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Introduction  

 

The incidence of mosquito-borne human infections has grown dramatically in recent 

decades. Dengue virus (DENV) infection causes the most widespread arboviral disease 

to date (1). Annually, an estimated 390 million DENV infections occur and around 96 

million people develop a symptomatic febrile illness, with approximately 500,000 

individuals developing a severe disease (1). Severe dengue is a leading cause of 

hospitalization in multiple countries. Moreover, this summer many hospitals in South-

East Asia and Latin America were overwhelmed with the number of dengue-infected 

individuals who required medical care (2). Severe dengue can be fatal if left untreated; 

currently approximately 20,000 individuals succumb annually from a DENV infection (1). 

Another re-emerging mosquito-borne human pathogen of epidemiological importance 

is chikungunya virus (CHIKV), which emerged in new areas of the world in recent years 

(3). CHIKV infection leads to symptomatic disease in about 50 - 97% of the cases and 

to chronic disease in 35% to 52% of the infected individuals (4,5). Zika virus (ZIKV) is 

yet another mosquito-borne virus that has re-emerged in the last decade, with an 

estimated 12.3 million cases per year across Latin America and the Caribbean (6). 

Furthermore, an increasing number of reports report co-infections with these 

arboviruses as DENV, CHIKV and ZIKV are transmitted by the same mosquito vector 

and co-circulate in the same regions (7,8). The sudden re-emergence of mosquito-

borne human diseases has been linked to variable factors such as global warming, viral 

adaptation to new mosquito vectors, increased human mobility and other 

anthropological behavioural patterns (9,10). Moreover, due to massive outbreaks 

(symptomatic infection rates of 70% are not unusual in new areas), we are witnessing 

clinical manifestations that have not been reported before and for which no prognostic 

factors exist to date (11). A recent example is the development of microcephaly in new-

borns during ZIKV infection in pregnant woman. In case of DENV, the incidence of 

severe disease continues to increase due to the hyper-endemicity of multiple DENV 

serotypes in many countries, yet there are no biomarkers available to predict disease 

outcome (1).  

The high burden of disease caused by arboviruses is accompanied with a large socio-

economic and public health impact, especially in developing countries that are not 

prepared for recurrent and usually unexpected epidemics (12). For example, the annual 

economic cost of dengue in the Americas and Asia was estimated to be at least US$587 

million in 2008 (13). These costs come mainly from healthcare expenses, yet the costs 

are likely to be much higher if the expenses of preventive measures related to 

environmental management and vector control strategies are kept into account (14). 

More recently, the estimated cost of chikungunya disease in the Americas in 2016 was 

reported to be US$184 billion, when accounting for total societal costs for acute illness, 

chronic inflammatory rheumatism, cognitive delays from neonatal infection, missed 
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work or decreased productivity due to disability, and additional sequelae beyond chronic 

inflammation (15). Furthermore, these diseases are considered to be ‘poverty-

promoting’ due to their effect on pregnancy, child health and development, and worker 

productivity (16). 

Due to the staggering number of arboviral infections worldwide, researchers have 

focussed on the development of preventive and control measures to counteract these 

diseases. Indeed, novel biological, chemical and mechanical vector control technologies 

have been developed in recent years. Their use, however, is still limited mainly due to 

the high cost of implementation, the lack of practicality and the difficulty of community 

mobilization in real life situations, especially in remote areas (17). Likewise, many 

innovative vaccine candidates based on numerous platforms like inactivated virus, 

adenoviral vectors, recombinant subunit and virus-like particles have been reported in 

recent years (18,19). Some of these strategies have now entered clinical trials yet others 

are still in the developing stage (19,20). For DENV, a live attenuated chimeric vaccine 

has been licensed in 2015 (21). However, soon after its licensing, reports were 

published suggesting that vaccinated naïve individuals are at risk of developing more 

severe disease during natural infection (22–24). The World Health Organization (WHO) 

therefore decided against the use of this vaccine for mass immunization (25). According 

to this, the WHO currently recommends that people are only vaccinated when they 

show a DENV positive blood test (26). Furthermore, many compounds have been 

discovered with potent antiviral activity in vitro but unfortunately, most of them are not 

pursued for clinical development due to various reasons, including toxicity and 

suboptimal drug properties (27,28). Thus far only few ‘repurposing’ drugs have been 

tested in clinical trials yet no beneficial effect was measured (27). It is evident from the 

above that the design of safe and effective vaccines and antivirals for arboviral diseases 

comes with many challenges. The lack of accurate animal models that resemble the 

intricate pathogenesis in the human host and the complexity and little understanding of 

the cellular responses and host factors that control viral replication and pathogenesis, 

are crucial factors herein. Therefore, a better understanding of the host and cellular 

factors associated to the pathogenesis of DENV, CHIKV and other important arboviruses 

is required in order to generate tools with prognostic value and to design antivirals and 

vaccines that are efficacious and safe. 

In this thesis, we aimed to better understand the replication of DENV and CHIKV, 

focusing on the identification of cellular host factors relevant in controlling these viral 

infections. Emphasis was on the role of autophagy and autophagy-related (ATG) 

proteins in controlling DENV and CHIKV replication, and the importance microRNA 

(miRNA)-mediated post-transcriptional regulation of cellular gene expression in 

controlling DENV infection. The results of this thesis and the future perspectives and 

implications of our results will be discussed in more detail in three distinct sections: 
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I. Contribution of autophagy and the ATG proteome to DENV infection: unsolved 

questions and future perspectives 

II. Autophagy-dependent and -independent functions of ATG proteins and autophagy 

receptors in CHIKV infection  

III. miRNA control of antiviral responses and potential therapeutic approaches 

____________________________________________________________ 

 

I. Contribution of autophagy and the ATG proteome to DENV infection: 

unsolved questions and future perspectives 

 

The induction of autophagy during DENV infection was first described in 2008, based 

on the accumulation of double-membrane vesicles resembling autophagosomes in 

DENV-infected hepatic cells (29). Subsequently, it has been demonstrated that DENV 

triggers autophagy in multiple cellular contexts using diverse experimental strategies 

(30–36). Autophagy induction during DENV infection has been attributed to the 

expression of the viral non-structural (NS) proteins NS4 and NS1 (31,37). Contrasting 

data have been published, however, regarding the role of autophagy in controlling virus 

replication and progeny. Autophagosome formation during DENV infection has been 

associated with the selective degradation of lipid droplets via autophagy, i.e., lipophagy 

(38–40). Lipophagy was shown to increase the ATP levels in infected cells, thereby 

favouring the replication of the virus (38,39). It has also been hypothesized that 

lipophagy may provide the lipids necessary to facilitate the assembly of nascent viral 

particles or aid in viral transmission via unconventional secretion of autophagy-

associated vesicles containing DENV (41). In contrast, other reports described that 

autophagy or specific ATG proteins are part of the antiviral cellular response. For 

example, the induction of autophagy in THP1 cells (42) and reticulophagy (43) in 

HBMEC cells during DENV infection were described to hamper virus replication. The ATG 

proteins Beclin-1 (BECN1) and ATG7 in THP1 cells (42); and family with sequence 

similarity 134-member B (FAM134B) in HBMEC cells (43), were shown to be involved in 

these antiviral roles. The antiviral role of autophagy in DENV replication is in line with 

the observation that DENV actively inhibits the selective autophagic flux by inducing 

proteasomal degradation of p62 (32). 

Currently, it is not known which variables could explain the differences across 

publications. A plausible explanation is that distinct autophagy pathways, i.e., bulk 

autophagy, lipophagy and reticulophagy, have distinct outcomes on infection. DENV 

may also subvert parts of the autophagy machinery to promote infection. Alternatively, 

some ATG proteins may control infection independently of autophagy via 

unconventional roles. Although it is clear that autophagy is induced during DENV 

infection, the role of autophagy and specific ATG proteins in controlling DENV infectivity 

requires further investigation. 
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In Chapter 3, we investigated the function of 50 distinct proteins that are part of 

the autophagy machinery, in order to comprehensively evaluate how the different ATG 

proteins and autophagy receptors contribute to DENV infection. To this end, we 

performed an siRNA screen specifically targeting autophagy in the Huh7 hepatic cells 

infected with DENV. We identified 11 ATG proteins that controlled DENV infection. 

Among those, depletion of 2 different isoforms of ATG4 (ATG4C and ATG4D) and BECN1 

caused the most prominent enhancement of DENV infection. Furthermore, depletion of 

all the isoforms of ATG4 also significantly favoured viral infection. In addition, 

knockdown of 2 distinct isoforms of LC3 (LC3A and LC3C), ATG2B, ATG10, ATG13, 

ZFYVE1 and UVRAG significantly increased DENV infection and/or replication in our 

model. In contrast, NBR1 depletion was found to decrease the number of infected cells 

and increased DENV replication in infected cells. Preliminary validation experiments to 

corroborate the role of ATG4C and NBR1 in DENV infection were performed, yet future 

research should dissect the function of these, and the other hits identified in our screen, 

over the course of infection. 

Although the data presented in Chapter 3 requires further validation, the results 

show that only a limited number of the ATG proteins and autophagy receptors control 

DENV infectivity in Huh7 cells, suggesting that the identified hits might control DENV 

via unconventional roles outside autophagy. To the best of our knowledge, except for 

BECN1 (42), the identified factors have not been shown to control DENV infectivity 

before. Interestingly, though, non-canonical functions have been described for most 

identified hits. For example, UVRAG, a membrane trafficking protein, is involved in 

Influenza A virus and Vesicular Stomatitis virus cell entry (44) and ATG2B silencing was 

found to cause clustering of lipid droplets independent of autophagy and is upregulated 

during Japanese Encephalitis virus infection, another flavivirus (45). Alternatively, we 

might have underestimated the overall importance of ATG genes and autophagy 

receptors in DENV infection as we had a relatively high percentage of infected cells in 

our control sample, thereby limiting the measuring range. Future studies should reveal 

whether the identified hits control DENV infectivity in a canonical or uncanonical fashion. 

Another explanation might be that autophagy controls DENV infectivity but that not 

all components of the machinery are required in this process. For example, a previous 

study revealed that DENV bypasses the initial stages of autophagy as canonical 

lipidation of LC3 is not required for infection (46). Indeed, the authors showed that 

ATG5, BECN1 and ULK1, important factors during the initial phase of autophagy, are 

superfluous in DENV replication in HeLa cells (46). Similarly, we found that depletion of 

ATG5 and ULK1 had no effect in the replication of DENV in Huh7 cells. However, the 

data of our screen supports an antiviral role of BECN1 in DENV infection. This was also 

observed by others in THP-1 cells but not in A549 cells (42). On top of these 

discrepancies, another study revealed a proviral role for BECN1 in DENV infectivity, also 

in Huh7 cells (12), which further underlines the highly controversial role of this protein 
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in DENV infection. These discrepancies might be related to the cell type, virus strain 

and experimental settings used in these studies, and highlights the challenges to 

conclude whether or not a protein or a pathway is of importance in DENV infection and 

pathogenesis. 

A third explanation is that multiple types of autophagy are induced and the diverse 

pathways have different effects on DENV infection. Some of the studies published to 

date have focussed on the role of selective autophagy, e.g., reticulophagy and lipophagy 

in DENV infection. It is tempting to speculate that both pathways participate in DENV 

infection in parallel. This is plausible if we consider that lipid droplets originate from the 

ER, the same organelles that have been proposed as the initiation sites of 

autophagosome biogenesis (47–49), and the replication site of DENV (50). This is 

supported by data showing that phosphatidylinositol 3-kinase (VPS34), ATG9 and non-

lipidated LC3-I contribute to the ER membrane re-arrangements during the replication 

of this virus (46). A second hypothesis would be that lipophagy and reticulophagy occur 

at different stages of the viral replication cycle and therefore at limited time-points. To 

answer this question, studies in which the dynamics of both processes are evaluated 

over the course of the replication cycle of DENV could help to decipher if they act 

independently or in concert. 

As described in Chapter 2, the process of selective autophagy is less well 

understood than bulk autophagy, and future research should focus on revealing the 

shared and diverging mechanisms among the autophagy pathways (51,52). Essential 

for lipophagy is the recruitment of LC3-II-enriched membranes that elongate towards 

the core of lipid droplets (53). Proteins like ATG7, ATG5 and ATG12 are involved in the 

elongation of these membranes, however, they are not necessarily required for initiation 

of lipophagy, a step that is poorly understood (51). In that sense, ubiquitination has 

been suggested as a potential determinant for initiation and cargo selection during 

lipophagy (54,55). Interestingly, DENV was found to interact with the ancient ubiquitous 

protein 1 (AUP1) at the surface of lipid droplets to stimulate lipophagy (39). 

Furthermore, given that AUP1 binds to ubiquitinating enzymes, this may result in 

ubiquitination of the lipid droplets (56). So far, NS4A and NS4B have been found to be 

involved in the interaction with AUP1 (39), but the molecular aspects of this interaction 

and the upstream regulators of these events are not completely understood. In case of 

reticulophagy, the initiation factors are also not fully characterised. It is known, that 

DENV, ZIKV and West Nile virus (WNV) are able to subvert reticulophagy by through 

the NS2B-NS3-mediated cleavage of FAM134B, thereby preventing the oligomerization 

of FAM134B, which leads to an uncontrolled enlargement of the ER (43). The specificity 

of this cleavage is not known. Therefore, it would be interesting to investigate whether 

other ER-located receptors, such as for example preprotein translocation factor 

(SEC62), cell cycle progression protein 1 (CCPP1), and reticulon 3 (RTN3) (57), could 

also be cleaved in a similar fashion. Additionally, it has been reported that p62 and BCL2 



Discussion and future perspectives 

165 

interacting protein 3 (BNIP3) might also assist ER clearance (58,59), therefore their 

contribution to reticulophagy during DENV infection should be also assessed. Next to 

unravelling the initiation factors, it will also be important to identify which ATG proteins 

are important in distinct autophagy pathways as this may explain some of the 

controversies observed. Overall, the current literature suggests that both types of 

autophagy are induced, yet have diverse outcomes in infection. A better understanding 

of the molecular events in these pathways will lead to better insights into DENV 

pathogenesis and may unveil novel targets for intervention. 

Manipulation of autophagy has been used previously for the development of 

pharmaceutical compounds aiming at treating cancer, neurodegenerative diseases and 

ischemia-reperfusion injury, among others (60,61). Drugs like rapamycin have been 

demonstrated to be effective in the treatment of different types of cancer (62), but this 

molecule has multiple autophagy-independent effects on cells and organisms (63,64). 

There are several drugs in clinical use that modulate autophagy (65). In recent years, 

however, more specific methods to manipulate autophagy have also emerged. In 

Chapter 2, we described the development of a synthetic peptide which stimulates bulk 

autophagy and efficiently reduces the mortality of neonatal mice infected with CHIKV 

and WNV (66). Similar strategies could be developed in order to target p62 or FAM134B 

during infection with DENV, or to stimulate specific types of selective autophagy. For 

example, by stimulating the antiviral properties of these proteins or by inhibiting the 

ability of DENV to interfere with their functions. Conversely, pharmacological inhibition 

of lipophagy could be used as a therapeutic approach for DENV infection and might be 

a promising strategy for the treatment of the severe disease. 

 

II. Autophagy-dependent and -independent functions of ATG proteins and 

autophagy receptors in CHIKV infection 

 

Autophagy induction upon CHIKV infection is cell-type dependent. The formation and 

degradation of autophagosomes has been observed in HeLa cells and Hek293 cells (67–

69), whereas HepG2 cells do not display signs of autophagy induction upon CHIKV 

infection (70). Furthermore, modulation of autophagy and ATG protein function has 

been described to alter the replication of CHIKV in diverse ways. For example, 

autophagy was shown to target CHIKV components for degradation in order to 

counteract infection (69). Furthermore, super-induction of autophagy in HeLa cells was 

shown to reduce CHIKV output (66). Moreover, inhibition of autophagy has been 

correlated with increased cell death and viral propagation in murine models (68). In 

contrast, depletion of specific ATG proteins like BECN1 or ATG7, restricts CHIKV 

replication in HeLa and Hek293 cells, suggesting a beneficial role of autophagy in 

infection (67,69). The proviral functions of ATG7 and BECN1 in CHIKV-infected human 

cells has been explained in the context of autophagy, as their positive effects correlated 
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with that of drug-mediated autophagy inhibition or induction. The autophagy receptor 

receptor calcium binding and coiled-coil domain 2 (NDP52) has been demonstrated to 

favour CHIKV replication in a process independent of LC3 and therefore was suggested 

to stimulate CHIKV infection independently of autophagy (69). This particular study 

underscores the importance of investigating the role of the ATG proteome both in- and 

outside the autophagy context as individual ATG proteins can also influence viral 

infections via unconventional functions. 

In Chapter 4, we studied the involvement of 50 ATG proteins and autophagy 

receptors in CHIKV infection by performing an imaged- and siRNA-based screen in 

human U2OS cells. Analysis of the screen data revealed that 10 different proteins 

potentially regulate CHIKV infection. Depletion of 9 ATG proteins (i.e., ULK1, ULK4, 

ATG4C, ATG7, LC3B, GABARAPL2, ATG9B, NBR1 and BNIP3) significantly increased 

CHIKV infection, suggesting a role of these proteins or their associated pathways, in 

controlling virus infectivity. Depletion of UVRAG, on the other hand, was shown to 

significantly downregulate viral infection, suggesting that this protein stimulates CHIKV 

propagation. The most prominent antiviral effect was observed for the mitochondrial 

protein and mitophagy receptor BNIP3. Subsequent experiments revealed that BNIP3 

depletion increased CHIKV infection in a unique fashion that is independent of the ATG 

machinery and cellular death pathways. We showed that BNIP3 depletion has no role 

in LC3 lipidation in CHIKV-infected cells. Moreover, our data shows that ATG7 depletion 

increased CHIKV infectivity and simultaneous depletion of BNIP3 and ATG7 further 

enhanced the number of infected cells. Similar results were obtained in ATG7 knockout 

U2OS cells. Furthermore, we showed that BNIP3 depletion has no effect on the total 

mitochondrial mass and the mass of polarized mitochondria in CHIKV-infected cells. 

Finally, on the basis of the lack of LC3 lipidation and formation of WIPI-positive puncta 

in CHIKV-infected U2OS cells, we conclude that autophagy is not induced during CHIKV 

infection in U2OS cells. Collectively, our results demonstrate that basal autophagy limits 

CHIKV infectivity and that BNIP3 controls CHIKV infectivity in an unconventional way. 

With regard to cell death, we observed a multiplicity of infection (MOI)- and time-

dependent increase in the number of dead cells during CHIKV infection, yet BNIP3-

depletion did not inhibit/delay cell death during infection. A detailed analysis of the viral 

replication cycle of CHIKV revealed that BNIP3 controls CHIKV infectivity early in 

infection, but this occurs after virus cell uptake and viral membrane hemifusion. BNIP3 

depletion was shown to increase the number of intracellular viral RNA copies early in 

infection. The increased number of RNA copies translated in a higher number of infected 

cells, an overall higher expression level of viral proteins and enhanced release of viral 

progeny. Furthermore, BNIP3 depletion was shown to increase virus progeny release of 

two distinct circulating CHIKV genotypes and that of the closely related Semliki Forest 

virus (SFV). 
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Overall, the results presented in Chapter 4 indicate that the ATG proteome largely 

controls CHIKV replication in U2OS cells, which is in line with previous reports 

suggesting an antiviral function of autophagy in HeLa cells and in murine models 

(68,69). The antiviral function of autophagy in CHIKV infection has thus far been almost 

exclusively attributed to p62, which co-localizes with ubiquitinated CHIKV capsid protein 

in autolysosomes (69). The specific factors that were identified in our screen have not 

yet been associated with an antiviral function during CHIKV infection. Also, our study 

revealed that ATG7 has antiviral properties towards CHIKV whereas another study 

showed that ATG7 promoted infection (69). A possible explanation for this discrepancy 

might be the cell type used also because the proviral effect of ATG7 was observed in 

cells that induce autophagy during the course of infection. Within our hits, ULK1 has 

thus far only been linked to the initiation of autophagy (71). The proteins ATG4C, LC3B 

and GABARAPL2, have been reported to be predominantly involved in the elongation 

and closure of autophagosomal membranes (72,73). LC3‐I was also reported to function 

independently of autophagy, in a process that does not appear to involve most of the 

other ATG proteins (74). Lastly, NBR1 is an autophagy receptor that has been 

associated with distinct forms of selective autophagy (75), however little is known about 

its function in viral infection. Future research should focus on validating the role of these 

proteins in CHIKV replication and demonstrate whether or not they function in the 

context of autophagy. 

We observed that BNIP3-depletion increases the viral RNA copy number early in 

infection yet no major effect was seen on membrane hemifusion. Our first hypothesis 

is that BNIP3 interferes with nucleocapsid delivery into the cytosol. To study this in 

more detail, cellular fractionation can be performed to separate endosomes from the 

cytosol and determine whether the nucleocapsid, detectable by RT-qPCR, is released in 

the cell cytosol in the presence or the absence of BNIP3. A second hypothesis is that 

BNIP3 interferes with the nucleocapsid uncoating required to release the genomic RNA 

into the cytoplasm. The process of nucleocapsid uncoating is ill-understood and it is 

currently unknown whether host cell factors are involved in this process (76,77). 

Imaging techniques at the super-resolution scale using viruses with fluorescently-

labelled RNA may shed light on the process of nucleocapsid uncoating and the potential 

role of BNIP3 herein. Furthermore, techniques like fluorescence-based in situ 

hybridization and immunoprecipitation could be implemented to determine viral RNA- 

or viral protein-BNIP3 interactions, respectively. A third hypothesis is that BNIP3 affects 

the early formation of the alphavirus replication complexes inside spherules, by 

targeting the viral proteins or the RNA genome in the first rounds of replication. 

Essential to the formation of proper replicase complexes is the translation of the non-

structural proteins in the form of P1234 or as a combination of P1234 and P123 

polyproteins (78,79). Partial processing of the replicase into P123 + nsP4 leads to the 

synthesis of negative strand RNA, whereas complete replicase processing is associated 
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with a switch to positive sense sub-genomic RNA (sgRNA) synthesis (80). The assembly 

of CHIKV replication complexes, including replicase formation and processing, are 

tightly balanced processes. Thus, BNIP3 interference at any of these steps may 

determine the fate of viral replication. To determine whether BNIP3 interferes with the 

formation of the replication complexes, evaluation of the potential interactions between 

this cellular protein and the viral non-structural proteins could help to describe this 

potential mechanism in more detail. Furthermore, determining the levels of sgRNA 

versus negative strand RNA at a given time point might provide more insight into BNIP3-

mediated alphavirus regulation. However, selective amplification of negative strand RNA 

has been proven difficult to assess, as often false priming of the positive RNA strand 

interferes with the specific quantification of the negative strand (81). The increased 

CHIKV RNA levels that we observed early in infection in BNIP3-depleted cells likely 

increases the chance for the virus to productively infect a cell. In turn, the higher 

number of infected cells correlates with the overall higher protein expression late in 

infection. Moreover, the higher number of infected cells also correlates with increased 

output of progeny particles. Collectively, we have pinpointed the mode of action of 

BNIP3 in controlling CHIKV infection to the early steps in infection and further research 

is required to delineate the exact mode of action. Although technically challenging, a 

more detailed understanding of the early events in CHIKV infection will uncover the 

function of BNIP3 and possibly lead to the identification of other novel host factors 

controlling the outcome of infection. 

BNIP3 might regulate CHIKV infection together with still unknown host factors, 

reason why elucidating the interacting partners of BNIP3 might shed light on the 

mechanism involved. Given that BNIP3 is localized on the surface of mitochondria, other 

mitochondria-associated proteins might be involved in its antiviral function, especially 

since other mitochondrial-associated signalling events have been linked with the 

regulation of viral infection (82–84). Intriguingly, BNIP3 and other mitochondrial 

proteins, have also been detected in RAB5-positive endosomes (85), organelles from 

which CHIKV particles fuse (86). The localization of BNIP3 in RAB5-positive endosomes 

has been suggested to mediate the clearance of mitochondria under normal cellular 

conditions and when cells are treated with the mitochondria uncoupler FCCP (85). Due 

to the localization of BNIP3 in early endosomes, it will be interesting to identify and 

study potential viral and cellular interacting partners of BNIP3 in RAB5-positive vesicles. 

At the structural level, the function of BNIP3 might be elucidated by investigating its 

functional domains. BNIP3 comprises of a PEST domain, an LC3 interacting region (LIR), 

a BH3 domain and a transmembrane domain (TM). The TM and the BH3 domains are 

both associated with the pro-apoptotic and autophagy-related function of BNIP3 (87). 

The LIR motif, is responsible for the interaction of BNIP3 with lipidated LC3-II during 

the formation of autophagosomes (88). In Chapter 4 we show that the function of 

BNIP3 in controlling alphavirus infection is likely not mediated by its role as an 
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autophagy receptor, reason why we hypothesise the conventional functions of the LIR 

and the BH3 domains are not relevant for BNIP3 antiviral function. This is supported by 

the fact that NIX depletion has no effect on CHIKV replication, despite sharing 55% 

sequence similarity with BNIP3, especially in the domains related to autophagy and 

apoptosis (89). Finally, the function of BNIP3 in alphavirus infection might also be 

determined by studying the post-translational modifications of this protein, like 

phosphorylation and ubiquitination, or by changes in its expression levels, which are 

currently unknown under viral infection conditions. 

To conclude, our data suggests that BNIP3 participates in other processes unrelated 

to cell death and autophagy to control CHIKV and SFV infections, and future research 

is therefore required to pinpoint more specifically which other host factors participate 

in this antiviral mechanism. 

 

III. miRNA control of cellular responses during DENV infection and potential 

therapeutic approaches 

 

miRNAs are known for their ability to target and control the expression of almost the 

entire human transcriptome and thus are involved in the regulation of multiple cellular 

processes, including the ones that take place during viral infection. In the case of DENV, 

it has been reported that infection of cells changes the miRNA expression landscape 

(miRNAome) and both upregulation and downregulation of individual miRNAs has been 

observed (90–94). Furthermore, some of the studies have shown that differentially 

expressed miRNAs have a beneficial or detrimental effect in DENV replication, 

depending on the involved miRNA. For example, increased expression of the interferon 

(IFN)-inducible miR-146a favours DENV replication by targeting TNF receptor associated 

factor 6 (TRAF6), thereby decreasing the IFN-β response in both the monocytic cell line 

THP-1 and human primary monocytes (95). In addition, it has been proposed that 

miRNA regulation of gene expression in DENV-infected peripheral blood mononuclear 

cells (PBMCs) has an effect on cytokine expression, creating a favourable cellular 

environment for viral replication (90). On the other hand, expression of miRNAs that 

regulate the innate immune response have also been reported to have antiviral 

functions. For example, miR-30e* has been shown to increase the antiviral IFN-β 

response in DENV-infected PBMCs, U937 and HeLa cells (96). Moreover, miRNAs have 

been described to reduce DENV infectivity via both regulation of the oxidative stress 

response by Let-7 (91) and destabilization of microtubule dynamics by miR-223 (92). 

Additionally, direct targeting of miR-548g-3p to the 5’ UTR in the DENV genome has 

also been reported as an antiviral mechanism (97). Altogether, it is evident that 

individual miRNAs can have both detrimental as well as beneficial effects on DENV 

replication via both direct as well as indirect functions. 
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In Chapter 5, we examined the involvement of miRNA-mediated post-

transcriptional regulation of cellular gene expression in primary monocyte-derived 

macrophages (MDMs) exposed to DENV. Macrophages are considered one of the most 

important target cell during natural infection (98), and the role of miRNAs in controlling 

DENV infectivity in this cell type is poorly understood. MDMs cultures were challenged 

with DENV for 24 h after which the cells were sorted in DENV-infected MDMs and non-

infected MDMs that were exposed to DENV. The miRNA expression profile was 

determined in both cell populations and in mock-infected MDMs. Furthermore, UV-

inactivated DENV was used as a non-replicating virus control to also determine the 

importance of viral replication on the miRNAome. Overall, we observed limited changes 

in the miRNAome of MDMs upon DENV infection. No differences were seen between the 

cells exposed to UV-inactivated DENV and the mock-infected cells. The deep-sequencing 

data revealed that DENV infection upregulates the expression of miR-4508, miR-3960, 

and miR-4301 in DENV-infected cells and miR-4508, miR-3960, miR-3614-5p and miR-

181a-3p in non-infected MDMs that have been exposed to DENV when compared to 

mock-infected cells. Interestingly, miR-3614-5p and miR-181a-3p were solely 

upregulated in non-infected cells that were exposed to DENV, which suggests that these 

miRNAs may have antiviral properties. Indeed, overexpression of miR-3614-5p was 

found to reduce the production of DENV progeny. No effect was observed for miR-181-

a. Subsequent proteomic analysis of cells overexpressing miR-3614-5p revealed that 

this miRNA appears to regulate multiple proteins. We validated the effect of miR-3614-

5p on the expression level of protein adenosine deaminase acting on RNA 1 (ADAR1). 

We found that miR-3614-5p indeed controls the expression of ADAR1, and down-

regulation of ADAR1 was found to impair DENV replication. 

Mounting evidence suggests that DENV infection only has a limited effect on the 

miRNA expression profile of human cells (90,92). We identified only 3 miRNAs that were 

differentially expressed in DENV-infected MDMs. This is in line with a study describing 

the miRNAome profile during DENV infection in EA.hy926 cells, a vascular endothelial 

cell line, which identified 8 miRNAs that are upregulated and 4 miRNAs that were down-

regulated during infection (92). Similarly, a study in PBMCs infected with DENV-2, 

identified 11 upregulated and 4 downregulated miRNAs as determined by microarray 

analysis (90). Furthermore, the miRNAs identified vary between distinct studies. In fact, 

little overlap is seen between the studies published to date. These discrepancies can be 

explained by the cell type and the infection conditions, as the miRNA response is largely 

dependent on the cellular context (99). Likewise, the technique used to identify the 

differentially expressed miRNAs, e.g., miRNA microarray versus deep sequencing, can 

also have a significant impact in the results obtained (100). Collectively, the current 

literature suggests that miRNA expression is not drastically changed by DENV infection. 

From the miRNAs that we identified in our study, miR-3614-5p overexpression was 

shown to have an antiviral effect on DENV replication in Huh7 cells. This is line with 
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previous evidence suggesting that cellular miRNAs might indeed have antiviral 

properties (91,92,96,101,102). The mechanism by which miRNAs regulate viral 

replication depends on the cellular target mRNAs. Our proteomic analysis revealed that 

overexpression of miR-3614-5p downregulated the expression of 9 cellular proteins and 

upregulated 20 cellular proteins. Interestingly, some of the proteins regulated by miR-

3614-5p, e.g., protein S100-A9, dynein light chain 1 and heterogeneous nuclear 

ribonucleoproteins A2/B1 have been previously associated with the replication of several 

viruses, including DENV (103–108). We confirmed the function of miR-3614-5p in 

controlling the expression of one of these proteins, i.e., ADAR1, which has been 

previously identified as a host factor that facilitates the replication of yellow fever virus, 

WNV, Venezuelan equine encephalitis virus and CHIKV (109). In line with this 

observation, siRNA-mediated depletion of ADAR1 has been shown to inhibit DENV 

(110). Our data is in agreement with these findings, as ADAR1 knockout MEFs were 

less susceptible to DENV in comparison to WT MEFs, specifically during the first round 

of replication within the first 24 hpi. Furthermore, overexpression of miR-3614-5p also 

reduced the replication of WNV, which suggest that this miRNA has a similar antiviral 

effect on viruses of the same virus family. The contribution of other proteins regulated 

by miR-3614-5p in DENV infection and the specific mechanism by which ADAR1 

promotes DENV infectivity, however, remains to be elucidated. 

Although virus-induced changes in the miRNAome have been reported, little is 

known about the underlying mechanisms by which viral replication induces such 

variations. The regulation of miRNAs during viral infection can be mediated by indirect 

mechanisms e.g., caused by cellular stresses and antiviral responses, or via direct 

mechanisms due to the viral genome and/or proteins. For example, DNA viruses from 

the Herpesviridae, Polyomaviridae, and Papylomaviridae families can directly affect 

miRNA expression as these viruses encode viral miRNA genes (111). Furthermore, the 

expression of viral proteins can also directly induce the expression of specific miRNAs 

(112,113). For DENV, it has been suggested that the viral protein NS4B participates in 

the general suppression of miRNA response (94), although more accurate studies are 

required to validate this result. An example of an indirect mechanism is the induction of 

miRNAs as part of the viral innate immune response. In this scenario, active viral 

replication is required, as viral RNA intermediaries are recognized by immune receptors 

such as retinoic acid-inducible gene I or the endosomal Toll-like receptors, rapidly 

modulating the expression of miRNAs that control the strength and duration of the 

antiviral response (114). Our sequencing data showed that UV-inactivated DENV did 

not induce changes in miRNA expression, corroborating that active replication is 

required to alter the cellular miRNAome during DENV infection. Similarly, viral-induced 

ER expansion and viral egress through the secretory pathway might contribute to 

induction and/or repression of determined miRNAs, a possibility that should be the 

subject of future research. The underlying mechanisms by which the identified miRNAs 
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in our study regulate infection warrants further investigation as this will further increase 

our understanding of the role of miRNAs in DENV infection. 

An advantage of our study was that we used primary MDMs, which are important 

natural targets of DENV during infection (115). Primary cells have the advantage of 

maintaining many of the important markers and functions that are observed in vivo 

(116). The use of primary cell lines, however, comes also with some limitations. In this 

context, our main challenge was to validate the role of miR-3614-5p in MDMs. We 

attempted to overexpress this miRNA in either primary cells or cell lines resembling 

monocytes or macrophages, but this overexpression was difficult to achieve. It is 

generally known that monocytes and macrophages are difficult to transfect, mainly due 

to their high differentiation stage and specialization. Even more, these cells activate the 

type-I IFN response upon transfection, especially when lipophilic transfection reagents 

are used (117,118). In line with these observations, transfection of MDMs with miRNA-

encoding DNA vectors resulted in a low transfection efficiency and cell death (data not 

shown). On the other hand, when overexpression of the miRNA was successful, cells 

were found to be refractory to infection because of the activation of the innate immune 

response. Therefore, with the techniques and tools currently available, it is difficult to 

specifically validate the role of miR-3614-5p in the context of macrophage-like cells. So 

far, the only report in which a macrophage-like cell line has been efficiently transfected 

used nucleofection technology, which represents an optimized electroporation approach 

for DNA transfection (119). To the best of our knowledge, this technique has not been 

used in MDMs, and future studies would therefore determine its efficiency in primary 

MDMs. Overall, although studies in primary cell lines provide many advantages for 

virology studies, there is an urgent need to improve and make more readily available 

methodologies to induce RNA and DNA overexpression in these type of cells. 

Due to their capacity to modulate gene expression, miRNAs are currently being 

considered for therapeutic strategies against viral infections. In the case of hepatitis C 

virus (HCV), for example, the 5’UTR of the viral genome is targeted by the liver-specific 

miR-122, which promotes HCV protein translation by stabilizing the viral genomic RNA 

(120,121). This function led to the design of a synthetic antagonizing locked nucleic 

acid against miR-122 for HCV treatment (Miravirsen®). Miravirsen has demonstrated 

antiviral activity in vitro against all HCV genotypes and has produced long-lasting 

suppression of HCV, with no evidence of viral resistance, in both an HCV-infected 

chimpanzee model and a human phase 2 clinical trial (122,123). Similar mechanisms 

could be used to control transcription, stability or translation of viral genes over the 

course of infections caused by other viruses. Furthermore, long-non-coding RNAs are 

another type of RNAs that are induced during viral infection and have the ability to 

regulate innate immune responses (124,125). Finally, study of miRNAs and other types 

of non-coding RNAs in the context of DENV infection should be investigated further with 

the aim to develop new therapeutic strategies or tools with prognostic value. 



Discussion and future perspectives 

173 

References 

 
1.  Messina JP, Brady OJ, Scott TW, Zou C, 

Pigott DM, Duda KA, et al. Global spread of 
dengue virus types: Mapping the 70 year 
history. Trends Microbiol. 2014 
Mar;22(3):138–46.  

2.  Bleijs R (Rijksinstituut voor V en M. Dengue 
Breaking News and Recent Outbreaks 
[Internet]. denguevirus.net. 2019 [cited 
2019 Sep 27]. Available from: 
http://denguevirusnet.com/breaking-
dengue-news.html 

3.  Wahid B, Ali A, Rafique S, Idrees M. Global 
expansion of chikungunya virus: mapping 
the 64-year history. Int J Infect Dis. 2017 
May 1;58:69–76.  

4.  Yactayo S, Staples JE, Millot V, Cibrelus L, 
Ramon-Pardo P. Epidemiology of 
chikungunya in the americas. J Infect Dis. 
2016 Dec 15;214(suppl 5):S441–5.  

5.  Paixão ES, Rodrigues LC, Costa M da CN, 
Itaparica M, Barreto F, Gérardin P, et al. 
Chikungunya chronic disease: a systematic 
review and meta-analysis. Trans R Soc Trop 
Med Hyg. 2018 Jul 1;112(7):301–16.  

6.  Colón-González FJ, Peres CA, Steiner São 
Bernardo C, Hunter PR, Lake IR. After the 
epidemic: Zika virus projections for Latin 
America and the Caribbean. Ekpo UF, editor. 
PLoS Negl Trop Dis. 2017 Nov 
1;11(11):e0006007.  

7.  Carrillo-Hernández MY, Ruiz-Saenz J, 
Villamizar LJ, Gómez-Rangel SY, Martínez-
Gutierrez M. Co-circulation and 
simultaneous co-infection of dengue, 
chikungunya, and zika viruses in patients 
with febrile syndrome at the Colombian-
Venezuelan border. BMC Infect Dis. 2018 
Dec 30;18(1):61.  

8.  Furuya-Kanamori L, Liang S, Milinovich G, 
Soares Magalhaes RJ, Clements ACA, Hu W, 
et al. Co-distribution and co-infection of 
chikungunya and dengue viruses. BMC 
Infect Dis. 2016 Dec 3;16(1):84.  

9.  Dickens BL, Sun H, Jit M, Cook AR, Carrasco 
LR. Determining environmental and 
anthropogenic factors which explain the 
global distribution of Aedes aegypti and Ae. 
albopictus. BMJ Glob Heal. 2018 Sep 
3;3(4):e000801.  

10.  Hotez PJ. Global urbanization and the 
neglected tropical diseases. Steinmann P, 
editor. PLoS Negl Trop Dis. 2017 Feb 
23;11(2):e0005308.  

11.  Staples JE, Breiman RF, Powers AM. 
Chikungunya Fever: An Epidemiological 

Review of a Re‐Emerging Infectious Disease. 
Clin Infect Dis. 2009 Sep 15;49(6):942–8.  

12.  World Health Organization. Working to 
overcome the global impact of neglected 
tropical diseases: First WHO report on 
neglected tropical diseases. World Health 
Organization. 2010.  

13.  Lum LCS, Huy R, Tyo KR, Sughayyar R, 
Armien B, Montoya R, et al. Cost of Dengue 
Cases in Eight Countries in the Americas and 
Asia: A Prospective Study. Am J Trop Med 
Hyg. 2009 May 1;80(5):846–55.  

14.  Shepard DS, Undurraga EA, Betancourt-
Cravioto M, Guzmán MG, Halstead SB, Harris 
E, et al. Approaches to refining estimates of 
global burden and economics of dengue. 
PLoS Negl Trop Dis. 2014 Nov;8(11):e3306.  

15.  Bloch D. The Cost and Burden of 
Chikungunya in the Americas. Public Health 
Theses. Yale University; 2016.  

16.  LaBeaud AD. Why Arboviruses Can Be 
Neglected Tropical Diseases. Unnasch TR, 
editor. PLoS Negl Trop Dis. 2008 Jun 
25;2(6):e247.  

17.  Sommerfeld J, Kroeger A. Eco-bio-social 
research on dengue in Asia: a multicountry 
study on ecosystem and community-based 
approaches for the control of dengue 
vectors in urban and peri-urban Asia. Pathog 
Glob Health. 2012 Dec 12;106(8):428–35.  

18.  Vannice KS, Durbin A, Hombach J. Status of 
vaccine research and development of 
vaccines for dengue. Vaccine. 2016 Jun 
3;34(26):2934–8.  

19.  Powers AM. Vaccine and Therapeutic 
Options To Control Chikungunya Virus. Clin 
Microbiol Rev. 2017 Dec 13;31(1).  

20.  Smalley C, Erasmus JH, Chesson CB, Beasley 
DWC. Status of research and development 
of vaccines for chikungunya. Vaccine. 2016 
Jun;34(26):2976–81.  

21.  Hadinegoro SR, Arredondo-García JL, 
Capeding MR, Deseda C, Chotpitayasunondh 
T, Dietze R, et al. Efficacy and Long-Term 
Safety of a Dengue Vaccine in Regions of 
Endemic Disease. N Engl J Med. 2015 Sep 
24;373(13):1195–206.  

22.  Halstead SB. Dengvaxia sensitizes 
seronegatives to vaccine enhanced disease 
regardless of age. Vaccine. 2017 
Nov;35(47):6355–8.  

23.  Aguiar M, Stollenwerk N. Dengvaxia Efficacy 
Dependency on Serostatus: A Closer Look at 
More Recent Data. Clin Infect Dis. 2018 Feb 
1;66(4):641–2.  



CHAPTER 6 

174 

24.  Halstead SB. Safety issues from a Phase 3 
clinical trial of a live-attenuated chimeric 
yellow fever tetravalent dengue vaccine. 
Hum Vaccin Immunother. 2018 Sep 
2;14(9):2158–62.  

25.  Aguiar M, Stollenwerk N. Dengvaxia: age as 
surrogate for serostatus. Lancet Infect Dis. 
2018 Mar 1;18(3):245.  

26.  Dengue vaccine: WHO position paper, 
September 2018 – Recommendations. 
Vaccine. 2019 Aug;37(35):4848–9.  

27.  Hernandez-Morales I, Van Loock M. An 
Industry Perspective on Dengue Drug 
Discovery and Development. In: Advances 
in Experimental Medicine and Biology. 2018. 
p. 333–53.  

28.  Subudhi B, Chattopadhyay S, Mishra P, 
Kumar A. Current Strategies for Inhibition of 
Chikungunya Infection. Viruses. 2018 May 
3;10(5):235.  

29.  Lee YR, Lei HY, Liu MT, Wang JR, Chen SH, 
Jiang-Shieh YF, et al. Autophagic machinery 
activated by dengue virus enhances virus 
replication. Virology. 2008 May 
10;374(2):240–8.  

30.  Heaton NS, Perera R, Berger KL, Khadka S, 
LaCount DJ, Kuhn RJ, et al. Dengue virus 
nonstructural protein 3 redistributes fatty 
acid synthase to sites of viral replication and 
increases cellular fatty acid synthesis. Proc 
Natl Acad Sci. 2010 Oct 5;107(40):17345–
50.  

31.  McLean JE, Wudzinska A, Datan E, Quaglino 
D, Zakeri Z. Flavivirus NS4A-induced 
autophagy protects cells against death and 
enhances virus replication. J Biol Chem. 
2011 Jun 24;286(25):22147–59.  

32.  Metz P, Chiramel A, Chatel-Chaix L, Alvisi G, 
Bankhead P, Mora-Rodríguez R, et al. 
Dengue Virus inhibition of autophagic flux 
and dependency of viral replication on 
proteasomal degradation of the autophagy 
receptor p62. Diamond MS, editor. J Virol. 
2015;89(15):8026–41.  

33.  Lee Y-R, Hu H-Y, Kuo S-H, Lei H-Y, Lin Y-S, 
Yeh T-M, et al. Dengue virus infection 
induces autophagy: an in vivo study. J 
Biomed Sci. 2013 Jan;20(1):65.  

34.  Datan E, Roy SG, Germain G, Zali N, McLean 
JE, Golshan G, et al. Dengue-induced 
autophagy, virus replication and protection 
from cell death require ER stress (PERK) 
pathway activation. Cell Death Dis. 2016 Mar 
3;7(3):e2127.  

35.  Panyasrivanit M, Greenwood MP, Murphy D, 
Isidoro C, Auewarakul P, Smith DR. Induced 
autophagy reduces virus output in dengue 
infected monocytic cells. Virology. 2011 Sep 

15;418(1):74–84.  
36.  Huang J, Li Y, Qi Y, Zhang Y, Zhang L, Wang 

Z, et al. Coordinated regulation of 
autophagy and apoptosis determines 
endothelial cell fate during Dengue virus 
type 2 infection. Mol Cell Biochem. 2014 Dec 
20;397(1–2):157–65.  

37.  Chen HR, Chuang YC, Lin YS, Liu HS, Liu CC, 
Perng GC, et al. Dengue virus Nonstructural 
Protein 1 induces vascular leakage through 
macrophage migration inhibitory factor and 
autophagy. Harris E, editor. PLoS Negl Trop 
Dis. 2016 Jul 13;10(7):e0004828.  

38.  Jordan TX, Randall G. Dengue virus 
Activates the AMP kinase-mTOR axis to 
stimulate a proviral lipophagy. J Virol. 2017 
Jun 1;91(11):e02020-16.  

39.  Zhang J, Lan Y, Li MY, Lamers MM, Fusade-
Boyer M, Klemm E, et al. Flaviviruses Exploit 
the Lipid Droplet Protein AUP1 to Trigger 
Lipophagy and Drive Virus Production. Cell 
Host Microbe. 2018 Jun 13;23(6):819-
831.e5.  

40.  Heaton NS, Randall G. Dengue virus-induced 
autophagy regulates lipid metabolism. Cell 
Host Microbe. 2010 Nov 18;8(5):422–32.  

41.  Wu YW, Mettling C, Wu SR, Yu CY, Perng 
GC, Lin YS, et al. Autophagy-associated 
dengue vesicles promote viral transmission 
avoiding antibody neutralization. Sci Rep. 
2016 Oct 25;6(1):32243.  

42.  Pu J, Wu S, Xie H, Li Y, Yang Z, Wu X, et al. 
miR-146a Inhibits dengue-virus-induced 
autophagy by targeting TRAF6. Arch Virol. 
2017 Dec 19;162(12):3645–59.  

43.  Lennemann NJ, Coyne CB. Dengue and Zika 
viruses subvert reticulophagy by NS2B3-
mediated cleavage of FAM134B. Autophagy. 
2017;13(2):322–32.  

44.  Pirooz SD, He S, Zhang T, Zhang X, Zhao Z, 
Oh S, et al. UVRAG is required for virus entry 
through combinatorial interaction with the 
class C-Vps complex and SNAREs. Proc Natl 
Acad Sci. 2014 Feb 18;111(7):2716–21.  

45.  Sharma M, Bhattacharyya S, Nain M, Kaur 
M, Sood V, Gupta V, et al. Japanese 
encephalitis virus replication is negatively 
regulated by autophagy and occurs on LC3-
I- and EDEM1-containing membranes. 
Autophagy. 2014 Sep 19;10(9):1637–51.  

46.  Majzoub K, Bird SW, van Buuren N, 
Kirkegaard K, Abernathy E, Mateo R, et al. 
Differential and convergent utilization of 
autophagy components by positive-strand 
RNA viruses. Sugden B, editor. PLOS Biol. 
2019 Jan 4;17(1):e2006926.  

47.  Mercer TJ, Gubas A, Tooze SA. A molecular 
perspective of mammalian autophagosome 



Discussion and future perspectives 

175 

biogenesis. J Biol Chem. 2018 Jan 
25;293(15):5386–95.  

48.  Abounit K, Scarabelli TM, McCauley RB. 
Autophagy in mammalian cells. World J Biol 
Chem. 2012 Jan 26;3(1):1–6.  

49.  Ge L, Zhang M, Kenny SJ, Liu D, Maeda M, 
Saito K, et al. Remodeling of ER-exit sites 
initiates a membrane supply pathway for 
autophagosome biogenesis. EMBO Rep. 
2017 Sep 1;18(9):e201744559.  

50.  Welsch S, Miller S, Romero-Brey I, Merz A, 
Bleck CKE, Walther P, et al. Composition and 
three-dimensional architecture of the 
dengue Virus replication and assembly sites. 
Cell Host Microbe. 2009 Apr 23;5(4):365–
75.  

51.  Singh R, Kaushik S, Wang Y, Xiang Y, Novak 
I, Komatsu M, et al. Autophagy regulates 
lipid metabolism. Nature. 2009 Apr 
1;458(7242):1131–5.  

52.  Khaminets A, Heinrich T, Mari M, Grumati P, 
Huebner AK, Akutsu M, et al. Regulation of 
endoplasmic reticulum turnover by selective 
autophagy. Nature. 2015 Jun 
3;522(7556):354–8.  

53.  Singh R, Cuervo AM. Lipophagy: Connecting 
autophagy and lipid metabolism. Int J Cell 
Biol. 2012;2012:1–12.  

54.  Ohsaki Y, Cheng J, Fujita A, Tokumoto T, 
Fujimoto T. Cytoplasmic Lipid Droplets Are 
Sites of Convergence of Proteasomal and 
Autophagic Degradation of Apolipoprotein B. 
Brodsky J, editor. Mol Biol Cell. 2006 
Jun;17(6):2674–83.  

55.  Randall G. Lipid Droplet Metabolism during 
Dengue Virus Infection. Trends Microbiol. 
2018 Aug 1;26(8):640–2.  

56.  Spandl J, Lohmann D, Kuerschner L, 
Moessinger C, Thiele C. Ancient Ubiquitous 
Protein 1 (AUP1) Localizes to Lipid Droplets 
and Binds the E2 Ubiquitin Conjugase G2 
(Ube2g2) via Its G2 Binding Region. J Biol 
Chem. 2011 Feb 18;286(7):5599–606.  

57.  Fregno I, Molinari M. Endoplasmic reticulum 
turnover: ER-phagy and other flavors in 
selective and non-selective ER clearance. 
F1000Research. 2018 Apr 13;7:454.  

58.  Yang H, Ni H-M, Guo F, Ding Y, Shi Y-H, 
Lahiri P, et al. Sequestosome 1/p62 protein 
is associated with autophagic removal of 
excess hepatic endoplasmic reticulum in 
mice. J Biol Chem. 2016 Sep 
2;291(36):18663–74.  

59.  Hanna RA, Quinsay MN, Orogo AM, Giang K, 
Rikka S, Gustafsson ÅB. Microtubule-
associated Protein 1 Light Chain 3 (LC3) 
Interacts with Bnip3 Protein to Selectively 
Remove Endoplasmic Reticulum and 

Mitochondria via Autophagy. J Biol Chem. 
2012 Jun 1;287(23):19094–104.  

60.  Nelson MP, Shacka JJ. Autophagy 
Modulation in Disease Therapy: Where Do 
We Stand? Curr Pathobiol Rep. 2013 Dec 
1;1(4):239–45.  

61.  Maiuri MC, Kroemer G. Therapeutic 
modulation of autophagy: which disease 
comes first? Cell Death Differ. 2019 Apr 
6;26(4):680–9.  

62.  Li J, Kim SG, Blenis J. Rapamycin: One Drug, 
Many Effects. Cell Metab. 2014 
Mar;19(3):373–9.  

63.  Touzot M, Soulillou JP, Dantal J. Mechanistic 
target of rapamycin inhibitors in solid organ 
transplantation. Curr Opin Organ 
Transplant. 2012 Dec;17(6):626–33.  

64.  Weichhart T, Hengstschläger M, Linke M. 
Regulation of innate immune cell function by 
mTOR. Nat Rev Immunol. 2015 Oct 
25;15(10):599–614.  

65.  Galluzzi L, Bravo-San Pedro JM, Levine B, 
Green DR, Kroemer G. Pharmacological 
modulation of autophagy: Therapeutic 
potential and persisting obstacles. Nat Rev 
Drug Discov. 2017 May 19;16(7):487–511.  

66.  Shoji-Kawata S, Sumpter R, Leveno M, 
Campbell GR, Zou Z, Kinch L, et al. 
Identification of a candidate therapeutic 
autophagy-inducing peptide. Nature. 2013 
Jan 30;494(7436):201–6.  

67.  Krejbich-Trotot P, Gay B, Li-Pat-Yuen G, 
Hoarau JJ, Jaffar-Bandjee MC, Briant L, et al. 
Chikungunya triggers an autophagic process 
which promotes viral replication. Virol J. 
2011 Jan;8:432.  

68.  Joubert PE, Werneke SW, de la Calle C, 
Guivel-Benhassine F, Giodini A, Peduto L, et 
al. Chikungunya virus–induced autophagy 
delays caspase-dependent cell death. J Exp 
Med. 2012 May 7;209(5):1029–47.  

69.  Judith D, Mostowy S, Bourai M, Gangneux N, 
Lelek M, Lucas-Hourani M, et al. Species-
specific impact of the autophagy machinery 
on Chikungunya virus infection. EMBO Rep. 
2013 Apr 26;14(6):534–44.  

70.  Khongwichit S, Wikan N, Abere B, Thepparit 
C, Kuadkitkan A, Ubol S, et al. Cell-type 
specific variation in the induction of ER 
stress and downstream events in 
chikungunya virus infection. Microb Pathog. 
2016 Dec 1;101:104–18.  

71.  Lin MG, Hurley JH. Structure and function of 
the ULK1 complex in autophagy. Curr Opin 
Cell Biol. 2016 Apr;39:61–8.  

72.  Maruyama T, Noda NN. Autophagy-
regulating protease Atg4: structure, 
function, regulation and inhibition. J Antibiot 



CHAPTER 6 

176 

(Tokyo). 2018 Jan 13;71(1):72–8.  
73.  Schaaf MBE, Keulers TG, Vooijs MA, 

Rouschop KMA. LC3/GABARAP family 
proteins: autophagy-(un)related functions. 
FASEB J. 2016 Dec;30(12):3961–78.  

74.  Bestebroer J, V’kovski P, Mauthe M, Reggiori 
F. Hidden behind autophagy: The 
unconventional roles of ATG proteins. 
Traffic. 2013 Oct 1;14(10):1029–41.  

75.  Law KB, Kim PK. Ubiquitin and p62 in 
Selective Autophagy in Mammalian Cells. In: 
Autophagy: Cancer, Other Pathologies, 
Inflammation, Immunity, Infection, and 
Aging. Elsevier; 2014. p. 89–103.  

76.  Yamauchi Y, Greber UF. Principles of Virus 
Uncoating: Cues and the Snooker Ball. 
Traffic. 2016 Jun 1;17(6):569–92.  

77.  Wengler G. The regulation of disassembly of 
alphavirus cores. Arch Virol. 2009 Mar 
19;154(3):381–90.  

78.  Strauss JH, Strauss EG. The alphaviruses: 
gene expression, replication, and evolution. 
Microbiol Rev. 1994 Sep 1;58(3):491–562.  

79.  Salonen A, Vasiljeva L, Merits A, Magden J, 
Jokitalo E, Kääriäinen L. Properly folded 
nonstructural polyprotein directs the semliki 
forest virus replication complex to the 
endosomal compartment. J Virol. 2003 
Feb;77(3):1691–702.  

80.  Lemm JA, Rümenapf T, Strauss EG, Strauss 
JH, Rice CM. Polypeptide requirements for 
assembly of functional Sindbis virus 
replication complexes: a model for the 
temporal regulation of minus- and plus-
strand RNA synthesis. EMBO J. 1994 Jun 
15;13(12):2925–34.  

81.  Plaskon NE, Adelman ZN, Myles KM. 
Accurate Strand-Specific Quantification of 
Viral RNA. Sommer P, editor. PLoS One. 
2009 Oct 22;4(10):e7468.  

82.  Ohta A, Nishiyama Y. Mitochondria and 
viruses. Mitochondrion. 2011 Jan 1;11(1):1–
12.  

83.  West AP, Shadel GS, Ghosh S. Mitochondria 
in innate immune responses. Nat Rev 
Immunol. 2011 Jun 20;11(6):389–402.  

84.  El Maadidi S, Faletti L, Berg B, Wenzl C, 
Wieland K, Chen ZJ, et al. A novel 
mitochondrial MAVS/Caspase-8 platform 
links RNA virus-induced innate antiviral 
signaling to Bax/Bak-independent apoptosis. 
J Immunol. 2014 Feb 1;192(3):1171–83.  

85.  Hammerling BC, Shires SE, Leon LJ, Cortez 
MQ, Gustafsson ÅB. Isolation of Rab5-
positive endosomes reveals a new 
mitochondrial degradation pathway utilized 
by BNIP3 and Parkin. Small GTPases. 2017 
Jul 11;1–8.  

86.  Hoornweg TE, van Duijl-Richter MKS, Ayala 
Nuñez N V., Albulescu IC, van Hemert MJ, 
Smit JM. Dynamics of Chikungunya virus cell 
entry unraveled by single-virus tracking in 
living cells. J Virol. 2016;90(9):4745–56.  

87.  Hamacher-Brady A, Brady NR, Logue SE, 
Sayen MR, Jinno M, Kirshenbaum LA, et al. 
Response to myocardial 
ischemia/reperfusion injury involves Bnip3 
and autophagy. Cell Death Differ. 2007 Jan 
28;14(1):146–57.  

88.  Deng Z, Purtell K, Lachance V, Wold MS, 
Chen S, Yue Z. Autophagy Receptors and 
Neurodegenerative Diseases. Trends Cell 
Biol. 2017 Jul;27(7):491–504.  

89.  Chinnadurai G, Vijayalingam S, Gibson SB. 
BNIP3 subfamily BH3-only proteins: 
Mitochondrial stress sensors in normal and 
pathological functions. Vol. 27, Oncogene. 
Nature Publishing Group; 2008. p. S114–27.  

90.  Qi Y, Li Y, Zhang L, Huang J. MicroRNA 
expression profiling and bioinformatic 
analysis of dengue virus-infected peripheral 
blood mononuclear cells. Mol Med Rep. 2013 
Mar;7(3):791–8.  

91.  Escalera-Cueto M, Medina-Martínez I, del 
Angel RM, Berumen-Campos J, Gutiérrez-
Escolano AL, Yocupicio-Monroy M. Let-7c 
overexpression inhibits dengue virus 
replication in human hepatoma Huh-7 cells. 
Virus Res. 2015 Jan 20;196:105–12.  

92.  Wu N, Gao N, Fan D, Wei J, Zhang J, An J. 
MiR-223 inhibits dengue virus replication by 
negatively regulating the microtubule-
destabilizing protein STMN1 in 
EAhy926cells. Microbes Infect. 2014 
Nov;16(11):911–22.  

93.  Tambyah PA, Ching CS, Sepramaniam S, Ali 
JM, Armugam A, Jeyaseelan K. microRNA 
expression in blood of dengue patients. Ann 
Clin Biochem. 2016 Jul;53(4):466–76.  

94.  Kakumani PK, Ponia SS, S RK, Sood V, 
Chinnappan M, Banerjea AC, et al. Role of 
RNA Interference (RNAi) in Dengue Virus 
Replication and Identification of NS4B as an 
RNAi Suppressor. J Virol. 2013 Jun 
5;87(16):8870–83.  

95.  Wu S, He L, Li Y, Wang T, Feng L, Jiang L, 
et al. MiR-146a facilitates replication of 
dengue virus by dampening interferon 
induction by targeting TRAF6. J Infect. 2013 
May 16;67(4):329–41.  

96.  Zhu X, He Z, Hu Y, Wen W, Lin C, Yu J, et 
al. MicroRNA-30e* Suppresses Dengue Virus 
Replication by Promoting NF-κB–Dependent 
IFN Production. Michael SF, editor. PLoS 
Negl Trop Dis. 2014 Aug;8(8):e3088.  

97.  Wen W, He Z, Jing Q, Hu Y, Lin C, Zhou R, 



Discussion and future perspectives 

177 

et al. Cellular microRNA-miR-548g-3p 
modulates the replication of dengue virus. J 
Infect. 2015 Dec 11;70(6):631–40.  

98.  Wan S-W, Wu-Hsieh BA, Lin Y-S, Chen W-Y, 
Huang Y, Anderson R. The monocyte-
macrophage-mast cell axis in dengue 
pathogenesis. J Biomed Sci. 2018 Dec 
8;25(1):77.  

99.  Ludwig N, Leidinger P, Becker K, Backes C, 
Fehlmann T, Pallasch C, et al. Distribution of 
miRNA expression across human tissues. 
Nucleic Acids Res. 2016 May 5;44(8):3865–
77.  

100.  Pritchard CC, Cheng HH, Tewari M. 
MicroRNA profiling: approaches and 
considerations. Nat Rev Genet. 2012 May 
18;13(5):358–69.  

101.  Ojha CR, Rodriguez M, Dever SM, 
Mukhopadhyay R, El-Hage N. Mammalian 
microRNA: an important modulator of host-
pathogen interactions in human viral 
infections. J Biomed Sci. 2016;23(1):74.  

102.  Bavia L, Mosimann ALP, Aoki MN, Duarte dos 
Santos CN. A glance at subgenomic 
flavivirus RNAs and microRNAs in flavivirus 
infections. Virol J. 2016;13(1):84.  

103.  Tsai SY, Segovia JA, Chang TH, Morris IR, 
Berton MT, Tessier PA, et al. DAMP Molecule 
S100A9 Acts as a Molecular Pattern to 
Enhance Inflammation during Influenza A 
Virus Infection: Role of DDX21-TRIF-TLR4-
MyD88 Pathway. PLoS Pathog. 2014;10(1).  

104.  Sharma S, Mayank AK, Nailwal H, Tripathi S, 
Patel JR, Bowzard JB, et al. Influenza A viral 
nucleoprotein interacts with cytoskeleton 
scaffolding protein α-actinin-4 for viral 
replication. FEBS J. 2014;281(13):2899–
914.  

105.  Jayappa KD, Ao Z, Wang X, Mouland AJ, 
Shekhar S, Yang X, et al. Human 
immunodeficiency virus type 1 employs the 
cellular dynein light chain 1 protein for 
reverse transcription through interaction 
with its integrase protein. J Virol. 
2015;89(7):3497–511.  

106.  Katoh H, Mori Y, Kambara H, Abe T, 
Fukuhara T, Morita E, et al. Heterogeneous 
nuclear ribonucleoprotein A2 participates in 
the replication of Japanese encephalitis virus 
through an interaction with viral proteins 
and RNA. J Virol. 2011;85(21):10976–88.  

107.  Paranjape SM, Harris E. Y box-binding 
protein-1 binds to the dengue virus 
3’untranslated region and mediates antiviral 
effects. J Biol Chem. 2007;282(42):30497–
508.  

108.  Zhang Q, Rodriguez-lado L, Liu J, Johnson 
CA, Zheng Q, Sun G. The heterogeneous 

nuclear ribonucleoprotein K (hnRNPK) is a 
host factor required for dengue virus and 
Junin virus multiplication. Virus Res. 
2013;203:84–91.  

109.  Schoggins JW, Wilson SJ, Panis M, Murphy 
MY, Jones CT, Bieniasz P, et al. A diverse 
range of gene products are effectors of the 
type i interferon antiviral response. Nature. 
2011 Apr 28;472(7344):481–5.  

110.  de Chassey B, Aublin-Gex A, Ruggieri A, 
Meyniel-Schicklin L, Pradezynski F, Davoust 
N, et al. The Interactomes of Influenza Virus 
NS1 and NS2 Proteins Identify New Host 
Factors and Provide Insights for ADAR1 
Playing a Supportive Role in Virus 
Replication. PLoS Pathog. 2013;9(7).  

111.  Plaisance-Bonstaff K, Renne R. Viral 
miRNAs. In: Methods in Molecular Biology. 
2011. p. 43–66.  

112.  Yuan Z, Petree JR, Lee FE-H, Fan X, Salaita 
K, Guidot DM, et al. Macrophages exposed 
to HIV viral protein disrupt lung epithelial 
cell integrity and mitochondrial 
bioenergetics via exosomal microRNA 
shuttling. Cell Death Dis. 2019 Aug 
2;10(8):580.  

113.  Braconi C, Valeri N, Gasparini P, Huang N, 
Taccioli C, Nuovo G, et al. Hepatitis C virus 
proteins modulate microRNA expression and 
chemosensitivity in malignant hepatocytes. 
Clin Cancer Res. 2010 Feb 1;16(3):957–66.  

114.  Zhang Y, Li Y. MicroRNAs in the regulation 
of immune response against infections. J 
Zhejiang Univ Sci B. 2013 Jan 10;14(1):1–7.  

115.  Flipse J, Torres S, Diosa-Toro M, van der 
Ende-Metselaar H, Herrera-Rodriguez J, 
Urcuqui-Inchima S, et al. Dengue tropism 
for macrophages and dendritic cells: the 
host cell effect. J Gen Virol. 2016 Jul 
1;97(7):1531–6.  

116.  Pan C, Kumar C, Bohl S, Klingmueller U, 
Mann M. Comparative Proteomic 
Phenotyping of Cell Lines and Primary Cells 
to Assess Preservation of Cell Type-specific 
Functions. Mol Cell Proteomics. 2009 
Mar;8(3):443–50.  

117.  Jensen K, Anderson JA, Glass EJ. 
Comparison of small interfering RNA (siRNA) 
delivery into bovine monocyte-derived 
macrophages by transfection and 
electroporation. Vet Immunol 
Immunopathol. 2014 Apr;158(3–4):224–32.  

118.  Guo X, Wang H, Li Y, Leng X, Huang W, Ma 
Y, et al. Transfection reagent Lipofectamine 
triggers type I interferon signaling activation 
in macrophages. Immunol Cell Biol. 2019 
Jan;97(1):92–6.  

119.  Maeß MB, Wittig B, Lorkowski S. Highly 



CHAPTER 6 

178 

Efficient Transfection of Human THP-1 
Macrophages by Nucleofection. J Vis Exp. 
2014 Sep 2;(91).  

120.  Jopling CL. Modulation of Hepatitis C Virus 
RNA Abundance by a Liver-Specific 
MicroRNA. Science (80- ). 2005 Sep 
2;309(5740):1577–81.  

121.  Sedano CD, Sarnow P. Hepatitis C virus 
subverts liver-specific miR-122 to protect 
the viral genome from exoribonuclease 
Xrn2. Cell Host Microbe. 2014 Aug 
13;16(2):257–64.  

122.  Ottosen S, Parsley TB, Yang L, Zeh K, Van 
Doorn LJ, Van Der Veer E, et al. In Vitro 
antiviral activity and preclinical and clinical 
resistance profile of miravirsen, a novel anti-
hepatitis C virus therapeutic targeting the 
human factor miR-122. Antimicrob Agents 
Chemother. 2015 Jan;59(1):599–608.  

123.  Janssen HLA, Reesink HW, Lawitz EJ, 
Zeuzem S, Rodriguez-Torres M, Patel K, et 
al. Treatment of HCV Infection by Targeting 
MicroRNA. N Engl J Med. 2013 Mar 
27;368(18):1685–94.  

124.  Fortes P, Morris K V. Long noncoding RNAs 
in viral infections. Virus Res. 2016 
Jan;212:1–11.  

125.  Jiang M, Zhang S, Yang Z, Lin H, Zhu J, Liu 
L, et al. Self-Recognition of an Inducible 
Host lncRNA by RIG-I Feedback Restricts 
Innate Immune Response. Cell. 2018 
May;173(4):906-919.e13. 

  



Discussion and future perspectives 

179 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


	Chapter 6



