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Introduction 

 

1) Epidemiology and clinical characteristics of dengue and chikungunya 
virus infections 

 
Viruses transmitted to humans by mosquitoes of the genus Aedes sp. are one of the 

most important causes of febrile illness worldwide, especially in the developing world. 

Dengue virus (DENV) is the most common arthropod-borne virus, a virus which belongs 
to the Flavivirus genus of the Flaviviridae virus family. DENV is antigenically divided into 

four serotypes (DENV-1 to DENV-4) and all serotypes cause human disease and are 
widespread around the globe (1). DENV has a global estimate of 390 million infections 

annually, mainly in tropical and sub-tropical regions in Asia and the Americas (2). DENV 

infections, however, also occur in Africa and the Eastern Mediterranean, and recently 
autochthonous dengue cases have been reported in different areas of Europe and the 

United States (3,4). It has been estimated that in 96 million cases, infection leads to a 
clinically apparent disease, and 500,000 to 1 million individuals develop severe dengue 

(2). The disease is usually characterized by an acute high temperature (≥38.5°C), 
vomiting, nausea, aches, macular transitory rash and sometimes mild haemorrhagic 

manifestations (5). In some cases, the disease develops to a more severe form, 

particularly amongst children experiencing a heterotypic secondary infection (6,7). 
Severe dengue involves marked plasma leakage and severe haemorrhagic 

manifestations, which may lead to organ impairment and hypovolemic shock (5,8–10). 
In 20,000 cases per year dengue is fatal. Chikungunya virus (CHIKV) is a member of 

the Alphavirus genus of the Togaviridae virus family, and the causative agent of 

mosquito-borne chikungunya fever. The virus was first isolated in 1952, during an 
outbreak in southern Tanzania of a dengue-like illness accompanied by severe arthralgia 

(11). CHIKV became endemic in many countries in Africa and Asia (12). Following a 
large outbreak in 2005 in La Reunion island, the virus spread more globally leading to 

recurrent outbreaks in the Americas and the Caribbean, and also in more temperate 
locations in southern Europe among others (13). For CHIKV, three distinct genotypes 

are defined: West African, East Central South African (ECSA), and Asian (14). The 

current outbreaks in many tropical and sub-tropical areas of Africa, Asia, Europe, the 
Pacific archipelago, and the Americas involve either the ECSA genotype, the Asian 

genotype, or both (15). From 2014 to 2016, it was estimated that 2 million people have 
been infected with CHIKV (16). CHIKV infection is characterized by a high symptomatic 

attack rate, especially in areas with no prior history of infection, where 50% - 97% of 

individuals develop a clinically apparent disease and 35-52% of these individuals 
develop more severe chronic manifestations that can last from months to years (17–

19). Chikungunya fever is characterized by an acute fever, joint and muscle pain, 
headache, nausea, fatigue and rash. The joint pain is often more debilitating than that 

of dengue fever, and it can persist for several months or even years after the infection 

has been resolved (20,21).  
 

 
 

 



General introduction and scope of the thesis 

9 

2) Dengue virus and Chikungunya virus pathogenesis 

 

Upon a mosquito-bite, virus particles are released directly into the bloodstream and the 
layers of the skin tissue, resulting in infection of different types of cells. In the case of 

DENV, immature Langerhans cells, epidermal dendritic cells and keratinocytes have 
been reported to be the first cells to become infected (22). During primary infection, 

attachment of DENV particles to the cell surface is mediated by various receptors, 

depending on the cell type. DC-SIGN and the mannose receptor are fundamental for 
the infection of dendritic cells and macrophages, respectively (23). Other attachment 

factors include heparan sulfate, lectins, heat shock proteins, the laminin receptor and 
the CD14-associated protein (24). The replicative cycle of DENV is described in detail in 

Chapter 2. After the first rounds of replication, DENV-infected Langerhans cells migrate 

from the site of infection to the lymph nodes, where macrophages and monocytes 
become infected and amplify the viral load (22). DENV is then disseminated through 

the lymphatic system ultimately leading to the infection of several organs and tissues, 
including the spleen, liver and bone marrow (25,26). Infection is typically resolved 

within 1 week after the onset of the fever, predominantly due to the action of the innate 
immune system (27). Both type I and II interferons (IFN-I and IFN-II) have been 

described as critical cytokines in the control of DENV infection (28). DENV-specific B 

and T cells, which are only generated after approximately 6 days post-infection, help to 
fully control viral replication (29). The immune response triggered provides life-long 

protection against re-infection with the same serotype and several months of cross-
protection against infection with the other serotypes (30). Re-infection with another 

serotype after prolonged time has been associated with severe disease development as 

a consequence of original antigenic sin of B and T cells, and a phenomenon referred to 
as antibody-dependent enhancement of infection (31). Third and fourth DENV infections 

are typically already controlled early in infection and as such do not lead to clinical 
apparent disease (32).      

During CHIKV infection, the first cells that are infected are presumed to be 
fibroblasts, keratinocytes, melanocytes and monocytes (33). Although the identity of 

the cellular factors involved in CHIKV entry remains unknown, various proteins have 

been proposed as candidate receptors. For example, prohibitin, phosphatidylserine-
mediated virus entry-enhancing receptors, and glycosaminoglycans have been 

suggested as potential CHIKV entry factors in mammalian cells (34). Recently, the 
matrix-remodelling associated 8 protein was also reported to function as a receptor for 

multiple arthritogenic alphaviruses, including CHIKV (35). The downstream steps 

involved in the replicative cycle of CHIKV are described in detail in Chapter 2. CHIKV 
initially replicates in dermal fibroblasts, migrating monocytes/macrophages and 

endothelial cells (34). Subsequently, the virus is transported to secondary lymphoid 
organs, where it infects and replicates in migratory cells leading to high viremia. 

Subsequently, CHIKV disseminates to the joints, skeletal muscles, heart, kidney, liver, 

and more rarely, the brain (36). In these tissues, the infection is associated with a 
marked infiltration of mononuclear cells. After virus dissemination, fibroblasts remain 

the main target cells, followed by macrophages, especially in tissue sanctuaries such as 
the synovial membrane that surrounds specific joints (37). The acute phase of infection 

is characterised by high virus titers in blood that trigger a robust systemic activation of 
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monocyte-driven innate immune response, principally involving the production of IFN-I 

as well as many pro-inflammatory cytokines and chemokines (38). This is followed by 

the engagement of the adaptive immunity through activation and proliferation of CD8-
positive and CD4-positive T cells in the late stages of the acute disease (39,40). After 

the first week of infection, CHIKV-specific antibodies produced by B cells are readily 
detected, which results in the control of the infection and life-lasting immunity (41). 

Chronic CHIKV disease is characterised by aberrant activation of the immune system, 

which features elevated levels of pro-inflammatory cytokines and activated CD8-positive 
and NK cells (42,43). Although the reasons behind this immune activation are still not 

well defined, one of the most studied hypothesis is based on the presence of CHIKV 
antigens in joint and muscle samples several months after an acute infection (37,44,45). 

 

3) Vaccines and treatment options for infections caused by dengue and 
chikungunya virus 

 
Despite the high viral burden, there are no licensed antivirals available to treat the 

diseases caused by DENV and CHIKV. However, there are a vast number of therapeutic 
strategies under development. The goal of these strategies is to lower the viral load 

with the aim to alleviate the disease symptoms. For DENV, different antiviral 

compounds, including antibodies, entry inhibitors, non-specific molecules or drugs 
targeting specific viral proteins have been described (46). Only a small number of 

antivirals have been developed further, mainly due to limited efficacy towards all 
serotypes or to adverse effects in animal models (47). To date, only few compounds 

have been tested in human clinical trials and thus no positive effect has so far reported. 

For example, the nucleoside-analogue balapiravir, which inhibited DENV replication in 
vitro and was proven to be safe in humans, did not lead to significant changes in viral 

load in DENV-infected patients (48). Similarly, other drugs such as lovastatine, 
prednisolone, celgosivir and cloroquine, had no efficacy against DENV infection when 

assessed in clinical trials (49). For CHIKV, the studied approaches have been based on 
the use of antibodies, antimicrobial compounds and traditional antivirals like ribavirin, 

IFN-α, and niclosamide among many others (50). Despite the existence of all these 

potential antiviral candidates, only chloroquine has been evaluated in clinical studies, 
yet, there is a lack of consistency in the data gathered so far about the benefits for 

patients receiving this drug (51,52). Interestingly, drugs targeting host cellular 
pathways and proteins important for viral replication have also been developed, 

including an inhibitor of protein kinase C and mitogen-activated protein kinase signalling 

for CHIKV, and molecules that interfere with fatty acids metabolism in the case of DENV 
(53–55). These drugs, however, have not been studied in animal models and in the 

clinic yet (53–55).  
Despite the urgent need of specific antivirals, research was more centred around the 

development of a safe and efficacious vaccine in the last decades. In 2015, a tetravalent 

DENV vaccine based on a live chimeric yellow fever/dengue virus (Dengvaxia) was 
licensed in several countries, to be administered exclusively to ≥9 year-olds in regions 

with high endemicity (56). As a consequence of mass immunization programs, however, 
the vaccine was shown to have potential adverse effects, as there is a higher risk of 

developing severe disease in vaccinated seronegative individuals (57–59). Therefore, 
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the World Health Organization currently advises to use Dengvaxia only in people with 

pre-existing DENV immunity (60). Other vaccine candidates are currently in phase I and 

phase II clinical trials (61). In the case of CHIKV, a vaccine candidate was evaluated in 
phase I and phase II clinical trials in 1998 with promising results, but the research on 

this vaccine was stopped and a licenced product remains unavailable (62). Due to the 
recent re-emergence of CHIKV, however, research on vaccine development has been 

intensified. Current vaccine candidates for CHIKV include virus-like particles, subunit 

vaccines, vectored/chimeric vaccines, nucleic acid vaccines, and live attenuated 
vaccines, which are in different stages of development (50,63). A live attenuated virus 

vaccine (VLA1553) is in the recruitment stage of a phase I clinical trial and two other 
vaccines based on virus-like particles and a measles virus-based chimera have 

successfully completed phase II trials (64–66). 

 
4) Cellular host factors and pathways involved in dengue and chikungunya 

virus infections 
 

Infected cells try to cope with the virus by activating an array of signalling pathways to 
maintain/restore cellular homeostasis and to control/inhibit viral replication. These 

pathways can be activated directly due to the presence of a viral genome and proteins, 

or can be driven indirectly by other cellular processes that are activated during viral 
infection. Viruses, on the other hand, have evolved strategies to hijack/manipulate 

cellular pathways to their benefit. It is, however, beyond the scope of this introduction 
to describe the numerous pathways that aid in controlling DENV and CHIKV replication. 

Instead, we will focus on those pathways studied in the subsequent chapters of this 

thesis. In the following sections, we will therefore introduce the main molecular aspects 
regarding the post-transcriptional regulation of gene expression by microRNAs 

(miRNAs) and the autophagy pathway; and describe their role in viral infection. 
Furthermore, due to the links that have been described between autophagy and other 

cellular pathways, the unfolded protein response, mitochondrial-function and cell death 
will also be addressed. 

 

A. Post-transcriptional regulation of gene expression by microRNAs 
 

RNA interference (RNAi) pathways comprise diverse biological mechanisms of small 
RNA-mediated gene regulation and genome defence, which are conserved across 

eukaryotes, from yeast to humans (67). Although the regulatory function of small RNAs 

was recognized in the early 90s in plants, fungi and nematodes (68–70), it was not until 
1998 when an explanation for these phenomena was described in Caenorhabditis 
elegans and the term RNAi was coined by Fire and Mello (71). RNAi was quickly 
identified to occur in other animals like insects and mammals, and the pathways and 

proteins associated to this silencing mechanism were proficiently described in the 

following decade (72–74). As the name indicates, RNAi is mediated by the interaction 
of non-coding RNA molecules with target mRNA transcripts, to induce post-

transcriptional gene silencing (75). RNAi has been described as a natural mechanism to 
control vital processes, such as cell growth, tissue differentiation, heterochromatin 

formation, cell proliferation, cell death and metabolic control (76). Therefore, it is not 
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surprising that RNAi dysfunction is linked to multiple infectious diseases, neurological 

disorders, and many types of cancer (77–80). 

In most animals, three types of small RNA molecules are recognized to be central to 
the RNAi pathways: piwi-interacting RNAs (piRNA), small interfering RNAs (siRNAs) and 

miRNAs (67). Within those, only miRNAs and piRNAs are genome-derived; whereas 
siRNAs are usually from exogenous origin, although some exceptions exist (74,81). The 

piRNAs participate in repression of transposons and germ line genome integrity, 

although the post-transcriptional and transcriptional processes involved are still poorly 
described (82). In contrast, the miRNA-based pathways control endogenous gene 

expression (83,84). In humans, it has been estimated that at least ∼6,000 genome 

sequences encode for miRNAs and these are thought to control most mammalian 
protein-coding genes (85,86).  

 
miRNA biogenesis and modes of action 
 
miRNA expression is initiated by RNA Pol II in the nucleus, which transcribes ∼1000 

nucleotides long primary miRNAs (pri-miRNAs) (Fig. 1). The pri-miRNA folds into a 

double-stranded RNA structure lacking full complementarity, which results in a stem 

loop that bears single or clustered hairpins and terminal 5’ and 3’ overhangs (77). Pri-
miRNAs are subsequently trimmed by the RNase III enzyme Drosha to generate 

precursor miRNAs (pre-miRNAs, Fig. 1), which are subsequently exported into the 
cytoplasm (87). These pre-miRNAs are then processed by the endoribonuclease-

containing protein Dicer (Fig. 1), and gives rise to a 21-25 nucleotides RNA duplex that 

are further loaded onto an Argonaute (AGO) protein to form the pre-miRNA silencing 
complex (pre-RISC) (88). Following miRNA duplex loading, AGO quickly removes one 

of the strands of the miRNA duplex (Fig. 1), forming the mature RISC. The selected 
miRNA strand subsequently guides the selection of an mRNA target on the basis of base 

complementarity (89). Nucleotides 2-6 of the guide strand constitute the ‘seed 

sequence’, which complementarity with the target is critical in determining the silencing 
efficacy (77). Once the mRNA target is loaded in the mature RISC, several mechanisms 

have been described to participate in the gene silencing step (Fig. 1). Although the 
translation of mRNAs targeted by RISC can be blocked, the most common miRNA-

silencing mechanism is associated with mRNA decay (89). In the latter case, mRNA 
degradation occurs as a consequence of decapping and of 5ʹto 3ʹ decay (89). While 

mRNA endonucleolytic cleavage is common in plants, this phenomenon is rare in 

animals (89). In mammals, miRNAs are usually regarded as ‘fine-tuners’ of gene 
expression, leading to subtle but important changes in the cell proteome at a given time 

(90). 
 

The role of miRNAs in viral infections 
 
In 2005, it was published for the first time that a mammalian miRNA, miR-32, had 

antiviral properties against the retrovirus primate foamy virus type 1 in human cells 
(91). This finding, set the path for a series of publications supporting the notion that 

mammalian miRNAs might directly target the genome of RNA viruses (91–96). In 
parallel, it was also discovered that miRNAs are involved in the regulation of cellular 
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responses such as innate immunity, apoptosis and the oxidative stress response (97). 

For example, IFN-induced miRNAs, such as miR-155 and miR-29b, suppress vesicular 

stomatitis virus and Japanese encephalitis virus (98–101). In contrast, IFN-induced miR-
146a, down-regulates the IFN response, thereby enhancing the replication of hepatitis 

C virus, CHIKV, and DENV (102–104). More specifically, miR-146a favours DENV 
replication by targeting TRAF6, thereby decreasing IFN-β response in the monocytic cell 

line THP-1 and in human primary monocytes (104). CHIKV exploits miR-146a in a similar 

fashion in human synovial fibroblasts (102). In contrast, induction of miR-30e* in DENV-
infected HeLa, U-937 cells and human peripheral blood mononuclear cells hyperactivate 

nuclear factor-κB (NF-κB), which in turn leads to the production of IFN-β thereby 
suppressing DENV replication (105). Another investigation revealed that overexpression 

of miRNA let-7c inhibits DENV replication in Human hepatoma cells (Huh7) and in the 

macrophage-monocytic cell line U-937-DC-SIGN (106). This miRNA contributes to the 
oxidative stress response in DENV-infected cells (106). The above studies therefore 

clearly show that miRNAs have pro and antiviral functions, depending on the role of the 
‘target protein’ in infection and pathogenesis. 

 
B. Autophagy 

 

Autophagy, from the Greek words for 'self' and 'eating', refers to a set of pathways that 
converge in the degradation of cytoplasmic components, from aggregate-prone proteins 

to organelles like mitochondria (107). Different types of autophagy are currently 
recognized (108,109), the main type, i.e. macroautophagy, involves the generation of 

double-membrane vesicles or autophagosomes, which sequester cytoplasmic material 

before its delivering to the lysosome (110). The term autophagy was initially coined by 
Christian de Duve while characterizing the existence of double-membrane vesicles 

containing cytoplasmic content in various states of degradation (111,112), which is 
currently known as macroautophagy. The molecular machinery of macroautophagy was 

later characterized by Yoshinori Ohsumi, who received the Nobel prize for ‘Medicine or 
Physiology’, for his contribution to the identification of the autophagy-related (ATG) 

genes (113). Macroautophagy contributes to the elimination of cytotoxic protein 

aggregates, limits microbial proliferation and promotes cell survival during periods of 
stress, including nutrient deprivation. The mechanism and regulation of autophagy, and 

how alphaviruses and flaviviruses interact/interfere with ATG machinery is described in 
detail in Chapter 2. 

 

C. Mitochondria 
 

Mitochondria are organelles that play central roles in ATP production, regulation of 
cellular metabolism, proliferation, apoptosis, stress response, calcium signalling, ROS 

signalling, synthesis of phospholipids and others (114–116). In mammals, mitochondria 

have a highly conserved small, closed, circular, dsDNA genome of approximately 16,6 
kb in length. (117). Mitochondrial DNA (mtDNA) contains 37 genes coding for two 

rRNAs, 22 tRNAs and 13 proteins (118). Protein translation of mitochondrial genes is 
mediated by mitochondrial ribosomes located in the matrix of the organelle (117). The 

proteins required for transcription and translation of mtDNA are encoded in the nucleus 
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and imported to mitochondria (119,120). Mitochondria have an outer and inner 

membrane with an intermembrane space between them. The proteins encoded by 

mtDNA make part of the mitochondrial respiratory complexes I to IV, and function 
together with the citric acid cycle in maintaining an electrochemical gradient in the 

mitochondrial intermembrane space (121). The electric potential is important for 
multiple of mitochondrial functions, especially ATP synthesis, and changes herein can 

eventually dictate cell survival (118).   

 

 

Figure 1. miRNA 
biogenesis in mammals. 
Pri-miRNAs are transcribed 
from miRNA-encoding genes 
and processed by the 
endonuclease Drosha to 
generate pre-miRNAs. Dicer 
cleavage generates a miRNA 
duplex that is recognized and 
loaded into an AGO protein to 
form a pre-RISC complex. 
AGO mediates miRNA duplex 
unwinding and strand 
selection forming the mature 
RISC in which the target 
mRNA will be recognized by 
base-complementarity and 
loaded. This will lead to the 
repression of translation or 
mRNA decay. 

 
Mitochondria constitute a highly dynamic network and their function is tightly linked 

to their external structure and distribution within cells. Proper mitochondrial 
morphology, function and location are regulated by mitochondrial fission, fusion and 

clearance via mitophagy. Mitochondrial fission involves the fragmentation of 

mitochondria into single organelles and is enhanced during apoptosis, cell division and 
hypoxia (122). Fusion of mitochondria, on the other hand, is decreased by all these 
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events, high loads of mtDNA mutations, and loss of membrane potential (118,123). 

Fusion promotes complementation between damaged mitochondria, by allowing the 

exchange of mtDNA, proteins and lipids thereby maximizing the oxidative capacity in 
response to toxic stress (124). Lastly, mitophagy entails the clearance of mitochondria 

through the autophagy pathway. Mitophagy is activated by oxidative damage of 
mitochondrial lipids, mtDNA or proteins; in order to eliminate defective mitochondria 

(125). Mitophagy is assisted by diverse mitochondrial proteins, including PTEN-induced 

putative kinase 1, Parkin ubiquitin ligase, BCL2 interacting protein 3 (BNIP3) and NIX 
(125). These proteins, however, also participate in other mitochondrial processes. 

BNIP3, for example, has been found to promote mitochondrial fragmentation and 
apoptosis (126). 

 

The role of mitochondria in dengue and alphavirus virus infection  
 
Mitochondria play integral roles in the control of viral replication, mainly due to their 
participation in immune signalling, metabolism and cell death; which are major 

determinants of viral replication and pathogenesis (127). For example, RIG-I-like 
receptors (RLR), which recognize viral RNAs, signal through the downstream adaptor 

mitochondrial antiviral signalling protein (MAVS) to induce NF-κB, IFN regulatory factor 

3 (IRF3) and IRF7 (128). Consequently, MAVS-mediated activation of these 
transcription factors induces the production of pro-inflammatory cytokines and IFN-I 

leading to a cellular antiviral state (129,130). Frequently, these immunomodulatory 
functions are regulated by mitochondria dynamics and morphology.  MAVS signalling, 

for instance, is facilitated by mitochondrial fusion (130). Likewise, mitochondrial fusion 

supports the assembly of the inflammasome, a multi-protein complex that leads to the 
production of pro-inflammatory cytokines during RNA virus infection (131). 

Interestingly, several viruses have evolved strategies to manipulate these cellular 
responses. For example, DENV infection has been shown to supress mitochondrial 

fusion thereby interfering with MAVS-mediated signalling and restricting the RIG-I-
dependent IFN response (132–134). Furthermore, DENV infection of the hepatoma cell 

line HepG2 has also been associated with alteration in the bio-energetic function of 

mitochondrial morphology, leading to the loss of the mitochondrial membrane potential 
(135). In some instances, the mitochondrial abnormalities associated with viral infection 

can lead to apoptosis. In the case of alphaviruses, for example, infection of cells with 
Semliki Forest virus (SFV) not only induces MAVS, thereby eliciting an IFN antiviral 

response, but also leads to cell death by recruiting CASP8 (136). Furthermore, infections 

with Sindbis virus (SINV) and Venezuelan equine encephalitis virus (VEEV), two other 
alphaviruses, induce an anomalous perinuclear distribution of mitochondria (137,138). 

For VEEV, this is associated with a reduction in mitochondrial activity and increased 
fission and mitophagy, thereby contributing to apoptosis (138). When viral infection 

leads to cell death, it can have both beneficial and detrimental roles for virus 

proliferation, as will be discussed below. 
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D. The unfolded protein response 

 

In eukaryotes, folding and glycosylation of secretory and membrane-associated proteins 
principally occurs in the ER (139). When the influx of nascent, unfolded polypeptides 

exceeds the processing capacity of the ER, the Unfolded Protein Response (UPR) is 
activated as a stress response to return the ER to its normal physiological state (140). 

UPR signalling in metazoans starts with the activation of ER-resident transmembrane 

proteins that operate as sensors in the ER lumen and respond to the accumulation of 
unfolded and misfolded proteins (141). The ultimate function of the UPR is to mitigate 

the stress; by delaying protein synthesis, stimulating ER-associated protein degradation 
(ERAD), and increasing chaperone transcription to up-regulate the ER folding capacity 

(142). Prolonged UPR induction can, however, also lead to the stimulation of other 

stress responses such as apoptosis or autophagy (143).  
The activation of the UPR is tightly regulated by the immunoglobulin heavy-chain 

binding protein (BIP), also known as GRP78 and HSP5A, which is an ER-resident 
chaperone bound to the luminal domain of three different UPR receptors (Fig. 2) (144). 

When unfolded proteins accumulate in the lumen of the ER, BIP specifically binds to 
exposed hydrophobic regions of the nascent polypeptides, thereby uncoupling itself 

from the UPR receptors (145). This disassociation triggers activation of one or more 

UPR branches, depending on the type and source of ER-stress (146). One branch of the 
UPR is mediated by inositol requiring enzyme 1 (IRE1), a kinase/endoribonuclease that 

is activated by dimerization of its kinase luminal domains that is followed by 
autophosphorylation (Fig. 2) (147). Activated IRE1 subsequently mediates cytoplasmic 

splicing of the mRNA encoding for the x-box binding protein 1 transcription factor (Xbp-
1) (148). The spliced, and therefore active version of Xbp-1, activates the transcription 
of genes encoding for ER chaperones and ERAD components, contributing to the 

mitigation of the protein load in the ER (149). Another branch of the UPR is initiated by 
double-stranded RNA-activated protein kinase (PKR)–like ER kinase (PERK) 

phosphorylation in a similar fashion as for IRE1 (Fig. 2) (145). Subsequently, PERK 
phosphorylates the eukaryotic translation initiation factor 2 subunit α (eIF2α), thereby 

stalling protein synthesis and counteracting ER protein overload (150). Furthermore, 

eIF2α phosphorylation facilitates the selective translation of activating transcription 
factor 4 (ATF4), which induces the expression of ATG genes and C/EBP homologous 

protein (CHOP), leading to activation of autophagy and apoptotic signalling respectively 
(151). The third UPR pathway is initiated by the activating transcription factor 6 (ATF6), 

through BIP-mediated activation, in a way that remains unclear (Fig. 2) (142). In 

response to ER stress conditions, transmembrane ATF6 is transported to the Golgi 
complex, where it undergoes a series of proteolytic cleavages that result in the 

cytoplasmic release of its N-terminal domain (142). Cytosolic ATF6 is then translocated 
into the nucleus where it mediates transcription of multiple UPR target genes, including 

chaperones, CHOP, and of the transcription factor XBP1 (141). ATF6 also induces the 

transcription of proteins involved in lipid biosynthesis, ultimately leading to expansion 
of the ER volume necessary to accommodate the extra enzymes produced by the UPR 

(152). 
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Figure 2. Unfolded protein response. Uncoupling of the ER-resident chaperone BIP from the luminal 
UPR receptors IRE1, PERK and ATF6, initiates the UPR. IRE1 activations reuslts in Xbp1 spicing and its 
activation. PERK activation leads to eIF2α phosphorylation, which arrests general translation and favours 
unconventional translation of ATF4. The ATF6 branch of the UPR starts with the processing of ATF6 in the 
Golgi, which is required for its activation. XBP1, ATF4 and ATF6 transcription factors are translocated into 
the nucleus to induce the transcription of multiple sets of genes that counteract ER stress, or lead to 
autophagy and/or apoptosis stimulation. 

 

The role of the unfolded protein response in dengue and chikungunya virus infection 
 
Viral infections are often associated with the induction of the UPR pathways, mainly 

because viral protein translation and replication cause a significant increase in ER stress. 
In specific instances, UPR activation is favourable for viral replication by either inducing 

expansion of the ER or increasing ER-resident chaperones. Flaviviruses like DENV, WNV, 
Japanese encephalitis virus (JEV), Tick-borne encephalitis virus, and Usutu virus, 

activate multiple branches of the UPR (153–156). DENV infection was found to induce 

PERK activation and eIF2α phosphorylation early in infection, whereas IRE1-XBP1 and 
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ATF6 are activated in the later stages of the replication cycle (157). Activation of the 

PERK- eIF2α branch of the UPR has been associated with CHOP expression and 

induction of apoptosis (158). Xbp1 splicing after infection with DENV and also JEV, 
depends on the expression of the viral protein NS2B/3 (153). WNV, on the other hand, 

preferentially activates the ATF6 pathway, and it has been demonstrated that NS4A and 
NS4B increase Xbp1 transcript levels (154). Furthermore, DENV and WNV are known to 

increase BIP protein expression (145). For alphaviruses, it has been shown that the 

expression of the glycoproteins of SFV and CHIKV activate the UPR (159,160). CHIKV 
infection leads to eIF2α phosphorylation and Xbp1 splicing, although the viral protein 

nsP2 prevents an effective UPR response by inhibiting translocation of the XBP1 protein 
to the nucleus and the expression of ATF4 and other UPR targeted genes (159). In 

addition, CHIKV-induced activation of the IRE1-XBP1 pathway, has been associated with 

autophagy initiation (161). In sum, both flaviviruses and alphaviruses cause extensive 
ER stress, thereby activating different UPR pathways, however, diverse strategies are 

employed by these viruses to control and benefit from this cellular response. 
 

E. Cell death 
 

Cell death occurs through numerous mechanisms, which include either coordinated 

cellular death programs, i.e., regulated cell death (RCD), or uncontrollable processes 
due to extreme environmental conditions, i.e., accidental cell death (162,163). RCD 

involves defined signalling cascades and effector mechanisms, and includes pathways 
such as necroptosis, pyropotosis, ferroptosis and apoptosis which is the best studied 

RCD pathway (163). Apoptosis consists of two main pathways: intrinsic apoptosis and 

extrinsic apoptosis (Fig. 3). Extrinsic apoptosis is mediated by environmental cues that 
activate cell surface death receptors, such as apoptosis antigen 1 (APO1, also known 

as FAS) and tumor necrosis factor receptor (TNFR) (Fig. 3) (162). These environmental 
stimuli drive the activation of initiator caspases, CASP8 and CASP10 (162). Intrinsic 

apoptosis, on the other hand, is triggered by intracellular cues like DNA damage, which 
activate BH3-only proteins and induce mitochondrial-outer membrane permeabilization 

(MOMP) (Fig. 3) (164). BH3-only proteins, such as BCL2 associated agonist of cell death 

(BAD), BH3 interacting-domain death agonist (BID), Bcl-2-like protein 11 (BIM), and 
the aforementioned BNIP3 and NIX; interact with anti-apoptotic B-cell lymphoma 2 

(BCL-2) and B-cell lymphoma-extra-large (BCL-XL), thereby leading to the 
oligomerization of BCL-2-associated X protein (BAX) and/or BCL-2 antagonist or killer 

(BAK), which form channels in the outer mitochondrial membrane (Fig. 3) (165). 

Thereafter, mitochondrial soluble proteins such as cytochrome C and EndoG are 
released into the cytoplasm activating CASP9 (166). At this stage, intrinsic and extrinsic 

apoptosis converge by activating CASP3, CASP6 and CASP7, which are considered as 
the ultimate cell death effector molecules, as they cleave the substrates responsible for 

the morphological characteristics associated with apoptosis (Fig. 3) (167,168). 
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Figure 3. Apoptosis signalling pathways. Extrinsic apoptosis is initiated by external stimuli that 
activate cell death receptors on the extracellular surface of the plasma membrane, which activate the 
initiator caspases, CASP8 and CASP10. Intrinsic apoptosis is initiated by intracellular cues that activate 
BH3-only proteins, which interact with anti-apoptotic BCL-2 or BCLXL leading to the oligomerization of 
BAX/BAK to form pores in the mitochondrial outer membrane. This drives MOMP and cytochrome C release, 
which downstream activates CASP9. Extrinsic and intrinsic apoptosis converge in the activation of 
executioner caspases, such as CASP3, CASP6 and CASP7. 

 
Interplay between autophagy and apoptosis 
 
It is generally assumed that autophagy and apoptosis are mutually exclusive pathways, 
however, different lines of evidence suggest that although autophagy induction 

prevents cell death and vice versa, these pathways can also occur at the same time or 

trigger one another. For example, selective autophagy of mitochondria in which MOMP 
causes loss of the inner mitochondrial transmembrane potential, reduces the likelihood 

of cells to undergo apoptosis (169,170). Similarly, activation of effector caspases during 
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apoptosis leads to cleavage of cellular proteins, including those related to autophagy, 

thus inhibiting the autophagic response (171). On the other hand, autophagy-mediated 

degradation of iron storages triggers a specific type of RCD known as ferroptosis 
(172,173). Autophagy can be followed by activation of cell death, as both pathways are 

under the control of common upstream signals (174). Among those, BH3-only proteins 
are able to promote autophagy via the same interactions required to induce intrinsic 

apoptosis, e.g., via association with BCL-2 or BCL-XL (175). Through this mechanism, 

several BH3-only proteins, including BAD, BID, BNIP3, NIX, Phorbol-12-myristate-13-
acetate-induced protein 1 (NOXA) and p53 upregulated modulator of apoptosis (PUMA), 

mediate the dissociation of BCL-2 from for the ATG protein BECLIN1 thereby activating 
autophagy (175). Moreover, BNIP3 and NIX can stimulate the selective removal of 

damaged mitochondria via mitophagy, by interacting with  the microtubule-associated 

protein 1A/1B-light chain 3 (LC3) pool, which is located in the interior of 
autophagosomes (176,177). Altogether, these studies underline the importance of 

autophagy and apoptosis in the cellular response to stress, and show the vast interplay 
between these two pathways. 

 
The role of regulated cell death pathways in dengue and chikungunya virus infection 
 
Virus infections often trigger cell death-associated pathways, yet, viruses have evolved 
mechanisms to interfere with these pathways to ensure their chance to produce viral 

progeny and dissemination (178). Indeed, several mammalian viruses were found to 
induce pro-survival mechanisms whereas other mammalian viruses were shown to 

trigger pro-apoptotic cell programs to promote virus progeny (179,180). DENV has been 

shown to induce extrinsic and intrinsic apoptosis in primary cells and laboratory cell 
lines (181–183). During active DENV replication in human cells, increased levels of pro-

inflammatory cytokines such as TNF-α, interleukin-10 and TNF-related apoptosis-
inducing ligand (TRAIL) are detected; which in turn activate TNFR and FAS receptors 

thereby triggering extrinsic cell death (183,184). Intrinsic apoptosis in DENV-infected 
cells is mediated by ER stress or by high production of mitochondrial reactive oxygen 

species (ROS) generated by viral replication and translation (185–187). However, it has 

also been shown that ER-stress signalling during DENV infection leads to cell protection 
mechanisms (188). DENV also increases cellular respiration and causes a decrease in 

membrane potential, leading to a decrease in cellular ATP content, which usually 
precedes cell death (135). Overall, although DENV induces cell death, infection also 

results in the activation of other cellular pathways that counteract apoptosis and 

promote cell survival, ensuring successful infection. For alphaviruses, both cellular and 
viral mechanisms are involved in the induction of apoptosis. Several alphaviruses were 

shown to actively inhibit host cell gene expression through downregulation of cellular 
transcription and phosphorylation of eIF2α (189,190), and this has been primarily linked 

to the induction of apoptosis. Moreover, in the case of SFV and SINV, it has been 

suggested that the nsP2 viral protein downregulate RNA polymerase I- and II-
dependent cellular transcription, which inhibits the antiviral response and ultimately 

induces cell death (191). For CHIKV, suppression of eIF2α phosphorylation in the early 
phase of virus replication appears to depend on nsP4 (190). The shutoff of host protein 

translation is responsible for the high cytopathic effect observed upon alphavirus 
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infection (191). In addition, the 6K protein of SINV has been shown to induce apoptosis 

via the formation of cation-selective ion channels in lipid bilayers (137,192,193). In case 

of CHIKV-induced apoptosis, the apoptotic blebs were found to contain infectious virus 
particles and therefore it has been suggested that they could have a role in viral spread 

from cell to cell (194). In sum, these data demonstrate that cell death contributes to 
viral pathogenesis, but also that depending on the modality of cell death, viral progeny 

production can be boosted by this process. 

 
5) Scope of this thesis 

 
The high clinical impact of dengue and chikungunya infection, and the limited resources 

available to treat and prevent these infections prompted us to further delineate the 

virus-host interactions that occur during infection with the aim to better understand the 
replication cycle of these viruses and to identify new avenues for therapeutic 

intervention. We put special detail in two main topics and their associated molecular 
mechanisms: 1) contribution of autophagy and ATG proteins to DENV and CHIKV 

infection, and 2) miRNA-mediated regulation of cellular protein expression and its effect 
on DENV replication.  

In Chapter 2 we review the most recent advances related to autophagy induction 

and modulation by a set of common flaviviruses and alphaviruses: DENV, Zika virus, 
WNV and CHIKV. Furthermore, we provide insight into the links that have been 

described between autophagy, cell death and the UPR pathway in the context of the 
infections caused by these viruses. We also describe the challenges that the field of 

autophagy currently faces and call for special attention when interpreting autophagy-

related literature and data.  
In Chapter 3 we evaluate which ATG proteins play a role in DENV infection by 

performing an siRNA screen. To this end, we employed an image-based approach, in 
which the extend of infection of ATG-depleted cells with a GFP-tagged DENV is 

determined by automated fluorescence microscopy. We describe the optimization of the 
screen conditions and the analysis of the data. Preliminary results about the validation 

of two independent hits are shown. This chapter constitutes the basis of future studies 

aiming to fully validate the hits found in this screen, and to describe their specific 
function in DENV infection. 

In Chapter 4 we evaluate which ATG proteins influence CHIKV infection using a 
similar approach as described to Chapter 3, but adapted to this virus. Analysis of the 

siRNA screen data and validation experiments revealed that BNIP3 is an antiviral 

protein. Next, we investigated the role of BNIP3 in viral infection. First, using a diverse 
set of techniques, we studied the involvement of autophagy, mitophagy and cell death 

in the antiviral function of BNIP3. Secondly, we analysed the step of the CHIKV 
replication cycle that is hampered by BNIP3. We also assessed the antiviral role of BNIP3 

across multiple CHIKV genotypes and SFV. In summary, this chapter unveils a previously 

unknown function of the autophagy-associated receptor BNIP3 in controlling alphavirus 
infection. 

In Chapter 5, we evaluate the changes that occur in the miRNAs expression 
landscape of monocyte-derived-macrophages (MDMs) infected with DENV. To this end, 

we determine the miRNA profile in mock-treated cells, DENV-infected cells and in 
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bystander cells that have been exposed to DENV using an Illumina-based platform for 

deep-sequencing of small RNAs. By performing a series of complementary experiments 

in different cell lines, we identify miR-3614-5p as a miRNA that controls DENV-2 
infection. Furthermore, to elucidate the potential targets of miR-3614-5p, we performed 

in silico prediction and mass spectrometry-based proteomic analyses, and identified 
Double-stranded RNA-specific adenosine deaminase 1 (ADAR1) as a protein that could 

be involved with the antiviral mechanism. We then performed diverse studies aiming to 

validate this hypothesis. Collectively, this chapter describes the changes that occur in 
the miRNAs landscape upon DENV infection and unravels the mechanism by which a 

cellular miRNA can fine-tune viral replication in infected cells. 
Finally, the results obtained in this thesis are summarized and discussed in depth in 

Chapter 6. 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 



General introduction and scope of the thesis 

23 

References 

 
1.  Cucunawangsih, Lugito NPH. Trends of 

Dengue Disease Epidemiology. Virol Res 
Treat. 2017 Jan 15;8:1178122X1769583.  

2.  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.  

3.  Guo C, Zhou Z, Wen Z, Liu Y, Zeng C, Xiao 
D, et al. Global Epidemiology of Dengue 
Outbreaks in 1990–2015: A Systematic 
Review and Meta-Analysis. Front Cell Infect 
Microbiol. 2017 Jul 12;7.  

4.  Rey J. Dengue in Florida (USA). Insects. 
2014 Dec 16;5(4):991–1000.  

5.  Simmons CP, Farrar JJ, Van VCN, Bridget W. 
Dengue. N Engl J Med. 2012;366(15):1423–
32.  

6.  Guzman MG, Halstead SB, Artsob H, Buchy 
P, Farrar J, Gubler DJ, et al. Dengue: A 
continuing global threat. Nat Rev Microbiol. 
2010;8(12):S7–16.  

7.  Verhagen LM, de Groot R. Dengue in 
children. J Infect. 2014 Nov;69(S1):S77–86.  

8.  Herrero LJ, Zakhary A, Gahan ME, Nelson 
MA, Herring BL, Hapel AJ, et al. Dengue 
virus therapeutic intervention strategies 
based on viral, vector and host factors 
involved in disease pathogenesis. Pharmacol 
Ther. 2013 Feb;137(2):266–82.  

9.  Huy NT, Van Giang T, Thuy DHD, Kikuchi M, 
Hien TT, Zamora J, et al. Factors Associated 
with Dengue Shock Syndrome: A Systematic 
Review and Meta-Analysis. PLoS Negl Trop 
Dis. 2013 Jan 26;7(9):e2412.  

10.  Narvaez F, Gutierrez G, Pérez MA, Elizondo 
D, Nuñez A, Balmaseda A, et al. Evaluation 
of the traditional and revised WHO 
classifications of dengue disease severity. 
PLoS Negl Trop Dis. 2011 Nov 
8;5(11):e1397.  

11.  Ross RW. The Newala epidemic: III. The 
virus: isolation, pathogenic properties and 
relationship to the epidemic. J Hyg (Lond). 
1956 Jun 15;54(2):177–91.  

12.  Nsoesie EO, Kraemer MUG, Golding N, Pigott 
DM, Brady OJ, Moyes CL, et al. Global 
distribution and environmental suitability for 
chikungunya virus, 1952 to 2015. 
Eurosurveillance. 2016 May 
19;21(20):30234.  

13.  Schuffenecker I, Iteman I, Michault A, Murri 
S, Frangeul L, Vaney MC, et al. Genome 
microevolution of chikungunya viruses 
causing the Indian Ocean outbreak. IV HV, 
editor. PLoS Med. 2006 May 23;3(7):1058–

70.  
14.  Petersen LR, Powers AM. Chikungunya: 

epidemiology. F1000Research. 2016 Jan 
19;5:82.  

15.  Sahadeo NSD, Allicock OM, De Salazar PM, 
Auguste AJ, Widen S, Olowokure B, et al. 
Understanding the evolution and spread of 
chikungunya virus in the Americas using 
complete genome sequences. Virus Evol. 
2017 Jan;3(1):vex010.  

16.  Moizéis RNC, Fernandes TAA de M, Guedes 
PM da M, Pereira HWB, Lanza DCF, Azevedo 
JWV de, et al. Chikungunya fever: a threat 
to global public health. Pathog Glob Health. 
2018 May 19;112(4):182–94.  

17.  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.  

18.  Chazal N, Briant L. Chikungunya Virus Entry 
and Replication. In: Chikungunya Virus. 
Cham: Springer International Publishing; 
2016. p. 127–48.  

19.  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.  

20.  de Andrade DC, Jean S, Clavelou P, Dallel R, 
Bouhassira D. Chronic pain associated with 
the Chikungunya Fever: long lasting burden 
of an acute illness. BMC Infect Dis. 2010 Dec 
19;10(1):31.  

21.  Pialoux G, Gaüzère B-A, Jauréguiberry S, 
Strobel M. Chikungunya, an epidemic 
arbovirosis. Lancet Infect Dis. 2007 
May;7(5):319–27.  

22.  Martina BEE, Koraka P, Osterhaus ADME. 
Dengue virus pathogenesis: An integrated 
view. Clin Microbiol Rev. 2009 
Oct;22(4):564–81.  

23.  Cruz-Oliveira C, Freire JM, Conceição TM, 
Higa LM, Castanho MARB, Da Poian AT. 
Receptors and routes of dengue virus entry 
into the host cells. FEMS Microbiol Rev. 2015 
Mar;39(2):155–70.  

24.  Hidari KIPJ, Suzuki T. Dengue virus 
receptor. Trop Med Health. 2011 Dec;39(4 
Suppl):S37–43.  

25.  Clyde K, Kyle JL, Harris E. Recent Advances 
in Deciphering Viral and Host Determinants 
of Dengue Virus Replication and 
Pathogenesis. J Virol. 2006;80(23):11418–
31.  

26.  Jessie K, Fong MY, Devi S, Lam SK, Wong 
KT. Localization of Dengue Virus in Naturally 



CHAPTER 1 

24 

Infected Human Tissues, by 
Immunohistochemistry and In Situ 
Hybridization. J Infect Dis. 2004 Apr 
15;189(8):1411–8.  

27.  Yacoub S, Mongkolsapaya J, Screaton G. 
The pathogenesis of dengue. Vol. 26, 
Current Opinion in Infectious Diseases. 
Elsevier; 2013. p. 284–9.  

28.  Uno N, Ross TM. Dengue virus and the host 
innate immune response. Emerg Microbes 
Infect. 2018 Dec 4;7(1):1–11.  

29.  St. John AL, Rathore APS. Adaptive immune 
responses to primary and secondary dengue 
virus infections. Nat Rev Immunol. 2019 Apr 
24;19(4):218–30.  

30.  Rey FA, Stiasny K, Vaney M, Dellarole M, 
Heinz FX. The bright and the dark side of 
human antibody responses to flaviviruses: 
lessons for vaccine design. EMBO Rep. 2018 
Feb 27;19(2):206–24.  

31.  Rothman AL. Immunity to dengue virus: A 
tale of original antigenic sin and tropical 
cytokine storms. Nat Rev Immunol. 2011 
Aug;11(8):532–43.  

32.  Simmons CP, McPherson K, Van Vinh Chau 
N, Hoai Tam DT, Young P, Mackenzie J, et 
al. Recent advances in dengue pathogenesis 
and clinical management. Vaccine. 2015 
Dec;33(50):7061–8.  

33.  Gasque P, Bandjee MCJ, Reyes MM, Viasus 
D. Chikungunya Pathogenesis: From the 
Clinics to the Bench. J Infect Dis. 2016 Dec 
15;214(suppl 5):S446–8.  

34.  van Duijl-Richter M, Hoornweg T, 
Rodenhuis-Zybert I, Smit J. Early events in 
Chikungunya virus infection—from virus cell 
binding to membrane fusion. Viruses. 2015 
Jul;7(7):3647–74.  

35.  Zhang R, Kim AS, Fox JM, Nair S, Basore K, 
Klimstra WB, et al. Mxra8 is a receptor for 
multiple arthritogenic alphaviruses. Nature. 
2018 May 16;557(7706):570–4.  

36.  Weaver SC, Osorio JE, Livengood JA, Chen 
R, Stinchcomb DT. Chikungunya virus and 
prospects for a vaccine. Expert Rev 
Vaccines. 2012 Sep 9;11(9):1087–101.  

37.  Hoarau J-J, Jaffar Bandjee M-C, Krejbich 
Trotot P, Das T, Li-Pat-Yuen G, Dassa B, et 
al. Persistent Chronic Inflammation and 
Infection by Chikungunya Arthritogenic 
Alphavirus in Spite of a Robust Host Immune 
Response. J Immunol. 2010 May 
15;184(10):5914–27.  

38.  Schilte C, Couderc T, Chretien F, Sourisseau 
M, Gangneux N, Guivel-Benhassine F, et al. 
Type I IFN controls chikungunya virus via its 
action on nonhematopoietic cells. J Exp 
Med. 2010 Feb 15;207(2):429–42.  

39.  Galán-Huerta KA, Rivas-Estilla AM, 
Fernández-Salas I, Farfan-Ale JA, Ramos-
Jiménez J. Chikungunya virus: A general 
overview. Med Univ. 2015 Jul;17(68):175–
83.  

40.  Michlmayr D, Pak TR, Rahman AH, Amir ED, 
Kim E, Kim‐Schulze S, et al. Comprehensive 

innate immune profiling of chikungunya 
virus infection in pediatric cases. Mol Syst 
Biol. 2018 Aug 27;14(8).  

41.  Kam Y, Lum F, Teo T, Lee WWL, Simarmata 
D, Harjanto S, et al. Early neutralizing IgG 
response to Chikungunya virus in infected 
patients targets a dominant linear epitope 
on the E2 glycoprotein. EMBO Mol Med. 
2012 Apr 5;4(4):330–43.  

42.  Nakaya HI, Gardner J, Poo Y-S, Major L, 
Pulendran B, Suhrbier A. Gene profiling of 
Chikungunya virus arthritis in a mouse 
model reveals significant overlap with 
rheumatoid arthritis. Arthritis Rheum. 2012 
Nov;64(11):3553–63.  

43.  Burt FJ, Chen W, Miner JJ, Lenschow DJ, 
Merits A, Schnettler E, et al. Chikungunya 
virus: an update on the biology and 
pathogenesis of this emerging pathogen. 
Lancet Infect Dis. 2017 Apr;17(4):e107–17.  

44.  Ozden S, Huerre M, Riviere J-P, Coffey LL, 
Afonso P V., Mouly V, et al. Human Muscle 
Satellite Cells as Targets of Chikungunya 
Virus Infection. Zhang L, editor. PLoS One. 
2007 Jun 13;2(6):e527.  

45.  Labadie K, Larcher T, Joubert C, Mannioui A, 
Delache B, Brochard P, et al. Chikungunya 
disease in nonhuman primates involves 
long-term viral persistence in macrophages. 
J Clin Invest. 2010 Mar 1;120(3):894–906.  

46.  Lim SP, Wang Q-Y, Noble CG, Chen Y-L, 
Dong H, Zou B, et al. Ten years of dengue 
drug discovery: Progress and prospects. 
Antiviral Res. 2013 Nov;100(2):500–19.  

47.  Kaptein SJ, Neyts J. Towards antiviral 
therapies for treating dengue virus 
infections. Curr Opin Pharmacol. 2016 
Oct;30:1–7.  

48.  Nguyen NM, Tran CNB, Phung LK, Duong 
KTH, Huynh HLA, Farrar J, et al. A 
Randomized, Double-Blind Placebo 
Controlled Trial of Balapiravir, a Polymerase 
Inhibitor, in Adult Dengue Patients. J Infect 
Dis. 2013 May 1;207(9):1442–50.  

49.  Low JGH, Ooi EE, Vasudevan SG. Current 
Status of Dengue Therapeutics Research 
and Development. J Infect Dis. 2017 Mar 
1;215(suppl_2):S96–102.  

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



General introduction and scope of the thesis 

25 

51.  Chopra A, Saluja M, Venugopalan A. 
Effectiveness of Chloroquine and 
Inflammatory Cytokine Response in Patients 
With Early Persistent Musculoskeletal Pain 
and Arthritis Following Chikungunya Virus 
Infection. Arthritis Rheumatol. 2014 
Feb;66(2):319–26.  

52.  Lamballerie X De, Boisson V, Reynier J-C, 
Enault S, Charrel RN, Flahault A, et al. On 
Chikungunya Acute Infection and 
Chloroquine Treatment. Vector-Borne 
Zoonotic Dis. 2008 Dec;8(6):837–40.  

53.  Varghese FS, Thaa B, Amrun SN, Simarmata 
D, Rausalu K, Nyman TA, et al. The Antiviral 
Alkaloid Berberine Reduces Chikungunya 
Virus-Induced Mitogen-Activated Protein 
Kinase Signaling. J Virol. 2016 Nov 
1;90(21):9743–57.  

54.  Krishnan MN, Garcia-Blanco MA. Targeting 
host factors to treat West Nile and dengue 
viral infections. Viruses. 2014 Feb 
10;6(2):683–708.  

55.  Abdelnabi R, Amrun SN, Ng LFP, Leyssen P, 
Neyts J, Delang L. Protein kinases C as 
potential host targets for the inhibition of 
chikungunya virus replication. Antiviral Res. 
2017 Mar;139:79–87.  

56.  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.  

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

58.  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.  

59.  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.  

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

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

62.  Hoke CH, Pace-Templeton J, Pittman P, 
Malinoski FJ, Gibbs P, Ulderich T, et al. US 
Military contributions to the global response 
to pandemic chikungunya. Vaccine. 2012 
Oct;30(47):6713–20.  

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

64.  Ramsauer K, Schwameis M, Firbas C, 
Müllner M, Putnak RJ, Thomas SJ, et al. 
Immunogenicity, safety, and tolerability of a 
recombinant measles-virus-based 
chikungunya vaccine: a randomised, double-
blind, placebo-controlled, active-
comparator, first-in-man trial. Lancet Infect 
Dis. 2015 May;15(5):519–27.  

65.  Chang L-J, Dowd KA, Mendoza FH, Saunders 
JG, Sitar S, Plummer SH, et al. Safety and 
tolerability of chikungunya virus-like particle 
vaccine in healthy adults: a phase 1 dose-
escalation trial. Lancet. 2014 
Dec;384(9959):2046–52.  

66.  Hallengard D, Kakoulidou M, Lulla A, 
Kummerer BM, Johansson DX, Mutso M, et 
al. Novel Attenuated Chikungunya Vaccine 
Candidates Elicit Protective Immunity in 
C57BL/6 mice. J Virol. 2014 Mar 
1;88(5):2858–66.  

67.  Shabalina SA, Koonin E V. Origins and 
evolution of eukaryotic RNA interference. 
Trends Ecol Evol. 2008 Oct;23(10):578–87.  

68.  Romano N, Macino G. Quelling: transient 
inactivation of gene expression in 
Neurospora crassa by transformation with 
homologous sequences. Mol Microbiol. 1992 
Nov 1;6(22):3343–53.  

69.  Napoli C, Lemieux C, Jorgensen R. 
Introduction of a Chimeric Chalcone 
Synthase Gene into Petunia Results in 
Reversible Co-Suppression of Homologous 
Genes in trans. Plant Cell. 1990 Apr 
1;2(4):279–89.  

70.  Guo S, Kemphues KJ. par-1, a gene required 
for establishing polarity in C. elegans 
embryos, encodes a putative Ser/Thr kinase 
that is asymmetrically distributed. Cell. 1995 
May 19;81(4):611–20.  

71.  Fire A, Xu S, Montgomery MK, Kostas SA, 
Driver SE, Mello CC. Potent and specific 
genetic interference by double-stranded 
RNA in caenorhabditis elegans. Nature. 1998 
Feb 19;391(6669):806–11.  

72.  Almeida MI, Reis RM, Calin GA. MicroRNA 
history: Discovery, recent applications, and 
next frontiers. Mutat Res - Fundam Mol 
Mech Mutagen. 2011 Dec 1;717(1–2):1–8.  

73.  Sen GL, Blau HM. A brief history of RNAi: the 
silence of the genes. FASEB J. 2006 Jul 
1;20(9):1293–9.  

74.  Ipsaro JJ, Joshua-Tor L. From guide to 
target: molecular insights into eukaryotic 
RNA-interference machinery. Nat Struct Mol 



CHAPTER 1 

26 

Biol. 2015 Jan 1;22(1):20–8.  
75.  Hicks J, Liu HC. Involvement of eukaryotic 

small RNA pathways in host defense and 
viral pathogenesis. Viruses. 2013 
Jan;5(11):2659–78.  

76.  Huang Y, Shen XJ, Zou Q, Wang SP, Tang 
SM, Zhang GZ. Biological functions of 
microRNAs: A review. J Physiol Biochem. 
2011 Mar;67(1):129–39.  

77.  Wilson RC, Doudna JA. Molecular 
Mechanisms of RNA Interference. Annu Rev 
Biophys. 2013 Jan 8;42(1):217–39.  

78.  Lee YS, Dutta A. MicroRNAs in Cancer. Annu 
Rev Pathol Mech Dis. 2009;4(1):199–227.  

79.  Zimmerman AL, Wu S. MicroRNAs, cancer 
and cancer stem cells. Cancer Lett. 
2010;300(1):10–9.  

80.  Fernández-Hernando C, Suárez Y, Rayner 
KJ, Moore KJ. MicroRNAs in lipid 
metabolism. Curr Opin Lipidol. 
2011;22(2):86–92.  

81.  Kim VN, Han J, Siomi MC. Biogenesis of 
small RNAs in animals. Nat Rev Mol Cell Biol. 
2009 Feb;10(2):126–39.  

82.  Iwasaki YW, Siomi MC, Siomi H. PIWI-
Interacting RNA: Its Biogenesis and 
Functions. Annu Rev Biochem. 2015 Jun 
2;84(1):405–33.  

83.  Sharma N, Sahu PP, Puranik S, Prasad M. 
Recent advances in plant-virus interaction 
with emphasis on small interfering RNAs 
(siRNAs). Mol Biotechnol. 2013 Oct 
22;55(1):63–77.  

84.  Zhang B, Wang Q, Pan X. MicroRNAs and 
their regulatory roles in animals and plants. 
J Cell Physiol. 2007 Feb;210(2):279–89.  

85.  Londin E, Loher P, Telonis AG, Quann K, 
Clark P, Jing Y, et al. Analysis of 13 cell types 
reveals evidence for the expression of 
numerous novel primate- and tissue-specific 
microRNAs. Proc Natl Acad Sci U S A. 2015 
Mar 10;112(10):E1106-15.  

86.  Friedman RC, Farh KK-H, Burge CB, Bartel 
DP. Most mammalian mRNAs are conserved 
targets of microRNAs. Genome Res. 2008 
Oct 29;19(1):92–105.  

87.  Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, et 
al. The nuclear RNase III Drosha initiates 
microRNA processing. Nature. 2003 Sep 
25;425(6956):415–9.  

88.  Chendrimada TP, Gregory RI, 
Kumaraswamy E, Norman J, Cooch N, 
Nishikura K, et al. TRBP recruits the Dicer 
complex to Ago2 for microRNA processing 
and gene silencing. Nature. 2005 Aug 
4;436(7051):740–4.  

89.  Ameres SL, Zamore PD. Diversifying 
microRNA sequence and function. Nat Rev 

Mol Cell Biol. 2013 Aug;14(8):475–88.  
90.  Wu C-T, Chiou C-Y, Chiu H-C, Yang U-C. 

Fine-tuning of microRNA-mediated 
repression of mRNA by splicing-regulated 
and highly repressive microRNA recognition 
element. BMC Genomics. 2013 Jul 
3;14(1):438.  

91.  Lecellier CH, Dunoyer P, Arar K, Lehmann-
Che J, Eyquem S, Himber C, et al. A cellular 
microRNA mediates antiviral defense in 
human cells. Science (80- ). 2005 Apr 
22;308(5721):557–60.  

92.  Otsuka M, Jing Q, Georgel P, New L, Chen J, 
Mols J, et al. Hypersusceptibility to Vesicular 
Stomatitis Virus Infection in Dicer1-Deficient 
Mice Is Due to Impaired miR24 and miR93 
Expression. Immunity. 2007;27(1):123–34.  

93.  Henke JI, Goergen D, Zheng J, Song Y, 
Schüttler CG, Fehr C, et al. microRNA-122 
stimulates translation of hepatitis C virus 
RNA. EMBO J. 2008 Dec 17;27(24):3300–
10.  

94.  Hariharan M, Scaria V, Pillai B, Brahmachari 
SK. Targets for human encoded mircoRNAs 
in HIV genes. Biochem Biophys Res 
Commun. 2005;337(4):1214–8.  

95.  Ahluwalia JK, Khan SZ, Soni K, Rawat P, 
Gupta A, Hariharan M, et al. Human cellular 
microRNA hsa-miR-29a interferes with viral 
nef protein expression and HIV-1 
replication. Retrovirology. 2008 Jan 
11;5(117):117.  

96.  Zheng Z, Ke X, Wang M, He S, Li Q, Zheng 
C, et al. Human MicroRNA hsa-miR-296-5p 
Suppresses Enterovirus 71 Replication by 
Targeting the Viral Genome. J Virol. 2013 
Mar 6;87(10):5645–56.  

97.  Libri V, Miesen P, Van Rij RP, Buck AH. 
Regulation of microRNA biogenesis and 
turnover by animals and their viruses. Cell 
Mol Life Sci. 2013 Jan 26;70(19):3525–44.  

98.  Wang P, Hou J, Lin L, Wang C, Liu X, Li D, 
et al. Inducible microRNA-155 Feedback 
Promotes Type I IFN Signaling in Antiviral 
Innate Immunity by Targeting Suppressor of 
Cytokine Signaling 1. J Immunol. 2010 Nov 
15;185(10):6226–33.  

99.  Thounaojam MC, Kundu K, Kaushik DK, 
Swaroop S, Mahadevan A, Shankar SK, et al. 
MicroRNA 155 Regulates Japanese 
Encephalitis Virus-Induced Inflammatory 
Response by Targeting Src Homology 2-
Containing Inositol Phosphatase 1. J Virol. 
2014 May 1;88(9):4798–810.  

100.  Pareek S, Roy S, Kumari B, Jain P, Banerjee 
A, Vrati S. MiR-155 induction in microglial 
cells suppresses Japanese encephalitis virus 
replication and negatively modulates innate 



General introduction and scope of the thesis 

27 

immune responses. J Neuroinflammation. 
2014 Jan;11(1):97.  

101.  Thounaojam MC, Kaushik DK, Kundu K, Basu 
A. MicroRNA-29b modulates Japanese 
encephalitis virus-induced microglia 
activation by targeting tumor necrosis factor 
alpha-induced protein 3. J Neurochem. 2014 
Apr;129(1):143–54.  

102.  Selvamani SP, Mishra R, Singh SK. 
Chikungunya virus exploits miR-146a to 
regulate NF-κB pathway in human synovial 
fibroblasts. Ng LF, editor. PLoS One. 2014 
Jan;9(8):e103624.  

103.  Pedersen IM, Cheng G, Wieland S, Volinia S, 
Croce CM, Chisari F V., et al. Interferon 
modulation of cellular microRNAs as an 
antiviral mechanism. Nature. 2007 Oct 
18;449(7164):919–22.  

104.  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.  

105.  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.  

106.  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.  

107.  Bento CF, Renna M, Ghislat G, Puri C, 
Ashkenazi A, Vicinanza M, et al. Mammalian 
autophagy: how does it work? Annu Rev 
Biochem. 2016;85(1):685–713.  

108.  Mizushima N. Autophagy: process and 
function. Genes Dev. 2007 Nov 
15;21(22):2861–73.  

109.  Bandhyopadhyay U, Cuervo AM. Chaperone-
mediated autophagy in aging and 
neurodegeneration: Lessons from α-
synuclein. Exp Gerontol. 2007 Jan 1;42(1–
2):120–8.  

110.  Feng Y, He D, Yao Z, Klionsky DJ. The 
machinery of macroautophagy. Cell Res. 
2014 Jan 24;24(1):24–41.  

111.  de Duve C, Wattiaux R. Functions of 
Lysosomes. Annu Rev Physiol. 1966 
Mar;28(1):435–92.  

112.  Harnett MM, Pineda MA, Latré de Laté P, 
Eason RJ, Besteiro S, Harnett W, et al. From 
Christian de Duve to Yoshinori Ohsumi: 
More to autophagy than just dining at home. 
Biomed J. 2017 Feb 1;40(1):9–22.  

113.  Rubinsztein DC. Autophagy: Where next? 

EMBO Rep. 2010 Jan 1;11(1):3.  
114.  Graier WF, Frieden M, Malli R. Mitochondria 

and Ca2+ signaling: old guests, new 
functions. Pflügers Arch - Eur J Physiol. 2007 
Oct 22;455(3):375–96.  

115.  Li X, Fang P, Mai J, Choi ET, Wang H, Yang 
X. Targeting mitochondrial reactive oxygen 
species as novel therapy for inflammatory 
diseases and cancers. J Hematol Oncol. 
2013;6(1):19.  

116.  Antico Arciuch VG, Elguero ME, Poderoso JJ, 
Carreras MC. Mitochondrial Regulation of 
Cell Cycle and Proliferation. Antioxid Redox 
Signal. 2012 May 15;16(10):1150–80.  

117.  Taanman J-W. The mitochondrial genome: 
structure, transcription, translation and 
replication. Biochim Biophys Acta - Bioenerg. 
1999 Feb;1410(2):103–23.  

118.  Friedman JR, Nunnari J. Mitochondrial form 
and function. Nature. 2014 Jan 
15;505(7483):335–43.  

119.  Schmidt O, Pfanner N, Meisinger C. 
Mitochondrial protein import: from 
proteomics to functional mechanisms. Nat 
Rev Mol Cell Biol. 2010 Sep;11(9):655–67.  

120.  Falkenberg M, Larsson N-G, Gustafsson CM. 
DNA Replication and Transcription in 
Mammalian Mitochondria. Annu Rev 
Biochem. 2007 Jun 7;76(1):679–99.  

121.  Kühlbrandt W. Structure and function of 
mitochondrial membrane protein 
complexes. BMC Biol. 2015 Dec 
29;13(1):89.  

122.  Nunnari J, Suomalainen A. Mitochondria: In 
Sickness and in Health. Cell. 2012 
Mar;148(6):1145–59.  

123.  Chan DC. Fusion and Fission: Interlinked 
Processes Critical for Mitochondrial Health. 
Annu Rev Genet. 2012 Dec 15;46(1):265–
87.  

124.  Youle RJ, van der Bliek AM. Mitochondrial 
Fission, Fusion, and Stress. Science (80- ). 
2012 Aug 31;337(6098):1062–5.  

125.  Ashrafi G, Schwarz TL. The pathways of 
mitophagy for quality control and clearance 
of mitochondria. Cell Death Differ. 2013 Jan 
29;20(1):31–42.  

126.  Landes T, Emorine LJ, Courilleau D, Rojo M, 
Belenguer P, Arnauné-Pelloquin L. The BH3-
only Bnip3 binds to the dynamin Opa1 to 
promote mitochondrial fragmentation and 
apoptosis by distinct mechanisms. EMBO 
Rep. 2010 Jun 30;11(6):459–65.  

127.  Khan M, Syed GH, Kim S-J, Siddiqui A. 
Mitochondrial dynamics and viral infections: 
A close nexus. Biochim Biophys Acta - Mol 
Cell Res. 2015 Oct 1;1853(10):2822–33.  

128.  Wu B, Hur S. How RIG-I like receptors 



CHAPTER 1 

28 

activate MAVS. Curr Opin Virol. 2015 
Jun;12:91–8.  

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

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

131.  Ichinohe T, Yamazaki T, Koshiba T, Yanagi 
Y. Mitochondrial protein mitofusin 2 is 
required for NLRP3 inflammasome activation 
after RNA virus infection. Proc Natl Acad Sci. 
2013 Oct 29;110(44):17963–8.  

132.  Chatel-Chaix L, Cortese M, Romero-Brey I, 
Bender S, Neufeldt CJ, Fischl W, et al. 
Dengue Virus Perturbs Mitochondrial 
Morphodynamics to Dampen Innate 
Immune Responses. Cell Host Microbe. 2016 
Sep 14;20(3):342–56.  

133.  Kao Y-T, Lai MMCC, Yu C-Y. How Dengue 
Virus Circumvents Innate Immunity. Front 
Immunol. 2018 Dec 4;9:2860.  

134.  Yu C-Y, Liang J-J, Li J-K, Lee Y-L, Chang B-
L, Su C-I, et al. Dengue Virus Impairs 
Mitochondrial Fusion by Cleaving Mitofusins. 
Fernandez-Sesma A, editor. PLOS Pathog. 
2015 Dec 30;11(12):e1005350.  

135.  El-Bacha T, Midlej V, Pereira da Silva AP, 
Silva da Costa L, Benchimol M, Galina A, et 
al. Mitochondrial and bioenergetic 
dysfunction in human hepatic cells infected 
with dengue 2 virus. Biochim Biophys Acta - 
Mol Basis Dis. 2007 Oct 1;1772(10):1158–
66.  

136.  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.  

137.  Madan V, Castelló A, Carrasco L. Viroporins 
from RNA viruses induce caspase-dependent 
apoptosis. Cell Microbiol. 2008 Oct 
25;10(2):437–51.  

138.  Keck F, Brooks-Faulconer T, Lark T, 
Ravishankar P, Bailey C, Salvador-Morales C, 
et al. Altered mitochondrial dynamics as a 
consequence of Venezuelan Equine 
encephalitis virus infection. Virulence. 2017 
Nov 17;8(8):1849–66.  

139.  Dell A, Galadari A, Sastre F, Hitchen P. 
Similarities and Differences in the 
Glycosylation Mechanisms in Prokaryotes 
and Eukaryotes. Int J Microbiol. 
2010;2010:1–14.  

140.  Schröder M, Kaufman RJ. The mammalian 
unfolded protein response. Annu Rev 
Biochem. 2005 Jun 13;74(1):739–89.  

141.  Walter P, Ron D. The Unfolded Protein 
Response: From Stress Pathway to 
Homeostatic Regulation. Science (80- ). 
2011 Nov 25;334(6059):1081–6.  

142.  Gardner BM, Pincus D, Gotthardt K, 
Gallagher CM, Walter P. Endoplasmic 
reticulum stress sensing in the unfolded 
protein response. Cold Spring Harb Perspect 
Biol. 2013 Mar 1;5(3):a013169.  

143.  Iranpour M, Moghadam AR, Yazdi M, Ande 
SR, Alizadeh J, Wiechec E, et al. Apoptosis, 
autophagy and unfolded protein response 
pathways in arbovirus replication and 
pathogenesis. Expert Rev Mol Med. 2016 Jan 
19;18:e1.  

144.  Wang M, Kaufman RJ. The impact of the 
endoplasmic reticulum protein-folding 
environment on cancer development. Nat 
Rev Cancer. 2014 Sep 22;14(9):581–97.  

145.  Lewy TG, Grabowski JM, Bloom ME. BiP: 
master regulator of the Unfolded Protein 
Response and crucial factor in Flavivirus 
biology. Yale J Biol Med. 2017;90(2):291–
300.  

146.  Gong J, Wang X, Wang T, Chen J, Xie X, Hu 
H, et al. Molecular signal networks and 
regulating mechanisms of the unfolded 
protein response. J Zhejiang Univ B. 
2017;18(1):1–14.  

147.  Ali MMU, Bagratuni T, Davenport EL, Nowak 
PR, Silva-Santisteban MC, Hardcastle A, et 
al. Structure of the Ire1 autophosphorylation 
complex and implications for the unfolded 
protein response. EMBO J. 2011 Mar 
2;30(5):894–905.  

148.  Uemura A, Oku M, Mori K, Yoshida H. 
Unconventional splicing of XBP1 mRNA 
occurs in the cytoplasm during the 
mammalian unfolded protein response. J 
Cell Sci. 2009 Aug 15;122(Pt 16):2877–86.  

149.  Calfon M, Zeng H, Urano F, Till JH, Hubbard 
SR, Harding HP, et al. IRE1 couples 
endoplasmic reticulum load to secretory 
capacity by processing the XBP-1 mRNA. 
Nature. 2002 Jan;415(6867):92–6.  

150.  Rozpedek W, Pytel D, Mucha B, Leszczynska 
H, Diehl JA, Majsterek I. The Role of the 
PERK/eIF2α/ATF4/CHOP Signaling Pathway 
in Tumor Progression During Endoplasmic 
Reticulum Stress. Curr Mol Med. 
2016;16(6):533–44.  

151.  Nishitoh H. CHOP is a multifunctional 
transcription factor in the ER stress 
response. J Biochem. 2012 Mar 
1;151(3):217–9.  

152.  Bommiasamy H, Back SH, Fagone P, Lee K, 
Meshinchi S, Vink E, et al. ATF6α induces 
XBP1-independent expansion of the 



General introduction and scope of the thesis 

29 

endoplasmic reticulum. J Cell Sci. 
2009;122(10):1626.  

153.  Yu C-Y, Hsu Y-W, Liao C-L, Lin Y-L. Flavivirus 
Infection Activates the XBP1 Pathway of the 
Unfolded Protein Response To Cope with 
Endoplasmic Reticulum Stress. J Virol. 2006 
Dec 1;80(23):11868–80.  

154.  Medigeshi GR, Lancaster AM, Hirsch AJ, 
Briese T, Lipkin WI, DeFilippis V, et al. West 
Nile virus infection activates the Unfolded 
Protein Response, leading to CHOP 
induction and apoptosis. J Virol. 2007 Oct 
15;81(20):10849–60.  

155.  Yu C, Achazi K, Niedrig M. Tick-borne 
encephalitis virus triggers inositol-requiring 
enzyme 1 (IRE1) and transcription factor 6 
(ATF6) pathways of unfolded protein 
response. Virus Res. 2013 Dec;178(2):471–
7.  

156.  Blázquez A-B, Escribano-Romero E, Merino-
Ramos T, Saiz J-C, Martín-Acebes MA. 
Infection with Usutu Virus Induces an 
Autophagic Response in Mammalian Cells. 
Beasley DWC, editor. PLoS Negl Trop Dis. 
2013 Oct 24;7(10):e2509.  

157.  Peña J, Harris E. Dengue Virus Modulates 
the Unfolded Protein Response in a Time-
dependent Manner. J Biol Chem. 2011 Apr 
22;286(16):14226–36.  

158.  Umareddy I, Pluquet O, Wang Q, Vasudevan 
SG, Chevet E, Gu F. Dengue virus serotype 
infection specifies the activation of the 
unfolded protein response. Virol J. 
2007;4(1):91.  

159.  Fros JJ, Major LD, Scholte FEM, Gardner J, 
Van Hemert MJ, Suhrbier A, et al. 
Chikungunya virus non-structural protein 2-
mediated host shut-off disables the unfolded 
protein response. J Gen Virol. 2015 Mar 
1;96(3):580–9.  

160.  Barry G, Fragkoudis R, Ferguson MC, Lulla 
A, Merits A, Kohl A, et al. Semliki forest 
virus-induced endoplasmic reticulum stress 
accelerates apoptotic death of mammalian 
cells. J Virol. 2010 Jul 15;84(14):7369–77.  

161.  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.  

162.  Tang D, Kang R, Berghe T Vanden, 
Vandenabeele P, Kroemer G. The molecular 
machinery of regulated cell death. Cell Res. 
2019 May 4;29(5):347–64.  

163.  Galluzzi L, Vitale I, Aaronson SA, Abrams JM, 
Adam D, Agostinis P, et al. Molecular 
mechanisms of cell death: recommendations 
of the Nomenclature Committee on Cell 

Death 2018. Cell Death Differ. 2018 Mar 
23;25(3):486–541.  

164.  Mechanical insights into the regulation of 
programmed cell death by p53 via 
mitochondria. Biochim Biophys Acta - Mol 
Cell Res. 2019 May 1;1866(5):839–48.  

165.  Happo L, Strasser A, Cory S. BH3-only 
proteins in apoptosis at a glance. J Cell Sci. 
2012 Mar 1;125(5):1081–7.  

166.  Desagher S, Martinou J-C. Mitochondria as 
the central control point of apoptosis. 
Trends Cell Biol. 2000 Sep;10(9):369–77.  

167.  Slee EA, Adrain C, Martin SJ. Executioner 
caspase-3, -6, and -7 perform distinct, non-
redundant roles during the demolition phase 
of apoptosis. J Biol Chem. 2001 Mar 
9;276(10):7320–6.  

168.  Lamkanfi M, Kanneganti T-D. Caspase-7: A 
protease involved in apoptosis and 
inflammation. Int J Biochem Cell Biol. 2010 
Jan;42(1):21–4.  

169.  Boya P, González-Polo R-A, Casares N, 
Perfettini J-L, Dessen P, Larochette N, et al. 
Inhibition of macroautophagy triggers 
apoptosis. Mol Cell Biol. 2005 
Feb;25(3):1025–40.  

170.  Youle RJ, Narendra DP. Mechanisms of 
mitophagy. Nat Rev Mol Cell Biol. 2011 Jan 
22;12(1):9–14.  

171.  Oral O, Oz-Arslan D, Itah Z, Naghavi A, 
Deveci R, Karacali S, et al. Cleavage of Atg3 
protein by caspase-8 regulates autophagy 
during receptor-activated cell death. 
Apoptosis. 2012 Aug 30;17(8):810–20.  

172.  He W, Wang Q, Srinivasan B, Xu J, Padilla 
MT, Li Z, et al. A JNK-mediated autophagy 
pathway that triggers c-IAP degradation and 
necroptosis for anticancer chemotherapy. 
Oncogene. 2014 Jun 5;33(23):3004–13.  

173.  Hou W, Xie Y, Song X, Sun X, Lotze MT, Zeh 
HJ, et al. Autophagy promotes ferroptosis by 
degradation of ferritin. Autophagy. 2016 
Aug 2;12(8):1425–8.  

174.  Mariño G, Niso-Santano M, Baehrecke EH, 
Kroemer G. Self-consumption: The interplay 
of autophagy and apoptosis. Nat Rev Mol 
Cell Biol. 2014 Feb;15(2):81–94.  

175.  Pattingre S, Tassa A, Qu X, Garuti R, Liang 
XH, Mizushima N, et al. Bcl-2 antiapoptotic 
proteins inhibit Beclin 1-dependent 
autophagy. Cell. 2005 Sep 23;122(6):927–
39.  

176.  Schwarten M, Mohrlüder J, Ma P, Stoldt M, 
Thielmann Y, Stangler T, et al. Nix directly 
binds to GABARAP: A possible crosstalk 
between apoptosis and autophagy. 
Autophagy. 2009 Jul 27;5(5):690–8.  

177.  Quinsay MN, Thomas RL, Lee Y, Gustafsson 



CHAPTER 1 

30 

AB. Bnip3-mediated mitochondrial 
autophagy is independent of the 
mitochondrial permeability transition pore. 
Autophagy. 2010 Oct;6(7):855–62.  

178.  Häcker G. Apoptosis in infection. Microbes 
Infect. 2018 Oct 1;20(9–10):552–9.  

179.  Galluzzi L, Brenner C, Morselli E, Touat Z, 
Kroemer G. Viral Control of Mitochondrial 
Apoptosis. Finlay BB, editor. PLoS Pathog. 
2008 May 30;4(5):e1000018.  

180.  How do viruses control mitochondria-
mediated apoptosis? Virus Res. 2015 Nov 
2;209:45–55.  

181.  Ghosh Roy S, Sadigh B, Datan E, Lockshin R 
a, Zakeri Z. Regulation of cell survival and 
death during Flavivirus infections. World J 
Biol Chem. 2014 May 26;5(2):93–105.  

182.  Limonta D, Capó V, Torres G, Pérez AB, 
Guzmán MG. Apoptosis in tissues from fatal 
dengue shock syndrome. J Clin Virol. 2007 
Sep;40(1):50–4.  

183.  Myint KS, Endy TP, Mongkolsirichaikul D, 
Manomuth C, Kalayanarooj S, Vaughn DW, 
et al. Cellular Immune Activation in Children 
with Acute Dengue Virus Infections Is 
Modulated by Apoptosis. J Infect Dis. 2006 
Sep;194(5):600–7.  

184.  Jaiyen Y, Masrinoul P, Kalayanarooj S, 
Pulmanausahakul R, Ubol S. Characteristics 
of dengue virus-infected peripheral blood 
mononuclear cell death that correlates with 
the severity of illness. Microbiol Immunol. 
2009 Aug;53(8):442–50.  

185.  Marianneau P, Cardona A, Edelman L, 
Deubel V, Desprès P. Dengue virus 
replication in human hepatoma cells 
activates NF-kappaB which in turn induces 
apoptotic cell death. J Virol. 1997 Apr 
1;71(4):3244–9.  

186.  Desprès P, Flamand M, Ceccaldi PE, Deubel 
V. Human isolates of dengue type 1 virus 
induce apoptosis in mouse neuroblastoma 
cells. J Virol. 1996 Jun;70(6):4090–6.  

187.  Jan JT, Chen BH, Ma SH, Liu CI, Tsai HP, Wu 
HC, et al. Potential dengue virus-triggered 
apoptotic pathway in human neuroblastoma 
cells: arachidonic acid, superoxide anion, 
and NF-kappaB are sequentially involved. J 
Virol. 2000 Sep;74(18):8680–91.  

188.  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.  

189.  Garmashova N, Gorchakov R, Frolova E, 
Frolov I. Sindbis virus nonstructural protein 
nsP2 is cytotoxic and inhibits cellular 

transcription. J Virol. 2006 
Jun;80(12):5686–96.  

190.  Akhrymuk I, Lukash T, Frolov I, Frolova EI. 
Novel Mutations in nsP2 Abolish 
Chikungunya Virus-Induced Transcriptional 
Shutoff and Make the Virus Less Cytopathic 
without Affecting Its Replication Rates. 
López S, editor. J Virol. 2018 Nov 28;93(4).  

191.  Garmashova N, Gorchakov R, Volkova E, 
Paessler S, Frolova E, Frolov I. The Old 
World and New World alphaviruses use 
different virus-specific proteins for induction 
of transcriptional shutoff. J Virol. 2007 Mar 
1;81(5):2472–84.  

192.  Liljeström P, Lusa S, Huylebroeck D, Garoff 
H. In vitro mutagenesis of a full-length cDNA 
clone of Semliki Forest virus: the small 
6,000-molecular-weight membrane protein 
modulates virus release. J Virol. 1991 
Aug;65(8):4107–13.  

193.  Judith D, Couderc T, Lecuit M. Chikungunya 
virus-induced autophagy and apoptosis. In: 
Okeoma C, editor. Chikungunya Virus: 
Advances in biology, pathogenesis, and 
treatment. Cham: Springer International 
Publishing; 2016. p. 149–59.  

194.  Krejbich-Trotot P, Denizot M, Hoarau J-J, 
Jaffar-Bandjee M-C, Das T, Gasque P. 
Chikungunya virus mobilizes the apoptotic 
machinery to invade host cell defenses. 
FASEB J. 2011 Jan;25(1):314–25. 



General introduction and scope of the thesis 

31 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 
 
 
 
 



 

 

 
 

Role of autophagy during the replication and pathogenesis 
of common mosquito-borne flavi- and alphaviruses

CHAPTER 2

Liliana Echavarria-Consuegra1, Jolanda M. Smit1 and Fulvio
Reggiori2

1Department of Medical Microbiology and Infection Prevention, 
University Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands
2Department of Cell Biology, University Medical Center Groningen, 
University of Groningen, The Netherlands

Open biology 2019, 9(3), 190009



CHAPTER 2 

34 

Abstract 

 

Arboviruses that are transmitted to humans by mosquitoes, represent one of the most 
important causes of febrile illness worldwide. In recent decades, we have witnessed a 

dramatic re-emergence of several mosquito-borne arboviruses, including dengue virus 
(DENV), West Nile virus (WNV), chikungunya virus (CHIKV), and Zika virus (ZIKV). 

DENV is currently the most common mosquito-borne arbovirus, with an estimated 390 

million infections worldwide annually. Despite a global effort, no specific therapeutic 
strategies are available to combat the diseases caused by these viruses. Multiple 

cellular pathways modulate the outcome of infection by either promoting or 
hampering viral replication and/or pathogenesis, and autophagy appears to be one of 

them. Autophagy is a degradative pathway generally induced to counteract viral 

infection. Viruses, however, have evolved strategies to subvert this pathway and to 
hijack autophagy components for their own benefit. In this review, we will focus on 

the role of autophagy in mosquito-borne arboviruses with emphasis on DENV, CHIKV, 
WNV and ZIKV, due to their epidemiological importance and high disease burden.  
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1. Introduction 

 

1.1. The epidemiology of Arboviruses 
 

Arbovirus (ARthropod-BOrne-virus) is an ecological term that groups viruses 
transmitted to their hosts through the bite of blood-feeding arthropods, such as ticks, 

mosquitoes and sand-flies (1). It comprises over 500 viruses, which are classified into 

six main taxonomic groups: family Togaviridae (genus Alphavirus), family Flaviviridae 
(genus Flavivirus), order Bunyavirales (families Orthobunyavirus, Nairovirus 
and Phlebovirus), family Rhabdoviridae (7 genera), family Orthomyxoviridae (genus 
Thogotovirus) and family Reoviridae (2,3). Some of these viruses have become major 

human pathogens, due to their rapid dispersal around the world or their persistence 

throughout the years. This is primarily linked to the expansion of the habitats of their 
vectors as a consequence of global warming, unplanned urbanization and 

unintentional transport (4). In recent decades, we have witnessed a dramatic re-
emergence of arboviruses transmitted to humans by mosquitoes of the Culex spp. 

and/or Aedes spp., such as dengue virus (DENV), West Nile virus (WNV), chikungunya 
virus (CHIKV) and Zika virus (ZIKV); which are currently spread in both the western 

and eastern hemispheres (5). It has been estimated that the population at risk of 

DENV and CHIKV infection is approximately 2.5 and 1.3 billion people, respectively (6–
8).  

Most individuals infected with mosquito-borne arboviruses remain asymptomatic. 
During symptomatic infections, however, individuals often develop an undifferentiated 

febrile illness, accompanied by (severe) headache, body aches, joint pains, vomiting, 

diarrhoea and rash (9). In the case of DENV, for example, an estimated 390 million 
individuals are infected each year and approximately 50-100 million individuals 

develop a symptomatic infection (10). CHIKV infection on the other hand, is 
associated with a relatively high symptomatic attack rate, as 50-97% of the infected 

individuals develop a clinically apparent disease (11). Additionally, more severe clinical 
manifestations have been reported in a small subset of infected people, such as 

meningitis or encephalitis (e.g., WNV), debilitating chronic arthralgia (e.g., CHIKV), 

vascular leak and haemorrhage (e.g., DENV) or congenital malformations and 
microcephaly (e.g., ZIKV) (12,13). In most situations, symptoms resolve without 

complications, yet prolonged fatigue, depression, chronic pain and permanent effects 
in the central nervous system (CNS) have been reported for some of these viruses 

(14,15). In rare cases, arbovirus infections lead to death (14,15).  

Despite the global threat of DENV, WNV, ZIKV and CHIKV, vaccines and treatment 
possibilities for the infections caused by these viruses are scarce. Treatments remain 

palliative as no specific antivirals are available thus far (16–18). A substantial number 
of studies have, however, explored several treatment strategies but currently none of 

them is approved for human use (19). Effective prophylactic immunization exists for 

few arboviruses such as Japanese Encephalitis Virus and Yellow Fever Virus (20). In 
addition, multiple efforts have been made regarding the development of DENV, ZIKV, 

WNV and CHIKV vaccines. Dengvaxia (also known as CYD-TDV) developed by Sanofi 
Pasteur, has recently become the first approved DENV vaccine (21,22). Although it 

has been licensed in several countries in South and Central America, and in the 
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Philippines, introduction of this vaccine to mass immunization programs is currently 

not recommended by the World Health Organization due to safety issues (23). In the 

case of CHIKV, several vaccine candidates have been developed, including a 
recombinant measles virus expressing CHIKV antigens and a virus-like particle 

vaccine, which have successfully completed phase I clinical trials (24,25). Given the 
high disease burden in particular of DENV and CHIKV, it is of utmost importance to 

further develop promising existing strategies and to explore new therapeutic and 

immunization methodologies to combat these viruses. Understanding the arbovirus 
virus-host interaction is crucial for this goal. 

 
1.2. Replication cycle of Flavi- and Alphaviruses 

 
DENV, WNV and ZIKV are enveloped single-stranded positive-sense RNA (ssRNA+) 
viruses that belong to the Flavivirus genus. The genomic RNA is packaged by capsid 

(C) proteins to form the nucleocapsid (26). The flaviviral genome is 10-12 kb long and 
it encodes for a single open reading frame (ORF) (27). The flavivirus ssRNA+ has a 5’ 

Cap structure, but lacks a 3’ poly(A) tail (27). It also contains 5’ and 3’ untranslated 
regions (UTR) that fold into secondary structures and are conserved among divergent 

flaviviruses (27–31). The nucleocapsid is surrounded by a host cell-derived envelope 

in which two transmembrane proteins, the membrane (M) protein and the envelope 
(E) protein, are inserted (32,33). During infection, the E protein mediates the 

attachment of virus particles to the cell surface (Figure 1). Multiple receptors have 
been identified and their usage depends on the cell type and virus (34). Virus 

recognition is followed by internalization of the virion through endocytosis and 

subsequent fusion between the membrane of the viral particle and the limiting 
membrane of late, Ras-related protein 7A (RAB7A)-positive acidic endosomes, 

facilitated by the E protein (35–38) (Figure 1). Once the RNA is delivered to the 
cytoplasm, the ssRNA+ is translated by ribosomes associated to the rough 

endoplasmic reticulum (ER) (39). RNA translation generates a polyprotein of 
approximately 370 kDa in length that is inserted into the ER membrane and cleaved 

co- and post-translationally by viral and cellular proteases, into the individual proteins: 

The E, C and precursor M (prM) structural proteins, and the NS1, NS2A/B, NS3, 
NS4A/B, NS5 non-structural proteins. Extensive ER-derived membrane re-

arrangements are induced by the viral proteins NS4 and NS3, which serve as scaffolds 
for the assembly of viral replication complexes (40,41) (Figure 1). The non-structural 

proteins are required for RNA replication and pathogenesis (27,42). For instance, 

DENV NS2A, NS2B3, NS4A, NS4B and NS5, and WNV NS1 and NS4B are involved in 
immune evasion (43). The viral NS5 polymerase synthesizes new ssRNA+ through the 

generation of a ssRNA- intermediary strand, and this can be used for new rounds of 
translation or as a substrate for encapsidation in progeny virions (Figure 1). During 

encapsulation, viral RNA is packaged into the nucleocapsid by interaction and 

assembly of multiple copies of the C protein (44). The envelope prM and E proteins 
form heterodimers that are oriented into the lumen of the ER and associate into 

trimers to create a curved surface lattice, which guides the budding of the 
nucleocapsid into the ER to form immature viral particles (45) (Figure 1). These 

immature particles are transported through the secretory pathway to the trans-Golgi 



Role of autophagy during the replication and pathogenesis of common mosquito-
borne flavi- and alphaviruses 

37 

network (TGN), where the prM/E envelope proteins undergo conformational changes 

thereby allowing the host protease furin to process prM into M, which drives 

maturation of the virus (33,46). Progeny flavivirus particles are finally secreted from 
the cells by exocytosis (13) (Figure 1). 

 

 
Figure 1. Flavivirus replication cycle. Flavivirus infection starts with the binding of the virion to cell 
receptors (step 1), which subsequently triggers the internalization of the viral particle via clathrin-mediated 
endocytosis (step 2). The acidic environment of late endosomes triggers the fusion of the virion with the 
limiting membrane of this organelle, resulting in the release of the genomic RNA into the cell cytoplasm 
(step 3). Translation of the viral RNA generates a polyprotein that is proteolytically cleaved into the non-
structural (NS) and the structural proteins (step 4). NS proteins facilitate RNA replication leading to the 
formation of ssRNA- (green) and ssRNA+ (blue) transcripts (step 5). Progeny ssRNA+ is packaged by the 
capsid protein (C) to form the nucleocapsid. Viral assembly takes place in the ER (step 6), resulting in 
immature virions that are transported to the TGN through the secretory pathway, where furin-mediated 
cleavage of prM into M generates mature viral particles (step 7) that are released extracellularly by 
exocytosis (steps 8 and 9). The pr peptides dissociates from the virions once those are in the extracellular 
milieu. 

 
CHIKV, a member of the Alphavirus genus, has a ssRNA+ genome of 11.8 kb. The 

RNA is packaged by the capsid protein (C) to form a nucleocapsid. The nucleocapsid is 
surrounded by an envelope wherein the two transmembrane glycoproteins, E1 and 
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E2, are anchored (47). The CHIKV genome resembles eukaryotic mRNAs as it has a 5′ 

Cap structure and a 3′ poly-adenine tail (48). It also has 5′ and 3’-non-translatable 

regions (NTR) composed of 76 nucleotides and 526 nucleotides, respectively (48). 
Unlike flaviviruses, the CHIKV genome contains two ORFs, separated by a 68-

nucleotide long untranslated junction region (48). The E2 protein mediates binding of 
the virus to cell surface receptors, which is followed by internalization of the virus via 

clathrin-mediated endocytosis and subsequent E1-mediated fusion between the virion 

membrane and the limiting membrane of acidic early, RAB5A-positive endosomes (49) 
(Figure 2). The subsequent disassembly of the capsid is thought to occur upon 

binding of the C protein to the large ribosomal subunit, which leads to the release of 
the viral RNA (50) (Figure 2). Upon release of the ssRNA+ into the cytoplasm, the 5’ 

ORF is rapidly translated into a polyprotein (P1234), the viral replicase, which is 

composed by the nsP1, nsP2, nsP3 and nsP4 non-structural proteins of the virus (51) 
(Figure 2). First, P1234 is cleaved in cis by nsP2 to generate P123 and nsP4 (52), 

which leads to the formation of an unstable replication complex that synthesizes 
ssRNA- intermediates in structures near the plasma membrane known as spherules 

(53). Later in infection, these spherules are relocated to the limiting membrane of 
small cytoplasmic vesicles, giving rise to cytopathic viral replication vacuoles (54). 

Once P123-nsP4 levels reach a stoichiometric threshold, the polyprotein is further 

cleaved to generate the individual non-structural proteins. Thereafter, the synthesis of 
ssRNA+ and subgenomic RNA (sgRNA) from the 3’ ORF (55,56) is initiated. Herein, 

the untranslated junction between the two ORFs participates as an internal 
transcription promotor of the sgRNA (48). Translation of the ~5kb sgRNA generates a 

second polyprotein that produces the structural proteins (48) (Figure 2). Once the C 

protein is translated, it auto-cleaves and a signal sequence in E3 directs the 
translocation of the remaining structural polyprotein (E3, E2, 6K or TF and E1) into 

the ER membrane (57). The C protein subsequently recognizes specific motifs in the 5’ 
end of the newly synthesized ssRNA+ to form nucleocapsid-like structures (58). 

Meanwhile, host proteases catalyse the cleavage of the individual structural proteins 
to generate pE2 (fused E3-E2), 6K or TF, and E1 (59). pE2 and E1 heterodimers 

undergo post-translational modifications and are transported through the TGN, where 

furin-mediated cleavage of pE2 into E2 and a soluble E3 peptide leads to the 
formation of E2-E1 heterodimers that are directed to the plasma membrane (60) 

(Figure 2). Subsequent interaction of E2 proteins with a newly formed nucleocapsid 
drives virus assembly and budding from the plasma membrane (48) (Figure 2). 

Although the function of 6K protein in the replication cycle of alphaviruses is not fully 

understood, it is thought, among other functions, to interact with E1 and pE2 to 
regulate their trafficking to the plasma membrane (61). The TF protein is generated 

from a ribosomal frameshift that occurs during translation of the 6K gene, and is 
believed to mediate CHIKV assembly and release, although its full function remains to 

be determined (62).  
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1.3. Autophagy 
 
Autophagy is a catabolic pathway that is highly conserved among eukaryotes, in which 

cytoplasmic components, including organelles, long-lived proteins and protein 
complexes/aggregates are delivered into lysosomes for degradation and recycling of 

their basic components (63). Three main types of autophagy are recognized in 

mammals: 1) macroautophagy, which involves the formation of double-membrane 
vesicles known as autophagosomes; 2) microautophagy, where the cytosolic material 

 
Figure 2. CHIKV replication cycle. CHIKV infection is initiated by the binding of the viral particle to cell 
receptors (step 1), which triggers the internalization of the virion via clathrin-mediated endocytosis (step 2). 
Subsequent fusion of the viral particle with the early endosome limiting membrane leads to the cytoplasmic 
release of the genomic RNA release (step 3). Genomic RNA is initially translated from the 5’ ORF into the 
viral replicase (P1234) (step 4), which replicate the ssRNA-(green) and the ssRNA- (blue) (step 5). The viral 
replicase also replicates the subgenomic RNA from the 3’ ORF (step 6), which serves as the template for the 
translation of structural proteins (step 7). The structural pE2 and E1 proteins are inserted into the ER and 
they are first processed in this organelle and then in the TGN, where furin-mediated proteolytical cleavage 
generates mature E2-E1 heterodimers that are exported to the plasma membrane (step 8). Genomic RNA is 
packaged by the C protein (step 9) and by interacting with the E2-E1 heterodimers, initiate the budding of 
the viral particle from the plasma membrane (step 10) to produce progeny virions (step 11). 
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is directly engulfed through invagination of the lysosome limiting membrane; and 3) 

chaperone-mediated autophagy, in which proteins with a specific targeting motif are 

recognized by the cytosolic chaperone heat shock cognate protein of 70 kDa (HSC70) 
and translocated into lysosomes through a channel formed on the surface of these 

organelles by LAMP2A (64,65). Although these three pathways collectively support the 
overall intracellular autophagic activity, macroautophagy is the process that is best 

characterized thus far. 

Macroautophagy, hereafter referred to as autophagy, contributes to the 
maintenance of cellular homeostasis by providing a mechanism for protein and 

organelle quality control. As a result, it plays a crucial role in numerous physiological 
processes and pathological situations, such as cell development and cell 

differentiation, post-natal survival, immune response, neurodegenerative diseases, 

cancer, aging and inflammation (66–68). Autophagy is usually considered as a rather 
non-selective bulk degradation pathway, yet, it has become clear that it also 

contributes to intracellular homeostasis by selectively turning over specific substrates 
(69). Distinctive terms have been coined to describe these types of selective 

autophagy, including mitophagy (mitochondria), lipophagy (lipid droplets), 
aggrephagy (aggregated proteins), pexophagy (peroxisomes), ribophagy (ribosomes), 

reticulophagy (endoplasmic reticulum) and xenophagy (pathogens) (70). Autophagy is 

induced in response to a variety of cellular stressors, including nutrient deprivation 
and viral infections (71). During starvation, the nutrient and energy-sensing kinases 

mechanistic target of rapamycin (mTOR) complex 1 (mTORC1) and the AMP-activated 
protein kinase (AMPK) directly regulate autophagy initiation (see below) (72). Viral 

infection induces ER and oxidative stress, which in turn can also trigger autophagy 

(73,74). Upon ER stress, cells activate a series of adaptive mechanisms known as the 
unfolded protein response (UPR), to cope with the accumulation of misfolded proteins 

(75). The UPR promotes the transcription of multiple groups of genes, including 
several of those involved in autophagy (76). On the other hand, reactive oxygen 

species (ROS) production can directly activate autophagy (through mTORC1), to 
eliminate the source of oxidative stress and protect cells from oxidative damage (73). 

Besides induction through cellular stress, autophagy can also be activated by the 

expression of several viral proteins (74,77). 
The canonical form of autophagy is governed by five major functional clusters of 

proteins (Table 1), which are composed by the so-called autophagy-related (ATG) 
proteins and work in concert in four sequential steps: 1) initiation and de novo 

formation of the phagophore (or isolation membrane), 2) elongation and closure of 

the phagophore to generate an autophagosome; 3) autophagosome-lysosome fusion 
and 4) cargo degradation and cytosolic recycling of the resulting metabolites (Figure 

3) (68,78). Most of the ATG proteins that participate in these steps are localized in the 
cytoplasm and only associate to the forming autophagosomes upon autophagy 

induction (79). This characteristic can be exploited for quantification of 

autophagosome biogenesis, but given the multistep nature of this pathway, it is also 
important to consider the autophagic degradative activity (80). The rate at which 

cargos are recognized, segregated, and degraded through the autophagy pathway is 
defined as autophagic flux and it can be measured using diverse methods reviewed 

elsewhere (80).  
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Table 1. Key proteins involved in autophagosome formation and its fusion with lysosomes in 
mammalian cells 

Step of 
autophagy 

Functional cluster Components 

Initiation 

ULK kinase complex 

ULK1-2 
ATG13 
FIP200 
ATG101 

Autophagy-specific 
PI3K-III complex  

VPS34 
BECN1 
p150 
ATG14L 
AMBRA1 

ATG9A trafficking system 

WIPI1-4 

ATG2A-B 
ATG9A 

Elongation 
Ubiquitin-like 
conjugation 
systems 

ATG12 
conjugation 
system 

ATG7 
ATG10 
ATG16L1 
ATG5 
ATG12 

LC3 
conjugation 
system 

ATG4A-D 
LC3A-C/GAPARAP /GABARAPL1-L2 
ATG7 
ATG3 

Fusion 

CCZ1-MON1A 

RAB7 

HOPS 
VPS11/VPS16/VPS18/VPS33A 
VPS39/VPS41 

SNAREs 
STX17/VAMP8/ 
SNAP-29/YKT6 

Cargo 
degradation 

Lysosomal enzymes Cathepsin B, L, D and other hydrolases 

 
The formation of the phagophore is initiated by heterotypic fusion of vesicles, 

which are probably derived from the ER and recycling endosomes, although other 
possible membrane sources like the plasma membrane and mitochondria could also 

be involved (81–83). The ULK kinase complex is the first functional cluster of proteins 

assembling at the site of phagophore nucleation, and it is formed by the Unc-51 like 
autophagy activating kinase 1 or 2 (ULK1/2) and the regulatory subunits ATG13, 

ATG101 and RB1-inducible coiled-coil protein 1 (FIP200) (84). This complex regulates 
phagophore biogenesis and is modulated by mTORC1, which is in turn governed by a 

variety of upstream signals including growth factors and nutrients such as amino acids 
and glucose (85) (Figure 3). mTORC1 represses autophagy through direct 

phosphorylation of ULK1 and ATG13; and the absence of the aforementioned signals 

triggers autophagy initiation (72). ULK1 is also positively regulated by AMPK, which 
senses the cellular energy status and is activated when intracellular AMP increases, 

reflecting a decrease in availability of ATP (86). Once autophagy is initiated, the 
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autophagy-specific class III phosphatidylinositol 3-kinase (PI3K-III) complex, which is 

composed by the phosphatidylinositol 3-kinase VPS34, Beclin-1 (BECN1), p150 and 

ATG14L along with AMBRA1, associates at the sites of phagophore nucleation (87). 
This complex is responsible for the local synthesis of phosphatidylinositol-3-phosphate 

(PI3P), a lipid that is important for the subsequent steps of autophagosome 
biogenesis (87). The last functional cluster of proteins that seems to be essential in 

the early phases of phagophore nucleation, is comprised by the transmembrane 

protein ATG9A and its trafficking machinery, which includes some of the PtdIns3P 
binding proteins, WD-repeat protein interacting with phosphoinositides 1 to 4 (WIPI1-

4) and ATG2A/2B (88). 
Once the phagophore is formed, the PI3P generated by the PI3K-III complex 

promotes the association of additional PI3P-binding proteins, which facilitate the 

recruitment of additional factors that oligomerize into functional complexes that 
participate in the elongation step (Table 1) (89). Recruited proteins include 

components of the two ubiquitin-like conjugation systems, which promote both 
phagophore elongation and closure (90). The first ubiquitin-like conjugation system 

leads to the formation of an oligomer constituted by the ATG12-ATG5 conjugate, and 
ATG16L1, which is tightly associated with the expanding phagophore (63). The 

formation of this complex is mediated by the E1 enzyme ATG7 and the E2 enzyme 

ATG10 which covalently link the ubiquitin-like ATG12 to ATG5, and the resulting 
ATG12–ATG5 conjugate interacts with ATG16L1 (68). The second ubiquitin-like 

conjugation system leads to the N-terminal lipidation of the members of microtubule-
associated protein 1A light chain 3 (LC3) protein family, which is composed in 

humans by LC3A, LC3B, LC3C, and the Gamma-aminobutyric acid receptor-associated 

protein (GABARAP), GABARAPL1 and GABARAPL2 (91). Members of the ATG4 
cysteine protease family, i.e. ATG4A to ATG4D, cleave LC3 proteins at the C-terminal 

to expose a glycine residue, producing LC3-I (92). Upon autophagy induction, 
cytoplasmic LC3-I is activated by ATG7, and via the E2 enzyme ATG3, is conjugated 

to the amino group of phosphatidylethanolamine (PE) molecules present in the 
phagophore membrane, to produce LC3-II (93). This later step is guided by the 

ATG12–ATG5–ATG16L1 oligomer, which enhances both the E2 enzyme activity of 

ATG3 and recruits it to the forming autophagosome (94). Once the expansion of the 
autophagosome is completed, most of the components of the ATG machinery 

dissociate from the surface of these vesicles and relocate to the cytoplasm, where 
they can be reused. During selective autophagy, autophagy receptors, such as 

Sequestosome-1 (p62/SQSTM1), Next to BRCA1 gene 1 protein (NBR1), Calcium-

binding and coiled-coil domain-containing protein 2 (NDP52), Optineurin (OPTN), 
FUN14 domain-containing protein 1 (FUNDC1), and BCL2/adenovirus E1B 19 kDa 

protein-interacting protein 3 (BNIP3); direct specific cargos to autophagosomes via 
their LC3-interacting-region domains, which mediate the interaction with the LC3 

protein pool in the internal autophagosomal surface (95).  

Subsequently, a series of coordinated events mediate fusion of autophagosomes 
with lysosomes, to generate autolysosomes, the final compartments where 

degradation of the cargo takes place. However, autophagosomes must first fuse with 
early and/or late endosomes to form organelles known as amphisomes, prior fusion 

with lysosomes (96). Factors associated with the formation of autolysosomes include 



Role of autophagy during the replication and pathogenesis of common mosquito-
borne flavi- and alphaviruses 

43 

motor proteins from the dynein, kinesin and myosin protein families, which facilitate 

the movement of the autophagosomes along the microtubules and actin filaments 

towards the perinuclear region of the cell, where lysosomes usually concentrate 
(97,98). Fusion of autophagosomes with lysosomes requires tethering, which involves 

the activation of the GTPase RAB7 by the CCZ1-MON1A complex, and its subsequent 
interaction with the homotypic fusion and vacuole protein sorting (HOPS) complex. 

The HOPS complex is required to engage soluble N-ethylmaleimide sensitive fusion 

attachment protein receptor (SNARE) proteins, including syntaxin 17 (STX17), 
vesicle-associated membrane protein 8 (VAMP8), synaptosomal-associated protein 29 

(SNAP-29) and the synaptobrevin homolog YKT6 (99,100). Additional factors, which 
sometimes are tissue-specific, participate in the regulation of autophagosome-

lysosome fusion (99). The autophagosomal membrane and the cargo are broken 

down inside autolysosomes by lysosomal hydrolases such as cathepsin B, L and D. As 
LC3-II is also incorporated on the internal surface of the autophagosomes, part of 

this lipidated protein remains trapped in the interior of autolysosomes and therefore 
is degraded together with the cargo (101,102). 

 

 
Figure 3. Schematic representation of the key steps of the autophagy process. Autophagy 
initiation is under the control of several regulatory signals such as ER stress, ROS production, AMPK or 
mTORC1 signalling, and the presence of microorganisms. Autophagy begins with the formation of a small 
cistern, the phagophore, which elongates and sequesters cytoplasmic components such as protein 
aggregates and organelles. Closure of the phagophore generates a double-membrane vesicle denominated 
autophagosome. Subsequent fusion of the autophagosome with lysosomes results in the formation of 
autolysosomes, where lysosomal hydrolases degrade the cargo contained in the interior of these vesicles 
(see text for details). 

 

2. Role of autophagy during arboviral infections 
 

2.1. Preface 
 
Viruses depend and exploit the host-cell machinery for progeny production, thereby 

modulating and hijacking multiple cellular pathways. In this review, we will summarize 
key concepts related to the induction and regulation of autophagy over the course of 

DENV, WNV, ZIKV and CHIKV infections, and delineate how this pathway may control 
the outcome of the infection. We will focus on macroautophagy, as microautophagy 

and chaperone-mediated autophagy have not yet been studied in the context of these 

viruses.  
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There are multiple contradictory results and conclusions in the literature. Although, 

some of these discrepancies could be due to differences in the virus strains and cell 

lines used for the experiments, others are probably linked to the way autophagy 
assays have been performed and interpreted. Researchers often examine the steady 

state levels of autophagy marker proteins like LC3 or p62, but this does not provide 
information on the dynamics of this process, the autophagic flux. An increase in the 

steady state levels of LC3-II can indicate either induction, i.e. more of this conjugate 

is produced, or inhibition, i.e. there is no turnover of LC3-II in the lysosomes. 
Analogously, a decrease in LC3-II levels can also indicate either induction, i.e. LC3-II 

is rapidly degraded, or inhibition, i.e. LC3-I fails to be converted into LC3-II. 
Moreover, most of the compounds currently used to inhibit or activate autophagy, like 

3-methyladenine (3-MA), wortmannin or rapamycin, are not specific, and 

consequently eventual effects on the virus life cycle could be indirect and not linked to 
a change in the autophagic flux. Similarly, numerous recent discoveries have revealed 

that ATG proteins are involved in other cellular pathways (103–105) and consequently 
the depletion of only one of them is not sufficient to conclude that autophagy is 

involved in a specific aspect of the virus replication cycle. In this regard, it is 
important to note that there are the so-called non-conventional types of autophagy, 

which do not require the entire ATG machinery. As a result, the depletion of a single 

ATG protein does not always guarantee the block of autophagy. Finally, it is important 
to also keep in mind that LC3-positive puncta, which is often used as a method to 

assess autophagy induction,  do not always represent autophagosomes (106–109). 
Thus, the objective of this review is to summarize the literature on the interaction of 

autophagy and DENV, WNV, ZIKV and CHIKV; and to highlight the experimental 

approaches to allow the reader to have a critical evaluation of the current available 
evidences.  

 
2.2. Dengue virus 
 
Autophagy induction and autophagic flux during infection 

 

The induction of autophagy during DENV infection has been observed in numerous 
mammalian cell lines, including Huh7, HepG2, U937, HUVEC, HEK293, HeLa, BHK-21, 

Vero and Madin-Darby canine kidney (MDCK) cells, by analysing the presence of 
autophagosomes (110–117). The first report, by Lee and colleagues, showed the 

induction of GFP-LC3 puncta formation in DENV infected Huh7 cells in a multiplicity-of-

infection (MOI)-dependent manner (110). These observations were soon corroborated 
by others in diverse cellular models and using different methods (111–113). For 

example, LC3 puncta accumulation was shown to correlate with LC3 lipidation, i.e. 
LC3-II synthesis, as assessed by western blot (110,112,114). Similarly, enhanced LC3-

I conversion into LC3-II and an increased number of autophagy-like vesicles was 

observed at 24, 36 and 48 hours post-infection (hpi) by western blot and electron 
microscopy, respectively, in endothelial HUVECs and EA.hy926 cell models (117). 

Moreover, DENV-induced autophagosome biogenesis was shown to be decreased by 
the PI3K-III inhibitors 3-MA and wortmannin, further supporting the notion that DENV 

infection induces autophagy (110,112). As UV-inactivated DENV is unable to induce 
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LC3-positive puncta formation and bona fide autophagosomes in infected cells, this 

observation indicated that active viral replication triggers autophagy (110). 

Interestingly, ectopic expression of the DENV NS4A protein was observed to induce 
LC3 puncta formation and LC3 lipidation in HeLa cells, suggesting that NS4A may 

trigger the putative autophagic response (112). Similarly, treatment of HMEC-1 
endothelial cells with DENV NS1 protein induced p62 degradation, LC3-I to LC3-II 

conversion and the presence of LC3 puncta as assessed by western blot and 

immunofluorescence staining (118). It is interesting to note that DENV NS1 increased 
the permeability of these cells and vascular leakage in BALB/c mice, a phenomenon 

that was demonstrated to be dependent on autophagy (118). Additional in vivo 
models and studies involving primary cell culture have helped to confirm some of the 

described in vitro observations. For example, DENV also induced the formation of 

autophagosomes in primary human monocytes, which are considered important 
targets during DENV infection (110). Additionally, brains of suckling mice infected with 

DENV showed an induction of endogenous LC3-positive puncta formation at 5 days 
post-infection (dpi) (114). In addition, DENV-infected animals displayed a reduction in 

the p62 levels and induction of LC3-II at 3 and 5 dpi, further demonstrating an 
autophagy induction (114). Altogether, these studies indicate that autophagosome 

formation is initiated upon DENV infection, possibly via NS4A and NS1 expression and 

may depend on the autophagy PI3K-III complex. 
Autolysosome formation and increase in autophagic flux upon DENV infection have 

been observed in several studies (110,111), though one investigation reached an 
opposite conclusion (113). Treatment of DENV-infected Huh7 cells treated with 

vinblastine, a microtubule disrupting agent that also inhibits autophagosome-lysosome 

fusion, enhanced LC3-II levels when compared to untreated-infected cells, as 
assessed by immunoblotting (110). Moreover, co-localization of LC3 puncta with the 

lysosomal marker LAMP1 and the Lysotracker dye was observed in Huh7 and Huh7.5 
cells at 24 and 36 hpi with DENV, which was suggested to indicate an enhancement of 

the autophagic flux (110,111). In another study, however, LC3 puncta did not co-
localize with LAMP2 at 36 hpi in DENV-infected Huh7 cells, although autophagy was 

induced as assessed by measuring the steady-state and flux levels of LC3- positive 

vesicles by quantitative image-based flow cytometry (113). Moreover, bafilomycin A1, 
an inhibitor of autolysosome acidification and hence cargo degradation, did not lead to 

an increase in GFP-LC3 puncta accumulation in DENV-infected cells, suggesting an 
impairment in autophagic flux. In contrast to the above studies, the authors 

concluded that DENV activates autophagosome formation but inhibits the autophagic 

flux (113). It is difficult to determine why very similar studies obtained different 
results. This discrepancy may be related to the method employed to evaluate the 

autophagic flux (confocal microscopy versus image-based flow cytometry versus 
western blot), the evaluated time-points or to the compound used to inhibit lysosomal 

degradation (vinblastine versus bafilomycin A1). Nonetheless, it remains to be firmly 

established whether DENV infection induces or blocks autophagic flux. The use of 
alternative assays like the one based on the RFP-GFP-LC3 tandem construct (119) 

could be of help in solving this issue. 
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Is autophagy induction beneficial or detrimental for DENV replication? 
 

Although it is clear that autophagy is induced in DENV-infected cells, the role of this 
pathway in the replication of the virus is, however, more intricate and complex. 

Contrasting results have been published which will be addressed below (Table 2).  
 

Evidence pointing towards a beneficial effect of autophagy in DENV infection 
 

Lee and co-workers found that infectious virus particle production was significantly 

decreased in Atg5-/- knockout mouse embryonic fibroblasts (MEFs) compared to the 
control, thereby suggesting that an intact autophagy pathway promotes viral 

replication and release (110). Other lines of evidence indicating a proviral role of 

autophagy in DENV replication include studies using drug inhibitors and/or siRNAs that 
target different steps of autophagy and functional groups of ATG proteins. For 

example, treatment with 3-MA or wortmannin, and ATG12 or BECN1 siRNA-based 
silencing, were found to decrease viral replication and infectious viral titers in diverse 

cell types (110–112,120,121). Conversely, treatment with rapamycin, a potent 
stimulator of autophagy through mTORC1 inhibition, increased DENV infectious 

particle production in a dose-dependent manner (110,120). In a recent study, 

however, it has been shown that DENV infection and egression are unaltered in ulk1, 
becn1 or atg5 knockout HeLa cells, whereas viral replication was impaired in cells 

lacking ATG9, LC3B or VPS34, knockout cells suggesting that this virus only exploits 
specific autophagy components (122).  Similar to the results observed in vitro, 

treatment of suckling mice with rapamycin promoted viral replication as shown by an 

increase in DENV titers, which correlated with a more severe clinical outcome and a 
reduction in the survival rate of the mice (114). However, it is worth mentioning, that 

rapamycin is a known immune-suppressor (123,124), and therefore these results need 
to be carefully interpreted. Additionally, it was also shown that treatment of suckling 

mice with 3-MA, which inhibited LC3-II synthesis and p62 degradation, improved the 
survival rate of the mice and their clinical scores (114). In a different murine model, 

the use of SP600125 to inhibit JNK activation in mice infected with DENV, reduced 

LC3-II levels, viral titers, disease symptoms and prolonged the survival rate of the 
infected mice (125). Collectively, the above evidence suggests that autophagy, or at 

least specific autophagy components, are required for successful DENV infection in 
mammalian cell lines and probably also in vivo. Of note, these same components are 

also involved in other pathways, like the recruitment of LC3 onto endosomes, for 

example during LC3-mediated phagocytosis (109). 
Several studies have focused on the possible mechanisms by which autophagy is 

beneficial for the virus. Early observations suggested that DENV RNA replication 
occurs within autophagy-associated vesicles, but other studies have challenged this 

view. In HepG2 cells, components of the translation/replication machinery like NS1 

and double-stranded RNA (dsRNA), which marks active sites of viral replication, were 
found to co-localize with marker proteins that label amphisomes, such as mannose-6-

phosphate receptor, LAMP1 and LC3 (120,126). Partial co-localization of NS1 and LC3 
puncta was also detected in brain tissues from DENV-infected mice (114). In contrast, 

no detectable co-localization between LC3 and the viral proteins NS1 and NS3, or 
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dsRNA, was observed in DENV-infected Huh7.5 cells (111). Comparable results were 

published for DENV-infected monocytic U937 cells (116). Moreover, recent high 

resolution electron microscopy studies revealed that DENV replication complexes 
assemble in extensive ER-associated membrane re-arrangements that form in an 

autophagy-independent manner (40,127). Thus, even if co-localization between viral 
components and autophagy marker proteins was observed in early studies, it is 

unlikely that DENV RNA replication occurs in association with autophagosomes or 

autophagy-derived vesicles. Other studies evaluated the replication cycle of the virus 
to delineate the step where autophagy promotes viral replication. Heaton and co-

workers revealed that neither entry nor viral protein translation are affected in DENV-
infected Huh7.5 cells treated with 3-MA or siRNA targeting BECN1 (111). In another 

study, autophagy was suppressed in BHK-21 cells by spautin-1, an unspecific inhibitor 

of BECN1 de-ubiquitination, and this severely hampered the specific infectivity of 
progeny viral particles (115). Stimulation of autophagy by nicardipine, a modulator of 

intracellular Ca2+ flux, or by rapamycin was found to have the opposite effect, i.e. the 
specific infectivity of progeny virions was increased, suggesting a possible effect of 

autophagy on viral maturation (128). Ca2+ levels, however, probably influence 
numerous other cellular processes, such as the enzymatic activity of furin (129), which 

is required in the latest stages of viral maturation in the TGN. In agreement with 

these observations, intracellular DENV RNA levels in atg9, lc3b and vps34 knockout 
HeLa cells are similar to the control during the first 24 hpi; but theydecreases at later 

time points suggesting an effect posterior to viral RNA replication processes and 
possibly first replication cycle (122). Finally, DENV cell-to-cell spread has been linked 

to specific components of the autophagy machinery (130). Extracellular vesicles 

released from DENV-infected Huh7 cells, were reported to contain LC3-II, DENV 
proteins (E, NS1, prM/M) and infectious viral RNA (130). Interestingly, these vesicles 

were also detected in the serum of a DENV-infected patient (130). The relevance of 
these LC3-II-containing vesicles for viral spread in the context of human infection is 

still unknown. 
Next to this, three independent studies proposed that the virus benefits from the 

induction of lipophagy, the selective autophagy of lipid droplets (111,121,131). 

Lipophagy is activated during DENV infection, thereby increasing the β-oxidation rates 
and consequently ATP levels, which promotes replication (111). This phenomenon has 

been studied in Huh7, Huh7.5 and HepG2 cells, where DENV infection leads to a 
decrease in the size of lipid droplets and free fatty acid levels at 48 hpi, which 

correlates with an increase in LC3 puncta formation (111,121). Furthermore, lipid 

droplets were found to co-localize with autophagosomal and lysosomal marker 
proteins to a higher extent in cells exposed to DENV than in mock-treated cells (111). 

In line with these observations, 3-MA treatment and silencing of ATG12 or BECN1 to 
inhibit autophagy, restored lipid droplet mass and decreased co-localization of LC3 

with lipid droplets (111). A subsequent study demonstrated that DENV-induced 

lipophagy, but not basal autophagy, depends on AMPK kinase activity and inhibition of 
mTORC1 signalling (131). Moreover, it was recently found that during DENV infection 

of HepG2 cells, NS4A and NS4B viral proteins interact with Ancient ubiquitous protein 
1 (AUP1), a lipid droplet-localized membrane protein (121). This interaction drives the 

relocation of AUP1 from lipid droplets to autophagosomes, triggering lipophagy (121). 
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Furthermore, deletion of AUP1 arrests DENV-induced lipophagy and impairs viral 

production (121). Altogether, these studies underscore the importance of lipophagy 

for DENV replication cycle, and highlight the role that NS4A and NS4B play to hijack 
this pathway. 

Additional components of the autophagy machinery have also shown to play a role 
during DENV infection, specifically in conditions of antibody-dependent enhancement 

(ADE). It is generally accepted that pre-existing, cross-reactive, poorly-neutralizing 

antibodies can enhance DENV infectivity and replication in Fcγ receptor-expressing 
cells, such as macrophages and monocytes, a process that eventually leads to 

vascular leakage (146). Treatment of K562 myelogenous leukaemia cells with 
rapamycin prior to infection with DENV-antibody-enhancing complexes, increased 

intracellular viral RNA levels at 48 hpi (135). Conversely, 3-MA treatment reduced 

intracellular DENV RNA after infection. Furthermore, in ATG5 knockout K562 cells, a 
decrease in intracellular viral RNA synthesis was detected (135). Moreover, DENV-

antibody complexes led to an increase in ATG12-ATG5 conjugate levels in monocytic 
THP-1 cells, and ATG12 and ATG5 transcripts and ATG5 and LC3-II protein levels in 

K562 cells (135,147). This led to a negative regulation of retinoic acid-inducible gene I 
(RIG-I) and the melanoma differentiation-associated protein 5 (MDA-5) signalling 

pathways, which in turn dampened interferon type I (IFN-I) response and promoted 

viral replication in THP1 cells (147,148). Moreover, in K562 cells, overexpression of 
ATG5 impaired NF-κB activation, which eventually led to increased DENV RNA (135). 

In addition, in an independent study, infection of pre-basophil-like KU812 and 
immature mast-like HMC-1 cell lines with DENV in the presence of cross-reactive 

enhancing antibodies was shown to induce autophagy, and inhibition of this pathway 

through the generation of a KU812 stably expressing the mutant Atg4BC74A, reduced 
viral replication (132). 

 
Table 2. Summary of the literature describing an antiviral or proviral role of autophagy or ATG 
proteins over the course of specific flavivirus infections. 

DENV 

In vitro 

Cell type Experimental approach Role of autophagy* References 

WT MEFs 
rapamycin treatment 
3-MA treatment 

proviral 

(110) Atg5-/- MEFs ----- proviral 

Huh7 
rapamycin treatment 
3-MA treatment 

proviral 

Huh7 stable p62 overexpression antiviral (p62) (113) 

Huh7 
Huh7.5 

BHK 
HepG2 

3-MA treatment 
ATG12 and BECN1 siRNA 

proviral (111) 

HepG2 

AMPKα siRNA (used as an 
inhibitor of lipophagy during 
DENV infection) 
compound C treatment (AMPK 
inhibitor) 

proviral (131) 
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BHK-21 

spautin-1 treatment 
rapamycin treatment 
nicardipine treatment 
3-MA treatment 

proviral (supports viral 
maturation) 

(128) 

MDCK 
Wortmannin treatment 
3-MA treatment 

proviral (112) 

KU812 Atg4BC74A overexpression proviral (132) 

A549 
rapamycin treatment 
3-MA treatment 
BECN1 and ATG7 siRNA 

no effect 

(133) 

THP-1 
rapamycin treatment 
3-MA treatment 
BECN1 and ATG7 siRNA 

antiviral 

U937 (ADE 
conditions) 

rapamycin treatment 
L-asparagine treatment 
Vps34dn overexpression 

antiviral (mild effect) (116) 

HepG2  
(DENV-2) 

rapamycin treatment 
proviral 

(120) 3-MA treatment 

L-asparagine treatment  

HepG2  
(DENV-3) 

rapamycin treatment 

proviral (134) 3-MA treatment 

L-Asparagine treatment 

Huh7 ATG5 and ATG9 siRNA proviral (autophagy 
participates in virus spread 

in co-cultured cells) 

(130) 
Atg5-/- MEFs ----- 

Atg5-/- MEFs ----- proviral (125) 

Huh7 
IRE1α inhibitor 
IRE1α and eIF2α shRNA 
SP600125 treatment 

proviral (indirect) (125) 

HepG2 AUP1 siRNA proviral (AUP1) (121) 

K562 (ADE 
conditions) 

rapamycin treatment 
3-MA treatment 
CRISPR-Cas9 knockout of ATG5 

proviral (135) 

HBMEC FAM134B siRNA 
antiviral (FAM134B, 

reticulophagy) 
(136) 

HeLa 
CRISPR-Cas9 knockout of 
ATG9A, VPS34 and LC3B 

proviral (122) 

In vivo 

Animal 
model 

Experimental approach Role of autophagy* References 

Suckling mice 
rapamycin treatment proviral 

(114) 
3-MA treatment no effect 

Suckling mice SP600125 treatment proviral (125) 
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WNV 

In vitro 

Cell type Experimental approach Role of autophagy* References 

MCCs trehalose treatment no effect 

(137) 
BSCs 

wortmannin treatment no effect 

3-MA treatment proviral (unspecific effect) 

BHK ATG5 shRNA no effect 

Atg5-/- MEFs ----- no effect 

Atg5-/- MEFs ----- 
antiviral (only at low 

infectious dose, MOI 0.01) (138) 

HeLa TAT-BECN1 peptide antiviral 

Atg5-/- MEFs 
(m5-7 clone, 
suppresses 

Atg5 
expression 

upon 
doxycycline 
treatment) 

----- no effect 
(139) 

HEK293T ATG7 siRNA no effect 

HeLa TAT-BECN1 peptide antiviral (140) 

Vero 3-MA treatment 
proviral (WNV-B13) 

no effect (WNV-NY99) 
(141) 

ZIKV 

In vitro 

Cell type Experimental approach Role of autophagy* References 

Primary skin 

fibroblasts 

torin1 treatment 

3-MA treatment 
proviral (142) 

fNSCs 

rapamycin treatment 
3-MA treatment 
CQ treatment 
ATG3 and ATG13 siRNA 

proviral 

(143) 
HeLa 

rapamycin treatment 
3-MA treatment 
CQ treatment 

proviral 

Atg3-/- and 
Atg5-/- MEFs 

----- proviral 

HUVEC 

wortmannin treatment 
CQ treatment 
BECN1 shRNA 

proviral (although NS3 
protein is increased by 

wortmannin and decreased 
by BECN-1 shRNA) 

(144) 

rapamycin treatment no effect 

JEG-3 

rapamycin treatment 
Torin1 treatment 
3-MA treatment 
CQ treatment 
Bafilomycin A1 treatment 

proviral (145) 



Role of autophagy during the replication and pathogenesis of common mosquito-
borne flavi- and alphaviruses 

51 

HBMEC FAM134B siRNA 
antiviral (FAM134B, 

reticulophagy) 
(136) 

HeLa 
CRISPR-Cas9 knockout of ULK1, 
BECN1, ATG9A, VPS34 and LC3B 

proviral (122) 

In vivo 
Animal 
model 

Experimental approach Role of autophagy* References 

Atg16l1HM 
mice 

----- proviral 

(145) 
WT C57BL6 

mice 
HCQ treatment proviral 

*Measured by assessing viral titers, percentage of infection, extracellular or intracellular RNA 

 

Evidence pointing towards an antiviral role of autophagy in DENV infection 
 

A few studies have suggested that autophagy may act as an antiviral pathway in 
DENV infection, but evidences are less compelling than those indicating that 

autophagy is proviral (Table 2). For example, induction of autophagy by rapamycin in 

U937 monocytic cells, resulted in a decrease in extracellular virus output, whereas 
downregulation of autophagy by L-asparagine had no effect in DENV infectious 

particle production (116). This finding was confirmed by another study in which 
autophagy induction by rapamycin in monocytic THP-1 cells significantly decreased 

the progeny DENV titer, while 3-MA, or siRNA targeting BECN1 or ATG7-mediated 
inhibition of autophagy increased the viral titer (133). Studies by the same authors 

additionally identified miR-146a as a regulator of both autophagy and innate immune 

responses during DENV infection (133,149). It was initially shown that expression of 
miR-146a facilitates DENV replication by targeting TRAF6, an essential innate immune 

signalling adaptor that activates the nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) transcription factor and the production of IFN-I (149). In 

addition, miR-146a-mediated TRAF6 downregulation blocked DENV-induced 

autophagy in THP-1 cells (133). Furthermore, silencing of ATG7 or BECN1 by siRNA 
transfection in DENV-infected cells decreased the production of proinflammatory 

cytokines, confirming a possible role of autophagy in modulating DENV-induced 
immune response in monocytic cells (133). Furthermore, the autophagy receptor p62 

was described to directly hamper DENV replication (113). Indeed, reduced DENV 
replication was observed in Huh7 cells stably overexpressing p62 (113). Interestingly, 

DENV was found to counteract p62 expression, as the expression level of p62 was 

shown to be reduced during infection, even when the autophagic flux was 
progressively blocked with bafilomycin A1. Moreover, DENV-induced p62 reduction 

was abolished by treatment with the proteasomal inhibitor epoxomycin, suggesting 
that DENV induces p62 proteosomal degradation to subvert an autophagy-mediated 

antiviral response (113). Of note, these data have to be pondered in the light of the 

fact that p62 also represents a hub to coordinate autophagy and oxidative stress 
(e.g.(150,151)). 
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Autophagy crosstalk with other cellular stress pathways 
 

McLean and co-workers found that DENV infection of HEK293T, HeLa, Vero, MDCK 
cells and MEFs prevents cell death caused by several stimuli, including DNA damage 

through camptothecin treatment, inhibition of kinases induced with staurosporine and 
protein synthesis inhibition by cyclohexamide (112). This cytoprotective effect was 

abolished in Atg5-/- MDCK cells, suggesting that autophagy stimulation during DENV 

infection is a prosurvival and proviral mechanism (112). In agreement with the 
aforementioned observation, 3-MA treatment further reduced the number of surviving 

DENV-infected cells, indicating that autophagy may contribute to cell survival under 
these conditions (117). Indeed, in the same study, autophagy inhibition was found to 

up-regulate apoptosis in HUVECs and EA.hy926 cells (117). Finally, it was identified 

that NS4A overexpression was sufficient to confer protection from cell death induced 
by camptothecin or staurosporine treatment in MDCK cells, and this protection was 

associated with the induction of autophagy (112). 
Additional evidence indicates that DENV also activates the protein kinase RNA-like 

endoplasmic reticulum kinase (PERK) branch of the UPR at early time-points after 
infection in MDCK and Huh7 cells and in MEFs, which can trigger autophagy and ROS 

production, and through a positive-feedback loop further stimulates autophagy 

(115,125). In DENV-infected Huh7 cells, PERK signalling leads to eIF2α 
phosphorylation, thereby enhancing the translation of ATF4 and ultimately 

upregulating the expression of ATG proteins (e.g., ATG12) and autophagy at 12 and 
24 hpi (125). The inositol requiring kinase 1(IRE1α) and c-Jun N-terminal kinase (JNK) 

branch of the UPR is required for this autophagy stimulation (125). IRE1α-JNK is a 

major signalling pathway that induces BCL2 phosphorylation and causes dissociation 
of the BECN1-BCL2 complex to release BECN1 and thereby promotes autophagy 

(152). Indeed, blocking JNK activation using the specific inhibitor SP600125 in DENV-
infected mice, reduced DENV-induced autophagy (125). Collectively, these studies 

suggest a mutually exclusive relationship between autophagy and apoptosis, and 
indicate that the UPR and the JNK signalling pathways are important regulators of 

autophagy during DENV infection. However, they also evoke the possibility that 

autophagy is not directly subverted by DENV but it could rather represent a pro-
survival response of the cell to adapt to stress. 

 
2.3. West Nile virus 
 
Autophagy induction during WNV infection has been found to be cell-type specific. For 
example, infection of Vero cells stably expressing GFP-LC3 with the highly pathogenic 

strain New York 99 (WNV-NY99) led to more pronounced steady-state levels of LC3 
puncta and LC3 lipidation at 24 hpi when compared to mock-infected control cells, 

although no effects on p62 levels were observed (137). Similarly, increase in steady-

state amounts of LC3 puncta and lipidated LC3 were seen in SK-N-SH, a 
neuroblastoma cell line, infected with WNV-NY99 but at an earlier time-point (6 hpi) 

(138). Furthermore, SK-N-SH cells treated with the lysosomal protease inhibitors E64d 
and pepstatin A had increased LC3 lipidation following WNV-NY99 infection, indicating 

that WNV indeed enhances autophagic flux (138). In agreement with this observation, 



Role of autophagy during the replication and pathogenesis of common mosquito-
borne flavi- and alphaviruses 

53 

Vero cells exposed to WNV-NY99 and treated with bafilomycin A1 or chloroquine (CQ), 

also showed more LC3-II accumulation when compared to the control cells (137). 

Moreover and similarly to what has been observed for DENV, 3-MA was found to 
inhibit LC3-postive puncta formation in WNV-infected Vero cells (137). Similarly, ATG5 

knockdown in BHK-21 cells using shRNA also reduced LC3-positive puncta formation 
in WNV-infected cells (137). Lastly, increased steady-state LC3 lipidation was detected 

at 24 and 48 hpi with WNV-NY99 in a 3-dimensional CNS model (137). In contrast, no 

enhanced steady-state LC3 lipidation was detected following infection with WNV-NY99 
in HEK293T, Huh7, Huh7.5, A549 cells, and human skin fibroblasts (HFF) (139). 

Collectively, these observations suggest that the induction of autophagy following 
WNV infection is cell-type specific. Alternatively, the discrepancies can be explained by 

differences between the studies, e.g. the used MOI, the analysed time points, 

inherent susceptibility of the cells to infection, the metabolic cell status and the 
autophagy measurement method. Therefore, a comparative study should be 

performed using cell lines that have previously shown contradictory results, to be able 
to pinpoint whether this pathway is induced by WNV infection. The virulence of the 

WNV strain, however, does not appear to be a determinant factor as a direct 
comparison of WNV-NY99 and a low virulent Kenyan WNV isolate appeared to equally 

stimulate autophagy in Vero cells, as assessed through the analysis of steady-state 

levels of LC3B-II at 24 hpi by immunoblotting (137). Infection of Vero cells expressing 
GFP-LC3 with multiple variants of WNV (B13, ArD27875, Egypt101, and B956), 

however, resulted in GFP-LC3 puncta accumulation and in increased steady-state 
levels of lipidated LC3, as assessed by western blot at 24 and 48 hpi. In comparison, 

compared to the uninfected control, WNV-NY99-infected Vero cells did not redistribute 

the GFP-LC3 signal and the steady-state levels of LC3-II did not change (141). The 
authors of this study suggested that mutations in the NS4A and NS4B of WNV could 

be responsible for the discrepancies but further in vitro and in vivo characterization of 
these mutants is required to eventually understand the molecular mechanisms behind 

these discrepancies in autophagy regulation between WNV strains (141,153). 
The role of autophagy in promoting or restricting WNV replication is also a 

controversial subject (Table 2). While some reports indicate that autophagy 

modulation does not affect the virus replication (137–139), other studies suggest 
otherwise (138,140). No differences in viral titers was observed in WNV-NY99-infected 

HEK293T cells transfected with siRNA targeting ATG7 compared to the cells treated 
with an siRNA control (139). In line with this result, treatment of primary mouse 

cortical cultures (MCCs) with trehalose, an mTORC1-independent inducer of 

autophagy, did not have a significant effect on progeny WNV infectious titers at 72h 
when infected with an MOI of 3 (137). In addition, inhibition of Atg5 with shRNA, had 

no effect on WNV infectious particle production from 6 to 24 hpi as compared to cells 
transduced with a shRNA control (137). On the other hand, PI3K-III inhibitors 3-MA 

and wortmannin significantly reduced viral titers of WNV-NY99 in organotypic brain 

slice cultures at 72 hpi, although this was suggested to be related to pleiotropic 
effects of these compounds (137). Similarly, Vero cells treated with 3-MA released less 

WNV-B13 infectious virus particles, though no effect was observed for WNV-NY99, 
indicating a strain specific effect (141). On the contrary, another study showed a 

significant enhancement in progeny virus particle production at 24 and 48 hpi but not 
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at 72 hpi following infection with WNV-NY99 at MOI 0.01 in Atg5-/- MEFs when 

compared to Atg5+/+ MEFs or Atg5-/- cells back-transfected with Atg5 (138). 

Additionally, they showed that Atg5-/- MEFs had higher levels of WNV genomic RNA 
at 6 hpi measured by RT-qPCR than parental cells. No effect was, however, seen at 

higher MOIs (e.g. MOI 0.1 and 1) (138). Interestingly, treatment of HeLa cells with 
TAT-BECN1, a potent autophagy-inducing peptide, decreased WNV titers without 

affecting viral entry or cell survival (138,140). Similarly, treatment of WNV-infected 

(strain Egypt 101) neonatal mice with the TAT-BECN1 peptide, led to a pronounced 
reduction in brain viral titers, clinical paralysis and mortality caused by the virus (140). 

Overall, these data suggest that even though autophagy is not required for WNV 
replication, strong induction of this pathway could have a detrimental effect on the 

virus, possibly due to non-specific degradation of viral components or other antiviral 

pathways modulated by autophagy. 
WNV-NY99 infection leads to ER stress and UPR induction, though this has been 

mainly associated with initiation of apoptosis in SK-N-MC neuroblastoma cells rather 
than autophagy (154). Furthermore, UPR activation appears to be strain-specific and 

cell-type dependent, as the attenuated Kunjin WNV subtype only activates PERK-
mediated translation and CHOP transcription in Vero cells, whereas WNV-NY99 was 

described to upregulate all three pathways of the UPR (PERK, IRE1α and ATF6) in SK-

N-MC cells (154,155). Moreover, comparable levels of spliced XBP1 were observed for 
different WNV strains in Vero cells, which is indicative of similar UPR induction yet not 

all of these strains were found to induce autophagy (141). Together, this shows that 
the importance of the cellular stress response in autophagy induction is not exactly 

clear and future studies are required to address this question.  

 
2.4. Zika Virus 

 
The interaction between ZIKV and autophagy has only recently been described. 

Electron micrographs of primary skin human fibroblasts infected with a clinical ZIKV 
isolate from French Polynesia, showed the presence of double-membrane vesicles 

resembling autophagosomes at 72 hpi (142). Enhanced autophagosome formation has 

also been observed in HeLa and HUVEC cell lines, and in MEFs, which displayed 
increased LC3 lipidation and p62 degradation upon ZIKV infection, (143,144). In 

addition, LC3-I to LC3-II conversion and LC3 puncta formation was observed at 12 hpi 
in the human trophoblast cell type JEG-3, following exposure to the Brazilian ZIKV 

strain Paraiba 2015 in the presence and absence of bafilomycin A1 (145). 

Furthermore, accumulation of LC3-positive puncta co-localizing with the viral E protein 
in proximity to the ER was seen in HFF1 cells at 24 hpi (142). These findings led the 

authors to hypothesise that autophagosomes are the sites of ZIKV replication (142). 
This notion, however, has been challenged by a more recent study in which ZIKV 

replication factories were described to be tightly linked to ER membrane invaginations 

surrounded by rearrangements of the host cell cytoskeleton (156). 
Multiple studies reported enhanced autophagic flux during ZIKV infection in 

different in vitro and in vivo systems and independent of the strain used (142–145). 
HUVEC cells transduced with a lentivirus system encoding mTagRFP-mWasabi-LC3, 

which allows differentiation of autophagosomes (Wasabi+/RFP+ puncta) from 
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autolysososmes (RFP+ puncta), demonstrated an increase in the autophagic flux from 

18 to 24 hpi following infection with ZIKV strain GZ01 (144). Moreover, due to the 

association of ZIKV infection with microcephaly (157,158), several efforts have been 
made to dissect the role of autophagy in ZIKV infection during neuronal differentiation 

in forming brains. For example, three ZIKV strains of diverse origin (i.e., MR766, 
IbH30656, and H/PF/2013) were observed to enhance LC3-I conversion into LC3-II in 

fetal NSCs (fNSCs) when the autophagic flux was monitored in the presence and 

absence of bafilomycin A1 (143). Furthermore, steady-state p62 levels were reduced 
from 6 to 24 hpi, which is consistent with a possible induction of autophagy (143). 

Furthermore, an in vivo study using a mouse model for maternal-fetal transmission of 
ZIKV confirmed the results observed in the previous in vitro studies (145). Cao and 

colleagues, reported an increase in steady-state levels of LC3-II and a decrease of 

p62 in the entire placenta of animals infected with ZIKV strain Paraiba 2015 (145). 
Lastly, the possible role of virally-encoded NS proteins in autophagy induction was 

investigated in more detail. Lentivirus-based overexpression of ZIKV NS4A or NS4B led 
to GFP-LC3 puncta accumulation in HeLa cells and increased LC3 lipidation in fNSC 

when the autophagic flux was assessed in the presence and the absence of 
bafilomycin A1. Co-expression of both viral proteins further enhanced the effect, by 

impairing Akt-mediated positive regulation of mTOR activity (143). Collectively, the 

results from these studies show that autophagy could be initiated via NS4A and NS4B 
by regulating mTOR activation. However, how these proteins interfere with Akt 

signalling remains to be understood. 
Several studies have shown that autophagy induction is beneficial for ZIKV 

replication and pathogenesis (Table 2). Treatment of diverse cell types (i.e., JEG-3 

cells, primary fibroblasts or fNSCs) with the mTOR inhibitors Torin-1 or rapamycin 
upon ZIKV infection, resulted in a concomitant increase in autophagosome formation 

and viral replication, whereas treatment with the inhibitors 3-MA or CQ decreased viral 
replication (142,143,145). Similarly, treatment of HUVECs with wortmannin and CQ 

significantly decreased ZIKV titers (144). In line with these observations, infection of 
Atg3-/- and Atg5-/- MEFs with ZIKV reduced virus replication compared to control 

MEFs (143). Reduced infectious virus titers were also observed in ATG3- or ATG13-

depleted fNSCs, or BECN1-silenced HUVECs (143,144). In agreement with these 
studies, knockout of ULK1, ATG9, BECN1, VPS34 or LC3B in HeLa cells, caused a 

reduction of both ZIKV viral titers and the percentage of infected cells at 48 hpi (122). 
In addition, treatment of pregnant mice with the autophagy inhibitor hydroxyl-CQ 

(HCQ), reduced ZIKV titers in the placentas of these mice without influencing the 

systemic maternal infection (145). Also, a pronounced decrease in ZIKV titers has 
been detected in the placentas of virus-inoculated pregnant mice carrying a 

hypomorphic allele of Atg16l1, which was correlated with less pathological damage 
(145). Finally, expression of ZIKV NS4A and NS4B in fNSCs caused an impairment in 

neurosphere formation and differentiation capacity, a phenomenon that was 

correlated with upregulation of autophagy (143). Altogether, these studies highlight 
that ZIKV-induced autophagy has a proviral effect in multiple contexts, hence 

potentially contributing to the development of the severe clinical manifestations 
observed in human neonates. 
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While induction of bulk autophagy is proviral for ZIKV, a recent study suggests that 

reticulophagy is part of the cellular antiviral response (136). Downregulation of 

FAM134B, a specific reticulophagy receptor (159), by siRNA-mediated knockdown, 
boosts intracellular viral RNA levels and infectious titers of both ZIKV and DENV, in 

human brain microvascular endothelial cells (HBMECs) (136). The authors of this 
study showed that FAM134B is cleaved by the flavivirus NS2B3 protease to facilitate 

expansion of the ER rather than its degradation (136). In addition, NS2B3 is able to 

disrupt viral protein sequestration in reticulophagy-derived autophagosomes, as 
demonstrated by the absence of FAM134B- and NS3-positive puncta in U2OS cells co-

transfected with DENV NS2B and FAM134B carrying a mutation in the LC3-interacting 
domain (136). These results suggest that FAM134B, and in general reticulophagy, 

may act as a restriction factor for infection. The involvement of other ATG proteins in 

this context, however, has not been examined and viral proteins were shown to 
localize with FAM134B but not directly LC3 (136). As a result, further studies are 

required to determine whether FAM134B ablation is indeed impairing reticulophagy 
during ZIKV infection as other selective autophagy receptors are also known to be 

involved in this pathway (160). Nonetheless, an emerging picture could be that while 
bulk autophagy is beneficial for ZIKV infection, this virus targets FAM134B to assure 

that the ER and viral proteins are not turned-over. 

 
2.5. Chikungunya virus 
 
Autophagy induction and autophagic flux during infection 

 
Hallmarks of the induction of autophagy during CHIKV infection have been reported 
for multiple human cell lines, including HEK293, HeLa, HFF and U-87 MG, and also in 

MEFs and mice using diverse methods (161–163). Accumulation of GFP-LC3-positive 
puncta was detected from 4 to 48 hpi following CHIKV infection in MEFs, HEK293, 

HeLa and human glioblastoma U-87 MG cells expressing GFP-LC3 by fluorescence 
microscopy and flow cytometry (161–164). Furthermore, electron microscopy analyses 

in HeLa and HEK293 cells exposed to CHIKV revealed accumulation of membranous 

vesicles reminiscent to autophagosomes (161,163). In line with these observations, 
LC3-I conjugation to PE to form LC3-II has been observed in HeLa cells and MEFs 

between 5 and 24 hpi by western blot analysis (162,163). Furthermore, a reduction in 
p62 cellular levels in HeLa cells infected with a clone-derived CHIKV-37997 was 

observed at 15hpi (163). In another study, however, the authors failed to detect 

accumulation of LC3-II in CHIKV-infected HepG2 cells whereas the same authors did 
observe enhanced LC3-II accumulation in HeLa cells challenged with CHIKV (165). 

This discrepancy is not fully understood yet, and the observed differences between 
the two cell lines may just reflect differences in the steady state levels of LC3-II, as 

the autophagic flux was not investigated. Active replication of CHIKV is required for 

inducing autophagy, since UV inactivated virus is unable to enhance LC3-positive 
puncta formation and LC3-I conversion into LC3-II in MEFs (162). Although it is not 

exactly known how CHIKV replication induces autophagy, a study for the closely 
related Semliki Forest virus (SFV) revealed that accumulation of autophagosomes 

might be dependent on the expression of the glycoprotein spike complex (166). It this 
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case, however, autophagosome accumulation was a result of inhibition of 

autophagosome degradation rather than an active initiation of an autophagic response 

(166). Similar to the in vitro studies, higher LC3-II levels have also been observed in a 
neonatal mouse model for CHIKV at 3 dpi (163). These data collectively suggest that 

CHIKV replication may initiate an autophagic response in vitro and in vivo. 
Two independent studies reported co-localization of LC3 puncta with the lysosomal 

marker protein LAMP1 in HeLa cells infected with CHIKV ECSA genotype or CHIKV-21 

strain at MOI 1 and 10 at 24 hpi, which indicates an induction of the autophagic flux 
that leads to the fusion between autophagosomes and lysosomes (162,165). 

Experiments using the tandem construct expressing RFP-GFP-LC3, which allows to 
distinguish between autophagosomes (i.e. RFP- and GFP-positive puncta) from the 

acidic autolysosomes (i.e. RFP-positive and GFP-negative puncta) corroborated these 

findings (162). Altogether, these results indicate that autophagy is probably triggered 
over the course of a CHIKV infection, and that it culminates in autolysosome 

formation. 
 

Is autophagy induction beneficial or detrimental for viral replication? 
 

Although early studies on CHIKV and autophagy suggested an antiviral role of this 

pathway in human and murine cell lines, more recent evidence has revealed proviral 
effects and these results of these studies will be outlined below (Table 3).  

 
Evidence pointing towards a beneficial effect of autophagy in CHIKV infection 

 

Multiple studies have highlighted that autophagy induction promotes CHIKV replication 
in human cells. For example, HEK293 pre-treated with 3-MA or BECN1 knockdown, 

reduced the percentage of CHIKV-infected cells, the expression levels of the E1 and C 
proteins, and the release of viral RNA copies in culture supernatants (161). Pre-

treatment of HEK293 with rapamycin, on the other hand, enhanced the percentage of 
infected cells, E1 glycoprotein expression, and viral RNA in the culture supernatants 

(161). Similarly, autophagy induction with rapamycin in HeLa cells significantly 

increased CHIKV replication and viral production at 15 and 24 hpi as assessed by 
FACS and TCID50, while inhibition using wortmannin, or BECN1 or ATG7 knockdown 

restricted viral replication (163). These results indicate that autophagy induction is 
beneficial for CHIKV replication and release in human cell lines. 

Interestingly, depletion of NDP52, an autophagy receptor involved in several 

aspects of immunity (167), significantly decreased CHIKV replication, protein 
translation and viral titers in HeLa cells, suggesting that NDP52 positively controls 

CHIKV replication (163). In HeLa cells and primary human labial fibroblasts (HLFs) 
exposed to CHIKV, NDP52 was shown to co-immunoprecipitate with the nsP2 viral 

protein, and partially co-localized with dsRNA and nsP2, but not LC3, in the 

perinuclear region (163). These results indicate that autophagy could promote CHIKV 
replication in human cells, at least partly, by the interaction of NDP52 with nsP2 near 

the sites of protein-translation. The beneficial role of NDP52 was, however, not 
reproduced in MEFs, suggesting that CHIKV replicates differently in mouse-derived 

cells (163). 



CHAPTER 2 

58 

Evidence pointing towards an antiviral role of autophagy in CHIKV infection 
 

An antiviral role of autophagy in CHIKV infection is based on the observation of an 
increased percentage of infected cells and progeny virus titers in Atg5-/- MEFs 

exposed to MOI 0.1 CHIKV-GFP at 48 hpi (162). Furthermore, knockdown of p62 in 
HeLa cells was found to increase viral replication at 15 hpi (163). Additionally, it was 

shown that the viral C protein is ubiquitinated and co-localizes with both p62 and 

LAMP1, suggesting that autophagy, through p62, targets CHIKV components to 
autolysosomes for degradation to counteract infection (163). Indeed, interaction 

between p62 and the viral C protein was shown by co-immunoprecipitation, and 
treatment of CHIKV-infected cells with bafilomycin A1 led to an increase of C protein 

levels (163). These results indicate an autophagy-mediated antiviral response against 

CHIKV, enabled by the recognition of the viral C protein by the p62 receptor, in both 
human and mouse-derived cells.  

 
Table 3. Summary of the literature describing an antiviral or proviral role of autophagy or ATG 
proteins over the course of CHIKV infection. 

CHIKV 

In vitro  

Cell type 
Experimental 

approach 
Role of autophagy* References 

HEK.293 
rapamycin treatment 
3-MA treatment 
BECN1 siRNA 

proviral (161) 

Atg5-/- MEFs ----- antiviral (162) 

HeLa TAT-BECN1 peptide  antiviral (140) 

HeLa 

rapamycin treatment 

wortmannin treatment 
BECN1, ATG7 and 
NDP52 siRNA 

proviral 

(163) 

p62 siRNA antiviral 

HLFs 
NDP52 siRNA proviral (NDP52) 

p62 siRNA antiviral (p62) 

WT MEFs NDP52 siRNA no effect 

Atg5-/- MEFs ----- antiviral 

In vivo    

Animal 
model 

Experimental 
approach 

Role of autophagy* References 

Atg16l1HM 
mice 

----- 
no effect on viral titers but increased 

pathogenesis (lethality) 
(162) 

*Measured by assessing viral titers, percentage of infection, extracellular or intracellular RNA 
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Autophagy crosstalk with other pathways 
 

CHIKV induces the PERK and the IRE1α arms of the UPR in U-87 MG cells (164). 
Furthermore, activation of IRE1α correlated with increased steady-state levels of LC3 

lipidation, and siRNA knockdown of IRE1α decreased CHIKV-induced LC3 puncta 
formation in MEFs (162). ROS-mediated activation of AMPK has also been observed in 

CHIKV-infected MEFs, and this coincided with a decrease in mTOR phosphorylation at 

24 hpi, which in turn correlated with an increase in LC3-I conversion into LC3-II (162). 
Therefore, autophagy initiation is a downstream response to ER and oxidative stress 

activated by CHIKV replication, possibly through the transcriptional activation of 
several ATG genes (168,169). 

CHIKV induces apoptosis via intrinsic and extrinsic mechanisms (170), which have 

been suggested to be modulated by autophagy as a mechanism that controls viral 
pathogenesis early in infection. In CHIKV-infected HFFs and MEFs, it was shown using 

imaging flow cytometry that autophagy and apoptosis are mutually exclusive 
processes, as autophagy initiation from 24 to 48 hpi prevented CHIKV-induced 

caspase 3 activation (162). Experiments performed by the same authors, revealed 
increased CHIKV-induced lethality in mice carrying an Atg16l1 hypomorphic allele in 
comparison to the WT mice (162). This study, however, did not find any differences in 

the viral titers of these mice, and they suggested that autophagy does not 
significantly affect viral infection in vivo. 

 
3. Conclusions and perspectives: is there an integrated view? 

 

Despite the public health impact of arboviruses transmitted to humans by mosquitoes, 
treatments and prophylactic measures to combat these viruses remain scarce and 

therefore the research on virus-host interactions has intensified in recent years. 
Overall, DENV, WNV, ZIKV, and CHIKV appear to activate autophagy either directly or 

indirectly through diverse mechanisms. DENV and ZIKV were described to actively 
initiate autophagy in several cellular models, possibly through the expression of NS4A, 

NS4B and/or NS1. For WNV, however, autophagy induction is determined by the cell 

type and the virus strain used. Site-directed mutagenesis studies can be performed to 
further address the role and importance of the NS proteins in autophagy initiation 

during flavivirus infection. CHIKV also triggers autophagy in most of the cells types 
evaluated so far, although it remains to be identified which CHIKV protein is 

associated to this cellular response. There is also evidence that autophagy is induced 

through the activation of ER or oxidative stress as a consequence of DENV and CHIKV 
infection. UPR induction, however, does not always trigger autophagy during arboviral 

infection as conflicting results have been described for WNV. Furthermore, the 
initiation of autophagy attenuates cellular stress and was described to prevent cells 

from undergoing apoptosis. Therefore, at least for DENV and CHIKV, the initiation of 

autophagy is ultimately beneficial for cell survival and viral replication.  
As we have highlighted throughout this review, the measurement of the 

autophagic flux during arboviral infection is technically challenging. In this regard, 
early investigations mainly assessed changes in the steady-state levels of LC3-II and 

p62, and the number of LC3-positive puncta. More recently, the use of bafilomycin A1 
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and other lysosomal inhibitors, assays based on the GFP-RFP-LC3 tandem construct, 

and image-based flow cytometry have allowed us to properly measure the autophagic 

flux. Based on these findings, early in DENV infection autophagosomes are formed 
whereas at later time-points in infection lysosomal degradation of autophagosomes is 

impaired. This is in contrast to ZIKV, WNV and CHIKV, for which autophagy induction 
was shown to culminate in autophagosome degradation.  

Once autophagy is triggered, a major research question has been whether it 

positively or negatively influences arboviral replication. This has represented an 
additional challenge for the field, as several discrepancies were described, mainly 

associated to cell type variations or to the methods employed to investigate this 
subject. In this regard and as we have also emphasized throughout the review, the 

use of compounds inducing and inhibiting autophagy like rapamycin or 3-MA are not 

optimal, as these molecules are known to affect multiple cellular pathways. For this 
reason, genetic approaches and methods based on the specific depletion of ATG 

proteins from different autophagy functional clusters should be the preferred 
experimental strategy in future research. Most evidence points out that DENV, ZIKV 

and CHIKV replication is promoted by autophagy, albeit in a cell type specific manner. 
For example, lipophagy has been proven to be beneficial for DENV and ZIKV 

replication in human hepatic cell lines. In addition, DENV appears to benefit from 

autophagy during progeny virus particle maturation and spread, but the molecular 
mechanism remains to be unveiled. For CHIKV, the interaction between nsP2 and the 

NDP52 autophagy receptor in human cell lines ultimately favours viral replication 
through an as yet unknown mechanism. Although a proviral function for autophagy 

has also been suggested for a specific WNV strain, more studies are required to 

validate these results.  
Other evidence suggests that autophagy contributes to the removal of viral 

components during infection to relieve cellular stress. This phenomenon was 
described to occur during CHIKV infection in human and murine cells, in which capsid 

ubiquitination and its colocalization with p62 suggest xenophagic degradation of this 
viral protein. On the same line, DENV and ZIKV counteract autophagy, underscoring 

the notion that autophagy acts as an antiviral response. For example, DENV was 

described to block the autophagic flux by inducing proteosomal turnover of p62. 
Moreover, DENV, WNV and ZIKV cleave the FAM134B reticulophagy receptor mediated 

by the NS2B3 protease. Also, studies performed in DENV-infected THP-1 and U937 
cells, which both have a monocytic origin, concluded that autophagy has an antiviral 

function, but the mechanism underlying this role remains unidentified. Different 

laboratories have attempted to exploit this potential antiviral role of autophagy as a 
therapeutic strategy. In our view, the most interesting approach constitutes the use of 

the autophagy-inducing peptide TAT-BECN1 to counteract viral infection and the 
pathological effects caused by WNV, ZIKV and CHIKV. 

In conclusion, autophagy can have diverse outcomes in DENV, WNV, ZIKV and 

CHIKV infection, and many questions arise from this apparent dual role of autophagy. 
For example, it remains to be explored how DENV triggers and benefits from 

lipophagy when autophagic flux is impaired. In addition, how does DENV prevent the 
formation of autolysosomal vesicles later in infection? Addressing these and other 

questions will provide crucial information on the arbovirus replication cycle and the 
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process of autophagy. While studying autophagy, it is also important to consider that 

ATG proteins participate in many unconventional functions outside the autophagy 

context (103–105) and different forms of non-canonical autophagy also exist, which 
has be suggested that may contribute to DENV and ZIKV infections (122,171). 

Therefore, one should always compare the results of different methods to firmly 
conclude whether selective and/or non-selective types of autophagy have a pro- or 

antiviral role during arboviral infection. Therefore, interdisciplinary approaches 

involving experts in the field of arbovirus and autophagy may be crucial to design 
studies for a more thorough understanding of autophagy and arboviruses.  
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Abstract 

 

Dengue virus (DENV) is a mosquito-borne flavivirus that is responsible for approximately 
390 million human infections yearly. Of these, roughly 96 million individuals develop an 

acute febrile illness of which 0.5 to 1 million people develop a more severe disease 
which is fatal in approximately 20,000 cases. The constant interplay between the virus 

and the host determines the outcome of infection. In infected cells, the degradative 

pathway of autophagy is often triggered as an antiviral stress response, yet many 
viruses have evolved to utilize components of the autophagy pathway for their benefit. 

Indeed, the presence of the non-structural DENV proteins in infected cells was shown 
to induce autophagy. On the other hand, however, other studies suggested that 

degradation of lipid droplets by autophagy and certain autophagy-related proteins 

(ATG) promote DENV infection. Here, we aimed at determining the role of the entire 
set of core ATG proteins and several autophagy receptors in DENV infection using an 

image-based siRNA screen. First, we describe the optimization and validation of the 
screening approach. Thereafter, the screen was performed and the results revealed that 

most factors had only minor effects on DENV infection in Huh7 cells. In total, 11 single 
ATG knockdowns were found to significantly enhance DENV infection, which suggests 

that these proteins restrict DENV replication. From the identified hits, NBR1 and ATG4C 

had the most pronounced effect. Future studies should be performed to validate their 
role in DENV infection and their mechanism of action.  
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1. Introduction 

 

Dengue virus (DENV) is the causative agent of dengue fever, which continues to be the 
most important arthropod-borne viral human disease in terms of incidence and public 

health impact (1,2). DENV belongs to the genus Flavivirus and is transmitted to humans 
through the bites of female Aedes spp. mosquitoes, which are now widely dispersed in 

all continents, including North America and Southern Europe (3). DENV infection can 

lead to a wide range of clinical manifestations, ranging from a self-limiting mild febrile 
illness to life-threatening conditions such as shock, liver failure or severe haemorrhages 

(4,5). A DENV-attenuated chimeric vaccine has recently been licensed (6), however, its 
performance has been highly debated due to exacerbation of the disease symptoms in 

vaccinated individuals undergoing a natural infection, potentially as a consequence of 

antibody-dependent enhancement (7). Furthermore, there are no antiviral drugs 
available that specifically lower the disease burden. For the rational design of novel 

therapeutic and prophylactic interventions a thorough understanding of the virus-host 
interactions is warranted. 

DENV particles are enveloped and contain a nucleocapsid which is composed of the 
capsid protein (C) and the viral genomic RNA (8,9). The envelope contains two 

structural proteins, the membrane (M) and the envelope (E) protein (8,9). The viral 

genome is a capped, single-stranded positive-sense RNA molecule of 11 kb in length, 
which encodes for 3 structural proteins (C, E, prM) and 7 non-structural (NS) proteins 

(NS1, NS2A/B, NS3, NS4A/B, NS5) (10,11). The replicative cycle of DENV initiates when 
the E protein attaches to cell receptors, thereby triggering internalization of the virion 

via clathrin-mediated endocytosis (12,13). Following uptake and endosome maturation, 

E-mediated membrane fusion occurs, and the nucleocapsid is delivered into the 
cytoplasm (14). Upon dissociation, the RNA genome is translated into a single 

polyprotein in close proximity to the ER (15). The NS proteins facilitate RNA replication 
(16–19). Virions are assembled by inward budding of newly formed nucleocapsids into 

the ER membrane that express the E and precursor M viral proteins (15). Progeny virions 
mature by transport through the secretory pathway prior to extracellular release by 

exocytosis (20). 

Once a cell is infected, multiple pathways are triggered or inhibited, which will 
eventually determine the fate of the cell and the virus. Autophagy is a cellular 

degradative pathway, often activated in infected cells as part of the stress response 
(21). Even though the term autophagy encompasses several pathways, 

macroautophagy is the one that has been mostly studied (22). Macroautophagy 

(hereafter referred to as autophagy) involves the formation of double membrane 
vesicles, known as autophagosomes, which surround intracellular structures and 

compartments for turnover after fusion with lysosomes (22). Biogenesis of 
autophagosomes is orchestrated by the so-called ATG proteins (23). Autophagy is 

initiated once the ULK kinase complex is activated by upstream signals triggered for 

example by nutrient and/or energy depletion, or by viral infections (24,25). Together 
with the class III phosphatidylinositol 3-kinase complex and the components of the 

ATG9A system, the active ULK complex mediates the formation of the phagophore, a 
membranous cistern that will eventually become an autophagosome. Two 

ubiquitination-like systems participate in the subsequent steps of the autophagosome 
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biogenesis. The first ubiquitination-like system, formed by ATG7 and ATG10, generates 

an ATG12-ATG5 conjugate, which associates with ATG16L1 (26). The second system 

leads to the conjugation of LC3-I to phosphatidylethanolamine (PE), which is mediated 
by ATG7, ATG3 and the ATG12-ATG5/ATG16L1 complex (26). PE-conjugated LC3-I, i.e., 

LC3-II, supports phagophore elongation and closure (27). Furthermore, autophagy 
receptors such as p62 and NBR1, are able to interact with LC3-II in order to direct 

cargoes into autophagosomes for degradation, in a process known as selective 

autophagy (28). After closure, autophagosomes fuse with endosomes/lysosomes, and 
lysosomal enzymes degrade the cargo contained within these organelles (29,30).  

It has been shown that the NS proteins of DENV trigger autophagy during infection 
(31). Furthermore, active lysosomal degradation of p62 has also been observed in 

DENV-infected cells, suggesting that autophagy may act as an antiviral pathway (32). 

ATG proteins like ATG12, BECLIN1 and LC3B, however, have been shown to promote 
DENV replication in several in vitro models (31,33–35). These data appears 

contradictory, yet, recent data have revealed that ATG proteins can also have non-
canonical functions unrelated to autophagy (36–38). As a result, the overall importance 

of autophagy and the ATG proteome during DENV infection still has to be fully 
understood.  

The goal of this study was to carry out a comprehensive examination of the entire 

ATG proteome to determine whether core ATG genes and selected autophagy receptors 
play a role in DENV infection. To this aim, we designed and run an image-based siRNA 

screen targeting the mRNAs of 50 ATG and autophagy receptor genes. We chose Huh7 
cells as a model as hepatocytes are targets of DENV during infection. We found 11 

significant hits that enhanced DENV infection and two of them, NBR1 and ATG4C, were 

further investigated. Overall, our screen data suggests that an intact autophagy 
pathway is not required for DENV infection in Huh7 cells and implies that the few ATG 

proteins identified control infection through unconventional mechanisms. 
 

2. Materials and methods 
 

Cell lines. Huh7 cells (JCRB0403) were kindly provided by Tonya Colpitts (University 

of South California School of Medicine, USA) and were maintained in DMEM, high 
glucose, GlutaMAXTM Supplement (Gibco). Baby hamster kidney (BHK) clone 21 cells 

(ATCC CCL-110) were cultured in RPMI 1640 medium (Gibco). BHK-21 clone 15 were 
kindly provided by Richard Kuhn (Purdue University, USA) and were cultured in DMEM 

(Gibco), supplemented with 100 µM of non-essential amino acids (Gibco) and 10 mM 

Hepes (Gibco). Aedes albopictus C6/36 cells (ATCC CRL-1660) were maintained in 
minimal essential medium (Invitrogen), supplemented with 25 mM Hepes (Gibco), 

0.075% sodium bicarbonate (Gibco), 200 mM glutamine (Gibco) and 100 µM non-
essential amino acids (Gibco). All media was supplemented with 10% heat inactivated 

fetal bovine serum (FBS, Lonza) and 100 U/ml penicillin/streptomycin (Gibco). 

Mammalian cell lines were maintained at 37°C in humidified atmosphere containing 5% 
CO2. Mosquito C6/36 cells were cultured at 28 ºC and 5% CO2. 

 
Virus production and characterization. Recombinant GFP-DENV, in which the GFP 

sequence was inserted upstream of the capsid-encoding sequence, was generated from 
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the cDNA clone pFK-DV-G2A 16681, generously provided by Ralf Bartenschlager 

(University of Heidelberg, Germany) (39). Briefly, purified plasmid was linearized using 

XbaI (NEB) and used for RNA synthesis using SP6 polymerase (NEB). Capped transcripts 
were electroporated into BHK-21 cells (Biorad gene pulser Xcell machine; 850V, 25µF, 

no resistance). At 48 h post-electroporation, the cell supernatant was harvested, 
clarified by low speed centrifugation and used to infect C6/36 cells at a multiplicity of 

infection (MOI) of 0.1. Working stocks of virus were collected at 72 hours post-infection 

(hpi), clarified and used for all infection experiments. The virus preparation was 
characterized by standard plaque assay in BHK-15 cells to determine the number of 

plaque forming units (PFU/ml) and by RT-qPCR to determine the number of genome 
equivalent copies (GEC/ml), as previously described (40). 

 

Validation and optimization of the screen conditions. This screening setup was 
previously used by our laboratory to screen  other viruses in different cell lines (36). To 

adapt the previously established knock-down methods, Huh7 cells were reverse 
transfected in 96-well plates using 2 pmol of siRNA and 0.1µl of Lipofectamine RNAiMax 

transfection reagent (Invitrogen) per well, in a final volume of 100 µl following 
manufacturer’s instructions, for 48 h. Cells were then lysed using the cells to CT kit 

(Invitrogen) followed by reverse transcription reaction and qPCR using specific primers 

for ARF1, GBF1, and GAPDH following manufacturer’s instructions. GAPDH was used as 
the reference housekeeping gene. Quantification was performed by means of the delta-

delta CT method. 
To optimize the screen conditions, 3000 Huh7 cells were seeded per well in a 96-

wells plate in a final volume of 100 µl and infected with DENV at MOI 5 and 10, 48 h 

after seeding. For infection, 50 µl of medium was replaced by 50 µl of virus suspension 
in complete medium containing 10% FBS. At 24, 28, 32 and 48 hpi, cells were fixed 

with 4% paraformaldehyde (PFA) and nuclei were stained with Hoechst33342 (Sigma-
Aldrich). Automated microscopy was performed at the Cell Screening Core of the 

University Medical Centre Utrecht, The Netherlands. Plates were imaged in a Cellomics 
ArrayScan VTI HCS Reader (Thermo Fisher Scientific) using Hoechst and FITC filters, 

and 10x lens for automated image acquisition. The Hoechst channel was used to set 

the autofocus and to determine the cell number, while the GFP signal due to the 
infection was detected using the FITC filter. An equal fixed exposure time was 

automatically set for all the samples (36). GFP expression was analysed in 
approximately 1500 cells using the Cellomics SpotDetector V3 algorithm. Three 

parameters were measured and calculated: 1) GFP intensity per cell, 2) percentage of 

GFP-positive cells and 3) average GFP intensity in GFP-positive cells. 
 

siRNA-based screen. For the primary siRNA screen, a customized ON-TARGETplus 
SMARTpool human siRNA library (Dharmacon, HorizonTM) targeting the mRNA of 50 

ATG and autophagy receptor genes (Table S1), either singularly or in combination, was 

generated. The siRNAs were pre-spotted in 96-well plates using a total amount of 2 
pmol for single gene knock-down, 3 pmol for 2 genes, 4.5 pmol for 3 genes, and 6 pmol 

for 4 genes. Reverse transfection was performed using 0.1µl of Lipofectamine RNAiMax 
transfection reagent (Invitrogen) per well following manufacturer’s instructions. After 

20 min, Huh7 cells were seeded in complete culture medium to a final volume of 100 µl 
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(36). At 48 h post-transfection, cells were infected at MOI 10. At 28 hpi, the cells were 

fixed, stained and images were acquired, as described for the optimization experiments.  

 
Analysis of the screen data. Measurements from four independent experiments were 

standardized using the robust Z-score calculation. The median Z-score and the standard 
deviation of the mean were then determined. Z-score values below −1.96 and above 

1.96 were considered statistically significant. Fold changes as compared to the 

siScramble of each independent experiment were also calculated, and the averages of 
the replicas are represented in a heat map. Fold changes calculated for each one of the 

parameters of the screen were used to create a heat map in Microsoft Excel 2016 using 
conditional formatting. 

 

Validation: siRNA-mediated silencing and infection. Individual siRNAs targeting 
NBR1 (ID: LU-010522-00-0002), ATG4C (ID: LU-005788-00-0002), or non-targeting 

siRNA (siScramble, ID: D-001810-10) were purchased from Dharmacon (HorizonTM). 
Reverse transfection of Huh7 cells in 24 well plates was performed using 0.5 µl of 

Lipofectamine RNAiMAX (Invitrogen), in a total volume of 500 µl and at a final siRNA 
concentration of 20 nM. At 48 h post-transfection, cells were infected with DENV at an 

MOI of 10 for 28 h. At this time point, cells were detached with 0.5% trypsin-EDTA 

(Gibco) and washed once with FACS buffer (PBS, 5% FBS, 1% EDTA). Subsequently, 
the cells were fixed with 4% PFA and suspended in FACS buffer. To detect the number 

of infected cells, GFP expression was assessed by flow cytometry. In all experiments, 
10,000 events per condition were acquired in a BD FACSVerse instrument (BD 

Biosciences) and analysed using Kaluza analysis 2.1 software (Beckman Coulter). 

 
Statistical analysis. GraphPad Prism software version 5 was used to statistically 

analyse and depict all the data. Values are presented as mean ± SEM. Statistical 
differences were determined using two-tailed student’s t-test or dependent t-test. 

Pearson correlations were calculated to measure the linear statistical association 
between quantitative variables or data from independent experiments. The coefficient 

correlation (Pearson R) measures the degree of association. A p value ≥0.05 was 

considered as statistically significant.  
 

3. Results 
 

To systematically and comprehensively study the functional connection between DENV 

infection and the core ATG proteins or selected autophagy receptors, an image-based 
siRNA screen targeting a large variety of genes was designed. Hepatoma-derived Huh7 

cells were chosen as a model, as hepatocytes are natural targets during infection (41), 
and most of the previous studies on the regulation of autophagy in DENV infection used 

this cell line (32,34,35). We used siRNA pools for downregulation to reduce the 

probability of off-target effects often encountered for individual siRNA probes (42). The 
library consisted of 50 siRNA pools targeting 50 different individual core ATG genes and 

few autophagy receptors (Table S1). We also decided to make combinations of siRNA 
pools to silence different isoforms of the same protein to target redundant functions. 

The siRNA pools were reverse-transfected in Huh7 cells as described in Materials and 
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Methods. We have successfully used this screening approach before to evaluate the role 

of ATG proteins in the replication of 6 other RNA and DNA viruses in human cells (36). 

In the context of the previous study, we also showed that the applied strategy was 
effective, as clear changes in p62 and LC3 puncta formation were induced, which is 

indicative for inhibition of autophagy (36). In this screen cells were challenged with a 
GFP-reporter DENV strain and the GFP signal was used to determine 1) the number of 

infected cells (GFP-positive cells), and 2) the level of viral replication in infected cells 

(GFP intensity in infected cells) (39). As a third read-out, the total GFP intensity per well 
was measured. Prior to performing the screen for DENV, however, several parameters 

were optimized. First, the knockdown efficiency of two randomly selected proteins, i.e., 
ARF1 and GBF1, was corroborated in Huh 7 cells by analysing their mRNA levels by RT-

qPCR upon transfection with specific siRNA pools (Fig. 1A). In both cases, transfection 

of 20 nM siRNAs using 0.1µl of the transfection reagent for 48 h led to a clear reduction 
of the respective RNA transcripts (up to 90%) as compared to the cells transfected with 

the control siRNA (siScramble), confirming the effectivity of the knockdown approach. 
Second, we decided to select for a condition that would allow us to monitor both 

enhancement and inhibition of infection under conditions of siRNA-mediated silencing. 
Furthermore, we searched for the condition with the best GFP signal to noise ratio within 

one round of replication to ensure a high sensitivity of the assay. To select the condition 

that fulfils the above criteria, Huh7 cells were infected at MOI 5 and 10 with GFP-
reporter DENV and GFP expression was assessed by automated high-throughput 

microscopy at various time-points after infection (24-48h). The infection rate was 
determined via a standard algorithm which identified cells by Hoechst staining and 

scored infected cells on the basis of overlap in Hoechst and GFP signal (e.g., Fig. 1B, 

analysis overlay). Furthermore, the mean fluorescence intensity of GFP per well was 
determined and compared to mock-infected wells to calculate the signal to noise ratio. 

At 24 hpi, 13.2%, and 21.5% of the cell population was infected following infection at 
MOI 5 and 10, respectively. At 28 hpi, the percentage of infected cells was very similar, 

i.e., 11.9% and 22.3% for MOI 5 and 10, respectively. Furthermore, the signal to noise 
ratio of the infected cells as compared to the mock-infected cells, increased in an MOI- 

and time-dependent manner (Fig. 1C). At 24 hpi, the ratio was 1.9 and 3.4 following 

infection at MOI 5 and 10, respectively. At 28 hpi, the ratio increased to 2.3 and 4.3 at 
MOI 5 and 10, respectively. At latter time-points, even higher ratios were observed. In 

all conditions tested, the GFP signal was higher than background (mock-infected cells). 
Previous analysis of the growth kinetics of DENV on Huh7 cells in our laboratory revealed 

that initial detectable DENV production is at 18 hpi with bulk production at 24-30 hpi, 

indicating that one round of replication roughly takes 18-24 hrs (43). Furthermore, GFP 
expression is detectable from 12 hpi. Thus, assaying GFP expression at 28 hpi still 

reflects one round of replication. Collectively, on the basis of the above tests, we 
selected MOI 10 and 28 hpi as the best conditions to assess GFP-report DENV in our 

siRNA-based screen. 
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Figure 1. Optimization of an image-based siRNA screen to determine the role of the core ATG 
proteins and selected autophagy receptors in DENV infection. (A) Bar plot showing the extent of 
siRNA-induced mRNA silencing of ADP-ribosylation factor 1 (ARF1) and Golgi-specific brefeldin A-resistance 
guanine nucleotide exchange factor 1 (GBF1) in Huh7 cells as quantified by RT-qPCR. Data is shown 
relative to that of siScramble-transfected control cells, based on n=1. (B - C) Huh7 cells were seeded in 
96-well plates and infected with GFP-DENV at the indicated MOIs and harvested at the indicated time-
points. (B) Representative images of mock-infected cells and cells infected with GFP-DENV at MOI 10 for 
48 h. Data analysis is shown for each condition. (C) Line graph showing the signal to noise ratio based on 
the GFP mean fluorescence intensity in infected wells as compared to mock-infected cells. Data is based 
on n=1 and at least 4 technical replicates. 
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Figure 2. Schematic representation of the siRNA screen experimental design. 1) siRNA pools 
were pre-spotted in 96 well plates. 2) After reconstitution, transfection reagent and Huh7 cells were 
added to the wells. Plates were incubated for 48 h to allow siRNA-mediated silencing. 3) Reverse-
transfected cells were infected with GFP-DENV-2 at MOI 10. 4) At 28 hpi, the plates were fixed and 
nuclei stained prior image acquisition and analysis. 5) Hit identification and data analysis. 

 

The screen was performed in quadruplicate as depicted in Fig. 2. First, we evaluated 
the total cell number per well to analyse potential cytotoxic effects of the siRNA 

treatment (Fig. 3A). Because we observed that none of the siRNA transfections 
drastically changed the average cell number (i.e., >±30% change when compared to 

cells transfected with the siScramble), none of the siRNA pools were excluded from 
further analysis (Fig. 3A). The total cell number per well, expressed as percentage of 

the siScramble in each plate, was additionally used to analyse plate edge effects, as 

part of the data triage commonly used in image-based siRNA screens (Fig. 3B). Overall, 
we did not observe major changes in the cell number in relation to the well position in 

the plate (Fig. 3B), thereby excluding the possibility of false-positives/negatives due to 

48 hpt

28 hpi

2) Reverse  
transfection 
Huh7 cells

1) siRNA library
50 autophagy genes

3) Infection
GFP-DENV-2

MOI 10

4) Image acquisition and 
analysis

High content automated 
cellular microscopy

5) Hit identification



CHAPTER 3 

80 

variations in cell growth. Similar results were observed for the plates of the combined 

siRNAs (data not shown). Next, we evaluated whether the data was reproducible across 

the four replicas. To this end, we calculated Pearson correlations to measure the linear 
correlation between the values of the percentage of infection for the four experiments, 

sequentially, in groups of two (Fig. 3C). In 5 out of 6 comparisons, a positive and 
significant correlation was observed, which is indicative of reproducibility among data 

sets (Fig. 3C). As a positive control, cells depleted for ATP6V1A were included in the 

screen. ATP6V1A is an important subunit of the vacuolar ATPase, which is responsible 
for endosomal acidification and therefore its silencing is expected to block DENV 

membrane fusion and hence infection (44). Surprisingly, however, ATP6V1A depletion 
did not significantly inhibit DENV infection or replication (Fig. 3D). This might suggest 

that sufficient knockdown with this particular siRNA was not achieved, or that redundant 

subunits or isoforms might participate in endosomal acidification, which is essential for 
DENV cell entry. Future experiments should be performed to reveal the knockdown 

efficiency of the siRNA pools towards ATPV1A in Huh7 cells by western blot analysis. 
Furthermore, flow cytometry experiments should validate the importance of ATPV1A in 

controlling DENV infection in comparison with lysosomotropic compounds such as 
ammonium chloride or bafilomycin A1, which are known to inhibit DENV infection 

(45,46). Lastly, we calculated the percentage of infected cells in the siScramble-

transfected wells. The percentage of infection was 42.2% ± 2.4, which is higher than 
expected but still allowed us to monitor enhancement and inhibition of infection (Fig. 

3E). Next, the number of infected cells (percentage of GFP-positive cells), the GFP 
intensity per well, and the GFP intensity of infected cells for all siRNA pools were 

determined. Statistical significance was assessed using the Z-score method. Z-scores 

represent the number of standard deviations that a value has from the mean or median, 
and they are frequently used to normalize data in a way that provides explicit 

information on the strength of each siRNA relative to the rest of the sample distribution 
(47). Figure 4A shows the Z-score distribution of the samples as compared to the 

siScramble based on the three assessed parameters. It becomes immediately evident 
that only a minor fraction of the ATG proteins and autophagy receptors significantly 

influenced DENV infection upon depletion. 

 
 

 
Figure 3. Data triage of the siRNA screen results. (A) Distribution plot depicting the average number 
of cells per knockdown condition in the screen. Error bars represent SEM, the siScramble is indicated in 
red. (B) Heat-maps for each replica of the siRNA screen representing the number of cells per well, 
expressed as percentage of the siScramble-transfected cells, and shown in the scheme of the 96-well 
plates used for the screen. Only plates of the individual knockdowns are shown. (C) Pearson correlations 
between experiments based on the calculated percentages of infection (expressed as a fold change 
compared to the siScramble) of all the individual knockdowns. (D) Bar plot showing the percentage of 
infection (expressed as a fold change compared to the siScramble) of cells transfected with siATPV1A for 
the three measured parameters in the screen. (E) Bar plot showing the percentage of infected cells prior 
transfected with siScramble in the four screen repeats. Data represents mean ± SEM based on 4 technical 
replicates per experiment. Data in (A) and (D) represents mean ± SEM based on n=4. 
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Intriguingly, however, all of the identified ‘hits’ (p<0.05, Z-score >+1.96 for any of 

the three parameters; 11 out of 50 individual ATG protein/autophagy receptors 

knockdowns) appeared to have a restricting role in DENV infection, since all of them 
enhanced DENV replication and/or infection during knock-down conditions (Fig. 4B). 

Depletion of ATG4C was observed to significantly enhance DENV replication across all 
parameters tested (%GFP+ cells, the GFP intensity and the GFP intensity of the infected 

cells), indicating that this protein might interfere with viral infection and replication 

when it is normally expressed in the cell (Fig. 4A-B). Furthermore, in case of the 
redundant ATG protein depletions, simultaneous knockdown of all the isoforms of ATG4 

favoured the number of DENV-infected cells and this difference was statistically 
significant as compared to the control cells (Fig. 4B). ATG4D and MAPLC3A knockdown 

led to a significant enhancement in the GFP intensity of the infected cells and the total 

GFP intensity, suggesting that these factors actively control viral replication. Depletion 
of ATG10, ATG13, ZFYVE1 and UVRAG specifically upregulated the GFP intensity of the 

GFP-positive cells, suggesting a role in viral replication. In the case of MAPLC3C and 
ATG2B silencing, a significant enhancement in the overall GFP intensity was observed. 

In both cases, also a trend to an enhancement in the other two parameters was seen. 
Similarly, BECN1 knockdown significantly increased the number of DENV-infected cells, 

with a tendency to upregulation of the overall GFP intensity. Interestingly, one protein, 

i.e., NBR1, decreased the number of infected cells (p<0.05, Z-score <-1.96; Fig. 4A-B) 
while at the same time increased GFP intensity in the GFP-positive cells (p<0.05, Z-

score >+1.96; Fig. 4A-B). 
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Figure 4. Analysis of the results of the siRNA-based screen for ATG proteins and specific 
autophagy receptors involved in DENV-infection. (A) Distribution plots of the Z-score values as 
compared to the siScramble control based on the percentage of GFP-positive cells (%), the GFP intensity 
per well and the GFP intensity in infected cells. Values for all the gene knockdowns included in the screen 
are shown. Z-scores between -1.96 and +1.96 represent significant hits with p <0.05. (B) Heat-map 
representing the ratio of GFP-positive cells (%), the average GFP intensity per well, and the average GFP 
intensity in infected cells, for each gene knockdown as compared to cells transfected with a siRNA scramble 
(bottom). The significant hits (p < 0.05 in at least one of the parameters) are indicated with a star. 
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From the hits in the primary screen, two ATG proteins were selected for further 

validation, i.e., ATG4C and NBR1, because these hits showed the most pronounced 

effect in the screen. Validation was performed by siRNA pool deconvolution (42). To 
this end, the individual siRNAs present in the siRNA pool were used for transfection and 

DENV infectivity was measured under the same experimental conditions as in the 
primary screen, but the readout was done by flow cytometry. In addition, cell viability 

was assessed by use of a viability dye. Fig. 5A shows a representative flow cytometry 

dot plot for cells transfected with the siScramble control at 28 hpi. Under the condition 
of the experiments, and in line with the screen results, 51.2% ± 9.3 of the siScramble 

transfected cells were infected with DENV. Silencing of ATG4C using the siRNA pool led 
to a 1.4-fold increase in the number of infected cells and these results are comparable 

to those obtained in the screen (Fig. 5B). However, in 3 out of 4 individual siRNAs no 

difference was seen when compared to the control. Only siRNA2 increased the 
percentage of infection to comparable levels as the siRNA pool (Fig. 5B). Analogously, 

silencing of NBR1with the pooled siRNAs decreased the percentage of DENV infection 
similar as in the primary siRNA screen (0.73-fold change as compared to the siScramble) 

yet again only one of the siRNAs present in the pool appeared to be responsible for this 
effect (Fig. 5C). Future studies should assess the knock-down efficiency of the single 

siRNAs to determine whether the enhanced DENV replication observed with one of the 

individual siRNAs targeting ATG4C and NBR1 are due to a better protein depletion or 
an off-target effect. 

 
4. Discussion 

 

Given the controversies surrounding the study of autophagy and more specifically the 
role of ATG proteins and receptors during DENV infection, we performed a siRNA screen 

to determine the role of the ATG proteome and selected autophagy receptors in DENV 
infection and replication. Overall, we observed a limited effect of the ATG proteome 

depletion on DENV infection. The two most prominent hits were ATG4C and NBR1. 
ATG4C silencing was found to increase DENV infection and replication whereas NBR1 

silencing reduced the number of infected cells, yet the cells that were infected had 

enhanced GFP expression levels compared to the control. The validation experiments 
performed so far, however, could not confirm that both ATG4C and NBR1 are true hits 

as in the deconvolution experiments only 1 out of 4 individual siRNAs reproduced the 
effect observed for the siRNA pool. Future experiments are required to validate these 

hits in more detail. 

When only 1 of 4 different siRNAs present in the pool is responsible for the effect 
observed in the siRNA screen, the protein involved is often considered as a false positive 

hit. siRNAs are known to have off target effects, i.e., they deplete different genes that 
the one intended, and the higher the concentration used for the knockdown, the higher 

the chance to have these effects (48). However, the concentration of the siRNAs used 

here is considered low, i.e., 20 nM and 5 nM for the siRNA pool and each single siRNA, 
respectively. To prove or disprove NBR1 and ATG4C as factors that control DENV 

infection, it is important to determine the knockdown efficiency of the siRNA that is 
having an effect on viral replication in comparison to the other siRNAs present in the 

pool, and to examine whether the reduction of the protein levels correlates with the 
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results observed in terms of the infection. A different strategy used successfully by 

others for validation of hits of a primary siRNA screen is to use reagents from a different 

company for a secondary screen (49). Generation of a knockout cell line using the 
CRISP/Cas9 technology also offers an alternative strategy. 

The siRNA pool targeting NBR1 results in an intriguing phenotype as it was observed 
to promote virus infection (siRNA transfection decreased the number of GFP-positive 

cells), yet once infection is established limits viral replication (siRNA transfection 

increased GFP intensity in infected cells). This may imply that distinct signalling 
pathways are under the control of this protein, which would be activated at different 

times in infection. Similarly, to p62, NBR1 is an autophagy receptor that facilitates the 
selective degradation of ubiquitinated misfolded proteins (50) and peroxisomes (51) by 

autophagy. Given the antiviral function that has been described for p62 (32), it might 

be possible that NBR1 controls DENV replication in a similar fashion. Indeed, NBR1 has 
been reported to contribute to selective autophagic degradation of viruses in plants, by 

targeting non-assembled and virus particle-forming capsid proteins to autophagosomes 
(52). In case that the siRNA pool does not target NBR1, multiple approaches can be 

taken to unveil the protein or proteins depleted by this probe and involved in controlling 
DENV infection. For example, in silico modelling can be used for identification of 

potential targets, followed by experimental validation of the identified transcripts. 

Alternatively, global quantitative proteomic analysis or RNA sequencing of cells 
transfected solely with the concerned siRNA in comparison to cells transfected with any 

of the other siRNAs present in the pool can be performed. 
In the case of ATG4C, we observed that silencing of this protein had a positive effect 

in DENV infection and replication. Interestingly, simultaneous depletion of the four 

isoforms of this protein was also shown to significantly favour viral replication in the 
screen. ATG4 proteins are part of the same protease family that is involved in the 

cleavage of the C-terminus of cytoplasmic LC3 to expose a glycine residue, prior its 
conjugation to PE (53). ATG4 isoforms have a dual role, as they are also responsible for 

the de-conjugation of LC3-II from the autophagic membrane (53). Whereas ATG4A and 
ATG4B perform the aforementioned functions, ATG4C and ATG4D have been shown to 

be less active. Furthermore, recent data suggests that ATG4D is negatively regulated 

by reactive oxygen species and that this protein is subjected to caspase-mediated 
cleavage to increases its activity (54,55). It would be therefore interesting to investigate 

how the different isoforms of ATG4 contribute to DENV infection, especially since 
oxidative damage and caspase-mediated cell death are both mechanisms associated 

with the cellular response to this virus.  

The observation that only a limited set of proteins control DENV infection suggests 
that autophagy is not required for infection and that the identified proteins regulate 

DENV infection via unconventional roles outside autophagy. We found that depletion of 
ATG2B, ATG4D, LC3C, ATG10, ATG13, ZFYVE1, and UVRAG increased the GFP intensity, 

which suggests that these proteins might interfere with viral replication. To the best of 

our knowledge, none of the aforementioned proteins have been reported before in the 
context of DENV infection, reason why further research is encouraged. Furthermore, 

recent research demonstrates that some of these proteins indeed modulate the 
infectivity of other viruses. For example, ATG2B silencing causes clustering of enlarged 

lipid droplets in an autophagy-independent manner (56), and was found upregulated 



siRNA-based evaluation of the role of autophagy-related proteins and autophagy 
receptors in dengue virus infection 

87 

during Japanese Encephalitis virus infection, another flavivirus (57). Interestingly, 

regulation of the lipid content of the cell through mechanisms dependent and 

independent of autophagy during DENV infection have been reported (35,58,59). On 
the other hand, UVRAG, a membrane trafficking protein, is involved in Influenza A virus 

and Vesicular Stomatitis virus entry (60), and ZFYVE1 might potentially be involved in 
viral infections in a similar fashion (61). 

 
Figure 5. Validation of ATG4C and NBR1 as potential factors involved in DENV infection by 
standard siRNA pool deconvolution. Huh7 cells were reverse-transfected with pooled or individual 
siRNAs targeting the indicated genes for 48 h prior to infection as described in the legend to Figure 2 but 
the format was scaled to 24 well plates. Cells were harvested and analyzed for GFP expression by flow 
cytometry. (A) Representative dot plots showing the gating strategy of infected cells (i.e., GFP-positive 
cells). (B and C) Bar plots showing the percentage of infection relative to that of siScramble-transfected 
cells. (B) ATG4C and (C) NBR1 knockdown. Data represents mean ± SEM of n = 3. Student’s test: *** 
p < 0.001, * p < 0.05. 

 
Multiple ATG proteins appear to restrict DENV infection yet the effect measured was 

rather limited under the conditions of the screen. In future studies, we therefore 

propose to decrease the MOI used such that a maximal effect can be measured. Also, 
at lower MOI conditions, infection can be continued for multiple rounds of infection to 
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potentially amplify the observed effect. Furthermore, read-outs to assess the viral 

replication cycle such as the quantification of the number of infectious particles or 

genome equivalent copies could also be integrated in the screening procedure, as this 
will unveil the potential roles of ATG proteins in processes downstream of viral genome 

replication, transcription and translation.   
In conclusion, we aimed to better understand the relationship between the core ATG 

proteome and selected autophagy receptors, and DENV infection. The study of 

autophagy and its components during DENV infection has proven to be challenging as 
many contrasting observations have been reported (this thesis, Chapter 2). The 

investigation of the hits obtained in our screen could help to shed some light on these 
controversies. 
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Supplementary data 

 

Table S1. Genes targeted by the customized siRNA library 
Gene Symbol Gene ID Gene Accession 

ULK1 8408 NM_003565 

ULK2 9706 NM_014683 

ULK3 25989 NM_015518 

ULK4 54986 XM_929989 

ATG2A 23130 NM_015104 

ATG2B 55102 NM_018036 

ATG3 64422 NM_022488 

ATG4A 115201 NM_178270 

ATG4B 23192 NM_013325 

ATG4C 84938 NM_178221 

ATG4D 84971 NM_032885 

ATG5 9474 NM_004849 

BECN1 8678 NM_003766 

ATG7 10533 NM_006395 

MAP1LC3A 84557 NM_181509 

MAP1LC3B 81631 NM_022818 

MAP1LC3C 440738 NM_001004343 

GABARAPL1 23710 NM_031412 

GABARAPL2 11345 NM_007285 

ATG9A 79065 NM_024085 

ATG9B 285973 NM_173681 

ATG10 83734 NM_031482 

ATG12 9140 NM_004707 

ATG13 9776 NM_014741 

ATG14 22863 NM_014924 

ATG16L1 55054 NM_198890 

ATG16L2 89849 NM_033388 

RB1CC1 9821 NM_014781 

WIPI1 55062 NM_017983 

WIPI2 26100 NM_001033520 

WDR45B 56270 NM_019613 

WDR45 11152 NM_001029896 

ATG101 60673 NM_021934 

ZFYVE1 53349 NM_178441 

AMBRA1 55626 NM_017749 

VMP1 81671 NM_030938 

SQSTM1 8878 NM_003900 

NBR1 4077 NM_005899 

CALCOCO2 10241 NM_005831 

OPTN 10133 NM_021980 

PIK3C3 5289 NM_002647 

PIK3R4 30849 NM_014602 

UVRAG 7405 NM_003369 

KIAA0226 9711 XM_032901 

STX17 55014 NM_017919 

FAM134B 54463 NM_019000 

PARK2 5071 NM_013988 

BNIP3L 665 NM_004331 

FUNDC1 139341 NM_173794 

BNIP3 664 NM_004052 

ATP6V1A 523 NM_001690 
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Abstract 

 

Chikungunya virus (CHIKV) is an alphavirus transmitted to humans by blood-feeding 
mosquitoes of the genus Aedes sp., which has rapidly spread around Asia, Europe and 

the Americas in the last decade. CHIKV infection causes a febrile disease associated 
with acute and chronic arthritogenic symptoms for which vaccines and specific 

treatments remain unavailable. Autophagy–related (ATG) proteins are a set of host 

factors that are grouped on the basis of their involvement in autophagy. ATG proteins 
and autophagy receptors, however, have also been shown to function singularly or in 

functional complexes in other cellular pathways unrelated to autophagy. In case of 
CHIKV, ATG proteins have been shown to both inhibit or enhance virus replication. Here, 

an ATG-specific siRNA screen was performed to evaluate the importance of ATG 

proteins and autophagy receptors in controlling CHIKV infection. We observed that 10 
out of 50 ATG proteins interfere with CHIKV replication. Amongst these, depletion of 

the mitochondrial protein and autophagy receptor BCL2 Interacting Protein 3 (BNIP3) 
was found to increase CHIKV infectivity and progeny virus particle production. We also 

show that BNIP3 controls CHIKV infectivity independently of autophagy and cell death 
pathways. Detailed analysis of the replicative cycle of CHIKV revealed that BNIP3 

interferes with infection during the early stages of RNA replication. The antiviral role of 

BNIP3 was found conserved across two distinct CHIKV genotypes and the closely related 
Semliki Forest virus. Altogether, this study describes a novel and previously unknown 

function of the autophagy receptor BNIP3 in the control of the early stages of the 
alphavirus replication cycle. 
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1. Introduction 

 

Chikungunya virus (CHIKV) is a re-emerging alphavirus that is transmitted to humans 
by Aedes spp. mosquitoes and causes outbreaks of febrile disease in countries around 

Asia, Africa, Europe and the Americas (1,2). The caused disease is hallmarked by fever, 
headache, nausea, and severe joint and muscle pain. Usually, it resolves within 1-2 

weeks after infection. In a relatively high number of cases (35-52%), however, the 

disease progresses to a chronic debilitating illness that can persist for months to years 
(3). Current approaches to treat CHIKV-infected patients involve unspecific therapies to 

relieve disease symptoms. There is no licensed vaccine available to prevent infection 
(4).  

CHIKV is an enveloped virus with a single-stranded positive-sense RNA genome. The 

genome encodes for four non-structural proteins (nsP1 to nsP4) and five structural 
proteins (C, E3, E2, 6K/TF, E1) (5,6). The infectious cycle of the virus begins with the 

attachment of the E2 viral glycoprotein to cellular receptors, which subsequently 
triggers the internalization of the viral particle via clathrin-mediated endocytosis (7). 

After fusion with early endosome limiting membrane, the nucleocapsid is released into 
the cytoplasm where the genomic RNA is translated into the non-structural proteins 

(7,8). The non-structural proteins facilitate RNA replication, including the production of 

a subgenomic RNA that is further used as a template for the translation of the structural 
proteins (9). The E1-E2-E3 envelope proteins are inserted into the endoplasmic 

reticulum (ER) membrane and are processed during their transport to the plasma 
membrane to form mature viral spike proteins (10). In parallel, progeny genomic RNA 

is packaged by the C protein to form a nucleocapsid (11). Interaction of the newly 

formed nucleocapsid with the viral E1/E2 spike proteins at the plasma membrane drives 
the assembly, budding and release of progeny virus particles (11). 

Viruses are obligatory parasites and depend on the host cell for reproduction. 
Therefore, they have evolved to exploit host cell pathways to their benefit. Many host 

factors have been described to control CHIKV infection, including autophagy-related 
proteins (ATG). ATG proteins are orchestrating autophagy, a lysosomal degradative 

transport route that involves the formation of double-membrane vesicles known as 

autophagosomes, which sequester cytoplasmic cargoes targeted to destruction (12). 
Specific cargoes such as mitochondria or ER are selectively targeted to autophagosomal 

degradation through the so-called autophagy receptors (13). Intriguingly, the ATG 
proteins BECLIN1 (BECN1) and ATG7, and the autophagy receptor calcium binding and 

coiled-coil domain 2 (NDP52) stimulate CHIKV infection, whereas the autophagy 

receptor p62 reduces viral infectivity (14,15). These results appear contradictory, but 
there is increasing evidence showing that many ATG proteins function in cellular process 

that are unrelated to autophagy. Indeed, we previously revealed that ATG13 and FIP200 
play a role in picornavirus replication, independently from their function in autophagy 

as part of the ULK complex (16). 

Here, we used an image- and siRNA-based screen approach to comprehensively 
assess the role of 50 ATG proteins and autophagy receptors in CHIKV replication. 

Downregulation of most ATG proteins was found to promote CHIKV replication implying 
that autophagy in general counteracts CHIKV infection. The most pronounced effect 

was seen for BCL2 Interacting Protein 3 (BNIP3), a mitochondrial protein known for its 
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functioning as an autophagy receptor in mitophagy (17) and in participating in cell death 

pathways (18,19). We found that downregulation of BNIP3 increases CHIKV infectivity 

thereby leading to an enhanced production of progeny virus particles. This novel 
function of BNIP3 in controlling CHIKV infectivity does not rely on an intact 

autophagy/mitophagy machinery and is not associated with CHIKV-induced cell death. 
We demonstrate that BNIP3 interferes with infection at a step after membrane 

hemifusion but prior to abundant RNA replication. The antiviral properties of BNIP3 are 

conserved between circulating CHIKV strains of distinct genotypes and can be extended 
to the closely related alphavirus Semliki Forest virus (SFV).  

 
2. Materials and methods 

 

Cell lines. U2OS cells (ATCC® HTB-96TM) and ATG7 knockout (ATG7KO) U2OS (20) 
were maintained in DMEM, high glucose, GlutaMAXTM Supplement (Gibco). Green 

monkey kidney Vero-WHO (ECACC 88020401) and Vero-E6 (ATCC CR-1586) cells were 
cultured in high glucose DMEM (Gibco), while BHK-21 (ATCC CCL-110) were cultured in 

RPMI 1640 medium (Gibco). Stable U2OS cells expressing GFP-WIPI2B, provided by T. 
Proikas-Cezanne (University of Tuebingen, Germany) (21), were maintained in high 

glucose DMEM, plus GlutaMAXTM Supplement (Gibco), supplemented with 600 µg/ml of 

G418 Sulfate (Gibco, 11811031). All media were supplemented with 10% heat 
inactivated fetal bovine serum (Lonza) and 100 U/ml penicillin/streptomycin (Gibco). All 

cells were maintained at 37°C in humidified atmosphere containing 5% CO2.  
 

Viruses: production and titration. Wild type (WT) CHIKV-La Reunion (LR, OPY1 

strain) and 5’GFP-CHIKV-LR were produced from infectious cDNA clones generously 
provided by A. Merits (University of Tartu, Estonia) and from European Virus Archive 

goes global (EVAg), respectively (22). CHIKV strain S27 was kindly provided by S. 
Guenther (Bernhard-Nocht-Institute for Tropical Medicine, Germany) and CHIKV strain 

99659 was provided by M. Diamond (Washington University, St. Louis, USA). SFV was 
obtained from M. Kielian (Albert Einstein College School of Medicine, New York, USA). 

For viruses derived from an infectious clone, plasmid DNA was linearized with NotI 

(Invitrogen) and used to synthesize RNA by use of an SP6 RNA polymerase (NEB). The 
in vitro transcribed RNA was subsequently electroporated (Bio-Rad gene pulser Xcell 

machine; 850V, 25 µF, no resistance) into BHK-21 cells and virus-containing 
supernatants were collected at 48 h post-electroporation. Subsequently, sub-confluent 

monolayers of Vero-E6 cells were infected at multiplicity of infection (MOI) 0.01 to 

generate working stocks. To produce working stocks for the other viruses, Vero-WHO 
cells were infected at MOI 0.01. At 48 h post-infection (hpi), the cell supernatants were 

harvested and clarified from cell debris by low-speed centrifugation, snap frozen in liquid 
nitrogen and stored at -80°C. Infectious virus titers were determined by standard plaque 

assay on Vero E6 cells. The number of CHIKV genome equivalent copies present in 

solution was determined by RT-qPCR, by amplification of the E2 gene as described 
before (23). 

 
siRNA based screen. For the primary siRNA screen, a customized ON-TARGETplus 

SMARTpool human siRNA library (Dharmacon, HorizonTM) targeting 50 ATG genes 
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(Table S1) was used to reverse-transfect U2OS cells in a 96-well plate format. 2 pmol 

of siRNA were used for single gene knock-down, whereas for multiple gene knockdowns 

3 pmol, 4.5 pmol, or 6 pmol were used for silencing of 2, 3 or 4 genes, respectively. 
Reverse transfection was performed using 0.1µl of Lipofectamine RNAiMax transfection 

reagent (Invitrogen) per well, according to the manufacturer’s protocol. After 20 min, 
3,000 U2OS cells were seeded per well in complete culture medium to a final volume of 

100 µl (16). At 48 h post-transfection (hpt), cells were infected with 5’GFP-CHIKV-LR at 

MOI 10. At 17 hpi, cells were fixed with 4% paraformaldehyde (PFA) and nuclei stained 
with Hoechst33342 (Sigma-Aldrich, B2261).  

Automated image acquisition and analysis 
Images were acquired using a Cellomics ArrayScan VTI HCS Reader (Thermo Fisher 

Scientific) at the Cell Screening Core of the University Medical Centre Utrecht, The 

Netherlands. For image acquisition, the Hoechst, FITC filters and 10x lens were used. 
For image analysis, the Cellomics SpotDetector V3 algorithm was used to determine 

GFP expression in approximately 1,500 cells per well. Three parameters were measured 
and calculated, 1) percentage of GFP positive cells, 2) average GFP intensity in GFP-

positive cells, and 3) GFP intensity per well. Autofocus and cell number were determined 
in the Hoechst channel, and the FITC filter was used to detect GFP. An equal fixed 

exposure time was automatically set for all the samples (16). 

Analysis of the screen data 
Median Z-score values were used to standardize the measurements of each parameter 

from 4 independent experiments. Z-score values below −1.96 and above 1.96 were 
considered as statistically significant, with p < 0.05. To measure the extent of variation 

from the control, the ratios versus the siScramble-transfected cells were calculated for 

each parameter. Averages of the ratios were used to create a heat map using the 
conditional formatting tool from Microsoft Excel 2016.  

 
siRNA-mediated silencing and infection. Individual or pooled siRNAs targeting 

BNIP3 (ID: LU-004636-00), ATG7 (ID: J-020112-08-0002) or NIX (ID: L-011815-00-
0005), or non-targeting siRNA (siScramble, ID: D-001810-10) were obtained from 

Dharmacon (HorizonTM). Reverse and forward transfection of U2OS and ATG7KO U2OS 

cells was performed using Lipofectamine RNAiMAX (Invitrogen) with a final siRNA 
concentration of 20 nM according to manufacturer’s protocol in either NuncTM Lab-TekTM 

II Chambered Coverglass or 24 and 6 well plates. At 48 hpt, cells were infected with 
CHIKV or SFV at the indicated MOI. 

 

Flow cytometry, mitochondrial mass measurement and cell death assays. 
Cells infected with CHIKV were harvested at the indicated time points by detachment 

with 0.5% trypsin-EDTA (Gibco). Thereafter, the cells were fixed with 4% PFA and 
suspended in FACS buffer (PBS, 5% FBS, 1% EDTA). To detect infected cells, GFP or 

viral E2 surface protein expression was assessed by flow cytometry. Anti-E2 stem 

antibody (rabbit polyclonal) was provided by G. Pijlman (Wageningen University, The 
Netherlands). Secondary staining was performed using Alexa647-conjugated goat anti-

rabbit antibody (Life Technologies). 
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To evaluate mitochondrial mass, U2OS cells were incubated for 20-25 min with 

MitoSpyTM-Green FM or MitoSpyTM-Red CMXRos (Biolegend), diluted in plain cell culture 

medium prior to collection of the cells for flow cytometry.  
Cell death experiments were carried out using a staining protocol based on the 

eBioscience Annexin-V apoptosis detection kit PE and Fixable Viability Dye eFluorTM 780 
(Invitrogen), following manufacturer’s recommendations. Cells treated with menadione 

at a final concentration of 100 µM were included as a control for the experiment. In all 

experiments, 10,000 to 30,000 events were acquired per condition in a BD FACSVerse 
or a BD-LSR-II instrument (BD Biosciences) and analyzed using the Kaluza Analysis 

software, Version 2.1 (Beckman Coulter). 
 

Western blot. Cellular proteins were extracted using the RIPA buffer Lysis System 

(Santa Cruz). The total protein content was determined using the Bradford Ultra reagent 
(Expedeon). Proteins were denatured by heating at 95°C for 5 min and separated by 

SDS-PAGE. Afterwards, the proteins were transferred onto PVDF membranes 
(Immobilon-P, Millipore). Blocking was done at room temperature with either 5% bovine 

serum albumin (BSA, Roche), 5% milk or Odyssey buffer (1:1) diluted in TBST buffer 
(0.02M Tris-base, 0.15 M NaCl, 0.1 % Tween 20, pH 7.4) for 1 h prior to antibody 

incubation. Membranes were incubated with specific primary antibodies in blocking 

buffer from 16 to 24 h at 4ºC. Anti-LC3 (rabbit monoclonal, Novus biologicals), anti-
BNIP3 (mouse polyclonal, ANa40, Santa Cruz), anti-GAPDH (mouse monoclonal, 6C5, 

Abcam), anti-tubulin (mouse monoclonal, Sigma), or anti-ATG7 (rabbit, 2631, Cell 
Signaling Technology), anti-RFP (mouse monoclonal, 6G6, Chromotech), anti-vinculin 

(mouse monoclonal, hVIN1, Sigma-Aldrich) and anti-nsP2 (mouse monoclonal, 

ABM3F3.2E10, Abgenex) antibodies were used. Rabbit polyclonal antibodies against 
CHIKV E1, Capsid and the aforementioned E2 stem, were kindly provided by G. Pijlman 

(Wageningen University, The Netherlands). Membranes were subsequently probed for 
2 h at room temperature with the following secondary antibodies conjugated to either 

HRP or Alexa-680: donkey anti-rabbit HRP (Alpha Diagnostic International), goat anti-
mouse HRP (Sigma, A8924), goat anti-rabbit Alexa-680 or goat anti-mice Alexa-680. 

Detection of HRP-conjugated antibodies was carried out the using Pierce™ ECL Western 

Blotting Substrate (Thermo Scientific) or SuperSignal™ West Femto Maximum 
Sensitivity Substrate (Thermo Scientific), and images were taken in an ImageQuant LAS 

4000 series. Membranes probed with fluorescent antibodies were imaged using the 
Odyssey Imaging System (LI-COR Biosciences). Protein signal intensities were 

quantified using either the ImageJ or the ImageQuant TL 8.1 software.  

 
mCherry-BNIP3 overexpression. An expression vector encoding for BNIP3 fused to 

mCherry (pmCherry C1- BNIP3) was kindly provided by I. Novak (University of Split, 
Croatia). An empty pcDNA-mCherry vector was used as negative control. U2OS cells 

were transfected in either 6 or 24 well plates with using 2 µg or 0.5 µg of DNA, and 4 

µl or 1 µl of Lipofectamine 3000 (Invitrogen), respectively, following the 
recommendations of the manufacturer. At 6 hpt, the medium was removed and the 

cells were transfected with either the siScramble or the siRNA targeting BNIP3 for 16 h 
as described above (see 4). A shorter time-point was chosen for analysis as extensive 
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cell death was observed in the control condition (due to overexpression of BNIP3) at 

latter time-points. 

 
Quantification of intracellular viral RNA. Viral RNA was isolated from total cell 

lysates using the RNeasy Mini Kit (QIAGEN), following manufacturer’s 
recommendations. Absolute viral RNA copies were quantified by RT-qPCR. For this 

purpose, total RNA was reverse transcribed using Omniscript RT kit (QIAGEN), and DNA 

was amplified with HotStarTaq DNA Polymerase (QIAGEN) using sets of primers 
targeting either the E1 or the nsP1 genes in independent PCR reactions, as described 

previously (24,25). 
 

Immunofluorescence. Transfected and infected cells seeded beforehand on glass 

coverslips were fixed with 4% PFA and permeabilized with 0.1% Triton X100 in PBS. 
Next, cells were blocked with 2% BSA and stained for CHIKV infection by using the anti-

E2 stem antibody. In all cases, cells were mounted with ProLong Gold Antifade 
mountant with DAPI (Invitrogen). Images were acquired in a DeltaVisionTM microscope 

(GE Healthcare, Life Sciences) and analyzed using the Fiji-ImageJ software (NIH) (26).  
 

Microscopic membrane fusion assay. U2OS cells were reverse-transfected, as 

described above, and seeded in NuncTM Lab-TekTM II Chambered Coverglass (Thermo 
Scientific) at a density of 9,000 cells per well. Fusion assay was performed at 48 hpt, 

using purified CHIKV labeled with the lipophilic fluorescent probe 1,1'-Dioctadecyl-
3,3,3',3'-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt (DiD’, 

Invitrogen), as previously described (7). Prior to infection, cells were washed three 

times with serum-free, phenol red-free MEM (Gibco) and kept in phenol red-free MEM 
with 1% of glucose. DiD-labeled CHIKV was added and cells were incubated for 20 min 

at 37°C in order to allow virus cell entry and membrane fusion. As a control, 
diethylpyrocarbonate (DEPC; Sigma-Aldrich) treated DiD-labeled CHIKV was used, as 

described before (7). At 20 min, unbound virus was removed by washing the cells three 
times with serum-free, phenol red-free MEM. Cells were kept in serum-free, phenol red-

free MEM containing 1% glucose during analysis (Leica Biosystems 6000B microscope). 

A total of 15 random snapshots (55-70 cells in total) were taken per condition, and 
images were examined by eye for fusion-positive cells. 

 
Statistical analysis. All data were analyzed using the GraphPad Prism software 

version 5. Data are presented as means ± SEM, unless stated otherwise. Statistical 

differences were determined using the two-tailed student’s t-test or the dependent t-
test. A p value ≥ 0.05 was considered as statistically significant.  

 
3. Results 

 

An ATG proteome specific siRNA screen identifies BNIP3 as a modulator of 
CHIKV infection 

 
In order to assess the role of the ATG proteome in CHIKV infection and replication, we 

performed an unbiased image- and siRNA-based screen in CHIKV-infected U2OS cells. 
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U2OS cells are derived from a human bone osteosarcoma and have been successfully 

used for studying multiple aspects of the CHIKV replication cycle (27–29). For the 

screen, we used a customized siRNA library consisting of 50 siRNAs targeting different 
individual ATG genes and autophagy receptors (Table S1). Some of these siRNA probes 

were additionally assorted, such that their combinations silenced functionally redundant 
proteins (Table S1). The siRNAs were reverse-transfected in U2OS cells, a cellular 

system that has been validated and reported by us previously (19). To confirm our 

previous results, we measured the knockdown efficiency of 4 randomly selected siRNAs, 
i.e., ATG4B, ATG4C, GAB1, GAB2, by analysing the mRNA levels of their targets by RT-

qPCR (Fig. S1A). As expected, siRNA transfection led to a clear reduction (>73.4%) in 
the levels of the targeted transcripts, when compared to siScramble-transfected cells. 

For the screen, we employed a GFP-reporter CHIKV (22) to allow read-out on the basis 

of GFP expression. Images were acquired using an automated microscope and the GFP 
signal was analysed to determine 1) the number of infected cells (GFP-positive cells), 

2) the level of replication in infected cells (GFP intensity in infected cells) and 3) the 
GFP intensity per cell averaged by wells (GFP intensity). The ideal infection conditions 

to perform the screen were set at MOI 10 and at 17 hpi to both ensure a high signal to 
noise ratio, and be able to monitor inhibition as well as enhancement of virus infection. 

Using this set-up, the percentage of GFP-infected cells in the four independent screen 

repeats was 26.5±2.9 in cells transfected with the siScramble, demonstrating that we 
could indeed measure inhibition as well as enhancement of infection under knockdown 

conditions. Furthermore, data analysis of the screen results revealed that there is no 
cytotoxicity as the cell numbers in the transfected wells were comparable to those 

observed in the control cells (Fig. S1B). To analyse the effect of each siRNA, the data 

of each replica was normalized against the control (i.e., cells transfected with 
siScramble) and the Z-score values were computed for each parameter to determine 

the statistical significance (Fig. 1A and 1B). The siRNA targeting ATP6V1A, a subunit of 
the lysosomal ATPase, was used as a positive control for the screen. ATP6V1A is 

responsible for endosome acidification and silencing of this protein is expected to 
prevent CHIKV infection (30). Indeed, ATP6V1A depletion was found to significantly 

decrease CHIKV replication (Fig. 1A-1B). The analysis of the screen results revealed 

that most ATG proteins have a (mildly) restricting role in CHIKV replication (Fig 1A). A 
significant effect was detected for 10 ATG proteins, that is, their Z-score value was 

below -1.96 or above 1.96 (Fig. 1A and Fig. 1B). Depletion of UVRAG significantly 
inhibited CHIKV infection (Fig. 1A-B) whereas depletion of 9 different proteins 

significantly enhanced infection. These were ULK1, ULK4, ATG4C, ATG7, LC3B, 

GABARAPL2, ATG9B, NBR1 and BNIP3. BNIP3 had the most pronounced effect with a 
1.9 and 2.4-fold increase in the percentage of infected cells and GFP intensity per well, 

respectively, compared to the siScramble control (Fig. 1A-B).  
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ULK1    *   
ULK2       
ULK3       
ULK4    *   

ATG2A       
ATG2B       

ATG3       
ATG4A       
ATG4B       
ATG4C    *   
ATG4D       

ATG5       
BECN1       

ATG7    *   
MAP1LC3A       
MAP1LC3B    *   
MAP1LC3C       

GABARAPL1       
GABARAPL2    *   

ATG9A       
ATG9B    *   
ATG10       
ATG12       
ATG13       
ATG14       

ATG16L1       
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RB1CC1       

WIPI1       
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WDR45L       
WDR45       

C12orf44       
ZFYVE1       

AMBRA1       
VMP1       

SQSTM1       
NBR1    *   

CALCOCO2       
OPTN       

PIK3C3       
PIK3R4       
UVRAG    *   

KIAA0226       
STX17       

FAM134B       
PARK2       
BNIP3L       

FUNDC1       
BNIP3    *   

ATP6V1A    *   
ULK1-4       
ULK1/2    *   
ULK3/4       

ATG2A/2B       
ATG4A-4D     Ratio 
ATG4A/ 4B       2.00 
ATG4C/ 4D    *    

LC3A-C        
GABARAP L1/L2    *    

ATG9A/ 9B        
ATG16 L1/L2       1.00 

WIPI1-4        
WIPI1/2        
WIPI3/4        

p62/NDP52/NBR1/ OPTN        
siScramble       0.00 
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Figure 1. siRNA-based screen to determine the relevance of ATG proteins and autophagy 
receptors in CHIKV-infected U2OS cells. (A) Heat-map showing the ratio of GFP-positive cells (%), 
the average GFP intensity per well, and the average GFP intensity in infected cells, for each knockdown as 
compared to cells transfected with a siRNA scramble (bottom). The significant hits (p < 0.05 in at least 
one of the parameters) are indicated with a star. Data shown represents the mean of four independent 
experiments. (B) Representative distribution of the Z-score values as compared to the siScramble based 
on the percentage of GFP-positive cells. Z-scores between -1,96 and +1,96 (dotted lines) represent 
significant hits with p <0.05. BNIP3 is indicated in blue. (C) Bar plot showing the fold change (FC) in 
infection relative to non-transfected (NT) cells of the respective MOI. U2OS cells were reverse-transfected 
with a siRNA pool targeting BNIP3 or a siRNA control (siScramble) for 48 h. Subsequently, cells were 
infected with the 5’GFP-CHIKV-LR strain at the indicated MOIs. Cells were collected 10 hpi, fixed and 
infection (i.e., GFP-positive cells) was determined by flow cytometry. (D) Bar plot showing the FC in 
genome equivalent copies per ml (GECs/ml) at 10 hpi relative to NT cells. Quantification was done by RT-
qPCR. (E) Bar plot showing the FC in infectious virus particles per ml (PFU/ml) at 10 hpi as compared to 
NT cells. Analysis was done by plaque assay. (F) Bar plot showing the FC in specific infectivity (GECs/ml 
divided by the PFU/ml) compared to NT cells. Data represents mean ± SEM of at least three independent 
experiments. Student’s test: *** p < 0.001, ** p < 0.01, * p < 0.05, no symbol implies non-statically 
significant. 
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Given the potent antiviral effect of BNIP3, we decided to elucidate the role of this 

protein in CHIKV infection. To this end, we determined the mRNA levels of BNIP3 by 

RT-qPCR in siScramble and siBNIP3-transfected cells. This quantification shows that the 
siRNA targeting BNIP3 reduced its mRNA levels by 95% (Fig. S2A). Thereafter, we 

attempted to confirm the knockdown of protein expression by western blot using a 
commercial antibody, but we were unable to detect endogenous BNIP3 expression, an 

issue which is commonly encountered for this protein (31,32). As an alternative 

approach, we used a mCherry-tagged BNIP3 expression plasmid and evaluated mCherry 
levels as a measure of BNIP3 expression by flow cytometry and western blot. To this 

end, cells were transfected with the plasmid encoding for mCherry-tagged BNIP3. At 6 
hpt, cells were transfected with either the siScramble or the siRNA against BNIP3 and 

incubated for another 16 h prior to analysis. As an additional control, cells were 

transfected with an expression plasmid solely encoding mCherry. We observed that 
transfection with the siRNA targeting BNIP3 led to a strong reduction in both the number 

of cells expressing the mCherry-fused BNIP3 protein (Fig. S2B) and the mCherry-BNIP3 
expression levels (Fig. S2C), demonstrating that BNIP3 is efficiently downregulated by 

the siRNA used in this study.  
In the screen, the role of ATG proteins on CHIKV infection was assayed at 17 hpi, 

which represents two rounds of replication. To investigate whether BNIP3 controls 

CHIKV infectivity in the first round of replication, we next assessed the number of 
infected cells at an earlier time-point, i.e., at 10 hpi using MOI 1 and MOI 10. Similar to 

17 h of infection, knockdown of BNIP3 expression increased the number of infected 
cells by 2.0±0.4-fold and 1.9±0.5-fold following infection at MOI 1 and 10, respectively 

(Fig. 1C) as compared to the siScramble-transfected cells. This indicates that BNIP3 

controls CHIKV infection within the first round of replication. Moreover, these results 
reveal that our transfection procedure has no effect on the overall infectivity of the 

virus, since no differences in infection were observed between the non-transfected and 
the cells transfected with siScramble (Fig. 1C).   

Next, we examined whether the higher number of infected cells is associated with a 
higher production of viral particles. Hereto, we analysed the number of secreted 

genome equivalent copies (GEC) per ml of supernatant of BNIP3-depleted U2OS cells 

at 10 hpi following CHIKV infection at MOI 1 and 10 and compared to siScramble-
transfected cells. Importantly, Fig. 1D shows that GEC/ml secretion is 2.6±0.2 and 

2.6±0.5-fold increased under conditions of BNIP3 silencing at MOI 1 and 10, 
respectively. In parallel, to investigate whether BNIP3 interferes with the infectious 

properties of secreted virus particles we also evaluated the presence of infectious virus 

particles by plaque assay. Under conditions of BNIP3 knockdown, a 2.2±0.3-fold 
increase in the secretion of infectious virus particles was seen at MOI 1 and 3.8±1.0-

fold increase following infection at MOI 10 when compared to siScramble-transfected 
cells (Fig. 1E). Subsequent calculation of the GEC to PFU ratio revealed no differences 

(Fig. 1F), indicating that depletion of BNIP3 increases the overall production of progeny 

virus particles without interfering with the infectious properties of released particles. 
The increase in the secretion of virus progeny was still present at 16 hpi, as a 3.4±1.0- 

and 2.8±1.4-fold increase was observed in BNIP3-depleted cells when compared to 
siScramble-transfected cells (Fig. S2D). Taken together, these data show that BNIP3 is 

a novel host factor that controls CHIKV infection in U2OS cells. 
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BNIP3 controls CHIKV infection through an autophagy-independent 

mechanism 

 
Before investigating the role of BNIP3 in CHIKV infection, we first assessed whether an 

autophagic response is elicited in CHIKV-infected U2OS cells as our screen indicated 
that autophagy may restrict CHIKV infection (Fig. 1). Hereto, the levels of lipidated LC3-

II/LC3-I (autophagy flux index) by western blot analysis in the absence and presence 

of the lysosomal inhibitor bafilomycin A1 were evaluated. In these experiments, we used 
starvation-induced autophagy as a positive control. In the absence of bafilomycin A1, 

no differences in in the autophagic flux indexes were observed during CHIKV infection 
from 5 to 10 hpi when compared to mock-treated cells (Fig. S3A-B), which suggests 

that autophagy is not induced upon CHIKV infection in U2OS cells. A decrease in the 

autophagic flux index, however, was observed at 16 hpi, which suggests that the 
autophagic flux is inhibited late in infection (Fig. S3A-B). As expected, nutrient 

deprivation led to an increase in the autophagic flux index in absence and presence of 
bafilomycin A1 (Fig. S3A-B). To confirm that autophagy is not induced upon CHIKV 

infection, we also evaluated the effect of CHIKV on WIPI2 puncta formation in U2OS 
cells stably expressing GFP-WIPI2. WIPI2 puncta are formed once an autophagic 

response is triggered (34). After 5 h, in the absence of infection, the percentage of cells 

that showed GFP-WIPI2 puncta (cells with >1 GFP-WIPI2 puncta) was 3.4±1.4 and 
13.4±4.4 in the absence and the presence of bafilomycin A1, respectively (Fig. S3C-D). 

At 10 h, 4.6±3.1 and 9.3±4.2% GFP-WIPI2 cells were found in the absence and the 
presence of bafilomycin A1. Furthermore, at 16 h, the percentages of cells with GFP-

WIPI2 puncta were 1.0±1 and 6.0±0.5 in the absence and the presence of bafilomycin 

A1, respectively. Importantly, no significant differences were seen in the number of cells 
with GFP-WIPI2 puncta in the presence of CHIKV any evaluated time-point (Fig. S3C-

D). In contrast, and as expected, nutrient deprivation triggered autophagy, in the 10 h 
time-point 81.5±6.0 and 89.4±8.3% of the cells showed WIPI2-GFP puncta in the 

absence and presence of bafilomycin A1, respectively. Similar results were obtained at 
the other two time-points (Fig. S3C-D). These results confirmed the LC3 western blot 

results and show that CHIKV infection does not provoke a major autophagic response 

in U2OS cells.  
Thus far, BNIP3 appears to be exclusively involved in mitophagy and not in 

autophagy (17).  Yet, to verify this notion, we next evaluated the effect of BNIP3 
depletion on basal and starvation-induced autophagy in U2OS cells in the absence and 

presence of bafilomycin A1. Western blot analysis revealed that there were no significant 

differences between siScramble-transfected cells treated with bafilomycin A1 and 
siBNIP3-depleted cells treated with bafilomycin A1 (Fig. 2A). This suggests that the 

autophagy flux is comparable in both conditions (Fig. 2A). When autophagy was induced 
by nutrient deprivation, however, BNIP3 depletion resulted in elevated autophagic flux 

in comparison with the siScramble-transfected cells (Fig. 2B). These observations 

indicate that although basal autophagy is not altered by BNIP3, nutrient depletion-
induced autophagic flux is influenced by BNIP3 expression. Subsequently, we assessed 

whether BNIP3 depletion somehow affects the autophagic flux during CHIKV infection. 
Fig. 2C shows that there are no differences in autophagic flux indexes between 

siScramble and BNIP3-depleted cells infected for 10 h with CHIKV at MOI 10, which 
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suggests that the antiviral function of BNIP3 during CHIKV infection does not involve 

an alteration of the autophagic flux. To further confirm that BNIP3 controls CHIKV 

infectivity independently of autophagy, we next investigated the effect of ATG7 
silencing, a key regulator of autophagy (35), on CHIKV infection in combination or not 

with BNIP3 knockdown. siRNA-mediated depletion of ATG7 (Fig. 2D) enhanced CHIKV 
infection (Fig. 2E), which confirms our screen results (Fig. 1). Importantly, combined 

depletion of ATG7 and BNIP3 further increased CHIKV infectivity when compared to 

ATG7-depleted cells (Fig. 2E). As an alternative approach, we also used CRISPR/Cas9-
generated ATG7 knockout U2OS cells (ATG7KO) (20), and silenced BNIP3. In line with 

the above results, the number of CHIKV infected ATG7KO cells transfected with siRNA 
against BNIP3 (29.2±3.5%) was increased compared to siScramble-transfected 

ATG7KO cells (19.2±3.7%) (Fig. 2F). Taken together, these results show that BNIP3 

depletion has a positive effect on CHIKV infectivity, also when autophagy is inhibited, 
which indicates that BNIP3 does not rely on an intact ATG machinery to control CHIKV 

infection. 
 

BNIP3 depletion does not affect the overall mitochondrial mass and activity  
  

Given that BNIP3 has been described to participate in mitochondrial clearance and in 

other regulatory mechanisms related to mitochondrial dynamics (17,36,37), we next 
investigated whether BNIP3 depletion influences the overall mitochondrial mass during 

CHIKV infection. To this end, two distinct mitochondrial probes, i.e., MitoSpy Green and 
MitoSpy Red CMXRos, were used to assess changes in total mitochondrial mass and 

mass of polarized mitochondria, respectively. Starvation-induced increase in 

mitochondrial size as a consequence of enhanced mitochondrial fission (38) was used 
as a positive control for the assay (Fig. S4A). No changes in the cellular mitochondrial 

content were seen upon CHIKV infection (Fig. 3A-B). Furthermore, similar results were 
obtained in cells depleted of BNIP3, suggesting that this protein is not controlling 

mitochondrial homeostasis over the course of CHIKV infection. 
Previous studies have showed that NIX/BNIP3L shares 55% sequence-similarity with 

BNIP3 (39) and functions redundantly with this protein in mitophagy (17). To 

strengthen the observation that BNIP3 controls CHIKV infection independently from its 
role in mitophagy, we also investigated whether NIX controls CHIKV infection. 

Downregulation of NIX did not have an effect on CHIKV replication (Fig. 3C), which is 
in line with the screen results (Fig. 1). In addition, simultaneous knockdown of NIX and 

BNIP3 did not further enhance CHIKV replication in comparison to cells exclusively 

depleted of BNIP3 (Fig. 3C). Altogether, these results underline that BNIP3 controls 
CHIKV independently of its function in autophagy. 
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Figure 2. BNIP3 modulates CHIKV replication independent of autophagy. (A, B, C) 
Representative LC3 western blots and determination of the autophagic flux index (LC3-II/LC3-I ratio) in 
protein lysates from U2OS cells either (A) only reverse-transfected with a pool of four siRNAs targeting 
BNIP3 or a siRNA control (siScramble) for 48 h, or (B) transfected and treated with HBSS (to induce bulk 
autophagy) for 2h or (C) transfected and infected with 5’GFP-CHIKV-LR at MOI 10 for 10 h (D) 
Representative ATG7 western blot from protein lysates of U2OS cells reverse-transfected with an siRNA 
targeting ATG7 or an siRNA control (siScramble) for 48 h. (E) Bar plot showing the FC of infection 
compared to siScramble control cell. U2OS cells reverse-transfected for 48 h with either siRNAs against 
ATG7, BNIP3, or both, and infected with 5’GFP-CHIKV-LR at MOI 10 for 10 h. Infection was assessed by 
flow cytometry. (F) Bar plot showing the percentage of infection as assessed by flow cytometry of ATG7KO 
cells reverse-transfected for 48 h with either siRNAs targeting BNIP3 or siScramble, and infected with 
5’GFP-CHIKV-LR at MOI 1 for 10 h. Data represents mean ± SEM of at least three independent 
experiments. NT denotes for non-transfected, siScram denotes for siScramble and Baf for Bafilomycin A1. 
Student’s test: *** p < 0.001, ** p < 0.01, * p < 0.05, no symbol implies non-statically significant. 

 
BNIP3 does not control CHIKV infection through its pro-apoptotic function 

 
Next to its role in mitophagy, BNIP3 has also been associated with apoptosis. 

Specifically, it has been described that BNIP3 can reduce the mitochondrial membrane 

potential and increase the generation of reactive oxygen species thereby inducing 
BAX/BAK-dependent apoptosis and possibly other types of cell death (40). CHIKV 

infection is known to induce apoptosis (41). Thus, we next explored whether BNIP3 
silencing influences virus-induced cell death during infection. We hypothesized that if 

BNIP3 is involved in cell death signalling during CHIKV infection, BNIP3 depletion may 

diminish or delay cell death upon infection. We evaluated cell death by flow cytometry 
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using a protocol based on Annexin V and fixable viability dye (FVD) staining (Fig. 4A). 

Three distinct cell populations can be discriminated using this protocol. The first is the 

Annexin V-positive cells, which constitute cells that expose phosphatidylserine residues 
in the outer leaflet of the plasma membrane as a consequence of stress or early 

activation of apoptosis (41). The second cell population comprises cells positive for both 
Annexin V and FVD, which are considered apoptotic cells (41). The third population, 

i.e., FVD-positive cells, are considered necrotic cells or cells undergoing other cellular 

death programmes (41). As control for our experimental readout, U2OS cells were 
treated with 100 µM menadione, a compound known to induce apoptosis and other 

types of cell death (42,43). In presence of menadione, 35% of the total cell population 
showed signs of cell death (percentage of FVD-positive cells) (Fig. S4B). In agreement 

with the literature (44,45), we observed an MOI- and time-dependent increase in 

CHIKV-induced cell death as shown by the increased percentage of FVD-positive cells 
over time (Fig. 4B). Infection of siScramble-transfected cells with CHIKV at an MOI of 

1 led to 12.0±6.5% FVD-positive cells at 10 hpi, which increased to 23.9±3.2% at 16 
hpi. Following infection at an MOI of 10, 16.1±8.4% and 38.6±7.5% of FVD-positive 

cells were observed at 10 and 16 hpi, respectively. Furthermore, apoptotic cells were 
predominantly detected at early time points post-infection at an MOI of 1 and 10 (Fig. 

4B). Lastly, Annexin V-positive cells were almost exclusively detected at the early stages 

of infection (Fig. 4B, 10 hpi). Importantly, BNIP3-depleted CHIKV-infected cells had 
similar percentages of Annexin V-, FVD- and double positive cells as in the control cells 

at 10 and 16 hpi, and at both high and low MOIs (Fig. 4B). Consistently, no differences 
were observed in the proportions of Annexin V-, FVD- and double positive cells between 

cells depleted for BNIP3 and the siScramble-transfected cells at the time of cell 

collection (Fig. S4C). Collectively, these results suggest that BNIP3 regulation of CHIKV 
replication is not associated to mechanisms related to cell death, therefore, it is likely 

that BNIP3 modulates the virus early in infection, before these pathways are activated. 
 

CHIKV replication is modulated by BNIP3 early in infection 
 

Since no function of BNIP3 in regulating virus infection has been described so far, we 

next decided to precisely determine at which stage of the viral cycle BNIP3 modulates 
CHIKV infection. Therefore, we tested the influence of BNIP3 knockdown on CHIKV cell 

entry and membrane hemifusion by live cell imaging using DiD-labeled CHIKV, as 
described in Materials and Methods. Hemifusion refers to a short lived state in which 

the outer membrane leaflets have fused but the inner membrane leaflets are still intact, 

thus referring to a state prior to fusion pore formation and RNA release (46). In the 
assay, non-fusogenic DEPC-inactivated CHIKV was used as a control. DEPC treatment 

inactivates the virus, yet, it preserves the conformational integrity of its surface proteins 
required for cell surface attachment and endocytosis (47). As expected, the results show 

that the percentage of fusion-positive cells reduced from 36±9% to 1±1% in presence 

of DEPC-inactivated CHIKV (Fig. 5A). BNIP3, however, does not interfere with virus cell 
entry and membrane hemifusion as no clear differences in the number of fusion-positive 

cells were observed between siScramble- and siBNIP3-treated cells (Fig. 5A). This 
suggests that BNIP3 regulates CHIKV infection at a step after virus cell entry and 

membrane hemifusion.  
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Upon RNA delivery into the cell cytoplasm, the CHIKV genome is translated to 

produce non-structural proteins (nsP1-4) after which the RNA is replicated and a 

subgenomic RNA is translated to produce the structural C, E2, E1 and E3 proteins. To 
establish whether BNIP3 interferes with translation of the CHIKV proteins, we next 

assessed the expression levels of the viral proteins by western blot (Fig. 5B-C) at 10 
hpi. BNIP3 silencing was found to increase the total expression of structural proteins 

E2, E1, and C as well as the expression levels of the non-structural protein nsP2 (Fig. 

5B-C). Collectively, these data clearly indicate that BNIP3 depletion results in higher 
expression levels of viral proteins in CHIKV-infected cells. 

 

 
Figure 3. BNIP3 silencing does not alter the mitochondrial mass during CHIKV infection. U2OS 
cells were reverse-transfected as described in the legend to Figure 1C. (A, B) Bar plots showing the FC in 
mitochondrial mass compared to mock-infected cells as assessed by flow cytometry. Cells were infected 
with CHIKV-LR at the indicated MOIs for 10 h. (C) Bar plots showing the FC in infection compared to 
siScramble transfected cells as assessed by flow cytometry. U2OS cells reverse-transfected for 48 h with 
either siRNAs against NIX, BNIP3, or both, and infected with 5’GFP-CHIKV-LR at MOI 10 for 10 h. Data 
represents mean ± SEM of at least three independent experiments. NT denotes for non-transfected and 
siScram for siScramble. Student’s test: *** p < 0.001, no symbol implies non-statically significant. 
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Figure 4. BNIP3 involvement in CHIKV infectivity is independent of cellular death pathways. 
U2OS cells were reverse-transfected as in Figure 1C. (A) Gating strategy and (B) bar plots showing the 
frequencies of Annexin V-, FVD- and double positive cells measured by flow cytometry. Cells were infected 
with 5’GFP-CHIKV-LR at the indicated MOIs for 10 and 16 h. Data represents mean ± SEM of at least three 
independent experiments. NT denotes for non-transfected, siScram for siScramble. Student’s test: no 
symbol implies non-statically significant. 
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ml significantly increased over time (Fig. S5). At 4 hpi, on average 3.2.106 RNA copies 

of E1 transcripts and 6.2.105 RNA copies of nsP1 transcripts were detected in cells 

infected at MOI 1 (Fig. S5). By 8 hpi, the RNA copy numbers increased to on average 
of 7.0.109 and 1.7.108 for E1 and nsP1 transcripts, respectively, following infection at 

MOI 1. At MOI 10, the RNA copy numbers were even further enhanced (Fig. S5). 
Interestingly, at 4 hpi, the number of viral RNA copies of the E1 and nsP1 transcripts 

as compared to the cells transfected with the siScramble was significantly higher in 

BNIP3-depleted cells exposed to MOI 1 and 10. At 8 hpi, the fold change in viral 
intracellular RNA levels in BNIP3-depleted cells was less prominent although significant 

in the case of the E1 transcripts (Fig. 5D). Furthermore, no clear differences were 
observed between the fold enhancement of nsP1 and E1 RNA levels at all conditions 

tested, suggesting that BNIP3 does not specifically interfere with the replication of either 

the genomic or the subgenomic RNA. The high RNA copy numbers in BNIP3-depleted 
CHIKV-infected cells early in infection suggests that BNIP3 interferes with successful 

delivery of the viral RNA to the site of replication or interferes with the initial formation 
of the replication complex. 

 
BNIP3 modulates alphavirus replication 

 

To address whether BNIP3 also controls the infectivity of other CHIKV genotypes, we 
next examined the effect of BNIP3 depletion on the infectivity of the originally isolated 

African (S27) strain in 1953 and the recently isolated Caribbean CHIKV (99659) strain 
that belongs to the Asian genotype. The CHIKV-LR used in this study belongs to the 

East/Central/South African genotype. We assessed both the number of infected cells by 

flow cytometry (Fig. 6A) and infectious viral particle produced following infection at an 
MOI of 10. At 10 hpi, 19.7±4.2% and 9.7±4.0% of cells were infected with CHIKV-S27 

and CHIKV-99659, respectively. For the ancient CHIKV-S27 strain, we observed a non-
significant positive trend with a 1.4±0.2- and 2.0±0.4-fold increase in the percentage 

of infected cells and infectious virus particle production, respectively (Fig. 6B). For the 
circulating CHIKV-99659 strain, BNIP3 silencing resulted in a significant increase in both 

the percentage of infected cells (2.5±0.2-fold) as well as the secretion of infectious 

virus progeny (2.3±0.4-fold) (Fig. 6B). The above data indicates that the function of 
BNIP3 in controlling CHIKV replication is strain-dependent, and conserved across 

CHIKV-99659 and CHIKV-LR, two currently circulating CHIKV strains of distinct 
genotypes. Furthermore, given that SFV is part of the same antigenic complex as CHIKV, 

we also tested the effect of BNIP3 towards this virus. At 10 hpi, 23.8±9.6% of the cells 

were infected with SFV following infection at MOI 1. Similar as with CHIKV-S27, BNIP3 
silencing increased, albeit not significantly, the percentage of infected cells by 1.4±0.2-

fold (Fig. 6B). This translated into a significant 1.9±0.4-fold enhancement in virus 
progeny release as compared to the siScramble-transfected cells (Fig. 6B). This shows 

that the antiviral role of BNIP3 in CHIKV infection can be translated to other alphaviruses 

from the same antigenic complex. 
 



An autophagy-specific siRNA screen reveals BNIP3 as a regulator of chikungunya 
virus infection 

113 

 
Figure 5. BNIP3 controls CHIKV replication early in infection. U2OS cells were reverse-
transfected as in Figure 1C. (A) Cells were incubated with DiD-labeled CHIKV and the number 
of fusion-positive cells was measured. (B) Representative blots and (C) bar plot showing the 
FC in nsp2, E2, E1 and C protein expression levels in BNIP3-depleted cells compared to 
siScramble-transfected cells. GAPDH and vinculin were used as loading controls. (D) Bar plot 
showing the FC in intracellular E1 and nsP1 RNA levels in BINP3-knockdown cells compared to 
siScramble-transfected cells. Cells infected at the indicated MOI and time-points. NT denotes 
for non-transfected, siScram for siScramble. Data represents the mean ± SEM of at least three 
independent experiments. Student’s test: *** p < 0.001, ** p < 0.01, * p < 0.05, no symbol 
implies non-statically significant. 

 

Discussion 

 
This study unveils BNIP3 as a host factor controlling alphavirus replication. The 

previously unknown role of BNIP3 in controlling CHIKV replication was found to be 
independent from the function of this protein in mitophagy and cellular death. BNIP3 

depletion was found to increase the number of infected cells and the production of 

infectious progeny virus particles. Analysis of the steps involved in CHIKV replication 
cycle suggests that BNIP3 interferes with CHIKV early in infection, yet after virus cell 

entry and hemifusion with the endosomal limiting membrane. The antiviral effect of 
BNIP3 was found conserved among distinct two distinct circulating CHIKV genotypes 

and the closely related SFV. 
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Figure 6. BNIP3 antiviral role is conserved across CHIKV genotypes and SFV. U2OS cells were 
reverse-transfected as described in Figure 1C. Cells were infected at an MOI of 10 (CHIKV-S27, CHIKV-
99659) or at an MOI 1 (SFV-MK) for 10 h. (A) Representative flow cytometry dot plot and (B) bar plots 
showing the FC in the percentage of infected cells (measuring the E2-positive cells by flow cytometry) and 
infectious titers (determining the PFU/ml by plaque assay) in BNIP3-depleted cells compared to siScramble-
transfected cells at 10 hpi. Data represents the mean ± SEM of at least three independent experiments. 
Student’s test: ** p < 0.01, * p < 0.05, no symbol implies non-statically significant. 
 

The observation that the intracellular CHIKV RNA levels are increased in BNIP3-

depleted cells at 4 hpi, indicates that BNIP3 acts early in infection. Furthermore, these 
results suggest that the potency of BNIP3 to interfere with the intracellular RNA levels 

decreases over time as the fold enhancement is lower at 8 hpi than at 4 hpi under 
conditions of BNIP3 depletion, whereas the total RNA copy number increased during 

this time window. Intriguingly, no major effect was detected on virus cell entry and 

hemifusion. We therefore hypothesize that BNIP3 specifically interferes with CHIKV RNA 
delivery in the cell cytosol or with replication early in infection. Upon translation of the 

5’CHIKV-ORF, the viral genomic RNA and the viral replicase complex are relocated to 
membrane invaginations at the plasma membrane known as spherules (48). It is 

tempting to speculate that BNIP3 participates at this stage of the viral infectious cycle, 
either by interfering with the transport of the viral replicase complex or the formation 

of spherules. An alternative explanation is that BNIP3 interferes with the formation of a 

fusion pore, proper dissociation of the nucleocapsid or with the formation of early 
replication complexes thereby decreasing the chance to initiate a productive infection. 

The molecular mechanisms involved in these steps of CHIKV cycle are, however, ill-
understood and future studies are required to determine the precise mode of viral 

interference employed by BNIP3 in CHIKV-infected cells. 
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BNIP3 was found to control CHIKV independently of cell death and autophagy 

pathways implying that BNIP3 is also involved in other as yet unknown cellular 

processes. These unknown processes might be unveiled by studying the functional 
domains of BNIP3. To date, several functional domains have been identified in the 

amino acid sequence of BNIP3: 1) a PEST domain that targets BNIP3 for degradation, 
2) a BH3 domain and 3) a transmembrane domain (TM) (49). The BH3 and TM domains 

are involved in the induction of apoptosis and mitophagy (50). BNIP3 has also an LC3-

interacting motif within the PEST domain, which classifies this protein as an autophagy 
receptor (51). According to our data, we speculate that the role of the conventional 

function of the TM domain and the LIR motif of BNIP3 are not required for alphavirus 
infection, however, future research should confirm this hypothesis. Investigating the 

effect of different BNIP3 mutants in CHIKV replication could help to elucidate BNIP3 

function in more detail. Another strategy to delineate this is to investigate the 
interactome of BNIP3 in CHIKV-infected cells. In this regard, BNIP3 was previously 

described to bind viral proteins of 2 different families of RNA viruses in a study using a 
yeast two-hybrid approach (52). Therefore, it may be relevant to investigate whether 

one or more CHIKV proteins interact with BNIP3. 
BNIP3 was discovered in our study as a factor controlling CHIKV replication on the 

basis of an siRNA screen targeting 50 distinct ATG proteins and autophagy receptors. 

We further validated and investigated BNIP3 as it had the most pronounced effect on 
CHIKV infection. Interestingly, most ATG protein depletions were shown to have a 

positive effect on viral infection, suggesting that autophagy might have an antiviral 
function during a CHIKV infection. Subsequent experiments revealed that autophagy is 

not strongly induced upon U2OS cells exposure to CHIKV, but the knockout of the 

essential autophagy factor ATG7 clearly enhanced CHIKV infection. Collectively, these 
observations suggest that basal autophagy may target some of the viral or host factor 

required for CHIKV infectivity. Interestingly, depletion of UVRAG drastically reduced 
CHIKV infection and therefore promotes CHIKV infection. Future studies should reveal 

the true importance and function of these proteins in CHIKV replication. 
In summary, our study identifies a BNIP3 as a new host factor regulating CHIKV 

infectivity, but also that of other alphaviruses. In particular, BNIP3 controls alphavirus 

infection at an early step in their replication cycle. This regulation is not linked to the 
known function of BNIP3 in autophagy and cell death. Future studies on how BINP3 

controls alphavirus infection will be important because they will shed light on the early 
steps in infection, which still remain poorly characterized.  
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Supplementary data 
 
Table S1. Genes targeted by the customized siRNA library 

Gene Symbol Gene ID Gene Accession 

ULK1 8408 NM_003565 

ULK2 9706 NM_014683 

ULK3 25989 NM_015518 

ULK4 54986 XM_929989 

ATG2A 23130 NM_015104 

ATG2B 55102 NM_018036 

ATG3 64422 NM_022488 

ATG4A 115201 NM_178270 

ATG4B 23192 NM_013325 

ATG4C 84938 NM_178221 

ATG4D 84971 NM_032885 

ATG5 9474 NM_004849 

BECN1 8678 NM_003766 

ATG7 10533 NM_006395 

MAP1LC3A 84557 NM_181509 

MAP1LC3B 81631 NM_022818 

MAP1LC3C 440738 NM_001004343 

GABARAPL1 23710 NM_031412 

GABARAPL2 11345 NM_007285 

ATG9A 79065 NM_024085 

ATG9B 285973 NM_173681 

ATG10 83734 NM_031482 

ATG12 9140 NM_004707 

ATG13 9776 NM_014741 

ATG14 22863 NM_014924 

ATG16L1 55054 NM_198890 

ATG16L2 89849 NM_033388 

RB1CC1 9821 NM_014781 

WIPI1 55062 NM_017983 

WIPI2 26100 NM_001033520 

WDR45B 56270 NM_019613 

WDR45 11152 NM_001029896 

ATG101 60673 NM_021934 

ZFYVE1 53349 NM_178441 

AMBRA1 55626 NM_017749 

VMP1 81671 NM_030938 

SQSTM1 8878 NM_003900 

NBR1 4077 NM_005899 

CALCOCO2 10241 NM_005831 

OPTN 10133 NM_021980 

PIK3C3 5289 NM_002647 

PIK3R4 30849 NM_014602 

UVRAG 7405 NM_003369 

KIAA0226 9711 XM_032901 

STX17 55014 NM_017919 

FAM134B 54463 NM_019000 

PARK2 5071 NM_013988 

BNIP3L 665 NM_004331 

FUNDC1 139341 NM_173794 

BNIP3 664 NM_004052 

ATP6V1A 523 NM_001690 
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Figure S1. siRNA transfections downregulate targeted genes and do not induce cell toxicity. (A) Bar 
plot showing the mRNA levels quantified by RT-qPCR of two random genes ADP-ribosylation factor 1 (ARF1) and 
Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 (GBF1) at 48 hpt with specific siRNAs. 
Data represents two technical replicates for ARF1 or one replicate for GBF1 included in one experiment. (B) The 
siRNA-based screen was performed as described in the materials and methods. Plot shows the average number 
of cells per each gene knockdown in the screen. Data represents the mean ± SEM of four independent 
experiments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

ARF1 ARF1 GBF1
0

50

100

150 siScramble
siRNA Pool

m
R

N
A

 e
x

p
re

s
s

io
n

(F
C

 r
e

la
ti

v
e

 t
o

 s
iS

c
ra

m
)

G
A

B
A

R
A

P
L

2

U
V

R
A

G

A
T

G
4

C

A
T

G
7

N
B

R
1

A
T

G
4

A

W
D

R
4

5

U
L

K
2

U
L

K
1

A
T

G
2

B

P
IK

3
R

4

A
T

G
4

D

A
M

B
R

A
1

M
A

P
1

L
C

3
A

B
E

C
N

1

M
A

P
1

L
C

3
B

A
T

G
1

6
L

2

A
T

G
3

C
1

2
o

rf
4

4

A
T

G
1

4

P
A

R
K

2

A
T

G
5

M
A

P
1

L
C

3
C

A
T

G
9

B

S
Q

S
T

M
1

Z
F

Y
V

E
1

V
M

P
1

A
T

G
1

6
L

1

G
A

B
A

R
A

P
L

1

W
IP

I2

A
T

G
4

B

K
IA

A
0

2
2

6

A
T

G
9

A

S
T

X
1

7

A
T

G
1

2

W
IP

I1

A
T

G
2

A

A
T

G
1

0

U
L

K
3

B
N

IP
3

F
A

M
1

3
4

B

U
L

K
4

R
B

1
C

C
1

W
D

R
4

5
L

C
A

L
C

O
C

O
2

O
P

T
N

A
T

G
1

3

P
IK

3
C

3

F
U

N
D

C
1

B
N

IP
3

L

S
c
ra

m
b

le

A
T

P
6

V
1

A

0

500

1000

1500

2000

2500

BNIP3

siScramble

Gene knockdown

C
e

ll
 c

o
u

n
t

A

B



An autophagy-specific siRNA screen reveals BNIP3 as a regulator of chikungunya 
virus infection 

121 

 
Figure S2. Validation of BNIP3 as a factor controlling CHIKV replication. U2OS cells were reverse-
transfected with either siScramble or siRNA targeting BNIP3. (A) Bar plot showing the FC in BNIP3 mRNA 
levels compared to the siScramble control. Quantification was done by RT-qPCR at 48 hpt. (B) Flow 
cytometry dot plot showing the percentage of mCherry-positive cells. (C) Bar plot showing the FC in 
mCherry expression by western blot in U2OS cells transiently expressing mCherry-BNIP3 or just mCherry, 
and reverse-transfected with the indicated siRNAs for 16 h. (D) Bar plot showing the FC in infectious virus 
particles per ml (PFU/ml) compared to NT control of cells transfected and then infected with 5’GFP-CHIKV-
LR at MOI 1 and 10 for 16 h. Evaluation was done by plaque assay. Data shown A, B, C and E represents 
the mean ± SEM of at least three independent experiments. Student’s test: *** p < 0.001, ** p < 0.01, * 
p < 0.05, no symbol implies non-statically significant. 
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Figure S3. CHIKV fails to induce autophagy in U2OS cells. (A) Representative LC3 western blots 
and (B) determination of the autophagic flux index (LC3-II/LC3-I ratio) in protein lysates from U2OS cells 
infected with CHIKV-LR at MOI 10 and at the indicated time-points (C) Representative pictures and (D) 
quantification of GFP-WIPI2 puncta in U2OS cells stably expressing GFP-WIPI2 that were infected with 
CHIKV-LR at MOI 10. Cells were analysed by immunofluorescence at the indicated time-points. Baf, 
Bafilomycin A1. Data shown represent mean ± SEM of at least three independent experiments. Student’s 
test: *** p < 0.001, ** p < 0.01, no symbol implies non-statically significant. 
 
 
 

 
Figure S4. Controls for the assays determining mitochondrial mass and cell death by flow 
cytometry. (A) Representative flow cytometry histogram of U2OS cells treated with HBSS (starvation) 
for 10 h and stained using MitoSpy Green. (B) Representative flow cytometry dot plot of U2OS cells treated 
with menadione at a concentration of 100 µM for 10h and stained using Annexin V and FVD. (C) Bar plot 
of the frequencies of Annexin V-, FVD- and double-positive cells measured by flow cytometry. Cells reverse 
transfected with the indicated siRNAs for 48 h and mock-treated for 16 h. Data shown represent mean ± 
SEM of at least three independent experiments. Student’s test: no symbol implies non-statically significant. 
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Figure S5. CHIKV RNA levels increase in time. U2OS cells were reverse-transfected with siScramble 
for 48 h and infected with 5’GFP-CHIKV-LR. Bar plot showing the FC in intracellular E1 and nsP1 RNA levels 
in cells transfected at the indicated MOIs and time-points. Data shown represent mean ± SEM of three 
independent experiments. Student’s test (data from the 8 hpi time-point were compared to their 
corresponding sample at 4 hpi): *** p < 0.001, ** p < 0.01, * p < 0.05, no symbol implies non-statically 
significant. 
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Abstract 

 

Background 
 

Due to the high burden of dengue disease worldwide, a better understanding of the 
interactions between dengue virus (DENV) and its human host cells is of the outmost 

importance. Although microRNAs modulate the outcome of several viral infections, their 

contribution to DENV replication is poorly understood. 
 

Methods and principal findings  
 

We investigated the microRNA expression profile of primary human macrophages 

challenged with DENV and deciphered the contribution of microRNAs to infection. To 
this end, human primary macrophages were challenged with GFP-expressing DENV and 

sorted to differentiate between truly infected cells (DENV-positive) and DENV-exposed 
but non-infected cells (DENV-negative cells). The miRNAome was determined by small 

RNA-Seq analysis and the effect of differentially expressed microRNAs on DENV yield 
was examined. Five microRNAs were differentially expressed in human macrophages 

challenged with DENV. Of these, miR-3614-5p was found upregulated in DENV-negative 

cells and its overexpression reduced DENV infectivity. The cellular targets of miR-3614-
5p were identified by liquid chromatography/mass spectrometry and western blot. 

Adenosine deaminase acting on RNA 1 (ADAR1) was identified as one of the targets of 
miR-3614-5p and was shown to promote DENV infectivity at early time points post-

infection.  

 
Conclusion/Significance  

 
Overall, miRNAs appear to play a limited role in DENV replication in primary human 

macrophages. The miRNAs that were found upregulated in DENV-infected cells did not 
control the production of infectious virus particles. On the other hand, miR-3614-5p, 

which was upregulated in DENV-negative macrophages, reduced DENV infectivity and 

regulated ADAR1 expression, a protein that facilitates viral replication.  
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Author Summary  

 

Dengue is the most common mosquito-borne disease worldwide and it is an increasing 
global concern for public health as its etiological agent, dengue virus (DENV), keeps 

spreading around the globe. Currently there are no specific antiviral therapies available 
to treat disease. Macrophages are important target cells during natural DENV infection 

of humans. Here, we unraveled the importance of miRNAs in DENV replication in human 

primary macrophages. The expression profile of miRNAs was determined in truly DENV-
infected cells and cells that were exposed but not productively infected by the virus by 

RNA sequencing. We revealed that only five miRNAs are regulated in primary 
macrophages challenged with DENV. These results show that miRNAs do not play a 

major role in DENV replication. Unexpectedly, we did identify a miRNA with moderate 

yet significant antiviral properties to DENV. Moreover, miRNA-3614-5p was found to not 
only decrease DENV but also West Nile virus infectivity. Mass spectrometry and 

bioinformatics analysis identified adenosine deaminase acting on RNA 1 (ADAR1) as one 
of the targets. Moreover, ADAR1 was observed to promote the early stages of DENV 

replication. Collectively, our study broadens the knowledge of the contribution of human 
miRNAs in shaping the network of interactions between DENV and its human host cells.  

 

Key words: Dengue virus, infection, microRNA, microRNA-3614-5p, ADAR1. 
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1. Introduction 

 

Dengue, the arboviral disease with the highest incidence worldwide, is caused by 
dengue virus (DENV). There are four antigenically distinct serotypes of DENV (DENV-1 

to -4) which co-circulate in endemic areas (1). Annually, an estimated 390 million 
individuals are infected of which 96 million develop a clinically apparent disease (2). 

Disease manifestations range from a mild self-limiting febrile illness to life-threatening 

severe dengue characterized by plasma leakage, hemorrhages and organ impairment 
(3). The majority of individuals with severe disease have a heterologous secondary 

DENV infection (4). Although DENV vaccination reduces the incidence of severe disease, 
there are concerns regarding the overall efficacy and safety of the first licensed DENV 

vaccine (5). Furthermore, there are no specific antiviral therapies available to treat the 

disease.  
DENV belongs to the family Flaviviridae, which encompasses re-emerging 

arboviruses such as Zika and West Nile viruses (WNV). In humans, DENV replicates 
predominantly in dendritic cells, monocytes, macrophages and hepatocytes (6). Upon 

infection of cells, the 10.7 Kb positive-sense, single stranded RNA genome is translated 
into a single polyprotein. Thereafter, the polyprotein is cleaved into three structural 

proteins (capsid, prM and E) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, 

NS4A, NS4B and NS5) by viral and cellular proteases (7). The non-structural viral 
proteins will, subsequently, in companion with several cellular proteins, start negative 

strand RNA synthesis. The negative RNA strand serves as a template for the synthesis 
of new positive RNA strands, which then initiate a new translation cycle or associate 

with capsid proteins to form a nucleocapsid (8). Virus assembly starts by budding of a 

newly formed nucleocapsid into the endoplasmic reticulum lumen, thereby acquiring a 
lipid membrane with prM and E. Progeny virions mature on the trans-Golgi compartment 

and exit from the cell by exocytosis (8).  
Many cellular proteins have been described to aid in DENV replication (9–12). For 

example, adenosine deaminase acting on RNA 1 (ADAR1) has been identified as a 
proviral factor for DENV replication (13,14). ADAR1 catalyzes the hydrolytic deamination 

of adenosine to produce inosine in dsRNA substrates, a process known as A-to-I RNA 

editing. ADAR enzymes can, however, also influence viral replication in an edit-
independent manner (15,16). The mechanism by which ADAR1 promotes DENV 

replication remains to be elucidated. 
How microRNAs (miRNAs) participate in DENV replication is, however, poorly 

understood. miRNAs are a class of small non-coding RNAs regulating post-

transcriptional expression of genes. miRNAs target mRNAs in a sequence-specific 
manner leading to mRNA degradation or translational repression (17). It has been 

estimated that more than 60% of all mammalian mRNAs are targeted by miRNAs (18) 
and as a consequence, miRNAs contribute to many cellular processes like cell survival, 

proliferation and differentiation (19). In addition, miRNAs are part of the intricate 

network of interactions between pathogens and host cells (20,21). Indeed, DENV-
challenged cell lines were recently shown to have an altered miRNAome compared to 

non-infected cells (22–25). For example, increased expression of miR-30e* was 
observed in DENV-infected U937 and Hela cells. MiR-30e* was found to act as a 

restriction factor by promoting interferon (IFN)-β production through the NF-κB 
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pathway (23). On the other hand, miR-146a is upregulated in DENV-infected human 

monocytes and miR-146a overexpression resulted in increased DENV replication by 

damping IFN production (24). Furthermore, we observed downregulation of miR-133a 
in DENV-infected Vero cells (25). This was associated with increased expression of 

polypirimidine tract binding protein, a protein involved in DENV genome replication (25).  
In the present study, we evaluated the miRNAome of DENV-challenged human 

primary monocyte-derived macrophages (MDMs). Furthermore, we differentiated 

between DENV-positive and DENV-negative cells in the challenged cell population. 
MDMs were chosen as macrophages represent important target cells for virus replication 

during natural infection in humans (26). Five miRNAs were differentially expressed 
between DENV-positive and DENV-negative cells. Of these, miR-3614-5p is upregulated 

in DENV-negative cells and its overexpression reduced DENV infectivity. Subsequent 

proteomic and biochemical analysis revealed ADAR1 as one of the targets of miR-3614-
5p. Taken together, DENV replication is influenced by miR-3614-5p, a miRNA that 

targets the DENV proviral protein ADAR1.  
 

2. Materials and methods 
 

Cell culture. Baby hamster kidney cells clone 21 (BHK-21; ATCC: CCL-110) were 

cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) (Lonza, Basel, 
Switzerland), 100U/ml penicillin and 100mg/ml streptomycin (PAA Laboratories, 

Pasching, Austria). BHK-21 clone 15 cells are not commercially available and were a 
kind gift from Richard Kuhn (Purdue University). They were grown in Dulbecco’s minimal 

essential medium (DMEM) (Gibco, the Netherlands) supplemented with 10% FBS, 

100U/mL penicillin and 100mg/mL streptomycin, 100 µM of non-essential aminoacids 
(Gibco) and 10mM of hepes (Gibco). Huh7 cells (JCRB0403) were a kind gift from Tonya 

Colpitts (University of South Carolina) and were cultured in DMEM/Glutamax 
supplemented with 10% FBS, 100U/mL penicillin and 100mg/mL streptomycin. Wild-

type (WT) mouse embryonic fibroblasts (MEFs), p53 knockout (KO) MEFs (p53-/-) and 
p53/ADAR1 KO MEFs (p53-/-ADAR1-/-) were a kind gift from Mary A. O’Connell (CEITEC 

Masaryk University) and were cultured in DMEM supplemented with 10% FBS, 100U/mL 

penicillin, 100mg/mL streptomycin, 2mM of L-glutamine, 0.1mM of 2-mercaptoethanol 
(Gibco) and 20mM hepes. C6/36 Aedes albopictus cells (ATCC: CRL-1660) were 

maintained in minimal essential medium (Invitrogen, Carlsbad, California, USA) 
supplemented with 10% FBS, 25 mM HEPES, 7.5% sodium bicarbonate, 100U/mL 

penicillin and 100mg/mL streptomycin, 200 mM glutamine, and 100 µM nonessential 

amino acids. All mammalian cells were cultured at 37°C and 5% CO2 and C6/36 cells 
were cultured at 28°C and 5% CO2. 

 
Generation and characterization of virus stocks. DENV-2 strain 16681 was 

propagated on C6/36 cells, as described previously (27). Recombinant GFP-DENV was 

generated from the infectious clone pFK-DV-G2A strain 16681 (kind gift from Ralf 
Bartenschlager University of Heidelberg, (28)). The pFK-DV-G2A clone was propagated 

in E. coli strain D5α. Upon plasmid purification, the plasmid was linearized with XbaI 
(New England Biolabs, Ipswich, Massachusetts, USA) and capped RNA transcripts were 

synthesized by use of an SP6 polymerase (New England Biolabs). Viruses were 



CHAPTER 5 

132 

harvested at 72 hours post-transfection (hpt) of RNA in BHK-21 cells via electroporation 

(Biorad Gene Pulser Xcell machine; 850 V, 25 µF, no resistance). Thereafter, GFP-DENV 

was propagated once by infecting C6/36 cells (MOI 0.1). Progeny virions were 
harvested, aliquoted and snap-frozen at 120 hours post-infection (hpi). WNV strain 

NY385-99 was a generous gift from Jaap Goudsmit (Crucell Holland BV) and was 
propagated on BHK-21 cells, as previously described (29). All virus preparations were 

characterized, as described before (27,30) by determination of the number of infectious 

particles by plaque assay on BHK-15 cells and the number of genome-equivalent 
particles by Q-RT-PCR. UV-inactivated GFP-DENV was obtained by exposure of the virus 

to UV-light for 4h. Inactivation was confirmed by plaque assay.  
 
Human macrophage differentiation. Macrophages were obtained by differentiation 

of human monocytes isolated from peripheral blood mononuclear cells (PBMCs), as 
described by us before (31). Briefly, PBMCs were isolated from buffy coats by Ficoll-

Paque (GE Healthcare, Hoevelaken, The Netherlands) and monocytes were obtained by 
adherence to cell culture plates. Monocytes were differentiated to macrophages in 

presence of recombinant human M-CSF (ProSpec-Tany TechnoGene Ltd, Rehovot, 
Israel). Monocyte-derived macrophages (MDMs) were characterized by their 

morphology and the expression pattern CD14+, CD80low, CD86+, CD206low and MHC-II+. 

 
DENV infections. MDMs were mock-infected, challenged with UV-inactivated GFP-

DENV (UVi-DENV) or with GFP-DENV. A viral dose of 92 genome equivalents per cell 
(MOI 10) was used. Infection was allowed for 2 h, after which cells were washed 3 

times and fresh RPMI-1640 medium supplemented with 20% FBS and 10ng/ml of M-

CSF was added. Cells and supernatants were harvested at the indicated time points. 
Huh7 and MEF cells were infected at MOIs of 1, 5 and 10 and cells and supernatants 

were collected at the specified time points.  
 
Small RNA sequencing. Total RNA was extracted from cells using the mirVana 
isolation kit (Ambion, life technologies, USA) following the manufacturer’s instructions. 

cDNA libraries were prepared from 2 µg RNA using the Illumina TruSeq Small RNA 

sample preparation kit and small RNA indices (Illumina, San Diego, California, USA). 
Samples belonging to the same donor were pooled and sequencing was performed on 

a HiSeq 2000 (Illumina) following manufacturer’s instructions with paired 50 base reads 
plus a 6-base index read. Raw reads were trimmed and de-barcoded by CLC Genomics 

Workbench (CLC bio, Cambridge, Massachusetts, USA). The miRanalizer platform (32) 

was used to map reads to known human miRNAs (based on miRBase V.18). Read counts 
were standardized to reads per million and imported into GeneSpring GX 12.5 PA 

(Agilent Technologies, Santa Clara, California, USA). Statistical significance (p<0.05) 
was examined by an ANOVA test and correction for multiple comparisons was performed 

according to the Benjamini and Hochberg method. Expression profiles were visualized 

in heat maps using unsupervised clustering analysis with a Pearson correlation using 
Genesis. 

 
Transfection of mimics and siRNAs. Huh7 and MEFs cells were seeded in 24-well 

plates at a cell density of 7.0x104 and 2.0 x104 cells per well, respectively. At 24 h post-
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seeding, cells were transfected with 1.5µl of lipofectamine RNAi/Max (Invitrogen) and 

a final concentration of 10mM of miRNAs mimics (Ambion, cat 4464066; miR-3960 (ID: 

MC22178), miR-4508 (ID: MC21571), miR-4301 (ID: MC17762), miR-181a (ID: 
MC10381) and miR-3614-5p (ID: MC20080)). A mimic negative control (Ambion, Cat 

4464058) was also used. Cells were infected at 24 hpt. The transfection efficiency was 
assessed by real time PCR. cDNA synthesis and PCRs were performed with the miRCURY 

LNA universal RT miRNA PCR system (Exiqon, Vedbaek, Denmark) following the 

manufacturer’s instructions. Primers targeting the mature sequence of the mentioned 
miRNAs were obtained from Exiqon (LNA PCR primers set). The comparative Ct method 

was used taking into account the efficiency of the PCR and with miR-16-5p as a 
reference miRNA. The PCR efficiency was calculated by LinRegPCR (Academic Medical 

Center, Amsterdam, the Netherlands). 

 
Cell viability assays. To determine cell viability of transfected and/or infected cells, 

cells were trypsinized and stained with the ViViD dye (Life technologies), following 
manufacturer’s instructions. 
 
Flow cytometry and sorting. At 24 hpi, MDMs were collected and sorted in a Moflo 

XDP (Beckman coulter) on the basis of GPF expression. Both fractions, GFP-positive and 

GFP-negative were collected. Also, mock-infected cells were passed through the 
cytometer and the whole cell population was recovered. The number of infected cells 

was determined by flow cytometry on the basis of GFP- or E-protein expression. For E 
staining, cells were permeabilized with 0.5% saponin and stained using the 4G2 

antibody (Merk Millipore, Billerica, Massachusetts, USA) and a rabbit anti-mouse IgG 

coupled to AF647 (Molecular probes, Eugene, Oregon, USA). Flow cytometry was 
carried out in a LSRII cytometer (BD Biosciences) and analysis was performed with 

Kaluza 1.1. 
 
Liquid chromatography and mass spectrometry (LC/MS). Huh7 cells were 
transfected with a mimic negative control or with miR3614-5p mimics. At 24 hpt, 

proteins were extracted with RIPA lysis buffer system (Santa Cruz, Dallas, TX, USA). 

Proteins were fractionated by SDS-PAGE at 60V for 6 minutes for a total migration 
length of ~0.5 cm. Gels were rinsed in deionized water and stained overnight with 

Coomassie G250 (Biorad). Proteins in the entire 0.5 cm gel section underwent standard 
in-gel tryptic digestion including reduction and alkylation. Peptides were extracted from 

each gel section and fractionated by a nanoflow reversed-phase ultra-high pressure 

liquid chromatography system (nanoLC, Dionex) in-line with a Q-Exactive plus mass 
spectrometer (Thermo Scientific). Peptides were back-flush eluted onto a 50 cm × 75 

μm i.d. nanocolumn (Dionex). Samples were analyzed with a 1.5-hr linear gradient (3–
50% acetonitrile with 0.1% formic acid), and data were acquired in a data-dependent 

manner using a top 12 method with a dynamic exclusion of 20 seconds. For data 

processing, PEAKS 7.5 software (Bioinformatics Solutions Inc., Waterloo, Ontario, 
Canada) was applied to the spectra generated by the Q-exactive plus mass 

spectrometer to search against a Human Protein database (trEmble/SwissProt entries) 
(Uniprot). The false discovery rate was set at 0.1%. Label free quantitation based on 

the expectation-maximization algorithm was performed in the Q module of PEAKs 7.5. 
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Peptide features and proteins (detected in all 4 samples) were considered significantly 

different between groups at a fold change ≥1.5 and p value ≤ 0.05.  

 
Pathway and gene ontology enrichment analysis. To further understand the 

biological relevance of differentially expressed proteins, we performed functional 
enrichment analysis in the context of the Gene Ontology (GO), Kyoto Encyclopedia of 

Genes and Genomes (KEGG) and Reactome databases using the ClueGO Cytoscape 

plugin. A p-value cut-off of 0.001 was used to identify enriched processes. A kappa 
score was calculated to reflect the relationships between the terms based on the 

similarity of their associated genes, with the threshold set at 0.3. 
 

Western blot. Proteins were extracted from cells using the RIPA Lysis Buffer System 

(Santa Cruz Biotechnology) and the protein concentration was determined via the 
Bradford assay (Expedeon, Swavesey, UK). Samples (50-90 µg protein) were mixed 

with 5x Laemmli buffer and heated at 95°C for 5 min for denaturation. Proteins were 
fractionated by SDS-PAGE and transferred to Polyvinylidene difluoride membranes 

(Immobilon-P, Millipore, Darmstad, Germany). Blocking was performed with 5% bovine 
serum albumin (GE Healthcare) for 10 min. Primary antibodies were added overnight at 

4°C. The antibody against ADAR1 (Santa Cruz Biotechnology) was diluted 1:1000 and 

the GAPDH antibody (Abcam, Cambridge, UK) was diluted 1:10000. After extensive 
washing, membranes were incubated with secondary HRP-conjugated antibodies, anti-

mouse or anti-rabbit (Thermo Fisher Scientific), diluted 1:4000. Membranes were 
extensively washed before detection. Pierce ECL western blotting substrate (Thermo 

Fisher Scientific) or Super Signal West FEMTO (Thermo Fisher Scientific) was used for 

detection by means of chemiluminescence using LAS-4000 mini camera system (Fujifilm 
Life Science Systems, Japan). 

 
Statistical analysis. All data was analyzed in GraphPad Prism software and is 

presented as mean ± SEM. The tests used to evaluate statistical differences between 
treatments are specified in each figure and a p value ≤0.05 was considered significant 

with *p≤0.05 and **p≤0.01. 

 
Ethics statement. Buffy coats were obtained from adult healthy volunteers with 

written informed consent from Sanquin blood bank (Groningen, the Netherlands), in 
line with the declaration of Helsinki. All samples were analyzed anonymously. 

   

3. Results 
 

DENV alters the expression profile of miRNAs in MDMs 
  

Our initial objective was to provide an insight into the miRNAome of primary human 

MDMs challenged with DENV. Previously, we and others reported that MDMs are 
permissive to DENV (31,33,34). However, even upon DENV challenge at high MOI 

doses, only a fraction of the cells is productively infected (31,33). Therefore, we here 
decided to differentiate between infected cells (DENV-plus) and cells that despite being 
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in contact with the virus were not infected (DENV-neg). To facilitate this, GFP-encoding 

recombinant DENV (GFP-DENV) was used in our experiments (28).  

Human primary MDMs from three different blood donors, which were cultured 
independently, were challenged with GFP-DENV at MOI 10 (92 genome equivalents per 

cell). At these conditions, we anticipate that most of the cells have been in contact with 
the virus. At 24 hpi, the percentage of infection was determined by means of GFP 

expression and infectious virus particle production was measured by plaque assay. The 

percentage of infection was 30.3, 36.6, and 48.4, with corresponding titers of 2.43x105, 
1.09x105 and 1.12x106 PFU/ml, respectively (Supplementary Fig S1). For small RNA 

sequencing, DENV-challenged MDMs were sorted in DENV-plus and DENV-neg cell 
populations and as controls DENV-challenged MDMs without sorting (DENV-challenge), 

UVi-GFP-DENV (UVi-DENV) and two sets of mock-infected MDMs were added (Fig 1A). 

One set of mock-infected MDMs were passed through the FACS sorter and compared 
with non-sorted mock-infected cells to assess the effect of the sorting procedure on 

miRNA expression. On average, 700 miRNAs were identified per condition, but only 
those with an average of at least 100 reads per million (in total 219) were taken into 

account for further analysis. The expression profile of the identified miRNAs is shown in 
Supplementary Fig S2. Notably, most miRNAs cluster on the basis of the donor rather 

than the condition, highlighting the intrinsic differences that exist among human donors 

and the limited changes induced by DENV infection. 
In order to detect miRNAs differentially expressed, we first compared the two sets 

of mocks and found no differences between mock-infected cells with and without FACS 
sorting, demonstrating that the sorting procedure did not affect miRNA expression 

(Supplementary Fig S3). For this reason, we included the two set of mocks in the 

following analysis. Only 20 miRNAs were differentially expressed between all treatments 
(mock non- sorted, UVi-DENV, DENV-challenge, mock sorted, DENV-plus and DENV-neg 

(Fig 1B, ANOVA, p<0.05)). Upon multiple testing correction using the Benjamini and 
Hochberg method, 5 of the miRNAs remained significant (Fig 1C). The Tukey post hoc 

test revealed that in comparison to the mock-infected cells, miR-4508, miR-3960, miR-
3614-5p, miR-181a-3p are upregulated in DENV-challenged cells; miR-4508, miR-3960, 

and miR-4301 are upregulated in the sorted DENV-plus cell population; and miR-4508, 

miR-3960, miR-3614-5p and miR-181a-3p are upregulated in the DENV-neg population. 
Furthermore, miR-3614-5p and miR-181a-3p were significantly upregulated in the 

DENV-neg cell population when compared to the DENV-plus population. No differences 
were found between UVi-DENV cells and mock-infected cells (Table 1), indicating that 

viral replication is required for changes in the miRNAome. To validate the sequencing 

results, we next analyzed the expression level of the miRNAs with the highest changes 
(miR-4508 and miR-3960) by real-time PCR. This was assessed in a new set of three 

donors following the same infection scheme. The results show a 6.9- and 6.1-fold 
change in miR-4508 and miR-3960 expression levels in DENV-plus cells over mock-

infected cells (Fig 2A). In DENV-neg cells, a 1.8 fold change was seen for miR-4508 and 

no change in miR-3960 was observed when related to mock-infected cells (Fig 2A). The 
correlation between the two data sets (sequencing and PCR) is statistically significant 

(Spearman correlation, p< 0.05, Fig 2B) thereby validating the small-RNA seq-based 
expression profile. 
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Figure 1. Differentially expressed miRNAs in MDMs challenged with DENV. (A) MDMs obtained 
from three different blood donors (D28, D29 and D30) were treated as follows: 1) mock-infected and non-
sorted, 2) treated with UVi-DENV, 3) challenged with GFP-DENV (DENV-challenge), 4) mock-infected and 
passed through the FACS sorter, 5) challenged with GFP-DENV and sorted for GFP positive cells (DENV-
plus), 6) challenged with GFP-DENV and sorted for GFP negative cells (DENV-neg). (B) Hierarchical 
unsupervised Pearson correlation of miRNAs showing differentially expressed miRNAs across the samples 
(ANOVA, p<0.05). (C) Differentially expressed miRNAs across the samples after the Benjamini and 
Hochberg correction for multiple testing (p<0.05). 

 

Table 1. Fold changes of each miRNA between the indicated comparisons. 

miRNA 
UVi-DENV vs  

Mock 

DENV-
challenge vs 

Mock 

DENV-plus 
vs  

Mock 

DENV-neg 
vs  

Mock 

DENV-plus 
vs  

DENV-neg 

hsa-miR-4508 2.73 28.85 103.43 9.04 11.44 

hsa-miR-3960 1.55 14.41 44.07 4.2 10.49 

hsa-miR-4301 1.41 1.95 4.05 -1.05 4.24 

hsa-miR-3614-5p 1.03 3.07 2.35 9.18 -3.91 

hsa-miR-181a-3p -1.29 1.53 1.33 1.96 -1.47 

Red and blue colors indicate statistical significant differences in the indicated comparison as determined by 
the Tukey post hoc test. Red: upregulated miRNAs, blue: downregulated miRNAs.  
 

 
Figure 2. Validation of the miRNA expression profile. (A) miR-3960 and miR-4508 expression was 
determined by real-time PCR using specific primers for the mature form of the miRNAs. Fold changes of 
the respective comparisons were determined through the comparative Ct method taking into account the 
PCR efficiency and miRNA-16-5p as reference miRNA. Data is presented as mean ± SEM from three 
different blood donors. (B) Spearman correlation between the fold changes obtained by RNA sequencing 
and real-time PCR. 
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Figure 3. Effect of miR-181a, miR-4301, miR-3960 and miR-4508 on DENV infection of 
Huh7 cells. Huh7 cells were transfected with a mimic negative control (NC) and with the indicated 
miRNA mimics. At 24 hpt, cells were infected at MOIs 1, 5 and 10. The percentage of E-positive cells 
(grey bars) and infectious virus particle production (black bars) were determined at 24 hpi. The 
percentages of infection of cells transfected with the NC and infected at MOIs 1, 5 and 10 were 
6.57±2.07; 13.9±3.48 and 18.53±2.64 respectively; while the viral titers were 1.2x105±5x104; 
1.08x106±2x105 and 7.06 x106±6x104 PFU/ml respectively. Data is presented as the percentage 
relative to the NC and shows mean ± SEM from three independent experiments. Statistical differences 
were assessed with Student’s t-test. 

 

miR-3614-5p overexpression reduces DENV replication 
 

Small RNA-Seq analysis revealed that only a limited number of miRNAs are regulated in 
DENV challenged MDMs. To evaluate whether the identified miRNAs influence DENV 

infectivity, progeny DENV production was determined in MDMs prior transfected with 

miR-3960, miR-4508, miR-4301, miR-181a, miR-3614-5p, or a negative control (NC) 
mimic. Although the transfection of the miRNA mimics into MDMs was feasible, the 

transfection of the NC mimic had a large negative impact on the percentage of infection 
(Supplementary Fig S4A). These results forced us to test other cell lines and eventually 

we found that transfection of Huh7 hepatic human cells with NC mimics had no effect 

on DENV infectivity and cell viability (Supplementary Fig S4B and S4C). Furthermore, 
hepatocytes represent natural target cells for DENV replication (26,35). Unexpectedly, 

neither the percentage of infection nor the viral titers were affected by miR-3960, miR-
4508, miR-4301 and miR-181a in Huh7 cells following infection at MOIs 1, 5, and 10 
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(Fig 3). On the contrary, viral titers were significantly reduced (on average 2.8 fold) at 

all MOIs tested in Huh7 cells overexpressing miR-3614-5p (Fig 4A). In line with these 

results, a subtle decrease in the number of released genome equivalent viral copies (Fig 
4B) was observed. The inhibitory effect of the miRNA on infectious virus particle 

production is still detectable at 36 h but wanes thereafter (Fig 4C). We next investigated 
whether miR-3614-5p is expressed in Huh7 cells with and without DENV challenge at 

MOIs 0.1 and 1 at 12, 24 and 48 hpi. The expression level of miR-3614-5p was found 

below the detection limit in all experimental conditions tested. The absence or low 
expression level of miR-3614-5p in Huh7 cells actually make these cells a more 

astringent model to assess the contribution of miR-3614-5p during DENV infection. To 
investigate whether the observed effect of miR-3614-5p can be extrapolated to other 

flaviviruses, we next evaluated the influence of miR-3614-5p on WNV infectivity. WNV 

infection of miRNA-transfected Huh7 cells was performed at MOIs 0.5 and 1 and viral 
titers were determined at 12 hpi as WNV is highly infectious in Huh7 cells and replicates 

faster than DENV. Overexpression of miR-3614-5p in Huh7 cells reduces WNV infectivity 
to a similar extent as DENV (Fig 4D), indicating that miR-3614-5p has an antiviral effect 

on both flaviviruses. 
 

Proteomic changes induced by miR-3614-5p 

Based on the above observations, it is likely that miR-3614-5p negatively influences the 

expression of proteins and/or pathways that promote DENV/WNV replication in Huh7 
cells. In order to test this possibility, we first searched for in silico predicted targets of 

miR-3614-5p using the bioinformatics tool miRWalk (which allows a simultaneous 

search in miRanda, RNA22 and TargetScan) (36). The identified targets are listed in 
Supplementary Table S1. In total, 694 potential targets were predicted by the four 

databases. We decided to further identify targets of miR-3614-5p by mass 
spectrometry, for two reasons; first, computational algorithms have been described to 

miss real targets and predict large numbers of false positives (37,38) and second, they 

do not address the context dependency of miRNA/mRNA interactions. In total 2,842 
proteins were identified by label free LC/MS (Supplementary Table S2). Of these, 29 

proteins were significantly differentially expressed with a minimum fold change of 1.5 
between NC and miR-3614-5p-overexpressing cells (Fig 5A). Notably, 9 proteins were 

downregulated and 20 proteins were upregulated in cells overexpressing miR-3614-5p. 
Furthermore, of these 9 proteins, only ADAR1 and isoform 3 of nucleoside diphosphate 

B (NME2) were predicted by bioinformatics tools (underlined/bold in Fig 5A), ratifying 

the aforementioned difficulties of computational methods. ADAR1 was predicted by all 
four algorithms (miRWalk, miRanda, RNA22 and TargetScan) and NME2 was predicted 

only by RNA22. 
Due to the action of miRNAs, it is likely that the 9 downregulated proteins are direct 

targets of miRNA-3614-5p. In contrast, the upregulation of the remaining proteins is 

likely the result of an indirect effect of miR-3614-5p. A gene-set enrichment analysis 

with particular attention to GO biological processes and KEGG pathways was performed 

to better understand the involvement of the 29 deregulated proteins in DENV infectivity. 

As shown in Fig 5B, 5C and Supplementary Table S3, the majority of the differentially 

expressed proteins are associated with the immune response and the organization of 
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the cytoskeleton, two pathways that viruses hijack in order to promote infection. In 

addition, four proteins were associated with viral response: ADAR1, peptidyl prolyl cis-

trans isomerase A (PPIA), serpin B3 (SERPINB3) and isoform 4 of poly(rC)-binding 

protein 1 (PCBP2). 

 
Figure 4. Effect of miR-3614-5p on DENV and WNV infection of Huh7 cells. Huh7 cells were 
transfected as described in the legend to Fig. 3. (A) Infectious virus particle production at 24 hpi. In cells 
transfected with NC and infected at MOI 1, 5 and 10 the viral titers were 1.2x105±5x104; 1.08x106±2x105 
and 7.06x106±6x104 PFU/ml respectively. (B) Number of released DENV genome equivalent particles at 
24 hpi. For NC-transfected cells infected at MOIs 1, 5 and 10 the DENV genome equivalent particles per 
ml were: 2.33x107±1x107; 6.77x107±3x107 and 1.72x108±5x107 respectively. (C) Infectious DENV 
production following infection at MOI 5 and harvesting times of 24, 36, 48 hpi. The corresponding viral 
titers of cells transfected with NC were: 1.08x106±2x105; 2.59x106±1x106 and 2.6x106±1x106 PFU/ml. (D) 
Infectious WNV production at 12 hpi; in cells transfected with the NC the viral titers were 1.82x105±1x104 

and 4.14x105±1.32x105 PFU/ml in upon infection at MOIs 0.5 and 1, respectively. Data is presented as 
the percentage relative to the NC and shows mean ± SEM from at least three independent experiments. 
Statistical differences were assessed with Student’s t-test. 
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Figure 5. Overexpression of miR-3614-5p regulates protein expression in Huh7 cells. Huh7 
cells were transfected with a mimic NC and with the mimic of miR-3614-5p. At 24 hpt changes in protein 
expression were analyzed by LC/MS. (A) Clustered heat map displaying differentially expressed proteins 
between the groups (two independent experiments per group). Underlined proteins were also predicted 
by bioinformatics tools. (B) Gene set enrichment analysis of the proteins regulated by the miR-3614-5p. 
(C) Enriched KEGG pathways upregulated by the miR-3614-5p (PR: positive regulation, NR: negative 
regulation). 
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miR-3614-5p mediates ADAR1 downregulation 

 

Our results revealed that multiple proteins are potentially regulated by miR-3614-5p. 
We considered ADAR1 as an interesting candidate for further validation as ADAR1 is 1) 

predicted in silico as a target by the four programs used, 2) downregulated upon 
overexpression of miR-3614-5p in our proteomic analysis, and 3) described as a proviral 

factor for several viruses including DENV (13,14). There are two isoforms of ADAR1: 

the constitutively expressed ADAR1 p110 and the interferon (IFN)-induced p150. The 
p110-isoform accumulates in the nucleus and edits dsRNA before nuclear export. The 

p150 isoform is active in both the nucleus and the cytoplasm. Furthermore, p150 has 
been implicated in the editing of viral genomes which impact on the way viruses interact 

with their hosts, leading to either enhanced or reduced infection (15). First, we 

evaluated ADAR1 expression in miR-3614-5p transfected Huh7 cells by western blot 
analysis. siRNA against ADAR1 was used as a positive control to decrease protein 

expression. Non-treated Huh7 cells express both, p110 and a basal level of p150 (Fig 
6). Interestingly, miR-3614-5p, like siADAR1, reduced the expression of the p150 

isoform of ADAR1 (Fig 6A) by 51% and 66%, respectively. No significant differences 
were found in the protein levels of the p110 isoform at 24 hpt. At 48 hpt, however, 

siADAR reduced the levels of the p110 isoform by 70% and further decreased the levels 

of the p150 isoform by 11% (Supplementary Fig S5), which is likely due to the higher 
expression of the p110 isoform. We next determined whether miR-3614-5p also 

decreases ADAR1 expression in DENV-infected cells. Fig. 6B shows that ADAR1 p150 
expression is reduced by 36 and 41% in Huh7 cells prior transfected with miR-3614-5p 

and infected with DENV at MOI 1 and 10, respectively. The moderate but consistent 

effect of miR-3614-5p on ADAR1 in DENV-infected cells is in line with the subtle effects 
seen before thereby strengthening the importance of miR-3614-5p in regulating ADAR1 

expression. 
 

ADAR1 is induced by DENV in MEFs and favors infection 
 

So far our results showed that 1) miR-3614-5p is upregulated in human MDMs that are 

exposed but not infected with DENV, 2) overexpression of miR-3614-5p reduces DENV 
infectivity and that 3) ADAR1 p150 expression is repressed by miR-3614-5p in mock-

infected and DENV-infected Huh7 cells. In contrast to previous published data (13) we 
did not observe an increase in ADAR1 p150 in DENV-infected Huh7 cells when compared 

to mock-infected cells (Fig 6B). On the other hand, we did find an MOI-dependent 

increase of ADAR1 expression (Supplementary Fig S6) in DENV-infected MDMs by 
microarray analysis (33). To better understand these results we next decided to use WT 

MEFs and ADAR KO MEFs as an alternative, more stringent, approach to confirm the 
role of ADAR in DENV infectivity. 

 

 
 

 
 

 



MicroRNA profiling of human primary macrophages exposed to dengue virus 
identifies miRNA-3614-5p as antiviral and regulator of ADAR1 expression 

143 

 
Figure 6. Overexpression of miR-3614-5p downregulates ADAR1 expression in Huh7 cells. 
(A) Huh7 cells were transfected with the mimic of miR-3614-5p or a siRNA against ADAR1 (siADAR). 
The correspondent negative control (NC) mimic and NC siRNA were also used. At 24 hpt, total protein 
was extracted and ADAR1 expression was detected by western blot. (B) Huh7 cells were transfected 
with the mimic of miR-3614-5p and NC. At 24 hpt, cells were infected with DENV at MOI 1 and 10. At 
24 hpi, total protein was extracted and ADAR1 expression was detected by western blot. (A, B) The 
expression of ADAR1 was normalized to that of GAPDH and it is expressed as the percentage of the 
cells transfected with the correspondent NC. Data shows mean ± SEM from three independent 
experiments. Differences were assessed with Student’s t-test. 
 

In DENV-infected WT MEFs, an MOI-dependent increase in ADAR1 p150 expression 

was found. At MOI 1, ADAR p150 increased 5.7-fold and at MOI 5 a 20.9-fold increase 
was detected (Fig 7). This suggests that ADAR1 expression is indeed enhanced upon 

DENV infection. We do not have an explanation for our results in Huh7 cells yet it might 

be related to the high basal levels of ADAR1 in our Huh7 cells as the protein bands are 
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much more intense when compared to WT MEFs under otherwise similar experimental 

conditions. Next, we investigated whether ADAR1 controls DENV replication. To this 

end, we used ADAR1 and p53 double KO MEFs as single ADAR1-/- MEFs cannot be 
cultured long term because of cell death (39). Supplementary Fig S7 confirms that p53-

/-ADAR1-/- cells do not express ADAR1. Furthermore, the expression level of ADAR1 was 
comparable (not statistically different) in WT and p53-/- MEFs. DENV infectivity was 

compared between WT, p53-/- and p53-/-ADAR1-/- MEFs (Fig 8). The results indicate that 

both the percentage of infection and the viral titers are significantly lower in the p53-/-

ADAR1-/- MEFs compared to WT and p53-/- MEFs. The percentage of infected MEFs did 

not increase beyond 24 hpi, which suggests that MEFs only support one round of 
replication (Fig 8, upper panels). Infectious virus particle production plateaus at 30 hpi 

for control MEFs whereas in the p53-/-ADAR1-/- cells virus particle production continues 

till at least 48 hpi (Fig 8, lower panels). At 48 hpi, the number of produced infectious 
virus particles by the p53-/-ADAR1-/- MEFs nearly reaches the levels of control cells 

despite the fact that the percentage of infected cells at this time point is much lower. 
Collectively, the data suggests a dual role for ADAR1. ADAR1 appears to contribute to 

DENV infectivity at early stages of infection, whereas it suppresses long-term virus 
production. 

 

 

Figure 7. DENV infection induces 
ADAR1 expression in MEFs. MEFs 
were infected with DENV at the 
indicated MOIs. The methodology is as 
described in the legend to Fig. 6. The 
expression of ADAR1 was normalized to 
that of GAPDH and it is expressed as 
the percentage of the mock-infected 
cells. Data shows mean ± SEM from 
three independent experiments. 

 
miR-3614-5p overexpression reduces DENV replication in WT MEFs but not 

in ADAR KO cells 
 

We next determined whether overexpression of miR-3614-5p impairs DENV infectivity 

in WT MEFs and p53-/-ADAR-/- MEFs. The results show that transfection of miR-3614-5p 
in WT MEFs reduced viral titers by 3.7-fold when compared to cells transfected with the 

mimic negative control (Fig 9). On the other hand, transfection of miR-3614-5p into 
p53-/-ADAR-/- cells did not have an effect on infectious DENV production. This data 

confirms that miR-3614-5 reduces DENV infection through regulation of ADAR1. 
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Figure 8. ADAR KO MEFs are less permissive to DENV than wild-type MEFs. Wild-type (WT) MEFs, 
p53 KO MEFs (p53-/-) and p53/ADAR double KO MEFs (p53-/-ADAR-/-) were infected with DENV at MOIs 1 
and 5. At the indicated time points, the percentage of infection (upper panels) was determined by flow 
cytometry and the infectious virus particle production (lower panels) by plaque assay. Data shows mean 
± SEM from three independent experiments. 
 

 

Figure 9. miR-3614-5p impairs DENV 
production in WT MEFs but not in 
ADAR KO cells. WT and p53-/-ADAR1-/- 

cells were transfected with the mimic of 
miR-3614-5p or the correspondent 
negative control (NC). At 24 hpt, cells were 
infected with DENV at MOI 5. At 24 hpi, 
cell supernatants were titrated by plaque 
assay. Data shows mean ± SEM from three 
independent experiments. Differences 
were assessed with Student’s t-test. 

 

4. Discussion 
 

We anticipated that DENV would induce significant changes in the miRNAome of 

infected cells. However, our results show that only very few miRNAs are regulated in 
DENV-challenged MDMs. Furthermore, the miRNAs that are specifically upregulated in 
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DENV-infected cells do not impact infectious virus particle production. On the contrary, 

miR-3614-5p, which was upregulated in DENV-negative MDMs, had a moderate but 

significant antiviral effect. MiR-3614-5p was observed to downregulate the expression 
of the IFN-induced p150 isoform of ADAR1. Furthermore, cells that do not express 

ADAR1 are less permissive to DENV infection. Taken together, through this screen, we 
identified a novel miRNA with antiviral properties towards two clinically relevant 

flaviviruses.  

Unique to our approach is that we used human primary macrophages and 
differentiated between truly DENV-infected cells and cells that despite being exposed 

to virus were not infected. This approach revealed that only 5 miRNAs are differentially 
expressed. The overall low number of miRNAs that are regulated upon DENV infection 

is in line with other studies in cell lines. For example, Wu et. al described that infection 

of human endothelial cells (EA.hy926) with DENV induced upregulation of 8 miRNAs 
and downregulation of 4 miRNAs (40). Similarly, Escalera-Cueto and colleagues 

reported that 9 miRNAs are regulated upon DENV infection of Huh7 cells (41). None of 
the previously reported miRNAs were found in our study, revealing the strong cellular-

context dependency of miRNA regulation in response to DENV infection. The low 
number of miRNAs regulated in DENV-infected cells and the lack of overlap among 

different cell types strongly suggest that cellular miRNAs do not play a key role during 

DENV replication. 
None of the miRNAs upregulated in the DENV-plus population of MDMs had an 

impact on DENV infectivity in Huh7 cells. It therefore appears that none of these miRNAs 
have a universally beneficial effect on DENV replication. We, however, cannot rule out 

potential proviral functions of these miRNAs in MDMs. Alternatively, their increased 

expression might be a response to either cellular stress or immune activation induced 
by the infection (42,43). For example, an increased expression of miR-4508 and miR-

4301 has been observed in several cancer types (44–47) and it was previously reported 
that miR-3960 can be used as a marker for type 2 diabetes (48). The observation that 

these miRNAs can be induced by diverse stimuli, points towards a general mechanism 
of activation, likely mediated by cellular stress and/or immune responses. 

MiR-3614-5p, on the other hand, was found upregulated in DENV-neg MDMs and its 

overexpression had a moderate but significant negative effect on DENV and WNV 
infectivity in Huh7 cells. MiR-3614 is not regulated in cells treated with UV-iDENV, 

suggesting that the expression level of miR-3614 is increased as a consequence of 
abortive infection or is triggered by soluble factors secreted by infected cells. Although 

the contribution of miRNAs in regulating replication of mammalian-infecting viruses is 

highly debated (49,50), we found a consistent reduction of DENV and WNV infectivity. 
Furthermore, antiviral activity of many other miRNAs in other viral systems have been 

reported (21,22). The observed effect of miRNAs on virus replication is generally subtle, 
though this is expected as miRNAs are fine-tuners of gene expression, reducing protein 

levels of their targets by on average 2-fold (24,41,51–55). In addition, the use of 

redundant host factors by mammalian-infecting viruses could add to the limited effect 
of individual miRNAs on virus production. 

To elucidate the mode of action for miR-3614-5p, we performed proteomic analysis 
of miR-3614-5p-overexpressing cells. The results revealed that 9 proteins are 

downregulated and 20 proteins are upregulated in response to miR-3614-5p. Some of 
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the identified proteins have been implicated in the replication cycle of mammalian 

viruses. For example, protein S100-A9 (S100A9) and α-actinin-4 (ACTN4) were 

described to enhance influenza A virus infection, and dynein light chain 1 (DYNLL1) has 
been implicated in the transcription of human immunodeficiency virus (56–58). 

Heterogeneous nuclear ribonucleoproteins A2/B1 (HNRNPA2B1) was found to 
participate in Japanese encephalitis virus replication (59) and was described to bind to 

the 3’UTR of DENV RNA (60). A clear role for HNRNPA2B1 during DENV infection was, 

however, not determined (60,61). Additionally, ADAR1 has been reported as a proviral 
factor for multiple viruses (14). We examined the role of miR3614-5p in regulating 

ADAR1 expression and showed that miR-3614-5p reduces ADAR1 p150 protein levels in 
mock-infected and DENV-infected cells. Two distinct methodologies were used in this 

analysis and therefore it is likely that miR-3614-5p regulates ADAR1 expression. To 

confirm ADAR1 as a direct target of miR-3614-5p other experiments such as the use of 
reporter assays might be required. In addition, future research should dissect whether 

miR-3614-5p- also regulates the expression of the other proteins identified by LC/MS. 
De Chassey and colleagues reported that DENV infection of Huh7 cells increases 

ADAR1 expression. Furthermore, silencing of ADAR1 through siRNAs was found to 
decrease DENV replication (13). Although in our system, DENV did not alter the 

expression of ADAR1 in Huh7 cells, we did observe and increase in ADAR1 levels in 

MDMs and WT MEFs. We speculate that the discrepancies between previously published 
data (13) and our results in Huh7 cells, might relate to the basal levels of ADAR1. The 

higher basal levels of ADAR1 in our Huh7 cells when compared to MEFs is in line with 
the stronger effect of miR-3614-5p on DENV infectivity observed in MEFs (3.7-fold 

decrease) when compared to Huh7 cells (2.8-fold decrease). In WT MEFs, DENV 

infection specifically upregulated the IFN-inducible p150 isoform, suggesting that virus-
induced IFN might play an active role in this phenomenon. Furthermore, ADAR1 KO 

MEFs were less susceptible to DENV infection and initially produced lower numbers of 
progeny infectious virus particles. At late time points, however, virus particle production 

per infected cell is much higher in the ADAR1 KO MEFs. Collectively, this strongly 
suggests that ADAR1 acts as a proviral factor early in replication whereas at late time 

points it represses DENV replication. DENV infection was shown to increase the overall 

ADAR1 editing activity (13). Thus, it is likely that viral RNA is subjected to A-to-I 
modifications which have been associated with the suppression of innate immune 

responses, thereby allowing more efficient replication early in infection (39,62,63). 
However, the exact mechanism by which ADAR1 promotes and later limits DENV 

infectivity remains to be elucidated. 

We show that miR-3614-5p has antiviral activity towards flaviviruses and regulates 
ADAR1 expression, yet future studies should unravel whether there is a direct causal 

link between these findings. Furthermore, it remains to be elucidated whether MDMs 
are more refractory to infection due to upregulation of miR-3614-5p. Dissecting the 

molecular actions of miR-3614-5p will deepen our understanding of the replication cycle 

of flaviviruses and how the expression of miRNAs is regulated in primary 
human/relevant cell types. 
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Supplementary data 

 

 
Supplementary Figure S1. MDMs are susceptible to the infection by a recombinant GFP-DENV. 
MDMs from three different donors (D29, D30, D28) were infected at MOI 10 with a recombinant GFP-
DENV. At 24 hours post-infection, the percentage of GFP-positive cells was determined by flow cytometry. 

 



CHAPTER 5 

152 

 
Supplementary Figure S2. Hierarchical unsupervised Pearson correlation of miRNAs detected 
in MDMs challenged with DENV. MDMs from three different blood donors (D28, D29 and D23) treated 
as follow: 1) mock-infected, 2) treated with UVi-DENV, 3) challenged with GFP-DENV (DENV-challenge), 
4) challenged with GFP-DENV and sorted for GFP positive cells (DENV-plus), 5) challenged with GFP-DENV 
and sorted for GFP negative cells (DENV-neg). 
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Supplementary Figure S3. FACs sorting does not influence the expression of miRNAs in MDMs. 
(A) Hierarchical unsupervised Pearson correlation of miRNAs detected in MDMs mock-infected non-sorted 
(NS) and passed through the FACs sorting. (B) Comparison average number of reads per million (RPM) 
from mock-infected NS and mock-infected sorted cells. No differences were found between the groups 
when a moderated T test was applied. 

 
 
 



CHAPTER 5 

154 

 
Supplementary Figure S4. Effect of mimics transfection on DENV infectivity and cell viability. 
Cells were transfected at a final concentration of 10nM of the indicated miRNA mimic or not transfected 
(NT). At 24 hpt, MDMs (A) and Huh7 (B) were infected at MOIs 1, 5 and 10. At 24 hpi, the percentage of 
E-positive cells was determined by flow cytometry. Data is presented as the percentage relative to the NT 
cells and shows mean ± SEM from three different blood donors (A) and at least three independent 
experiments (B). Differences were assessed with Student’s t-test. (C) At 24 hpt, viability of Huh7 cells was 
determined. Data shows mean ± SEM from three independent experiments. 

 



MicroRNA profiling of human primary macrophages exposed to dengue virus 
identifies miRNA-3614-5p as antiviral and regulator of ADAR1 expression 

155 

 
Supplementary Figure S5. Overexpression of miRNA-3614-5p downregulates ADAR1 
expression in Huh7 cells. Huh7 cells were transfected with the mimic of miRNA-3614-5p or a siRNA 
against ADAR1 (siADAR). The correspondent negative control (NC) mimic and NC siRNA were also used. 
At 48 hpt, total protein was extracted and ADAR1 expression was detected by western blot. The expression 
of ADAR1 was normalized to that of GAPDH and it is expressed as the percentage of the cells transfected 
with the correspondent NC. Data shows mean ± SEM from three independent experiments. Differences 
were assessed with Student’s t-test. 

 
Supplementary Figure S6. DENV infection induces ADAR1 expression in human MDMs. MDMs 
were infected with DENV at the indicated MOIs and at 24 hpi total RNA was extracted. Gene expression 
was investigated by microarray (33). Probe values were normalized against the total signal intensity of the 
sample and subsequently, the fold change of the probes were expressed relative to the mock condition of 
the same donor taking into account the house keeping genes (HKGs) GAPDH, β-actin, β-glucuronidase, 
Hypoxanthine-guanine phosphoribosyltransferase and heat shock protein 90β1. Data shows mean ± SD 
from four different blood donors. 
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Supplementary Figure S7. ADAR1 expression in wild-type and KO MEFs. Representative blot of 
ADAR1 expression in cultured wild-type MEFs (WT), p53 KO MEFs (p53-/-) and p53/ADAR double KO MEFs 
(p53-/-ADAR-/-). The expression of ADAR1 was normalized to that of GAPDH and it is expressed as the 
percentage of the WT cells. Data shows mean ± SEM from three independent experiments. ND, no 
determined. 
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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 
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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. 
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Nederlandse samenvatting

 

Jaarlijks worden miljoenen mensen ziek na een beet met een besmette mug. 
Virussen die worden overgedragen op mensen door insecten worden ook wel 

arbovirussen genoemd. Dengue virus is het meest voorkomende arbovirus ter wereld.  
Elk jaar worden er naar schatting 390 miljoen mensen besmet met het dengue virus 

waarvan 96 miljoen mensen ziekteverschijnselen ontwikkelen. Een ander belangrijk 

virus dat door muggen wordt overgedragen op mensen is het chikungunya virus. In 
tegenstelling tot dengue worden de meeste mensen met een chikungunya 

virusinfectie ziek. De ziektebeelden zijn in beginsel erg vergelijkbaar. Beide infecties 
veroorzaken veelal koorts, hoofdpijn, pijnlijke spieren en gewrichten en huiduitslag. 

Sommige mensen ontwikkelen echter een ernstiger ziektebeeld. Dit gaat gepaard met 

lekkende bloedvaten/bloedingen tijdens een dengue virusinfectie en het ontwikkelen 
van chronische artritis in het geval van een chikungunya virusinfectie. Naar schatting 

0,5 tot 1 miljoen mensen ontwikkelen ernstige dengue per jaar en 30-50% van de 
mensen die besmet zijn met het chikungunya virus ontwikkelen chronische artritis die 

weken, maanden of zelfs jaren kan aanhouden. Ondanks de hoge impact van deze 
infectieziekten op de volksgezondheid zijn er geen behandelingsmogelijkheden om 

ernstige ziekte te voorkomen. Voor de ontwikkeling van interventiemethoden die 

specifiek aangrijpen op het infectieproces is het belangrijk de virus-gastheer 
interacties die plaatsvinden tijdens een infectie goed te begrijpen. In dit proefschrift is 

onderzoek gedaan naar de invloed van cellulaire autofagie eiwitten en receptoren op 
dengue en chikungunya virusinfectie. Ook is onderzocht welke rol niet-coderende 

kleine RNA moleculen (miRNAs) spelen tijdens dengue virusinfectie. 

In Hoofdstuk 1 is een inleiding gegeven op het proefschrift. Het hoofdstuk sluit af 
met een beschrijving van de strekking van het proefschrift.  

Hoofdstuk 2 beschrijft de literatuur aangaande de rol van autofagie tijdens 
infectie met de arbovirussen: dengue virus, West-Nile virus, Zika virus en het 

chikungunya virus. Het hoofdstuk begint met een beschrijving van de replicatie cyclus 
van deze virussen. Daarna worden de moleculaire mechanismen van het cellulaire 

proces autofagie beschreven. In het derde deel wordt de huidige kennis aangaande 

de rol van autofagie tijdens virale infectie beschreven. Hierbij ligt de nadruk op het 
wel/niet initiëren van autofagie tijdens infectie en het gevolg hiervan op virus 

replicatie. Uit het hoofdstuk komt naar voren dat het nog niet precies duidelijk is 
welke rol autofagie speelt in het infectieproces van deze virussen. Er is veel 

tegenstijdige informatie gepubliceerd en systematisch onderzoek is nodig om tot een 

eenduidig antwoord te komen.   
In hoofdstuk 3 is de invloed van 50 autofagie eiwitten en receptoren op dengue 

virusinfectie onderzocht inmiddels een siRNA screen. Voor de screen is een 
recombinant dengue virus gebruikt met een gen coderend voor groen fluorescerend 

eiwit (GFP). Het GFP-signaal werd gebruikt als graadmeter voor infectie/replicatie van 

het virus. In de studie werden Huh7 cellen gebruikt omdat hepatocyten geïnfecteerd 
worden tijdens een natuurlijke infectie en omdat deze cellen eerder zijn gebruikt in 

autofagie studies. Achtenveertig uur na siRNA behandeling werden de cellen 
geïnfecteerd met het virus en weer 28 uur later werd de GFP-intensiteit per cel en per 

well bepaald middels microscopie. Cellulair DNA werd aangekleurd met Hoechst. Met 
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behulp van de screen zijn 11 eiwitten geïdentificeerd die een significant effect hebben 

op dengue virusinfectie. De screenresultaten laten zien dat depletie van ATG4 (alle 

isovormen), BECN1, LC3A, LC3C, ATG2B, ATG10, ATG13, ZFYVE1 en UVRAG dengue 
virusinfectie versterkt wat laat zien dat deze eiwitten een antivirale functie hebben. 

Depletie van het eiwit NBR1 daarentegen bleek het aantal dengue virus geïnfecteerde 
cellen te reduceren maar die cellen die geïnfecteerd waren hadden een hogere GFP-

intensiteit. Dit suggereert dat NBR1 de kans op succesvolle infectie bevordert maar 

later in infectie virus replicatie tegengaat. In totaal heeft slechts een klein aantal (10) 
van de eiwitten betrokken bij het autofagie proces een antiviraal effect waardoor het 

aannemelijk is dat autofagie als geheel geen belangrijke rol speelt tijdens een dengue 
virusinfectie in Huh7 cellen. Voor veel van de geïdentificeerde eiwitten zijn ook 

‘alternatieve’ functies beschreven en verder onderzoek is nodig om bepalen welke rol 

deze eiwitten precies spelen tijdens een dengue virusinfectie.  
In hoofdstuk 4 is de rol van eiwitten en receptoren betrokken bij autofagie 

onderzocht voor het chikungunya virus. Hiertoe is dezelfde procedure gebruikt als 
beschreven in hoofdstuk 3. Voor deze screen werden U2OS cellen gebruikt en de 

screenresultaten werden 17 uur na infectie uitgelezen. Uit de resultaten van de screen 
blijkt dat 10 autofagie eiwitten een effect hebben op chikungunya virusinfectie. 

Reductie in het expressieniveau van 9 van deze eiwitten (ULK1, ULK4, ATG4C, ATG7, 

LC3B, GABARAPL2, ATG9B, NBR1 en BNIP3) stimuleert chikungunya virusinfectie, 
hetgeen impliceert dat deze eiwitten een antivirale werking hebben. Reductie van 

UVRAG had een negatief effect op infectie wat suggereert dat UVRAG chikungunya 
virusinfectie juist stimuleert. Het grootste effect werd gemeten voor het eiwit ‘BCL2 

interacting protein 3’ (BNIP3), een eiwit die staat beschreven als een autofagie 

receptor voor mitofagie (selectieve afbraak van mitochondria middels autofagie). 
Daarnaast blijkt BNIP3 ook een rol te spelen in celdoodprocessen. Validatie-

experimenten bevestigden dat depletie van BNIP3 chikungunya virusinfectie stimuleert 
en leidt tot een hogere productie van nieuwe virusdeeltjes. Omdat niet alleen BNIP3 

maar ook 8 andere eiwitten betrokken bij autofagie een effect hebben op chikungunya 
virusinfectie is eerst onderzocht of autofagie wordt geïnduceerd tijdens infectie in 

U2OS cellen. Uit de resultaten blijkt dat autofagie niet wordt geïnduceerd onder de 

gekozen experimentele condities van de screen. Het is daarom aannemelijk dat de 
geïdentificeerde eiwitten infectie beïnvloeden door te interfereren met basale 

autofagie in cellen of door ‘alternatieve’ functies. BNIP3 speelt als autofagie receptor 
in mitofagie een rol in het opruimen van defectieve mitochondria. We hebben daarom 

onderzocht of de mitochondriale massa tijdens een chikungunya virusinfectie wordt 

beïnvloed en welk effect BNIP3 depletie hier op heeft. Er werd geen verschil gemeten 
in de mitochondriale massa ten tijde van een chikungunya infectie. Vergelijkbare 

resultaten werden verkregen onder condities van BNIP3 depletie. Samenvattend, 
BNIP3 lijkt geen rol te spelen in de homeostasis van mitochondria tijdens een 

chikungunya virusinfectie. Vervolgens werd de rol van BNIP3 in celdood onderzocht. 

De totale celdood nam toe over de tijd en naar mate een hogere infectiedosis werd 
gebruikt. Echter, depletie van BNIP3 had geen vertragend/inhiberend effect op 

celdood hetgeen suggereert dat BNIP3 chikungunya virusinfectie controleert 
onafhankelijk van de betrokkenheid van BNIP3 in celdoodprocessen. Concluderend 

laten de resultaten zien dat BNIP3 chikungunya virus controleert onafhankelijk van de 
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toe nu beschreven functies van dit eiwit. Om meer inzicht te krijgen in de functie van 

BNIP3 hebben we vervolgens onderzocht waar in de replicatiecyclus van het 

chikungunya virus BNIP3 infectie reguleert. We hebben aangetoond dat BNIP3  
chikungunya virusinfectie vroeg reguleert  want al na 4 uur infectie werd een 

verhoogd aantal virale RNA kopieën gedetecteerd in BNIP3-depleteerde cellen. BNIP3 
lijkt echter geen rol te spelen in virus cel opname en de inductie van membraan 

hemifusie. Dit samen leidt tot de hypothese dat BNIP3 een rol speelt in de afgifte van 

het virale nucleocapside in het cytoplasma van de cel en/of het vrijkomen van virale 
RNA voor replicatie en/of een rol speelt in de initiële vorming van replicatiecomplexen. 

Interessant hierin is dat BNIP3 is aangetoond in rab5-positieve endosomen, het 
cellulaire organel waar chikungunya virus membraanfusie plaatsvindt. Het verhoogde 

aantal virale RNA moleculen in BNIP3-gedepleteerde cellen correleert met een 

verhoogd aantal geïnfecteerde cellen later in infectie en leidt een hogere productie 
van nieuwe virusdeeltjes. Depletie van BNIP3 verhoogd de secretie van twee 

verschillende chikungunya virusstammen en ook dat van het nauw verwante Semliki 
Forest virus. Samenvattend in dit hoofdstuk is een nieuwe antivirale cellulaire 

gastheerfactor geïdentificeerd. BNIP3 reguleert chikungunya virusinfectie vroegtijdig 
in infectie en nader onderzoek is nodig om het exacte moleculaire mechanisme 

hierachter te ontrafelen.  

In hoofdstuk 5 is onderzocht of miRNAs een belangrijke rol spelen tijdens een 
dengue virusinfectie. MiRNAs zijn kleine (20-25 nucleotiden lang) niet-coderende RNA 

moleculen die de expressie van cellulaire genen reguleren en zodoende dus een rol 
spelen in vele cellulaire processen. Eerder is aangetoond dat het cellulaire miRNA 

landschap kan veranderen tijdens een virusinfectie en onderzoek heeft laten zien dat 

miRNAs zowel direct als indirect het infectieproces van virussen kunnen beïnvloeden. 
In dit hoofdstuk hebben wij het miRNA landschap bepaald in primaire macrofagen en 

deze vergeleken met het miRNA landschap in dengue virus geïnfecteerde macrofagen 
en met niet-geïnfecteerde macrofagen die wel zijn blootgesteld aan het virus. Kortom 

de macrofagen werden geïncubeerd met het dengue virus en 24 uur na infectie 
gescheiden in twee populaties: geïnfecteerde macrofagen en niet-geïnfecteerde 

macrofagen die wel zijn blootgesteld aan het virus. Als controle werd ook UV-

geïnactiveerd virus gebruikt om de rol van virus replicatie te onderzoeken. Het miRNA 
landschap werd bepaald door middel van ‘deep-sequencing’. Incubatie met UV-

geïnactiveerd dengue virus had geen effect op het miRNA landschap in macrofagen. 
Dit laat zien dat vermenigvuldiging van het genetisch materiaal van het virus nodig is 

om veranderingen in miRNA expressieniveau te bewerkstelligen. In dengue virus 

geïnfecteerde cellen werd een veranderde expressie van miR-4508, miR-3960 en miR-
4301 gemeten. MiR-4508, miR-3960, miR-3614-5p en miR-181a-3p hadden een 

veranderd expressieniveau in niet geïnfecteerde macrofagen die wel zijn blootgesteld 
aan het dengue virus. In het algemeen kan gesteld worden dat het expressieniveau 

van slechts weinig miRNAs werd beïnvloedt door infectie waaruit geconcludeerd kan 

worden dat miRNAs geen grote rol spelen in het controleren van een dengue 
virusinfectie. Het expressieniveau van miR-3614-5p en miR-181a-3p was specifiek 

verhoogd in niet-geïnfecteerde cellen die zijn blootgesteld aan het dengue virus, 
hetgeen suggereert dat deze microRNAs een antivirale werking zouden kunnen 

hebben. Vervolgonderzoek liet inderdaad zien dat overexpressie van miR-3614p een 
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negatief effect heeft op de productie van dengue virusdeeltjes. Hetzelfde werd 

waargenomen voor het West-Nile virus, welke verwant is aan het dengue virus. Er 

werd geen effect waargenomen bij overexpressie van miR181-a, miRNA-4508, miR-
3960 en miR-4301. Met behulp van eiwitmassaspectrometrie zijn vervolgens 29 

eiwitten geïdentificeerd waarvan het expressieniveau zou kunnen worden gereguleerd 
door miR-3614-5p. Individuele miRNAs kunnen het expressieniveau van meerdere 

eiwitten reguleren omdat een miRNA voor genregulatie niet volledig complementair 

hoeft te zijn aan het mRNA. Een van de geïdentificeerde eiwitten is adenosine 
deaminase acting on RNA 1 (ADAR1). Validatie experimenten bevestigden dat miR-

3614-5p het expressieniveau van ADAR1 reguleert. Daarnaast bleek ADAR1 dengue 
virus replicatie te stimuleren vroegtijdig in infectie. Samenvattend, in deze studie is 

een miRNA geïdentificeerd met antivirale eigenschappen tegen het dengue virus. MiR-

3614-5p controleert de expressie van ADAR1 en een reductie in ADAR1 expressie 
heeft een negatief effect op dengue virus replicatie. Verder onderzoek zal moeten 

uitwijzen of de andere 28 geïdentificeerde eiwitten ook gereguleerd worden door miR-
3614-p en of deze eiwitten een rol spelen tijdens een dengue virusinfectie. 

In het afsluitende hoofdstuk, hoofdstuk 6, zijn de resultaten van het proefschrift 
samengevat en beschreven in een bredere context. 
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aporte para el diseño de la portada de esta tesis. Mary, gracias por siempre haber 

estado de mi lado; quiero aprender de ti a ser berraca, pujante y trabajadora. Sarita, 
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José Pablo y Ricardo, ¡me traen tanta felicidad y les tengo tanto cariño! Mateo, no 

sabes cuánto te quiero y ser tu madrina me llena de motivos para ser mejor persona 

cada día. Mis agradecimientos se los extiendo también a Juli y Mauro por cuidar de 
mis sobrinos. 

A todos mis tíos y tías, incluyendo a los ‘no oficiales’ (memo Jaramillo, Gloria 
Pipe, Margarita, Gloria León) y también al ‘combo’ de Baranoa; a todos mis primos y 

primas; gracias por hacer parte de mi familia, y por su incondicional cariño. Diana y 

Tatis, fue muy bonito crecer juntas, jugar a ser niñas y a ser grandes. Gracias a 
ustedes tengo los recuerdos más bonitos de mi infancia. De Navidades en Envigado y 

en Villa Sofía. Diana, siempre serás parte de mi vida y eres una de mis más inmensas 
motivaciones. Carlos Mario y Sebas, gracias por ser también parte de ésas lindas 

memorias. 

 
At last, I want to acknowledge Vlad. There are no words to express how grateful I 

am that I have met you. Thank you for never giving up on trying to understand me, 
for helping me to rationally sort out my problems, for sharing your living space with 

me, for all the enjoyable times together and for your unbreakable love, respect and 
loyalty. Так же я хотела бы поблагодарить твою семью, которая так радушно 

приняла меня в вашем доме. Я восхищаюсь тем как вы относитесь друг к другу, 

мне это очень понравилось. Вы очень честные, открытые и добрые. Ваше 
гостеприимство меня приятно удивило, и для меня было особенным разделить 

так много хороших моментов вместе со всеми вами. Татьяна и Юрий, вы точно 
знали, что мой желудок — это путь к моему сердцу . 

 

Thank you all from the bottom of my heart. The END. 




