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Chapter 7

In recent decades, several arthropod-borne viruses (arboviruses) have re-emerged and caused 
millions of infections worldwide1,2. Among these viruses are mosquito-borne viruses such as 
dengue virus (DENV), West Nile virus (WNV), chikungunya virus (CHIKV) and Zika virus 
(ZIKV). DENV was first isolated in 1943 in Japan. To date, DENV is the most common 
arboviral infection worldwide and is estimated to infect 390 million individuals every year3. 
Infected individuals can either experience an asymptomatic infection or develop dengue fever, 
a self-limiting febrile illness with symptoms such as high fever, rash, severe headache as well 
as muscle and bone pain4–6. Each year an estimated 96 million individuals experience dengue 
fever. In approximately 0.5 to 1 million cases, dengue fever progresses to potentially fatal 
complications (severe dengue), which are characterized by capillary leakage, pleural effusion, 
severe bleeding and organ impairment7. 

WNV was first isolated in 1937 in the West Nile district of Uganda and has globally expanded 
within the last three decades causing thousands of infections8. WNV infection causes a 
self-limiting dengue fever-like illness in approximately 20% of the infected individuals. In 
approximately 1% of symptomatic infections, the virus causes inflammation of the central 
nervous system, leading to various neurological symptoms which can be fatal8. WNV infection 
is the most important cause of viral encephalitis in the USA9. CHIKV was first identified 
in Tanzania between 1952 and 1953 during an outbreak of febrile polyarthralgia10,11. Within 
the last two decades the virus has re-emerged and caused large outbreaks in Africa, Asia 
and the Americas involving millions of infections. The infection manifests as symptomatic 
disease in 85% of cases with symptoms such as fever, polyarthralgia, myalgia, rash, headaches 
and nausea6. Importantly, in 30 to 40% of symptomatic infections, the disease progresses to 
chronic polyarthralgia, which can persist for months to years after the infection12. The most 
recently re-emerged arboviral infection that became clinically important is ZIKV. ZIKV was 
originally isolated from a Nigerian woman 195413. Since the first major outbreak on the 
Yap Island in 2007, various outbreaks have been globally reported again involving millions 
of infections. The acute symptoms of ZIKV resemble those of the other mosquito-borne 
infections. However, the main complication of this infection is the risk for microcephaly and 
other brain malformations in the fetus of pregnant women and the development of Guillain-
Barre syndrome in adults13. 

Arboviral infections cause a substantial burden on human health and have large economic 
consequences for the affected countries mainly due to the lack of effective preventative or 
therapeutic options. Indeed, a study from 2011 estimated the economic burden of dengue 
disease in the Americas to be US$2.1 billion per year14. Likewise, the costs of the CHIKV 
outbreak in 2014/2015 in the U.S. Virgin islands were estimated between US$14 and US$33 
million15. These calculations include factors such as missed days at work and direct healthcare 
costs. Whereas these cost estimations provide a general idea of the economic impact of 
the diseases, it is believed that due to the difficulties in diagnosing these infections and the 
underreporting, their true financial burden is significantly higher16. 

The high burden of disease, large economic consequences and expanding geographical spread 
of arboviral infections highlight the need to develop efficient strategies to combat infection 
and disease. In theory, there are two main antiviral treatment strategies to alleviate disease 
symptoms and progression. First, an antiviral treatment can be prescribed prophylactically 
in outbreak situations. This strategy has already been applied before during Influenza virus 
outbreaks17. Prophylactic treatment likely maximises the antiviral effect however toxic side-
effects may occur due to long-term treatment in these situations. Second, the antiviral can 
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be applied therapeutically upon diagnosis. In case of therapeutic drugs towards DENV and 
CHIKV, treatment should ideally start during the early phase of infection, i.e. within 48 h 
after the onset of symptoms to quickly control and reduce peak viremia and the associated 
risk to develop severe or chronic disease18–20. Early therapeutic treatment has been proven 
successful for other viruses such as the use of oseltamivir to treat influenza infection21. For 
CHIKV, it might be possible to still see beneficial antiviral effects when treatment is started 
later in infection as it may still help to completely clear the virus to alleviate or even prevent 
chronic disease symptoms20,22. Thus far, only few antiviral drug candidates, the majority 
towards DENV, have been tested in clinical trials and none of them showed a beneficial 
effect23–30.

In this thesis, we investigated whether the plant-derived, steroidal alkaloid tomatidine has 
antiviral potential towards the flaviviruses DENV, WNV, ZIKV and the alphavirus CHIKV. 
We provided in vitro evidence that tomatidine exhibits antiviral activity towards all four 
DENV serotypes, ZIKV, CHIKV but not WNV. Furthermore, to gain insights into the mode 
of action of tomatidine, we determined which host factors and viral factors are influenced 
by tomatidine and which structural regions of the compound are important for its antiviral 
activity towards DENV and CHIKV. Lastly, the in vivo potency of tomatidine towards 
DENV was studied in a non-lethal mouse model. Below, I will summarize and discuss the 
individual findings of this thesis including future perspectives under the following sections:

I. Tomatidine as an antiviral drug: Its potential and next steps
II. Antiviral treatment for DENV and CHIKV: How close are we?

Tomatidine as an antiviral drug: Its potential and next steps

Lessons learned on the antiviral mechanism of tomatidine

In chapter 3, we explored the antiviral activity of tomatidine towards re-emerging clinically 
relevant flavivirus infections such as DENV, WNV and ZIKV. We demonstrated that 
tomatidine has a potent antiviral effect towards all four DENV serotypes. The tomatidine 
concentration that reduced virus particle production with 50% (EC50) was 2.08 µM for 
DENV-1, 0.82 µM for DENV-2, 4.87 µM for DENV-3 and 2.50 µM for DENV-4 in 
human hepatic Huh7 cells following infection at multiplicity of infection (MOI) 1. Moreover, 
a significant antiviral effect of tomatidine was observed towards ZIKV. Tomatidine did not 
exhibit antiviral activity towards WNV. Time-of-addition studies identified that tomatidine 
may act at multiple stages of the DENV replication cycle. Since potent antiviral activity is 
still observed when tomatidine is added up to 12 hours post-infection (hpi), i.e. long after 
virus attachment and entry into the host cell, the main antiviral target of tomatidine is likely 
after virus cell entry. This hypothesis is supported by the finding that no difference is observed 
in the number of DENV-infected cells when tomatidine is added at the point of infection 
or 2 at hpi, i.e. when cell entry has already occurred. Tomatidine was earlier described to 
inhibit the expression of activating transcription factor 4 (ATF4), which is an important 
regulator of cellular homeostasis upon stress and was reported to translocate to the nucleus 
in DENV-infected cells. Therefore, we explored whether the antiviral activity of tomatidine 
is related to ATF4. ATF4 knockdown in Huh7 cells led to a 2-fold reduction in the antiviral 
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potency of tomatidine, indicating that ATF4 might indeed be partly involved in the antiviral 
activity of tomatidine. Nevertheless, ATF4 is not the sole factor involved as more than 10-
fold reduction in virus particle production is seen in presence of tomatidine. In conclusion, we 
identified tomatidine as a potent inhibitor of DENV replication in vitro. 

In chapter 4, we evaluated the antiviral potential of tomatidine towards CHIKV. We found 
potent antiviral activity towards different genotypes of CHIKV with EC50 values of 1.3 
µM for an East/Central/South African genotype, 2 µM for an Asian genotype and 3.8 
µM for a West African genotype following infection of Huh7 cells at MOI 1. Similar to 
DENV, time-of-addition studies in CHIKV-infected Huh7 cells revealed that tomatidine 
mainly acts at post-entry stages of the CHIKV replication cycle. We also examined how long 
the antiviral activity could be sustained in Huh7 cells. We found that tomatidine controls 
CHIKV infection for up to three replication rounds without replenishment of the compound. 
We also evaluated the antiviral activity of commercially available structural derivatives of 
tomatidine to identify the structural region of the compound responsible for its antiviral 
effect. The structural derivative solasodine contains an additional double-bond in the steroidal 
ring structure and sarsasapogenin lacks the basic nitrogen of the spiroaminoketal group in 
tomatidine. Both derivatives showed efficient, albeit less potent antiviral activity towards 
CHIKV, suggesting that the basic nitrogen and the steroidal ring structure of tomatidine 
may be relevant for its antiviral activity. Altogether, this in vitro study identifies tomatidine as 
a promising antiviral drug candidate towards CHIKV.

In chapter 5, we further evaluated the underlying antiviral mechanism of tomatidine towards 
CHIKV. DENV was not included due to time constraints. We identified four cellular 
proteins, p62, C98, metallothionein and thioredoxin-related transmembrane protein 2, which 
were differentially expressed in the presence of tomatidine. Two proteins, p62 and CD98 
were successfully validated via western blot analysis. However, subsequent knockdown studies 
indicated that these proteins are not involved in the antiviral mechanism of tomatidine. 
Furthermore, transfection of in vitro transcribed viral RNA into Huh7 cells treated with 
tomatidine confirmed that tomatidine mainly acts after virus cell entry. Tomatidine was 
found to reduce CHIKV replication in a trans-replicase system and reduced intracellular 
CHIKV RNA expression levels at 6 and 8 hpi. No effect on viral RNA replication was seen 
when tomatidine was added at 6 hpi, i.e. when RNA replication has been already initiated. In 
line with the inhibitory effect on intracellular viral RNA expression, a significant reduction 
in the expression of the CHIKV proteins capsid, Envelope-1 and non-structural protein 
(NS) 2 was seen. Taken together, this study shows that tomatidine predominantly acts after 
viral cell entry but prior to active RNA replication. More specifically, we postulate that 
tomatidine interferes with efficient viral RNA translation and/or hampers the early stages of 
RNA replication i.e. the formation of the RNA replication complex. Moreover, CHIKV did 
not develop resistance towards tomatidine after a maximum of 15 passages, indicating that 
tomatidine has a high genetic barrier to resistance. 

Further studies are required to decipher the exact molecular mechanisms by which tomatidine 
exerts its antiviral effect towards CHIKV and DENV. The initial stages of RNA translation 
and replication and the host factors involved in these processes are currently poorly understood. 
Based on our findings, it is possible that the antiviral mechanism of tomatidine is comparable 
for both viruses. We have observed a similar pattern in the time-of-addition study, which 
showed that tomatidine predominantly acts after virus cell entry. Furthermore, a reduction in 
the number of infected cells was detected for both viruses. However, to verify whether DENV 
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and CHIKV share the antiviral mechanism of tomatidine, experiments similar to those 
conducted for CHIKV in chapter 5 should be performed for DENV. To further delineate 
the mechanism involved, future studies should focus on the factors involved in the process 
of RNA translation and replication. To confirm that tomatidine directly interferes with viral 
RNA translation, tomatidine should be added to infected cells at 6 hpi (i.e. at a condition in 
which tomatidine no longer interferes with viral RNA levels) and the viral protein expression 
levels should be assessed at 9 hpi. Although it is technically challenging to study viral RNA 
translation early in infection due to sensitivity issues, novel methods such as single-molecule 
sensitivity fluorescence in situ hybridization analysis may be used to track single viral RNA 
molecules within the cell. This may help to determine whether the initial viral RNA trafficking 
to the ribosomes is affected by tomatidine31,32. Another rather novel approach to determine 
the global translational state of a cell by detecting ribosome locations on cellular RNA is 
ribosome profiling33. This approach has been previously used to investigate the translational 
landscape of DENV and ZIKV and may be applied to test whether tomatidine affects 
translation by preventing the binding of the ribosomes to the viral RNA34,35. To determine the 
potential effect of tomatidine on replication, a double-stranded RNA (dsRNA) staining could 
be performed to see whether dsRNA intermediates are formed in the presence of tomatidine. 
Electron microscopy could be applied to test whether the virus-specific formation of dsRNA-
containing spherules still occurs in the presence of tomatidine36,37. These experiments may 
help to decipher the antiviral mechanism of tomatidine in the future.

In chapter 5, we only found four differentially expressed proteins in the presence of tomatidine 
and subsequent experiments revealed that the two validated proteins are not involved in 
the antiviral activity of tomatidine towards CHIKV. The inability to identify host factor 
associated with the antiviral activity of tomatidine, may be due to our choice of technical 
approach. The unlabelled mass spectrometry method is particularly useful for the detection 
of major proteomic changes. Thus, it is possible that we missed minor but relevant alterations 
in the proteome upon tomatidine treatment. A more sensitive mass spectrometry approach 
such as SILAC labelling, could be applied to identify smaller tomatidine-induced proteomic 
changes38. Alternatively, tomatidine may influence protein functionality rather than its 
expression. To test this, metabolomic studies may be applied to identify potential tomatidine-
induced changes in protein function. Importantly, we cannot rule out the possibility that the 
antiviral effect of tomatidine could stem from its ability to modulate the cellular lipids rather 
than proteins. Tomatidine has indeed been shown to alleviate hyperlipidemia in the context 
of atherosclerosis in vivo39. Lipids play an important role in DENV and CHIKV infectivity, 
translation, replication and morphogenesis40,41. Thus, to investigate whether tomatidine 
modulates the cellular lipid metabolism, lipidomic studies may be applied. 

Tomatidine has been proposed to exhibit various health benefitting activities including 
anti-carcinogenic, cardioprotective and anti-atherosclerotic activity as well as the ability to 
counteract age-related muscle atrophy and weakness39,42–45. Tomatidine has been studied 
most extensively for its anti-inflammatory properties in vitro and in vivo46–48. As an example, 
tomatidine was described to supress the NF-kB and JNK pathway in murine macrophages46. 
Moreover, tomatidine reduced airway hyperresponsiveness and lung infiltration of eosinophiles 
in an asthma mouse model48. The ability of tomatidine to modulate the cellular inflammatory 
response may also be involved in the antiviral mechanism of tomatidine. This however has 
not been investigated in this thesis. Therefore, it may also be interesting for future studies to 
investigate the role of the NF-kB and JNK pathway in the antiviral activity of tomatidine.
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Altogether, these studies will not only shed light on the mode of action of tomatidine but may 
also reveal new insights in the replicative cycle of these viruses. 

Lessons learned on the in vivo potency of tomatidine

The strong antiviral potential of tomatidine towards DENV, ZIKV and CHIKV in vitro, 
prompted us to evaluate whether tomatidine is able to exert antiviral activity in vivo. We first 
chose to evaluate the in vivo potency towards DENV due to the availability of the non-lethal 
AG129 DENV mouse model via collaboration. In chapter 6, the first pilot experiment is 
presented. Tomatidine treatment (50 mg/kg) was initiated one day prior to DENV infection 
and was given in one dose of 50 mg/kg every 24 h or in two doses of 25 mg/kg every 12 h 
for the duration of the experiment. The vehicle control group received the solvent (corn oil) 
only. The mice were inoculated with DENV via intraperitoneal injection with 102 PFU/mL. 
Samples of plasma, spleen, kidney and liver were taken 5 days post-infection and the viral 
RNA copy numbers were determined. No difference in the viral RNA load was observed 
in plasma, spleen, kidney and liver between the vehicle control and the tomatidine-treated 
groups. Subsequent quantification of the tomatidine concentration in the plasma samples of 
tomatidine-treated mice indicated an average concentration of 59 ng/mL or 0.13 µM. This 
plasma concentration is approximately 6 times lower than the in vitro determined EC50 
value of tomatidine in Huh7 cells, which was 0.82 µM for DENV-2. Whereas it is not 
possible to directly correlate the in vitro determined EC50 value with the effective in vivo 
dose of a drug, it is possible that the tomatidine plasma concentration in the mice is too 
low to exert an antiviral effect. Future research is needed to prove or disprove the antiviral 
potential of tomatidine towards DENV and CHIKV in vivo.

The most commonly used DENV models to evaluate antiviral drug candidates in vivo are the 
lethal and non-lethal AG129 mouse models49. AG129 mice are deficient in their interferon 
I and II receptors and thus facilitate high viremia as well as the development of symptoms 
such as thrombocytopenia, vascular leakage and, depending on the model, death. Whether 
or not the AG129 mouse model is lethal mainly depends on the used viral dose and the 
virus strain49. In humans, antiviral treatment can be given prophylactically during outbreak 
situations or therapeutically early after diagnosis i.e. after disease onset. When studying these 
two treatment approaches in vivo, the choice of model is important. To study the prophylactic 
effect of an antiviral drug, both, the lethal and non-lethal model are suitable. In this case, 
treatment should be initiated prior to infection. The advantage of the lethal model is the 
presence of high viremia and severe disease manifestations in the mice49. The advantage of 
the non-lethal model is that it allows to determine the antiviral effects on the time to resolve 
viremia, which is an important aspect to study regarding human infection50. In our study, 
we used the non-lethal AG129 model to investigate the prophylactic antiviral potential of 
tomatidine in vivo. To evaluate the antiviral activity of a lead compound under therapeutic 
conditions, it is important to consider that in human infection the onset of symptoms starts 
when viremia reaches it plateau51. Therefore, it is of particular importance to investigate 
the time to resolve viremia and antiviral treatment should be initiated after peak viremia 
has been established. To study the antiviral activity under therapeutic conditions, the non-
lethal model is most suitable as it allows to study the time to resolve viremia. This cannot 
be investigated using the lethal model as the mice succumb to infection quickly after peak 
viremia is established49. For future studies on tomatidine, it would also be interesting to test 
whether the anti-inflammatory properties of tomatidine may lead to an alleviation of the 
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DENV-induced symptoms in mice46,48. To do so, the lethal AG129 mouse model would be 
most suitable as the mice develop DENV-related symptoms. 

We have not yet been able to test the in vivo potency of tomatidine towards CHIKV. The 
CHIKV literature suggests a correlation between viral load and chronic disease onset20. Thus, 
also here it is of importance to test the direct early effect of tomatidine on the peak viremia. 
Due to the unique pathology of CHIKV on the joints it is also interesting to investigate 
the antiviral effect on joint swelling, histological damage and inflammation. Currently, the 
most commonly used model to investigate antiviral treatments for CHIKV in vivo is the 
C57BL/6 arthritis mouse model52. The advantage of this model is that the used mice are 
immunocompetent, which allows to investigate antiviral treatments in the presence of an 
intact interferon response and is therefore more clinically relevant than immunocompromised 
mouse models. Moreover, CHIKV infection via the footpad induces food-pat inflammation 
and swelling, which peaks around 3 and 7 days post-infection. Joint pain and inflammation is 
a major hallmark of human CHIKV infection. Hence, this model allows for investigation of 
the virus titer and the CHIKV-associated joint inflammation52. I therefore propose to use this 
model to study the antiviral activity of tomatidine towards CHIKV in vivo. 

Given the reported anti-inflammatory and anti-atherosclerotic effects of tomatidine and its 
protective effect on muscle atrophy, it would also be interesting to examine its potential to 
interfere with chronic CHIKV infection39,46,48. The mechanism of chronic chikungunya fever 
is still not very well understood. It has been demonstrated that CHIKV RNA and antigen 
can be detected in synovial tissue samples of chronic chikungunya fever patients and CHIKV 
antigen was detected in perivascular macrophages20. Moreover, CHIKV antigen was detected 
in the muscle satellite cells of a chronic chikungunya fever patient22. So far, however, attempts 
to isolate infectious virus from these tissues were unsuccessful. Therefore, it is not known 
whether CHIKV persists in the tissues by active replication. The best way to investigate the 
beneficial effect of tomatidine on chronic chikungunya fever would be a chronic/persistent 
model52. An example is the chronic C57BL/6 mouse model where mice are infected with a 
clinical CHIKV isolate via the footpad53. This model is based on the above described arthritis 
model and would therefore allow to test the antiviral and anti-inflammatory activity of an 
antiviral treatment at the same time. After an initial systemic viral infection, the virus is 
cleared from most tissues of the mouse by week 4 of infection. Intriguingly, however, follow-
up testing revealed that CHIKV RNA can still be detected 16 weeks post-infection in joint-
associated tissues alongside a chronic inflammation of the joints53. Thus, this model may shed 
light on the potential protective effect of tomatidine on chronic CHIKV infection in vivo.  

Given the relatively low plasma concentration of tomatidine in mice, another aspect to consider 
in follow-up experiments is the route of administration. Common routes of administration for 
tomatidine are food supplementation, oral gavage and intraperitoneal injection45,48. In chapter 
6, we used oral gavage and after 6 days of treatment (50 mg/kg daily) we measured 59 ng/mL 
tomatidine in the plasma. A report by Ebert et al. demonstrated that food supplementation 
of tomatidine to the standard chow (0.05% tomatidine) for 2 months resulted in a tomatidine 
plasma concentration of 287 ng/mL45. This shows that higher plasma concentrations of 
tomatidine can be reached via this experimental set-up. However, this concentration still 
remains below the in vitro determined EC50 value of tomatidine (0.82 µM) for DENV-254. 
Thus, oral administration of tomatidine via supplementation of the standard chow or via oral 
gavage dissolved in corn oil may not lead to a sufficient plasma concentration of tomatidine to 
exert its antiviral activity. The low bioavailability may be explained by the hydrophobic nature 
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of tomatidine. Therefore, alternative delivery strategies such as lipid nanoparticles could also 
be explored. This was already done by Dorsaz et al, who investigated the anti-fungal activity 
of tomatidine in vivo55. After initial unsuccessful attempts to demonstrate the anti-fungal 
potential of tomatidine in vivo using different co-solvents, the authors hypothesised that 
delivery of tomatidine via tomatidine-containing nanoparticles may increase bioavailability. 
Indeed, with this new delivery approach, a significant reduction in fungal burden in the kidney 
of tomatidine-treated BALB/c mice was observed. Hence, an alternative delivery strategy of 
tomatidine may help to enhance its bioavailability. 

Next to the delivery strategy, the treatment regime might also further enhance the potency of 
tomatidine. In this context, pharmacokinetic studies may help to gain a better understanding 
of the pharmacokinetic profile, stability and toxicity of tomatidine.

Pharmacokinetic studies are important in antiviral research as they help to understand how 
and in which time-frame the compound is processed in the body. Thus, it gives information 
on the biodistribution of a compound and how often it needs to be administered in order 
to accumulate in the body. The plasma level of tomatidine has only been determined in one 
study (287 ng/mL) after 2 month of treatment supplemented to the standard chow45. This 
demonstrates that tomatidine may accumulate in mouse plasma via oral treatment but does 
not allow for any direct conclusions on its biodistribution. In our durability experiments in 
chapter 3, we observed an anti-CHIKV effect for up to 24 hpi without replenishment of 
tomatidine. This may indicate that the compound is stable up to 24 h. This however needs 
to be further validated in vivo. Based on the scarce literature on the pharmacokinetics of 
tomatidine, in vivo studies are needed to enhance our knowledge regarding the stability, 
absorption, distribution, metabolism and the elimination of tomatidine from the mouse body. 
This can be tested by measuring the tomatidine concentration in blood, plasma and urine at 
different time points after administration56,57. 

On top of this, it is important to consider the safety profile of tomatidine. To the best 
of my knowledge, two studies, both from the Western Regional Research Center in 
California, investigated the toxicity profile of tomatidine in pregnant and non-pregnant 
adult female Swiss-Weber mice using various parameters including increased liver weight 
(hepatomegaly) as readout58,59. Tomatidine was administered by supplementation to the food 
at a concentration of 2.4 mmol/kg for 7 or 14 days and showed a promising safety profile in 
non-pregnant and pregnant mice. These preliminary toxicity studies suggest a promising and 
safe toxicity profile for tomatidine. Nevertheless, studies in different mouse strains such as 
the immunocompromised AG129 mice or C57BL/6 mice and with a greater concentration 
range would be beneficial to further assess the safety of tomatidine. Given the many reported 
biological activities of tomatidine, it may also be beneficial to include other readouts such as 
histological and functional analysis of different organs and alterations in body weight and 
composition (muscle to fat ratio). 

Based on its properties as a steroid, tomatidine is already freely available online as a food 
supplement to enhance muscle growth. Here a maximum intake of 300 mg tomatidine per 
day is recommended for the food supplement ‘titan’. It is important to note that the safety 
and maximal safe dosage of tomatidine in humans have not yet been studied. Therefore, safety 
studies in humans are required to ensure a safe application of the compound in humans.

Altogether, adjusting the delivery strategy as well as optimizing the treatment regime by 
pharmacokinetic studies should allow us to properly evaluate the in vivo antiviral potential of 
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tomatidine using the above described mouse models. 

Antiviral treatment for DENV and CHIKV: How close are we?
The drastic re-emergence of DENV and CHIKV in the last decades has large consequences 
on the overall human health and economic status of the affected countries14,15. However, 
despite increasing efforts in scientific research and the numerous antiviral compounds that 
have been identified in vitro, there is still no antiviral compound available to treat these 
infections. 

Thus far, most antiviral drug candidates that have been tested in clinical trials are repurposed 
drugs, which require lower costs and less time for clinical studies19,60. Among them are 
chloroquine, prednisolone and celgosivir, which are approved for other medical conditions 
or infectious diseases such as malaria, inflammatory diseases or diabetes60. Unfortunately, 
none of the tested antivirals showed sufficient antiviral activity in clinical trials. Therefore, the 
search for effective antiviral treatments towards these viruses continues and various promising 
drug candidates are in pre-clinical and clinical development. 

A repurposed lead compound for the treatment of DENV is celgosivir, a drug originally 
developed to treat diabetes60. Celgosivir did not show any clear antiviral activity in clinical 
trials in DENV patients treated during peak viremia, i.e. less than 48 h after fever onset26. 
However, a follow-up in vivo study found celgosivir to be effective in a non-lethal AG129 
mouse model when treatment started during peak viremia using a different treatment regime61. 
Thus, a new clinical study was planned but recently withdrawn due to a lack of funding 
(NCT02569827). Another promising repurposed lead compound is ivermectin, which is an 
FDA-approved antiparasitic drug mainly used for the treatment of onchocerciasis, scabies 
and lice62–64. Ivermectin was identified as a potential DENV inhibitor by in silico docking and 
inhibits the DENV NS3 helicase65. Ivermectin also interferes with the interaction of NS5 with 
importin, which plays a role in the trafficking of proteins between nucleus and cytoplasm66. 
Based on these findings, a phase III randomized clinical trial with DENV patients has been 
performed by Mahidol University and the Ministry of Health of Thailand (NCT02045069). 
Here, one daily dose of 400 µg/kg ivermectin was given. Unfortunately, no decrease in fever 
clearance time or time to resolve viremia was observed67. Nevertheless, ivermectin treatment 
significantly decreased the NS1 clearance time. Furthermore, an increased proportion of 
NS1-negative patients was seen at the time of discharge when compared to the placebo 
group67. Pharmacokinetic studies on ivermectin may help to optimize the treatment regime 
and clinical efficacy to further evaluate its anti-DENV potential67. The host-directed inhibitor 
UV-4B is another lead compound for anti-DENV treatment. UV-4B inhibits the cellular 
a-glucosidase, thereby interfering with proper folding and maturation of the viral proteins28. 
The compound showed potent antiviral activity in vitro and in vivo28. Moreover, a high barrier 
of resistance was demonstrated by treating DENV-infected cells for 38 cycles with UV-
4B without resistance development68. This was further validated in vivo, where drug efficacy 
was maintained through five passages in mice69. A phase I clinical trial in healthy subjects 
indicated good tolerance as well as the absence of serious side effects after one single dose 
(3 to 1000 mg) of UV-4B (NCT02061358)68. Further clinical trials are needed to assess its 
antiviral potential and safety in DENV-patients.

For CHIKV, the identification of antiviral treatments also greatly focused on drug 
repurposing. Recently, Karlas et al. performed a human genome-wide loss-of-function 
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study using reported small molecule inhibitors to identify pro-and antiviral host factors 
and associated antiviral drug candidates70. In this process, the FLT4 inhibitor tivozanib, the 
calmodulin inhibitor pimozide and the fatty acid synthesis inhibitor 5-tetradecyloxy-2-furoic 
acid (TOFA) were identified as potent inhibitors of CHIKV RNA synthesis and viral release 
in vitro without showing any cytotoxicity. All three compounds also reduced the viral load 
in vivo in C57BL/6 mice when treated prophylactically for at least 2 days before infection 
with CHIKV70. Interestingly, combinational drug treatment of TOFA and pimozide further 
increased antiviral potency in vitro and in vivo70. In this mouse model, significant reduction 
in viral load and joint swelling was observed even when the treatment was initiated post-
infection. While the antiviral potential of TOFA and pimozide still needs to be evaluated 
in clinical trials, the low toxicity together with the antiviral effect when administered post-
infection makes this drug combination a promising antiviral treatment option to combat 
CHIKV infection. The uridine monophosphate prodrug sofosbuvir is another promising 
drug candidate towards CHIKV, which is already approved for the treatment of hepatitis C 
virus71. Sofosbuvir was found to inhibit the RNA-dependent RNA polymerase in vitro and 
was shown to prevent paw swelling and oedema in an arthralgia model of CHIKV infection 
and protected neonate mice from CHIKV-induced mortality. Another anti-CHIKV lead 
compound is ribavirin, a drug that is approved for the treatment of respiratory syncytial virus 
in infants and chronic hepatitis C virus infection72,73. Ribavirin shows potent antiviral activity 
towards CHIKV in vitro alone and in combination with IFN-a2b administration. Moreover, 
a synergistic effect of ribavirin with doxycycline was demonstrated in vitro and in vivo74. The 
antiviral target of ribavirin is the host enzyme inosine monophosphate dehydrogenase which 
leads to GTP depletion and inhibition of viral RNA capping and RNA synthesis. An early 
phase I clinical trial on ribavirin and CHIKV-infected individuals reported improvement 
in joint pains and tissue swelling in a fraction of patients30. The limited patient number (20 
patients) and the lack of a placebo group are drawbacks of this trial. Nevertheless, it represents 
a first positive and promising outcome in CHIKV-infected patients and emphasizes the 
importance to further evaluate ribavirin as an anti-CHIKV compound in clinical trials. 
Furthermore, the observed synergistic effect of ribavirin with IFN-a2b or doxycycline is also 
an attractive treatment option to be pursued. 

Major challenges still to overcome
In the last decades, there has been enormous progress in the field of antiviral research towards 
DENV and CHIKV. This progress has, among others, been driven by technical advances 
which allow for high throughput screenings and the progress in understanding the virus-
host interactions that occur during DENV and CHIKV replication. Nevertheless, there 
are still some challenges that need to be overcome to successfully develop effective antiviral 
compounds towards DENV and CHIKV.

One concern for the development of antivirals towards RNA-viruses is the development of 
antiviral resistance. Especially for virus-directed antivirals this is a problem as for many drug 
candidates only few mutations are needed to acquire resistance75. Combinational therapy has 
recently become a popular way to reduce resistance development. Moreover, combinational 
therapy has been shown to enhance antiviral efficacy while being able to lower the effective 
dose of the individual compounds, which also reduces the risk for toxic side effects76,77. This 
is particularly advantageous for host-directed antivirals which often have a lower therapeutic 
window compared to direct-acting antivirals. Future experiments should focus on testing 
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combinations of antiviral drug candidates to lower the risk of antiviral resistance and to 
potentially decrease the required drug concentration. For tomatidine, a high genetic barrier 
to resistance was observed and future experiments using drug combinations will reveal if its 
antiviral efficacy can be enhanced by combinational therapy. 

Whereas for DENV novel computer-based in silico approaches have contributed greatly to 
the identification of antiviral drug candidates, for CHIKV these technical advances are still 
scarce. Many computer-based in silico approaches rely on the crystal structure of the viral 
proteins and allow for the investigation of the structure-activity relationship of a drug and 
aid the generation of optimised derivatives19. Whereas for DENV the crystal structure of all 
viral proteins has been resolved, structural information of CHIKV proteins is only available 
for the envelope and capsid proteins as well as NS2 and NS378–81. The scarce availability of 
structural information on the CHIKV proteins has hampered the progress in identifying 
and optimizing antiviral drug-candidates. Therefore, resolving the crystal structure of other 
viral proteins will facilitate subsequent in silico docking studies. Altogether, gaining structural 
information on the CHIKV proteins will allow us to determine if tomatidine directly interacts 
with the different CHIKV proteins.  

Moreover, the often observed conflicting results in vitro and in pre-clinical and clinical 
trials may be caused by a limited understanding of the antiviral mechanism involved82. Thus, 
understanding of the underlying mode of action of an antiviral drug may guide the design 
of an appropriate treatment regime for subsequent pre-clinical studies. I therefore advocate 
a more thorough understanding of the antiviral mechanism before proceeding to pre-clinical 
and clinical studies. In line with this, a major focus of this thesis was to identify the antiviral 
mechanism of tomatidine from the virus perspective but also with regard to potential host 
factors and structural elements of the compound that may be relevant for its antiviral activity.  

Further optimisation of mouse models to better resemble the human natural infection may also 
help to translate pre-clinical studies to clinical trial outcomes. For DENV, humanized mouse 
models are available which among others are generated by transplantation of hematopoietic 
stem cells49,83. Further optimization of these models in terms of their immune responses and 
the development of severe disease manifestations, may provide a better and more relevant 
platform to study anti-DENV treatment options. For CHIKV, further improvement of the 
chronic mouse model regarding different hallmarks of chronic CHIKV infection will also 
aid to develop a more adequate model to test antivirals during chronic CHIKV infection52. 
Alternatively, the development of a humanized mouse model for CHIKV infection may also 
be beneficial. 

In conclusion, the low transferability of antiviral efficacy from in vitro studies to pre-clinical 
and clinical trials is a major challenge in antiviral research. Future studies should focus on the 
investigation of the mode of action and pharmacokinetic profile of compounds with the aim 
to increase pre-clinical efficacy. Also, optimization of DENV and CHIKV mouse models will 
aid in improving the translation from pre-clinical to clinical drug efficacy. Lastly, emphasis 
should be on combinational therapy to avoid antiviral resistance. These studies will help to 
develop effective antiviral treatments towards DENV and CHIKV to fight the debilitating 
consequences of these infectious diseases around the globe.   
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