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Chapter 1

Global burden of clinically important mosquito-borne arboviruses
Dengue virus (DENV), West Nile Virus (WNV), Zika virus (ZIKV) and chikungunya virus
(CHIKV) are arthropod-borne viruses (arboviruses) transmitted to humans via mosquitoes.
The global incidence and geographical spread of these viruses have drastically increased in
recent years (Figure 1 A-D)1,2. DENV, WNV and ZIKV belong to the family of Flaviviridae
and the genus flavivirus. The most common arboviral disease in humans is dengue fever,
which is caused by DENV3. There are four antigenically distinct DENV serotypes, DENV
1-4, which are endemic in 152 countries worldwide5. DENV causes epidemics in Asia, Africa,
the Americas, Australia and even in some parts of Europe6,7 (Figure 1A). It is estimated that
approximately 3.9 billion people are at risk of DENV infection8,9. Whereas the majority
of DENV infections are asymptomatic, approximately 96 million individuals develop
dengue fever per year with clinical manifestations such as high fever, rash, headache and
muscle pain10,11. Severe disease, comprising 0.5 to 1 million cases per year, is characterized
by capillary leakage, pleural effusion, severe bleeding, organ impairment and is potentially
fatal. The overall fatality rate of DENV infection ranges from 1.2 to 3.5% depending on the
geographical region3. WNV and ZIKV drastically re-emerged within the last decades and are
currently endemic in 90 and 79 countries worldwide, respectively5,12. The majority of infected
individuals does not develop disease symptoms. Other people develop a mild febrile illness
with symptoms similar to dengue fever13,14. In approximately 1% of symptomatic WNV
infections, inflammation of the central nervous system occurs, which can lead to neurological
symptoms such as encephalitis or meningitis and can be fatal in some cases13. WNV is the
most common cause of neuro-invasive arboviral disease in the United States15,16. ZIKV
infection can lead to severe neurological manifestations in a minority of infected individuals.
In approximately 1% of symptomatic infections in adults, the virus can cause Guillain-Barre
syndrome, an autoimmune syndrome leading to progressing paralysis14,17,18. Moreover, in
an estimated 2% of infants born to ZIKV-infected mothers ZIKV can induce congenital
malformations such as microcephaly, which is an underdevelopment of the brain19–21.
CHIKV is an alphavirus and belongs to the family of Togaviridae. In total, there are three
different genotypes of CHIKV, namely the West African, the East Central South African
and the Asian genotype22. The virus was initially discovered in 1953 in Tanzania and until
2004, outbreaks were mainly reported in Central Africa and Southeast Asia22. After a large
outbreak of CHIKV in La Reunion island in 2005, the virus has spread globally (Figure 1C).
In the last 15 years, CHIKV epidemics have been reported in 111 countries worldwide5.
Also, small outbreaks have been reported in the southern part of Europe23. Currently, it is
estimated that more than 1.3 billion people live in danger of CHIKV infection24. In contrast
to DENV, the majority of CHIKV infections, approximately 85%, are symptomatic and cause
an acute febrile illness with symptoms similar to dengue fever such as fever, rash, nausea,
fatigue, headache and myalgia25. In approximately 30 to 40% of patients, CHIKV infection
progresses to a chronic disease26. The most distinct symptom of chronic CHIKV infection
is a debilitating joint pain referred to as polyarthralgia, which can last from months to even
years after acute infection27. The overall fatality rate of CHIKV infection is low and lies at
approximately 0.1%27. In the following sections, the main emphasis will be on DENV and
CHIKV as these viruses are the main focus of my thesis research.
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Figure 1. Global distribution of arboviruses. World map showing previous or current transmissions of
(A) DENV, (B) ZIKV, (C) CHIKV and (D). Figure was reprinted with permission from28.

Pathogenesis of dengue and chikungunya virus
DENV is transmitted to humans via the mosquito vectors Aedes agypti and Aedes albopictus28.
Upon a mosquito bite, the virus is released and the first cells that are infected are immature
Langerhans cells (the dendritic cells of the epidermis), skin macrophages and keratinocytes29.
Monocytes are recruited to the site of infection, where they differentiate to monocyte-derived
dendritic cells, which also become infected30. Infected Langerhans cells, macrophages and
dendritic cells then migrate to the nearby lymph nodes and infect resident dendritic cells,
monocytes and macrophages, which amplify the virus. Thereafter, the virus disseminates via
the lymphatic system throughout the body and infects various organs such as liver, spleen,
kidneys, lung and the bone marrow31. Other target cells for DENV infection include B and T
cells, hepatocytes and neuronal cells32.
High viremia coincides with disease symptoms and can reach up to 1012 virus particles per
milliliter of blood (Figure 2)33. Acute phase symptoms are caused by the strong innate immune
response triggered by the virus and mostly resolve within one week (Figure 2). The type I
and II interferon response as well as the production of various cytokines and chemokines
play an essential role in controlling the infection34. Approximately 6 days post-infection, the
adaptive immune response including DENV specific B and T cells help to fully clear the
infection (Figure 2). Thereafter, the individual has life-long immunity towards the infecting
DENV serotype. The pan-protective effect towards the other serotypes is short-lived and
only protects for the first 2 to 3 months after initial infection34. In 0.5-1% of secondary
DENV infections, the disease is not controlled and when the fever subsides, individuals are
at risk of acquiring severe disease symptoms6,35. Factors such age (infants and elderly>64
years), immune status and underlying disease such as asthma, diabetes or sickle-cell anaemia
have been associated with severe disease outcome35–37. For example, 6 to 12 month old infants
born to DENV-immune mothers are at risk of developing severe disease upon primary
DENV36,38. In this case, declining levels of maternal antibodies are thought to contribute
to severe disease development39. The most important risk factor for the development of
severe disease is a secondary heterologous infection with a different DENV serotype. Upon
11
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secondary infection with a different serotype, memory B and T cells are quickly activated but
their response is oriented towards the first infecting DENV serotype40. This phenomenon is
called original antigenic sin of B and T cells. Consequently, there is abundant production of
low-affinity T cells as well as cross-reactive antibodies with low-neutralization capacity. These
non-neutralizing cross-reactive antibodies bind to the virus particle and target the complex
to Fc-receptor expressing cells11,41. As a consequence, more cells are infected and a higher
circulating virus titer is obtained when compared to primary infection40. This phenomenon
is referred to as antibody-dependent enhancement (ADE) of infection35,42. ADE leads to an
exacerbated immune response where excessive amounts of soluble factors such as TNFa, IFN
g, interleukin (IL) 6, IL 8, IL 10 and IL-12 are produced by T cells, monocytes, macrophages
and mast cells36,43. The prolonged or exacerbated production of these soluble mediators is
suggested to induce vascular permeability and thereby ultimately leads to haemorrhagic
manifestations, plasma leakage and hypotensive shock36,40,44. Other factors such as the binding
of DENV to the endothelial glycocalyx layer and the complement activation by the viral
non-structural (NS) protein 1 have also been suggested to be involved in altering the vascular
permeability43.
Tertiary and quaternary DENV infections typically do not lead to disease symptoms as the
virus is rapidly cleared due to sufficient cross-protective immunity41,45–47.

Figure 2. Pathology of DENV infection. The onset of acute phase symptoms coincides with a peak in
viremia. The viremia is cleared from the body approximately 6 days after the onset of acute symptoms.
At that time, adaptive immune responses can be detected for the first time. Reprinted with permission
from48.

CHIKV is transmitted to humans via the same vector mosquitoes as DENV and during
the early phase of infection, dermal fibroblasts, recruited monocytes, macrophages and
endothelial cells are infected49,50. After initial replication of the virus, the newly produced
virus particles travel to the secondary lymphoid organs where migratory cells are infected51.
Subsequently, newly produced viruses are released to the lymph circulation through which
the infection becomes systemic. High viremia can be detected 2 to 4 days after infection and
viral titer within the blood can reach up to 108 viral particles per milliliter (Figure 3)26. Via
the blood stream, the virus infects various tissues and organs of the body including muscles,
12
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peripheral joints and tendons, liver and the brain51,52. Here, the infection is associated with
an infiltration of mononuclear cells such as monocytes and macrophages49. Other cell types
infected in these tissues include satellite cells, myoblasts, fibroblasts, keratinocytes, dendritic
cells, osteoblasts and osteoclasts52.
During this acute viremic phase of infection, the vast majority of infected individuals develop
acute disease symptoms, which usually resolve within one week (Figure 3)26. The distinct joint
pain that is experienced during the acute phase is caused by mononuclear cell infiltration
and viral replication51. Early in infection, increased levels of type I IFN, pro-inflammatory
cytokines, chemokines and growth factors are produced which control viral replication (Figure
3)27. Approximately 1 week after the mosquito bite, the adaptive immune response is triggered
via activation of CD4-positive T cells53. Moreover, B-cell promoting cytokines such as IL-4
initiate the production of CHIKV-specific antibodies (Figure 3). The adaptive response aids
in the clearance of infection and provides life-long immunity against the disease.

1

Figure 3. Pathology of CHIKV. Disease onset is observed 2-4 days post-infection, which coincides
with an increase in viral titer. Early in infection, the innate immune response (e.g. type I interferons
(IFNs)) is triggered to control virus replication. Approximately 1 week upon infection, a CHIKVspecific adaptive immune response including T cell activation and antibody production can be detected.
The infection is cleared within 1-2 weeks after infection. Thirty to 40% of patients develop chronic
disease which is characterized by persistent arthralgia. Reprinted with permission from26.

In 30 to 40% of CHIKV-infected patients, the disease progresses to a chronic state, which
manifests as a persistent polyarthralgia that can last for months or even years after infection
(Figure 3)26. Chronic disease is characterized by increased levels of pro-inflammatory
cytokines, infiltration of CD4- and CD8-positive T cells in tissue associated with the joints,
and activation of NK cells27,54. Among the risk factors for chronic CHIKV disease are age
(>44 years) and a pre-existing chronic inflammatory arthropathy. Also, patients with severe
symptoms during the acute phase of infection have a higher chance to develop chronic
disease27. The cause of chronic disease is not very well understood, yet it has been postulated
13
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that disease progression is associated with the antigen specificity of the patients antiviral T
cell response55. More specifically, a clinical study by Hoarau et al. showed that all recovered
CHIKV patients had an envelope protein 2 (E2)-specific T-cell response, whereas only
59% of chronic patients had an E2-specific response. Hence, viral E2 may be important for
complete recovery from CHIKV infection. Moreover, it is suggested that macrophages act as a
cellular reservoir for the virus in the chronic phase of infection. In this context, the prolonged
presence of CHIKV antigens within joints and muscles for several months after clearance of
acute infection is responsible for the development of chronic CHIKV disease54,56,57.

Virus structure of dengue and chikungunya virus
DENV and CHIKV are both enveloped positive-sense single-stranded RNA (ssRNA(+))
viruses (Figure 4A-B). The interior of the particle contains the viral genome which is associated
with multiple copies of the capsid (C) protein to form the nucleocapsid (Figure 2A-B)32. The
viral genome has a 3’ poly-A tail and a 5’ 7-methylguanosine cap and is recognized as mRNA
by the infected host cell58.
Within the envelope of DENV, the two transmembrane proteins E and membrane (M) or
precursor M (prM) are embedded. Progeny virions have different structural conformations,
ranging from fully immature to fully mature particles. In the fully immature form, the surface
is covered with 60 surface spikes, each spike consisting of trimers of prM-E heterodimers59.
In case of fully mature virions, the surface has a smooth appearance and is covered by 90
E homodimers (Figure 4A)59. Heterogeneous particles were shown to contain patches of
immature spiky regions and mature smooth regions60. The DENV genome is approximately
11 Kb in length and has one open reading frame (ORF)32. In the infected cell, the polyprotein
is cleaved into three structural proteins and seven NS proteins59.
Within the CHIKV envelope, the viral E1 and E2 proteins are embedded, which are arranged
as 80 spikes (Figure 4B). One spike consists of three E1/E2 heterodimers49. The spikes are
arranged in an icosahedral symmetry which cover the whole virus particle. The CHIKV
genome is 11.8 Kb in length and has two ORF which are translated into two polyproteins27.
The 5’ ORF makes up two-third of the genome and encodes for the NS proteins; NS1, 2, 3
and 4. The 3’ ORF encodes for the proteins C, E1, E2, E3, 6K and TF.

Replication cycles of dengue and chikungunya virus
The replication cycle of DENV starts with the interaction of the viral E protein with protein
receptors expressed at the plasma membrane of the host cell (Figure 5). Various receptors
have been identified. Among them are heparan sulfate, lectins, dendritic cell-specific
intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN), heat shock proteins
70 and 90 and the TIM/TAM proteins63. Upon attachment to the host cell, the virus is
internalized via clathrin-dependent endocytosis yet other non-classical entry pathways have
been reported as well (Figure 5)43,64. Upon delivery to endosomes, the low pH environment
triggers conformational changes within the E protein, leading to fusion of the endosomal
and the viral membrane and the subsequent release of the nucleocapsid into the cytoplasm
(Figure 5)65. Upon dissociation of the nucleocapsid, the viral RNA is transported to the
rough endoplasmic reticulum (ER), where genome translation is initiated32. To date, the exact
mechanisms involved in nucleocapsid uncoating and transport of the viral RNA to the ER
14
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Figure 4. CryoEM structures of the DENV and CHIKV particle. (A) Three-dimensional cryo-EM
map of the mature DENV particle (upper panel) and a central cross-section (lower panel). The radius is
approximately 240Å and the surface appears smooth. The white triangle represents an icosahedral unit.
(B) Three-dimensional cryo-EM map of the CHIKV-like particle (upper panel) and a central crosssection. The radius is approximately 330A. As indicated in the lower panel, different components of the
virus are displayed by different colours (lower panel). The black triangle represents an icosahedral unit.
The figure has been adjusted from 61 and 62.

are unknown. The translation of the viral RNA is facilitated via the ribosomes associated
with the rough ER and leads to the production of one ER-pound polyprotein with a size of
approximately 370 kDa. The polyprotein is cleaved by cellular and viral proteases into three
structural proteins, namely C, E and prM and seven NS proteins, NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5. The processing of the proteins occurs co- and post-translationally
and is mediated by viral and cellular kinases66. During translation, the structural proteins
E and prM are translocated to the ER and form a heterodimer on the luminal site of the
ER59,67. The NS proteins NS3 and NS4 induce a rearrangement of the ER membrane to form
double-membrane vesicles referred to as vesicle packets (VP), where viral replication takes
place68. These VP promote efficient viral replication by shielding the replication complex from
cellular defence mechanisms66. Virus replication is facilitated by the NS proteins (Figure
5). In this process, NS5 functions as an RNA-dependent RNA polymerase (RdRP) and
methyltransferase and NS3 represents the viral helicase and triphosphatase. NS2A, NS2B,
NS4A, NS4B and NS5 are involved in evasion from the host antiviral immune response69.
During replication, the RdRP produces full length complementary minus strand RNA
(ssRNA(-)), leading to the formation of a double stranded RNA (dsRNA) intermediate 70.
The generated ssRNA(-) serves as a template for the formation of new ssRNA(+) which can
either serve as 1) a template for the production of more ssRNA(-), 2) mRNA for virus protein
translation, or 3) genomic RNA used for the assembly of progeny virions. During virus
15
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assembly, which takes place at the ER membrane, one copy of the genomic RNA interacts
with multiple C proteins to form the nucleocapsid (Figure 5)70. The nucleocapsid then buds
into the ER lumen through which it acquires a lipid membrane, including heterodimers
of the E and prM proteins. The newly formed immature virus is transported through the
secretory pathway where the E proteins are further modified. In the low pH environment of
the trans-Golgi network, the E/prM heterodimers dissociate to form E homodimers and the
pr-peptide is cleaved from the prM protein by the host cellular protease furin (Figure 3). The
pr peptide is released from the particle upon exocytosis. The maturation process is not very
efficient and particles with varying prM content are released from infected cells.
The replication cycle of CHIKV starts with the attachment of the viral envelope E2 protein
to the host cell (Figure 6). Depending on the cell type, glycosaminoglycans, prohibitin,
phosphatidylserine-mediated virus entry-enhancing receptors and MXRA8 on the surface
of susceptible cell types have been shown to facilitate the initial binding and/or entry into
the host cell49,72–75. The virus is internalised via clathrin-dependent endocytosis (Figure 6).
Acidification of the early endosome triggers a destabilization of the E1/E2 heterodimer
which leads to the exposure of the E1 fusion loop. The E1 fusion loop then interacts with the
target membrane and subsequent E1-mediated conformational changes lead to membrane
fusion27. Upon membrane fusion, the nucleocapsid is released into the cytoplasm (Figure 6).
Binding of the C protein to the large ribosomal subunit is thought to trigger the release of
the viral RNA into the cytoplasm, yet the process of nucleocapsid uncoating is ill studied and
other as yet unknown host factors may also be involved76. In the cytoplasm, the 5’ ORF of
the ssRNA(+) is translated into the NS polyprotein P1234, which is cleaved by the protease
activity of NS2 into P123 and NS427. P123 and NS4, presumably together with several
unknown host proteins, form an early, unstable replication complex producing ssRNA(-)
intermediates. This process takes place in close proximity to the plasma membrane in vesicallike structures referred to as spherules. These structures house the double-stranded RNA
intermediates and protect them from degradation and recognition by the host-cell immune
response27. With progressing infection, the spherules are internalized to form large cytopathic
vacuoles, which contain lysosomal and endosomal membrane markers. Upon accumulation
of P123, the polyprotein is processed to form the individual NS proteins. Thereafter, the
synthesis of ssRNA(+) as well as subgenomic RNA (sgRNA) from the 3’ ORF is initiated.
The sgRNA encodes for the structural polyprotein. In this process, the untranslated region
between both ORFs serves as a promotor for the sgRNA synthesis77. Upon translation, the C
protein is autoproteolytically cleaved from the polyprotein and interacts with newly formed
genomic ssRNA(+) via recognition of specific motifs on the RNA’s 5’ end to form progeny
nucleocapsids78. The remainder polyprotein now encoding E3, E2, 6K or TF and E1 is guided
to the ER membrane via a signal sequence within the E3 protein79. The TF is a viral accessory
protein that is generated from ribosomal frame shifting during translation of the 6K gene.
Its role in virus replication is still unclear but it is hypothesized that TF is involved in virus
assembly and release27,80. In the ER, the structural proteins are catalytically cleaved via host
proteases to form pE2 (E3-E2 complex), 6K or TF and E127. The pE2 and E1 proteins
form heterodimers, undergo post-translational modifications in the ER, and are transported
via the (trans-) Golgi network to the plasma membrane of the cell. During transport, the
host protease furin cleaves pE2 into E2 and E3, ultimately resulting in the formation of
oligomeric E2-E1 heterodimers at the cell surface27. The cytoplasmic tail of the E2 protein
then interacts with the newly formed nucleocapsid and this interaction drives virus particle
assembly and budding from the plasma membrane.
16
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Figure 5. DENV replication cycle. DENV infection is initiated by binding of the virus to host-cell
receptors (1). The virus is then internalised via clathrin-mediated endocytosis (2) and the low pH in
the endosome triggers the membrane fusion reaction (3). Upon membrane fusion and nucleocapsid
uncoating, the viral genome is translated into one polyprotein, which is cleaved into structural and
NS proteins (4). The structural proteins envelope (E) and premembrane (prM) are translocated to the
ER. The NS proteins enable RNA replication, including the production of positive (blue) and negative
(green) sense single-stranded RNA copies(5). Genomic RNA (blue) is packed by capsid proteins and
the nucleocapsid buds into the ER lumen to form an enveloped immature virion (6). Immature virions
are transported through the secretory pathway, where cleavage of prM to M occurs (7). Finally, mature
virus particles are released via exocytosis (8,9). Figure was adjusted with permission from71.
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Figure 6. CHIKV replication cycle. After attachment of the virus to host cell receptors (1), the virus
is internalized via clathrin-dependent endocytosis (2). The low pH within the endosome leads to the
fusion of the viral envelope with the endosomal membrane and the subsequent release of the viral
nucleocapsid into the cytoplasm (3). The viral genome is translated from the 5’ ORF into P1234, a
polyprotein which upon processing by the protease activity of nsP2 acts as viral replicase (4)81. The
replicase produces ssRNA(-) (blue) (5) and replicates the subgenomic RNA from the 3’ ORF(6), which
serves as template for the translation of the structural proteins (7). The structural proteins E1 and pE2
are translocated to the ER and transported via the secretory pathway to the plasma membrane. In the
trans-Golgi network, a proteolytical cleavage occurs in pE2 to form mature E1-E2 heterodimers (8).
The nucleocapsid is assembled by interaction of the genomic RNA with 240 copies of the C protein
(9). The nucleocapsid-E2 interaction drives progeny virus assembly (10) and budding (11). Figure was
reproduced with permission from71.
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Cellular host factors and pathways important for DENV and CHIKV
replication
For all stages of the virus replication cycle, DENV and CHIKV heavily rely on cellular factors
and pathways82,83. As already described above, productive entry of the virus into the host
cell is facilitated by receptors expressed on the surface of susceptible cell types49,63. As an
example DC-SIGN and heparan sulfate are well-described attachment factors of DENV
and CHIKV, respectively49,63. Moreover, fusion of the viral and endosomal membrane and
subsequent release of the nucleocapsid into the cell cytoplasm is dependent on the acidic
environment within the cellular endosomes27,65. Furthermore, for translation of the viral
genome, the viruses hijack the protein synthesis machinery of the host cell. The 5’ cap of the
viral genome facilitates the recruitment and assembly of the cellular eukaryotic initiation
factors and ribosomes that required for translation70. For the replication of viral RNA, DENV
and CHIKV also depend on several cellular pathways. One of these pathways is nucleotide
biosynthesis. Indeed, it has been demonstrated that inhibition of the inosine monophosphate
dehydrogenase, a cellular enzyme involved in nucleotide synthesis, blocks DENV and CHIKV
replication84,85. Also other cellular enzymes involved in nucleotide biosynthesis, such as the
dihydroorotate dehydrogenase involved in pyrimidine biosynthesis, have been suggested to
be required for efficient virus replication85. Moreover, the cellular lipid metabolism plays a
key role in DENV and CHIKV replication. Viral RNA replication occurs in association with
host cell membrane compartments thereby protecting viral RNA 83,86,87. An enzyme that is
involved in fatty acid synthesis is the thioesterase domain of fatty acid synthesis (FASN),
which was found to be required for efficient DENV and CHIKV replication88. After the
formation of the viral polyproteins, co-and post-translational processing is required for proper
folding and function of the individual viral proteins. This process relies on the enzymatic
activity of viral and cellular enzymes such as a-glucosidases I and II89–91. Indeed, inhibitors of
a-glucosidases were found to reduce the production of progeny DENV particles by targeting
the virion morphogenesis in the ER91. During transport of the viral proteins through the
trans-Golgi network, host cellular enzymes such as furin are involved in the final processing
of the envelope proteins of DENV an CHIKV27,70.

1

Altogether, all stages of the virus replication cycle of DENV and CHIKV rely heavily on
different cellular factors and pathways. Understanding the virus:host interactions that occur
during virus replication may lead to the discovery of novel treatment strategies aimed at
controlling cellular pathways that are required for infection.

Current prevention and treatment options for dengue and
chikungunya virus
Vaccines
To date, treatment and prevention modalities for DENV and CHIKV are rather limited
due to the lack of a specific antiviral treatment and broadly applicable vaccines. Given the
re-emergence and increase of infections of DENV and CHIKV, increased effort has been put
into both vaccine research and the identification of antiviral therapies.
For DENV, the main challenge for the development of a safe vaccine is the need to induce
immunity towards all 4 DENV serotypes as individuals with partial immunity are at risk
19
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for severe disease development36. At the end of 2015, the first tetravalent DENV vaccine,
Dengvaxia, which is a chimeric vaccine based on the yellow fever vaccine vector, was licensed92.
The vaccine was licensed in highly endemic countries such as Brazil, Costa Rica, Paraguay
and Peru for individuals between 9 and 45 years of age93. However, long-term safety studies
suggested that the vaccine increases the risk to develop ADE in seronegative individuals94.
Therefore, the current guideline advises the use of the vaccine only for DENV-seropositive
individuals aged 9-45 years. Currently, several other vaccine candidates including other lifeattenuated vaccines, purified inactivated vaccines and recombinant protein and plasmid
vaccines are being evaluated in clinical trials with the aim to generate a safe and broadly
applicable tetravalent DENV vaccine93,94.
For CHIKV, there is no licensed vaccine available to date. Various strategies have been pursued,
which led to different vaccine candidates such as inactivated viral vaccines, subunit vaccines,
life-attenuated virus vaccines, recombinant virus-vectored vaccines, virus-like particle vaccines
and nucleic acid vaccines95. Some of these candidates, have already entered clinical trials.
The life-attenuated vaccine VLA1553 for example, was recently shown to be well-tolerated
and highly immunogenic in adults in a phase I clinical trial (NCT03382964)96. A follow-up
phase II clinical trial has already been successfully completed and a phase III clinical trial is
currently being conducted (NCT04546724). Follow-up clinical studies should further assess
long-term safety and efficacy in both naïve and pre-exposed individuals. Moreover, studies
regarding cross-protection against other CHIKV strains are needed to further evaluate the
protective potential of the vaccine candidate. The most advanced vaccine candidate is the
measles-vectored vaccine MV-CHIK, which showed promising immunogenicity, safety and
tolerability in a double-blind, randomized, placebo-controlled phase II clinical trial97. Its
safety and immune response is currently being evaluated in Puerto Rico and the United
States (NCT03101111 and NCT03028441). These promising phase II results encourage
future, phase III clinical trials, which are important to ensure long-term protection and
safety95,97.
Altogether, given the above described advances in vaccine research, the development of a safe
and commercially available DENV and CHIKV vaccine may be achieved in the near future.
Antiviral therapy
There is no approved antiviral therapy available for CHIKV or DENV to date. Therefore,
the treatment options are limited and focus mainly on supportive therapies to alleviate the
patients symptoms98,99. The main goal of antiviral treatment strategies is to lower the virus
titer early in infection thereby reducing the risk of severe disease development100. In this
context, various strategies such as direct-acting antivirals (DAA) targeting viral proteins and
host-directed antivirals (HDA) targeting cellular pathways required for virus replication have
been investigated. A detailed overview of antiviral development towards DENV is given
in chapter 2. Despite the vast majority of initially identified antiviral compounds towards
DENV, only very few have been tested in clinical trials for their antiviral effect. Those comprise
the DAA balapiravir and the HDA chloroquine, prednisolone, lovastatin and celgosivir101–105.
Unfortunately, none of these compounds showed a robust antiviral efficacy in humans.
For antiviral research for CHIKV, the main focus has been on repurposing already existing,
FDA-approved drugs for other medical conditions or infections. One example is the
broad-spectrum antiviral compound ribavirin, which is an approved antiviral treatment
20
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for respiratory syncytial virus and hepatitis C virus (HCV)106. Also, a variety of new DAA
and HDA have been identified by different screening approaches such as replicon-based
screening approaches, cell-based screening approaches and human genome-wide loss-offunction screenings107. However, few compounds have been evaluated for their anti-CHIKV
activity in vivo so far. An example of a repurposed DAA tested in vivo is sofosbuvir, a prodrug
originally approved for the treatment of HCV. Sofosbuvir inhibits the viral polymerase and has
recently been reported as a potent inhibitor of CHIKV in vitro and in vivo108. The compound
prevented paw oedema and significantly reduced the virus titer in the serum and paw in adult
swiss mice. Moreover, sofosbuvir prevented mortality in a neonate mouse model of CHIKV
infection. With regard to HDA, various cellular pathways and proteins have been described
to be involved in the successful CHIKV replication, among them the mitogen-activated
protein kinase (MAPK) signaling pathway, the host-stress pathway chaperone HSP-90, the
calmodulin signaling pathway and pathways involved in the fatty acid synthesis109. One recent
example of HDA tested in vivo is the fms-related tyrosine kinase 4 inhibitor tivozanip, which
was identified in a human genome-wide loss-of-function screen110. In CHIKV-infected
C57BL/6 mice treated with tivozanip for 21 days, the compound significantly reduced
mortality and paralysis. Moreover, tivozanip lead to a significant reduction in the viral load
in different organs such as liver, spleen, muscle and joints. Both compounds still need to be
further investigated in clinical trials to assess their antiviral potential in patients. To date, only
two antiviral compounds, namely chloroquine and ribavirin have been investigated in clinical
trials, unfortunately with limited success111,112. An early phase I clinical trial for ribavirin
showed improved joint pains and less tissue swelling in a fraction of patients112. However, the
low number of 20 participants and the absence of a placebo control limit the implications of
this study and further studies are needed to further explore the antiviral potential of ribavirin
in the clinical setting. The clinical results for chloroquine have been conflicting. An initial
pilot study on the use of chloroquine in chronic chikungunya arthritis showed significant
improvement in symptoms in 7 out of 10 patients113. In a more recent clinical trial during
acute CHIKV infection, chloroquine had no beneficial effect on duration of arthralgia
and viremia111. Another study on chloroquine during acute CHIKV infection performed
during the same outbreak however found a significant improvement of CHIKV-induced
symptoms114. Hence, the antiviral potential of chloroquine for CHIKV infections needs to
be further evaluated.

1

Natural compounds as source of pharmaceutical drugs - A case of
tomatidine
Natural compounds are substances produced by living organisms such as animals, plants,
microorganisms and marine organisms, among others to protect themselves from pathogens
such as bacteria or viruses115,116. Thus, many natural compounds have antimicrobial or other
biological activities and have been exploited as anti-inflammatory agents, antimicrobial
agents, cancer treatments and other medical purposes117. The commonly known pain-killer
aspirin for example is based on salicin, a natural compound isolated from the plant salix alba,
also known as willow118. In fact, approximately one-third of new molecular entities approved
by the FDA are natural products and their derivatives119.
One example of a plant with various biological activities is the wild tomato, also referred to
as Lycopersicon esculentum var cerasiforme, which contains the steroidal alkaloid tomatidine117.
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Specifically, tomatidine can be found in the stems and leaves of unripe, green tomatoes. It is the
aglycon precursor of tomatine, which is a compound produced by the tomato plant to protect
itself from fungi, viruses, bacteria and insects120,121. Therefore, the tomatine concentration
is the highest (approximately 500 mg/kg tomatoes) in unripe tomatoes and decreases to
less than 5 mg/kg tomatoes once the plant has ripened122. Upon consumption, tomatine is
hydrolysed to tomatidine in the intestine by resident bacteria and absorbed by the gut123,124.
Thus, it is thought that tomatidine represents the biologically active form of tomatine125. The
basic structure of tomatidine consists of 6 steroidal rings, which act as a rigid scaffold (Figure
7)126. The two extremities are defined by a hydroxyl group and a spiroaminoketal group
and these are suggested to be responsible for the compound’s biological activity (Figure 7).
Tomatidine has been studied extensively with regard to its various potential health benefits in
humans. The reported health benefits of tomatidine are summarized in Figure 8 and include
anti-inflammatory activities, anti-metastatic activity, inhibitory effect on age-related muscle
atrophy, anti-atherosclerotic, anti-osteoporosis activities, protection from ischemic neuronal
injury and an antimicrobial effect121,123,125,127–137. The anti-inflammatory effect was observed
in various models. Specifically, tomatidine was found to inhibit the NF-kB and c-jun
N-terminal kinase ( JNK) pathway in mouse macrophages stimulated with LPS, thereby
inhibiting the production pro-inflammatory mediators127. The NF-kB and JNK pathways
play a key role in acute-phase inflammatory responses and induce the production of proinflammatory mediators such as inducible nitric oxide synthase and COX-2. Furthermore,
tomatidine was reported to reduce airway responsiveness and inflammation in an asthma
mouse model by blocking Th2 cytokine production in the bronchoalveolar lavage fluid137.

Tomatine

Tomatidine

Figure 7. Chemical structures of tomatine and tomatidine.

The anti-metastatic activity of tomatidine was evaluated in A549 cells and was associated
with decreased expression levels of matrix metalloproteinase-2 and -9, the key proteases in
inducing tumour-cell migration, spreading and metastasis by inducing extracellular matrix
degradation. Another in vitro study using tomatidine-treated U2OS cells, found an antimetastatic effect of tomatidine by reducing presenilin 1 expression and the c-Raf-MEKERK pathway121,125. Presenilin 1 is primarily expressed on the plasma membrane, ER and the
Golgi apparatus and plays an important role in carcinogenesis by cleavage of various type-I
transmembrane proteins. Tomatidine has also been shown to protect from age-related muscle
atrophy and weakness in vivo123. A later study found that this protective effect of tomatidine
is associated with a reduction in the expression level of the transcription factor ATF4135. The
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exact mechanism by which ATF4 suppression counteracts muscle-atrophy has not been fully
elucidated, but is suggested to be partly associated with the ability of ATF4 to reduce muscle
protein synthesis. Moreover, tomatidine was found to have anti-atherosclerotic properties
in vivo129. The underlying mechanism has been identified as the inhibition of the AcylCoA:cholesterol Acyl-transferase. This intracellular enzyme resident in the rough ER catalyses
the esterification of modified low-density lipoproteins which changes macrophages to foam
cells. Foam cells play a key role in the development and progression of atherosclerotic lesions.
Recently, tomatidine was suggested to have an anti-osteoporosis effect by downregulating p53
in a bioinformatics study132. How exactly p53 contributes to the development of osteoporosis
is not yet known, but it has been shown that osteoporosis patients exhibit higher serum levels
of p53 and knock-down of p53 partially counteracts a decrease in bone mineral density in
vitro and in vivo138. A recent study from 2020 demonstrated further that tomatidine protects
from ischemic neuronal injury in N2A cells and primary mouse cortical neurons exposed to
oxygen-glucose depravation130. The underlying mechanism was attributed to enhancement
of lysosomal activity as observed by higher lysosomal numbers, higher proteolytic activity
and increased expression of the lysosomal proteases Cathepsin D, Cathepsin B and TFEB.
Thereby, tomatidine induced an increase in the autophagic flux and protects from ischemic
neuronal injuries by enhanced degradation of neuronal organelles and proteins.

1

Tomatidine has also been described to have various antimicrobial activities, including a strong
antibacterial activity towards several gram-positive bacteria from the Order of Bacillales such
as Staphylococcus, Listeria and Bacillus as well as Staphylococcus aureus small colony variants128.
Its antibacterial effect is attributed to an inhibition of the bacterial ATP synthase subunit
C, which is an essential enzyme for ATP synthesis and bacterial growth and survival139.
Moreover, a fungistatic activity has been reported towards Candida albicans by inhibition of
Erg6, a C-24 sterol methyltransferase which is involved in the sterol biosynthetic pathway131.
Lastly, tomatidine has been shown to have antiviral activity towards the ssRNA(+) plant
Muscle growth

Counteracts age-related muscle atrophy
§ ATF-4
Anti-inflammatory activity
§ JNK & NF-kB signalling
Anti-osteoporosis activity
§ P53
Anti-atherosclerotic activity
§ Acyl-CoA:cholesterol Acyl-transferase
Protects from ischemic neuronal injury
§ Enhanced autophagic flux

Anti-metastatic activity
§ MMPs
§ Presenilin 1
§ c-Raf-MEK-ERK
pathway

Antibacterial activity
Staphylococcus, Listeria
and Bacillus
§ ATP synthase subunit C

Antifungal activity C.Albicans
§ Erg6

Antiviral activity?

Figure 8. Reported health benefits of tomatidine. Tomatidine is commercially available as a food
supplement to enhance muscle growth and protects from age-related muscle weakness and atrophy
in vivo. Tomatidine also has anti-metastatic, anti-inflammatory, anti-osteoporosis, anti-atherosclerotic,
antibacterial and antifungal activities.
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viruses Sunnhemp Rossette virus and Tobacco mosaic virus, however the antiviral mechanism
has not been identified140. The antiviral activity of tomatidine towards human respiratory
syncytial virus, influenza virus and herpes simplex virus has also been investigated but no
antiviral effect could be observed141–143. In conclusion tomatidine exerts a variety of health
beneficial effects and modulates different cellular pathways. Evaluation of the antiviral
activity of tomatidine towards flaviviruses including WNV, ZIKV and DENV and the
alphavirus CHIKV is the subject of this thesis.

Scope of the thesis
Given the high burden of arboviral infections and the limited resources to prevent or treat
these infections, there is a strong need for the development of effective antiviral therapies.
Tomatidine is a naturally occurring steroidal alkaloid with various health beneficial properties
including an anti-microbial activity towards different bacteria, fungi and plant viruses. This
thesis focuses on the antiviral potential of the natural steroidal alkaloid tomatidine towards
arboviruses, with emphasis on DENV and CHIKV. Specifically, we focus on the antiviral
properties of tomatidine from the perspective of the virus, the host cell and compound
structure.
Chapter 2 reviews the recent advances that have been made in the field of antiviral
development towards DENV. The focus is on the DAA and HDA discovered so far and
describes the current challenges in antiviral development. Moreover, the lessons learned from
other approved antivirals such as HCV, are discussed as a basis for the successful development
of an antiviral therapy towards DENV.
In chapter 3, we evaluate the antiviral potency of tomatidine towards all DENV serotypes as
well as two other flaviviruses: WNV and ZIKV. Specifically, we test its effect on progeny virus
production and the number of infected cells in vitro. In addition, we perform time-of-addition
studies to obtain insight into the stages of virus replication that are inhibited by tomatidine.
It was previously reported that tomatidine is an inhibitor of activating transcription factor
4 (ATF4), which is an important regulator of cellular homeostasis upon stress. Here, we
delineate the role of activating transcription factor 4 in the antiviral activity of tomatidine.
In chapter 4, the antiviral activity of tomatidine towards distinct genotypes of CHIKV is
evaluated. The effect of tomatidine on the progeny virus production, specific infectivity and
percentage of infection is evaluated. Moreover, time-of-addition studies are performed to
obtain an insight into the mode of action of tomatidine. In order to test for how long the
antiviral activity of tomatidine can be sustained, durability studies are performed. Finally,
structural derivatives of tomatidine, namely solasodine and sarsasapogenin are evaluated for
their antiviral activity towards CHIKV in order to gain insight into the structural regions of
tomatidine that are responsible for its antiviral effect.
In chapter 5 we dissect the antiviral mechanism of tomatidine towards CHIKV. Using mass
spectrometry analysis, we aimed to identify the cellular factors influenced by the tomatidine
treatment. Also, in-depth analyses were performed to further fine-tune the stages of virus
replication cycle affected by tomatidine. Specifically, the expression of intracellular RNA of
CHIKV is determined over time in a replicon study, via in-gel hybridization and Q-RTPCR. To investigate the effect of tomatidine on active viral RNA replication, a time-trace
experiment is performed in which tomatidine is added late in infection. Moreover, viral
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protein expression is determined via western blot. Finally, resistance studies are conducted to
determine the genetic barrier to resistance of CHIKV towards tomatidine.
In chapter 6, we evaluate the antiviral effect of tomatidine towards DENV in a non-lethal
AG129 mouse model. The mice are pre-treated with tomatidine for 1 day before infection
and then treated every 24 h throughout the experiment via oral gavage. The control mice
received corn oil, which was used as a solvent for tomatidine. The weight was monitored
daily to evaluate the potential toxicity of tomatidine in mice. At day 5 post-infection, mice are
sacrificed and the antiviral activity is evaluated by measuring the virus load in plasma, spleen,
kidney and liver. The concentration of tomatidine in the plasma of tomatidine-treated mice
is analyzed via mass spectrometry analysis.
Finally, chapter 7 includes an in-depth discussion of the results that have been obtained
within this thesis and provides recommendations on future experiments to further dissect the
mode of action and antiviral potential of tomatidine towards DENV and CHIKV.

1
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