaved leader peptide of E2, suspected to shield fusion peptide in E1 during

Leader peptide of E1; presumed ion channel; may enhance particle assembly and release

Transframe protein, produced via ribosomal frameshifting, presumed ion channel, may enhance particle

release, shares N-terminus with 6 K

Aga amino acid number; C capsid; nsP non-structural protein; RdRp RNA-dependent RNA polymerase; TF transframe protein
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Ecology and epidemiology

Chikungunya virus (CHIKV) is an arthropod borne (arbo-)
virus of the Alphavirus genus. It was first described in 1955
by Robinson and Lumsden after an outbreak in present day
Tanzania in 1952. The word “chikungunya” is derived from
the Makonde word “kungunyala” which means *“that which
bends up”, thus describing the stooped bearing and rigid gait
of infected individuals [10]. Since symptoms are very simi-
lar to Dengue fever, it is possible that retrospectively, reports
of outbreaks could also be attributed to CHIKV reaching
possibly even back until 1658 [11].

CHIKY is usually transmitted to humans by infected mos-
quitos from the Aedes genus, mainly Aedes aegypti, Aedes
albopictus and Aedes polynesiensis, but Culex spp., Anoph-
eles spp., and Mansonia spp. have been found infected with
CHIKYV as well [12]. CHIKV causes sporadic, more or less
periodical outbreaks especially during rainy seasons when
mosquito populations are high [13]. The virus can affect
both arthropods and vertebrates, with the arthropod staying
infected for all their life. CHIKV circulates in a sylvatic/
enzootic and in an urban cycle. In Africa, the sylvatic cycle
is upheld by forest dwelling mosquitoes like Ae. furcifer,
Ae. taylori, Ae. africanus and Ae. neoafricanus that infect
vertebrates such as monkeys, rodents, and birds. Especially
monkeys seem to serve as reservoir and amplification hosts
in between epidemics [ 14].

So far, a sylvatic cycle has not been found in Asia, where
the first CHIKV outbreak was reported in 1958. It is assumed
that CHIK'V maintains its presence by the urban cycle in this
region [15]. Yet, the existence of a sylvatic cycle cannot
be ruled out, since CHIKV-specific antibodies were found
in Asian non-human primates (NHP) [16]. Furthermore,
Mavale, Parashar [17] demonstrated that CHIKV-infected
male mosquitoes can transmit the virus efficiently to females
thus showing that a venereal (and probably a transovarial)

Fig. 2 CHIKV distribu-
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transmission of the virus in the arthropods plays a role for
the persistence of CHIKYV in this particular region. Acha-
rya, Paul [18] showed that in vitro mosquito cell-generated
CHIKYV has a lower infectivity in cell culture and caused less
severe disease in mice compared to mammalian cell-gener-
ated CHIKV. This is due to the loss of glycosaminoglycan
receptor binding of CHIK'V on mammalian cell surface after
the mosquito cell passage [18]. This suggests that transmis-
sion of CHIK'V amongst the arthropods actually keeps infec-
tivity of the virus downregulated.

Historically, CHIKV was mainly distributed in tropical
and subtropical regions of sub-Sahara Africa and Southeast
Asia causing sporadic outbreaks. CHIKV was, however, put
into focus after a massive outbreak in Kenya in 2004 with
close to half a million infected people. This epidemic initi-
ated the spread to more than 22 countries and distributed
the virus into regions with moderate climate (Fig.2) [19]. In
India, an outbreak of CHIKYV affected more than 1.4 million
people in 2005 and was followed by additional epidemics
in 2006 and 2007 [20]. Originating in Africa, the 2004 out-
break expanded to the Indian Ocean, India, and Southeast
Asia. CHIKV eventually reached Europe in 2007 leading to
205 confirmed cases of CHIKF in Castiglione di Ravenna
in Italy [21]. Unlike the previous sporadic outbreaks, the
2004-2010 epidemic displayed autochthonous cases in tem-
perate climates such as in Montpellier, France [22]. In 2013,
CHIKYV emerged in the Americas, firstly in the Caribbean
Islands and reaching the South American continent in 2014
[23]. This led to increasing CHIKF cases and between 2014
and the end of September 2018, a total of 697,564 CHIKV
cases have been notified in Brazil (including 94,672 labora-
tory-confirmed cases). The majority of new CHIKV cases
in this year (January until 17. July 2020) have been reported
from Brazil, Yemen, Bolivia and Thailand [24].

Until 2004, it has been widely accepted that the Ae.
aegypti mosquito was the main urban vector of CHIK'V [1].
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This arthropod is well adapted to the urban environment
and can multiply fast in a short time. However, during the
2005/2006 outbreak on La Réunion Island the Asian “tiger
mosquito” (Ae. albopictus) got into focus as far as CHIKV
transmission was concerned [25]. With 4-8 weeks, Ae.
albopictus has a long lifespan (depending on the tempera-
ture) and a flight radius of 400-600 m. Both, Ae. aegypti and
Ae. albopictus are diurnal. Yet, the geographical distribution
of Ae. albopictus is broader than that of Ae. aegypti, since it
can exist in more temperate zones [26]. Eggs of Ae. albop-
ictus are more resistant to drying-up and can stay viable
throughout dry seasons. The mosquito recently expanded
from Southeast Asia to Madagascar, most islands in the
Indian Ocean, Africa, and the Americas. Due to climate
change, it even made the transition to the temperate zones
of Southern Europe (Italy, France).

Phylogenetic studies and lineages

Before the La Réunion outbreak, phylogenetic analy-
ses based on both partial (E1 glycoprotein) and complete
genome analyses revealed the existence of three distinct
CHIKYV phylogroups (strains) commonly referred to as the
West African (WA), East-Central-South African (ECSA)
and Asian genotypes [1]. Genome analysis of CHIKV strains
isolated during the La Réunion epidemic in 2005 and 2006
revealed that the outbreak was caused by a mutated strain
originating from the ECSA isolates [13]. This new mutant
was then referred to as the Indian Ocean Lineage (IOL).
‘When CHIKV was introduced into the Caribbean in 2013 it
formed another sub-lineage within the Asian lineage (Asian/
American) [27]. As far as health issues are concerned, the
most relevant lineages are the Asian (including the Asian/
American), the [OL sub-lineage and some ECSA strains.
Multiple CHIKV outbreaks in the past 15 years go back to
these three clades [28].

The question why CHIKV spread over the Indian Ocean
and into areas with temperate climate was partly answered
by Schuffeneckers discovery of a mutation (referred to as
E1-A226V) at residue 226 of the membrane fusion glyco-
protein E1. This mutation made CHIKV more adaptable to
Ae. albopictus, as a study by Tsetsarkin and colleagues could
demonstrate [13, 29]. Additionally, reverse genetics identi-
fied possible mutations in the E2 glycoprotein (E2-G60D
and E2-1211T) which were important for determining
CHIKYV infectivity in Ae. albopictus. Tsetsarkin et al.,
suspects a strong synergistic effect of the E2-G60D and
E2-1211T mutations on CHIKYV infectivity for Ae. albopic-
tus, when expressed in combination with valine at position
E1-226 [30]. In a follow-up study conducted in India another
novel E2 mutation, L210Q, was present in all human and
mosquito CHIKV isolates collected during 2009 [31]. This
substitution was within the region of the E2 protein (amino
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acids E2 200-220) that determines mosquito cell infectiv-
ity for several alphaviruses [32-34].The virus’ mutations
turned Ae. albopictus from a secondary vector to the main
transmitter of CHIKV. This enabled the new IOL to spread
into regions where this arthropod is distributed. The muta-
tion in the El protein had been observed before in Semliki
Forest virus (SFV), another alphavirus, where the mutation
made SFV less dependent on cholesterol for growth [35].
The efficiency of alphavirus’ entry generally depends onthe
composition of the host cell membrane. Cellular membrane
cholesterol is needed for membrane fusion and an efficient
exit of progeny virus from infected cells. A mutation that
made the virus more independent from cholesterol content
in membranes would improve its fitness, especially in insects
which have a different lipid composition inthe cells. Exper-
imental infection of Ae. albopictus with the non-mutated
CHIKYV strains actually proved that these lineages were not
able to replicate as sufficiently in the tiger mosquito as the
IOL strain and that the mutated sub-lineage had a significant
increase in infectivity, dissemination and transmission by
Ae. albopictus [29].

Pathogenesis

CHIKYV is naturally transmitted to humans through the saliva
of infected mosquitoes when they take a blood meal. Addi-
tionally, cases of mother to child transmission are known.
Once the virus enters the skin, dermal fibroblasts seem to be
the mainsite of viral replication and amplification [36, 37].
Proteins from mosquito saliva promote viral replication by
counteracting the induction of antiviral genes, thus hamper-
ing the hosts’ immune response [37]. Apart from dermal
skin fibroblasts, skin keratinocyte and melanocytes are per-
missive for CHIKV infection as well [38]. Studies with NHP
characterised the route CHIKV takes to reach other ana-
tomical regions [39]. At the primary site of infection (skin)
CHIKYV infects macrophages. Viral particles are captured by
dendritic cells (DCs) which transport the virus to the clos-
est lymph nodes. Within the lymph node, viral particles are
transferred to monocytes and macrophages which enter the
bloodstream. After CHIKV reaches the ly mph node, viremia
sets in by the active infection of human blood monocytes and
other peripheral blood mononuclear cells [40].

Via blood stream, CHIKV reaches the muscles and joints
where the infection causes the main symptoms of CHIKF—
myalgia and arthralgia. In the muscle, satellite cells seem
to be the target for CHIKV, but primary human myoblasts
are permissive to the virus infection as well and CHIKV
could also be detected in skeletal muscle fibroblasts [41,
42]. CHIKV RNA and proteins could be found in the syno-
vial tissues and fluids during acute and persistent arthral-
gia and various studies showed that synovial fibroblasts as
well as macrophages are susceptible to CHIKV [12, 42].
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In CHIK V-infected individuals, cartilage degradation and
bone loss take place in the infected joints [43]. CHIKV also
replicates and persists in osteoblasts [38].

CHIKYV can target a wide range of secondary organs
which may lead to severe complications in patients (i.e.
renal, respiratory, hepatic, cardiac, and neural syndromes)
[12]. CHIKV disseminates into the liver, the spleen, the
heart, the kidneys and possibly the lungs [36, 39, 44].
Although CHIKV has not been considered a true neuro-
tropic virus, it can cause neurological complications (e.g.
meningitis, encephalitis, febrile seizures, Guillain Barré syn-
drome, neuro-ocular diseases) especially in the elderly and
the very young [45]. In the Indian Ocean outbreak of 2005,
a growing number of neurological sy mptoms associated with
CHIKV were observed. Since then the tropism of this agent
for the nervous system has been characterised better [46]. In
patients displaying severe neurological symptoms, CHIKV
could either be isolated from or detected via RT-PCR in
the cerebrospinal fluid [45]. In vitro experiments showed,
that CHIK'V is able to infect and replicate in neurons, astro-
cytes, oligodendrocytes and microglia cells [47]. Despite
these findings a consensus to the discussion whether the
virus affects the nervous system directly or indirectly via a
triggered immune-mediated effect has not been reached yet.

Inglis and colleagues concluded that a disrupted glia-neu-
ron signalling could be a major driving factor in the develop-
ment of CHIK V-associated neuropathology [48], a finding
that was also confirmed in mice [49]. For a more detailed
understanding of the current knowledge on pathogenesis and
tissue tropism of CHIKV as well as on vector and animal
host interactions we refer to the review of Matusali et al.
[12].

Clinical manifestation

CHIKYV causes a febrile disease called Chikungunya fever
(CHIKF). Typically, patients develop symptoms after an
incubation period of 1-12 days. High fever accompanied
with headache, myalgia and joint pain are typical, in some
cases haemorrhage and maculopapular rash may occur [8].
Especially musculoskeletal symptoms like persistent disa-
bling polyarthralgia are a hallmark of the disease and have
repeatedly been observed to go into a chronic state that may
last months or even years in up to 50% of the patients [50]. A
follow-up study done by Manimunda, Vijayachari [51] dur-
ing an epidemic in Karnataka state, India in 2008, revealed
that the arthritis caused by CHIKYV is a chronic inflammatory
erosive arthritis. Interestingly, the most common symptoms
in this study were joint pain (98%), fever (85%), swelling
around joints (53 %), rash (50%), fatigue (49%) and headache
(38%). After 9 months, 51% of the patients had been cured,
leaving 49% in a chronic state of the disease [51].

If an immunologically naive population is confronted
with CHIKYV, the morbidity ranges from 34% (like in La
Réunion in 2005) to 63% [52, 53].

Although CHIKYV is often self-limiting and has a low
mortality rate (0.1%) [54], complications may arise espe-
cially in the elderly and the young. The major outbreaks
between 2005 and 2016 recorded a significant number of
patients suffering from serious complications such as cardio-
vascular disorders, involvement of the central nervous sys-
tem (CNS), respiratory failure, pre-renal failure, and severe
acute hepatitis. The mortality rate among these severe cases
ranged from 10.6 to 35% with most patients dying of heart
failure, multiple organ failure syndrome or toxic hepatitis
[13, 52].

Patients under 1 year or over 65 years of age, have a
higher risk of being affected by a CHIKF associated CNS
disease (including encephalitis). Among the most frequently
diagnosed CHIKV-associated neurological complications
are encephalitis, optic neuropathy, neuroretinitis and Guil-
lain-Barré-Syndrome, but also occasionally meningoen-
cephalitis, myelitis and polyradiculitis [46]. In a cohort study
during the CHIKV outbreak on La Réunion between 2005
and 2009, Gérardin (2016) determined the case fatality rate
of CHIK V-associated encephalitis to 16.6% among neonates
and the proportion of children discharged with persistent dis-
abilities (seizures, cerebral palsy) was estimated between 30
and 45%. Various cases were CHIKV has been transmitted
vertically from mother to neonate are known. This poses
the risk of neurodevelopmental delays, cerebral palsies and
microcephaly in the infant [55].

Differential diagnosis, CHIKV diagnostics,
and surveillance

The initial signs of CHIKV disease (fever with or without
headache and/or arthralgia) are also common in several
other diseases. Depending on the patient’s history (place
of residence, travel history, and exposure), different dis-
eases can be considered in the differential diagnoses such
as Malaria, Dengue (DENV), Leptospirosis, and other
alphavirus infections like Mayaro, Ross River, O'nyong
nyong and Sindbis [56]. Apart from being mistaken for
another disease, CHIKV infection often go hand in hand
with Malaria, Dengue (DENV) or Zika virus (ZIKV)
infection and the four diseases share a common set of ini-
tial symptoms (headache, fatigue, and myalgia/arthralgia).
It is very important for the patient to have quick and reli-
able diagnosis because prognosis and patient care differ for
these diseases [57]. Especially Malaria and Dengue have
the potential for much worse outcomes including death
and it is thus eminent to distinguish the pathogens. So far,
CHIKF can only be distinguished from Dengue fever by

@ Springer



Literature review

28

138

Virus Genes (2021) 57:133-150

virus testing and early diagnoses might prevent complica-
tions in the patient like haemorrhages, acute respiratory
distress syndrome, renal failure and arthritis [58].

Acute CHIKYV infections are diagnosed either by virus
isolation in cell culture, detecting virus genome or sero-
logically, by detecting specific [gM antibodies [59]. For
more detailed information on how to test during what
phase of the disease we refer to Barrera, Hunsperger [56].
There are commercial serological assays (enzyme-linked
immunosorbent assay (ELISA), immunofluorescence assay
(IFA)) and molecular (RT-PCR) detection systems avail-
able [60, 61].

Various studies have been conducted in order to find
the best diagnostic method. PCR methods seemed to out-
perform serological assays, which were less sensitive and
specific, as they depend to a great extent on the skills of
the performing laboratories [59]. Furthermore, due to cross-
reactivity of antibodies to common antigens among CHIKV
related alphaviruses (e.g. Barmah virus, Ross River virus
and Mayaro virus (MAYV)), false positive and false nega-
tive results are possible and serologic diagnosis remains a
challenge [62]. This is particularly difficult when the viruses
have the same geographical distribution and share a set of
common symptoms as is the case with CHIKV and MAYV
which both are endemic in Brazil and its neighbouring coun-
tries [63].

Questionable results should be confirmed with a second
assay, e.g. serum virus neutralisation assay (VNT), which is
a confirmatory test and considered more specific than ELISA
and IFA tests [64].

Even before CHIKV was (re)introduced into the Ameri-
cas, the Centres for Disease Control and Prevention (CDC)
together with the Pan American Health Organization
(PAHO) published the guide for ‘Preparedness and Response
for Chikungunya Virus Introduction in the Americas’ [56].
However, although recommendations for surveillance had
been provided, some American countries had not established
a surveillance system for this particular disease due to lack
of clinical and public awareness as well as non-existence
of laboratory capacity for testing [65]. According to a ret-
rospective study on Puerto Rico, passive case surveillance
seemed most practical and feasible approach to compare epi-
demiologic trends across regions affected by chikungunya
and other emerging infectious diseases [65]. Passive sur-
veillance for a disease happens when a sick person seeks
medical care, a doctor suspects a certain pathogen as the
causative agent, and the case is reported to public health
authorities either before or after laboratory diagnostic testing
is done. Passive surveillance is particularly useful to monitor
epidemiologic trends in diseases [65]. Yet, the infrastructure
for passive case surveillance system might still have to be
established, which proves difficult in developing countries
with lack of resources. In Puerto Rico, the already existing
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passive dengue surveillance system that existed since the
1960s was modified to fit the new agent CHIKV [65].

If a disease is already endemic in a country, surveillance
of this specific disease is only justified if appropriate actions
to ban it are planned [66]. As there is no specific treatment
for CHIKF available, the clinical outcome of a patient is only
influenced by early detection when a more severe disease
can be excluded. In tropical areas where vector activity is to
be expected all year long, the same control measures as for
DENV might help avoid high infection numbers and a ready
detection of a new outbreak could help reduce the burden to
public health by raising awareness [66]. Between epidem-
ics, serological surveys are hardly done. Yet some studies
for active surveillance have been conducted According to
a study that investigated the cause of febrile illness in chil-
dren during an inter-epidemic period in 5 Asian countries,
CHIKV was responsible for 35% of all fevers [67]. Other
seroprevalence studies in Africa confirmed that CHIKV was
circulating endemically [66]. There was a program from the
Pacific Public Health Surveillance Network for specific
surveillance strategies of CHIKV, DENV and other febrile
diseases including case detection and management, labo-
ratory confirmation, vector control and raising awareness
[68]. However, their website has not been updated since May
2016, so no data can be found on the current state of CHIKV
surveillance in this area [69].

In Europe and non-endemic countries, CHIKV cases
may occur either travel associated or if a viremic traveller
enters areas where Ae. albopictus is present and finds suit-
able environmental conditions for the transmission of the
virus (which is the case when daily temperature are> 18 °C)
[70]. Thus, travellers returning from endemic areas with
febrile illness should be readily tested for Malaria, DENV
and CHIKV [66]. According to the European Centre for Dis-
ease Prevention and Control (ECDC) the risk assessment
states the chance for CHIKV infection in France and Italy,
where autochthonous cases have been repeatedly reported,
as being moderate [71]. Public awareness should be raised as
an essential part of any DENV/CHIKV control program to
help identify potential cases and start entomological investi-
gations and possible vector control measures to curb further
spread [66].

Strategies against emerging infectious
diseases

The following section will give information on drug devel-
opment and evaluation as well as on vaccines that are cur-
rently being investigated in clinical trials against CHIKV.
For those interested in current antivirals against alphaviruses
in general and other agents relevant in medical biodefence,
we recommend the review of Bugert et al. [72].
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Drug development

There are three major approaches to finding new drugs: (1)
in traditional or phenotypic drug discovery, also called for-
ward pharmacology, potential drugs are screened based on
measures of phenotype. (2) Rational drug design, which is
also referred to as reverse pharmacology, is based on the
knowledge of a biological target which may function at criti-
cal intervention points in a disease process and might be
blocked by drugs. (3) Repurposing already existing drugs
is also a commonly used approach. We will not detail the
different approaches but recommend the reviews of Pathel
[73], Takenaka [74] and Rester [75].

Methods for in vitro and in vivo evaluation
of antiviral compounds

Viruses

Bio-safe surrogates for CHIKV help avoiding the need for
BSL-3 facilities. The BHK replicon cell line for example
contains a persistently replicating CHIKV replicon [76].
To study virus entry and possible effects of agents on this
particular step of CHIKV life cycle requires other models
such as CHIKV pseudo-particles that carry the envelope
proteins and are tagged with a luciferase reporter [77, 78].
Lucas-Hourani, Lupan [79] screened for CHIKV nsP2 pro-
tease inhibitors without using life virus infection. He trans-
fected human HEK-293 T cells with various plasmids that
encoded for the sequence of CHIKV nsP2 protein, a lucif-
erase reporter gene and two transcription factors.

Some research groups use the vaccine strain 181/Clone
25 as a model virus. This is a live-attenuated derivative of
Southeast Asian human isolate strain AF15561 (GenBank
accession no. L37661, listed as TSI-GSD-218). It displays
reduced virulence but still has the complete virus’ life cycle
[80, 81]. Gorchakov, Wang [82] revealed 10 nucleotide dif-
ferences in the genome compared to its parental strain. Only
5 mutations actually caused an amino acid substitution, the
rest were silent mutations. This strain could easily re-evolve
back into a more infectious strain [82].

Wild-type (WT) strains with a complete life cycle
include clinical isolates like the DRDE-06 strain (Gen-
Bank: EF210157) [83], DMERI09/08 strain [84], or labora-
tory CHIKV strains such as ROSS [84, 85], LR2006_OPY'1
(GenBank: DQ443544.2) and the Indian Ocean strain 8§99
(GenBank: FJ1959103.1) [86].

Reporter viruses for high-throughput screening, include
recombinant CHIKV expressing GFP (e.g. CHIKV-118-
GFP) [87] or luciferase genes [76].

For the initial identification and screening of molecules
with antiviral activity, cell viability/cytopathogenic effect
(CPE) reduction assays are usually employed. These assays

also allow the evaluation of the cytotoxic effect of puta-
tive antiviral molecules on the cells. African green mon-
key kidney cells (Vero cell line) are the most commonly
used cells in these assays with CHIKV. Other cell types
used for CHIKV antiviral screening include baby hamster
kidney (BHK) cells, human foetal lung fibroblast (MRC-5)
cells, bronchial epithelial cells, human embryonic kidney
293 (HEK-293) cells and human hepatocarcinoma (Huh-7)
cells ([86-90]. Nevertheless, the fact that these commonly
used cell lines have little clinical relevance in CHIKV dis-
ease is a big disadvantage. Some groups used human mus-
cle satellite cells [41]. Labadie, Larcher [39] found out that
macrophages are the main cellular reservoirs during the late
stages of CHIKV infection in NHP. Teng, Foo [91] showed
that monocytes are the major PBMC (primary blood mono-
nuclear cells) subset targeted by CHIKV in the blood. These
cells may be more relevant cell lines, especially as they are
suspected to contribute to the long-term effects of CHIKV
in humans. Yet, since they are a primary cell lines which are
not immortalised, they are not well suited for high-through-
put screening (HT'S). Furthermore, human dermal fibroblasts
seem to be the initial target cells in CHIKV infection, as
they are the first to be infected after a mosquito bite [36, 42].
Abdelnabi and colleagues successfully used the human skin
fibroblast cell line CRL-2522 as a model for testing CHIKV
antivirals [92].

The effect of CHIKV on the cells (CPE) can be either
evaluated microscopically and/or quantitatively measured
by colorimetric assays e.g. resazurin fluorescence reduction
assay [90], the MTS/PMS method [86] or neutral red dye
uptake [83]. Additionally, in assays with adherent cell lines,
xCELLigence real-time cell analysis (RTCA) screening is
an accurate method to investigate the properties of antiviral
compounds in infected and non-infected cells, [93]. This
method is an established electronic cell sensor array using
impedance measurement to detect the number of adhered
(and thus viable) cells. It has the big advantage of measuring
the cell viability continuously, whereas the aforementioned
colorimetric assays are endpoint assays and do not provide
information on the initiation of CPE or the changes in reac-
tion rate of the virus propagation over time.

Animal models

There is a variety of mouse models to study CHIKV patho-
genesis. Adult immunodeficient mice such as AG129 are
being used for lethal infection models [86]. Pal, Dowd [94]
used Ifnar™™ mice to assess the antiviral efficacy of small
molecules and monoclonal antibodies against CHIKV-
induced death. To study the efficacy of drug therapy against
arthritis and inflammation caused by CHIKV, non-lethal
infection models with immunocompetent mice such as

C57BL/6 and Swiss albino mice are being employed [77,
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95]. Other research groups use cynomolgus macaques
(Macaca fascicularis) or rhesus macaques (Macaca mulatta)
to study CHIKYV, since these NHP show similar signs of
CHIKF as humans, including fever and skin rashes [96].
In his study with immunocompetent macaques, Labadie
showed that long-term CHIKV infection was observed in
joints, muscles, lymphoid organs, and liver, and that this fact
might contribute to the long-term sy mptoms in humans. Yet,
severe signs such as arthritis, meningoencephalitis and death
were only observed after infecting the macaques with higher
doses of CHIKV [39].

Current strategies against CHIKV

Although mortality rates of CHIKF are rather low with
0.1%, the impact of the diseases on the patient is severe,
especially when the virus hits a naive population. The epi-
demic on La Réunion in 2005-2006 displayed CHIKF with
atypical symptoms going hand in hand with severe mor-
bidity (34.4% of affected patients) and a higher mortality
rate (10.6%) [52] while affecting nearly 34% of the overall
population of the island [19]. Apart from the suffering which
patients have to endure personally, the economic and social
impact of the disease seriously affects the communities and
the economy [97].

So far, no approved antiviral therapy or vaccine against
CHIKYV is on the market, leaving patients with supportive
therapy only. This usually consists of analgesics, antipyret-
ics, and fluid therapy. Current recommended therapy for
CHIKV-infected patients with arthritis/arthralgia encompass
non-steroid anti-inflammatory drugs (NSAIDs) to manage
pain and inflammation used along with fluid therapy to pre-
vent dehydration [98]. Aspirin should be avoided, since it
bears the risk of bleeding and developing Reye’s syndrome
[99]. Treatment of CHIKF with corticosteroids might cause
immunosuppression and worsen the disease. Furthermore,
the adverse effects of corticosteroids make their long-term
administration additionally risky, thus causing a problem for
the treatment of patients with chronic arthralgia or arthritis.

Prevention and control

Bite prevention and vector control are the two hallmarks
to avoiding infection in the first place. When travelling to
endemic areas, general personal protective measures like
wearing long-sleeved clothing or using insect repellent and
mosquito nets are important to prevent being bitten by a
CHIKYV positive mosquito. For some vector-borne diseases
like Dengue, Chikungunya, Zika, and West Nile disease,
vector control is currently the only method available to
protect populations (an existing Dengue vaccine is being
avoided due to safety concerns [100]).
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Before the invention of broad spectrum insecticides in the
1940s, vector control was mainly achieved by environmental
management and larval control based on a thorough under-
standing of pathogen transmission [101]. Vector-control
measures can generally be classified into chemical and non-
chemical-based approaches. Both strategies can target imma-
ture and adult stages either by killing them (with chemical or
biological larvicides/adulticides) or by removing the habi-
tat essential for these stages (e.g. the draining of marshes).
To reduce contact of the adult vector with the human host,
tropical repellents, insecticide treated bed nets or housing
improvements are applied [101].

In the past decades, so-called rear and release strategies
were brought into focus. In this approach, the intentional
mass rearing and release of modified mosquitoes that mate
with the wild counterparts aims to induce genetic change,
sterility or reduced vector competence into the target popu-
lation [102]. There have been several programs to achieve
this goal. The release of sterile males that if mating with
wild females, result in infertile eggs and reduction and even-
tual elimination of the vector population was one of the first
concepts. Males have been sterilised with radiation, chemi-
cal methods, the introduction of genetical modification or
microbiological methods [103].

Another approach lies in synthetic gene drives. Gene
drives are selfish genetic elements that manipulate game-
togenesis and reproduction to increase their own transmis-
sion to the next generation [104]. Some synthetic gene drives
are used to potentially hamper the function of essential genes
which hopefully if released, will lead to a decline of the wild
population or conversion of the population into males. Other
drives aim to modify the vector population in a way that they
are more sensitive to pesticides or reduce the vectors™ ability
to transmit a virus [104].

Aliotaetal. [105] followed this strategy of vector control.
His research group tried to curb CHIKV transmission by
infecting mosquitoes with the intracellular bacterium Wol-
bachia. The maternally transmitted bacterium Wolbachia
is an endosymbiont that manipulates host reproduction
to enhance its own transmission [106]. This may result in
enhanced resistance to pathogens and reduced virus replica-
tion in the vector [107]. Aliota introduced the wMel strain of
Wolbachia pipientis into Ae. aegypti mosquitoes and showed
that replication and transmission potential of CHIKV were
reduced significantly. Similar results have been published
for other arboviruses like DENV, Yellow Fever virus and
Zika virus, all of which share Ae. aegypty as a common
vector [108—110]. It seems that the extent of pathogen reduc-
tion can be influenced by the strain of bacterium [110]. In
endemic regions thus infected mosquitoes could be released
and invade the wild mosquito populations and consequently
reduce viral transmission. Studies for curbing Dengue virus
transmission by releasing Wolbachia-infected mosquitoes
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into natural Ae. aegypti populations have been started in
2017 seem promising. [111, 112]. According to the World
Mosquito Program (WMP) studies conducted in Indonesia
over a period of 3 years showed that compared to untreated
areas, there is a 77% reduction in the incidence of virologi-
cally confirmed Dengue fever in Wolbachia-treated areas of
Yogyakarta, Indonesia (Clinical Trial No. NCT03055585)
[113].

If these approaches work out, it might prove an eco-
friendly method to curb virus spread without applying chem-
ical insecticides. However, they have their flaws. Rearing
and release strategies are expensive, must be well organ-
ised, require significant infrastructure, and suffer from an
overall negative public opinion, especially when genetically
modified mosquito (GMM) are concerned. Furthermore, it
is possible, that introduced gene drives evolve back or fail
due to drive resistance resulting from standing genetic vari-
ation [114].

Prophylaxis and post-exposure therapy
Active immunisation

Compared to other RNA viruses, CHIKV displays a lim-
ited diversity between the different strains. Various stud-
ies showed that antibodies raised by one CHIKV genotype
display a cross-reactivity against all others and there is a
broad consensus that CHIK'V lineages constitute to a single
serotype [28, 115]. This makes CHIKV a viable candidate
for generating a vaccine that grants a life-long protection
against an infection, with little risk of complications like
antibody-dependent enhancement (ADE) as reported from
DENV vaccines [116]. Although trying to develop a vaccine
since the 1960s, no vaccines have been approved so far, but
several candidates are currently being investigated in pre-
clinical and clinical trials [117]. Here, we will only focus
on those vaccine candidates that made it to human studies
(clinical trials) (Table 2).

Live-attenuated vaccines The advantages of live-attenu-
ated vaccines are that they offer effective and long-lasting
immunity, do not have to be given very often and are low in
production costs. The first live-attenuated CHIKV vaccine
that made it to clinical trials was called TSI-GSD-218 and
was developed by successively growing the CHIKV 181/
clone 25 in cell culture [80]. It seemed to provide an effec-
tive and lasting immunity. However, in the phase 2 trial 8%
of the vaccinees developed mild arthralgia [§1]. The can-
didate was abandoned after studies indicated instability of
attenuation which raised concerns about safety [8, 82]. Yet,
the strain is still used as an attenuated lab strain. This candi-
date revealed a disadvantage of live-attenuated vaccines: the
chance of the virus evolving back into an infective strain. In

case of TSI-GSD-218, attenuation was determined by two
amino acid substitutions in the E2 envelope glycoprotein
which seemed not to be very stable [8, 82]. Research tried to
find other strategies for developing live-attenuated vaccines
and finally came up with CHIKV/IRES, a candidate that
contains an internal ribosomal entry site (IRES) in place of
the subgenomic promotor. This IRES leads to a decrease
of the expression of viral structural proteins. As a result,
replication in mammalian cells is attenuated and replication
in mosquito cells is completely prevented because the IRES
does not work in insect cells [8]. The CHIKV/IRES vaccine
worked in a safe, highly immunogenic, and effective way
in studies with mice and NHP [125, 126]. It furthermore
protected mice and NHP against various CHIKV strains
and has been preclinically evaluated on safety, efficacy and
stability so that now CHIKV/IRES is projected for clinical
studies [28, 135].

Another live-attenuated CHIKV vaccine candidate with
the number VL A1553 which has been developed by the bio-
tech company Valneva was recently investigated in a phase
1 clinical study to research three dose levels of VLA1553
after a single immunisation (ClinicalTrials.gov; Identifier:
NCT03382964). According to the manufacturer, the mono-
valent, single dose vaccine candidate which was granted
Fast Track designation by the FDA in December 2018, had
excellent final phase 1 results. Preclinical studies with NHP
proved the vaccine candidate to fully protect the animals
against WT CHIKYV infection after a single dose [118].
Phase 2 supportive studies are ongoing and the candidate
has received approval from the FDA to enter phase 3 clinical
studies in 2020 [136]. Valneva has recently initiated a piv-
otal phase 3 trial for the vaccine (NCT NCT04546724). In
the randomised, double-blinded, placebo-controlled, multi-
centre study called VLA1553-301 with approximately 4000
healthy participants, the safety and immunogenicity 28 days
after a single-shot vaccination with VLA 1553 is to be evalu-
ated. A subset of participants will be tested for sero-protec-
tion based on an immunological surrogate (under the Accel-
erated Approval pathway ). Participants will be followed for
a total of 6 months [119]. This is the first CHIKV vaccine
study to enter phase 3. The parental strain of VLA1553 is
the infectious clone CHIKV LR2006-OPY1 and attenuation
was achieved by deleting a major part of the gene encoding
for nsP3 [120].

Furthermore, in June 2020 an award of US$ 14.1 million
was awarded by the Coalition for Epidemic Preparedness
Innovations (CEPI) for advancing the development of the
live-attenuated vaccine candidate BBV 87 [121]. The vac-
cine has been developed by Bharat Biotech (BBIL) and is an
inactivated whole virion vaccine based on a strain derived
from an East, Central, South African (ECSA) genotype
[121]. The vaccine has completed standard preclinical stud-
ies, and an optimum immune response was elicited by the
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adjuvanted vaccine in phase 1 clinical trials in India (Clini-
cal Trial Registry India, CTRI/2017/02/007755). A phase
2/3 adaptive seamless design, randomised, controlled trial
has been initiated in September 2020 to evaluate the safety
and immunogenicity of a 2 dose-regimen the mentioned
CHIKYV vaccine in healthy subjects in Panama, Colombia,
and Thailand (NCT04566484). The study is not yet recruit-
ing and further details on the vaccine candidate have not
been published yet.

Virus-like particles Another vaccine approach deals with
virus-like particles (VLPs) which are generated by trans-
fecting a DNA expression plasmid into human cells. The
plasmid encodes for CHIKV structural proteins. After
expression these structural proteins form particles that
resemble intact virions. Yet, since the virions lack genomic
viral RNA, they are unable to replicate [137]. One VLP can-
didate (referred to as VRC 311) completed preclinical trials
with NHP and a phase 1 clinical trial proved the vaccine
(now labelled VRC-CHKVLP059-00-VP) to be safe, well
tolerated and highly immunogenic with a 100% seroconver-
sion rate in all dose cohorts after booster immunisations
[123]. Furthermore, it displayed a cross-protection against
multiple CHIKV strains [124]. The candidate has currently
finished phase 2 clinical trials and results are being evalu-
ated (ClinicalTrials.gov; Identifier: NCT02562482).

Just like cells may express a plasmid that encodes for
structural proteins, a virus may be recruited as a vector to
express the structural proteins of the VLPs. This approach
is called viral-vectored vaccines (VVVs).

One VVV candidate called MV-CHIKV was gener-
ated by using a recombinant, live-attenuated measles virus
(MV) vector that expresses CHIKV VLPs. These VLPs
comprise capsid and envelope structural proteins from the
CHIKV strain “La Réunion” [127]. This VVV candidate
was accepted for a phase 1 clinical trial and it triggered the
production of neutralising antibodies in a dose-dependent
manner. It also had a seroconversion of 100% after booster
immunisation despite the presence of measles antibodies
(which resulted from previous measle vaccinations of some
study participants) [128]. The vaccine candidate entered
phase 2 clinical trials in 2016 (ClinicalTrials.gov; Identi-
fier: NCT02861586) and the study was completed in 2019.
MV-CHIKYV turned out to be of good safety, tolerability,
and immunogenicity. All treated groups developed neutralis-
ing antibodies against CHIKYV after one or two immunisa-
tions [129]. A study with NHP followed in 2019 in which
macaques where challenged with a dose of 1.4x 10° plaque
forming units (PFU) injected subcutaneously 56 days after
being vaccinated with MV-CHIKV. None of the previously
vaccinated animals showed signs of infection after virus
challenge. The developed neutralising antibodies showed a
cross-reactivity towards other CHIKV strains. The vaccine

candidate proved to be safe, immunogenic, efficacious and
worthy of further development towards licensure [138].

Another recombinant VVV candidate (ChAdOx1 Chik) is
currently being evaluated in phase 1 clinical trial (Clinical-
Trials.gov; Identifier: NCT03590392). ChAdOx1 Chik is a
replication-deficient simian adenoviral vector that expresses
CHIKYV antigens. No results have been published on this
project so far [130].

mRNA encoding for structural proteins that will assemble
to VLPs Another approach has been launched by a company
called Moderna which uses mRNA encoding for CHIKV
structural proteins. The idea is to deliver the mRNA into the
host cells where it is recognised by ribosomes. Subsequently
the proteins which are encoded on the mRNA are produced.
In case of the CHIKV vaccine, the mRNA encodes for the
structural proteins that will assemble to VLPs once they
are translated. The host organism thus recognises the VLPs
as foreign, starts an immune response and produces corre-
sponding antibodies [131]. In a phase 1 trial, the safety, tol-
erability, and immunogenicity of the Chikungunya vaccine
candidate called mRNA-1388 in healthy human subjects is
currently being investigated (ClinicalTrials.gov; Identifier:
NCT03325075) [132].

Passive immunisation with monoclonal antibodies (mAbs)

Monoclonal antibodies are currently under heavy investiga-
tion for their possible use in prophylaxis and post-exposure
therapy. So far, none have been licenced for medical use, but
some studies seem promising and clinical trials are ongoing
[55].

Couderc, Khandoudi [139] demonstrated that isolated
anti-CHIKV polyclonal antibodies from patients which
were recovering from a CHIKV infection could prevent and
treat CHIKYV infection in mice. He thus laid the founda-
tion to further investigate antibodies as a means for CHIKV
prophylaxis and treatment. In 2014 a clinical trial (clinical
trial registration NCT02230163) has been initiated to inves-
tigate if transferring anti-CHIKV hyperimmune immuno-
globulins that have previously been isolated from CHIKV
convalescent donor plasma, may prevent infants with a high
risk of mother to child transmission during childbirth from
developing a severe form of CHIKF. Although being already
initiated in 2014, no results of this study have been published
so far. Another phase 1 trial is on its way but not yet recruit-
ing (NCT 04441905) to test the SAR440894 monoclonal
antibody (IgG1) directed against the E2 envelope protein
of chikungunya virus in a randomised, double-blind study.

Given the fact, that up to all neonatal CHIK'V cases in the
La Réunion outbreak in 2005/2006 were symptomatic with
nearly 20% resulting in a severe form with involvement of
the central nervous system and often leading to permanent
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damage (seizures, cerebral palsy) [55], the outcome of these
studies would be of major interest.

mAbs targeting CHIKV surface envelope (E) proteins The
CHIKYV virion surface has 80 spikes which are built up of
trimers of the glycoproteins E1-E3. The role of the se surface
proteins is to enable receptor-mediated endocytosis and the
endosomal fusion which is induced by low pH. E2 forms the
top of the spike and seems particularly important to medi-
ate the attachment, binding, and entry of the virus particles.
Thus, this E2 surface protein is considered a critical protein
at which neutralising human and mouse mAbs could be tar-
geted. Various groups have already identified either mouse
or human neutralising mAbs that bind to E1 or E2 [140,
141].

A number of human mAbs have been analysed exten-
sively in vivo and in vitro and some mAbs (C9, 4J21 and
5M16) provided full protection against CHIKV viremia and
CHIK V-associated arthritis when administered prophylacti-
cally oreven up to 18 h p.i. in mice [77, 141].

In his study on CHIKV mouse mAbs, Pal, Dowd [94]
could show, that combinations of mouse mAbs which were
administered prior to CHIKV exposure, protected immuno-
compromised mice against CHIKV infection and may limit
the occurrence of mAb-resistant virus. The latter being of
special concern as the viral loads of CHIKV during infection
is very high. Furthermore, the humanised mAb 152 provided
protection against lethal CHIKV infection in mice and even
proved to be highly effective as a post-exposure treatment.
Pal took his studies further and investigated mAb no. 152
and 166 in resus macaques. Combination therapy of these
mAbs resulted in reduced viral spread and infection in the
NHP. However, the mAbs were not able to clear the viral
load completely and viral RNA persisted possibly in cell res-
ervoirs that were responsible for actively replicating CHIKYV
RNA [94].

Broeckel and her group engineered a recombinant human
monoclonal antibody (SVIR001) from a human mAb (no.
4N12) that in previous tests showed prophylactic and post-
exposure activity against CHIKV infection in mice. The
newly developed SVIR001 had the same antigen binding and
neutralisation site as the original 4N12. SVIR001 was tested
successtully in mice and resus macaques as a post-exposure
therapy against CHIKV. The NHP displayed a rapid elimi-
nation of viremia in addition to less severe joint infiltration
and fewer CHIKF signs than the control group. Broeckel
could show that the macaques treated with SVIR001 had a
diminished viral burden at both the site of infection as well
as at distant sites. Moreover, the activated innate immune
cell numbers and pro-inflammatory cytokine and chemokine
levels were significantly reduced in the treated animals [96].

Since studies could prove that the B domain of the E2 sur-
face protein is highly conserved across the alphavirus realm,
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the fact that CHIKV polyclonal antibodies show a cross-
reactivity and protection against multiple alphaviruses is not
surprising [140, 142]. Fox identified 2 mAbs (187 and 265)
which are broadly cross-reactive and protected mice against
CHIKYV, O’nyong-nyong virus (ONNV) and Mayaro virus
(MAYV) by blocking viral entry and egress. ONNV shows
an 86% envelope protein amino acid similarity and MAYV
a 60% similarity to CHIKV. Both related viruses may also
cause arthritic symptoms like CHIKV [140].

Although mAbs seem viable candidates for CHIKV
therapy, it must be noted that the E1 and E2 epitopes on the
virion might not always be accessible to therapeutic anti-
bodies due to the dynamic movement of the proteins on the
virion surface. This may affect the efficacy of the mAbs.
Aside from that CHIKV might find a way to circumvent
mAbs binding to the epitopes and create escape mutants.
This viral resistance might be limited by using a combina-
tion of different mAbs (e.g. cocktails of neutralising mAbs
that specifically recognise CHIKV or broadly neutralising
mAbs against CHIKV and its closely related alphaviruses)
at the same time, thus using synergistic effects to trap these
virions before they can interact with the host receptors [143].

The use of mAbs, however, is time sensitive and in the
later stages of CHIKF, passive transfer of antibodies usu-
ally does not improve the disease outcome. Furthermore,
it is questionable whether mAbs can actually reach all cel-
lular places where CHIKV RNA replication occurs. More
research is needed as far as kinetics, doses, combinations,
and invasiveness of mAbs are concerned. Last but not least,
manufacturing mAbs against CHIKV is not a routine proce-
dure. Cell lines need still to be identified that can effectively
produce mAbs according to modern standards. Otherwise,
mAb therapy may be too costly and their effective delivery
especially to resource-limited areas might be difficult [144].

mRNA encoding for mAbs Another approach for passive
immunisation is to deliver mRNA encoding for mAbs into
the organism. Kose and colleagues isolated human mAbs
from the B cells of a survivor of natural CHIKV infection
[133]. Kose created an mRNA sequence that encoded for
the mAbs and encapsulated this mRNA into lipid nano-
particles (LNPs). The LNPs were then delivered into mice
by infusion. One human mAb, CHIKV-24, was expressed
to biologically significant levels in vivo. The group then
evaluated the protective capacity of the CHIKV-24 mAb
mRNA first in mice, and later in NHP. Treatment with the
mAb encoding mRNA protected mice from typical signs of
CHIKYV infection like arthritis, musculoskeletal tissue infec-
tion and death in a dose-dependent manner. Furthermore, it
reduced viremia to undetectable levels at 2 days post inocu-
lation in mice. NHP produced a level of mAb concentration
that was well above the one needed for protection in mice.
The NHP showed a dose—response effect after the first dose
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of mRNA and maintained mAb levels after a second dose.
Although the NHP were not challenged with WT CHIKV,
Klose concluded that the data gathered from his preclinical
study suggest that the CHIKV-24 mRNA may be useful to
prevent CHIKF in humans [133]. A phase 1 trial is currently
taking place to evaluate the safety, tolerability, pharmacoki-
netics, and pharmacodynamics of mRNA-1944 (Clinical-
Trials.gov; Identifier: NCT03829384) [134]. The mRNA is
encoding for an anti-CHIKV monoclonal antibody that will
be systemically secreted after the mRNA is delivered via
infusion into healthy adults.

Challenges in vaccine development and licensure

The economic and financial burden caused by a CHIKV
epidemic are particularly high and the impact of CHIKF
in these terms could be eliminated with a safe and effective
vaccine [116]. Yet, the road to a licensed vaccine is long and
faces multiple challenges.

One bottleneck in the development of a CHIKV vaccine
is the fact that substantial funding from private, non-profit,
and public institutions is necessary to cover the financial
costs that arise until a vaccine is ready for the public. Usu-
ally the process costs several hundreds of millions of US
dollars and companies need a prospect for a return of their
investment, which might be questionable when the highest
CHIKYV burden occurs in developing countries. The above-
mentioned focal and sporadic nature of CHIKF outbreaks
as well as the establishment of a life-long immunity once
the disease has been overcome, are further disincentives to
for-profit organisations [116].

Yet, apart from travellers visiting afflicted countries, the
military might also have increased interest in a vaccine to
protect troops deployed in regions where CHIKV is endemic.
Climate change, international travel and other unforeseen
factors might promote vector emergence and spread in such
a way that even developed countries are at risk of becoming
endemic for CHIKV, presenting another potential market
for a vaccine. The fact that FDA and the EMA have granted
Fast Track- and Priority Medicine status to multiple vaccine
candidates should inspire further confidence in the for-profit
entities regarding the potential market [ 145].

Vaccine licensure is regulated by the European Medicines
Agency (EMA) and the US Food and Drug Administration
(FDA). To receive the approval (a so-called biologics license
application (BLA)) for a vaccine (or other biological prod-
uct) in the USA, the product has to meet the requirements
of the Section 351 of the U.S. Public Health Service Act
(U.S. Code Title 42—THE PUBLIC HEALTH AND WEL-
FARE). It is eminent to demonstrate that the product is safe,
pure and effective and that the facility manufacturing and
processing the product meets standards designed to assure
that said product stays safe, pure and effective [146]. To

prove safety and effectiveness the Code of Federal Regula-
tions states in Title 21, Section § 314.126 how “adequate
and well-controlled studies™ should be conducted. Trials
must be designed in such a way as to distinguish the effect
of an investigational product from other influences, such as
chance, placebo effect or bias [147]. There are three differ-
ent approval pathways available under FDA rule and they all
require the same level of evidence to prove safety, purity and
effectivity. There isthe “traditional approval”, the “acceler-
ated approval” and the so-called “animal rule” [148].

The “traditional approval™ pathway encompasses ade-
quate and well-controlled clinical studies in humans. Recog-
nising the current epidemiological problems and the need for
a CHIKV vaccine, the WHO has published a R&D blueprint
in which the principles in the design, conduct and analysis of
Phase2b/Phase 3 clinical trials to evaluate Chikungunya vac-
cines are outlined [149].The WHO's suggested trial design
is a Phase 3 prospective, double-blind, placebo-controlled,
efficacy trial [149]. While this study design is considered the
“gold standard” in epidemiologic studies, it seems that the
“traditional approval” pathway does not work to receive a
BLA for a CHIKV vaccine for various reasons [145].

The unpredictable, sporadic, focal, and relatively short
nature of CHIV outbreaks make classical phase 3 trials
impossible, which usually take several months in planning.
Finding a suitable trial site months or years in advance is not
feasible. The population afflicted mostly with severe disease
outcome are the elderly and the very young. Clinical trials
must take the immune status of these groups into account
and the potential vaccines should have an enhanced safety
profile. While live-attenuated vaccines are considered less
safe due to their chance of regaining virulence, others, like
VLPs are safer but less immunogenic [150]. With regard toa
reduced immune system status this could prove problematic.
Furthermore, while various studies proved the efficacy of
neutralising antibodies to grant protection against CHIKV
infection, no defined threshold of neutralising antibodies
titres could be defined as a correlate of protection. A lack of
standardisation of antibody neutralisation protocols prevents
comparison of the different vaccine candidates [149].

The US Code of Federal Regulation (CFR) of the FDA
thus allows alternative pathways in licensure for situations in
which classical trials are not feasible. In a meeting initiated
by the FDA and the Vaccine & Related Biological Prod-
ucts Advisory Committee (VRBPAC) in November 2019,
alternative licensure pathways of CHIKV vaccines were
discussed [151]. The consensus of the meeting was that the
epidemiology of CHIKV does not allow for classical clinical
efficacy trials and that a combination of seroepidemiological
studies and non-human primate animal models might be a
reasonable way to assess vaccine efficacy [151]. The so-
called accelerated approval and the animal rule pathways,
which can be used if a disease causes a serious condition,

@ Springer



Literature review

36




