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Introduction: Chikungunya and Dengue virus cell entry 

The work described in this thesis focuses on two important emerging arboviruses, 
chikungunya virus (CHIKV) and dengue virus (DENV). Both viruses are transmitted to 
humans via mosquitoes of the Aedes species and cause major epidemics in the tropical 
and subtropical parts of the world1,2. CHIKV was first isolated in 1952 and for a long 
time only  caused small outbreaks in Africa and South-East Asia at irregular intervals3. 
At the end of 2004, the virus re-emerged and spread rapidly around the world. In 2013, 
a first local epidemic was reported in Central America. To date, over 40 countries in the 
region report CHIKV infections, leading to over 1.7 million suspected CHIKV cases4. Most 
individuals infected with CHIKV develop symptomatic disease, which is characterized 
by headache, fever, rash and pains in the muscles and joints. The joint pains are highly 
debilitating and may recur or persist for months to years after initial infection5–8. DENV 
is the most common arthropod-borne infection of the world, causing 390 million 
estimated infections annually world-wide9. Every year, approximately 96 million 
individuals develop symptomatic disease9. DENV exists as four different serotypes and 
each of the four serotypes can cause clinical disease, ranging from a relatively mild 
febrile illness to life-threatening manifestations as plasma leakage and hypovolemic 
shock10. Upon primary infection, life-long protection is elicited to re-infection with the 
same serotype. However, upon re-infection with a heterologous DENV serotype an 
increased risk for severe dengue is observed11–14. Increased disease severity is associated 
with pre-existing DENV antibodies and high circulating virus titers15–19, which suggests 
that antibodies directly influence the infectious properties of the virus. To date, no 
specific drug is available to treat CHIKV or DENV infection. For DENV, the first vaccine 
recently got licensed, yet this vaccine may only be used for children over the age of 9 
which live in endemic countries20. For CHIKV, no vaccine is available.

Both CHIKV and DENV are enveloped viruses and consequently require a membrane 
fusion event to initiate infection of the host cell. Membrane fusion of enveloped viruses 
can be triggered by two different mechanisms. Viruses either trigger fusion with the 
cell surface via interactions with a cell surface receptor or fuse from within the acidic 
endosomes in response to a low pH trigger. At the start of this study, CHIKV was known 
to require exposure to low pH to initiate infection21–24, yet the endocytic pathway 
hijacked by the virus remained controversial. Both clathrin-mediated and clathrin-
independent entry pathways were proposed24–26. We therefore revisited this topic and 
studied the CHIKV cell entry pathway using state-of-the-art-microscopy techniques. 
DENV was known to enter most cell types via clathrin-mediated endocytosis27,28. The 
mechanism by which antibodies influence the infectious properties of the virus was 
however unknown. Therefore, in this thesis we aimed to understand if antibodies 
control the endocytic pathway via which DENV enters the cell.

CHAPTER 1
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GENERAL INTRODUCTION AND AIM OF THE THESIS

Endocytosis is an essential process via which extracellular and plasma membrane 
molecules are transported into the cell. It controls various complex physiological 
processes as hormone-mediated signal transduction, immune surveillance, antigen-
presentation and homeostasis29,30. To date, a number of distinct endocytic pathways 
have been described, including clathrin-mediated endocytosis, caveolar and lipid 
raft-mediated endocytosis, macropinocytosis and phagocytosis (29–31 and Figure 1). 
Although clathrin-mediated endocytosis, caveolar endocytosis, lipid raft-mediated 
endocytosis and macropinocytosis may occur in all cell types, phagocytosis is typically 
restricted to specialized mammalian cells, such as macrophages and dendritic cells29. In 
this section, we will describe the current knowledge on the different existing endocytic 
pathways. Moreover, the tools that can be used to study the route of virus cell entry will 
be discussed. 

Virus cell entry pathways

Clathrin-mediated endocytosis
Clathrin-mediated endocytosis (CME) was the first endocytic pathway described and is 
to date still the best understood endocytic pathway. CME is responsible for the uptake 
of a variety of plasma membrane receptors and occurs constitutively in all mammalian 
cells31,32. In addition, de novo formation of clathrin-coated pits (CCPs) can be induced by 
certain cargoes, such as Influenza A virus33. 

CME starts when adaptor protein 2 (AP-2) docks onto phosphatidylinositol-(4,5)-
biphosphate (PtdIns(4,5)P2) at the plasma membrane (PM). Binding of AP-2 to PtdIns(4,5)
P2 is thought to trigger conformational changes within AP-2, which facilitates binding 
of both clathrin and CME-specific cargo proteins to the docking site. Binding of clathrin 
stabilizes the docking of AP-2 onto the PM and leads to the growth of the clathrin coat 
by subsequent addition of more AP-2 and clathrin proteins. Next, endocytic accessory 
proteins, including among others Eps15 and epsin, are recruited to the edges of the 
assembling CCPs. Recruitment of these proteins further stabilizes the CCP and is 
essential for its growth. Ultimately, clathrin will form a basket-like structure around the 
membranous pit, leading to the formation and constriction of a vesicle neck. The GTPase 
dynamin is recruited to the vesicle neck, where it drives membrane scission. Although 
under normal conditions actin polymerization is not needed for membrane scission, 
it does assist in scission when the membrane is under tension. This might for example 
occur when large or irregularly shaped cargo is taken up by CME. Immediately after 
scission, uncoating of the clathrin-coated vesicles (CCV) is initiated by combined actions 
of phosphatase synaptojanin, auxilin and heat shock protein 70. Next, the vesicles are 
targeted to the early endosome (31,32,34 and Fig. 1).

1
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To investigate whether a virus enters the cell via CME, pharmacological inhibitors such 
as chlorpromazine, Pitstop2, dynasore and dyngo compounds are often used31. Both 
chlorpromazine and Pitstop2 are presumed to directly target the functions of clathrin35,36, 
while chlorpromazine might also target AP-236. Dynasore and the dyngo compounds inhibit 
the function of the GTPase dynamin37,38. However, dynamin perturbations are not specific for 
CME, as this GTPase is involved in multiple endocytic pathways. Next to these pharmacological 
inhibitors, dominant negative mutants (DNMs) of Eps15 and dynamin and siRNAs against 
clathrin heavy chain, AP-2, Eps15 and dynamin-2 are often used. Although AP-2 and Eps15 
have important functions in CME, also these proteins are not completely specific for CME24,39–41. 
Therefore, virus entry via CME cannot be concluded based solely on perturbations of these 
proteins. Of the described perturbations, siRNA-mediated knockdown of the clathrin heavy 
chain is the most powerful approach. Still, knockdown of this protein can be challenging due 
to its long half-life42 and knock-down levels should thus be carefully controlled. Moreover, 
interactions between the virus and the CCP can be visualized by microscopy, as CCPs can be 
clearly discerned by both electron and fluorescent microscopy techniques. In conclusion, to 
implicate CME in virus entry viral fusion or infection should be dependent on both clathrin 
and dynamin. In addition, it is recommended to visualize colocalization of the virus with 
CCPs by microscopy. Furthermore, strong additional evidence for virus entry via CME is 
the inhibition of infection upon treatment with either chlorpromazine or pitstop2 or upon 
perturbation of Eps15 or AP-2.

CHAPTER 1
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Figure 1. Schematic overview of the endocytic pathways. Although cargo can be internalized by 
several distinct endocytic pathways, almost all pathways converge at the early endosome. Whether 
macropinosomes and phagosomes fuse with the early endosome or these endocytic vesicles mature 
independently of the early endosome is still under debate. Figure was adapted from 43 with permission 
from the Nature Publishing Group.
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Caveolar and lipid raft-mediated endocytosis
Two types of endocytosis rely heavily on cholesterol- and sphingolipid-rich 
microdomains, so-called lipid rafts. The first type, caveolar endocytosis, is mediated 
by caveolae (‘little caves’). These are flask-shaped PM invaginations of 50-80 nm in size. 
Caveolae are found in many cell types and can constitute maximal 30% of the total 
PM29,30,43. The second type is caveolae-independent and has no proper name but is often 
described as lipid raft-mediated endocytosis. Actually, these pathways are thought to 
be closely related and might actually be variations of one endocytic route44. Therefore, 
these two pathways will be discussed together in the next paragraphs.

The events during caveolar and lipid raft-mediated endocytosis are complex and 
not very well understood. In contrast to CCPs, caveolae do not form de novo at the 
PM, but formation is started at the ER. After transport to the PM, caveolae can remain 
stationary for an extensive period of time while being linked to the underlying actin 
cytoskeleton by EHD2 (Eps-15 homology domain containing protein 2)31. The first step 
in both caveolar and lipid raft-mediated endocytosis is cargo-mediated clustering of 
lipid rafts. For caveolar endocytosis, lipid raft clustering appears to be required for 
sequestration of cargo into caveolae. This cargo sequestration is likely due to PM surfing 
of the cargo and subsequent entrapment inside the caveolae by high concentrations 
of cargo specific receptors. For lipid raft-mediated endocytosis, however, it is thought 
that clustering of lipid rafts increases the local concentration of cholesterol, which leads 
to spontaneous membrane curvature. The shape of the cargo, especially  in case of a 
virus, likely aids in this process44. Regardless of how the initial membrane invagination 
is formed, internalization is dependent on the phosphorylation of tyrosines. Different 
kinases, including the tyrosine kinase Src, the serine/threonine kinases KIAA0999 and 
MAP3K2 and the putative phosphatidyl inositol 4-phosphate 5 kinase MGC26597 have 
been implicated in caveolar and lipid raft-mediated endocytosis, yet their functions are 
not completely understood31,44. Scission of caveolae depends on dynamin and actin 
polymerization31, whereas scission of lipid raft-mediated endocytosis is reported to be 
dynamin independent45. Furthermore, caveolar endocytosis is slow and asynchronous, 
while the kinetics of lipid raft-endocytosis seem to be somewhat faster46. The endocytic 
vesicles generated in both caveolar and lipid raft-mediated endocytosis can fuse with 
early endosomes or caveosomes. Caveosomes are still poorly defined, but are thought 
to mainly interact with early endosomes, the ER and the Golgi. Indeed, cargo of these 
endocytic pathways frequently ends up in the ER29,39,43,44. 

To conclude that a virus enters the cell via caveolar or lipid raft-mediated endocytosis, 
entry should be dependent on cholesterol, actin polymerization and tyrosine kinases. 
Cholesterol dependency can be studied by use of chemical inhibitors, such as methyl-
bèta-cyclodextrin (MβCD), filipin, nystatin and progesterone. As high concentrations 
of MβCD may also affect CME and other endocytic pathways47 compounds as filipin, 
nystatin and progesterone should be favored over MβCD in studying caveolar and lipid 
raft-mediated endocytosis. Involvement of actin polymerization in entry can be studied 

GENERAL INTRODUCTION AND AIM OF THE THESIS
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by use of latrunculin A and jaspakinolide31. In addition, caveolar and lipid raft-mediated 
endocytosis can also be inhibited by use of the general tyrosine kinase inhibitor 
genistein, whereas akadaic acid and orthovanadate, inhibitors of Ser/Thr phosphatases 
and Tyr phosphatases, respectively, will accelerate internalization31. In order to assess 
whether caveolar and lipid raft-mediated endocytosis is efficiently perturbed, cholera 
toxin B can be used as a control. To distinguish caveolar endocytosis from lipid raft-
mediated endocytosis, dependency on caveolin-1, a protein important for the structural 
organization of caveolae, can be determined. Moreover, using fluorescent microscopy 
colocalization and co-internalization of the virus and caveolin-1 can be assessed48,49. 
Furthermore, perturbations of dynamin-2 should only affect caveolar endocytosis, 
but not lipid raft-mediated endocytosis39. Depletion of glycosphingolipids has been 
reported to selectively block caveolar endocytosis and can be used to distinguish this 
pathway from novel endocytic pathways as RhoA and Cdc42-dependent endocytosis50. 
It is likely that depletion of glycosphingolipids also affects lipid raft-mediated 
endocytosis, although to our knowledge this has not been studied to date.

Macropinocytosis
Macropinocytosis is an endocytic mechanism quite distinct from CME and caveolar and 
lipid raft-mediated endocytosis. It involves large-scale cargo internalization through 
ruffling of the complete PM30,51. These ruffles can take the shape of lamellopodia, circular 
cup-shaped projections – usually referred to as circular dorsal ruffles –, filopodia and blebs 
oriented towards the extracellular space (52 and Figure 2). Typically, macropinocytosis is 
a transient growth factor-induced process. Uptake of cargo is non-selective and often 
accompanied with increased fluid uptake29,39. Next to growth factors, a variety of other 
structures, including apoptotic bodies, necrotic cells, bacteria and viruses, can induce 
macropinocytosis and consequently promote their uptake into the cell39.

Macropinocytosis is induced when a ligand binds to receptor tyrosine kinases (RTKs) 
at the cell surface, including EGFR, integrins and some phosphatidylserine receptors52. 
Signaling of these RTKs activates a complex and interconnected signaling cascade 
that changes the actin dynamics and triggers membrane ruffling. In this signaling 
cascade Ras family GTPases play a crucial role. Activation of Ras induces multiple 
parallel signaling cascades involving among others Rac1, Cdc42, PI3K, Arf6 and Rab551,52. 
These kinases function together to modulate the ruffle formation, the subsequent 
macropinosome closure and downstream vesicle trafficking. Rac1 and Cdc42 trigger 
membrane ruffling by altering the actin dynamics. Both molecules relay signaling to 
downstream effectors that promote actin polymerization, such as the WAVE complex 
and the actin-related protein complex (Arp2/3). Activity of Rac1 and Cdc42 is affected 
by cholesterol and Na+/H+ exchangers. Both Rac1/Cdc42 signaling as the initial RTK 
signaling can recruit PI3K to the PM. Recruitment of PI3K promotes ruffling by indirect 
activation of phospholipase C (PLC) and protein kinase C (PKC). Moreover, Rac1/Cdc42 
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activate PAK151,52, a protein necessary for the induction of macropinocytosis53. Like 
Rac1/Cdc42, Arf6 is directly activated by Ras. Arf6 can promote both Ras-dependent 
and -independent macropinocytic programs. As the effector functions of Arf6 and Ras 
largely overlap, synergistic roles during macropinocytosis are suggested. Irrespective of 
the type of ruffling, ruffles trap any cargo which is located between themselves and the 
cell body when they fold back onto the PM. Subsequently, the ruffle fuses with the PM 
and an endocytic vesicle called the macropinosome is formed. Different factors, such as 
CtBP1/Bars, dynamin, PKC, PI3K, myosins and Rab34 are implicated in macropinosome 
closure. Yet, the specific requirements seem to depend on the type of ruffle. For example, 
lamellopodial ruffles need CtBP1/Bars for closure whereas circular dorsal ruffle closure 
is dynamin-dependent31,51,52. After macropinosome formation, vesicles depend on 
Arf6 and Rab5 for transport deeper into the cytosol. There, macropinosomes undergo 
maturation steps comparable to endosomes, including the gradual decrease in pH39,51. 

Studying virus entry via macropinocytosis can be quite challenging, as none of the 

GENERAL INTRODUCTION AND AIM OF THE THESIS
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Figure 2. Different types of macropinocytic ruffles. (a) lammellopodial ruffles, (b) circular dorsal 
ruffles, (c) filopodial protrusions and (d) blebs. Figure has been reprinted from 52 with permission from 
Elsevier.
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many proteins involved is exclusive. Consequently, several approaches are needed. 
Inhibitors of actin (e.g. cytochalasin D) and Na+/H+ exchangers (amiloride or is 
derivative EIPA) are good initial screening tools to assess entry via macropinocytosis. 
If entry is blocked by these inhibitors, microscopy techniques can be used to assess 
whether PM ruffling is apparent. As ruffling of the complete cell body is specific for 
macropinocytosis51, this characteristic can be used to discriminate macropinocytosis 
from other endocytic pathways. In addition, a transient 5- to 10-fold increase in fluid 
phase uptake51, which can be measured by assessing uptake of high molecular weight 
dextrans, is a good parameter for macropinocytosis and defines it from other endocytic 
pathways. Furthermore, entry should depend on either Rac1 or Cdc42, which can be 
assessed by use of DNMs or the Rac1 inhibitor NSC23766. Additionally, inhibitors of PI3K 
(wortmannin or LY294002) and PKC (rottlerin, calphostin C and bisindolylmaleimide) 
should block entry31,39. EM can be used to screen for virus particles inside macropinosomes. 
In EM macropinosomes are visible as large irregular-shaped uncoated vesicles, reaching 
diameters of up to 10 µm. Other factors worth testing include dependency on Arf6 and 
cholesterol, yet the requirement of Arf6 in macropinocytosis has been found to vary51. 

Phagocytosis
Phagocytosis is a highly regulated endocytic mechanism employed by specialized cells 
of the immune system. It functions to clear large cargo, such as bacteria, yeast and cell 
debris. In contrast to macropinocytosis, phagocytosis is strictly dependent on receptor-
cargo binding51,54. Phagocytosis includes a variety of related molecular mechanisms. 
In this paragraph I will solely focus on Fc-receptor mediated phagocytosis, as this 
phagocytic pathway is the most relevant for this thesis. This type of phagocytosis can 
mediate the engulfment of antibody-opsonized particles29,31,54. 

The process of Fc-receptor mediated phagocytosis is initiated by binding of a ligand 
to the receptor, and subsequent receptor clustering. Although receptor clustering most 
likely occurs by diffusion, the GTPase RhoA is suggested to facilitate this process55. 
Upon receptor clustering, the immune-receptor tyrosine-activated motifs (ITAMs) of 
the Fc-receptors associate with each other and become phosphorylated by members 
of the Src kinase family. Next, Syk is recruited to the phosphorylated FcR, where it 
phosphorylates additional neighboring ITAMs. Syk phosphorylation leads to recruitment 
of additional signaling proteins, which appear critical for downstream signaling during 
phagocytosis. The initiated signaling cascade leads to activation of Cdc42, Rac1 and 
Rac2, which indirectly mediate actin rearrangements. Next to actin rearrangements, 
membrane rearrangements mediated by among others PI3K and PLC are essential to 
phagocytosis31,54. For the exact mechanisms via which the Rho GTPases, kinases and 
lipases lead to actin and membrane rearrangements, respectively, I would like to refer to 
the extensive review on phagocytosis of Flannagan et al.54. Together, both the actin and 
membrane rearrangements lead to the formation of the pseudopods, which form the 
phagocytic cup. Also myosins, actin-associated contractile proteins, participate in this 
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process. Moreover, as formation of the phagocytic cup requires a considerable amount 
of membrane area, additional membrane is needed. This additional membrane likely 
comes from late and recycling endosomes which fuse with the growing phagocytic 
cup56. Furthermore, Arf6 and dynamin were found to be important for membrane 
delivery to the nascent phagocytic cup31,54. Although contractile forces of myosins are 
thought to be required for efficient ingestion of particles, the exact mechanism by 
which the phagocytic cup closes is still unknown54,57. Newly formed phagosomes likely 
fuse with early endosomes, acquiring early endosomal markers. Phagosome maturation 
is thought to be comparable to endosome maturation54.

Phagocytosis and macropinocytosis share many important features, such as the 
dependency on actin, the involvement of Cdc42/Rac1 and the relatively large vacuole 
size. Yet, there are some important differences. Firstly, phagocytic uptake is particle 
specific. Although the vacuole might be large, it fits tightly around the phagocytosed 
particle and no additional cargo or fluid is taken up. Secondly, as phagocytosis is particle-
driven the membrane activation is more localized compared to macropinocytosis. 
Lastly, Fc-receptor mediated phagocytosis can only be seen in specialized cell types, 
whereas macropinocytosis can occur in virtually all cell types. To study whether a virus 
enters via phagocytosis entry has to be dependent on actin dynamics, dynamin, PI3K 
and Arf6. The actin dynamics can be studied using previously described inhibitors as 
latrunculin A, cytochalasin B and jaspakinolide. More specifically, the Rac1 inhibitor 
NSC23766 or DNMs of RhoA, Rac1 and Cdc42 can be used31. Dynamin can be inhibited 
by use of dynasore and the dyngo compounds or the DNM Dynamin-K22A58. PI3K 
can be perturbed using wortmannin or LY294002. Finally, Arf6 involvement can be 
assessed by use of dominant negative Arf6 mutants (either Arf6-T27N or Arf6-Q67L)59. 
Of the perturbations described above only dependency on RhoA can discriminate 
phagocytosis from macropinocytosis. Other techniques to discern phagocytosis from 
macropinocytosis include EM and certain powerful light microscopy techniques. With 
these techniques local formation of the phagocytic cup can be visualized. Finally, as 
phagocytosis is strictly receptor-mediated, blockage of the Fc-receptor should inhibit 
virus uptake via Fc-receptor-mediated phagocytosis.

Other (virus) entry pathways
Next to the above described ‘classical’ endocytic pathway, an increasing number 
of novel endocytic pathways are being described. These pathways are clathrin and 
caveolin-independent, usually rely on a functional actin cytoskeleton, but differ in their 
dependency on cholesterol, sphingolipids and dynamin. Some of these pathways are 
constitutive, whereas others are triggered by specific signals or perhaps even pathogens. 
Furthermore, they differ in their kinetics, associated molecular machinery and cargo 
destination. Factors that have been linked to these pathways are flotillin, Graf1 (CLIC/
GEEC), IL-2 and Arf6. Although flotillin, CLIC/GEEC and Arf6-dependent endocytosis are 
described as different endocytic pathways, other reports suggest that they could also 
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be variations of one type of endocytic pathway30,31,43. To date, none of these endocytic 
pathways has been associated with entry of enveloped viruses39.

Moreover, viruses have been described to enter cells via pathways that do not fit any 
classical endocytic pathway. For example, Human Papilloma Virus (HPV) is described to 
enter via a pathway reminiscent of macropinocytosis. HPV entry requires a set of kinases 
similar to those involved in macropinocytosis, but unlike entry via macropinocytosis 
HPV entry was independent of cholesterol and Rho-GTPases. In addition, no outward 
protrusions, which are typical for macropinocytosis were observed60. Likewise, the 
pathway via which Lymphocytic Choriomeningitis Virus (LCMV) enters the cell cannot 
be categorized into one of the known endocytic pathways. Microscopic data showed 
that LCMV entered the cell via membrane invagination-derived endocytic vesicles, 
but neither cholesterol, actin and dynamin nor more specific proteins as clathrin, Arf6 
and flotillin were required for LCMV cell entry61. It remains to be studied whether the 
entry pathways hijacked by HPV and LMCV are novel, possibly virus-induced, endocytic 
pathways or natural variations to existing pathways.

Endosomal transport of viruses
Most endocytic pathways converge at the early endosome (EE)43. After scission from 
the cell surface, the endocytic vesicles derived from clathrin- or caveolar endocytosis 
travel towards the EE, with which they subsequently fuse. For macropinosomes 
and phagosomes, it is still unclear whether they completely fuse with EEs or acquire 
endosomal markers via another mechanism, for example by interacting with EEs in a 
‘kiss-and-run’ fashion52,62. Irrespective of the manner by which endosomal markers are 
acquired, the functions and maturation steps of endosomes, macropinosomes and 
phagosomes are comparable54,57. The main steps of endosomal maturation will be 
discussed in this paragraph.

The endolysosomal system is a complex cellular trafficking network responsible 
for sorting, recycling, degrading, storing, processing and transcytosis of molecules. It 
consists of different vesicular organelles such as early endosomes, recycling endosomes, 
maturing endosomes, late endosomes and lysosomes. Upon endocytosis cargo 
is rapidly delivered to the EE63,64. EEs are vesicular structures with vacuolar and long 
extended tubular elements, which are responsible for the initial sorting of incoming 
cargo. The EE lumen is slightly acidic and its membranes are marked by Rab5 and early 
endosomal antigen 1 (EEA1). Rab5 is crucial for delivery of cargo to EEs by aiding fusion 
between endocytic vesicles and EEs. Moreover, the EE membrane is marked by several 
other Rab molecules, which aid in cargo selection, in a patch-like manner. For example, 
Rab4 aids in transport back to the PM, Rab7 traffics cargo to late endosomes (LEs), Rab15 
is involved in transport to recycling endosomes and Rab22 is important for transport to 
the trans-Golgi network (TGN)65. Viruses are generally targeted to LEs and lysosomes for 
degradation. Transport of cargo from EEs to LEs can occur by two distinct mechanisms. 
In the first mechanism, a small vesicle, positive for both Rab5 and Rab7, scissions from 

CHAPTER 1

1



19

the endosome. This vesicle subsequently transports its cargo to the LE, with which it 
fuses. In the second mechanism, the EE gradually loses its early endosomal markers and 
completely matures into a LE. During endosomal maturation the following steps take 
place. First, the pH inside of the endosome gradually drops from a pH between 6.8 and 
5.9 in EEs to a pH ranging from 6.0 to 4.9 in LEs and lysosomes66. Subsequently, a switch 
in the Rab subsets marking the endosome occurs. Whereas EEs are mainly positive for 
Rab4 and Rab5, LEs are marked by Rab7 and Rab9. The change in Rab subsets indirectly 
allow endosomes to increasingly interact with microtubules. Consequently, Rab7-
positive LEs migrate from the periphery to the perinuclear region, where the LEs will 
eventually fuse to lysosomes39. In lysosomes, acidic organelles filled with digestive 
enzymes, cargo will be ultimately degraded (Figure 3). 
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Figure 3. Schematic overview of the endolysosomal pathway. Upon endocytosis, cargo is typically 
transported to Rab5-positive early endosomes. The early endosome functions as a cargo sorting station, 
either selecting cargo for recycling back to the plasma membrane or for degradation in the lysosome. 
Cargo selected for degradation is sequentially transported through maturing and late endosomes be-
fore reaching the lysosome. During this trafficking the endosomes gradually lose the early endosomal 
marker Rab5, but acquire amongst others the late endosomal and lysosomal markers Rab7 and LAMP1. 
Figure was adapted from 75 with permission from the Nature Publishing Group.
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The endosomal system is highly connected and interdependent67,68, which makes 
it hard to study. Long-term perturbation of a single endosomal function might lead 
to disruption or retardation of the whole system68. To date, dominant negative Rab 
mutants, such as Rab5-S34N and Rab7-T22N, are still the ‘golden standard’ to perturb 
the endosomal pathway. Rab5-S34N blocks fusion between endocytic vesicles and 
endosomes and consequently the formation of normal-sized EEs69. Rab7-T22N blocks 
the transition of cargo from early to late endosomes and therefore, cargo accumulates 
in Rab5-positive EEs70. Mercer et al. previously reviewed biochemical inhibitors that 
are used to study the endolysomal pathway39. Bafilomycin A1 is reported to inhibit 
the V-ATPase, which is important for endosomal acidification, and thereby blocks the 
formation of maturing endosomes71–73. Wortmannin causes delays in transport from 
early to late endosomes74. Furthermore, nocodazole, a microtubule-disrupting agent, 
is observed to block both LE formation and cargo transport to recycling endosomes72. 
Yet, both wortmannin and nocodazole can also affect other steps in virus entry. A more 
direct and elegant way to study from which endosomal compartment viral fusion 
occurs is to track single viral particles in live cells expressing fluorescent Rab proteins. 
To conclude from which endosomal compartment viral fusion occurs, ideally both live 
cell microscopy and DN Rab mutants are combined. Yet, due to technical issues a lot of 
studies still base their conclusions solely on the use of DN Rab mutants.

Advantages and disadvantages of the tools used to study virus cell entry

Tools such as pharmacological inhibitors, (dominant negative) protein mutants and RNA in-
terference are frequently used to study the viral cell entry pathway31. The main advantages 
of pharmacological inhibitors are their ease of use and the relative low costs involved. A well-
known downside of pharmacological inhibitors is that most compounds are reported to have 
pleiotropic effects76. One strategy to minimize pleiotropic effects is to carefully choose an 
assay by which solely virus entry is assessed. In this thesis we studied the effects of pharma-
cological inhibitors on virus entry by use of a microscopic viral fusion assay. This assay is ideal 
to pinpoint which host proteins are required for viral entry, as only the effects that inhibi-
tors have on viral entry and fusion are determined77. Moreover, the effective concentrations 
of pharmacological inhibitors should be carefully controlled. For example, it was described 
in literature that the cholesterol-depleting agent methyl-bèta-cyclodextrin (MβCD) affects 
CME although CME is not dependent on cholesterol47. It is believed that high concentrations 
of MβCD changed the fluidity of the PM thereby avoiding sufficient invagination of the CCPs. 
Finally, in this thesis we have observed that inhibitors such as chlorpromazine and Pitstop2 
might – depending on the cell line on which they are used – have a very narrow window of 
use in terms of cytotoxicity. Cytotoxicity and efficacy should thus always be tested by use of 
viability assays and cargo controls. In order to minimize pleiotropic effects it is advised to 
select the lowest effective concentration for experimentation. 
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Compared to pharmacological inhibitors the use of dominant negative or constitutively 
active protein mutants is more specific. These protein mutants are either defective 
(dominant negative) or overactive (constitutively active) in their functions31. Upon 
overexpression in the cell, these proteins overrule the functions of the natively 
expressed protein. However, an important drawback of the use of DNMs is that the level 
of overexpression that is required for the mutant to exert its function is often poorly 
defined. In the review of Kühling and Schelhaas an extensive list of described protein 
mutants and their effects is given31.

The most powerful and specific perturbation approach to study the virus cell entry 
pathway is the use of RNA interference (RNAi). Either small interfering RNAs (siRNAs) 
or short hairpin RNAs (shRNAs) are used for this purpose. RNAi is mostly used in small-
scale experiments silencing pathway-specific proteins such as clathrin and caveolin or 
in targeted screens involving different siRNAs against important endocytic proteins. 
Using RNAi, it is important to control for false-positive and false-negative hits, which 
are results of off-target effects and insufficient silencing, respectively. Off-target effects 
can be minimized by the use of multiple independent siRNAs, whereas the insufficient 
silencing can be prevented by the simultaneous use of multiple different siRNAs against 
the specific target. Also upon the use of siRNAs it is advised to control the silencing 
efficiency by use of functional controls or western blot.

In addition to the techniques described above, different microscopy techniques 
are used to study virus cell entry. These techniques include electron microscopy (EM), 
colocalization studies using fluorescence microscopy and single particle tracking of 
fluorescently-labelled viruses in live cells. The great positive of EM is that the type of 
vesicular structures via which viruses enter the cell can be directly observed. Negatives, 
however, are that EM data can be hard to interpret and a trained eye is often needed 
to classify structures in EM images. Furthermore, in order to pick up virus entry events 
by EM cells are often need to be loaded with high numbers of infectious virus particles, 
which can possibly induce artefacts. 

In fluorescence microscopy both the location of the virus and specific endocytic markers 
can be assessed. Extensive colocalization of the fluorescent virus particle and endocytic 
markers can indicate virus entry via a specific endocytic pathway. However, it must be taken 
into account that the resolution of standard fluorescent microscopes is below 200 nm78. 
As many viruses are smaller than 200 nm, optical colocalization does not necessarily imply 
physical colocalization. Specific microscopic techniques, such as fluorescence resonance 
energy transfer (FRET)79 and Stochastic Optical Reconstruction Microscopy (STORM)80 have 
been developed to visualize protein interaction and improve resolution, respectively. In 
single particle tracking (SPT) of virions smaller than 200 nm, however, co-migration of virions 
and endocytic markers gives a good indication of physical colocalization. This as the chance 
that two non-interacting structures spontaneously co-migrate is limited. Moreover, using 
SPT the exact moment of viral fusion can be determined77. Consequently, it is possible to 
determine whether entry via a specific pathway leads to viral fusion. However, as specialized 
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equipment is needed to perform live cell SPT, this technique is still relatively underused.
All of the above described techniques have their own advantages and disadvantages. 

For example, using microscopy virus entry can be directly visualized, yet whether entry 
leads to productive infection cannot be determined. Thus, the best way to study virus 
entry is to combine multiple approaches. Favorably, both perturbations and microscopic 
techniques are combined, but the value of the techniques does differ for the different 
endocytic pathways.

Perspectives

In conclusion, virus cell entry can occur via different endocytic pathways, which can be 
studied by different perturbation and microscopy techniques. Although the different en-
docytic pathways were described as separate mechanisms, it must be taken into account 
that these pathways are highly interdependent cellular mechanisms. Upon blockage of 
one endocytic pathway, other endocytic pathways might be upregulated81 and take over 
functions of the blocked endocytic pathway82. Consequently, results of perturbation ex-
periments can be confusing, especially for viruses that do not strictly depend on one en-
docytic pathway for endocytosis. Furthermore, it is becoming more apparent that endo-
cytic pathways are probably not static, but dynamic mechanisms which can share and use 
different adaptors. For example, CME has been reported in absence of AP-239,83; Eps15 can 
mediate clathrin-independent endocytosis24,40; and AP-2 and clathrin were reported to be 
involved in phagocytosis41. Thus, dependency on an endocytic protein can be a good indi-
cation for virus entry via a specific entry pathway, but should not be used as definite proof.

Scope of the thesis

The work presented in this thesis focuses on the early events in CHIKV and DENV 
infection, with a special interest in virus cell entry and membrane fusion. 

CHIKV is central to the first part of this thesis, specifically Chapter 1 to Chapter 4. In 
Chapter 2 the literature on the early events in CHIKV infection is reviewed. In this review, 
a detailed insight into the molecular structure of CHIKV is provided. Subsequently, 
the cell tropism, receptor binding and the putative CHIKV receptors are discussed. 
Furthermore, the current knowledge on the CHIKV cell entry pathway, including the 
data from Chapter 3, and the CHIKV fusion mechanism is described. Finally, we discuss 
the use of entry inhibitors to prevent CHIKV infection. 

In Chapter 3 the CHIKV cell entry pathway is unraveled by single particle tracking in 
live cells. For this purpose, CHIKV was fluorescently labelled with the fluorescent probe 
DiD. Tracking of DiD-labelled CHIKV was performed in cells expressing fluorescent 
marker proteins, such as clathrin, Rab5 and Rab7. Using this approach the cell entry 
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pathway, the cell entry kinetics and the organelle of viral fusion were determined. These 
results were confirmed by alternative approaches including the use of pharmacological 
inhibitors, siRNAs and DN mutants. Furthermore, we assessed the effects of the E1-A226V 
mutation, which first arose during the 2005/2006 CHIKV outbreak in La Réunion84, on 
cholesterol dependency of CHIKV entry and fusion.

When analyzing the CHIKV single particle tracking data, it was observed that 
approximately half of the viral particles showed fast-directed movements during virus 
cell entry. Therefore, Chapter 4 focusses on the transport behavior of CHIKV particles. 
Specifically, we aimed to elucidate the relationship between microtubules and CHIKV 
trafficking and infection.

DENV is the main subject of Chapter 5 to 7. Chapter 5 provides a general introduction 
on this virus. This chapter mainly focuses on DENV pathogenesis and the DENV life cycle, 
with special attention to cell tropism, receptor binding, entry and fusion. Furthermore, 
the concept of antibody-dependent enhancement (ADE) of infection, which is key to 
Chapter 7 and 8, is discussed. 

During DENV infection, a large proportion of immature DENV particles are produced 
next to mature fully-infectious DENV particles85,86. Immature DENV particles were 
previously demonstrated to be essentially non-infectious in various cell types87–89. 
However, DC-SIGN, a receptor molecule which is expressed on the natural target cells of 
DENV, was recently described to promote infection of both mature and immature West 
Nile Virus particles90,91, a closely related flavivirus. In Chapter 6 we aimed to investigate 
the infectious properties of immature DENV particles in cells expressing DC-SIGN. For this 
purpose, we assessed the infectious properties of both mature and immature DENV-1, 
DENV-2 and DENV-4 particles on cells that do or do not express DC-SIGN. Moreover, 
the relation of DC-SIGN to the effects that antibodies exert on DENV infectivity were 
assessed. 

In Chapter 7 the molecular mechanisms underlying antibody-dependent 
enhancement of DENV infection were identified. To this end, DENV infection was 
studied in primary human macrophages, a natural target cell of DENV infection. The 
effects that antibodies have on the different stages of DENV infection were gradually 
quantified in these cells. Furthermore, a microarray study was employed to gain insight 
into the intracellular response upon DENV infection. 

In Chapter 8, we zoomed in on the cell entry pathway DENV hijacks under ADE 
conditions. According to literature, DENV-antibody complexes direct the virus towards 
Fc-receptor-bearing cells, such as macrophages. In this chapter, we performed a detailed 
study on the DENV cell entry pathway into the mouse macrophage cell line P388D1. 
Using a combination of biochemical inhibitors, dominant negative mutants and single 
particle tracking, the entry pathways of DENV under ‘standard’ and antibody-opsonized 
conditions were studied for both mature and immature particles. 

Finally, the results obtained in this thesis are summarized and discussed in Chapter 9. 
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Abstract

Chikungunya virus (CHIKV) is a rapidly emerging mosquito-borne alphavirus causing 
millions of infections in the tropical and subtropical regions of the world. CHIKV 
infection often leads to an acute self-limited febrile illness with debilitating myalgia 
and arthralgia. A potential long-term complication of CHIKV infection is severe joint 
pain, which can last for months to years. There are no vaccines or specific therapeutics 
available to prevent or treat infection. This review describes the critical steps in CHIKV 
cell entry. We summarize the latest studies on the virus-cell tropism, virus-receptor 
binding, internalization, membrane fusion and review the molecules and compounds 
that have been described to interfere with virus cell entry. The aim of the review is 
to give the reader a state-of-the-art overview on CHIKV cell entry and to provide an 
outlook on potential new avenues in CHIKV research.
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1. Introduction

Chikungunya virus (CHIKV) is an arbovirus transmitted by mosquitoes of the Aedes 
(Ae.) species. Upon infection, about 75%–95% of the individuals develop Chikungunya 
fever, characterized by high fever, myalgia, joint pain, rash, and intense asthenia1,2. 
A common long-term complication (occurring in 12%–49% of patients) is severe, 
debilitating joint paint that can persist for months to years after infection3. Furthermore, 
in rare cases, encephalopathy, encephalitis, myocarditis, hepatitis, and circulatory failure 
is seen4,5.

Previously, CHIKV caused small outbreaks in confined regions within Africa and 
Asia. This situation drastically changed by the end of 2004 when the first major CHIKV 
outbreak started6. Since then, the virus has spread globally with millions of people 
infected. To date, CHIKV is epidemic in large parts of Africa, Asia, and the tropical 
regions of the Americas7. Within the last 1.5 years, the virus has spread to more than 
40 countries within Central America involving over 1 million CHIKV infections8. There 
are four CHIKV lineages—the West African (WA) lineage, the Asian lineage, the Eastern/
Central/Southern Africa (ECSA) lineage, and the Indian Ocean lineage (IOL); the 
latter emerged from the ECSA lineage in 20049,10. Some IOL strains adapted to a new 
vector, Ae. albopictus, without significantly compromising viral fitness for the initial 
vector Ae. aegypti, thereby increasing the epidemic potential of the virus. Functional 
studies revealed that this is caused by adaptive mutations within the viral spike proteins 
E1 and E2 of CHIKV11,12. The IOL lineage caused the majority of CHIKV outbreaks in 2004–
2012, whereas the Asian lineage and ECSA lineage are mainly responsible for the current 
outbreaks in the Americas10,13.

There is currently no vaccine nor a specific antiviral treatment available to prevent 
or treat CHIKV infection. A potential antiviral strategy involves the inhibition of the 
cell entry process of the virus. CHIKV cell entry is based on a series of dynamic events 
between the viral glycoproteins E1 and E2 and the host cell, including virus-cell 
attachment, virus internalization, intracellular trafficking, and membrane fusion. In this 
review we will describe the current knowledge related to the cell tropism, the cell entry 
pathway of CHIKV and will discuss the molecules that have been identified to interfere 
with these processes.

2. Viral Structure

CHIKV belongs to the alphavirus genus within the Togaviridae family. It is a member 
of the antigenic Semliki Forest Complex, which include, amongst others, the closely 
related O’nyong-nyong virus (ONNV), Semliki Forest virus (SFV), and Ross River virus 
(RRV). Other alphaviruses are for example Sindbis virus (SINV) and Venezuelan or Eastern 
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Equine Encephalitis Virus (VEEV and EEEV, respectively)14,15. To date, most studies have 
been performed with SFV, SINV, RRV, and VEEV. Alphaviruses are enveloped spherical 
particles with a diameter of 65–70 nm16,17. The alphavirus genome consists of a single-
stranded positive-sensed 11.8 kB RNA molecule packaged by the C protein to form the 
nucleocapsid. This nucleocapsid is surrounded by a host-cell derived lipid bilayer with 
two inserted transmembrane glycoproteins, E1 and E215. The composition of the host-
cell derived lipid bilayer strongly resembles the plasma membrane of the infected host 
cell. For mammalian-derived CHIKV virions, the membrane consists of cholesterol and 
phospholipids in a ratio of approximately 1:118–21.

Figure 1. Structure of the E2/E1 dimer. (A) Ribbon diagram showing the ectodomains of the CHIKV 
E1 and E2 glycoprotein (PDB 3N41 and 22). The structural domains I, II, and III of E1 are shown in blue, 
red and yellow, respectively. E2 domain A, B, and C are designated in cyan, green, and pink, respective-
ly. In the mature virion, the E1 fusion loop (E1-FL, orange), is covered by a binding groove between E2 
domain A and B. The β-ribbon of E2 containing the acid-sensitive region is highlighted in dark purple. 
Within this region, the hydrogen bond between E2-H170 and E1-S57 stabilizes the E2/E1 dimer inter-
action at neutral pH26,142. E1-A/V226 and E1-V178 are important for lipid sensing before fusion12,154. The 
black arrow points towards the viral membrane; (B,C) Surface view (PDB 2XFC) of one virus spike from 
the side (B) and the top (C). E1 is depicted in the same colors as in the ribbon diagram, E2 is depicted 
in gray for clarity. This figure was prepared using the program PyMOL.
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The E1 protein is 439 amino acids (aa) long and contains one conserved N-linked 
glycosylation site at position 14122. E1 is anchored in the lipid bilayer with a 30 residue 
transmembrane helix at the carboxy-terminal end. The cytosolic region is only five 
residues in length and does not interact with the nucleocapsid22,23. The N-terminal 
ectodomain of E1 consists of 404 residues and is structurally divided into three β-barrel 
domains named DI, DII, and DIII (Figure 1a).

DIII is situated at the C-terminus of the protein and closest to the envelope, followed by 
the central DI and DII at the tip, which contains a hydrophobic fusion peptide22,24–26. The 
E2 protein has a length of 423 aa and is N-glycosylated at positions 263 and 34522. Blast 
analyses revealed that like for E1, the glycosylation sites of E2 are conserved between all 
four CHIKV lineages (GenBank accession numbers strain RSU1: HM045797.1; strain IbH35: 
HM045786.1; strain S27: AF369024.2; strain LR2006 OPY: DQ443544.2). At the C-terminus, 
a transmembrane helix of 26 residues is located, followed by a cytoplasmic domain of 
33 residues. The cytoplasmic domain contacts the nucleocapsid and studies with other 
alphaviruses have shown that this interaction is important for the correct assembly 
and budding of progeny viruses from the plasma membrane of infected cells22,27,28. 
The ectodomain of E2 has a size of 364 aa and consists of three immunoglobulin-fold 
domains termed A, B, and C, which are connected by a long β-ribbon (Figure 1a)26,29.

On a mature virion, 240 copies of E1 and E2 are arranged as 80 trimeric spikes; a single 
spike consisting of three E2/E1 heterodimers (Figure 1b,c). The spikes are positioned 
in an icosahedral T = 4 symmetry and form a continuous protein shell around the 
particle22,26,30–32. Within the E2/E1 heterodimer, E1 laterally contacts E2 along the central 
domain II and partially domain III. The E1 hydrophobic fusion peptide is buried in a 
groove between domain A and domain B of E2 (see Figure 1), thereby preventing pre-
mature activation of the membrane fusion machinery of the virus26.

3. Viral Tropism

Infection starts when a CHIKV-infected Ae. mosquito is feeding on a human host33. 
During feeding, CHIKV particles are thought to be released within the dermis and into 
the subcutaneous capillaries of the skin34. Within 2–4 days, the virus reaches the blood 
and disseminates to other parts of the body. Although CHIKV pathogenesis is still poorly 
understood, recent studies shed light onto the organs and cells involved in CHIKV 
replication (systematically reviewed by 35). The CHIKV target organs include joints, 
muscle, skin, and less frequently, the liver, kidneys, eye and the central nervous system 
(CNS). Infection of these organs is frequently associated with a marked infiltration of 
mononuclear cells such as monocytes/macrophages. The virus tropism described within 
this section is mostly based on studies using ECSA and IOL strains. A few studies directly 
compared the infectivity of IOL, WA and ESCA on multiple cell lines and revealed that 
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these viruses exhibit a comparable tropism36–38. However, more studies are required to 
determine the exact tropism for all four CHIKV lineages.

3.1. Viremia—Where Is the Virus Produced?
During the 7–12 days-long acute viremic period, CHIKV load can reach 109–1012 viral 
particles per milliliter39–41. The observation that CHIKV reaches a high titer in a relatively 
short time period is suggestive for replication in blood leukocytes42. Indeed, other 
alphaviruses replicate in immune cells including dendritic cells (e.g., SFV, RRV, and 
VEEV) and monocytes (e.g., RRV and VEEV)36,43–46. In contrast to the above-mentioned 
alphaviruses, peripheral blood mononuclear cells (PBMCs) do not seem to contribute 
significantly to the production of CHIKV progeny36,47. In fact, in vitro analysis revealed 
that most blood-derived cell types such as lymphocytes, dendritic cells, and natural 
killer cells are refractory to CHIKV infection36,37. Conflicting reports were published on 
the permissiveness of monocytes to CHIKV infection36,42. However, it is clear that even 
though monocytes might harbor CHIKV antigens, viral production supported by the 
primary cultures of monocytes cannot explain the titers detected in blood of acute 
phase patients. These observations suggest that local CHIKV replication in dermal 
fibroblasts, migrating monocytes/macrophages, and endothelial cells are pivotal for 
virus production. Indeed, in vitro studies revealed these cells are much more permissive 
to CHIKV infection36,37,48,49.

3.2. Arthrotropism of CHIKV
Mononuclear cell infiltration and viral replication in the muscles (particularly skeletal 
muscle progenitor cells, not muscle fibers) and joints (in fibroblasts of the joint capsule 
and presumably in osteoblasts) are associated with debilitating arthralgia, myalgia, 
and in some cases, arthritis50–55. While the acute phase symptoms usually resolve within 
two weeks, the musculoskeletal pain may linger for weeks to months or even years56–60. 
Chronic disease has been linked to persistent virus replication in the target cells and/
or the establishment of a self-sustained inflammatory mechanism that leads to the 
tissue damage (for more details on this topic see 3,61,62). In vivo, synovial macrophages 
and satellite muscle cells have been shown to contain viral RNA or protein months after 
infection63,64. However, the exact mechanisms underlying CHIKV persistence in tissue 
sanctuaries are still ill-understood and more studies in animal models and clinical 
investigations are needed to address this issue.

3.3. Less Common Tropism of CHIKV
CHIKV is classified as an Old World arthritogenic alphavirus and hence is not expected to 
be neurotropic or encephalitogenic 14. However, cases of Guillain-Barré syndrome and 
encephalitis have been reported following CHIKV infection65–67. CHIKV and anti-CHIKV 
IgM has been detected in the blood-cerebrospinal fluid of human neonates and adult 
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patients with encephalopathy68. Studies in mice suggest that CHIKV particles can enter 
the CNS via the Virchow-Robin spaces and choroid plexuses55. Thereafter, replication 
occurs within choroid plexus epithelial cells, leptomeninges, and ependymal cells 
but not in brain parenchyma4. In vitro, however, parenchymal cells including neurons, 
astrocytes, microglial cells, and neuroblastoma cells were found to be permissive to all 
strains tested (including ECSA, WA, and IOL)4,37,38,69–71. The ability of CHIKV to infect brain 
endothelial cells is still under debate as human brain microvascular endothelial cells can 
be infected, while primary brain endothelial cells55 and the brain endothelial cell line 
hCMEC/D336 were found to be refractory to infection by IOL isolates. The mechanism 
leading to CHIKV infection of the CNS in humans is to be elucidated.

4. Cell Entry and Membrane Fusion

4.1. Receptor Binding
The first step in infection involves binding of the virus to a host cell receptor72,73. Based 
on the wide range of cell types CHIKV infects in vivo and in vitro, the cellular receptor 
of CHIKV is likely to be ubiquitously expressed among species and cell types. Receptor 
binding is facilitated by the E2 glycoprotein of CHIKV74,75. Both domain A and domain B 
of the E2 protein contain putative receptor binding sites26,29. Furthermore, bioinformatic 
analysis revealed that E2 domain B contains a class III PDZ binding motif76. These motifs 
have been described to mediate protein-protein interactions77,78.

To date, prohibitin (PHB), phosphatidylserine (PtdSer)-mediated virus entry-enhancing 
receptors (PVEERs), and glycosaminoglycans (GAGs) have been suggested as CHIKV 
receptor proteins in mammalian cells69,79,80 and ATPsynthase β subunit in mosquito 
cells81. Notably, CHIKV infection can proceed in absence of these proteins, indicating 
that these proteins facilitate the initial interaction with the cell surface rather than virus 
uptake82,83.

4.1.1. Prohibitin
Prohibitins (PHBs) are evolutionary conserved multifunctional membrane proteins, 
which are present in multiple cellular compartments84. PHBs play a role in for example 
mitochondrial integrity, cell proliferation, cell survival and endocytosis in white adipose 
tissue85–87. Importantly, PHBs are ubiquitously expressed at the cell surface of numerous 
mammalian cells77,78. Wintachai and co-workers showed that anti-PHB antibodies and 
siRNAs towards PHB reduced CHIKV infection of microglial cells up to two-fold. CHIKV 
was also found to bind to PHB in U937 cells, but despite this interaction the cells did 
not support a productive infection69. On the other hand, flavaglines, plant compounds 
that directly interact with PHB did inhibit CHIKV infection in HEK-293T cells for up to 
50%88. Thus, it is clear that PHB facilitates virus-cell binding. PHB likely acts to capture 
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and concentrate CHIKV particles at the cell surface. However, since the inhibiting 
compounds only moderately reduced infectivity and that U937 cells are refractory to 
CHIKV despite PHB binding demonstrates that other factors are required to mediate 
(efficient) infection. The precise role of PHB in CHIKV cell entry remains to be elucidated.

4.1.2. Phosphatidylserine (PtdSer)-Mediated Virus Entry-enhancing Receptors
T-cell immunoglobulin and mucin domain (TIM) family members are expressed on 
various immune cells and a range of mucosal epithelia, and are known to regulate 
immune cell activity89–92. Recently, TIM-1 was described to enhance the entry and 
infection of chimeric virus particles displaying the glycoproteins of CHIKV or other 
viruses in HEK293T cells79. TIM-1 binds to phosphatidylserine (PtdSer) in the viral 
envelope and functions to concentrate the virus at the cell surface. These receptors act 
on the basis of their long stalk region and PtdSer binding motif. Indeed, other unrelated 
proteins with a long stalk region and PtdSer motif were also able to support viral cell 
entry, demonstrating that virus-cell binding is not TIM-1 specific93. These results further 
indicate that CHIKV uses TIM-1 as an attachment factor but not as a specific receptor.

4.1.3. Glycosaminoglycans
Glycosaminoglycans (GAGs) are large complex carbohydrate molecules that are 
expressed at the cell surface of most mammalian cell types. GAGs include among others 
heparan sulfate, keratan sulfate, chondroitin sulfate, and dermatan sulfate86. These 
molecules can bind a wide variety of proteins and mainly function in cellular adhesion, 
growth, differentiation, and signaling94. Several alphaviruses are known to use GAGs 
for cell entry95–99. Natural isolates of EEEV and low passage strains of VEEV were found 
to depend on GAGs for efficient infection of cells97,100. For other alphaviruses, heparan 
sulfate binding was related to virus-cell culture adaptation95,96,101 and an attenuated 
disease phenotype in mice95,96.

For CHIKV, GAG expression was found to increase the binding and infection efficiency 
of both a clinical and a vaccine strain in CHO cells. However, GAG binding is not a 
property of all CHIKV strains, as CHIKV-LR replicon particles do not require cell-surface 
GAGs for infection80,102. Yet, CHIKV like other alphaviruses readily adapts to GAGs103,104. 
GAG utilization is facilitated by mutations to positively charged amino acids at E2-82 
and E2-7980,104. For example, an arginine at E2-82 or a lysine at E2-79 leads to enhanced 
infectivity in mammalian cells and attenuated virulence in mice75,104,105. Though, the 
observation that a clinical strain utilizes GAGs for cell entry suggests that GAGs might 
also play a role in natural infection.

4.1.4. ATP Synthase β Subunit
ATP synthase β subunit (ATPSβ) was recently found to interact with CHIKV in mosquito 
cells. Furthermore, ATPSβ-down-regulation significantly reduced viral entry and virus 
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production81. The ATPSβ gene is widely conserved and is for example expressed in 
human endothelial and hepatic cells106–108. Although involved in F1/ATPase catalysis in 
the mitochondria, ATPS is also located at the surface of the plasma membrane. There, it 
can bind ligands as apolipoprotein A-I, apolipoprotein E and angiostatin94. Therefore, it 
is of interest to examine whether this protein is involved in CHIKV entry in mammalian 
cells and whether ATPSβ also exerts its function via increasing attachment of virions to 
the cell surface or whether other mechanisms are involved.

4.1.5. Other CHIKV Receptors Candidates
Another potential CHIKV receptor is the aV integrin (ITGAV) and b1 integrin (ITGB1) dimer, 
consisting of two members of the integrin superfamily. Integrin superfamily members 
form various transmembrane dimers, which function as cell adhesion receptors binding 
to different extracellular ligands109. The aV integrin (ITGAV) and b1 integrin (ITGB1) dimer 
was found to be differentially expressed in the brain proteasome of mice early in CHIKV 
infection. A direct effect of the integrin dimer on CHIKV infection has not been studied 
yet110. However, these protein dimers were previously reported as an adenovirus 
receptor111,112 and other members of the integrin superfamily serve as receptors for RRV 
and West Nile virus113,114. As rare cases of neuropathology have been described, it would 
be of interest to investigate if CHIKV infection of the CNS is facilitated by integrin dimers.

Additionally, Heat shock protein 60 (HsP60) is a CHIKV receptor candidate. HsP60 is 
mainly known as a mitochondrial molecular chaperone which is involved in protein 
folding115. The protein has also been detected at the cell surface of murine monocytes/
macrophage, B lymphocytes and T lymphocytes and human T lymphocytes116,117. HsP60 
was found to interact with CHIKV by a two dimensional Virus Overlay Protein Binding 
Assay (2D-VOPBA)69,118. HsP60 was previously implicated in DENV infection119, but, thus 
far, no functional proof on the role of HsP60 in CHIKV entry has been explored.

4.2. CHIKV Cell Entry and Membrane Fusion
Alphaviruses are generally internalized via clathrin-mediated endocytosis (CME), 
though also direct fusion with the plasma membrane has been described for SINV120,121. 
CME is a constitutive process within mammalian cells82,122. Invagination and scission of 
the membrane to form a virus-containing clathrin-coated vesicle occurs via a complex 
interplay of several proteins including adaptor protein-2, dynamin, clathrin, epsin, and 
Eps15 (see for extensive review 123). Thereafter, the clathrin-coated vesicle is transported 
inside the cell after which the clathrin molecules dissociate and the virus is delivered 
to endosomes. The low-pH environment of the endosomes subsequently triggers 
conformational changes within the E1/E2 glycoproteins to mediate fusion of the viral 
membrane with the endosomal membrane (see Figure 2). Alphavirus fusion usually 
occurs from within mildly acidic early endosomes. VEEV fusion on the other hand has 
been described to fuse from within late endosomes124–127.
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Figure 2. Chikungunya virus cell entry and potential antiviral strategies. The viral life cycle 
starts with attachment of the virus particle to one of the ubiquitously expressed attachment fac-
tors or receptors at the cell surface (1); Subsequently, the virus is internalized into the cell via clath-
rin-mediated endocytosis (2); Then, clathrin-molecules dissociate from the vesicle and the virus is 
delivered to Rab5+ endosomes. Within the mildly acidic lumen of the endosome, the viral 
glycoproteins E2 and E1 undergo major conformational changes that lead to membrane 
fusion (3); Thereafter, the nucleocapsid core is released into the cytosol (4). The molecules and com-
pounds that are known to interfere with entry are stated in the boxes.
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For CHIKV, contradicting observations were reported. CHIKV infection was found 
to be dependent on dynamin36, a large multidomain GTPase driving the pinching of 
endocytic vesicles from the plasma membrane123. Dynamin is an important mediator 
of CME and caveolar endocytosis127; and is also described to act in phagocytosis128. 
Furthermore, CHIKV infection was found to be mediated by Eps15129, a molecule essential 
for the assembly of the clathrin-coated pits123. Involvement of Eps15 can however not 
confirm entry via CME, as Eps15 has also been implicated in clathrin-independent 
entry pathways130. Specific inhibitors like siRNAs against the clathrin heavy chain did 
not inhibit CHIKV infection in HEK239T cells129, but did show a marked reduction in 
infectivity in human umbilical vein endothelial cells (HUVEC), the cell line U-2 OS, and 
primary human umbilical vein endothelial cells131. Moreover, we recently showed that 
Pitstop2, a biochemical inhibitor of CME, reduced CHIKV cell entry in BS-C-1 cells132. 
Furthermore, using live-cell microscopy, we determined that approximately 90% of all 
particles that fused entered through CME. Taken together, thus far, a limited number of 
studies has been performed to investigate the cell entry pathway of CHIKV and most of 
these studies point towards entry through CME although clathrin-independent entry is 
also reported. The entry pathway taken by the virus maybe cell-specific. Alternatively, 
CHIKV has the capacity to infect cells via multiple pathways. The latter is supported by 
the fact that none of the inhibitor strategies applied so far completely blocked CHIKV 
infection36,129,131,132. In the absence of cellular perturbations, CHIKV was shown to enter 
via CME and therefore we hypothesize that CME, like for other alphaviruses, is the main 
pathway exploited by CHIKV.

Upon endocytosis, the virus is delivered to early endosomes. Approximately 40% of 
the particles fuse within 10 seconds after delivery to the endosome. More than 95% of 
all CHIKV fusion events occurred from within in early endosomal compartments132. This 
is in line with data from Bernard et al. who showed that CHIKV infection is dependent 
on early endosomes, but not on late endosomes129. In mosquito cells, however, CHIKV 
infection was dependent on the integrity of both Rab5 and Rab7-positive endosomes, 
which is suggestive of fusion from within maturing or late endosomes133. Variability 
in endosomal pH between cells134 may explain this discrepancy. Biophysical analysis 
revealed that the pH threshold for CHIKV fusion lies—depending on the viral strain—
between pH 6.2 and 5.9132,135. Thus, we postulate that fusion is triggered once the pH of 
the endosomal lumen is below the threshold for membrane fusion. It is highly unlikely 
that other processes are involved, especially considering the rapid kinetics of membrane 
fusion within Rab5-positive endosomes.
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5. Molecular Mechanism of CHIKV Fusion

The molecular mechanisms involved in the membrane fusion process have been 
studied in great detail for SFV and SINV. The studies published thus far on CHIKV suggest 
that the molecular mechanisms involved in fusion are highly conserved between 
alphaviruses26,135,136. For example, like SFV and SINV137–139, CHIKV can fuse with receptor-
free liposomes, indicating that fusion is independent of a protein receptor132,135. The 
fusion process can be roughly divided in the following steps: (1) destabilization of the 
E2/E1 heterodimer, (2) integration of the E1 protein in the target membrane, (3) E1 
trimerization, and (4) fusion pore formation (Figure 3).

Destabilization of the alphavirus E2/E1 heterodimer is triggered once the virus is 
exposed to the mildly acidic pH within the endosomes26,140. Histidines, which have 
a pkA of ~6–7, play a critical role in this process25,141. Recently, and in line with other 
alphaviruses25, a series of highly conserved histidines within the envelope glycoproteins 
of CHIKV has been identified to control the pH-dependent conformational changes 
during fusion136. For example, E2-H170, a residue that is located within the acid sensitive 
region (ASR) of E2 (Figure 1, purple), becomes largely disordered at low pH26,142. Earlier 
work on SFV showed that protonation of this residue reduces the stability of the E2/E1 
heterodimer by disabling the hydrogen bond with E1-S57. Once the E2/E1 interactions 
are loosened, the B domain of E2 moves away and the E1 fusion loop is exposed26,29,143. 
Thereafter, the E1 protein adopts an extended form and the hydrophobic fusion loop 
inserts into the target membrane (Figure 3)17,144,145. For SFV, this interaction is both low pH 
and cholesterol-dependent144,146,147. The presence of sphingomyelin strongly stimulates 
cholesterol- mediated E1 binding, but is not strictly required147,148. It is likely that these 
lipid interactions are similar for CHIKV, as cholesterol and sphingomyelin in the target 
membrane greatly enhance the fusion potential of CHIKV132,135. One of the amino acids 
important for lipid- and pH-sensing of SFV, SINV and CHIKV is situated at the E1-226 
position12,149–151. This residue lies within the central DII domain in close proximity to 
the fusion loop (Figure 1)25. CHIKV strains with a valine instead of an alanine at the 226 
position are more dependent on cholesterol and require a lower pH for infection12,152 
and fusion132,153,154. Another residue that has been reported to play a role in SFV lipid 
recognition is E1-V178155,156. This residue is conserved among most alphaviruses, 
and experimental mutation of this residue to alanine leads to decreased cholesterol 
dependence of CHIKV fusion154.

When the fusion peptide inserts into the target membrane, E2 is presumably still 
in association with the E1 molecules, as has been shown for SINV17. As the pH further 
decreases, the E2 molecules completely dissociate, which enables E1 trimerization17,157. 
A highly conserved histidine residue (E1-H3) is essential in regulating low-pH-induced 
trimerization136,158,159. For SFV, the first step in E1 trimerization involves the formation 
of a core trimer between DI and DII, which is dependent on low pH and most likely 
the presence of cholesterol and sphingomyelin in the target membrane147,160–162. 
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Furthermore, sphingolipids have been proposed to play a role in stabilizing the E1 
trimer155. After formation and stabilization of the core trimer, domain III re-folds back 
independently of pH towards the core trimer to form a hairpin-like homotrimer (Figure 
3)160,161. This process brings the two opposing membranes together and forces merging 
of the outer membrane leaflets (hemifusion). Subsequently, a fusion pore is formed and 
expands, through which the nucleocapsid gains access to the cytosol160,163. For SFV, it 
has been shown that several E1 homotrimers assemble in a ring-like structure on the 
target membrane158,160 with recent research indeed suggesting that for CHIKV fusion, 
several trimers need to act simultaneously to mediate membrane fusion135.

Figure 3. Model of alphavirus membrane fusion145. (a) On a mature virion, 240 copies of E1 and 
E2 are arranged as 80 trimeric spikes; a single spike consisting of three E2/E1 heterodimers. Domains 
of E1 are colored as in figure 1; E2 is shown in gray. The E1 hydrophobic fusion loop (indicated as a 
star) is buried in a groove between domain A and domain B of E2; (b) Destabilization of the E2/E1 
heterodimer is triggered once the virus is exposed to the mildly acidic pH. Domain B of E2 moves 
away and the E1 fusion loop is exposed; (c) Insertion of the fusion loop into the target membrane 
and dissociation of the E2 protein. Formation of a E1 core trimer between DI and DII; (d,e) Re-folding 
of E1 DIII and stem region to form a hairpin-like homotrimer, forcing the two opposing membranes 
together; (f) Merging of the opposing membrane leaflets (hemifusion); (g) Formation of the final 
stable homotrimer and opening of the fusion pore. (Figure reprinted with permission from Nature 
Reviews Microbiology).
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6. Inhibition of Early Events in Infection

Many studies have focused on the development of antiviral drugs to CHIKV. Antiviral 
treatment to reduce viremia is probably only possible in areas with hyper-endemic 
CHIKV activity. This as treatment should start quickly after disease onset given the short 
period of viremia. The development of antivirals is important as it may prevent the 
development of persistent disease. Indeed, mouse studies have indicated that antibody-
based therapy might prevent persistent infection. Thus far, multiple inhibitors have 
been identified affecting different stages of the viral life cycle (extensively reviewed in 
1,164). Here we will discuss the compounds that specifically interfere with: (1) attachment 
of the virus to the target cell, (2) endocytosis, and (3) membrane fusion.

6.1. Interference with Virus-Receptor Binding
The green tea component epigallocatechin-3-gallate (EGCG) was found to inhibit CHIKV 
attachment and infection of HEK293T cells165. EGCG has a broad antiviral activity against 
numerous viruses, and presumably acts via binding competition with heparan sulfates 
and sialic acid166. Other plant-derived compounds that interfere with virus-receptor 
binding are flavagline, which act by binding to the CHIKV attachment factor PHB88.

Another strategy involves the use of neutralizing monoclonal antibodies (MAbs)167,168. 
For CHIKV, the MAbs CHK-9, m242, and IM-CKV063 have been described to target the 
E2 putative receptor-binding domain A and have been proposed to prevent cellular 
binding22,169. Blocking infection through interference of virus-receptor binding is 
however challenging as CHIKV interacts with multiple attachments factors via distinct 
epitopes on E2 domain A and B. Furthermore, antibody-binding to CHIKV particles 
will target the immune-complex to Fc receptor-expressing cells which internalize the 
particle via interaction of the antibody to the Fc receptor. It remains to be investigated if 
antibodies that interfere with virus-receptor binding neutralize CHIKV infection in cells 
expressing the Fc receptor.

6.2. Interference with Endocytosis
In a large screen using a CHIKV replicon system, compounds with a 10-H phenothiazine 
structure including the licensed antipsychotic drug chlorpromazine were found active 
against CHIKV170. Chlorpromazine has been implicated to block the formation of 
clathrin-coated pits171. Since it is likely that CHIKV infects cells via this pathway it is of 
interest to evaluate if compounds with a 10-H phenothiazine structure have potential in 
antiviral treatment. However, since chlorpromazine is prescribed for various psychotic 
disorders, the psychological effects of these compounds should be monitored closely. 
In addition, single molecule therapy seems unlikely as CHIKV was found to enter cells 
via clathrin-dependent and clathrin-independent pathways. The anti-malaria drug 
chloroquine, which inhibits acidification of endosomes, was also found to hamper 
CHIKV infection172–175. Unfortunately, however, a double-blind placebo-controlled 
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randomized clinical trial showed that chloroquine-treatment does not reduce viremia 
or the frequency of febrile arthralgia. In fact, an increased prevalence of persistent 
arthralgia was seen compared to the control group172. Given these results it seems 
doubtful that chloroquine-based therapy will be pursued in future studies.

6.3. Interference with Membrane Fusion
A pivotal step in membrane fusion is re-folding of the E1 DI/DII core trimer against the 
DIII stem160,161. Indeed, binding of exogenous recombinant E1-DIII proteins of SFV and 
CHIKV efficiently inhibit CHIKV membrane fusion and infection of BHK cells. Here, the 
presence of the stem region in the exogenous CHIKV E1-DIII proteins was a prerequisite 
for inhibition of membrane fusion162. Therefore, like for other alphaviruses, the E1 stem 
region has been proposed as a candidate target for small molecule inhibitors against 
CHIKV162,176. However, no specific drug that acts on this level has been described so far.

Another group of compounds that have been described to possess potent antiviral 
activity to CHIKV are arbidol (ARB) and it derivatives177,178. Arbidol (ARB) was originally 
licensed in Russia to treat and prevent Influenza infections. Escape mutant analysis 
and attachment assays revealed that ARB interferes with the early stages of CHIKV 
infection177. The precise mechanism underlying ARB activity remains to be elucidated, 
but earlier studies independent of CHIKV postulated that ARB functions through 
inhibition of virus-membrane fusion179,180.

An alternative strategy to block membrane fusion is the use of MAbs. CHIKV MAb 
IM-CKV063 has been suggested to stabilize the E2/E1 trimeric spike as it binds to a 
conformational epitope spanning two E2 units169. Furthermore, the strongly neutralizing 
MAb C9 was found to target the ASR of E2 and has been predicted to prevent the 
conformational changes preceding membrane fusion181. MAb CHK-152 was shown to 
stabilize the E2 B domain, thereby inhibiting the exposure of the E1 fusion loop22. Indeed, 
functional studies revealed that CHK-152 abolishes membrane fusion activity of CHIKV. 
Importantly, this antibody also showed protective efficacy in mice and therefore is a 
candidate for antiviral therapy182. Thus, a variety of antibodies have been identified to 
interfere with infection and future studies should address which cocktail of antibodies 
has the largest therapeutic potential.

7. Future Perspectives and Concluding Remarks

Since the re-emergence of CHIKV about a decade ago, our understanding of the biology 
of the virus has greatly improved. Important progress has been made in defining the 
cells targeted and the pathways exploited by the virus to enter these cells. However, 
more research is required to fully elucidate the mechanisms of CHIKV infection, as some 
steps remain unclear.
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For example, it will be important to identify the cells that serve as the main viral factories 
during the viremic period. Identification of the cells that produce most virus progeny 
will not only increase our understanding of CHIKV pathogenesis but will also guide the 
development of antiviral treatments. Furthermore, although we know that persistent 
CHIKV replication is associated with chronic arthralgia, the understanding of the 
underlying mechanism is poor. However, a growing body of evidence points towards 
an imperative role of an altered immune response initiated during acute infection in the 
development of chronic disease55,62,183–185. More in vivo studies in animal models will be 
required to gain more insight into the correlation of CHIKV tropism and viral persistence.

To date, several molecules have been described to facilitate CHIKV infection. However, 
most if not all molecules act as an attachment factor rather than an entry receptor. The 
entry receptor pivotal for CHIKV infection has yet to be identified. On the other hand, 
one can question whether such an entry receptor exists, considering the broad range of 
cells that can be infected and the fact that no receptor is required for membrane fusion. 
Based on the studies conducted thus far it becomes clear that CHIKV can utilize a variety 
of attachment factors and this may be sufficient to enter a cell.

The membrane fusion machinery of alphaviruses is largely defined. However, 
further fine-tuning is warranted as it may guide the development of compounds that 
interfere with infection. Mutagenesis studies already have enormously increased our 
understanding of the membrane fusion mechanism and will continue to do so. For 
dengue, an antibody has been identified that “traps” a fusion intermediate186, and using 
autologous CHIKV antibodies represents another useful approach to further unravel the 
viral fusion mechanism.

CHIKV enters cells via clathrin-mediated endocytosis and fuses from within early 
endosomes. Interestingly, novel adaptations in the emerging IOL strains like the A226V 
mutation in E1 and substitutions in the acid-sensitive region of the E2 protein alter 
the pH-dependent membrane fusion properties of the virus. Furthermore, increased 
infection of mosquito midgut cells was observed, which likely led to the enhanced 
fitness of the virus in Ae. albopictus153. It will be interesting to investigate if there is a 
direct correlation between the higher infection rate and the altered pH-dependent 
membrane fusion properties. For example, the site of membrane fusion may be 
important for successful initiation of infection.

The only entry inhibitor tested so far in a clinical study, chloroquine, gave disappointing 
results172. Ongoing discovery of antiviral inhibitors is of utmost importance given the 
high burden of CHIKV infection. Antibody-based therapy is an attractive approach 
especially as it has been shown that it might prevent persistent infection in mice187. 
The proof-of-principle that antibody-based therapy is effective in humans is expected 
soon as a current clinical trial is evaluating the effect of anti-CHIKV serum antibodies in 
preventing severe disease in neonates188. This group of patients is of special interest for 
treatment as newborns are more likely to develop severe disease and can be treated 
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during early stages of disease1. Antibody-based therapies likely always consist of a set 
of antibodies. This because CHIKV contains multiple receptor binding domains and it is 
unlikely that one antibody abolishes virus-receptor interaction in all CHIKV permissive 
cells. Furthermore, antibody-bound particles are internalized via Fc-receptors 
expressed on immune cells like macrophages, cells that facilitate CHIKV infection37. 
We hence postulate that antibodies targeting the membrane fusion machinery of the 
virus represent the most robust entry inhibitors. Therefore, focus should be laid on the 
further identification of neutralizing antibodies that interfere with membrane fusion.
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Abstract

Chikungunya virus (CHIKV) is a rapidly emerging mosquito-borne human pathogen 
causing major outbreaks in Africa, Asia, and the Americas. The cell entry pathway 
hijacked by CHIKV to infect a cell has been studied previously using inhibitory 
compounds. There has been some debate on the mechanism by which CHIKV enters 
the cell: several studies suggest that CHIKV enters via clathrin-mediated endocytosis, 
while others show that it enters independently of clathrin. Here we applied live-cell 
microscopy and monitored the cell entry behavior of single CHIKV particles in living 
cells transfected with fluorescent marker proteins. This approach allowed us to obtain 
detailed insight into the dynamic events that occur during CHIKV entry. We observed 
that almost all particles fused within 20 min after addition to the cells. Of the particles 
that fused, the vast majority first colocalized with clathrin. The average time from 
initial colocalization with clathrin to the moment of membrane fusion was 1.7 min, 
highlighting the rapidity of the cell entry process of CHIKV. Furthermore, these results 
show that the virus spends a relatively long time searching for a receptor. Membrane 
fusion was observed predominantly from within Rab5-positive endosomes and often 
occurred within 40 s after delivery to endosomes. Furthermore, we confirmed that a 
valine at position 226 of the E1 protein enhances the cholesterol-dependent membrane 
fusion properties of CHIKV. To conclude, our work confirms that CHIKV enters cells via 
clathrin-mediated endocytosis and shows that fusion occurs from within acidic early 
endosomes.

Importance

Since its reemergence in 2004, chikungunya virus (CHIKV) has spread rapidly around the 
world, leading to millions of infections. CHIKV often causes chikungunya fever, a self-
limiting febrile illness with severe arthralgia. Currently, no vaccine or specific antiviral 
treatment against CHIKV is available. A potential antiviral strategy is to interfere with the 
cell entry process of the virus. However, conflicting results with regard to the cell entry 
pathway used by CHIKV have been published. Here we applied a novel technology to 
visualize the entry behavior of single CHIKV particles in living cells. Our results show 
that CHIKV cell entry is extremely rapid and occurs via clathrin-mediated endocytosis. 
Membrane fusion from within acidic early endosomes is observed. Furthermore, the 
membrane fusion capacity of CHIKV is strongly promoted by cholesterol in the target 
membrane. Taking these findings together, this study provides detailed insight into the 
cell entry process of CHIKV.
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Introduction

Chikungunya virus (CHIKV) is a human arboviral pathogen that was first isolated from a 
febrile patient in East Africa in 19521. Since then, numerous small CHIKV outbreaks have 
been reported in Africa and Asia at irregular intervals. In 2004, the virus reemerged 
and spread rapidly around the world1,2. At the end of 2013, the first autochthonous 
case of CHIKV was reported in the Americas3. Within 1.5 year, the virus has spread 
over 45 countries within Central and South America and caused more than 1.6 million 
infections3. CHIKV often leads to chikungunya fever, which is characterized by high fever, 
headache, overall weakness, and joint pain4. Chikungunya fever is mostly self-limiting, 
yet symptoms can be severe and disabling; as many as 80% of patients experience 
recurrent joint pains for months to years after infection5–7. No vaccine or specific antiviral 
treatment is available to prevent or treat CHIKV infection2,4.

CHIKV is an alphavirus belonging to the Togaviridae family, which also includes Semliki 
Forest virus (SFV), Sindbis virus (SINV), Ross River virus (RRV), and Venezuelan equine 
encephalitis virus (VEEV). Alphavirus cell entry and membrane fusion are facilitated 
by the viral glycoproteins E1 and E2. Of these proteins, E2 is responsible for receptor 
binding and E1 facilitates the low-pH-dependent membrane fusion process8,9. Multiple 
receptors that facilitate SFV, SINV, RRV, and VEEV cell entry have been identified, but none 
of these receptors appear to be crucial10–16 The receptors identified act predominantly 
as attachment factors to capture the virus. Upon virus-receptor interaction, the virus is 
internalized via clathrin-mediated endocytosis (CME)9,17,18. Then the virus is transported 
to Rab5-positive early endosomes, where membrane fusion predominantly occurs9,19,20. 
For VEEV, however, infection of mosquito cells has been reported to depend on Rab7-
positive late endosomes as well18,21. In addition, liposomal membrane fusion studies 
have shown that besides low pH, target membrane cholesterol and sphingomyelin 
(SPM) are also required for SFV and SINV fusion22–25.

Whereas the cell entry pathway of SFV, SINV, and VEEV is well studied, relatively 
few data have been published on CHIKV cell entry. To date, prohibitin, TIM-1, and 
glycosaminoglycans have been reported to function as receptors for CHIKV, but infection 
can also occur in the absence of these molecules26. Thus, CHIKV receptors also appear to 
act mainly by facilitating the initial virus-cell contact. Contradictory reports have been 
published on the route of cell entry. Initially, dynamin was found to be important for 
CHIKV cell entry. Dynamin is involved in numerous cell entry pathways, such as clathrin-
mediated endocytosis, caveolar endocytosis20, and phagocytosis27. CHIKV infection 
was also found to depend on Eps1528, a mediator of both clathrin-dependent29 and 
clathrin-independent30 cell entry pathways. One study showed that small interfering 
RNAs (siRNAs) against the clathrin heavy chain did not interfere with CHIKV infection in 
HEK239T cells28, suggesting that CHIKV infects cells via a clathrin-independent pathway. 
However, siRNAs against clathrin did inhibit CHIKV infection of U-2 OS cells, primary 
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human umbilical vein endothelial cells31, and the mosquito cell line C6/3632. The majority 
of the results thus suggest that CHIKV cell entry occurs mainly via CME.

The intracellular trafficking behavior of CHIKV is poorly understood, although a few 
reports describe the function of early and late endosomes within infection. For example, 
Bernard et al. found that integrity of Rab7-positive endosomes is not required for CHIKV 
infection of HEK293T cells28, suggesting that CHIKV fuses from within early endosomes. 
In the mosquito cell line C6/36, however, CHIKV infection was dependent on both Rab5- 
and Rab7-positive endosomes32, indicating that fusion might also occur from Rab5/
Rab7-positive maturing endosomes and Rab7-positive late endosomes. Furthermore, 
and in line with the findings for other alphaviruses, low-pH-dependent CHIKV fusion is 
strongly promoted by target membrane cholesterol and sphingomyelin33,34.

Here we dissected the cell entry pathway of CHIKV and elucidated the dynamics 
involved in virus-cell binding, internalization, trafficking to endosomes, and membrane 
fusion. In addition, the site of membrane fusion is unraveled. Cell entry by CHIKV was 
visualized by single-particle tracking of fluorescently labeled virions in living cells 
expressing fluorescent marker proteins. This approach allowed us to obtain accurate 
insight into the dynamic virus-host interactions that occur until the moment of 
membrane fusion.

Materials and Methods

Cells 
Green monkey kidney BS-C-1 cells (ATCC CCL-26) were maintained in Dulbecco’s modified 
Eagle medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Lonza), 
25 mM HEPES, penicillin (100 U/ml), and streptomycin (100 U/ml). Green monkey kidney 
Vero-WHO cells (ATCC CCL-81) were cultured in DMEM (Gibco) supplemented with 5% 
FBS (Lonza), penicillin (100 U/ml), and streptomycin (100 U/ml). Baby hamster kidney 
cells (BHK-21 cells; ATCC CCL-10) were cultured in RPMI medium (Gibco) supplemented 
with 10% FBS (Lonza), penicillin (100 U/ml), and streptomycin (100 U/ml). Finally, human 
adenocarcinoma HeLa cells (ATCC CCL-2) were cultured in DMEM (Gibco) supplemented 
with 10% FBS (Lonza), penicillin (100 U/ml), and streptomycin (100 U/ml). All cells were 
maintained at 37°C under 5% CO2.

Virus production, purification, and labelling
The infectious clone-derived CHIKV strains LS3 and LS3-GFP have been described 
previously35. CHIKV strain LS3-226A is identical to LS3 except that it has an alanine at 
position 226 of the E1 protein instead of a valine. The LS3-226A clone was generated 
by quick-change mutagenesis and standard cloning techniques (details available upon 
request). Infectious virus was produced essentially as described by Scholte et al.35 
except that BHK-21 cells were transfected with in vitro-transcribed RNA transcripts by 
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electroporation with a Gene Pulser Xcell system (Bio-Rad) set at 1.5 kV, 25 μF, and 200 Ω. 
At 24 h posttransfection, the medium was harvested and was used to inoculate Vero-
WHO cultures at a multiplicity of infection (MOI) of 0.01 to produce large CHIKV working 
stocks.

For the production of purified CHIKV preparations, monolayers of BHK-21 cells were 
inoculated with CHIKV LS3 at an MOI of 4. At 24 h postinfection (p.i.), the supernatant was 
harvested and was cleared of cell debris by low-speed centrifugation. CHIKV particles 
were subsequently pelleted by ultracentrifugation in a Beckman type 19 rotor at 54,000 
× g for 2.5 h at 4°C. The virus pellet was resuspended overnight in HNE buffer (5 mM 
HEPES, 150 mM NaCl, 0.1 mM EDTA [pH 7.4]) and was purified by ultracentrifugation 
on a sucrose density gradient (20 to 50% [wt/vol] in HNE) in a Beckman SW41 rotor at 
50,000 × g for 18 h at 4°C. The 40%-to-45% section containing the virus was harvested, 
aliquoted, and stored at −80°C.

For microscopy studies, CHIKV was labeled with the lipophilic fluorescent probe 
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate 
salt (DiD; Life Technologies) essentially as described previously for dengue virus (DENV)36. 
For this purpose, 2 × 1011 genome-containing particles (GCPs) of purified CHIKV were 
mixed with 2 nmol DiD in dimethyl sulfoxide (DMSO; final concentration, 2%) in a final 
volume of 50 to 60 μl. The mixture was incubated for 30 min at room temperature in 
the dark. Next, unincorporated dye was removed by size exclusion chromatography on 
Sephadex G-50 Fine (Pharmacia) columns. DiD-labeled CHIKV was stored at 4°C in the 
dark and was used within 2 days.

The number of individual DiD-labeled virus particles was estimated by fluorescence 
microscopy as described previously by van der Schaar et al.36. DiD-labeled viruses were 
detected by epifluorescence microscopy in a Leica Biosystems 6000B instrument using 
a 635-nm helium-neon laser. Analysis was carried out using the ParticleAnalyzer plugin 
of ImageJ.

As a control, CHIKV was treated with diethylpyrocarbonate (DEPC; Sigma-Aldrich). 
DEPC was freshly dissolved in cold ethanol to obtain a 1 M stock and was diluted in 
phosphate-buffered saline (PBS) to a final concentration of 2 mM prior to use. Then 5 × 
108 GCPs of DiD-labeled CHIKV LS3 were diluted in 2 mM DEPC and were treated for 30 
min at room temperature in the dark.

Virus for the bulk fusion assay was labeled biosynthetically with pyrene, as 
described previously34. Briefly, BHK-21 cells were cultured in the presence of 15 μg/ml 
of 1-pyrenehexadecanoic acid (Invitrogen) 48 h prior to infection. BHK-21 cells were 
infected at an MOI of 4, and at 24 h p.i., virus was harvested and purified as described 
above.

Virus quantification 
The infectious virus titer was determined by a standard plaque assay. The number of 
PFU was determined on Vero-WHO cells at 37°C. Plaques were counted 2 days after 
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infection. Furthermore, reverse transcriptase quantitative PCR (RT-qPCR) was used to 
determine the number of GCPs, as described previously34.

Pharmacological inhibitors, siRNAs, and plasmids
Chlorpromazine, methyl-β-cyclodextrin, and cholesterol (water soluble) were all 
purchased from Sigma-Aldrich. Ammonium chloride (NH4Cl) was obtained from Merck 
and Pitstop2 from Abcam. All chemicals were dissolved and stored according to the 
manufacturer’s instructions. The cytotoxicity of the compounds was tested using a 
standard MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] 
assay. MTT was purchased from Sigma and was used at a final concentration of 0.45 
mg/ml. Concentrations at which compounds reduced the cellular metabolic activity to 
<75% were considered cytotoxic and were excluded from further analysis.

ON-TARGETplus SMARTpool siRNAs against the human CTLC gene (encoding clathrin 
heavy chain [CHC]; L-004001-01), the ON-TARGETplus Non-targeting Pool (D-001810-10), 
and the transfection agent DharmaFECT 2 (T-2002-01) were purchased from Dharmacon. 
The target sequences of 3 of the 4 siRNAs in the ON-TARGETplus SMARTpool against 
human CTLC were identical (100%) in the human and green monkey CTLC genes.

The clathrin-LCa-eYFP plasmid was a kind gift from Xiaowei Zhuang (Harvard 
University, Cambridge, MA, USA). The Rab5-wt-GFP plasmid and its dominant negative 
mutant Rab5-S34N-GFP were generously provided by P. van der Sluijs (University 
Medical Center, Utrecht, The Netherlands). The pGL-wt-Rab7 plasmid, containing a 
green fluorescent protein (GFP) reporter gene, was obtained from Gary R. Whittaker 
(Cornell University, College of Veterinary Medicine, Ithaca, NY, USA).

The inhibitory effects of the chemical inhibitors, siRNAs, and dominant negative 
mutant were checked using the following controls. Alexa Fluor 633-conjugated 
transferrin (3 μg/ml; 15-min incubations; Life Technologies) was used as a control for 
chlorpromazine, Pitstop2, and the siRNAs. LysoTracker Green (5 μM; incubation for 30 
min; Life Technologies) staining was used as a control for NH4Cl. Dextran-Texas Red 
(25 μg/ml; incubation for 30 min; Life Technologies) was used as a control for the Rab5 
constructs.

Microscopic fusion assay 
The membrane fusion capacity of CHIKV was determined by a microscopy-based fusion 
assay, as described previously37. Briefly, BS-C-1 cells were seeded into 8-well Lab-Tek II 
chambered coverglass slides (Nunc) to obtain a subconfluent monolayer the next day. 
Cells were washed three times with serum-free, phenol red-free MEM (Gibco), after 
which phenol red-free MEM supplemented with 1% glucose was added. DiD-labeled 
CHIKV was added to the cells at an MOI of 20. Cells were subsequently incubated at 37°C 
for 30 min to allow viral fusion. Next, unbound virus was removed by washing three 
times with serum-free, phenol red-free MEM, and fresh phenol red-free MEM was added. 
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Microscopic analysis was carried out using the Leica Biosystems 6000B instrument by 
randomly selecting fields using differential interference contrast (DIC) settings. A total 
of 20 random snapshots were taken per experiment in both the DIC and DiD channels. 
Snapshots were analyzed using the ParticleAnalyzer plugin of ImageJ. The total area of 
fluorescent spots was quantified in arbitrary units (AU) for each snapshot, and values 
were averaged for each experiment.

To study the route of entry, several endocytic inhibitors were used. The microscopy-
based fusion assay was performed as described above except that the cells were 
pretreated with the inhibitor of interest. NH4Cl (50 mM) was added 1 h prior to the start 
of the experiments and Pitstop2 (25 μM) 15 min in advance. CHIKV was added to the 
cells in the presence of the inhibitor. Both inhibitors were diluted in phenol red-free 
MEM supplemented with 1% glucose.

Single-particle tracking of DiD-labeled CHIKV
Single-particle tracking experiments were performed as described previously for 
DENV37. Unless indicated otherwise, 1.25 × 106 BS-C-1 cells were transfected with 5 μg 
of plasmid DNA by electroporation using a Gene Pulser Xcell system (Bio-Rad) and a 
square wave pulse (100 V, 25 ms). Subsequently, BS-C-1 cells were seeded into 8-well 
Lab-Tek II chambered coverglass slides (Nunc) to obtain 50 to 70% confluence on the 
day of tracking.

Directly before the experiment, cells were washed three times with phenol red-free 
MEM, and phenol red-free MEM supplemented with 1% glucose was added to the cells. 
GLOX, a glucose oxidase solution, was added to prevent phototoxicity37. Cells were 
mounted on the Leica Biosystems 6000B microscope and were kept at 37°C throughout 
the whole experiment. DiD-labeled CHIKV was added in situ, and image series were 
recorded at 1 frame per s for 25 to 30 min. To localize the nucleus and plasma membrane 
of the cell, DIC snapshots were taken before and after the imaging. Image analysis and 
processing were carried out by ImageJ and Imaris x64, release 7.6.1. Particles smaller 
than 40 AU were considered individual particles and were selected for further analysis. 
To avoid the chance of misinterpretation, particles that fused in close proximity (<3 μm) 
to the nucleus were excluded from tracking behavior analysis, since cells are thicker 
within this region, and movement in the z axis cannot be detected with our microscope 
(see Figure S1 in the supplemental material).

Flow cytometry analysis to determine the number of infected cells
Flow cytometry analysis was used to assess the effects of the pharmacological inhibitor 
Pitstop2, siRNAs against CTLC, and the Rab5 dominant negative mutant on CHIKV 
infection. For the inhibitor studies, Pitstop2 (25, 12.5, or 6.25 μM) was diluted in BS-C-
1 medium containing 2% FBS. Cells were preincubated with Pitstop2 for 15 min, after 
which CHIKV LS3-GFP was added to the cells at an MOI of 1, and infection was allowed 
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for 1.5 h at 37°C. Then BS-C-1 medium containing 10% FBS was added, and incubation 
was continued overnight in the presence of the inhibitor. At 18 h p.i., cells were fixed 
with 4% paraformaldehyde (PFA) and were analyzed by flow cytometry.

For the siRNA experiments, siRNA was transfected into cells according to the 
manufacturer’s protocol. At 72 h posttransfection, HeLa cells were infected with CHIKV 
LS3-GFP at an MOI of 5. At 18 h p.i., cells were fixed with 4% PFA and were analyzed by 
flow cytometry.

For infection studies with the Rab5 dominant negative mutant, BS-C-1 and HeLa cells 
were transfected with either the Rab5-wt-GFP plasmid or its dominant negative mutant 
Rab5-S34N-GFP using Lipofectamine 3000 according to the manufacturer’s instructions. 
At 24 h posttransfection, HeLa cells were infected with CHIKV LS3 at an MOI of 5. BS-
C-1 cells were infected at 48 h posttransfection with CHIKV LS3 at an MOI of 1. At 18 h 
p.i., cells were fixed with 4% PFA, stained with a rabbit anti-E2-stem antibody (1:1,000) 
obtained from G. Pijlman (Wageningen University, Wageningen, The Netherlands) and 
an Alexa Fluor 647-conjugated chicken anti-rabbit antibody (1:300; Life Technologies), 
and analyzed by flow cytometry.

Liposomal bulk fusion assay 
Liposomes (large unilamellar vesicles) of 200 nm were prepared by freeze-thaw 
extrusion as described previously24,34. Unless otherwise specified, liposomes consisted 
of phosphatidylcholine (PC) from egg yolk, phosphatidylethanolamine (PE) prepared 
from transphosphatidylation of egg PC, sphingomyelin (SPM) from porcine brain, and 
cholesterol from ovine wool (all from Avanti Polar Lipids, Alabaster, AL) in a molar ratio 
of 1:1:1:1.5. Fusion of pyrene-labeled CHIKV with liposomes was monitored in a Fluorolog 
3-22 fluorometer (BFi OPTiLAS, Alphen aan den Rijn, The Netherlands) as described 
previously24,34,38. Briefly, 4 × 1010 pyrene-labeled CHIKV particles were mixed with 6 × 
1010 liposomes in a total volume of 665 μl HNE buffer at 37°C with continuous stirring. 
Fusion was triggered by the addition of 35 μl of 0.1 M morpholineethanesulfonic acid 
(MES) with 0.2 M acetic acid pretitrated with NaOH to achieve the desired pH. Excitation 
and emission wavelengths were 345 and 480 nm, respectively. The fusion scale was 
set such that 0% fusion corresponded to the initial excimer fluorescence and 100% 
fusion to the signal obtained after the addition of 35 μl of 0.2 M octaethylene glycol 
monododecyl ether (C12E8; Sigma-Aldrich, Steinheim, Germany), which causes an 
infinite dilution of the probe. The extent of fusion was determined using the average 
fluorescent signal between 50 and 60 s after the pH drop.

Cholesterol depletion assay 
BS-C-1 cells were depleted of cholesterol by using various concentrations (7.5, 5, or 
2.5 mM) of methyl-β-cyclodextrin. Cells were plated in 8-well Lab-Tek II chambered 
coverglass slides as described above for the microscopic CHIKV fusion assay. Next, 
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methyl-β-cyclodextrin in phenol red-free MEM was added to the cells, and incubation 
was continued for 1 h at 37°C. Then the cells were washed three times with phenol red-
free MEM, and the experiment was continued as a standard fusion assay. Cholesterol 
depletion was reversed by the addition of a medium containing water-soluble 
cholesterol (200 μg/ml) to the cells. In this case, after the treatment with methyl-β-
cyclodextrin, cells were washed three times and were incubated for 30 min at 37°C in 
the presence of cholesterol. Subsequently, the cells were again washed three times to 
remove free cholesterol, and the experiment was continued as a standard fusion assay.

Statistics
Statistical analysis was carried out using the two-tailed Student t test in GraphPad Prism 
software (version 5). A P value of <0.05 was considered significant.

Results

Characteristics of DiD-labeled chikungunya virus
To visualize the dynamics of CHIKV cell entry and membrane fusion, we labeled the 
virus with the lipophilic fluorescent probe DiD. This probe was chosen because of its 
self-quenching properties at a high surface density, as described previously36. DiD was 
incorporated into CHIKV particles such that its fluorescence was largely quenched but 
still allowed the detection of single virus particles. Membrane fusion is measured as a 
sudden increase in fluorescence intensity due to dilution of the probe in the target cell 
membrane.

For this study, the well-characterized synthetic CHIKV strain LS3 was used35. The 
amino acid sequences of LS3 E1 and E2 are identical to those of the clinical isolate 
LR2006-OPY1, and therefore, it is expected that these viruses will exhibit the same cell 
entry behavior. The probe DiD was added at a concentration of 2 nmol per 2 × 1011 virus 
particles. At this ratio, a uniformly labeled virus preparation was seen (Figure 1A). Figure 
1B shows the total fluorescence intensities of individual CHIKV particles derived from 
three distinct labeling procedures. Approximately 80% of the spots had a fluorescence 
intensity below 40 AU. Next, the labeling efficiency was assessed. For this purpose, the 
number of DiD-labeled particles was counted in 25 random image areas. In parallel, 
qPCR was used to determine the GCP titer. In line with our previous work on DENV, 
approximately 2% of the total number of particles present in solution are visualized 
under the conditions of the experiment (based on three individual experiments)36. 
Thereafter, viral infectivity was calculated by dividing the number of GCPs by the 
number of PFU in five independent experiments. The GCP/PFU ratio was 579 (95% 
confidence interval [95% CI], 237, 920) for unlabeled virus and 1,156 (95% CI, 467, 1,845) 
for DiD-labeled virus (Figure 1C). Although the GCP/PFU ratio increased 2-fold upon 
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DiD labeling, the increase was not statistically significant, suggesting that the overall 
infectivities of the virus preparations are comparable. Taking these results together, 
under these labeling conditions, a uniform labeling is achieved that visualizes 2% of 
the total number of CHIKV particles present in solution. For further experiments, only 
particles with a fluorescence intensity lower than 40 AU were used, because these likely 
represent single virus particles.

Rapid chikungunya virus cell entry and fusion in BS-C-1 cells 
The cell entry behavior of CHIKV was studied in the kidney epithelial cell line BS-C-1, since 
epithelial cells are thought to contribute to viremia during natural infection1,39. Indeed, 
CHIKV infection of BS-C-1 cells at an MOI of 1 resulted in 2.6 × 106PFU/ml progeny virions 
at 24 h p.i., demonstrating that these cells are permissive to CHIKV. Moreover, BS-C-1 
cells are relatively flat, which allows us to capture complete viral trajectories from virus-
cell binding until the moment of membrane fusion. Figure 2A (no treatment) shows a 
cell entry trajectory of a single CHIKV particle. Initially, the DiD signal is low but constant 
over time. At 1,044 s p.i., a sudden increase in fluorescence is seen, which is indicative 
of the moment of membrane fusion (Figure 2A and B, no treatment). After fusion, the 
intensity of the DiD signal remains high for a long time (up to 30 min); the DiD-labeled 
compartment is highly dynamic, and DiD-labeled structures frequently pinch off to 
be transported elsewhere, reflecting the highly dynamic nature of endocytic vesicles. 
A movie showing the DiD signal over time until the moment of membrane fusion is 
available in the supplemental material (see Movie S1). Under the conditions of this 
experiment, on average, 1.2 fusion events are recorded per experiment.

Figure 1. Characteristics of DiD-labeled CHIKV. (A) Representative images showing DiD-labeled 
CHIKV particles. Bar, 10 μm. (B) Histogram of the DiD intensity of CHIKV. DiD intensity was determined 
by fluorescence microscopy using a 635-nm laser. More than 80,000 particles (from 3 individual ex-
periments) were used for this analysis. Error bars represent standard deviations. a.u., arbitrary units. (C) 
Boxplot showing the GCP/PFU ratios of unlabeled CHIKV and DiD-labeled CHIKV. Boxes show the 25th 
and 75th percentiles, while whiskers show the 5th and 95th percentiles. Data represent the results of 5 
individual experiments carried out in duplicate.
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To ensure that the increase in fluorescence indeed reflects membrane fusion, we next 
performed tracking experiments in BS-C-1 cells treated with NH4Cl. NH4Cl is known 
to neutralize the endosomal pH, thereby inhibiting the membrane fusion activity of 
CHIKV28,40,41. Indeed, in the presence of NH4Cl, the infectivity of CHIKV was reduced 
>4 log units from that for the positive control (5.1 × 102PFU/ml for NH4Cl-treated cells 
versus 1.2 × 107 PFU/ml for nontreated cells at an MOI of - 5). Under these conditions, 
NH4Cl-treated cells showed no toxicity as measured by the MTT assay (see Figure 
S2A in the supplemental material). In 12 independent tracking experiments, we were 
able to analyze 102 single virus trajectories. Only one particle fused, indicating that 

Figure 2. CHIKV cell entry and membrane fusion in BS-C-1 cells. (A) Filmstrips showing the fluores-
cence intensities of DiD-labeled CHIKV particles over time. In the top filmstrip, an increase in fluorescence 
intensity, indicative of membrane fusion, is seen at 1,044 s postinfection. The center and bottom strips 
show the DiD signals in NH4Cl-treated cells and for DEPC-inactivated CHIKV, respectively. Virus particles 
were tracked until 1,500 s postinfection. Images are artificially colored in order to show differences in 
fluorescence intensity clearly, with purple and yellow representing low and high intensities, respectively. 
Bar, 5 μm. (B) Fluorescence intensities of the particles shown in panel A, plotted against time. (C) Per-
centage of fused CHIKV particles as a function of time. In total, 113 trajectories were analyzed. The time 
of fusion was defined as the moment when the fluorescence intensity increased >2-fold within 1 to 2 s.
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NH4Cl indeed severely hampers the membrane fusion activity of CHIKV. Again, under 
these conditions, no cytotoxicity was seen (see Figure S2B). Furthermore, endosomal 
acidification was efficiently blocked (see Figure S3A in the supplemental material). A 
representative nonfusogenic DiD-CHIKV trajectory is shown in Figure 2A, and the 
fluorescence intensity is plotted in Figure 2B (NH4Cl).

As a second control, we inactivated the membrane fusion properties of CHIKV 
by DEPC treatment. DEPC treatment of viral particles is known to covalently modify 
histidines on viral glycoproteins, thereby abolishing viral fusion without changing the 
protein structure42,43. DiD-labeled CHIKV was treated with 2 mM DEPC for 30 min at room 
temperature. Direct titration of DEPC-treated CHIKV by a plaque assay revealed that the 
virus was completely noninfectious. Next, 11 independent tracking experiments were 
performed, and the fluorescence intensities of all particles remained constant for the 
duration of the experiment. An example is shown in Figure 2A and B (DEPC). Together, 
these results indicate that a sudden dramatic increase in fluorescence indeed reflects 
the moment of membrane fusion.

Next, we analyzed how fast CHIKV particles can fuse upon addition to cells. For this 
analysis, 133 fusion events recorded in 93 independent experiments were used. We 
found that CHIKV cell entry is a very rapid process, with the first fusion events occurring 
within 2 min p.i. Half of all fusion events investigated occurred within the first 9 min after 
infection, and more than 95% of all fusion events occurred within 22 min p.i. (Figure 2C).

Chikungunya virus entry occurs via clathrin-mediated endocytosis
We next aimed to obtain more-detailed insight into the dynamic virus-host interactions 
that occur during virus entry. Alphaviruses are generally considered to enter cells via 
CME9,17,18. For CHIKV, however, conflicting reports have been published, and therefore, 
we first investigated whether CHIKV cell entry is indeed mediated by clathrin. For 
this purpose, CME was perturbed with two widely used small-compound inhibitors: 
chlorpromazine and Pitstop2. For both compounds, cytotoxicity was tested using 
the MTT assay, and transferrin was used to determine whether the compound was 
biologically active44,45. Unfortunately, chlorpromazine was found to be toxic at 
concentrations higher than 30 μM (see Figure S2C in the supplemental material), while 
at this concentration, only a mere 30% reduction in transferrin uptake was seen (see 
Figure S3B in the supplemental material). Therefore, this compound was unsuitable for 
study of the role of CME in our experimental setup. In contrast, transferrin uptake was 
almost completely abolished (>95%) at a concentration of 25 μM Pitstop2 (see Figure 
S3C), which did not cause any measurable cytotoxicity (see Figure S2D and E).

BS-C-1 cells were pretreated with Pitstop2, and infection was allowed for 18 h in 
the presence of the inhibitor. Indeed, a substantial drop in infection was found upon 
treatment of the cells with 25 μM Pitstop2 (Figure 3A). But because residual infectivity 
was seen, we next employed a more direct microscopic fusion assay using DiD-labeled 
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CHIKV. If viral entry is affected by Pitstop2, a decrease in membrane fusion activity 
should be detected. DiD-labeled CHIKV was allowed to enter and fuse within cells for 
30 min, after which unbound particles were washed away. Next, random microscopic 
images were taken, and the fluorescence intensity was quantified. First, the fusion assay 
was validated using NH4Cl-treated cells and DEPC-treated virus as described above. 
Figure S4 in the supplemental material shows representative images of both treatment 
conditions and the nontreated virus control. The quantification of the total fluorescence 
intensity is shown in Figure 3B. Indeed, NH4Cl treatment severely hampered the 
membrane fusion capacity of the virus. Furthermore, almost no fusion was observed 
using DEPC-treated virus. Importantly, a dramatic inhibition of CHIKV fusion was seen in 
Pitstop2-treated cells (Figure 3B), suggesting that CHIKV indeed enters BS-C-1 cells via 
CME. To further confirm CHIKV cell entry via CME, we attempted to knock down clathrin 
heavy chain (CHC) expression using siRNAs. BS-C-1 cells were difficult to transfect at high 
efficiency, however, and we failed to inhibit transferrin uptake efficiently in BS-C-1 cells 
using these siRNAs, despite testing a variety of transfection conditions and agents (an 
example is given in Figure S3D in the supplemental material). We then used HeLa cells, 
which can be transfected efficiently and are permissive for CHIKV39. Indeed, transferrin 
uptake was efficiently inhibited in anti-CHC siRNA-transfected HeLa cells (see Figure 
S3E). Next, CHIKV infectivity was assessed in CHC siRNA-transfected HeLa cells by flow 
cytometry. The number of infected cells was as much as 90% lower than that for cells 
transfected with a nontargeting siRNA control (Figure 3C). We also attempted to use 
HEK293T cells, but despite multiple efforts, these cells were detached from the plate 
upon transfection, thereby preventing further experiments. Taken together, the results 
presented above show that CHIKV enters BS-C-1 and HeLa cells via CME.

To reveal the dynamics of CHIKV entry via CME, we next transfected BS-C-1 cells 
with yellow fluorescent protein (YFP)-labeled clathrin and simultaneously tracked the 
clathrin and CHIKV-DiD signals in living cells. The vast majority of particles (17 of 19 
fusion-positive CHIKV particles) colocalized with clathrin prior to fusion. An example 
of CME of CHIKV is shown in the filmstrips in Figure 3D. Furthermore, two movies 
that focus on virus-clathrin colocalization (see Movies S2C and E) and three movies 
demonstrating that clathrin colocalization precedes membrane fusion (see Movies 
S2A, B, and D) are included in the supplemental material. The average duration of 
colocalization between CHIKV and clathrin was 48.1 s (standard error of the mean [SEM], 
±10.6; n = 15 [2 particles were excluded because the duration of colocalization could 
not be estimated]) (Figure 3E), which is in line with the kinetics of clathrin-coated pit 
formation and internalization as described by Schelhaas et al.46. We also determined 
the time between the disappearance of the clathrin signal and the moment of fusion. 
On average, fusion occurred 51.9 s after clathrin colocalization (SEM, ±13.0; n = 16 [1 
particle was excluded because the exact time of clathrin disappearance could not be 
determined]). Moreover, approximately 95% of the fusion events occurred within 90 s 
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Figure 3. CHIKV infects cells via clathrin-mediated endocytosis. (A) Flow cytometry analysis of 
CHIKV infection in the presence of Pitstop2. BS-C-1 cells were preincubated with Pitstop2 for 15 min, 
after which cells were infected with CHIKV LS3-GFP (MOI, 1) and were incubated for an additional 18 h. 
Data represent results of two individual experiments performed in triplicate. Error bars represent stan-
dard deviations. (B) CHIKV cell entry and membrane fusion in the presence of inhibitors. The percentage 
of fusion is normalized to that for a nontreated positive control. Data are from at least three individual 
experiments. (C) Flow cytometry analysis of CHIKV infection in anti-CHC siRNA-transfected HeLa cells. 
Cells were transfected with anti-CHC siRNAs, incubated for 72 h, and infected with CHIKV LS3-GFP (MOI, 
5). The percentage of infection is relative to that of HeLa cells transfected with a nontargeting siRNA 
control. Data represent results of two individual experiments performed in triplicate. (D) Time series of a 
cell expressing clathrin-YFP (green) upon infection with DiD-labeled CHIKV particles (red). White circles 
indicate the position of the virus in each panel. All images are equally enhanced for visual purposes. Bar, 
1 μm. (E) Dot plot showing the duration of clathrin colocalization of 17 CHIKV particles. Only particles 
that fused were used in the analysis. Each dot represents 1 particle. (F) Dot plot showing the time of 
membrane fusion minus the last time point of clathrin colocalization. The graph shows data for 16 indi-
vidual virus particles; each dot represents 1 particle.
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after colocalization, indicating that CHIKV fuses rapidly after entry (Figure 3F).
Based on the kinetics described above, it can be estimated that CHIKV entry (from 

initial clathrin colocalization to membrane fusion) is completed within roughly 1 min 
40 s. When the fusion kinetics alone were assessed, it was found that approximately 
50% of all fusion events occurred within the first 9 min p.i. (Figure 2C). The difference 
between these time points indicates that most CHIKV particles spend a relatively long 
time searching for a cellular attachment factor.

Chikungunya fusion occurs mainly from within early endosomes 
We next addressed whether CHIKV fuses from within early or late endosomal 
compartments. First, we tracked DiD-labeled CHIKV particles in BS-C-1 cells that had 
first been transfected with Rab5-GFP, a marker for early endosomes. Figure 4A shows a 
filmstrip of a single CHIKV particle fusing from within a Rab5-positive compartment. At 
98 and 118 s p.i., the virus is seen in close proximity to Rab5-positive structures; however, 
no colocalization is seen. Colocalization is visible at 135 s p.i. and continues until the 
moment of membrane fusion at 265 s p.i. Three movies showing a CHIKV fusion event 
in which CHIKV is colocalized with Rab5 are available in the supplemental material (see 
Movies S3A, B, and C).

In total, 39 fusion events were recorded in Rab5-transfected cells. Of these fusion 
events, 37 (95%) occurred while CHIKV was colocalized with Rab5 (Figure 4B). Next, 
tracking was performed in cells transfected with Rab7-GFP, a specific marker for late 
endosomes. A total of 23 fusion events were recorded, only 4 of which (17%) occurred 
while CHIKV was colocalized with a Rab7-positive structure (Figure 4B). Together, 
these results show that CHIKV fuses predominantly from within Rab5-positive early 
endosomes. The remaining particles fuse from within Rab5/Rab7-positive maturing 
endosomes or Rab7-positive late endosomes.

Further analysis of the CHIKV trajectories in Rab5-transfected cells revealed that 
CHIKV resided, on average, 37.6 s (SEM, ±7.8; n = 30) in early endosomes before fusing. 
Interestingly, though, approximately 40% of all particles fused almost immediately 
(within 10 s) after colocalization (Figure 4C). This finding might reflect the maturation 
state of the endosome at the time the virus is delivered, since the pH gradually drops 
during endosomal maturation47,48.

To further confirm that fusion occurs from within early endosomes, we assayed the 
number of infected cells upon transfection with the dominant negative mutant Rab5-
S34N. Rab5-S34N caused a 25% reduction in infection from that with the wild-type (wt) 
control (Figure 4D), but this reduction was not as pronounced as expected on the basis 
of our single-particle tracking results. This might, again, be related to the overall low 
transfection efficiency, and thus low expression levels, of the Rab5 constructs in BS-C-1 
cells. As a control, we next analyzed the uptake of dextran-Texas Red in Rab5-transfected 
cells49,50. In line with the results for CHIKV, we only found a mild (25%) reduction in 
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Figure 4. CHIKV interacts with Rab5-positive endosomes at the time of fusion. (A) Time series of 
a cell expressing Rab5-GFP (green) upon infection with DiD-labeled CHIKV particles (red). Circles indicate 
the position of the virus in each panel. All images are equally enhanced for visual purposes. Bar, 2 μm. 
(B) Bar graph showing the percentages of fusion events in Rab5-positive and Rab7-positive structures. In 
total, 39 fusion events were analyzed in Rab5-GFP-expressing cells, and 23 fusion events in Rab7-GFP-ex-
pressing cells. (C) Dot plot demonstrating how long CHIKV resides in Rab5-positive organelles prior to 
fusion. A total of 30 individual fusion events were analyzed. Each dot represents 1 fusion event. (D) CHIKV 
infectivity in cells expressing wt-Rab5-GFP or dominant negative Rab5-GFP. Infection was quantified and 
normalized to the level for the wt-Rab5-GFP control. For both cell lines, two individual experiments were 
carried out in triplicate. Error bars represent standard deviations. (E) pH-dependent membrane fusion 
properties of LS3 as determined by a bulk fusion assay. At least three measurements were performed 
per pH value.
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dextran-Texas Red uptake by Rab5-S34N-transfected cells from that with the Rab5 wild-
type control (see Figure S3F in the supplemental material). Furthermore, if we arbitrarily 
change the gating to include only cells with high GFP expression (see Figure S5A and 
B in the supplemental material), the inhibition of infection is more pronounced (up to 
49% [see Figure S5C]). Collectively, the data indeed suggest that the expression level 
of Rab5-S34N in BS-C-1 cells is too low to actively block endocytosis. For additional 
proof that fusion occurs from within Rab5-positive early endosomes, we also assessed 
the effect of Rab5-S34N in HeLa cells. As expected, a more pronounced inhibition of 
infection was found in HeLa cells than in BS-C-1 cells (Figure 4D). Again, the inhibition of 
infection was comparable to the inhibition of dextran uptake (see Figure S3F).

The pH values within early endosomes typically range from 6.8 to 5.548,51. Earlier reports 
showed that the pH threshold for fusion is strain specific34, yet all strains reported thus 
far fused at early endosomal pH values. To confirm that CHIKV-LS3 is also able to fuse 
at an early endosomal pH, we assessed the pH-dependent membrane fusion properties 
of CHIKV-LS3 by use of a bulk fusion assay24,25,34. Here, pyrene-labeled CHIKV is mixed 
with liposomes consisting of PC, PE, SPM, and cholesterol, and fusion is triggered by the 
addition of a low-pH buffer. Upon fusion, the pyrene phospholipids are diluted in the 
liposomes, resulting in a decrease in fluorescence intensity, which can be monitored 
continuously. Figure 4E shows the total fusion extent as a function of pH. No fusion was 
seen at a neutral pH (7.4). CHIKV fusion was first observed at pH 5.9, and maximal fusion 
was seen at pH values lower than 5.5. Thus, the threshold of CHIKV fusion was pH 5.9, 
which indicates that CHIKV-LS3 fusion can indeed occur from within early endosomes.

A valine at position 226 in the E1 protein increases the cholesterol dependency of 
CHIKV fusion 
Since cholesterol has been found to be important in alphavirus fusion and 
infection24,25,52,53, we subsequently determined the effect of cholesterol on CHIKV cell 
entry and fusion. Residue 226 in E1 is an important determinant of the cholesterol 
dependency of alphavirus infection54,55. For CHIKV, increased cholesterol dependency 
of infection was seen when E1 had a valine residue instead of an alanine residue at 
position 22628,56. To study the effect of the E1-A226V mutation on membrane fusion, we 
mutated the infectious clone of LS3 (E1-226V) to create a virus with an alanine at this 
position (LS3-226A). The two strains exhibited similar growth kinetics in Vero cells (data 
not shown). The membrane fusion activities of both strains were first evaluated by the 
microscopic fusion assay with cells that were depleted of cholesterol by use of various 
concentrations of methyl-β-cyclodextrin (7.5, 5, or 2.5 mM). Under these conditions, no 
cytotoxicity was seen in the MTT assay (see Figure S2F in the supplemental material). 
Under identical infection conditions, the fluorescence intensities measured for LS3-
226A were 1.6 times higher than those measured for LS3-226V, suggesting that LS3-226A 
fuses more efficiently with the host cell membrane than LS3-226V. Hence, all data were 
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normalized to the data for the positive control (no inhibitor) of the corresponding virus 
strain. There was a clear difference in cholesterol dependency between the two LS3 
strains. Whereas cholesterol depletion had no effect on LS3-226A entry and/or fusion, 
it strongly inhibited the entry and/or fusion of LS3-226V (Figure 5A). Importantly, upon 
replenishment of membrane cholesterol, the extent of LS3-226V fusion was restored to 
control levels (Figure 5A).

To investigate more specifically whether cholesterol has an effect on membrane 
fusion, we next employed the bulk fusion assay. First, we determined the pH threshold 
for LS3-226A fusion. Compared to the pH threshold of 5.9 for LS3-226V fusion (Figure 
4E), the pH threshold for LS3-226A fusion was slightly elevated, to pH 6.1. Next, viral 
fusion was measured using liposomes with increasing concentrations of cholesterol. 
The bulk fusion assay revealed that the presence of cholesterol in the target membrane 
promotes the membrane fusion capacities of both LS3-226V and LS3-226A (Figure 
5B). Yet LS3-226A fusion was also observed in the absence of cholesterol in the target 

Figure 5. CHIKV infection and membrane fusion are promoted by target membrane cholester-
ol. (A) Effect of cholesterol (chol) depletion on the cell entry and fusion of LS3-226A and LS3-226V. BS-C-
1 cells were depleted of cholesterol using methyl-β-cyclodextrin (MbCD) at 7.5, 5, or 2.5 mM for 1 h. Then 
the cells were infected with either LS3-226A or LS3-226V (MOI, 20), and the extent of membrane fusion 
was measured at 30 min postinfection. As a control, cells were replenished with water-soluble choles-
terol (at 200 μg/ml for 30 min) and were infected. Data are from at least three individual experiments. 
Error bars represent standard deviations. (B) Bulk fusion assay data showing the cholesterol-dependent 
membrane fusion properties of LS3-226A and LS3-226V. Open squares represent LS3-226A, whereas 
filled squares represent LS3-226V. At least three measurements per data point were performed. CHIKV 
infection and membrane fusion are promoted by target membrane cholesterol. (A) Effect of cholesterol 
(chol) depletion on the cell entry and fusion of LS3-226A and LS3-226V. BS-C-1 cells were depleted of 
cholesterol using methyl-β-cyclodextrin (MbCD) at 7.5, 5, or 2.5 mM for 1 h. Then the cells were infected 
with either LS3-226A or LS3-226V (MOI, 20), and the extent of membrane fusion was measured at 30 
min postinfection. As a control, cells were replenished with water-soluble cholesterol (at 200 μg/ml 
for 30 min) and were infected. Data are from at least three individual experiments. Error bars represent 
standard deviations. (B) Bulk fusion assay data showing the cholesterol-dependent membrane fusion 
properties of LS3-226A and LS3-226V. Open squares represent LS3-226A, whereas filled squares repre-
sent LS3-226V. At least three measurements per data point were performed.
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membrane, indicating that cholesterol is not strictly required for fusion. In contrast, 
LS3-226V did not fuse with liposomes when the cholesterol concentrations were ≤11 
mol%. Together, these results confirm that the E1-A226V mutation indeed increases the 
cholesterol dependency of CHIKV fusion.

Discussion

This paper describes the mechanistic and kinetic events that occur during CHIKV entry 
into BS-C-1 cells. We show that almost all particles that fused first colocalized with 
clathrin structures. The time of colocalization is consistent with the reported overall life 
span of clathrin-coated structures46. CHIKV particles fuse predominantly from within 
Rab5-positive early endosomes. The process of CHIKV entry into cells is extremely fast: 
50% of the particles fused within 1.7 min after colocalization with clathrin. Furthermore, 
40% of the particles fused instantly upon delivery to acidic endosomes. Finally, we 
showed that a valine at position 226 in E1 increased the cholesterol dependency of 
CHIKV fusion over that for a virus with an alanine at this position.

The observation that CHIKV enters cells via CME is in line with two earlier reports on 
CHIKV cell entry31,32. In these studies, significant inhibition of viral infectivity was seen 
in cells treated with drugs or siRNAs that have been proposed to interfere with CME. 
In contrast, another study showed that siRNAs against the clathrin heavy chain did not 
interfere with infection, and a clathrin-independent but Eps15-dependent CHIKV entry 
pathway was proposed28. This suggests that CHIKV entry is strain and/or target cell 
dependent. The receptor utilized by the virus to infect cells may be an important factor 
here, especially since CHIKV has been proposed to interact with multiple receptors57–60. 
Another possibility is that CHIKV has the capacity to hijack multiple entry pathways. 
In that case, inhibitor studies may not identify the dominant cell entry pathway of the 
virus, since under inhibiting conditions, the virus will enter through another pathway. 
In BS-C-1 cells, residual infectivity was seen in cells treated with the CME inhibitor 
Pitstop2, while transferrin uptake was abolished. Residual infectivity was also found in 
CHC siRNA-transfected HeLa cells, albeit to a lesser extent. In fact, in all of the studies 
discussed above, residual infectivity was seen, indicating that CHIKV indeed has the 
capacity to infect cells via multiple pathways. An advantage of the approach used in 
this study is that we were able to monitor CHIKV cell entry in the absence of inhibitors. 
The results presented in this paper clearly show that 89% of the particles that fused 
first colocalized with clathrin. Taking the data together, and in line with the findings 
for other alphaviruses, we conclude that CME is the major cell entry pathway of CHIKV.

Almost all viruses that are internalized by the cell via endocytosis are first delivered to 
Rab5-positive early endosomes before being targeted to Rab5/Rab7-positive maturing 
endosomes, Rab7-positive late endosomes, and lysosomes20. Previous studies on 
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alphaviruses showed that SFV fused from within early endosomes, and VEEV was found 
to fuse from maturing and/or late endosomes18,21,61,62. Our single-particle tracking data 
show that CHIKV fuses predominantly from within early endosomes. Approximately 
40% of the particles fused within 10 s after colocalization with Rab5, demonstrating that 
CHIKV almost instantly fuses with the endosomal membrane. The time during which 
CHIKV resides within endosomes is probably controlled by the pH of the endosomal 
lumen. Instant fusion may occur when the particles are delivered to endosomes 
where the pH is lower than the pH threshold for fusion. We show here that the pH 
threshold for CHIKV-LS3 fusion is 5.9, although strain-specific pH-dependent properties 
exist34. The short time during which CHIKV resides in endosomes is in sharp contrast 
with the behavior of dengue virus particles, which spend minutes in late endosomal 
compartments prior to fusion. For dengue virus, negatively charged lipids are required 
to complete the fusion process63, and this dependency likely prevents fusion from 
within early endosomes. Our results are in line with an earlier study of Bernard et al., 
who showed that CHIKV infection of HEK-293T cells is dependent on the integrity of 
early endosomes, but not on late endosomes28. In mosquito cells, both early and late 
endosomes are required for CHIKV infection, suggesting that in these cells, CHIKV is 
trafficked to maturing/late endosomes before fusion32. This discrepancy may be related 
to the different virus strains used but could also be related to potential differences in 
the endosomal pH between cells64.

To our knowledge, this is the first study that describes the kinetics of CHIKV entry at 
the single-particle level. The first fusion events were detected 2 min p.i., and 50% of 
all fusion events observed occurred within 9 min p.i. This corresponds nicely with data 
described for SFV65. In the latter study, the authors added NH

4
Cl at different time points 

p.i. and assessed the number of infected cells by flow cytometry. The addition of NH
4
Cl 

at 2 to 3 min p.i. did not prevent SFV infection, and its addition at 6 min p.i. led only to 
a 50% reduction in the number of infected cells from that for the untreated control. 
The earlier SFV study and our results indicate that both SFV and CHIKV have very rapid 
entry kinetics. Besides assessing the overall time to fusion, we also determined here 
the kinetics of the major steps in CHIKV entry. Half of the particles fused within 1.7 min 
after colocalization with clathrin, demonstrating that virus particles spend a relatively 
long time searching for a receptor. This also shows that once the virus colocalizes with 
clathrin, the entry process is extremely fast.

Last, we confirmed that position 226 in the CHIKV E1 protein is an important 
determinant of the cholesterol-dependent membrane fusion properties of the virus. 
The E1-A226V mutation was first reported in a clinical CHIKV strain during the 2005-
to-2006 outbreak on La Réunion and was associated with CHIKV vector specificity56,66, 
the pH threshold of fusion in cell fusion assays67,68, and the host immune response to 
the virus69,70. Furthermore, the E1-A226V mutation was linked to increased cholesterol 
dependency of CHIKV infection28,56,68. We confirmed that the E1-A226V mutation 
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influences the pH threshold for fusion by use of a direct bulk fusion assay and 
demonstrated that higher concentrations of cholesterol are needed within the target 
membrane to facilitate efficient fusion. Our results are in agreement with reports 
published on other alphaviruses25,52,55.

Studying the cell entry pathway at the single-particle level is important, because 
it provides detailed and quantitative information on the dynamic events involved in 
CHIKV cell entry. Furthermore, by measuring fusion instead of infection as a readout of 
CHIKV cell entry, we avoid artifacts of inhibitors that exert effects not only during entry 
but also at later stages of infection. Therefore, this study enhances our understanding 
of the cell entry process of CHIKV and alphaviruses in general.
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Supplementary Data

Figure S1. Representative DIC image of a BS-C-1 cell. In the DIC image the plasma membrane and 
the nucleus are indicated with a white and off-white line, respectively. The numbers I and II designate 
cytoplasm and nucleus, respectively. Particles that fused above or in the direct vicinity (< 3 µm) of the 
nucleus (II) were excluded from tracking behavior analysis. Scale bar: 25 µm.
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Figure S2. Cell viability assays. MTT assays of BS-C-1 cells upon treatment with NH4Cl (A, B), Chlor-
promazine (C), Pitstop2 (D, E), and methyl-bèta-cyclodextrin (F). In A and D cells were incubated over-
night (18 h) in presence of the inhibitor to mimic conditions during overnight infections. In B, C, E and 
F cells were incubated with the inhibitor for a similar period as for the microscopic cell entry and fusion 
assay, specifically 1.5 h for NH4Cl; 2.5 h for Chlorpromazine; 45 min for Pitstop2; and 1 h for methyl-bè-
ta-cyclodextrin. For all compounds two individual experiments were performed in triplicate. Error bars 
represent SD.
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Figure S3. Cargo control assays. LysotrackerGreen, Transferrin-AF633 and Dextran-TexasRed were 
used as cargo controls for NH4Cl (A); Chlorpromazine (B), Pitstop2 (C) and anti-CHC siRNAs (D,E); and 
Rab5-S34N (F), respectively. A-D, BS-C-1 cells; E, HeLa cells; F, both BS-C-1 and HeLa cells. (A-E) Cargo 
controls were analyzed by microscopy. Total fluorescence intensity was analyzed by the ‘Particle Analyz-
er’ plugin in ImageJ and normalized to the non-treated control or non-targeting siRNA control. At least 
three independent experiments were carried out for the cargo control experiments related to NH4Cl, 
Chlorpromazine, Pitstop2 and siRNAs. Error bars represent SD. (F) Cells were transfected with either wild-
type Rab5-GFP or Rab5-S34N-GFP and 2 d post-transfection Dextran was added to the cells. Dextran 
uptake was analyzed by microscopy and assessed by eye for at least 70 GFP-positive cells per condition. 
The uptake of Dextran was normalized to the wild type control.
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Figure S4. CHIKV microscopic entry/fusion assay. Representative images of cells infected with 
DiD-labeled CHIKV. Top, non-treated positive control; middle, DEPC treated DiD-labeled CHIKV (2 mM 
DEPC for 30 min); bottom, BS-C-1 cells prior treated with 50 mM NH4Cl for 1 h. One representative im-
age per condition (DIC, DiD, overlay) is shown. Intensity is equally enhanced for visual purposes. Fusion 
events appear as bright red spots in the DiD channel. Scale bar: 25 µm.
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Figure S5. Flow cytometry gating strategy in Rab5-GFP-expressing cells. (A) Standard gating 
(I) strategy. (B) Step-wise gating as function of GFP expression (II-IV). (C) The percentage inhibition of 
infection found for Rab5-S34N compared to wild type Rab5 in the different GFP-gating strategies. The 
experiment is repeated twice in triplicate. Error bars represent SD.
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Supplementary Movie Legends

NB: for the actual movies please refer to Journal of Virology 2016; 90(9): 4745-56

Movie S1. CHIKV fusion event. DiD-labeled CHIKV particle (red) resides in the left down corner before 
travelling towards the right upper corner and fusing. Fusion is seen as a sudden burst in fluorescence 
intensity. Movie shows the same particle as in Fig. 1A (no treatment). Image recording was performed at 
1 frame/s. Virtual time is shown in the right down corner. 

Movie S2. CHIKV/clathrin colocalization. Movie S2A, S2B, S2D show a DiD-labeled CHIKV particle 
(red) that first colocalizes with clathrin-YFP, then the clathrin signal disappears and the virus travels 
through the cell and is visible till the moment of membrane fusion. Clathrin-YFP is green and colocaliza-
tion is visible as yellow. Membrane fusion occurs in the last seconds of the movie and can be detected 
as a sudden increase in fluorescence intensity. In Movie S2C and S2E we zoom in on CHIKV-clathrin 
colocalization of movie S2B and S2D, respectively. Image recording was performed at 1 frame/s. For all 
movies the virtual time is shown in the right down corner. 

Movie S3. CHIKV fusion upon Rab5 colocalization. S3A. DiD-labeled CHIKV particle that travels 
towards a Rab5-positive endosome and fuses within 2 s after colocalization. S3B. DiD-labeled CHIKV 
particle that travels towards a Rab5-positive endosome and fuses within 21 s after colocalization (virtual 
time). S3C. DiD-labeled CHIKV particle moves towards an early endosome and fuses approximately 30 
seconds after initial colocalization (virtual time). For all movies virtual time is shown in the right down 
corner.
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Abstract

Chikungunya virus (CHIKV) is a re-emerging mosquito-borne virus, which rapidly 
spread around the globe thereby causing millions of infections. CHIKV belongs to the 
Togaviridae family and enters its host cell primarily via clathrin-mediated endocytosis. 
Upon internalization, the endocytic vesicle containing the virus moves through the 
cell and delivers the virus to early endosomes where membrane fusion is observed. 
Trafficking of endocytic vesicles is often facilitated by the microtubule and actin 
cytoskeleton. Consequently, an intact cytoskeleton was found important for the 
infectivity of many viruses. However, the involvement of microtubules in alphavirus 
infection was never thoroughly studied. Here, we show that microtubules are important 
during the early steps of CHIKV cell entry. By taking advantage of previously established 
real-time single virus tracking techniques, we showed that CHIKV exhibits two distinct 
intracellular trafficking patterns prior to membrane fusion. Whereas half of the CHIKV 
virions remained quite static during cell entry, the other half showed fast-directed 
movement. Only the fast-directed movement was found to depend on an intact 
microtubule network. Microtubule disruption did however not inhibit the extent of 
CHIKV fusion. Yet, it did affect the cellular location of membrane fusion and the release 
of the viral genome. Taken together, this study describes the role of microtubules in 
CHIKV cell entry.  
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Introduction

Chikungunya virus (CHIKV) is a re-emerging mosquito-borne virus, which in the last 
decade caused millions of infections in the tropical and subtropical regions of the world1. 
CHIKV belongs to the alphavirus genus of the Togaviridae family. Its virions are enveloped 
spherical particles of approximately 70 nm in diameter. The CHIKV genome consists 
of a single positive-stranded RNA molecule of 11.8 kb in length, which is packaged by 
the CHIKV capsid (C) protein to form a nucleocapsid. The CHIKV nucleocapsid is in turn 
encapsulated by a host-cell derived lipid bilayer. In the lipid bilayer, 240 copies of the 
CHIKV transmembrane glycoproteins E1 and E2 are inserted. The mature virus particle 
has 80 spikes which are arranged in an icosahedral T=4 symmetry. Each spike consists 
of three E1/E2-heterodimers (reviewed in 2). Both E1 and E2 are important in the initial 
steps of infection. Whereas E2 is facilitates binding to the host cell, E1 contains the 
hydrophobic fusion-loop and mediates membrane fusion2.

Like most alphaviruses, CHIKV enters cells primarily via clathrin-mediated endocytosis 
(CME)3–5. CME is a constitutive process that occurs in all mammalian cells6. It starts with 
the formation of a membrane invagination coated with clathrin molecules: the clathrin-
coated pit. Cargo is sequestered into the pit, after which the pit grows and scissions from 
the plasma membrane in a dynamin-dependent manner. The vesicle subsequently loses 
its clathrin coat and delivers its cargo to the early endosome7. CME of CHIKV was found 
to be a rapid process; 50% of the CHIKV particles fused within 9 minutes post-addition of 
the virus to BS-C-1 cells5. During CME, CHIKV co-localized with clathrin for approximately 
50 seconds. Subsequently, the clathrin signal was lost and the virus was delivered to the 
mildly acidic early endosome, where membrane fusion was observed. 

Host organelles need to be actively transported through the cell, as molecular crowding 
and the dense cytoskeletal network prevents free diffusion of objects larger than 20 
nm8. Intracellular transport is highly regulated and primarily occurs on actin filaments 
and microtubules9,10. Of these, actin is mainly involved in movements close to the 
plasma membrane. These movements are either mediated by newly polymerizing actin 
filaments propelling an organelle or by myosin motor proteins trafficking along the actin 
filaments10,11. Additionally, newly formed endocytic vesicles were found to be transported 
away from the plasma cortex in an actin polymerization-dependent manner10,12. During 
this transport, the vesicles often switch from an actin- to a microtubule-based movement. 
Microtubules generally provide long distance tracks for the transport of organelles to 
and from the perinuclear region9,10. The direction of the movement is governed by motor 
proteins traversing the microtubule; whereas in most cell types dynein transports cargo 
towards the perinuclear region, kinesins direct their cargo towards the periphery9,10. 

The microtubule network has been implicated in the endocytic trafficking of multiple 
viruses, including SV4013, Influenza A virus14,15, Polio virus16, Ebola virus17 and Dengue 
Virus18. For example, upon caveolae-mediated endocytosis, SV40 was found to move 
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along microtubules towards the smooth ER. Microtubule disruption was found to block 
both the trafficking behavior as well as infection of SV4013. Endocytic vesicles containing 
Influenza A virus (IAV) were targeted towards dynamic early endosomes in a microtubule-
dependent manner15. Additionally, the endosomal trafficking of IAV, as well as endosomal 
trafficking of dengue virus, was mediated by microtubules and disruption of microtubules 
was found to impair infection14,18. Retrograde polio virus trafficking inside neurons and 
Ebola virus entry and fusion were also found to be dependent on microtubules, yet 
the exact vesicles in which these viruses were residing upon microtubule-dependent 
trafficking were not studied16,17. Finally, also Japanese encephalitis virus19 and Crimean-
Congo hemorrhagic fever virus20 require microtubules early in infection, yet the step at 
which microtubules function is unknown. 

Here, we show that microtubules play an important role early in CHIKV infection. 
Detailed analysis of the intracellular trafficking behavior of CHIKV particles revealed two 
distinct patterns; half of the particles remained quite static whereas the other half were 
transported along microtubules prior to entry in early endosomes. Interestingly, while 
microtubule disruption inhibited CHIKV infectivity there was no effect on the extent 
of membrane fusion. Microtubule disruption however did change the cellular location 
of membrane fusion and impaired viral genome delivery. This suggests that trafficking 
along microtubules might direct the virus to an environment that is beneficial for CHIKV 
infection or that microtubules play an active role in nucleocapsid uncoating. 

Materials and Methods

Cells, inhibitors and plasmids. 
Green monkey kidney BS-C-1 cells (ATCC CCL-26) were cultured in Dulbecco’s modified 
Eagle medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) 
(Lonza), 25 mM HEPES, penicillin (100 U/ml), and streptomycin (100 U/ml). Green monkey 
kidney Vero-WHO cells (ATCC CCL-81) were maintained in DMEM (Gibco) supplemented 
with 5% FBS (Lonza), penicillin (100 U/ml), and streptomycin (100 U/ml). Baby hamster 
kidney cells (BHK-21 cells; ATCC CCL-10) were maintained in RPMI medium (Gibco) 
supplemented with 10% FBS (Lonza), penicillin (100 U/ml), and streptomycin (100 U/ml). 
All cells were cultured at 37°C under 5% CO2.

Nocodazole was purchased from Sigma-Aldrich. The compound was dissolved 
in DMSO and stored according to the manufacturer’s instructions. A standard MTT 
[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay was used to 
test for cytotoxicity, as described previously5. Microtubule disruption upon nocodazole 
treatment was visualized by staining for α-tubulin. For this purpose, cells were treated 
with nocodazole after which they were fixed by 4% PFA and permeabilized using 0.02% 
Triton X-100 in PBS. Subsequently, the samples were stained using mouse anti-α-tubulin 
(1:2000, Sigma) and rabbit anti-mouse AF647 (1:1000, LifeTechnologies).
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The clathrin-LCa-eYFP plasmid was provided by X. Zhuang (Harvard University, 
Cambridge, MA, USA). The Rab5-wt-GFP plasmid was a gift from P. van der Sluijs 
(University Medical Center, Utrecht, The Netherlands). 

Virus production, purification, labeling and quantification. 
Virus production, purification and labeling procedures have been described previously5. 
Briefly, CHIKV strains LS3 and LS3-GFP21 were produced by electroporation of in vitro-
transcribed RNA transcripts into BHK-21 cells. Virus working stocks were produced by 
subsequent passage in Vero-WHO cells.

For large scale production, BHK-21 monolayers were inoculated with CHIKV at 
an MOI of 4. At 24 h post-infection (hpi) the supernatant was harvested and cleared 
from cell debris by low-speed centrifugation. Subsequently, the virus was pelleted 
by ultracentrifugation, resuspended in HNE and purified by ultracentrifugation on a 
sucrose gradient (20 to 50% [wt/vol] in HNE). The 40%-to-45% section containing the 
virus was harvested, aliquoted, and stored at −80°C.

The infectious virus titer was determined by a standard plaque assay using Vero-WHO 
cells. Plaques were counted 2 days after infection. The number of genome equivalents 
were determined by reverse transcriptase PCR (RT-PCR) followed by quantitative PCR 
(qPCR), as described previously22. For detection of (+)-sense and (-)-sense viral RNA 
template specific primers were used during the reverse transcriptase step. Preceding 
the qPCR, the viral RNA was removed by treatment with 10 units of RNAse A (Fermentas) 
for 1h at 37°C.

For microscopy, CHIKV was labeled with the lipophilic fluorescent probe DiD 
(1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt; 
Life Technologies), as described previously 5. DiD-labeled virus was stored at 4°C in the 
dark and was used within 2 days.

Single-particle tracking of DiD-labeled CHIKV. 
Single-particle tracking experiments were performed as described previously5. Briefly, 
BS-C-1 cells were seeded into 8-well Lab-Tek II chambered coverglass slides (Nunc) to 
obtain 50 to 70% confluence on the day of tracking. When indicated, 1.25 × 106 BS-C-1 
cells were transfected with 5 µg of plasmid DNA by electroporation before seeding. 

Cells were washed three times with phenol red-free MEM. Subsequently, phenol red-
free MEM supplemented with 1% glucose was added to the cells in presence or absence 
of 10 µM nocodazole. When nocodazole was added, cells were pre-incubated for 2 h to 
allow disruption of the microtubules. Just before microscopy, GLOX was added to prevent 
phototoxicity23. Cells were mounted on the Leica Biosystems 6000B microscope and kept 
at 37°C throughout the whole experiment. DiD-labeled CHIKV was added in situ, and 
image series were recorded at 1 frame per s for 25 to 30 min. To localize the nucleus and 
plasma membrane of the cell, DIC snapshots were taken before and after the imaging.  

Image processing and analysis were carried out using ImageJ (NIH) and Imaris 
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x64, release 7.6.1 (Bitplane Scientific Software). Trajectories were generated using 
the ‘particle tracking’ function of Imaris by pairing peaks per frame to previously 
established trajectories according to proximity and similarity of intensity.  For the 
generated trajectories, the ‘particle tracking’ function of Imaris calculated the particle 
velocity. The fluorescence intensity during a trajectory was quantified using an in-
house macro based on the ‘particle analyzer’ plugin of ImageJ. A sudden (within 1 to 
2 seconds) >2-fold increase in fluorescence intensity was defined as membrane fusion. 
Only particles smaller than 40 arbitrary units (a.u.) were considered individual particles 
and were selected for further analysis.  Additionally, as the thickness of the cell close 
to the nucleus is larger than one focal plane, we excluded particles that bound to the 
cell in this area from our analysis5. Upon simultaneous tracking of the virus and either 
clathrin or Rab5, co-localization was assessed by eye.

Microscopic fusion assay. 
The membrane fusion capacity of CHIKV in the presence and absence of 10 µM 
nocodazole was estimated by a microscopy-based fusion assay. For this purpose, BS-C-1 
cells were seeded into 8-well Lab-Tek II chambered coverglass slides (Nunc) to obtain 
a sub-confluent monolayer the next day. Cells were washed three times with serum-
free, phenol red-free MEM (Gibco). Subsequently, phenol red-free MEM containing 1% 
Glucose was added in presence or absence of nocodazole and cells were incubated for 
2 h at 37°C. Next, DiD-labeled CHIKV was added to the cells at MOI 20 after which cells 
were incubated at 37°C for another 30 min in order to allow viral fusion. Unbound virus 
was removed by washing three times with serum-free, phenol red-free MEM after which 
fresh phenol red-free MEM containing 1% glucose was added. 

Microscopic analysis was done with the Leica Biosystems 6000B instrument. Fields 
were randomly selected in the differential interference contrast (DIC) settings, after 
which snapshot in both the DIC and DiD channel were taken. Per experiment a total of 
20 random snapshots were taken. Snapshots were analyzed using the ‘particle analyzer’ 
plugin of ImageJ. The total area of fluorescent spots was quantified in a.u. for each 
snapshot and averaged per experiment. 

Flow cytometry analysis of infection. 
Flow cytometry analysis was used to assess the effects of nocodazole on CHIKV infection. 
For this purpose, 10 µM nocodazole was diluted in BS-C-1 medium containing 2% FBS. 
Cells were pre-incubated with nocodazole for 2 h, after which CHIKV LS3-GFP was 
added to the cells at an MOI of 20. At 1.5 hpi, fresh BS-C-1 medium containing 10% FBS 
in presence or absence of 10 µM nocodazole was added. At 10 hpi, cells were washed 
with PBS, trypsinized and fixed with 4% paraformaldehyde (PFA). Subsequently, cells 
were analyzed by flow cytometry.

For the time-chase experiments, cells were treated with 10 µM nocodazole diluted in 
BS-C-1 medium for either for the complete course of infection (-2 – 10 hpi); pre-entry (-2 – 
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0.5 hpi); or post-entry (0.5 – 10 hpi). CHIKV LS3-GFP was added at an MOI of 20. At 0.5 hpi 
the virus inoculum was removed, cells were washed once with PBS and bound, but non-
internalized viral particles were removed from the plasma membrane using a high salt 
high pH shaving buffer (1M NaCl, pH 9.5) for 2 min, as described before24. Subsequently, 
cells were washed one more time with PBS and fresh BS-C-1 medium containing 10% FBS 
was added in the presence or absence of 10 µM nocodazole. Infection was continued 
until 10 hpi, after which cells were washed with PBS, trypsinized, fixed and subsequently 
analyzed by flow cytometry.

Cell fractionation. 
Virus genome delivery was estimated by use of a cell fractionation protocol followed by 
PCR-based quantification of the viral genomic (+)-strand RNA. Cells were pretreated for 
2 h with 10 µM nocodazole in BS-C-1 medium containing 2% FBS, after which they were 
infected for 1 h at an MOI of 10. Subsequently, cells were washed once with PBS, bound 
virus particles were removed using high salt high pH shaving buffer (1M NaCl, pH 9.5) 
for 2 min after which cells were washed twice with PBS, trypsinized and harvested. In 
order to fractionate the cells, cells were treated with ice cold fresh digitonine buffer (10 
mM TRIS pH 7.5; 10 mM NaCl; 0.15 mM spermine; 0.5 mM spermidine; 1 mM EDTA and 
100 µg/ml digitonine) for 10 min at 4°C25–27. Subsequently, samples were centrifuged at 
1000 g for 5 min at 4°C. Both the supernatant (cytosolic fraction) as well as the pellet 
(vesicular fraction) were adjusted to 0.5% Triton X-100. Debris was removed by briefly 
centrifuging the samples at 10.000 rpm using a MiniSpin Microcentrifuge (Eppendorf). 
Subsequently, samples were subjected to RT- and qPCR.

To control for efficient cell fractionation, the fractionation of GAPDH, a cytosolic 
marker, and LAMP-1, a vesicular marker, were assessed by Western blot. For this 
purpose, fractionated samples were loaded onto precast 10% Mini-PROTEAN® TGX™ 
gels (BioRad). Gels were blotted using the Trans-Blot Turbo Transfer system (Biorad) 
and Trans-Blot Turbo Mini PVDF Transfer Packs (Biorad). PBS containing 0.1% Tween20 
and 4% milk powder was used to avoid unspecific binding. Mouse anti-GAPDH (1:1000; 
Merck Millipore) and mouse anti-LAMP1 (1:500; BD Biosciences) were used as primary 
antibodies. Goat anti-mouse-AP (1:5000; Southern Biotech) was used as a secondary 
antibody. Protein bands were visualized using NBT/BCIP (Roche).

Results

An intact microtubule network is important early in CHIKV infection
To study whether microtubules play a role in CHIKV infection, we first determined the 
effect of the microtubule-depolymerizing agent nocodazole on CHIKV infectivity. For 
this purpose, BS-C-1 cells were treated for 2 h with 10 µM nocodazole prior to infection 
with CHIKV. Incubation of the cells for 2 h with nocodazole was sufficient to disrupt the 
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microtubule network (Figure S1A). Infection was allowed for one round of replication (10 
h) in the presence of the inhibitor. Upon microtubule disruption, the number of infected 
cells was inhibited by more than 70% (Figure 1A). The inhibition of infection could not be 
attributed to nocodazole-induced cytotoxicity, as treatment with nocodazole was well-
tolerated for periods up to 18 h after addition of the compound (Figure S1B). Subsequent 
MFI analysis of the infected cell population revealed that there is no significant effect on 
CHIKV protein translation, which suggests that once the cell is infected the translation/
replication machinery is not affected (Figure S2). To more carefully assess at which stage 
of infection CHIKV requires an intact microtubule network, time-of-addition experiments 
were performed. For this purpose, BS-C-1 cells were either treated with nocodazole at 
the ‘pre-entry’ (from 2 h prior to infection to 0.5 hpi) or ‘post-entry’ (from 0.5 h to 10 hpi) 
stages of infection or for the duration of one complete replication cycle (from 2 h prior to 
infection to 10 hpi) (Figure 1B). At 0.5 hpi, non-internalized CHIKV particles were removed 
by washing with a high-pH high-salt buffer, as described before24. CHIKV infectivity was 

Figure 1. Microtubules are required early in CHIKV infection. (A) Flow cytometry analysis of CHIKV 
infection in presence of nocodazole. BS-C-1 cells were pretreated for 2 h with 10 µM nocodazole and 
infected with CHIKV LS3-GFP for 10 h. Percentage of infection is normalized to the positive control. Data 
represents two individual experiments in triplicate; error bar represents SD. (B) Flow cytometry-based 
nocodazole time-chase assay of CHIKV infection. Nocodazole (10 µM) was added during the complete 
course of infection (-2 – 10 hpi), pre-entry (-2 – 0.5 hpi) or post-entry of the virus (0.5 h – 10 hpi). CHIKV 
LS3-GFP was added at 0 h, at 0.5 hpi non-internalized virus was removed using a high-pH-high-salt 
shaving buffer, and incubation was continued for another 9.5 h. Data represents four individual experi-
ments in duplicate. Error bars represent SD. (C) Detection of negative-sense RNA by qPCR as described 
in Materials and Methods. Negative-sense RNA is normalized to the non-treated control. Data represents 
two individual experiments in triplicate; error bars represent SD.
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quantified by flow cytometry at 10 hpi. We observed 54% inhibition of infection when cells 
were treated with nocodazole for the complete duration of the experiment. Importantly, 
57% inhibition of infection was detected when nocodazole was only present at the early 
stages of infection (-2 h – 0.5 hpi). Addition of nocodazole after 0.5 hpi perturbed CHIKV 
infection by 26%, implying that microtubules are mainly required during the early steps 
of CHIKV infection. To confirm this finding, we next evaluated the presence of negative-
sense viral RNA copies upon infection in presence and absence of nocodazole. Figure 1C 
shows that microtubule disruption indeed reduces the number of negative-strand RNA 
copies with more than 75% at both low and high MOIs.

CHIKV exhibits two types of trafficking behaviour upon endocytosis
The observation that microtubule disruption only has effect in the first 0.5 hpi is 
suggestive for a role of microtubules in CHIKV cell entry. To study this in more detail, 
we next examined the intracellular trafficking behaviour of CHIKV particles prior to 
fusion by live cell imaging of DiD-labelled CHIKV particles, as described before5. The DiD 
probe was selected because of its self-quenching properties at a high surface density. 
Consequently, membrane fusion can be observed as a sudden increase in fluorescence 
intensity due to dilution of the probe in the target membrane. DiD was incorporated 
into the CHIKV membrane to such an extent that the fluorescence was largely quenched 
yet uniformly labelled single virus particles could still be discerned5. Single particle 
tracking of DiD-labelled CHIKV was performed in the kidney epithelial cell line BS-C-1. 
These cells were selected since epithelial cells are considered natural target cells during 
CHIKV infection. Furthermore, the relative flatness of these cells increases the chance of 
capturing complete viral trajectories from virus-cell binding to viral fusion in the epi-
fluorescence microscopy setup applied. The fast nature of CHIKV cell entry5 prevented 
us to use confocal microscopy as the current time resolution is too limited for accurate 
recording of fast complex movements. 

In order to track the cell entry of CHIKV virions in BS-C-1 cells, DiD-labelled CHIKV 
was added in situ and images were recorded at 1 frame per second for a total of 25 
min. CHIKV exhibited two different types of trafficking behaviour during cell entry 
(Figure 2A & 2B). In the first type of trafficking, virions remained relatively immobile 
at first, after which they suddenly exhibited a fast and directed movement. Next, the 
virus moved relatively slowly again until viral fusion occurred (Figure 2A left panels). 
The fast-directed movement is visible as a distinct increase in velocity when the particle 
velocity was plotted against the time (Figure 2A right panels). A movie showing this 
virus trafficking behaviour is added as supplementary data (Movie S1). Other particles 
remained relatively static till the moment of membrane fusion (Figure 2B left panels). 
Consequently, considerably shorter distances were covered by the virions. Indeed, 
when viral velocity was plotted against time no distinct peaks were observed (Figure 2B 
right panels). Movie S2 shows an example of this kind of trafficking behaviour.
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Figure 2. Trajectory analysis of CHIKV cell entry. (A) Depicts two single virus particles exhibiting 
fast-directed movement before fusion. (B) Two representative particles that remain quite static during 
cell entry. Left panel (A and B) shows images of a cell obtained with DIC optics. On top of the DIC image 
the trajectories of two single virus particles are projected. Trajectories are depicted color-coded, with 
purple representing the start and red representing the end of the trajectory. Fusion is indicated by a 
white star. Scale bar represents 25 µm. In the middle panels the trajectories are 5 times enlarged (scale 
bar represents 5 µm) for visual purposes. Right panel shows the relative velocity (in black) and fluores-
cence intensity (in red) of a single virus particle over time. A sudden increase in fluorescence intensity 
indicates the moment of fusion. The data correspond to the trajectories depicted in the left and middle 
panels of A and B. (C) Analysis of the percentage of fusion-active virus particles showing fast-directed 
and static trafficking during cell entry. In total 29 individual trajectories were analyzed. (D) Time of fusion 
analysis for particles exhibiting fast-directed or static movement. A total of 29 particles were analyzed, of 
which 14 showed fast-directed movement and 15 remained static. (E) BS-C-1 cells were transfected with 
clathrin-YFP (left panel) or Rab5-GFP (right panel) and subjected to dual-color single particle tracking 
using DiD-labelled CHIKV.  A total of 9 and 10 trajectories showing fast-directed movement in BS-C-1 
cells transiently expressing clathrin-YFP or Rab5-GFP were used, respectively.   

We next assessed how frequent the two types of trafficking behaviour occurred during 
CHIKV cell entry. Forty-eight percent of the CHIKV particles exhibited fast-directed 
movement before fusion whereas the other 52% remained static during cell entry. This 
indicates that both trafficking behaviours are equally common (Figure 2C). Moreover, 
no substantial differences in the time to membrane fusion were observed (Figure 2D). 
Half of the viral particles that exhibited fast-directed movement (n=14) fused within 8 
min post-infection (mpi). The virions that remained static during entry fused slightly 
earlier; half of these particles (n=15) fused within 7 mpi (Figure 2D). 

CHIKV fast-directed movement occurs after clathrin-mediated internalization yet 
before delivery to the early endosome
We next aimed to determine at what stage of the CHIKV cell entry pathway fast-directed 
movement occurs. We and others previously published that CHIKV mainly enters 
mammalian cells via CME3–5. After internalization, the viral particles are delivered to Rab5-
positive early endosomes, from which CHIKV fusion primarily occurs5,28. In order to assess 
whether the fast-directed movement occurs before or after internalization, we transfected 
BS-C-1 cells with clathrin-YFP and performed dual-colour single particle tracking using 
DiD-labelled CHIKV. In total 9 CHIKV trajectories displaying fast-directed movement in 
clathrin-YFP-transfected BS-C-1 cells were used. In all these trajectories, fast-directed 
movement was seen after co-localization of CHIKV with clathrin (Figure 2E left panel). 
These results indicate that fast-directed movement occurs after virus internalization 
and thus is an intracellular movement. We next zoomed in on the endocytic stages post 
CME, namely endocytic and endosomal trafficking. For this purpose, we tracked DiD-
labelled CHIKV in BS-C-1 cells transfected with the early endosomal marker Rab5-GFP. 
Rab5-GFP was used as the vast majority of particles fuse from within Rab5-positive early 
endosomes5. Furthermore, based on our previous work we estimated that posterior to 
CME, CHIKV resides in a clathrin- and Rab5-negative endocytic vesicle for on average 
14 s5. Thereafter, the virus is delivered to the Rab5-positive early endosome, where it 
resides for on average 38 s till membrane fusion occurs. Focusing on the trajectories 
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Figure 3. CHIKV fast-directed movement through the cell is mediated by microtubules. (A) Two 
representative CHIKV trajectories in nocodazole-treated cells, similar as described in the legend to Fig 
1 A & B. (B) Analysis of the percentage of virus particles showing static or fast-directed movement in 
nocodazole-treated cells. A total of 36 individual trajectories were analyzed. (C) Microscopic fusion assay 
in BS-C-1 cells pretreated with nocodazole, as described in Materials and Methods. The graph represents 
four individual experiments. Error bars represent standard deviations (SD). (D) Analysis of the location of 
fusion. For untreated cells, 15 ‘static’ particles and 14 particles showing ‘fast-directed movement’ were 
analyzed. In nocodazole-treated cells, 34 particles were analyzed.
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exhibiting fast-directed movement, we observed that in 9 out of 10 trajectories fast-
directed movement occurred just before the co-localization between CHIKV and Rab5. 
In 1 trajectory fast-directed movement was observed when the virus was already co-
localizing with the Rab5-positive early endosome (Figure 2E right panel). These results 
demonstrate that CHIKV fast-directed movement occurs after CME, but before delivery 
of the virus to the early endosome. Consequently, during fast-directed movement, CHIKV 
likely resides in a clathrin- and Rab5-negative endocytic vesicle.

Microtubules are required for CHIKV fast-directed movement, but not for membrane 
fusion
To investigate whether the fast-directed movement resembles transport along 
microtubules, we next performed tracking experiments in cells pre-treated with 10 µM 
of nocodazole. At these conditions, the microtubule network is completely disrupted 
(Figure S1A), yet no cytotoxicity was observed in the standard MTT assay (Figure S1C). 
Figure 3A shows two representative examples of CHIKV trajectories in nocodazole-
treated cells. In both trajectories no fast-directed movements were observed. 
Furthermore, when plotting the velocity of the virus particle over time no sudden peaks 
in velocity were apparent (Figure 3A right panels). In total 36 CHIKV trajectories were 
recorded in nocodazole-treated cells. Fast-directed movements were observed in only 
3 (8%) of these trajectories (Figure 3B). Thus, treatment with nocodazole was found to 
inhibit the occurrence of fast-directed movements over 80%. 

Microtubule-dependent movements during endocytosis have been described for 
multiple viruses, and were repeatedly associated with fusion and infection13,14,17,18. 
Interestingly, although nocodazole treatment impaired CHIKV fast-directed movement, 
membrane fusion could still be observed (Figure 3A). To more directly assess whether 
microtubule disruption affects CHIKV fusion, we employed a microscopic fusion assay5,23. 
In this assay DiD-labelled CHIKV is allowed to enter and fuse within BS-C-1 cells for 30 

Figure 4. Microtubule disruption impairs viral genome delivery.  Detection of CHIKV gRNA in 
vesicular and cytosolic fractions by RT-qPCR as explained in Materials and Methods. A total of six indivi-
dual fractionations were performed; error bars represent SD.
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min. Subsequently, unbound virus is washed away and 20 random images are taken 
using both DIC and DiD optics. The total extent of DiD fluorescence is taken as a measure 
of CHIKV fusion. In correspondence to our single particle tracking results, no impairment 
of CHIKV fusion was observed using the microscopic fusion assay (Figure 3C).

Microtubule disruption did however affect the location of CHIKV fusion (Figure 3D). 
Whereas under normal infection conditions the majority of the static particles fuse in 
the periphery, 64% of the particles that are transported via fast-directed movement fuse 
close to the perinuclear region. Upon nocodazole treatment, virtually no perinuclear 
fusion is seen. Consequently, the location of CHIKV fusion in nocodazole-treated cells 
largely resembles the location of fusion of static CHIKV particles. 

Nocodazole impairs CHIKV genome release
Although microtubule-dependent movement during cell entry might be important in 
CHIKV infectivity, an alternative hypothesis is that microtubules aid in nucleocapsid 
delivery and/or uncoating. To investigate this possibility, we employed a cell fractionation 
protocol followed by the quantification of the CHIKV genomic RNA (gRNA) using qPCR. 
Cells were fractionated by use of digitonine treatment, which specifically permeabilizes 
the plasma membrane25. After fractionation, a cytosolic fraction containing the gRNA 
of the CHIKV particles that efficiently released their genome, and a vesicular fraction 
containing the gRNA of the unfused virions were obtained and used for qPCR. First, we 
checked the fractionation efficiency in three independent experiments by Western Blot. 
A representative blot is shown in Figure S3. As expected, the vast majority of both the 
vesicular marker LAMP-1 and the cytosolic marker GAPDH were found in the corresponding 
fractions. Upon nocodazole treatment, a 2-fold decrease in the quantity of cytosolic CHIKV 
gRNA was observed compared to that of the non-treated control (Figure 4). These results 
suggest that microtubules are indeed important in efficient release of the CHIKV genome. 

Discussion

This study shows that microtubules play an important role during the early steps of 
CHIKV infection. Using real-time single virus tracking we showed that half of the CHIKV 
particles traffic along microtubules during cell entry. Microtubule-mediated trafficking 
occurred after clathrin mediated-endocytosis but before the delivery of the particles 
to the early endosome. Disruption of the microtubule network did not influence the 
membrane fusion efficiency of the virus yet altered the cellular location of fusion. 
Furthermore, microtubule disruption was found to impair CHIKV genome delivery.

Our findings suggest that the location of fusion may be important for efficient CHIKV 
genome delivery. Whereas the CHIKV fusion events of particles with a ‘static’ trafficking 
behaviour and in nocodazole-treated cells were almost exclusively seen in the periphery, 
the majority of particles that showed microtubule-dependent trafficking fused in the 
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perinuclear region. Trafficking towards the perinuclear region may thus be required for 
efficient genome delivery and infection. Indeed, two types of early endosomes were 
identified that differ in their motility and maturation kinetics15. Rapidly maturing early 
endosomes are predominantly observed in the perinuclear region of the cell and delivery 
of cargo to these organelles was found microtubule-dependent15. During endosomal 
maturation the membrane composition alters and it is possible that the rapidly maturing 
early endosomes in the perinuclear region have a different membrane composition than 
slowly maturing early endosomes. Taken together, microtubule-dependent trafficking of 
CHIKV may direct the virus to an organelle with a membrane composition that is favourable 
for CHIKV fusion pore formation and thus genome delivery. 

Another option is that post CHIKV fusion microtubules are needed for the release 
and uncoating of the nucleocapsid. Banerjee et al. recently reported that both intact 
microtubules and actin filaments were involved in uncoating of the influenza A virus 
(IAV) genome29. IAV fuses from  late endosomal compartments after which the IAV capsid 
becomes exposed at the cytoplasmic side of the endosome. The IAV capsid was found to 
carry unanchored ubiquitin chains, thereby mimicking misfolded protein aggregates. These 
ubiquitin chains recruit components of the aggresome processing machinery, including the 
microtubule motors dynein and dynactin and the actin motor myosin II to the IAV capsid. 
While linked to the IAV capsid, these molecular motors are thought to generate opposing 
forces via which they break apart the IAV capsid. Also for HIV, microtubule motor proteins, 
such as dynein and kinesin, were shown to be important for nucleocapsid uncoating30. 
Furthermore, data from Bernard et al., suggests that microtubules are required at a post-
fusion step of CHIKV infection in HEK cells28. Future studies should elucidate whether the 
microtubule and perhaps actin cytoskeleton are involved in CHIKV uncoating.

Although microtubules were previously implicated in alphavirus infection, the exact 
involvement of microtubules appears to differ. The infectious cycle of Sindbis virus and 
Venezuelan Equine Encephalitis Virus were found to be independent of microtubules31,32, 
while for SFV microtubules were found to be important for intracellular trafficking of viral 
replication complexes33. Although trafficking of the alphavirus replication complexes 
could be blocked by microtubule disruption, the effect of microtubule disruption on virus 
production was however limited. In contrast to SFV, CHIKV replication complexes remain 
on the cytosolic side of the plasma membrane for the entire duration of infection, and thus 
microtubules are not involved in intracellular trafficking of CHIKV replication complexes34. 
Here, we show that microtubules are important during the early steps of CHIKV infection. 

In conclusion, this study enhances our understanding on the interactions of CHIKV 
with the cytoskeleton by visualizing the complex trafficking patterns during CHIKV 
entry. Based on our data, we conclude that microtubules are required for efficient CHIKV 
genome delivery into the cytosol. Further studies are required to pinpoint via which 
mechanism microtubules affect the delivery of the CHIKV genome.
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Figure S1. Nocodazole treatment controls. (A) Representative pictures of the α-tubulin staining in 
absence (left) and presence (right) of 10 µM nocodazole. Scale bar: 25 µm. (B, C) Cell viability of BS-C-1 
cells upon treatment with nocodazole. BS-C-1 cells were treated overnight (B) or 2.5 h (C; corresponding 
to treatment duration for the fusion assay and tracking), after which cell viability was assessed using 
standard MTT assay. For both conditions two experiments were performed in triplicate. Error bars rep-
resent SD.

Supplementary Data
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Figure S2. Translation of viral proteins. Flow cytometry analysis of translation efficiency in presence 
of nocodazole. BS-C-1 cells were pretreated for 2 h with 10 µM nocodazole and infected with CHIKV LS3-
GFP for 10 h. Mean fluorescence intensity (MFI) of the infected population is normalized to the positive 
control. Data represents two individual experiments in triplicate; error bar represents SD.

Figure S3. Cell fractionation control. WB analysis of cell fractionation by digitonine. GAPDH was used 
as a cytosolic marker, whereas LAMP-1 was used as a marker for the vesicular fraction. The cytosolic frac-
tion is indicated by C and the vesicular fraction by V. Three independent fractionations were performed; 
image shows one representative blot.

Supplementary Movie Legends

NB: the supplementary movies are not available on hardcopy. Please wait until paper is published. 

Video S1. CHIKV trajectory showing fast-directed movement. Movie showing a the trajectory of 
a single virus particle displaying fast-directed movement before fusion. The trajectory is depicted co-
lor-coded, with purple and red representing the start end of the trajectory, respectively. Recording was 
performed at 1 frame/s. Playback time is 15 frames/s. Virtual time and the color code for time are shown 
in the right down corner.

Video S2. Trajectory of a CHIKV particle remaining relatively static during entry. The trajectory 
is recorded and depicted as Video S1.  Playback time is 30 frames/s. 

Video S3. Two examples of CHIKV trajectories in nocodazole-treated cells. The trajectory is re-
corded and depicted as Video S1. Playback time is 15 frames/s for A and 10 frames/s for B, respectively.
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Introduction

Dengue virus (DENV), of which four serotypes (DENV-1 to DENV-4) exist, causes the most 
common arthropod-borne viral infection in the world1. DENV is transmitted to humans 
by mosquitoes of the Aedes genus, mainly Aedes aegypti and Aedes albopictus. Over the 
past 50 years, the incidence of DENV infections increased more than 30-fold2. Currently, 
DENV is endemic in over 100 countries located mostly in the tropical and subtropical 
parts of the world. Annually, 390 million estimated DENV infections occur of which 96 
million infections lead to clinical disease3. Moreover, it was recently published that in 
2013 an estimated 13,586 deaths could be attributed to DENV infections worldwide4. 
Next to its major health burden, DENV also has a high economic burden, which reached 
close to 10 billion US dollars worldwide in 20134. 

Whereas most DENV infections are asymptomatic or subclinical, the virus can cause a 
wide spectrum of clinical illness. The WHO classified dengue disease in three different 
categories: I) dengue fever without warning signs, II) dengue with warning signs and, III) 
severe dengue1. Dengue fever without warning signs is a relatively mild flu-like disease 
which is characterized by high fever, pains and aches (including headache, pain behind 
the eyes and muscle and joint pains), rash, nausea and leucopenia. Although dengue 
without warning signs is mostly self-limiting, the disease can be highly debilitating. 
Dengue with warning signs is characterized by similar symptoms as general dengue fever 
with the addition of specific ‘warning signs’, like abdominal pain, fluid accumulation and 
mucosal bleeding. As the warning signs might forebode severe dengue, patients with 
dengue with warning signs should be under strict observation. Finally, severe dengue is 
characterized by plasma leakage with or without bleeding. Around the time fever drops, 
an increased capillary permeability accompanied by an increased hematocrit value can 
lead to hypovolemic shock. This reaction, also known as dengue shock syndrome (DSS), 
can result in organ impairment, metabolic acidosis, disseminated vascular coagulation 
and severe hemorrhage. If untreated, mortality can reach 20%, whereas appropriate 
symptom management, such as fluid replacement, reduces mortality to below 1%. Next 
to DSS, severe dengue also includes patients with fluid accumulation accompanied by 
respiratory distress, severe bleeding without shock, hepatitis, neurological disorders 
and myocarditis1. 

To date, no antivirals are available to treat DENV infections and treatment is solely 
symptomatic1. Furthermore, the prospect of a safe and effective dengue vaccine recently 
got hampered, as the most advanced dengue vaccine did not meet expectations in a 
recent large clinical trial5,6. The vaccine is now only licensed for individuals older than 9 
years living in endemic countries7.   

Viral structure
DENV is a small icosahedral virus of 50 nm in size8. It contains a single positive-stranded 
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11 kb RNA molecule which is complexed to multiple copies of the capsid (C) protein9. 
The nucleocapsid is surrounded by the viral envelope, a host-derived membrane, which 
harbors two transmembrane proteins: envelope (E) and membrane (M). The viral surface 
of mature DENV virions consists of 90 homodimers of the E protein, which lie flat against 
the viral envelope. The 90 E-homodimers are arranged in 30 rafts of three homodimers, 
positioned head-to-tail in a herringbone-like pattern (Figure 1 and 10,11). DENV-E is 
anchored in the viral membrane via a stem anchor domain and two transmembrane 
domains. The DENV-E ectodomain consists of three structurally distinct domains, DI 
to DIII, connected by flexible hinges. Of these domains, DI is the linker region which 
connects DII and DIII via short flexible loops. DII is involved in the dimerization of the E 
protein. Furthermore, it contains a highly conserved hydrophobic fusion loop at its distal 
end. DIII, an immunoglobulin-like domain, forms small protrusions from the viral surface. 
Via these protrusions, this domain likely interacts with cellular attachment factors11–13. 
At 37°C, DENV virions are dynamic ‘breathing’ structures that occasionally expose their 
viral membrane and cryptic sites of E and M. However, at 28°C, the temperature DENV 
encounters when replicating inside a mosquito, the viral structure seems quite rigid14.

Figure 1. Structure of mature and immature DENV virions. (A) Outer structure of a mature DENV 
virion. The DENV-E proteins form homodimers and are arranged in 30 rafts of three homodimers. (B) Top 
(left) and side (right) view of the solubilized E-homodimer (sE) of mature DENV virions, depicting domain 
I (red), domain II (yellow), domain III (blue) and the fusion peptide (green). E-homodimers are formed by 
a head-to-tail arrangement of two E-proteins. (C) Cross-section of a mature and immature DENV virion. 
In the mature viral particle the DENV-E proteins lie flat on the viral membrane, anchored by a stem an-
chor and two transmembrane domains. In immature DENV virions, three prM/E-heterodimers arrange 
together to form spike-like structures. prM is present at the top of the spike and covers the fusion loop 
within E DII. (D) The outer structure of an immature DENV virion. Images were adapted from 18,19 with 
permission from from Elsevier.
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In the infected cell, progeny DENV particles are assembled in an immature form. 
Immature DENV particles contain prM, the premature form of M, at their viral surface. 
prM interacts with the E protein to form heterodimers. Immature DENV particles are 
covered with a total of 60 spikes, each spike consisting of three prM/E heterodimers 
(Figure 1 and 15). Also partially immature virions exist; these particles have mosaic 
patches of both smooth mature and spiky immature structures16,17. 

Dengue virus infection & disease pathogenesis
DENV infection is initiated through a bite of an infected mosquito. During feeding, the 
mosquito injects virus-containing saliva into the bloodstream with spillover into the 
epidermis and dermis. In the skin, keratinocytes and Langerhans cells are primarily 
infected. Infected Langerhans cells subsequently migrate to the lymph node and 
recruit monocytes and macrophages. These cells that  are important target cells for 
DENV replication and dissemination20,21. Next to the above mentioned cell types, DENV 
can also infect hepatocytes and cells residing in the bone marrow20,22–24. Additionally, 
leukocytes were found to be targeted in experimentally infected nonhuman primate 
models25. Finally, DENV can infect endothelial cells in vitro, however whether DENV also 
infects endothelial cells in vivo is still under debat26–28.

DENV infections can lead to a wide spectrum of clinical manifestations. Disease 
becomes apparent 3-14 days after infection1. Primary infections are often associated 
with relatively mild dengue fever. Upon recovery, lifelong immunity against re-infections 
with a similar DENV serotype is obtained. Cross-protection against heterotypic re-
infections is also elicited, yet this cross-protection is transient29. In fact, heterologous 
secondary DENV infections are correlated with severe disease20,29–31. Tertiary and 
quaternary infections do not often trigger severe disease. Actually, a reduced risk of 
illness is observed in these patients32,33. 

The increased incidence of severe disease during secondary infection can be explained 
by the phenomenon called ‘original antigenic sin’. During a secondary DENV infection 
memory B- and T-cells are rapidly activated, which lead to a swift and elevated B- and 
T-cell response. However, this antibody and T-cell response is more directed to the 
primary infecting DENV serotype, the ‘original antigen’, than to the currently infecting 
DENV serotype. As a result, high numbers of cross-reactive antibodies and low-affinity 
T-cells, which do not efficiently clear the virus, are circulating34–38. The aberrant immune 
response leads to high levels of proinflammatory cytokines. Proinflammatory cytokines 
can affect the permeability of the vascular endothelium and can consequently cause 
plasma leakage. The exact mechanism that leads to plasma leakage during severe 
dengue is poorly understood. Vascular leakage seems to be related to cytokines like 
TNFα, IL-6, IL-8, IL-10, IL-12, macrophage migration inhibitory factors, HMGB1, MCP-1 
and  matrix metalloproteases, rather than to infection of endothelial cells lining the 
blood vessels34,39–41. As platelets closely interact with endothelial cells, also platelet 
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dysfunction might aid in the increased capillary fragility20,42. Interestingly, Beatty et 
al. recently described that DENV-NS1 triggers endothelial barrier dysfunction in vitro. 
Furthermore, addition of DENV-NS1 could induce both vascular leakage and the 
induction of important inflammatory cytokines in mice43. 

Halstead et al. observed that severe dengue peaked in two distinct populations of 
young children. The first peak was observed in infants of 6 to 9 months old, who were 
born to DENV-immune mothers. The second peak was seen in children who previously 
experienced an episode of DENV and were re-infected with another serotype. The fact 
that passive transfer of antibodies from mother to child could enhance dengue disease 
led to the hypothesis that antibodies exacerbate DENV infection, a phenomenon known 
as antibody-dependent enhancement (ADE) of infection44. Multiple studies show that 
ADE can indeed occur. For example, in vitro DENV infection can be enhanced when serum 
of patients with a secondary DENV infection is added45. Moreover, DENV infection in the 
presence of anti-DENV antibodies can elicit lethal ADE in mouse models46. These and 
other observations led to the general consensus that ADE is an important contributor 
to severe dengue disease.

During re-infection, antibodies bind to the virus and direct the virus towards cells 
that express the Fc-receptor (FcR). These FcR-bearing cells include among others 
monocytes, macrophages and dendritic cells, the natural target cells of DENV. Whether 
an antibody neutralizes or enhances infection depends on multiple factors. Based 
on studies on WNV, Pierson et al. proposed that antibody-mediated neutralization of 
flaviviruses can be described by a ‘multiple hit’ model47. In this model, a certain number 
of available epitopes must be occupied by antibodies to evoke neutralization. Both 
antibody affinity and the accessibility of the epitope contribute to the neutralization 
potency of an antibody. Consequently, the exact number of bound epitopes required 
for neutralization differs per antibody. When the number of bound antibodies does 
not exceed the neutralization threshold, ADE might be evoked. At sub-neutralizing 
concentrations, anti-DENV antibodies still target the virus towards FcRs and trigger 
internalization48–51. Yet, once inside the cell the antibodies fail to neutralize the virus. 
It is speculated that upon internalization the acidic endosomal pH cause low affinity 
antibodies to dissociate from their epitopes, after which the virus is ‘free’ to fuse52. 
High affinity antibodies, however, likely do not dissociate from their epitope at low pH 
and therefore only at low occupancy membrane fusion can be observed. To date, all 
anti-E antibodies tested elicit ADE when the antibody concentrations fall below the 
threshold for neutralization53,54. Besides efficiently directing DENV towards its target 
cells, antibody-mediated DENV cell entry is believed to suppress the antiviral immune 
response, thereby promoting viral replication and virus particle production. This 
phenomenon is called ‘intrinsic’ ADE55. To date, the mechanism behind ‘intrinsic’ ADE 
has not been elucidated. Hence, antibodies direct DENV particles to target cells and 
antibody-mediated cell entry of DENV increases virus particle production per infected 
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cell. Indeed, individuals that develop severe disease often have a high viral load early in 
infection56–58.  

The E glycoprotein is the major antigenic structure of DENV. Neutralizing antibodies 
were found to recognize all three domains of E59. Whereas in mouse the antibodies 
against surface exposed epitopes in DIII appear to be the most potent in neutralizing 
infection, for humans antibodies that bind quaternary epitopes on the complete 
virion are the most potent. Binding to quaternary epitopes likely cross-links multiple 
E-proteins and thereby blocks the conformational changes needed for fusion59–63. In 
human serum potently neutralizing anti-DENV antibodies are rare59,64, which indicates 
that only a small fraction of the complete antibody arsenal is responsible for virus 
neutralization. Most human DENV-specific antibodies are cross-reactive and have a 
low epitope-affinity35 and thus potentially evoke ADE. In addition, a high proportion 
of human anti-DENV antibodies target prM and thus (partially) immature DENV. Most 
anti-prM antibodies belong to the category of cross-reactive, but poorly neutralizing 
antibodies35,49,64,65. As a consequence also these antibodies readily promote ADE both 
in vivo and in vitro. Importantly, anti-prM antibodies render completely non-infectious 
immature DENV particles infectious in cells expressing the FcR48. Therefore, these 
particles are considered important contributors to severe disease. 

Notably, only 2% of the individuals experiencing a heterologous DENV infection 
develops severe disease20. This observation indicates that ‘original antigenic sin’ of both 
B- and T-cells and ADE are not the sole determining factors for severe disease. Also, the 
genetic background of both the virus and the host influence the severity of infection. 
It is reported that some DENV strains are more pathogenic than others; whereas Asian 
DENV-2 genotypes are often linked to severe disease, American DENV-2 genotypes elicit 
milder outcomes66. Furthermore, the sequence of infection also influences the outcome 
of secondary infections. A secondary infection with DENV-2 is 5 to 7 times more often 
associated with severe dengue than secondary infections with either DENV-1 and DENV-
331. Host factors which influence the incidence of severe disease include among others 
HLA-type, gene variations of certain host proteins (FcγRII, the Vitamin D receptor, TNFα, 
TGFβ and CTLA-4) and activation of the complement system20,29,31. To conclude, the 
development of severe dengue is multifactorial and still relatively poorly defined.

Virus life cycle

Virus replication & assembly 
DENV infection is initiated when the viral genome is released into the cell cytosol. 
After release, the viral genome is transported to the endoplasmatic reticulum (ER) 
where translation of viral RNA is initiated. The DENV genome acts as a single mRNA 
encoding seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) 
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and three structural proteins (C, prM and E), which are cleaved into single proteins 
by autoproteases. The ectodomains of prM, E, NS1 and parts of NS4A and NS4B are 
oriented to the inside of the ER lumen, whereas the other proteins are oriented towards 
the cytosolic side of the ER. The seven non-structural proteins act together to initiate 
RNA replication. Replication occurs inside membrane invaginations of the ER, whose 
formation is likely triggered by DENV-NS4A. The membrane invaginations have an open 
connection to the cytosol, presumably to allow exit of newly formed viral RNA. Virus 
assembly occurs close to the site of replication. The positively charged region of the 
cytoplasmic C interacts with the viral RNA. Subsequently, an amorphous nucleocapsid 
buds into the ER lumen, thereby acquiring a lipid envelope containing prM and E. The 
newly assembled virions are immature and have a ‘spiky’ appearance18,67–69.

Immature DENV particles mature by passing through the Golgi and Trans Golgi 
Network (TGN). Trafficking occurs in an Arf4-, Arf5- and possibly microtubule-
dependent manner. The mildly acidic pH in the Golgi leads to a global conformational 
change of the viral proteins. The E/prM heterodimers dissociate and 90 E-homodimers 
are formed. These 90 homodimers lie flat on the surface of the virus particle, while prM 
is still attached to the fusion loop of DENV-E. Due to the conformational change, the 
prM cleavage site becomes exposed. This cleavage site is a substrate of the cellular 
serine protease furin, which cuts prM into a pr-peptide and M. During exocytosis the 
pr-peptide stays attached to E and prevents premature fusion events. Upon release into 
the pH-neutral extracellular milieu the pr-peptide dissociates from the virus. A relatively 
smooth spherical mature virus particle, which is fully infectious, remains70–73.

Furin processing during viral egress is rather inefficient. Next to mature virions, 
DENV infected cells secrete a high percentage partially mature and immature particles. 
Although the actual percentage differs per cell type, the percentage of shed immature 
virions can reach up to 45%16. Additionally, the majority of virions released from DENV-
infected cells can be immunoprecipitated with antibodies against prM, indicating that 
most viral particles have some degree of immaturity16,74. Upon egress, uncleaved prM 
reorganizes back to prM/E heterodimers, leading to a spiky instead of smooth viral 
surface75. Fully immature DENV particles are essentially non-infectious48,75, indicating 
that prM cleavage is important for DENV infectivity. Partially immature virions can still be 
infectious76, yet the required threshold for prM cleavage in DENV infectivity is unknown. 

DENV cell binding, entry and fusion during primary DENV infection

Cell binding
DENV recognizes its target cells by binding of the E glycoprotein to a receptor molecule8. 
In the field of virus entry, a difference is made between attachment factors and bona 
fide virus receptors. Binding to attachment factors is rather non-specific and serves to 
concentrate the virus at the cell membrane, whereas interaction with a virus receptor is 
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Figure 2. DENV life cycle. DENV enters the cell via receptor-mediated endocytosis. Upon entry, the 
virus is delivered to early endosomes and transported towards the perinuclear region. At low pH, DENV 
fuses from within the late endosomal compartment, thereby releasing the viral nucleocapsid. After un-
coating, the genome is transported to the ER were replication and protein translation take place. Virus 
assembly starts by the budding of a newly formed nucleocapsid into the ER lumen, thereby acquiring 
E and prM. The virus is transported through the Golgi and TGN towards the cell surface. In the TGN, the 
host protease furin cleaves the prM protein. The pr-peptide remains associated with the virus particle 
until its release into the extracellular environment. Reprinted from 18 with permission from Elsevier.
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specific and required for entry77. To date, no bona fide DENV receptor has been identified. 
Combined with the notion that DENV infects several tissues in both mosquitoes and 
humans, it can be hypothesized that attachment to the target cell is sufficient for DENV 
infection. In this section, I will describe the different attachment factors that DENV uses 
to bind its target cells.

Glycosaminoglycans
Glycosaminoglycans (GAGs) are expressed on nearly all animal cell types78 and serve as 
important attachment factors for DENV. Indeed, pre-incubation of DENV with heparin 
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or highly sulfated heparin sulfate, which bind to GAG-binding sites on DENV, prevent 
DENV binding to cell surface GAGs79–81. Furthermore, pretreatment of the cells with 
heparin, heparin sulfate or heparinase III impaired DENV infection82–84. Interaction of 
DENV with GAGs is thought to occur via two lysines (K291 and K295) located in E-DIII85. 
Indeed, heparin treatment completely abolished binding of DENV-E-DIII to BHK21 cells. 
In correspondence with these results, DENV-E-DIII was found to bind only weakly to 
mutant cells lacking heparin sulfate86. 

Glycosphingolipids
In both mammalian and mosquito cells the carbohydrate moieties of neutral-charged 
glycosphingolipids are suggested to be attachment factors for DENV. Glycosphingolipids 
are found in all vertebrate and arthropod tissues, with sub-families expressed in a 
tissue-dependent manner87. In the mammalian cells lines K562 and LLC-MK2, human 
lymphoblast and rhesus macaque endothelial kidney cell lines respectively, DENV-2 
recognized nLc4Cer (Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ1-1 Cer). In the mosquito cell line 
AP-61, DENV-2 was found to bind the glycosphingolipid L-3 (GlcNAcβ1-3Manβ1-4Glcβ1-1 
Cer)88,89. 

C- type lectins: DC-SIGN and L-SIGN
In dendritic cells, a positive correlation between DENV infection and the expression 
of the DC-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) 
was found. Next to DCs, DC-SIGN is expressed in macrophage subpopulations in the 
dermis, mucosal surfaces, lymph nodes and peripheral tissues90. Similar to DC-SIGN, the 
expression level of L-SIGN, a DC-SIGN homologue, correlated with DENV infection91,92. 
L-SIGN is expressed on liver endothelial cells, in the lymph nodes, gastrointestinal tract 
and the placenta93,94.

Antibodies against DC-SIGN can block DENV infection. Moreover, expression of DC-
SIGN in cells that are naturally negative for this molecule, made these cells susceptible 
to DENV infection. Furthermore, polymorphisms in the promoter of DC-SIGN is 
associated with an increased risk of severe disease, further supporting the role of DC-
SIGN in DENV infection95. Binding of DENV to DC-SIGN occurs via the interaction of the 
DC-SIGN carbohydrate recognition domain and sugar groups on E-N67 or E-N15396. 
Interestingly, immature DENV particles can also bind DC-SIGN. This interaction might 
either be facilitated by a sugar group on prM-N69 or by sugar groups on E-N67 and 
E-N15397. As glycosylation patterns differ between mammalian and insect cells and can 
also differ between cell types, virus origin may impact the ability of virions to infect 
cells via DC-SIGN. Indeed, Dejnirattisai et al. described that DENV virions produced on 
DCs lack mannose-rich glycosylation98 and thus lose their affinity to DC-SIGN and DCs 
in general99.
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C-type Lectins: Mannose receptor
In macrophages, the mannose receptor (MR) was identified as a DENV attachment 
factor100. Next to expression in macrophages, the MR is expressed in selected 
populations of dendritic cells and nonvascular endothelium101. Comparable to DC-SIGN, 
anti-MR antibodies were able to block infection, whereas overexpression of the MR led 
to increased binding. The carbohydrate recognition domain of MR recognized all DENV 
serotypes and purified DENV-E, but does not bind deglycosylated DENV-E100. These 
results implicate that the N-linked glycans on E-N67 and E-N153 likely recognize the MR.

CD14, Heat Shock protein 70 and Heat shock Protein 90
CD14, a LPS-receptor, was implicated in DENV cell binding of monocytes and 
macrophages102. Although CD14 is best known for its expression on monocytes and 
macrophages, low levels are also expressed in different endothelial and epithelial cells103. 
Addition of LPS prior to DENV infection inhibited DENV infection and this inhibition 
was independent of the inflammatory response induced by LPS. Although antibodies 
against CD14 could not directly block DENV infection, binding of LPS to CD14 was 
shown to be critical for the LPS-induced reduction of DENV infection. Consequently, it 
was proposed that DENV does not directly bind CD14, but requires a CD14-associated 
cell surface molecule for infection102.

The observations of Chen et al. may be explained by the finding that heat shock 
protein 70 (HSP70) and heat shock protein 90 (HSP90), two ubiquitously expressed LPS 
receptors, are DENV ligands104. Although under normal circumstances HSP70 and HSP90 
were described as CD14-independent LPS cell surface receptors105, they were found to 
cluster around CD14 when incubated with LPS prior to DENV infection. The clustering 
of the heat shock proteins and CD14 possibly prevents binding of DENV to HSP70 and 
HSP90104.

GRP78/BiP
In HepG2 cells, a hepatocellular carcinoma cell line, GRP78 was found to bind DENV-2. 
GRP78 is chaperone protein, which normally resides in the ER, but can also be localized 
to the plasma membrane. Antibodies against GRP78 affected DENV binding and 
infection in HepG2 cells, indicating GRP78 is a DENV attachment factor106–108. Yet, GRP78 
does not seem to mediate binding of all DENV serotypes to HepG2 cells, as DENV-1 was 
found to bind the high affinity laminin receptor in this cell line109.

αvβ3 integrins
In HMEC-1, human dermal microvascular endothelial cells, αvβ3 integrins were found 
to mediate DENV infection. Integrins are ubiquitously expressed in adult tissues, yet 
αvβ3 integrins are most prominently expressed on vascular endothelial cells and in 
pathological tissues110. Pre-incubation of DENV-2 with soluble αvβ3 integrins strongly 
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inhibited infection. Moreover, siRNA-mediated knockdown of αvβ3 integrins reduced 
entry by 90%. Interestingly, DENV infection can substantially enhance the expression 
levels of αvβ3 integrins111.

PhosphatidylSerine receptors: TIM and TAM families and CD300a
The TIM and TAM receptor families – which are mainly expressed on cells of the immune 
system, but are also expressed in the reproductive, hematopoietic, vascular, and nervous 
systems112,113 – have been found to enhance binding and entry of many different viruses. 
TIM and TAM receptors normally mediate the phagocytic removal of apoptotic cell by 
binding to phosphatidylserine (PS). It is suggested that these receptors also recognize 
PS present in the viral envelope and can thereby concentrate virus at the cell surface. 
Indeed, poorly susceptible cells can be successfully infected with DENV when the TIM 
and TAM receptors are expressed on the plasma membrane of these cells. Furthermore, 
DENV entry is inhibited by antibodies against TIM and TAM and RNA silencing of these 
respective proteins114. 

The TIM and TAM families are, however, not the only PS-receptor which can bind 
DENV and initiate viral entry. It was recently published that human CD300a, a novel 
phospholipid receptor which is expressed on myeloid cells, can also facilitate entry of 
all four DENV serotypes in a PS-dependent manner115.

Claudin-1
Although E-DIII is considered the main receptor binding domain of DENV, binding of prM 
to claudin-1, a component of the tight-junctions between epithelial cells or endothelial 
cells116,117, can also initiate DENV entry. In Huh cells, a human hepatocarcinoma cell line, 
knockdown of claudin-1 significantly attenuated DENV production. DENV-prM was 
found to bind the extracellular loop of claudin-1. Moreover, the specific point mutations 
I32M, C54A and C64A in the claudin-1 extracellular loop abolished the interactions 
between prM and claudin-1. Interestingly, claudin-1 expression was found to be 
upregulated in the early phase of DENV infection, whereas it was down-regulated at the 
later stages of infection. Claudin-1 down-regulation appeared to be mediated by the 
DENV C protein118,119.

Other (possible) DENV attachment factors
To date, several other DENV attachment factors of were identified without further 
characterization. These proteins include a 65 kDa membrane protein in the human 
neuroblastoma cell line SK-NSH which bound to DENV-2120; a 74 kDa and a 44 kDa 
protein in the Green Monkey Kidney cell line Vero which interacted with DENV-4121; 29, 
34 and 43 kDa proteins from the human umbilical vein endothelial cell line ECV304 with 
bound to DENV-2122; and diverse proteins from HepG2 membrane preparations which 
bound all four DENV serotypes123. 
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Furthermore, in mosquito cells, prohibitin, HSP90, a high affinity laminin receptor and 
67 kDa protein, have among others been identified as DENV attachment factors124. Of 
these proteins, prohibitin is of special interest as this molecule has also been identified 
as a chikungunya virus (CHIKV) attachment factor in mammalian cells125. 

DENV cell entry and fusion
In most cell types studied DENV enters via endocytosis, yet one group reported that 
DENV directly penetrates the plasma membrane126. The main cell entry route of DENV in 
HeLa127,128, A549129, Huh7130, HepG224,131, BS-C-1128 and C6/36132–134 was found to be clathrin-
mediated endocytosis (CME). Van der Schaar et al. visualized the DENV-2 entry process 
in BS-C-1 cells, a Green Monkey Kidney epithelial cell line128. In these cells, DENV particles 
diffuse along the plasma membrane towards pre-existing clathrin-coated pits (CCP). 
Next, DENV colocalizes with clathrin for approximately 80 seconds. During this time the 
DENV particle is likely trapped into the CCP, after which the pit evolves and scissions 
from the plasma membrane in a dynamin-dependent manner. After scission from the 
plasma membrane, the clathrin-coated vesicle is transported inside the cell after which 
the vesicle loses its clathrin coat and delivers the virus to the early endosome. DENV 
internalization was found to be a rapid process; a large proportion of virus particles 
was observed in early endosomes within 5 minutes post-infection128. Subsequently, the 
virus-containing early endosome matures into a late endosome. In BS-C-1 cells, DENV 
primarily fused from within Rab7-positive late endosomes after residing approximately 
5 minutes in this endosomal compartment. On average, fusion occurred 10-13 minutes 
post infection135. During DENV endocytosis, the virus is transported towards the 
perinuclear region in a microtubule-dependent manner. Microtubule-dependent 
transport was found to be important but not essential for infection, as disruption of 
microtubules inhibited DENV infectivity by 30%135. 

Although DENV-2 entry in BS-C-1 cells was predominantly mediated by clathrin, 
serotype- and cell type-specific differences were reported. For example, DENV-2 was 
found to enter Vero cells via a clathrin-, caveolin- and lipid raft-independent endocytic 
pathway, whereas DENV-1 was found to enter Vero cells via CME129. Moreover, in HepG2 
cells, DENV was described to hijack both CME and macropinocytosis for entry24. In 
addition to the serotype and cell type, also the cell line on which the virus was produced 
has been reported to influence the route of DENV cell entry. Mosquito-cell C6/36 derived 
DENV entered Vero cells via clathrin-independent endocytosis129, whereas Vero-derived 
DENV followed CME for entry136. This finding is probably a consequence of a change in 
receptor binding, as DENV propagated on Vero was found to have a reduced affinity 
towards heparin sulfate136.

The majority of studies report DENV fusion from within Rab7-positive late 
endosomes128,130,134,137, yet also for endocytic trafficking strain-specific differences have 
been reported. For example, DENV-2 NGC only requires functional Rab5 for infection127, 
which is suggestive for fusion from within early endosomes. DENV-2 PR159 S1 on the other 
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hand requires both functional Rab5 and Rab7 for infection 128. Additionally, DENV-2 strain 
16681 requires functional Rab7 for infection of Vero cells, suggestive for fusion from within 
late endosomes. Yet, in the same cell line DENV-2 NGC does not require functional Rab7, 
but is affected by a DMN of Rab22137. Based on the dependence on Rab22, DENV-2 NGC 
was argued to fuse from perinuclear recycling endosomes in this cell type137. However, 
the evidence for fusion from within recycling endosomes is rather frail, as Rab22 primarily 
aids trafficking to the TGN instead of trafficking to perinuclear recycling endosomes138. 
To our knowledge, direct evidence for fusion from within recycling endosomes has not 
been reported to date. To summarize, in our view the strongest evidence points towards 
DENV fusion from within Rab7-positive late endosomes. This view is further supported 
by the notion that negatively charged lipids, which are specifically enriched in late 
endosomes, were found important in DENV membrane fusion139. 

DENV cell binding, entry and fusion during secondary infection

Cell binding
Upon secondary infection, antibodies bind to the virus and direct the immunocomplex 
to immune cells expressing FcγRs. Three classes of FcγRs exist: FcγRI, II and III. Of 
these classes, FcγRII and III consist of multiple subtypes. The FcγRI, IIA, IIB and IIIA are 
expressed on myeloid cells and are therefore important for either neutralization or ADE 
of DENV particles140. Furthermore, during secondary DENV infection, individuals usually 
have high IgG antibody titers, which consist mainly of IgG1 and IgG359. IgG1 efficiently 
binds to all FcγR subtypes, whereas IgG3 mainly interacts with FcγRIIA and IIB140.

The role of the different FcRs in neutralization and enhancement of DENV infection 
has been poorly investigated. FcγRIIB is likely involved in DENV neutralization. At high 
antibody concentrations, DENV-antibody-complexes aggregated and this was observed 
to crosslink FcγRIIB, thereby preventing FcR-mediated uptake of virus particles141. 
Additionally, Chawla et al. showed that FcγRI and FcγRIIA neutralize DENV infectivity142. 
Yet, using the identical monoclonal IgG1 antibody, FcγRIIA-mediated neutralization 
of DENV infection required significantly higher antibody concentrations than FcγRI-
mediated DENV neutralization142. In line with this, the antibody-virus-complex 
preferentially bound FcγRI over FcγRIIA142. Both FcγRI and FcγRIIA were also described 
to facilitate ADE50,142,143, whereas the role of FcγRIIIA in DENV-ADE seems to be limited144. 
At enhancing antibody concentrations, DENV entry mediated through interactions with 
FcγRIIA led to the highest levels of produced virus progeny50,142. Moreover, Rodenhuis-
Zybert et al. showed that under ADE conditions immature DENV bound to K562 cells via 
interactions with FcγRII48. Taken together, these data indicate that although FcγRI and 
FcγRIIA can both induce neutralization and enhancement of DENV infection, FcγRIIA 
is primarily disposed to ADE of DENV infection, while FcγRI is more prone to DENV 
neutralization. In addition, the phagocytosis-inhibiting Fcγ-receptor FcγRIIB primarily 
mediates DENV neutralization. 
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Endocytosis and fusion 
All virus-antibody-complexes are targeted to FcR-expressing cells for degradation. 
Under neutralization conditions, antibodies likely prevent the virus from undergoing 
the conformational changes that are required for fusion. Indeed, several antibodies 
have been identified to “freeze” the particle in a certain conformation61,62. Alternatively, 
high concentrations of antibody may completely prevent DENV uptake into FcR-
bearing cells by evoking aggregation of the DENV-antibody-complexes141. ADE of DENV 
infection is only observed when the antibody titer falls below the threshold required for 
neutralization. Low affinity antibodies likely dissociate from the particle upon delivery 
to acidic organelles thereby allowing membrane fusion and infection. 

The cell entry pathway of DENV-antibody-complexes is poorly defined. As disruption 
of the FcR activation motifs was found to abolish DENV-ADE, DENV opsonized with 
enhancing concentrations of antibodies was suggested to be internalized via FcR-
mediated phagocytosis145. Two additional studies described a relationship between 
phagocytic activity of the cell and infectivity of DENV-immune complexes50,51. 
Furthermore, antibody-bound WNV, a closely related flavivirus, was described to enter 
cells via CME and phagocytosis, depending on the size of the virus-antibody-complex146. 

Antibodies were found to render immature virions infectious48. The infectivity of 
antibody-opsonized immature DENV was dependent on FcγRII, likely FcγRIIA, and 
intracellular furin48. To date, no detailed study on the cell entry mechanism of antibody-
bound immature DENV has been performed, yet the following steps are expected to 
occur. Upon delivery of antibody-opsonized immature DENV to acidic endosomes, the 
virus undergoes a global conformational change allowing the host protease furin to 
cleave prM. Then, the pr-peptide dissociates from M and membrane fusion is triggered. 
The release of the pr-peptide is likely triggered by  the more acidic pH inside endosomes 
compared to that of the pH in the secretory pathway18,147. Antibodies attached to the 
virion may dissociate from the virion once delivered to the acidic endosome or are 
released together with the pr-peptide upon low-pH induced pr-peptide dissociation. 

Molecular mechanisms involved in membrane fusion
Membrane fusion is triggered by the acidic pH inside endosomes. At low pH, a series 
of conformational changes occur within the DENV surface proteins that lead to fusion 
of the viral membrane with the endosomal membrane and subsequent nucleocapsid 
release8,75,148,149. First, protonation of pH-sensing histidine residues in E148,149 and M150 
promote the dissociation of the E homodimers at the viral surface. This leads to the 
outward projection of E-DII and consequently exposure of the fusion loop. Next, 
the hydrophobic fusion loop is inserted into the target membrane. Then, the three 
E monomers are thought to interact to form a trimer, which is stabilized through 
interactions between the DI domains. Next, DII is believed to fold back against the 
trimer, forming a hairpin-like conformation. The energy released by this step induces 
hemifusion. Thereafter, a fusion pore is formed and the viral nucleocapsid is released 
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into the cytosol8,75,148,149. Nour et al. showed that hemifusion occurs several minutes 
before the delivery of the viral genome to the cell cytosol, implying that genome 
delivery is a distinct step151. Noteworthy, the group of Freire et al. recently showed 
that the supercharged C protein has the ability to transport nucleic acids across lipid 
membranes152–154. Consequently, these authors speculated that C might play a role in 
DENV RNA delivery.

Next to low pH, the composition of the target membrane is important for DENV 
fusion (75 and references within). Cholesterol was found to promote membrane fusion 
activity of flaviviruses. At low pH, cholesterol appears to stimulate the interaction of the 
E protein and the target membrane. Yet, E does not directly interact with cholesterol155. 
Therefore, these effects are likely due to a change of fluidity or the physical or chemical 
properties of the target membrane. Indeed, in mammalian cells depletion of cholesterol 
is associated with a decrease in membrane curvature156, and this membrane curvature 
might be important during the DENV fusion process. In addition, anionic lipids 
promote DENV fusion, but likely downstream of hemifusion139. It has been observed 
that DENV can fuse with the plasma membrane of insect cells upon and artificial 
pH drop, whereas no fusion is seen with the plasma membrane of mammalian cells 
under similar experimental conditions. One major difference between the plasma 
membrane of insect and mammalian cells is the high concentration of anionic lipids, 
such as bis(monoacylglycero)phosphate (BMP) and PS, in the plasma membrane of 
insect cells157,158. Addition of these lipids to the plasma membrane of mammalian cells 
facilitated the low pH-induced fusion of DENV. Interestingly, anionic lipids are enriched 
in late endosomes of the endolysosomal pathway and might aid in efficient fusion from 
within these organelles.

Concluding remarks

In conclusion, dengue is a complex disease, of which the disease outcome depends on 
multiple, sometimes poorly defined, factors. The immune system and specifically the 
anti-DENV antibody response play a major role in the development of severe dengue. 
Therefore, a better understanding how antibodies control and enhance DENV infection 
is important. 

At the start of this thesis the cell entry pathway and the subsequent intracellular 
trafficking of mature and immature DENV opsonized with enhancing concentrations of 
antibody were still elusive. Furthermore, the exact contributions of both ‘extrinsic’ (the 
increased binding and entry of FcR-bearing cells) and ‘intrinsic’ ADE to severe dengue 
were still unknown. Both topics are of importance to this thesis. Studying the DENV 
cell entry pathway and the intracellular antiviral response under ADE conditions will 
improve our understanding of DENV pathogenesis. Furthermore, it will also guide the 
rational development of a safe and universal DENV vaccine. 
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Abstract

Background
Dengue Virus (DENV) is the most common mosquito-borne viral infection worldwide. 
Important target cells during DENV infection are macrophages, monocytes, and 
immature dendritic cells (imDCs). DENV-infected cells are known to secrete a large 
number of partially immature and fully immature particles alongside mature virions. 
Fully immature DENV particles are considered non-infectious, but antibodies have been 
shown to rescue their infectious properties. This suggests that immature DENV particles 
only contribute to the viral load observed in patients with a heterologous DENV re-
infection.

Methodology/Principal findings
In this study, we re-evaluated the infectious properties of fully immature particles in 
absence and presence of anti-DENV human serum. We show that immature DENV is 
infectious in cells expressing DC-SIGN. Furthermore, we demonstrate that immature 
dendritic cells, in contrast to macrophage-like cells, do not support antibody-dependent 
enhancement of immature DENV.

Conclusions/Significance
Our data shows that immature DENV can infect imDCs through interaction with DC-
SIGN, suggesting that immature and partially immature DENV particles may contribute 
to dengue pathogenesis during primary infection. Furthermore, since antibodies do not 
further stimulate DENV infectivity on imDCs we propose that macrophages/monocytes 
rather than imDCs contribute to the increased viral load observed during severe 
heterotypic DENV re-infections.
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Introduction

Dengue virus (DENV), a flavivirus within the Flaviviridae family, is the most common 
mosquito-borne viral infectious agent worldwide. According to new estimates, 390 
million DENV infections occur annually, of which about 100 million are symptomatic1. 
There are four different serotypes of DENV. Each of them can cause disease ranging 
from rather mild dengue fever to more severe dengue hemorrhagic fever and dengue 
shock syndrome2,3. Pre-existing heterotypic antibodies represent a major risk factor for 
the development of severe disease via antibody-dependent enhancement of disease 
(ADE)4–6. In ADE, pre-existing cross-reactive antibodies are hypothesized to bind to 
the newly infecting virus and facilitate efficient replication in Fcy-receptor-expressing 
cells, thereby increasing the infected cell mass and viral load. A high viral load is often a 
prelude for severe disease development7.

DENV-infected cells secrete a heterogeneous population of virions that vary in 
maturation state8–12. Junjhon and colleagues showed that more than 90% of the 
particles secreted from C6/36 cells contain at least some prM molecules8. Structural 
work demonstrated that many DENV particles have mosaic structures with immature 
“spiky” regions and mature “smooth” regions13. Fully immature particles are considered 
non-infectious, as functional analysis in multiple cell lines indicated that the prM 
protein affects virus-receptor interaction and membrane fusion activity. Earlier studies 
revealed that the precursor membrane (prM) protein, the hallmark of immature virus 
particles, caps the envelope (E) protein14–18. Indeed, furin-dependent cleavage of prM to 
M is a prerequisite for membrane fusion and infectivity11,16,18–21. Interestingly, antibodies 
have been found to rescue the infectivity of fully immature DENV particles by Fcy-
receptor-mediated binding and cell entry of DENV-immune complexes. Upon cell 
entry, the prM protein is cleaved by furin present within the endosome to render the 
particle infectious17,19,22. This suggests that fully immature particles are only infectious in 
presence of antibodies and therefore contribute to the viral load observed in secondary 
DENV infections.

Immature dendritic cells (imDCs) represent important target cells for DENV 
replication23. Virus-cell binding is facilitated through interaction of the glycan moieties 
that are linked to the E glycoprotein with the receptor molecule Dendritic Cell-Specific 
Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN)24. Interestingly, a 
recent report has shown that partially immature particles of West Nile Virus (WNV) – like 
DENV a member of the flavivirus genus – can infect cells that are engineered to express 
DC-SIGN25. The glycan moieties on prM were found to interact with DC-SIGN, thereby 
facilitating virus binding and cell entry. In view of the above studies we here assessed 
the infectivity of fully immature DENV in DC-SIGN expressing cells including primary 
human monocyte-derived imDCs in the presence and absence of anti-DENV antibodies 
and compared it with the infectivity of immature DENV in macrophage-like cells.
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Materials and Methods

Cell culture
Human peripheral blood mononuclear cells (PBMCs) were isolated by standard density 
centrifugation using Ficoll-Paque Plus (GE Healthcare, Sweden) from buffy coats obtained 
with written informed consent from healthy, anonymous volunteers, in line with the 
declaration of Helsinki (Sanquin Bloodbank, Groningen, the Netherlands). All samples 
were analyzed anonymously. Monocytes were isolated by gelatin adherence26 and 
allowed to differentiate in RPMI (Life Technologies) supplemented with 20% fetal 
bovine serum (FBS), 500U/ml granulocyte-macrophage colony-stimulating factor 
(GM-CSF), and 250 U/ml recombinant human interleukin-4 (rIL-4) (both from Prospec-
Tany, Israel). The medium was replaced every second day till day 6 to generate imDCs. 
P338D1 cells (American Tissue Culture Collection [ATCC] # CCL-46), a macrophage-
like cell line expressing Fcy-receptors, was maintained in DMEM (PAA Laboratories, 
Austria) supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 
0.75% sodium bicarbonate (Invitrogen) and 1 mM sodium pyruvate (Gibco). Vero-
WHO cells (European Collection of Cell Culture # 88020401) were maintained in DMEM 
supplemented with 5% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin. Human 
adenocarcinoma LoVo cells (ATCC # CCL-229) were maintained in Ham’s medium (Life 
Technologies) supplemented with 20% FBS. B cell lines Raji wild type (wt, ATCC # CCL-
86) and Raji DC-SIGN were maintained in RPMI (Life Technologies) supplemented with 
10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin. The Raji DC-SIGN cell line 
was stably transfected with a plasmid coding for DC-SIGN27. All mammalian cells and cell 
lines where maintained at 37°C/5% CO

2
. C6/36 (ATCC # CRL-1660), an Aedes albopictus cell 

line, was maintained in minimal essential medium (Life Technologies) supplemented 
with 10% FBS, 25 mM HEPES, 7.5% sodium bicarbonate, 100 U/ml penicillin, 100 mg/
ml streptomycin, 200 mM glutamine and 100 mM nonessential amino acids at 30°C/5% 
CO

2
.

Flow cytometry
The phenotype of the cultured primary imDCs was confirmed at day 6 using flow 
cytometry analysis, essentially as described before26,28. The cells were analyzed using 
the primary labeled antibodies Lineage1-FITC, CD11c-APC, HLR-DR-V500, CD80-PE, 
CD83-PECy7 and CD86-V50 (Becton Dickinson). DC-SIGN levels of imDCs, Raji wild 
type, and Raji DC-SIGN cells were determined using an anti-DC-SIGN antibody and a 
secondary PE-labeled antibody (both R&D systems, MN, USA). Flow cytometry analysis 
was performed on a LSR-II (Becton Dickinson). Data was analyzed using Kaluza 1.2.

Viruses
For the functional experiments, standard (std) DENV-1 (strain 16007), DENV-2 (strain 
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16681), DENV-3 (strain H87) and DENV-4 (strain 1036), were produced in the Aedes 
albopictus cell line C6/36, essentially as described before17. Briefly, an 80% confluent 
monolayer of cells was infected at multiplicity of infection (MOI) of 0.1. Depending 
on the serotype, 72 to 168 hours post infection (hpi), virus was harvested. Immature 
DENV-1, DENV-2, DENV-3 and DENV-4 were produced LoVo cells as described. Briefly, 
an 80% confluent monolayer of cells was infected at MOI 2 and 72 hpi immature DENV 
was harvested. LoVo cells are deficient in the protease furin, therefore no cleavage of 
prM to M can occur and the secreted virus particles are fully immature, which has been 
characterized by us before11. The specific infectivity was determined at 72 hpi following 
std DENV and immature DENV infection at MOI 2 for all serotypes.

Infectivity assays
imDCs were infected at a multiplicity of genome-containing particles (MOG) of 1000 
of either immature DENV-2 or std DENV-2. At 1.5 hpi, fresh medium was added to the 
cells. Growth curve analysis showed that DENV-infected imDCs start to secrete new 
particles at 24 hpi (data not shown). We decided to harvest at 43 hpi so we could 
measure the maximum output from the first round of replication. The number of 
produced infectious particles was measured by standard plaque assay on BHK-21 
clone 15 cells. The detection limit of the plaque assay is 18 PFU/ml29. The role of DC-
SIGN was studied by incubating imDCs 1 h before and during infection with 25 µg/ml 
of either an anti-DC-SIGN antibody or a non-specific isotype control (both R&D systems, 
MN, USA). To test if viral infectivity could be enhanced by antibodies, immature DENV-
2 (MOG 1000) or, as a control, std DENV-2 (MOG 100) was pre-opsonized with 10-fold 
sequential dilutions of human serum before infection. We used convalescent serum 
(28 days following infection) from a DENV-2 immune, hospitalized patient. For gain-of-
function experiments, early passages of the stably transfected B cell line Raji DC-SIGN 
and as a control, Raji wt were infected with MOG 1000 of immature or std DENV-1, 2 and 
4 under the same conditions as described above. Post-entry maturation of immature 
particles was blocked by treating cells with the furin inhibitor (FI) Decanoyl-RVKR-CMK 
(Calbiochem) prior (50 µM) and during (25 µM) virus infection. Infectivity assays on the 
macrophage-like cell line P388D1 were performed under the same conditions as for 
imDCs. For antibody-dependent enhancement studies, P388D1 cells were infected with 
human serum-opsonized immature DENV-1, 2, and 4 at MOG 1000 or, as a control, non-
opsonized std DENV-1, 2, and 4 at MOG 1000. For experiments in P388D1 and Raji cells, 
the number of infectious particles was determined by immunofocus assay, as described 
below.

qPCR
The number of genome-containing particles (GCPs) was determined by quantitative 
PCR (qPCR) according to an earlier published protocol based on DENV-212. Briefly, the 
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DNA was amplified for 40 cycles of 15 s at 95°C and 60 s at 55°C (DENV-3) or 60°C (other 
serotypes). Determination of the number of RNA copies was performed with a standard 
curve (correlation co-efficient >0.995) of quantified DENV plasmids constructed with 
standard DNA techniques. For DENV-1: pcDNA3 encoding the M protein sequence of 
DENV-1 strain 16007; DENV-3: pcDNA3 encoding the E protein sequence of DENV-3 
strain 16562; and DENV-4: pcDNA3 encoding the E protein sequence of DENV-4 strain 
1036 was used. The details of the primers and probes used for DENV-1, 3 and 4 can be 
found in table S1.

Immunofocus assay
To assess the specific infectivity of immature and std DENV of the different serotypes, 
the number of infectious particles was determined by an adapted protocol for 
immunofocus assay30. One day before titration, 1.3×104 Vero-WHO cells were seeded 
per well in a 96-well plate. Prior to infection, the medium was removed and cells were 
infected with 10-fold serial dilutions of the virus. After 1.5 h incubation at 37°C, MEM/2% 
FBS and 1% carboxymethylcellulose (Sigma-Aldrich, Steinheim, Germany) was added 
as overlay. Cells were fixed and stained after 2 days (DENV-4), 3 days (DENV-1) or 4 days 
(DENV-2 and DENV-3) of incubation at 37°C/5% CO

2
. Prior to the staining procedure, cells 

were fixed with 10% formaldehyde in phosphate-buffered saline (PBS). Subsequently, 
cells were washed with PBS and permeabilized with 2% Triton-X. For detection, 4G2 
antibody (Millipore, Temecula, CA) was used as a primary antibody and goat anti-mouse 
HRP-labeled antibody (Southern Biotech, Birmingham, AL) as a second antibody. Cells 
were stained with Trueblue Peroxidase Substrate (KPL, Gaithersburg, MD). The foci were 
counted manually. The limit of detection for immunofocus assay is 20 infectious units 
(IU) per ml.

Statistical analysis
Statistical analysis was performed with the GraphPad Prism 5 software. All data were 
analyzed using the Mann Whitney U-test. P values <0.05 were considered statistically 
significant. P values are depicted in the figures as * (<0.05), ** (<0.01), and *** (<0.001).

Results

Monocyte-derived immature dendritic cells are susceptible to infection by immature 
DENV

Human primary immature dendritic cells (imDCs) were obtained upon culture of 
PBMC-derived monocytes in the presence of GM-CSF and rIL-4. Six days after culture, 
the phenotype of the cells was determined by flow cytometry. Figure 1 shows that the 
cells have a typical imDCs expression pattern: Lin−, HLA-DR+, CD11c+, CD80−, CD83low and 
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CD86low. Importantly, and as expected, imDCs were found to express high levels of DC-
SIGN. The differentiated imDCs were infected at MOG 1000 of either immature DENV-2 
or std DENV-2. Immature DENV was produced on furin-deficient LoVo cells. We showed 
before that LoVo-derived DENV has an average prM content of 94±9%, demonstrating 
that LoVo-derived DENV is fully immature11.The prM protein is known to control viral 
infectivity11,14,18,20,21, and we observed before that the specific infectivity of LoVo-derived 
DENV is at least 10,000 fold reduced compared to that of std DENV generated in C6/36 
cells11,17,31. This is comparable to the drop in specific infectivity of a furin cleavage-
deficient recombinant DENV (pDENprMΔ90)17. Furthermore, the reduced specific 
infectivity of LoVo-derived DENV was rescued upon exogenous treatment with furin, 
indicating that prM to M cleavage is a prerequisite for viral infectivity11. Taken together, 
prM to M cleavage of DENV is solely mediated by furin and LoVo cells can be used to 
generate fully immature DENV particles. The specific infectivity of the immature DENV-
2 batch used in this study was -100,000 fold reduced compared to that of std DENV-2, 
again demonstrating that immature DENV-2 is essentially non-infectious in BHK-21-15 
cells. The GCP to PFU ratio was 8.4×106 for immature DENV compared to 73 for std DENV.

Although we never detected infectivity of immature DENV-2 in monocyte and 
macrophage cell lines or human PBMCs17,31, we did observe low-level infectivity of 
immature DENV-2 in imDCs (Figure 2A). At 43 hpi, 1.8×103 PFU/ml were produced 
following infection with immature DENV, while for std virus a titer of 1.4×106 PFU/ml 

Figure 1. Phenotypic analysis of monocyte-derived immature dendritic cells. Expression profile 
of different cell type markers by flow cytometry, details are provided in the text. One representative anal-
ysis is shown. White curve area: control antibody. Black curve area: specific staining antibody.
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was obtained. Similar results were observed in cells of another blood donor (data not 
shown). Furthermore, to test whether immature DENV infects imDCs due to interaction 
with DC-SIGN, we treated imDCs with either an anti-DC-SIGN antibody or a non-specific 
isotype control. Indeed, blockage of the DC-SIGN receptor completely abrogated 
infection of imDCs with immature DENV (Figure 2B), indicating that DC-SIGN acts as an 
entry receptor for immature virions. 

To further confirm the importance of DC-SIGN in facilitating entry of immature 
DENV, we next tested the infectious properties of DENV-2 on Raji wt and Raji DC-SIGN 
expressing cells. Analysis by flow cytometry indicated that 96.4–88.4% of Raji DC-
SIGN cells were positive for DC-SIGN, whereas Raji wt cells were negative for DC-SIGN 
expression. To ensure a high level of DC-SIGN expression, only early passages of cells 
were used for experiments. As depicted in Figure 3, expression of the receptor molecule 
DC-SIGN significantly increased viral progeny production following infection with std 
DENV-2 and immature DENV-2. For immature DENV-2, no virus particle production was 
detected in cells lacking DC-SIGN expression. 

We next assessed the importance of furin-mediated cleavage of prM during entry 
of immature DENV. To this end, cells were treated with furin inhibitor prior and during 
DENV infection. Treatment of Raji DC-SIGN expressing cells with furin inhibitor caused 

Figure 2. Fully immature DENV-2 particles exhibit basic infectivity on immature dendritic 
cells. imDCs were infected with MOG 1000 of standard (std) or immature DENV-2. Supernatant was har-
vested 43 hpi and analyzed. (A) DENV-2 infectivity on imDCs. (B) Role of DC-SIGN on immature DENV-2 
infectivity in imDCs as tested by DC-SIGN blockage. Limit of detection is 18 PFU/ml. Data are expressed 
as means of at least two independent experiments performed in triplicate; error bars represent standard 
error of the mean (SEM). N.d. denotes for “not detectable”. Levels of significance (Mann Whitney U test) 
are presented as **  =  p<0.01. 
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a small but significant (p<0.001, two-tailed Mann-Whitney test) decrease in virus 
production following std DENV infection whereas no effect on virus production was 
seen in Raji wt cells. The observed decrease in infectivity in Raji DC-SIGN cells probably 
reflects the presence of partially and fully immature virions present within the standard 
virus preparation that require furin-mediated cleavage upon entry. Importantly, furin 
inhibitor completely abolished the infectivity of immature DENV-2 on Raji DC-SIGN cells, 
confirming the importance of prM cleavage for infectivity.

Infectious properties of DENV-1, DENV-3, DENV-4
After having shown that immature DENV-2 is infectious in imDCs via DC-SIGN interaction, 
we strived to assess if this observation can be generalized for the other DENV serotypes 
as well. Since the infectious properties of fully immature DENV-1, 3 and 4 have not been 
described before, we first examined and compared the specific infectivity of both std 
and fully immature DENV virions of all four serotypes. For this purpose, we analyzed 
virus particle production on C6/36 cells and LoVo cells at 72 hpi by RT-PCR12 and 
immunofocus assay30 to measure genome-containing particles and infectious units, 
respectively. Table 1 shows that immature particles of all four serotypes have a very low 
specific infectivity on Vero-WHO cells. When compared to the std DENV preparations, 
the specific infectivity of immature DENV was about 700-fold reduced for DENV-4 and 

Figure 3. Immature DENV-2 can infect Raji DC-SIGN cells in a furin-dependent manner. Raji 
DC-SIGN cells and Raji wt cells were infected with MOG 1000 of std (grey bars) or immature (black bars) 
DENV-2. Prior and during infection, selected samples were treated with furin inhibitor. Supernatant was 
analyzed for viral progeny at 43 hpi. Limit of detection is 20 FFU/ml. Data are expressed as means of at 
least two independent experiments performed in triplicate; error bars represent SEM. N.d. denotes for 
“not detectable”. Levels of significance (Mann Whitney U test) are presented as **  =  p<0.01 and ***  =  
p<0.001.
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Figure 4. DC-SIGN enhances the permissiveness of Raji cells for both std and immature DENV 
of different serotypes. Raji DC-SIGN cells and Raji wt cells were infected with MOG 1000 of std (grey 
bars) or immature (black bars) DENV-1 (A), DENV-2 (B) or DENV-4 (C). Supernatant was analyzed for viral 
progeny at 43 hpi. Limit of detection is 20 FFU/ml. Data are expressed as means of at least two inde-
pendent experiments performed in triplicate; error bars represent SEM. N.d. denotes for “not detectable”. 
Levels of significance (Mann Whitney U test) are presented as **  = p<0.01 and ***  =  p<0.001.

Table 1. Specific infectivity of fully immature and standard DENV preparations in epithelial 
cells.
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more than 80,000-fold reduced for DENV-2. The specific infectivity of immature DENV-1 
and DENV-3 was at least 2000-fold and 300-fold reduced, respectively. The reduction in 
specific infectivity may be underestimated for DENV-1 and DENV-3 since we were not 
able to detect any infectivity (limit of detection of the immunofocus assay is 20 IU/ml).

We next attempted to analyze the infectivity of DENV-1, 3, and 4 in imDCs. However, 
using std virus of these serotypes, only a viral output of about 103 IU/ml was measured 
at 43 hpi. Unfortunately, the low infectivity of std DENV-1, 3, and 4 in imDCs prevented 
further characterization of the infectious properties of immature DENV in these cells. 
To be able to assess the role of DC-SIGN in facilitating immature DENV-1 and 4 entry we 
decided to use Raji DC-SIGN cells. We did not test immature DENV-3, since it was not 
possible to propagate this virus to sufficiently high titers (Table 1). Immature DENV-1 and 
4 productively infected Raji DC-SIGN cells as 5.4×104 and 7.7×103 FFU/ml were detected 
respectively. Raji wt cells were not permissive to immature DENV-1 and 4 (Figure 4). Both 
std DENV-1 and std DENV-4 infected Raji DC-SIGN cells to approximately the same level 
as std DENV-2 (Figure 4). The effect of DC-SIGN on DENV infectivity was most prominent 
for DENV-1 suggesting that especially the DENV-1 strain used in our experiments is 
dependent on DC-SIGN for entry. Taken together, although we could not determine the 
infectivity of immature DENV other than DENV-2 in imDCs, the above results indicate 
that DC-SIGN does facilitate infectivity of immature DENV-1, 2, and 4 particles.

Antibody-mediated enhancement of immature DENV-2
Our observation that immature DENV particles are infectious in DC-SIGN expressing 
imDCs prompted us to also investigate if viral infectivity can be enhanced by anti-
DENV serum. Earlier reports performed with std DENV preparations showed that high 
expression of DC-SIGN is inversely correlated with ADE28,32. However, it is not known if this 
holds true for infection with immature DENV. Therefore, we performed infectivity assays 
with immature DENV-2 and, as a control, std DENV-2. Before infection, the virus was pre-
opsonized with human serum of a DENV-2 immune individual. As shown in Figure 5A, 
none of the serum dilutions tested enhanced the basic infectivity of immature DENV in 
imDCs. Furthermore, and in line with the prior results28, no enhancement of std DENV 
infection was observed (Figure 5B). At lower dilutions (≤104 for immature DENV and 
≤103 for std DENV), neutralization of viral infectivity was detected. No enhancement 
of std DENV infectivity was seen upon infection of the cells at lower MOGs (0.1, 1 or 
10; data not shown). This shows that the absence of ADE at higher MOG values was 
not due to saturation of virus particle production capacity in the absence of serum. We 
achieved comparable results in all donors tested (at least two different donors for each 
experiment, data not shown), indicating that the outcomes are donor-independent.

To test whether the serum possesses inherent enhancing activity, we next performed 
infectivity assays in P388D1 cells, a macrophage-like cell line expressing Fcy-receptors. 
Indeed, and in line with previous published data17,31, viral infectivity of immature DENV-
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2 was enhanced at a serum dilution of 104/105 to std virus levels in the absence of 
antibodies. We also observed a significant increase in infectivity of std virus at a serum 
dilution 104/105(Figure 5D). At low serum dilutions, neutralization of infection was 
observed (Figures 5C and 5D). In conclusion, the above data fits nicely with the well-
described infectivity profile of flaviviruses in presence of antibodies28,30,32,33.

Figure 5. imDCs do not support antibody-dependent enhancement of DENV infection. (A+B) 
imDCs were infected with immature DENV-2 (A) at MOG1000 and std DENV-2 (B) at MOG 100 as men-
tioned in the text. Data of one representative donor is shown. For each donor, experiments were per-
formed at least in duplicate. (C+D) P388D1 cells were infected with immature (C) or std (D) DENV-2 
at MOG 1000 under similar conditions as in panel A+B. At least two independent experiments were 
performed in triplicate. Limit of detection is 18 PFU/ml. Error bars represent SEM. N.d. denotes for “not 
detectable”. Levels of significance (Mann Whitney U test) are presented as *  =  p<0.05, **  =  p<0.01 and 
***  =  p<0.001.

CHAPTER 6

6



145

Antibody-mediated enhancement of immature DENV-1, 2 and 4 in macrophage-like 
cells
Under laboratory conditions, enhancement of DENV infectivity can be detected using 
homotypic antibodies as long as the antibody concentration is lower than the threshold 
required for neutralization17,28,31,34. However, during natural infection, severe disease is 
predominantly related with heterotypic secondary infection4,35. For this reason, we 
aimed to assess the influence of heterotypic human serum on the infectivity of different 
DENV serotypes as well.

Given the low infectivity of DENV-1, 3 and 4 in imDCs, we evaluated the enhancing 
properties of immune serum in the macrophage cell line P388D1. In P388D1 cells, the 
infectivity of std DENV-1 and 4 was comparable to that of DENV-2 (Figure 5D, Figure 6A 
and 6B). No infectivity was seen for immature DENV-1 and 4 in the absence of serum. 
We next assessed whether anti-DENV-2 serum stimulated viral infectivity of immature 
DENV-1 and 4 and revealed that the serum indeed rescues the infectious properties of 
these viruses. As with DENV-2 (Figure 5), the infectivity increased to levels comparable 
to std DENV-1 and 4 infection in the absence of antibodies (Figures 5, 6A and 6B). The 
enhancement profiles were similar for heterotypic and homotypic conditions, which 
suggests that the human serum used in our study contains a high level of cross-reactive 
antibodies.

Figure 6. Immature DENV particles of different serotypes can be rendered infectious by 
heterotypic human serum. P388D1 cells were infected with MOG 1000 of std (grey bars) and pre-op-
sonized immature (black bars) DENV-1 (A) or DENV-4 (B) as described in the text. At least two indepen-
dent experiments were performed in triplicate. Limit of detection is 20 FFU/ml. Error bars represent SEM. 
N.d. denotes for “not detectable”. Levels of significance (Mann Whitney U test) are presented as **  =  
p<0.01.
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Discussion

In summary, this study shows that immature DENV particles are infectious in imDCs via 
interaction with DC-SIGN. The importance of DC-SIGN is underlined by the observation 
that Raji B cells stably transfected with DC-SIGN are susceptible to immature DENV-1, 2, 
and 4 infection. Viral infectivity of immature DENV in imDCs is relatively low and cannot 
be stimulated by antibodies. In contrast, antibodies do enhance infectivity of immature 
DENV in macrophages.

The E glycoprotein is responsible for efficient interaction of the virus with host cells 
during primary infection. In immature particles, the E protein is obscured by prM, 
prohibiting efficient virus-receptor interaction15,16,19. Therefore, immature particles 
are presumably scored non-infectious in numerous cell lines like K562, U937, THP-1, 
P388D1, and human PBMCs11,17,24. However, and in line with recent results on WNV25, 
we here show that immature DENV is infectious in cells expressing DC-SIGN. Binding 
of immature particles to DC-SIGN is presumably facilitated by sugar groups linked to 
position Asn69 on prM, or sugar groups linked to position Asn67 and Asn153 on E15,16,25,27. 
In line with earlier studies, we show that DC-SIGN has a more prominent role in DENV-1 
infectivity than in DENV-2 and 436,37. This result is however strain-dependent as other 
studies do not show a difference in DC-SIGN dependence between DENV-1, 2, 438,39. The 
more pronounced effect of DC-SIGN on DENV-1 strain 16007 infectivity is also observed 
for immature virus as the progeny viral titer following immature DENV-1 infection is 1–2 
log higher compared to that of DENV-2 and 4.

Upon binding, DENV enters imDCs via an as yet unknown pathway40. For partially 
immature WNV particles, it has been shown that furin cleavage of prM upon cell 
entry is not strictly required for infection of Raji DC-SIGN cells25. Here, and in line with 
other studies19,26,29, we show that fully immature particles do require furin processing 
for infectivity. This confirms that prM to M cleavage is a prerequisite for infectivity. It 
is not fully understood however how the pr peptide is released from the virion after 
furin cleavage. Kielian and co-workers elegantly showed that the pr-E interaction is 
tightly controlled by pH19 and hypothesized that the pr peptide remains associated 
within the mildly acidic lumen of the secretory pathway but is released in the more 
acidic environment of endosomes thereby allowing membrane fusion. The number of 
prM molecules necessary to support furin-dependent or furin-independent infectivity 
immature flavivirus particles is unknown so far.

The infectious potential of immature DENV in imDCs may imply that these particles 
contribute - albeit limited - to the total viral load during primary infection. Furthermore, 
immature particles may be important in the initiation of infection as virus particles 
produced in mosquito cells are known to have a high prM content8,9,11. On the other 
hand, we previously showed that immature WNV particles do not cause disease in mice 
when injected through the intraperitoneal route31,41. Though, during natural infection, 
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the virus is inoculated in the skin and directly encounters Langerhans cells42. These 
cells express the C-type lectin langerin, but no DC-SIGN43. Whether Langerhans cells are 
permissive to immature DENV infection remains to be elucidated.

Neither std DENV nor immature DENV exhibit ADE on imDCs during heterotypic re-
infection. In line with previous observations32, we propose that Fcy-receptors expressed 
on imDCs do not have an additive effect on viral infectivity due to the high cell surface 
expression of DC-SIGN. It is, however, possible that the antibody–opsonized complexes 
are internalized through the Fcy-receptor without net increase in viral infectivity. 
Furthermore, the observation that antibody-opsonized immature DENV has a lower 
infectivity than std DENV may suggest that imDCs are less efficient in promoting 
virus maturation upon entry than macrophages. Other target cells like monocyte or 
macrophage-like cell lines do support enhanced infection of antibody-opsonized 
immature and std DENV via Fcy-receptor-mediated entry, thereby increasing total viral 
output17,28.

Our results suggest that imDCs generate a similar amount of virus progeny during 
primary and secondary heterotypic infection, but do not contribute to the increase of 
viral load seen in secondary heterotypic infection.
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Abstract

The dogma is that the human immune system protects us against pathogens. Yet, 
several viruses, like dengue virus, antagonize the hosts’ antibodies to enhance 
their viral load and disease severity; a phenomenon called antibody-dependent 
enhancement of infection. This study offers novel insights in the molecular mechanism 
of antibody-mediated enhancement (ADE) of dengue virus infection in primary human 
macrophages. No differences were observed in the number of bound and internalized 
DENV particles following infection in the absence and presence of enhancing 
concentrations of antibodies. Yet, we did find an increase in membrane fusion activity 
during ADE of DENV infection. The higher fusion activity is coupled to a low antiviral 
response early in infection and subsequently higher infection efficiency. Apparently, 
subtle enhancements early in the viral life cycle cascades into strong effects on infection, 
virus production and immune response. Importantly, and in contrast to other studies, 
the antibody-opsonized virus particles do not trigger immune suppression and remain 
sensitive to interferon. Additionally, this study gives insight in how human macrophages 
interact and respond to viral infections and the tight regulation thereof under various 
conditions of infection.
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Introduction

Through the evolutionary process, viruses have acquired many mechanisms to hijack 
the host cell machinery and to suppress antiviral responses within infected cells. More 
intriguingly, viruses have found ways to antagonize the host immune system by using 
the hosts’ antibodies to enhance infection and disease: a phenomenon called antibody-
dependent enhancement (ADE)1,2. In vitro, ADE has been shown for influenza A virus3, 
Coxsackievirus B4, respiratory syncytial virus5, Ebola virus6, human immunodeficiency 
virus (HIV)7, and many other viruses8. In vivo ADE has been linked with the severity of 
HIV7 and dengue virus (DENV) infection9,10.

DENV infection is the most prevalent arthropod-borne viral infection worldwide with 
approximately 390 million infections and 96 million symptomatic cases in 201011. Four 
serotypes of DENV exist (DENV1–4) and symptomatic infection with any DENV serotype 
leads to mild dengue fever or to the life-threatening dengue haemorrhagic fever and 
dengue shock syndrome9.

The question why some patients develop dengue fever, and others dengue 
haemorrhagic fever or dengue shock syndrome is continuously under investigation 
and debate. Epidemiologic research showed that severe dengue disease is strongly 
associated with primary infection of infants with waning maternal anti-dengue 
immunity10,12, and with secondary, heterotypic dengue infection13–16. Patients with 
severe dengue disease often present high viral loads early in infection17–19. In line with 
this, heterotypic sub-neutralizing antibodies, or waning concentrations of homotypic 
antibodies have been found to enhance DENV infectivity in vitro and in vivo12,20,21.

So far, little is known about how antibodies enhance DENV infection and disease20,22. 
Previously, antibodies were found to increase the number of infected cells and, 
subsequently, facilitate higher virus production once the concentration of the antibody 
falls below the neutralization threshold23–26. Furthermore, it has been suggested that 
DENV immune-complexes would boost virus production per infected cell (burst size) by 
suppressing intracellular antiviral responses22,27–29. The latter is also called intrinsic ADE to 
stress putative involvement of an intracellular mechanism. Consequently, enhancement 
of the infected cell mass is named extrinsic ADE.

DENV replicates in macrophages, monocytes, and dendritic cells in vitro24,30,31 and in 
vivo32. During secondary infection, i.e. in the presence of antibodies, monocytes and 
macrophages actively support ADE, whereas immature dendritic cells do not23,24,33. 
Indeed, studies with primary macrophages and monocytes found that ADE can enhance 
DENV burst sizes in the order of 5.3- to 7.2-fold23–25. Here, we focused on one cell type, i.e. 
primary human macrophages, and attempted to discern the mechanism of enhanced 
DENV infection within this cell type.

We discovered that, in primary human macrophages, antibody-mediated cell entry 
of DENV enhances the fusion potential of the virus. No enhanced binding and entry 
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was seen. Also, we observed that ADE does not induce an increased antiviral response 
early in infection. We propose that the increase in membrane fusion activity initiates 
an aggravating cascade leading to the typical enhancement of (i) infection, (ii) burst 
size, and (iii) disproportionally stronger anti-inflammatory responses. Importantly, no 
antibody-mediated immunosuppressive signalling was detected in primary human 
macrophages. Our data suggests that DENV antagonizes the host antibody as a vehicle 
to enhance its fusion efficiency within macrophages and consequently enhance disease 
severity.

Methods

Antibodies
Human monoclonal antibodies (#753 C6 and #751 A2) against the DENV2 E protein were 
a kind gift of J. Mongkolsapaya and G. Screaton (Imperial College, UK). Human IgG Fc-
fragments were used as control (Jackson immunoResearch, USA). Antibodies for the 
phenotyping of the macrophages, and corresponding isotypes, were obtained through 
an unrestricted grant (Immunotools, DE).

Cell lines
Baby Hamster Kidney cells (BHK-15), gift of Richard Kuhn, Purdue University, were 
propagated in Dulbecco’s minimal essential medium (DMEM) (Gibco, NL) supplemented 
with 10% Fetal Bovine Serum (FBS) (Lonza, USA), 100 U/mL penicillin and 100 mg/mL 
streptomycin (PAA, Switzerland), 0.75 g/L sodium bicarbonate (Gibco). The green 
monkey-derived Vero WHO cell line (WHO RCB 10–87), gift of James Brien, was cultured 
as described for the BHK-15, yet at 5% FBS. P338D1 cells (ATCC, #CCL-46) were cultured 
as described for BHK-15, with addition of 1mM sodium pyruvate (Gibco).

Macrophages
Buffy coats were obtained from anonymous donors with informed consent from 
Sanquin blood bank (Groningen, the Netherlands), in line with the declaration of 
Helsinki. The flavivirus-immune status of the 23 blood donors that we used is unknown 
but it is unlikely that a major proportion is flavivirus-positive. PBMCs were isolated by 
Ficoll-Paque (GE Healthcare, Belgium) gradient, and stored in 90% FBS, 10% DMSO 
on liquid nitrogen till use. Monocytes were isolated from total PBMCs, as described 
previously31, and differentiated into macrophages by culturing in 12-wells plates for 
6 days at 37 °C, 5% CO

2 
in RPMI with HEPES (Gibco), supplemented with 20% FBS and 

100 ng/mL recombinant human M-CSF (Prospec-Tany, Israel). On alternate days, 75% of 
the medium was replaced with medium and the full amount of M-CSF.
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Virus stocks 
Dengue virus serotype 2, strain 16681 (DENV2) was propagated on C6/36 cell line, as 
described previously34,35. The specific infectivity of the virus stock was 79 genomes per 
PFU. Purification was performed as described by Ayala et al.35. Vesicular Stomatitis Virus, 
Indiana serotype, strain San Juan A (VSV) was propagated on Vero WHO cells. Vero WHO 
cells were infected at MOI 0.1 in cell culture medium with 2% FBS. After 24 h, the culture 
medium was harvested, clarified, and mixed with HEPES (PAA, Switzerland) to 10 mM 
final concentration. All virus samples were aliquoted and snap frozen in liquid nitrogen 
prior to storage at −80 °C.

Infectious virus titers were determined by plaque assay. DENV2 titers were determined 
on BHK-15 cells. VSV was titrated on Vero WHO cells. The limit of detection is 40 PFU/mL. 
In brief, for both plaque assays, cells were seeded the day before infection (1 ∙ 105 per 
well in 24-wells plates). Serial dilutions of virus supernatant were added to the cells 
followed by 2 h incubation at 37 °C prior to placing an overlay of 1% seaplaque agarose 
(Lonza, Switzerland) in MEM (Gibco). Cells were fixed at 1 (VSV) or 6 days post infection 
(DENV2). Plaques were visualized with crystal violet (TCS biosciences, UK).

The number of genome-containing particles was determined as previously 
described34 with minor modifications.

Virus labelling 
DENV2 was labelled with DiD (Molecular Probes, USA) as described before35. Virus 
labelling with PKH67 (Sigma, USA) was performed based on Balogh et al.36. Briefly, 
1.5 ∙ 108 GCPs of tartrate-purified DENV2 was diluted in PBS to 100 μL and mixed with 
1 μL PKH67 dye in 99 μL Diluent C (Sigma, USA). At 30 seconds post addition, 300 μL of 
pure FBS was added to stop the labelling. PKH67-labelled virus was used directly after 
labelling.

Infection of macrophages
Prior to infection, two wells were trypsinized using 10xTrypsin/EDTA (Gibco) and 
counted to determine the required amount of virus for each multiplicity-of-infection 
(MOI). To standardize the opsonisation in ADE experiments, a fixed ratio of antibodies 
to virus particles was used; per 1 ∙ 105 PFU of DENV2, we added 3 ng of antibody in 75 μL 
total volume. Thereafter, viruses and antibodies were incubated for 1 h at 37 °C prior to 
addition to the cells. Cells were washed with warm RPMI and infected at the indicated 
MOI in 200 μL per well. At 2 hpi, cells were washed to remove extracellular virus and 
incubation was continued in culture medium (RPMI, 20% FBS, and 10 ng/mL M-CSF). For 
virus titrations, culture samples were snap-frozen in liquid nitrogen and stored at −80 °C 
until analysis.

For binding and entry studies, the virus was added to the cells and left to incubate for 
the designated time periods. At the end, the inoculum was removed, and the cells were 
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lysed in AVL buffer (Qiagen) to determine the total number of particles by qRT-PCR. 
For the entry studies, cells were gently rocked for 2 min with high-salt-high-pH shaving 
buffer (1M NaCl, pH 9.5) prior to lysis in AVL buffer.

Flow cytometric of DENV-infected macrophages was performed using 4G2 antibody 
(Millipore, UK) and donkey anti-mouse IgG-coupled to AF647 (Molecular Probes). 
Hereto, trypsinized macrophages were fixed with 4% paraformaldehyde in PBS and 
permeabilized with saponin (Sigma, USA). Flow cytometry was performed on a 
FACScalibur (BD Biosciences) and analysed using FlowJo 7.6.2 or Kaluza 1.1.

Viral protein translation was determined using the mean fluorescence intensity of 
infected cells, Hereto, infected cells were gated in Kaluza and the mean fluorescence 
intensity of AF647 was determined for each sample. Values were expressed as 
percentage of the maximal fluorescence intensity observed within the donor/
experiment. Extracellular virus particles did not contribute to the fluorescence signal.

Macrophage IFNαβR signalling was blocked using the mouse anti-human IFNαβR2 
(Millipore) by pre-incubating the cells for 2 h with 0.5 μg/well of antibody. Then, cells 
were infected and cultured as usual, in the presence of the antibody (1 μg/mL). Infection 
was scored at 26 hpi and 48 hpi by qRT-PCR. Specificity of IFNαβR blocking was confirmed 
by quantifying surface expression of CD14 and MHC class I by flow cytometry.

For the interferon-alpha add-on experiments; macrophages were infected as 
described above. At the designated time points, 1 unit/mL of recombinant interferon 
α2a (Prospec-Tany, 2.7 ∙ 108 IU/mg) was added to the culture and the concentration 
was maintained throughout the remainder of the experiment. At 26 hpi, virus particle 
production was determined by qRT-PCR.

Fusion assay on primary human macrophages
Isolation and culture of macrophages was initiated as described above. On the second day 
of culture, the cells were gently dissociated by incubation at 4 °C for 15 minutes followed 
by gentle pipetting. Subsequently, cells were reseeded at 2 ∙ 105 per quadrant in 500 μL 
in CELLview dishes (Greiner Bio-One, DE). Subsequent culture and infection was done 
as above. At 30 min post-infection, extracellular virus was removed by gentle washing 
the cells with shaving buffer followed by fixation with 4% PFA-PBS. Fusion activity was 
determined as described before35. Briefly, wide-field microscopy analysis was done by 
taking 15–30 random snapshots using both differential interference contrast and DiD-
channels in a Leica Biosystems 6000B instrument with a 635-nm helium-neon laser. 
Acquired images were analysed with ImageJ using an in house macro35 measuring the 
total fluorescent signal per field of view with the “Particle analyzer” plugin of ImageJ. 
Fluorescence intensity was normalized relative to MOI 1. The fraction of fusion-positive 
cells, with at least one bright fluorescent spot, was blindly scored.

CHAPTER 7

7



159

Antiviral bio-assay
The antiviral response in culture supernatants was determined using VSV and Vero 
WHO cells as described before25. Briefly, Vero WHO cells were seeded in 12-wells plates 
at 2 ∙ 105 per mL per well. After adherence for 8 h, cells were incubated for 12 h with 
UV-inactivated supernatant, followed by infection with VSV at an MOI of 0.1 in 100 μL. 
At 1 hpi, inoculum was removed and cells were washed. Incubation was continued in 
fresh UV-inactivated supernatant. At 6 hpi, medium was collected and VSV titers were 
determined by plaque assay. Experimental results are reported as percentage of mock-
medium. Recombinant human interferon–alpha (Prospec-Tany) served as positive 
control.

Microarray
Macrophages were infected at MOI 1, MOI 1-ADE and MOI 1-IgG. Matched infection 
controls represent conditions resulting in similar fractions of infected cells; i.e. infection 
at MOI 5 or MOI 2½ (3 and 1 donor at 2 hpi, 2 and 1 donor at 24 hpi, respectively). Cellular 
RNA was extracted with RNeasy Plus (Qiagen) as per manufacturer’s instructions. RNA 
was processed in house and randomly annealed to Human HT-12 V3 BeadChip array 
(Illumina, USA), as per manufacturers’ protocol. Data was converted using GeneSpring 
(Agilent Technologies, USA). Probe values were normalized against the total signal 
intensity of the sample and subsequently, the fold change of the probes were expressed 
relative to mock condition of the same donor. For each time point, the donors were 
pooled and averaged. Probes with an absolute, average fold-change of ≥1.5 relative 
to the mock were considered differentially regulated. Probes were manually curated 
to single gene level, independent of the potential isoforms, and Venn diagrams were 
drawn based on overlaps between infection conditions. All data is been freely available 
through ArrayExpress ID: E-MTAB-3138.

DAVID 
[Database for Annotation, visualization, and Integrated Discovery]37 Pathway analysis 
was performed to functionally annotate gene groups using standard criteria and an 
EASE of 0.1. Interferome database38 was used to identify an IFN signature in the gene 
selections, using standard criteria with absolute fold change of ≥2 and limited to the 
haematopoietic system38.

Statistical analysis 
Statistical analysis was performed using Prism 5.00 (Graphpad, USA). A two-sided 
student’s t-test was used throughout the paper to determine the significance of 
enhancement after antibody-mediated infection. The antiviral response was analysed 
using One-way ANOVA with Bonferroni compensation. A p-value of ≤0.05 was 
considered significant for both tests.
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Results

Human monoclonal antibodies enhance dengue virus infection of primary human 
macrophages
Primary macrophages are considered important players in ADE of DENV infection12,39, 
yet most of the mechanistic studies conducted so far have been conducted in cell 
lines26,27,40. Although working with primary cells is more challenging than cell lines given 
the inherent variability between blood donors and the less pronounced ADE effects in 
primary cells, we feel that it is important to dissect the fundaments of ADE in cells that 
are thought to contribute to ADE during natural infection. Primary human macrophages 
were generated by culturing isolated blood monocytes for 6 days in the presence of 
100 ng/mL M-CSF. The resulting cells showed a typical macrophage expression pattern 
(Figure A1). In line with previous literature31,41, primary human macrophages were 
susceptible to DENV2 infection in an MOI-dependent manner (between MOI 0.2 and 
MOI 10) (Figure A2, and Table 1).

To test for ADE, we used human monoclonal antibodies against distinct epitopes 
of the DENV envelope protein; e.g. domains (D) I/DII (#753 C6), and the DII fusion loop 
(#751 A2). These antibodies were previously shown to be cross-reactive against all four 
serotypes of DENV42. Notably, we found that the power of enhancement was similar 
between the antibodies (Figure 1) and independent of the MOI (Figure A2). Given the 
overlapping results between the antibodies, we decided to focus on the E DII fusion 
loop antibody #751 A2 for the remaining experiments. Peak enhancement was observed 
at an antibody concentration of 40 ng/mL, giving 6.8 ± 1.3-fold enhancement (N = 9) at 
MOI 1 (Figure 1). The observed power of enhancement is comparable to other studies 
using primary human cells23–25.

In line with the current hypothesis of ADE, ADE enhanced both the infected cell 
mass and the burst size (Table 1). The percentage of infection was scored at 26 h post 
infection (hpi) by flow cytometry. The burst size was calculated by dividing the virus 
titer as measured with plaque assay by the number of infected cells. In absence of 
antibodies, 2.0% ± 0.5 of the cells were infected with DENV at MOI 1. Under conditions of 
MOI 1-ADE, the fraction of infected cells increased to 3.7% ± 0.9 (Table 1). For individual 
donors, the average enhancement was 2.3 ± 0.6-fold (MOI 1 versus MOI 1-ADE, p = 0.023, 
N = 4 donors). At the same time, the burst size increased 4.2 ± 0.4-fold (N = 4, p = 0.005). 
The increase in burst size indeed suggests that intrinsic ADE mechanisms are involved. 
Interestingly though, infection at MOI 10 in the absence of antibodies also increased 
the burst size (Table 1). Increased burst sizes were already observed at MOI 2½, and 
infection at MOI 5 closely mimicked MOI 1-ADE in terms of burst size and infected cell 
mass (Table A1).

To determine whether ADE influenced the specific infectivity of the progeny virus 
(particles per PFU), we quantified the number of genome-containing particles (qRT-
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Table 1. Antibodies enhance both infection and burst size, but not the specific infectivity of 
progeny virions. Primary human macrophages were infected at MOI 1 or 10, and MOI 1-ADE. For MOI 
1-ADE DENV was pre-incubated for 1 h with 40 ng/mL of antibody #751 A2. The number of infected cells 
was determined by flow cytometry at 26 hpi. Concurrently, the virus titer was determined by both qRT-
PCR (physical particles) and plaque assay (infectious particles). The burst size was calculated by dividing 
the virus titer by the number of infected cells and the specific infectivity resembles the number of phys-
ical particles divided by the number of infectious particles. All values are SEM of duplicates of 4 donors.

Figure 1. Antibody-dependent enhancement 
of DENV2 infection of primary human mac-
rophages is dose-dependent. Macrophages 
were incubated with DENV2, strain 16681 at MOI 
1 which had been pre-incubated for 1 h with in-
creasing concentrations of monoclonal human 
antibody (#753 C6; light grey, or #751 A2; dark 
grey). At 48 hpi, virus production was determined 
by plaque assay on BHK-15 cells. Shown is the SEM 
of duplicates. The figure is representative for two 
independent experiments. These antibodies are 
described more in-depth in a previous publica-
tion42.

PCR) and the number of infectious particles (plaque assay). In contrast to results from 
cell lines26, we found that neither antibodies nor MOI influenced the particle/PFU ratio 
of DENV2 in primary human macrophages (Table 1). This suggests that the observed 
ADE effect occurs prior to assembly, maturation and secretion of progeny virions.

Enhanced transcription and translation during ADE, yet the replication efficiency is 
unaffected
We next studied the effect of antibodies on protein translation and viral genome 
replication using flow cytometry and qRT-PCR, respectively. Protein translation was 
determined on a per-cell-basis by measuring the mean fluorescence intensity (MFI) of 
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the envelope proteins within the cell. Figure 2 shows that the MFI is clearly enhanced 
under conditions of ADE at 24 hpi (N = 11, p ≤ 0.0001), suggesting that ADE may enhance 
viral protein translation. Higher concentrations of virus (MOI 2½, MOI 5, and MOI 10), in 
line with the increased burst size, also resulted in higher E protein content per cell yet 
protein translation did not differ among the higher MOI’s (Figure 2).

Next, the replication efficiency of the virus was determined at 24 hpi by measuring 
the intracellular ratio of positive-sense and negative-sense RNA. ADE leads to 10-fold 
higher numbers of both negative- (9.8 ± 4.4, N = 3) and positive-sense (9.8 ± 3.5, N = 4) 
RNA. Yet, the ratio of positive versus negative RNA was comparable between MOI 1 
and MOI 1-ADE (4.9 ± 1.0 versus 4.8 ± 2.7, respectively (N = 4)), suggesting that antibody-
mediated infection does not influence the replication efficiency of DENV. Contrary to 
this, infection at MOI 5 showed a ratio of 2.5 ± 1.5 (N = 4), indicating that the replication 
efficiency is negatively affected under conditions of higher MOI’s.

Thus, the increased burst size during ADE is associated with enhanced transcription 
and translation while the replication efficiency is similar to MOI 1. In absence of 
antibodies, similar infectivity, burst size and translation can be attained using higher 
MOIs yet at the cost of the replication efficiency.

Figure 2. Antibodies and infection at high MOI enhance virus translation. Viral translation was de-
termined per cell on the intracellular pool of envelope protein. Macrophages were infected with DENV2. 
At 24–26 h, cells were stained with the anti-envelope antibody 4G2 and analysed by flow cytometry. 
Mean fluorescence intensities were normalized to the sample with the highest intensity of the donor. Up 
to 11 blood donors were used and six donors were used twice. Statistical analysis was done by One way 
ANOVA with Bonferroni post-test correction; *(p ≤ 0.05), **(p ≤ 0.01) ***(p ≤ 0.0001), n.s.: non-significant.
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Antibodies enhance fusion while maintaining the same cellular dose of virus particles
It is assumed that the higher number of genome copies and increased protein translation 
is a consequence of higher virus cell binding and/or increased uptake of particles into 
cells. Therefore, we quantified virus binding and cell entry using qRT-PCR. To measure 
viral entry, extracellular virions were removed by washing the cells with a high-salt-
high-pH buffer43.

Overall, virus cell binding (squares) and entry (circles) was not enhanced under 
conditions of ADE (N = 4 donors) (Figure 3A). We were surprised by these findings, yet 
we were not able to use qRT-PCR at later time points due to the initiation of replication 
as visualized by the negative sense RNA (triangles, Figure 3A). Therefore, we next used 
flow cytometry to assess the binding and entry dynamics of DENV2 in individual cells 
using PKH67-labelled DENV particles. PKH67 is a fusion-independent lipophilic dye that 
intercalates into the viral membranes36. This approach allows us to measure viral uptake 
and reveals the population of cells that are positive for PKH67. DENV2 was successfully 
labelled with PKH67 (Figure A3).

Figure 3B shows the extent of DENV2 uptake against the cell population positive for 
uptake at 1 hpi (filled shape) and 2 hpi (striped shape). The extent of virus uptake per 
cell as well as the fraction of positive cells increased over time. Comparable results were 
obtained for MOI 1 (blue) and MOI 1-ADE (red). Yet, at MOI 5 (green) both the fraction 
of PKH67-positive cells and the extent of viral uptake per cell were higher than MOI 
1/1-ADE at both time points (Figure 3B). These results are in line with the qRT-PCR data 
(Figure 3A), and confirm that ADE does not enhance the binding- or entry-efficiency of 
DENV2 in primary macrophages.

Hence, we hypothesized that antibodies enhance a step downstream of entry and 
prior to replication. For example, antibodies may direct the virus to an organelle 
and/or cellular location that is more beneficial for membrane fusion and infection. 
Alternatively, antibodies may enhance the intrinsic fusion capacity of the virus. To 
assess if antibody-mediated DENV entry increases the fusion potential of the virus, we 
employed a microscopic fusion assay involving DiD-labelled DENV. Fusion is observed 
as a sudden increase in fluorescence intensity due to dilution of the probe in the target 
membrane34,35,44. Figure 3C shows that this assay is specific and robust since the extent 
of fusion was MOI-dependent and inhibited by ammonium chloride (Figure 3C, ref. 34). 
Importantly, membrane fusion activity of DENV under conditions of ADE was enhanced 
with 65% (Figure 4A). Furthermore, the number of fusion-positive macrophages 
increased with 40% (Figure 3D). The extent to which fusion is enhanced is variable 
between donors and ranged from 115% to 336% (Figure 3E inset). Importantly, when 
the extent of fusion enhancement is plotted against those for the PFU production, the 
results are correlating with each other, indicating a causal relationship between the two 
parameters (Figure 3E).

Recently, we performed similar experiments in the macrophage-like cell line P338D145. 
In contrast to our results for primary human macrophages, we did find enhanced 
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Figure 3. Antibodies do not alter the efficiency of dengue virus to bind or enter into primary 
human macrophages, whilst promoting fusion within primary macrophages. (A) DENV2 bind-
ing and uptake in primary macrophages was determined at 1 hpi by qRT-PCR using template-specific 
primers in combination with RNAse A treatment. Extracellular virus was removed by shaving the cells 
with a high-salt-high-pH buffer for 2 min. Squares show the total number of virus particles that had 
bound or entered cells. Circles depict entered viral genomes, while triangles show negative-sense RNA 
genomes. Shown are 4 donors with each condition in duplicate. (B) Macrophages were infected with 
PKH67-labelled DENV at MOI 1 (red), MOI 1-ADE (blue) or MOI 5 (green). At 1 h (filled) or 2 h (striped) of 
incubation, the cells were shaved and fixed prior to analysis by flow cytometry. Cell entry was normalized 
to MOI 1, and the mean fluorescence intensity (MFI) was normalized to the negative control. Shown are 
the SEM of 5 donors. At MOI 1, 13 ± 3% of the cells were positive for PKH67-labelled DENV entry. (B–E) The 
fusion activity of DENV2 within primary human macrophages was determined at 30 min by microscopy 
using the self-quenching fluorophore DiD. Pictures were taken randomly and analysed for fusion activity 
(C), and the fraction of fusion-positive cells (D). All values were normalized to MOI 1 of the same donor 
(C) or infection in absence of antibodies (D,E). At MOI 1, the average number of fusion-positive cells was 
17 ± 2.2%. (E) An overview of connected values of fusion activity when primary human macrophages are 
infected in the presence of enhancing antibodies (ADE), and when infected in the presence of an isotype 
(IgG). The inset shows the correlation between enhancement of fusion activity at 30 min post infection 
and the subsequent enhancement in virus production at 26 hpi. All values are given as percentage of the 
results obtained at MOI 1. Shown are the normalized SEM of up to 12 donors (A–C) and 5 experiments 
(D,E). Statistical analysis was done by 2-tailed t-test; *(P ≤ 0.05), **(P ≤ 0.01), ***(P ≤ 0.0005).

binding/entry of DENV in P338D1 cells under conditions of ADE and subsequent higher 
fusion activity (3.85 ± 0.5 and 3.52 ± 0.64 fold change, respectively). This suggests that 
the qRT-PCR is able to detect differences in binding and entry where they occur, but also 
that the mechanism of ADE is cell-type-specific.

We next attempted to assess if antibodies itself influence the fusion potential of 
the virus using a cell-free liposomal system. However, despite our experience in virus-
liposome fusion studies46–48, we were not able to detect fusion of DENV with negatively-
charged liposomes (data not shown). Thus we were not able to examine whether 
antibodies intrinsically promote membrane fusion of DENV.

To summarize, ADE in both models led to more fusion-positive cells and more fusion 
activity per cell (i.e.higher genome delivery). The relatively small increase in fusion 
activity probably initiates a cascade leading to higher infection rates and burst sizes. In 
primary human macrophages, the efficiency of infection and the burst size is however 
not solely dependent on membrane fusion activity since MOI 5 and ADE had a similar 
infected cell mass and burst size, while at MOI 5 a five-fold higher fusion activity was 
seen compared to ADE. This suggests that the infection process is negatively influenced 
at MOI 5 compared to MOI 1-ADE. Therefore, we next wished to better understand what 
happens within the cell to-be-infected.
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Figure 4. Dengue virus infection of macrophages induces an antiviral response, which de-
pends on the viral load. (A,D) Primary human macrophages were infected with DENV2 at MOI 1, MOI 
1-ADE, and matched infection (MOI 5 or MOI 2½). Total RNA was isolated at 24 h (A) and 2 h (D). Gene 
expression was investigated by microarray. Genes whose average expression had an absolute fold change 
of at least 1.5-fold over the mock were selected. The Venn diagram shows how these genes are connected 
with the various infection conditions. (A) is based on 3 donors and (D) on 4 donors. (B,C,E) Gene ontology 
of DAVID pathway analysis was used to annotated genes at 24 h (B,C) and at 2 h (E). (B) shows the onto-
logical analysis of the genes that were shared among the three conditions (see A, triangle, 100 genes).(C) 
shows the analysis of the ADE-effect (see A, 460 genes total; 318 + 142). (E) shows the ontological analysis 
of the genes that were shared among the three conditions at 2 h (see D, triangle, 160 genes). The x-axis 
shows the enrichment of the term within our selection relative to the DAVID database. The y-axis shows 
the significance calculated with 1-tailed Fisher Exact statistical analysis. Gene ontology terms with at least 
5-fold enrichment and a p-value of ≤1 ∙ 10−4 are considered relevant.

Gene profiles of DENV-infected macrophages discriminate between high and low 
infection
To identify the cellular responses during DENV infection, we profiled the gene expression 
patterns at 2 and 24 hpi. Macrophages were infected at MOI 1, and MOI 1-ADE to study 
the biological process of ADE. Also, infection-matched controls, with a similar fraction 
of infected cells (MOI 2½ or MOI 5, depending on the donor), were included to better 
understand the increased burst size observed at high MOI. As controls, we included 
non-infected cells and infections at MOI 1 in the presence of non-relevant antibodies 
(1-IgG). All donors and conditions were normalized to the mock, and genes with a fold-
change of ≥1.5 of the mock were selected. Venn diagrams were drawn to visualize the 
overlaps between various conditions of infection.

First, we studied the biological process of ADE at 24 hpi. The Venn diagram for this 
time point shows that ADE induces a strong alteration in the transcriptional profile of 
infected human macrophages; 101 genes were shared between MOI 1 and MOI 1-ADE, 
while 460 genes were uniquely for ADE. Contrary to this, only 2 genes were unique to 
infection at MOI 1 without antibodies.

Yet, a comparison of MOI 1-ADE with the infection-matched control shows that a large 
majority of the ADE-genes are associated with high infection (319 genes, Figure 4A). 
Thus, the transcriptional response upon ADE is likely induced by the larger infected 
cell mass and/or higher viral load in the supernatant (2-fold and 8-fold higher than 
MOI 1, respectively). DAVID pathway analysis37 was used to functionally annotate the 
gene patterns (Figure 5B,C). We were interested in two sets of genes: the shared genes 
(100 genes, Figure 4A) and the ADE-associated genes (141 + 319 genes, Figure 4A). Gene 
ontology identified the term “antiviral defense” as the most significant term for the 
shared genes (Figure 4B). For the ADE-associated genes, the sole significant term was 
“inflammatory responses” (Figure 4C), hence antibodies did not induce a long-lasting 
immune-suppressive state in our macrophage cultures.

Hence, we focused on the transcriptional profiles shortly after infection. At 2 hpi, both 
MOI 1 and MOI 1-ADE had very similar transcriptional profiles (Figure 4D). Contrary 
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to this, MOI 5 showed a much stronger shift in its transcriptional profile. The lack of 
difference between MOI 1 and MOI 1-ADE at 2 hpi is in contrast with the 24 hpi time 
point (Figure 4A,D, respectively), suggesting that antibodies do not induce specific 
transcriptional profiles. A comparison of the profiles induced by MOI 1, MOI 1-IgG 
and MOI 1-ADE indeed revealed that infection in the presence of DENV antibodies 
does not induce specific pathways (Figure A4). At 2 hpi, 160 of the genes were shared 
between the three conditions (triangle, Figure 4D). Gene ontology analysis of these 160 
shared genes identified an inflammatory response (Figure 4E). No specific suppressive 
pathway was identified in the MOI 1-ADE cluster (Figure 4E). Thus, at both time points of 
infection, antibody-mediated infection did not activate immune-suppressive pathways. 
Rather, we found high induction of the cytokines IFNβ, TNFα, IL1β, IL6 and little to no 
IL10 (Figure A4,B). Moreover, the fraction of interferon (IFN)-regulated genes38 is quite 
substantial (Table 2), suggesting that there was an antiviral state in our cultures despite 
the antibody-dependent infection mechanism.

Antibodies enhance fusion while avoiding additional antiviral responses
Microarrays provide a snap-shot of the expression profile at the mRNA level. To 
confirm the antiviral state, we next analysed the antiviral activity of the macrophage 
supernatants described above (Figure 5A). As different cytokine profiles can confer the 
same protection49, we used a viral bio-assay25 combining the IFN-sensitive VSV50 with the 
IFN-deficient yet -sensitive Vero WHO cell line51. At 24 hpi, no antiviral activity towards 
VSV was observed in the supernatants of macrophages infected at MOI 1 of DENV 
without antibodies. Yet, following infection at MOI 1-ADE, MOI 5 and MOI 10, antiviral 
activity was seen (Figure 5A). This indicates that antibodies per se do not induce a virus-
tolerant environment by 24 hpi. Moreover, antiviral responses appear to increase with 
the percentage of DENV2-infected macrophages (Figure 5A, Table 1 and A1), indicating 
a dose-dependent response.

At 24 hpi, MOI 5 had a comparable number of infected cells, antiviral activity and 
burst size as MOI 1-ADE. Yet, MOI 5 had a 5-fold higher fusion activity and 2-fold lower 
replication efficiency. Moreover, more genes are potentially IFN-regulated (Table 2). 
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from the Venn diagrams in Figure 4A (24 h) and  4E ( 2 h). Selected genes were analysed by mining the In-
terferome database38 for interferon-regulated genes in haematopoietic cells which are reported 
as the percentage of the selected genes.
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Figure 5. Early type-I-interferon (IFN)-mediated responses significantly determine the out-
come of infection. (A) Primary macrophages were infected with DENV2 at MOI 1, MOI 1-ADE, MOI 5, 
and MOI 10. Culture supernatants were harvested at 24 h and UV-inactivated. Inactivated supernatants 
were used to pre-activate Vero cells prior to infection with VSV at MOI 0.1. Shown is the SEM of 3 donors, 
with infection performed in duplicate and duplicates of this assay. Statistical analysis was done with 
One way ANOVA with post-test Bonferroni compensation; **(p ≤ 0.01) and n.s.; non-significant. (B) IFNα 
protects primary human macrophages against DENV2 infection when applied during the early (0–2 hpi) 
time points, and not during late (8 hpi) time points. Macrophages were infected with DENV2 at MOI 1, 
MOI 1-ADE and MOI 5. At the designated time points, 1 IU of recombinant human IFNα2a was added 
to the culture. At 26 hpi, the viral titre in the supernatant was determined by qRT-PCR and normalized 
relative to the unperturbed condition (No IFNα). Shown is the SEM of 4–5 donors, each condition in 
duplicate. (C) Type I IFN signalling was blocked by pre-incubating macrophages for 2 h with an antibody 
against the IFNαβR. After incubation, cells were infected at MOI 1, MOI 1-ADE and MOI 5. Supernatants 
were sampled at 26 hpi and virus production was determined by qRT-PCR. Addition of 10 units of IFNα at 
0 hpi served as a control for IFNαβR-blocking. Shown is the normalized SEM of 2 donors, each condition 
in duplicate.

Earlier studies in human cell lines showed that the sensitivity of DENV to IFN is most 
pronounced during early stages of the viral life cycle, and over time the virus becomes 
resistant to the antiviral activity of IFN43. Hence, we hypothesized that a high MOI of 
DENV2 induces a stronger, type-I-IFN-mediated response early in infection thereby 
lowering the replication efficiency. To confirm our hypothesis, we first attempted to 
quantify the concentrations of IFNα and IFNβ at 2 hpi in the macrophage supernatants 
from the screen by ELISA. The IFNβ concentration was below the limit of detection for all 
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conditions, and the IFNα concentration fluctuated between the donors and conditions 
likely due to the very low concentrations measured (Table A2).

To evaluate if DENV also becomes resistant to IFN in primary macrophages, we 
added exogenous IFN to cells at different time points post-infection and assessed virus 
production. Indeed, and in line with earlier results, the antiviral activity of IFNα is most 
pronounced when added early in infection (Figure 5B). At late time points, the effect 
of exogenous IFN diminishes indicating that once infection is established the antiviral 
effect of IFN is limited. Importantly, the effect of exogenous IFN was distinct between 
the conditions tested with the lowest effect at MOI 5 and the strongest effect at MOI 
1. The higher resistance at MOI 5 is indicative for an endogenous IFN response early in 
infection, since the added IFN had a lower contribution to the antiviral state already 
present in the culture. Interestingly, Figure 5B also shows that the addition of just 
one unit of IFNα to the cells at the time of infection significantly reduces ADE (4-fold 
reduction in virus production), indicating that ADE is sensitive to IFN.

If, at MOI 5, the early endogenous IFN response reduces virus particle production, then 
blocking the IFNαβR prior to infection should lead to an increase in virus production. 
Indeed, specific blocking type-I-IFN receptor signalling significantly enhanced virus 
production at MOI 5 (Figure 5C and A5). Interestingly, and in contrast, infection at 
MOI 1 or MOI 1-ADE was not enhanced by the IFNαβR antibody, confirming that MOI 
1 and MOI 1-ADE do not trigger IFNαβR-signalling during the early stages of infection. 
This suggests that the efficiency of DENV2 infection in primary human macrophages 
is determined by the balance between fusion activity and antiviral responses early in 
infection. Once DENV infection and replication is established, the antiviral response no 
longer determines virus production (Figure 5A (+24 hpi) and 5B (+8 hpi)), likely due to 
the viral proteins52.

Discussion

Antibody-mediated cell entry of DENV is known to increase the infected cell mass and 
virus particle production, but little is known about the underlying mechanisms. Our 
results show that, in primary macrophages, antibodies enhance DENV infection by 
promoting fusion (  3C,E), while no altered uptake of virus particles is seen (Figure 3A,B). 
The higher fusion potential triggers a cascade of events leading to enhanced infection, 
replication, translation, and burst size. Furthermore, the presence of enhancing 
concentrations of antibodies did not trigger pro- or anti-viral programs early in infection 
(Figure 4E). At high MOI, however, increased binding, uptake, fusion and an increased 
antiviral response is seen early in infection (Figures 3A–D and  5C).

Our results show that fusion is the first step within primary macrophages where 
antibodies have a positive influence on the life cycle of DENV. Indeed, not only the total 
extent of virus cell binding but also the overall distribution of virus particles among 
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cells was comparable in the absence and in the presence of antibodies (Figure 3A,B). 
The increase in membrane fusion activity does, however, not directly translate into 
the observed increase in the burst size. Yet, it is interesting to note that the extent 
of membrane fusion activity correlates with virus production (Figure 3E inset). This 
is suggestive for a causal relationship between fusion activity and virus production 
in primary macrophages. Further research is required to investigate the downstream 
effects of ADE more in-depth. Important steps to elucidate herein are for example the 
effect on nucleocapsid delivery, nucleocapsid uncoating and subsequent initiation of 
protein translation.

We propose that the “normal” binding and entry characteristics of ADE is key to the 
success of ADE in primary macrophages as this avoids extensive activation of antiviral 

Figure 6. Molecular mechanisms involved in antibody-dependent enhancement of dengue 
virus infection in primary human macrophages. Antibody-dependent infection does not enhance 
binding or entry of the virus to the cells. Yet, the membrane fusion potential within the endosomes of 
the macrophage is increased. Thanks to the unaltered characteristics of binding and entry, ADE does 
not trigger endogenous interferon-responses which thus allow the virus to replicate freely during the 
early stages of infection. ADE can be mimicked in terms of the number of infected cells and burst size by 
infection at high MOI in absence of antibodies. Yet high MOI leads to more binding, entry, fusion, and as 
a consequence induction of an IFN response. The presence of an early IFN response significantly reduces 
virus replication and production. ADE is thus based on higher fusion but due to the absence of an early 
IFN response, it remains unnoticed by the cell allowing virus replication to higher titres.
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signalling early in infection (Figure 5B). Indeed, blocking IFNαβR-signalling rescued 
DENV production at MOI 5 but had no effect at MOI 1 or 1-ADE (Figure 5C). Contrary to 
MOI 5, ADE displays enhanced fusion activity while maintaining low antiviral responses 
(Figure 5C). Collectively, our results suggest that ADE of DENV infection in primary 
macrophages involves a novel mechanism that is tightly balanced between the extents 
of binding, entry, fusion and the antiviral responses early in infection (Figure 6).

In contrast to our results in primary macrophages, we did observe enhanced binding of 
DENV-immune-complexes in macrophage-like P338D1 cells (Ayala et al., accompanying 
manuscript). In P338D1 cells, we noted 3.85-fold higher binding/uptake of DENV into 
the cells and 3.52-fold higher fusion activity, which suggests that ADE in P338D1 cells 
is facilitated by an increased binding efficiency of the virus-immune-complexes to the 
cell. These results suggest that alternative, cell-type-specific, mechanisms exists to 
facilitate ADE. An alternative explanation for our findings in primary macrophages is 
that virus particles are non-randomly distributed and cells that support ADE are more 
permissive than other cells. While this notion deserves further research, it seems unlikely 
as the overall distribution of virus particles was comparable in the presence and in the 
absence of antibodies (Figure 3B).

ADE could be mimicked in terms of infected cell mass and burst size by infection at high 
MOI. Furthermore, strong overlapping transcriptional profiles and antiviral responses 
were observed late in infection. This suggests that antibodies do not trigger specific 
intrinsic pathways. Indeed, no antibody-specific anti-inflammatory program was found 
in primary human macrophages (Figure 5D and A4). This in agreement with a recent 
whole blood transcriptome analysis53 and in contrast with studies using PBMCs19 or cell 
lines54. Furthermore, other studies described a “muted” response55,56, but argued that the 
actual response could have waned by the time of sampling55,57. Therefore, the antibody-
dependent immune suppression could be specific for the cell type(s) investigated.

In monocytes, the anti-inflammatory cytokine IL10 is considered to be one of the 
driving forces of intrinsic ADE29,54. In macrophages, however, we and others found low 
induction of IL10 after ADE (Figure 5F, 25,58), and only at late time points for conditions with 
high infection and viral load (Figure 5F, 59). Hence, IL10 does not directly influence ADE of 
DENV infection in macrophages. In line with this, IL10-primed macrophages are highly 
susceptible to DENV infection but do not produce progeny virus60. This manuscript 
focused only on primary human macrophages and future research will have to elucidate 
the role of IL10 in DENV-ADE in other cell types. Based on our results, we propose that 
the enhanced burst size, as observed in human macrophages, is dependent on the 
effective MOI (fusion extent) and is not antibody-specific.

Dengue haemorrhagic fever is characterized by vascular leakage, which on its turn 
has been linked to the high inflammatory response in patients (reviewed in 61) and the 
action of the DENV NS162,63. Here we show that antibody-dependent DENV infection 
of primary human macrophages results in 7-fold higher virus titres, and subsequently 
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triggers strong inflammatory responses (Figures 5C,F and  6A, 25). The link between 
viral burden and vascular permeability has been described before24,53,62,63 and our data 
further strengthens the notion that dengue haemorrhagic fever might be alleviated 
by reducing the viral load. Indeed, we show that application of IFNα suppressed virus 
production by human macrophages, even under conditions of ADE.

An important remaining question is how the antibodies enhanced the fusion 
efficiency of the internalized particles. There are two options; (i) antibodies directly 
enhance the fusion potential of the virus, or (ii) the phagosomal environment of primary 
macrophages is more favourable for fusion. Although we cannot disprove the first 
hypothesis, it seems unlikely as no epitope-specific effects were seen in ADE (data not 
shown). Antibody-mediated cell entry is facilitated through interaction of the antibody 
with the Fc receptor. Due to this interaction, DENV-immune-complexes are internalized 
via phagocytosis45. DENV fusion is critically dependent on pH and negatively charged 
lipids34,64. These factors are differentially regulated and distributed between distinct 
organelles64,65, and may explain why enhanced fusion is seen in primary macrophages.

In conclusion; antibodies enhance DENV infection of human macrophages by 
promoting fusion of the virus particles within endosomes. Our work suggests that the 
higher effective MOI (fusion, translation, replication) causes the enhanced burst size, 
not the interaction of antibodies with the FcR. We show that even modest enhancement 
of fusion activity initiates a cascade with increasingly aggravating impacts. Importantly, 
DENV2-ADE does not suppress antiviral responses, but rather avoids induction hereof. 
We show that DENV2-ADE can be significantly suppressed by addition of IFNα to 
primary human macrophages. These IFN-experiments and our microarray show that 
the dreaded induction of immunosuppression apparently is not involved in DENV-
ADE in macrophages. Therefore, the presented work offers new perspectives to treat 
dengue virus, with fusion and antiviral responses as the key steps between high and low 
infection in primary human macrophages.
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Supplementary data

Figure A1. A representative phenotypic analysis of the primary human macrophages used in 
this study. Human Macrophages were generated in vitro by culturing primary monocytes for 6 days in 
the presence of M-CSF. Flow cytometric analysis shows a typical M-CSF-driven macrophage phenotype 
of: CD3-, CD19-, CD14++, HLA-DR+, CD11a+, CD11c+ CD80-, and CD105+. Light fill: isotype, dark fill: 
antibody.

Figure A2. DENV production by primary human macrophages is MOI-dependent. Yet, the 
power of ADE is MOI-independent. DENV2 was pre-incubated for 1h with increasing concentrations 
of monoclonal human antibody #751 A2 prior to infecting macrophages at MOI 0.2 (light grey bars), MOI 
1 (dark grey) or MOI 10 (white bar). Shown is a representative donor of two experiments carried out in 
duplicate. P-value ≤0.01 (**) or ≤0.001 (***) as determined by 2-sided t- test.
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Figure A3. Controls to Figure 3B. Efficient and homogeneous labelling of DENV2 particles by PKH67. 
Purified DENV2 was labelled with PKH67 and the fluorescence intensity of the labelled was analysed by 
microscopy. The plot shows the percentage of particles for each intensity. The narrow peak indicates 
that the fluorescence intensity per particle was uniform.

Figure A4. The presence of antibodies does not change the profile of primary macrophages 
infected with DENV. (A) Primary human macrophages were infected with DENV at MOI 1, MOI 1-ADE 
and MOI 1-IgG. Total RNA was isolated at 2h and analysed by microarray. Genes whose expression had 
an averaged absolute fold change of at least 1.5-fold over the mock were selected. The Venn diagram 
is based on four donors. (B) Expression of cytokine genes at 24h was calculated using the data derived 
from the microarray. Gene expression patterns were first normalized relative to five housekeeping genes 
(ActinB, Glucurondase beta, Hypoxanthine phosphoribosyltransferase 1, Heat shock protein 90 kDa al-
pha-beta 1, and glyceraldehyde-3-phosphate dehydrogenase). Subsequently, cytokines expression was 
calculated relative to the mock as Log2-change. Shown is the SEM of 3 donors.
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ANTIBODY-DEPENDENT ENHANCEMENT OF DENGUE VIRUS INFECTION IN 
PRIMARY HUMAN MACROPHAGES; BALANCING HIGHER FUSION AGAINST ANTIVIRAL RESPONSES

7

Figure A5. Specific blocking of the IFNαβR on primary human macrophages. Macrophages were 
pre-incubated with the IFNαβR-antibody prior to stimulation with 10 IU of IFNa. Surface expression of 
MHC-I (red) and CD14 (blue) were quantified at 24h by flow cytometry as the surface expression of 
these receptors depends, in part, on IFNαβR signalling66–68. Shown is the SEM of 2 donors, normalized to 
non-treated conditions.
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Abstract

Antibody-dependent enhancement of dengue virus (DENV) infection plays an 
important role in the exacerbation of DENV-induced disease. To understand how 
antibodies influence the fate of DENV particles, we explored the cell entry pathway 
of DENV in the absence and presence of antibodies in macrophage-like P388D1 cells. 
Recent studies unraveled that both mature and immature DENV particles contribute to 
ADE; hence, both particles were studied. We observed that antibody-opsonized DENV 
enters P388D1 cells through a different pathway than non-opsonized DENV. Antibody-
mediated DENV entry was dependent on FcγRs, pH, Eps15, dynamin, actin, PI3K, Rab5, 
and Rab7. In the absence of antibodies, DENV cell entry was FcγR, PI3K, and Rab5-
independent. Live-cell imaging of fluorescently-labeled particles revealed that actin-
mediated membrane protrusions facilitate virus uptake. In fact, actin protrusions were 
found to actively search and capture antibody-bound virus particles distantly located 
from the cell body, a phenomenon that is not observed in the absence of antibodies. 
Overall, similar results were seen for antibody-opsonized standard and antibody-bound 
immature DENV preparations, indicating that the maturation status of the virus does not 
control the entry pathway. Collectively, our findings suggest that antibodies alter the 
cell entry pathway of DENV and trigger a novel mechanism of initial virus-cell contact.
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Introduction

Dengue is the most common arthropod-borne viral infection in humans. There are four 
dengue virus serotypes (DENV1-4) and these cause around 390 million human infections 
worldwide each year1. Approximately 500,000 to 1,000,000 individuals develop severe 
disease, presenting symptoms like plasma leakage, fluid accumulation, respiratory 
distress, severe bleeding, and organ impairment2. Severe dengue is predominantly seen 
in infants with declining levels of maternal antibodies and in individuals experiencing a 
heterologous secondary DENV infection3. These observations indicate that pre-existing 
antibodies are a risk factor for severe disease and led to the well-known hypothesis 
of antibody-dependent enhancement (ADE) of DENV infection3. It is hypothesized 
that pre-existing cross-reactive DENV antibodies positively influence the infectious 
properties of the virus4. As a consequence, the total infected cell mass increases and 
this triggers an imbalanced immune response leading to severe disease4. It is, however, 
not completely understood how the antibodies influence DENV infectivity.

DENV infection is mediated by the envelope (E) glycoprotein and involves three 
important steps: (1) receptor binding, (2) internalization into the host cell, and (3) 
membrane fusion5. DENV E was shown to interact with a wide range of receptor molecules, 
including C-type lectins, TIM and TAM receptors, and sulfated glycosaminoglycans 
(GAGs)6. Upon virus-receptor binding, DENV particles predominantly enter the cell via 
clathrin-mediated endocytosis7–9. The route of entry is however cell- and virus strain-
specific10. Membrane fusion typically occurs from within late endosomes, where low 
pH and anionic lipids trigger conformational changes in the E glycoprotein to mediate 
membrane fusion7–9,11. DENV infects a variety of human cells, but cells of the monocyte 
lineage, like macrophages and dendritic cells, are considered the major target cells for 
DENV replication3.

DENV infectivity is controlled by the viral precursor membrane (prM) protein12–15. 
Within infected cells, prM has been shown to stabilize the E protein thereby preventing 
premature conformational changes within E during transit through the acidic Trans-
Golgi network (TGN)12. Prior to the release of progeny virions, prM is cleaved into M and 
a pr peptide. This cleavage reaction is however rather inefficient as DENV-infected cells 
are known to secrete a heterogeneous population of particles, ranging from mature 
M-containing viruses to fully immature prM-containing viruses14. Mature virions are 
considered to represent the infectious form of the virus. Fully immature particles, on 
the other hand, are essentially non-infectious in cells lacking DC-SIGN12,13. Basal low level 
infectivity of prMDENV was seen in cells expressing DC-SIGN16. The threshold of prM 
cleavage that is required for infectivity is currently unknown, although it is clear that not 
all prM proteins have to be cleaved for infectivity.

Interestingly, antibodies have been observed to stimulate infectivity of both 
mature and immature virions, indicating that all particles contribute to ADE of DENV 
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infection3,17,18. All DENV antibodies identified to date can facilitate ADE of DENV infection: 
enhancement is seen when the antibody concentration falls below the threshold 
required for virus neutralization19. During infection, DENV-antibody complexes are 
targeted to Fc-γ-receptor (FcγR) bearing cells and upon interaction of the antibodies 
with FcγR the virion is internalized in the cell. The importance of FcγRs in ADE has been 
confirmed in vitro and in vivo17,20,21. Furthermore, the infectivity of antibody-opsonized 
immature DENV was found to be dependent on cellular furin activity, suggesting that 
immature virions mature upon virus entry17. An early study suggested that antibody-
opsonized virions enter the cell via phagocytosis22. This was based on the observation 
that the internalization rate of antibody-opsonized virions resembled the rate of 
phagocytosis in macrophages22,23. However, no details are known about the exact cell 
entry route of antibody-opsonized DENV in FcγR-bearing cells.

In this study, we unraveled the DENV cell entry pathway in the absence and presence 
of enhancing concentrations of antibodies in macrophage-like P388D1 cells. Virus 
cell entry was analyzed by (i) studying the dynamics of viral entry with single-particle 
tracking, (ii) examining the effect of a variety of endocytic pharmacological inhibitors 
on viral fusion, (iii) imaging – in real time – the interaction of the actin cytoskeleton with 
fluorescently labeled single virus particles, and (iv) exploring the Ab-DENV intracellular 
pathway by using Rab mutants. Furthermore, to address the role of prM on virus cell 
entry, we used both antibody-opsonized mature and immature DENV particles.

Methods

Cells and viruses
Murine macrophage P388D1 cells were kindly provided by Dr. Michael Diamond 
(Washington University in St. Louis, USA), they are also available through ATCC (No. 
CCL-46). P388D1 cells were maintained in DMEM (PAA) supplemented with 10% FBS, 
penicillin (100 U/mL), streptomycin (100 μg/mL), sodium bicarbonate (Invitrogen, 
7.5% solution) and 1.0 mM sodium pyruvate (Gibco). Baby hamster kidney clone 15 
(BHK-15) cells (gift from Dr. Richard Kuhn, Purdue University, USA) were cultured in 1x 
high glucose, L-glutamine-enriched DMEM with 10% FBS, penicillin (100 U/mL), and 
streptomycin (100 μg/mL).Aedes albopictus C6/36 cells (also obtained from Dr. Richard 
Kuhn, ATCC No. CCL-1660) were maintained in MEM (Gibco) supplemented with 10% 
FBS, 25 mM HEPES, 7.5% sodium bicarbonate, penicillin (100 U/mL), streptomycin 
(100 μg/mL), 200 mM glutamine and 100 μM nonessential amino acids at 30 °C. Human 
adenocarcinoma (LoVo) cells (obtained from ATCC No. CCL-229) were cultured in 
Ham’s F-12 medium (Gibco) supplemented with 20% FBS, penicillin (100 U/mL), and 
streptomycin (100 μg/mL). All cells except for C6/36 were maintained at 37 °C and 5% 
CO2.
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DENV2 strain 16681 was kindly provided by Dr. Claire Huang (Center for Disease Control 
and Prevention, USA). It was propagated in C6/36 cells as described before and called 
stdDENV13. prMDENV particles were produced in LoVo cells, as described previously13. 
Viral infectivity was determined by plaque assay on BHK-21 clone 15 cells (plaque 
forming units, PFU)13. The absolute number of virus particles in solution was determined 
by quantitative PCR (qPCR), which detects the number of genome-containing particles 
(GCPs)17. Virus infection was performed on the basis of multiplicity of genome-containing 
particles per cell (MOG).

Antibodies
Human anti-E (mAb #753 C6) and anti-prM (mAb #3–147) were a generous gift from prof. 
G. Screaton (Imperial College, London, UK)18,24. Purified anti-Mouse CD16/CD32 (Mouse 
BD Fc Block) was obtained from BD Biosciences. Convalescent human dengue immune 
serum (28 days following DENV2 infection) was generously provided by Dr. G. Comach 
(Biomed-UC, Lardidev, Maracay, Venezuela) and Dr. T. Kochel (U.S. Naval Medical 
Research Center Detachment, Lima, Peru). Mouse IgG2A non-DENV Control (anti-KLH) 
was acquired from R&D Systems. Fab fragments were made from the monoclonal 
murine anti-E antibody 4G2 (Millipore) by use of the Pierce™ Fab Micro Preparation Kit.

Drugs and reagents
Endocytotic inhibitors such as chlorpromazine, wortmannin, nystatin, dynasore, AS-
604850, cytochalasin B, latrunculin and EIPA were purchased from Sigma Aldrich. 
Pitstop2 and iminodyn-22 was purchased from Abcam. Ammonium chloride (NH4Cl) 
was obtained from Merck. A furin-specific inhibitor, decanoyl-L-arginyl-L-valyl-L-lysyl-
L-arginyl-chloromethylketone (decRRVKR-CMK), was obtained from Calbiochem. The 
fluorescently labeled endocytic cargos Cholera toxin B-FITC (CtxB-FITC), Dextran-FITC, 
Dextran-TxRd, and LysotrackerGreen were purchased from Life Technologies.

Plasmids
The GFP-tagged dominant-negative Eps15 mutant E95/295 and its empty vector D3Δ2 
were kindly provided by Dr. A. Benmerah and Dr. A. Dautry-Varsat (Institute Pasteur, 
Paris, France). The eYFP-Actin construct (human β-actin in a pCDNA3.1 vector) was 
obtained from Dr. Ben Giepmans (UMCG, Groningen, The Netherlands). The Rab5-S34N-
GFP dominant negative mutant (DNM) and Rab5-wt-GFP plasmids were generously 
provided by Dr. P. van der Sluijs (University Medical Center, Utrecht, The Netherlands). 
The Rab7-T22N-GFP DNM and Rab7-wt-GFP plasmids were obtained from Gary R. 
Whittaker (Cornell University College of Veterinary Medicine, NY, USA).

ADE assay
For virus-antibody complex formation, virus particles (MOG 1000 of std as well as 
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prMDENV) were incubated for 30 min at 37 °C in presence of serial 10-fold dilutions of 
antibodies in cell culture medium containing 2% FBS. The virus-antibody complexes 
were then added to 2 × 105P388D1 cells/well, and incubated at 37 °C with 5% CO2. 
At 43 hours post-infection (hpi), the supernatant was collected and virus particle 
production was measured with a plaque assay. As controls, an FcR blocker (anti-mouse 
CD16/CD32) and dynasore were used. The cells were pretreated with the FcR blocker 
(1 μg per 1 × 106 cells) for 10 min at 4 °C before infection, whereas dynasore (150 μM) 
was added to the cells 1.5 h before infection.

DiD-labeling of DENV
The lipophilic fluorescent probe 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl indodi carbo-
cyanine, 4-chlorobenzenesulfonate salt (DiD) (Molecular Probes) was used to label the 
viral membrane of DENV virus particles, as previously described25. When incorporated 
in the viral membrane at a relatively high surface density, the emitted fluorescence level 
is largely quenched, but single DiD-labeled virus particles can still be clearly detected. 
Membrane fusion is detected as an increase in fluorescence intensity due to dilution of 
the probe into the target membrane.

Microscopic fusion assay
Fusion assays were carried out for DENV in the absence and presence of antibodies. In 
these assays, the antibody concentration (resp. 400 ng/mL for mAb #753 C6 and 1 ng/
mL for mAb # 3–147) that showed maximal enhancement in the infectivity assays was 
used. Virus antibody opsonization was done as described for the ADE assay. DENV and 
mAb-DENV complexes were added to P388D1 cells and incubated for 30 min at 37 °C 
with 5% CO2. Then, the cells were washed three times with serum-free, phenol red-free 
MEM and subjected to microscopic analysis in a Leica Biosystems 6000B instrument. In 
case of drug inhibitor studies, the cells were prior treated with the drug of interest for 
the indicated times: Pitstop2 for 10 min; Iminodyn-22 and AS-604850 for 30 min; NH4Cl 
and EIPA for 1 h; chlorpromazine, nystatin, dynasore, cytochalasin B, lantruculin and 
wortmannin for 1.5 h at 37 °C. An end concentration of 50 mM NH4Cl, 25 μM Pitstop2, 
15 μM chlorpromazine, 50 μM nystatin, 150 μM dynasore, 200 μM Iminodyn-22, 15 μM 
cytochalasin B, 1 μM latrunculin, 2 μM wortmannin, 30 μM AS-604850 or 25 μM EIPA 
was used. All drug dilutions were prepared in serum-free phenol red-free MEM (Gibco) 
containing 1% glucose and used at non-toxic concentrations. Infection was done in the 
presence of the compound. Differential interference contrast (DIC) settings were used to 
randomly select fields. A total of 15 randomly selected fields were taken using both DIC 
and DiD channels. For the excitation of DiD a 635-nm helium–neon laser was used. The 
acquired images were processed and analyzed with ImageJ using an in-house macro. 
The extent of membrane fusion was quantified by measuring the total fluorescent signal 
per field of view with the “Particle analyzer” plugin of ImageJ. The percentage of fusion 
inhibition was calculated with respect to the non-treated positive control.
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Single-particle tracking of DiD-DENV
The tracking experiments were performed as previously described25. Briefly, P388D1 
cells were seeded in 8-wells Lab-Tek II Chambered Coverglass two days before infection. 
Prior to the experiment, cells were washed three times with phenol red-free MEM and 
warm phenol red-free MEM containing 1% glucose was added. DiD-labeled DENV 
(opsonized or non-opsonized std- and prMDENV) was added to P388D1 cells at 37 °C 
and kept at the same temperature throughout the tracking experiment. DiD-labeled 
DENV was detected with a 635-nm helium-neon laser. Image series of the fluorescent 
emission were recorded with a charge-coupled-device camera at 1 frame per s using 
an epi-fluorescence set-up. Before and after fluorescence imaging, the localization of 
the nucleus and plasma membrane of the cell was determined by use of DIC optics. 
The acquired images were processed and analyzed with ImageJ (NIH) and Imaris 
x64 7.6.1 (Bitplane Scientific Software). Only those virus particles in which the initial 
fluorescence intensity was below 40 a.u. and that showed more than a two-fold increase 
in fluorescence intensity upon membrane fusion were used for single-particle tracking 
analysis. Trajectories were generated by pairing peaks in each frame to previously 
established trajectories according to proximity and similarity in intensity.

Electroporation of P388D1 cells
A suspension containing 3×l06 cells (in antibiotic-free DMEM containing 10% FBS) and 
10 μg of DNA plasmid were placed in a 0.4 cm electroporation cuvette (Bio-Rad). The 
electroporation was performed at room temperature, 950 μF and 250 V. Afterwards, 
the cuvette was kept at room temperature for 4 min. The cells were then resuspended 
and seeded in an 8-wells Lab-Tek using antibiotic-free 10% FBS DMEM. The media was 
refreshed one day after electroporation. The cells were used for imaging at two and 
three days post-electroporation.

Live-cell imaging in eYFP-Actin expressing cells
P388D1 cells were transfected with the eYFP-Actin construct (10 μg of DNA per 
3 × 106 cells) by electroporation and seeded in an 8-wells Lab-Tek II Chambered 
Coverglass. At 2 days post-electroporation, the cells were washed with serum-free 
phenol red-free MEM and fresh serum-free phenol red-free 1% glucose MEM was 
added to the well. Then, DiD-labeled virus (stdDENV or prMDENV) with and without 
prior antibody opsonization was added in situ in the presence or absence of the 
indicated treatments. The virus used for live-cell imaging was UV-inactivated for 1 h. 
UV-treatment did not interfere with membrane fusion activity as assessed by the 
microscopic membrane fusion assay. The eYFP-Actin expressing living P388D1 cells 
were then imaged with a Solamere Spinning Disk Confocal Live Cell Imaging system 
(Solamere Technology Group). This system is based on a confocal Leica DM IRE2 Inverted 
microscope (Leica Microsystems) equipped with a temperature and CO2 controlled 
box (Live Imaging Services). YFP and DiD fluorescence were recorded with a Stanford 
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Photonics XR/Mega-10 ICCD camera (Stanford Photonics) using argon (488 nm) and 
krypton (647 nm) lasers as light sources, respectively. Time-lapse acquisition was done 
at 1 image every 4.5 seconds with a 63× objective. Only one focal plane was imaged 
as analysis in Z-axis drastically reduced the imaging speed. The acquired images were 
processed and analyzed with Imaris ×64 7.6.1 and ImageJ.

Fluid phase uptake
P388D1 cells were seeded in 8-wells Lab-Tek II Chambered Coverglass two days before 
infection. Cells were washed once with phenol red-free MEM and warm phenol red-free 
MEM containing 1% glucose and either PMA (60 ng/ml; Sigma), stdDENV, Ab-stdDENV 
or mAb # 753 C6 was added. Cells were incubated for 15 min at 37 °C and subsequently 
Dextran-TxRd (final concentration: 0.4 mg/ml) was added. Uptake of Dextran was 
allowed for 30 min at 37 °C, after which cells were washed 3× with warm phenol red-
free MEM and fixated with 4% PFA. Differential interference contrast (DIC) settings were 
used to randomly select fields. A total of 15 randomly selected fields were taken using 
both DIC and TexasRed channels. The percentage of fluid phase uptake was calculated 
with respect to the non-treated positive control.

Dominant-negative mutant assays
DiD-labeled DENV was added in situ to P388D1 cells electroporated beforehand with 
the Eps15-GFP (DNM E95/295 and its empty vector D3Δ2) Rab5-GFP (DNM S34N and 
WT) and Rab7-GFP (T22N DNM and WT) plasmids. A fusion assay was performed as 
described in previous sections. To assess the effect of the DNM on membrane fusion of 
the virus, the extent of membrane fusion was quantified in 85–100 cells positive for the 
expression of the plasmid (GFP+) as described in previous sections. The percentage of 
inhibition of fusion of the DNM was calculated with respect to the WT plasmid control.

Fluorescently labeled cargo controls for biochemical inhibitors and DNM
To confirm the inhibitory activity of the chemical inhibitors, different fluorescently 
labeled cargo controls were used. The activity of nystatin was confirmed by incubation 
of cells with CtxB-FITC for 30 min at 37 °C. Cells treated with dynasore, cytochalasin B, 
latrunculin, wortmannin, AS-604850 and EIPA were incubated with either Dextran-
FITC or Dextran-TxRd for 30 min at 37 °C to assess the inhibitory effect. Transferrin-
AF633 (15 min at 37 °C) was used as a cargo control for chlorpromazine, pitstop2 and 
Iminodyn-22. To define the effect of ammonium chloride on the pH of acidic intracellular 
vesicles, P388D1 cells were stained with LysotrackerGreen for 15 min at 37 °C, then 
washed twice with serum-free phenol red-free MEM. Visualization was done by use of 
an epi-fluorescence Leica Biosystems 6000B microscope.

The activity of the Rab5 and Rab7 DNM plasmids was confirmed with the use of 
Dextran-TxRd. P388D1 cells were electroporated with the Rab5 or Rab7 WT and DNM 
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plasmids. Two days post-electroporation, the cells were treated with Dextran-TxRd 
(0.03 mg/mL) for 30 min at 37 °C, washed and then imaged to assess Dextran uptake 
or co-localization. Rab5-electroporated cells were visualized with an epi-fluorescence 
Leica Biosystems 6000B microscope. To assess the effect of the Rab5-DNM on uptake 
of Dextran, 50 cells positive for the expression of the plasmid (GFP+) were selected 
and scored as positive or negative for uptake. The percentage of inhibition of uptake 
of the DNM was calculated with respect to the WT plasmid control. On the other hand, 
since expression of the DNM form of Rab7 blocks the exit of cargo molecules from early 
to late compartments26, the activity of the Rab7-DNM was defined by quantifying co-
localization of Dextran molecules and Rab7-GFP+ compartments in both Rab7 DMN and 
wt expressing cells. To this end, the cells were fixed with PFA 4% and imaged with a 
Leica SP8 Confocal microscope. Fifty Dextran molecules were assessed per condition.

Results

Dynamics of antibody-mediated DENV cell entry
Antibody-mediated cell entry of DENV was investigated by use of human monoclonal 
antibodies mAb #753 C6 and mAb #3-147, which recognize the E and prM proteins 
respectively18,24. Standard DENV (stdDENV) was produced on C6/36 mosquito cells and 
immature DENV (prMDENV) was cultivated on furin-deficient LoVo cells, as described by 
us before13. LoVo-derived DENV contains high levels of prM (on average 94%) in the viral 
membrane (13, Figure S1). The particle-to-PFU ratio of prMDENV preparations used for 
microscopy was 7 × 107 (Table S1) and at least 100,000-fold reduced compared to that of 
stdDENV. This is in line with previous studies13,17 and shows that prMDENV is essentially 
non-infectious in BHK21 clone 15 cells.

After the initial characterization of the virus preparations, we determined the 
enhancing profile of the mAbs on murine macrophage-like P388D1 cells. We used 
P388D1 cells since they express FcγRIII (CD16), FcγRII (CD32), and FcγRI (CD64)27,28 and 
are known to support ADE of DENV29,30. Murine FcγRs are considered to be structurally 
related to human FcγRs31, hence, human antibodies are recognized by P388D1 cells. 
Prior to infection, mAb #753 C6 was complexed to stdDENV and mAb #3–147 was 
incubated with prMDENV, as described in the methods section. Maximum enhancement 
of stdDENV infection was obtained at a mAb concentration of 40 and 400 ng/mL (Figure 
S2A). In case of mAb #3–147, optimal ADE of prMDENV was reached at 0.1 ng/mL (Figure 
S2B). In agreement with previous studies13, we found that prMDENV is non-infectious in 
macrophage cells in the absence of antibodies (Figure S2B).

Next, we performed single virus tracking to investigate if antibodies influence the 
dynamics of viral entry. Single DENV particles were visualized by DiD labeling, as 
described by us before7. The DiD probe was added to purified DENV at a concentration 
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of 2 nmol per 5 × 109 virus particles. At this ratio, a uniformly labeled DENV preparation 
was seen in the absence and presence of antibodies (Figure S3). Approximately 75% 
of the DiD spots had a fluorescence intensity below 40 arbitrary units (a.u.) (Figure 
S3C/D). Only particles with a fluorescence intensity lower than 40 a.u. were selected for 
further analysis as these likely represent single virions. Membrane fusion is detected 
as a sudden increase in DiD fluorescence intensity due to dilution of the probe into 
the endosomal membrane7. The time point of membrane fusion was defined as the 
moment when fluorescence at least doubled. DiD-labeled virions were either first 
pre-incubated with the antibody at concentrations that cause optimal ADE or directly 
added to P388D1 cells. Subsequently, single-particle tracking of the DiD-labeled virus 
was performed at a time-lapse of 1 frame per second (37 °C) using epi-fluorescence 
microscopy. Epi-fluorescence was chosen over confocal microscopy to allow a fast 
imaging speed. Movies were recorded for 40 min. More than 35 movies were recorded 
per condition. Figure 1A gives an example of a complete trajectory of an Ab-stdDENV 
particle in a P388D1 cell. Initially, this particle moves within the cell periphery, and 
then a rapid movement likely via microtubules (red segment of trajectory in Figure 1A) 
is observed prior to membrane fusion. The representative movie of this trajectory is 
uploaded as Movie S1. Only a limited number of complete trajectories were recorded as 
in most movies parts of the trajectory were out of focus due to the thickness of P388D1 
cells. Therefore, we were not able to quantify the trafficking behavior of DENV cell entry 
in macrophage-like cells.

In Figure 1B, snapshots of DiD-labeled particles are shown over time. In these images, 
fusion is seen at 742, 393 and 1051 seconds post-addition to the cells for stdDENV, Ab-
stdDENV and Ab-prMDENV, respectively. Quantitative analysis revealed a considerable 
delay in the fusion time point of Ab-prMDENV with respect to Ab-stdDENV and stdDENV 
(Figure 1C). As illustrated in Figure 1C, 50% of the Ab-prMDENV particles have fused 
within 24 min (gray dashed line). On the other hand, however, 50% fusion of Ab-stdDENV 
and stdDENV particles was seen at 10 min and 13 min respectively, indicating that the 
presence of prM in the membrane drastically influences the time to membrane fusion.

Analyzing DENV cell entry by pharmacological inhibitors
We next evaluated the cell entry pathway of DENV in the absence and presence of 
antibodies by using various inhibitors of known endocytic pathways. The concentration 
of the inhibitors used was based on successful inhibition of entry of known fluorescently 
labeled cargo controls, like transferrin, dextran and cholera toxin B (Figure S4A-E). 
Furthermore, the cellular metabolic activity – an indicator of cell viability – had to be 
higher than 75% at the effective concentration, as defined by MTT assays (Figure S4F). 
The effect of the inhibitor on DENV cell entry was measured by use of a fluorescence 
microscopy-based fusion assay25. The novelty of this approach lies within the fact that 
the inhibitory effect is directly measured at the level of virus entry and membrane 
fusion, thereby minimizing potential pleotropic effects of the drugs. The extent of 
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membrane fusion was determined at 30 min post-addition of the virus to the cells as 
the vast majority of the viruses have fused within this time frame (Figure 1C). At 30 min 
post-infection, cells were washed and the extent of membrane fusion was determined 
by measuring the total fluorescent signal in 15 randomly selected imaging fields, as 
described in the methods section. Figure 2A–D shows representative images of the 
fusion assays in P338D1 cells. As expected17, no fusion was seen for prMDENV in the 
absence of antibodies. Furthermore and in line with literature5, no fusion was seen in 
cells treated with ammonium chloride (NH

4
Cl), a compound known to neutralize the pH 

of intracellular compartments. We also noted an overall increase in fluorescence intensity 
when comparing the images from stdDENV and Ab-stdDENV. Indeed, subsequent 
quantification of the fluorescence intensity in three independent experiments revealed 
that membrane fusion activity is approximately 3.5-fold increased under conditions of 
ADE (Figure S5A). The observed increase in membrane fusion activity is mainly caused 
by an increase in the number of fusion-positive cells (2.3 fold, Figure S5B). To address 

Figure 1. Kinetics of antibody-opsonized DENV entry in macrophages. Single-particle tracking 
of DiD-labeled Ab-stdDENV, Ab-prMDENV and stdDENV was performed in P388D1 cells at 1 frame per 
second. (A) Cell image obtained with DIC optics showing a trajectory of a single DiD-labeled Ab-std-
DENV particle. The white arterisk represents the membrane fusion site. Scale bar: 2 μm. (B) Snapshots of 
a DiD-labeled stdDENV, Ab-stdDENV, and Ab-prMDENV particle at different time points post-infection. 
Membrane fusion is observed as a sudden increase in fluorescence intensity. The image was artificially 
modified to show the differences in fluorescence intensity, from low (purple) to high (yellow) intensity. 
(C) The percentage of fused virus particles calculated as a function of time. In total 35 trajectories were 
analyzed for Ab-stdDENV, 37 for Ab-prMDENV, and 36 for stdDENV. The time point of membrane fusion 
was defined as the moment when the DiD intensity doubles.
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Figure 2. Antibody-opsonized DENV entry inhibition by endocytic inhibitors. DiD-labeled 
DENV (opsonized and non-opsonized) was added in situ to P388D1 cells in the presence or absence 
of the indicated inhibitors. After 30 min of infection at 37 °C, the cells were washed and snapshots 
were taken with an oil-immersion 100× objective. (A–D) Representative images upon DiD-DENV in-
fection with and without prior treatment of the cells with NH

4
Cl (50 mM) and FcR blocker are shown. 

Scale bar: 12.5 μm. Fusion inhibition was calculated by analyzing the total extent of membrane fusion 
of DiD-labeled virus with ImageJ. (E–G) Representative images of a fusion assay performed in P388D1 
cells electroporated with Eps15-GFP (empty vector D3Δ2 (control) and DNM (E95/295)). Scale bar: 
7 μm. (H–J) Fusion inhibition of Eps15 and multiple biochemical inhibitors. An end concentration of 
50 μM nystatin, 150 μM dynasore, 200 μM iminodyn-22, 15 μM cytochalasin B, 1 μM latrunculin, 2 μM 
wortmannin, or 30 μM AS-604850 was used. The percentage of fusion inhibition was calculated with 
respect to the empty vector or non-treated control, respectively. The average of at least three inde-
pendent experiments is shown. Error bars represent SEM.
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if enhanced fusion is due to increased binding of Ab-DENV complexes to cells we next 
determined the number of bound particles by qRT-PCR (Figure S5C). The results show 
that the enhanced membrane fusion activity as observed under ADE conditions can 
be largely explained by increased binding and entry of DENV-immune complexes to 
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P388D1 cells. At ADE conditions, binding is facilitated through antibody-Fc receptor 
interactions as both viral infectivity (Figure S6A) and membrane fusion activity (Figure 
2B,C) is severely impaired upon treatment of the cells with anti-FcγR CD16/CD32 blocker.

Initially, we investigated the role of clathrin and caveolae in DENV cell entry in the 
absence and presence of antibodies. At first, we tried to use chlorpromazine and 
pitstop2, two well-known inhibitors of clathrin-mediated endocytosis. However, these 
compounds were quite toxic, and at non-toxic concentrations these compounds were 
unable to sufficiently block transferrin uptake (Figure S4). Thereafter, we tested a 
dominant negative mutant (DNM) of Eps15 (E95/295), a protein that is described to be 
present in clathrin-coated pits and is important in clathrin-mediated endocytosis32. As 
seen in Figure 2E–J, the Eps15-DNM inhibited fusion in all three infection conditions, 
albeit to a different extent. The most extensive inhibition (>80%) was seen following 
infection with stdDENV in the absence of antibodies (Figure 2E,H). Mediocre inhibition 
was seen in case of Ab-stdDENV (~40%) and Ab-prMDENV (~45%). Treatment of cells with 
nystatin, a cholesterol binding agent, leads to a complete ablation of morphologically 
identifiable caveolae33. We observed that nystatin treatment had no influence on 
stdDENV, Ab-stdDENV or Ab-prMDENV fusion (Figure 2H–J), which suggests that entry 
of DENV with and without Abs is caveolae-independent.

Thereafter, the role of dynamin and actin was measured. Dynamin, a small GTPase, 
has a critical role in membrane fission events during clathrin- and caveolae-mediated 
endocytosis and phagocytosis34,35. Actin is involved in numerous endocytic pathways, 
like clathrin-mediated endocytosis, macropinocytosis, caveolae-mediated endocytosis, 
and phagocytosis36. Though the actin cytoskeleton function is variable between distinct 
endocytic pathways36. Treatment of P388D1 cells with dynasore, a compound that 
interferes with the GTPase activity of dynamin1 and dynamin237, abolished membrane 
fusion activity and infectivity of DENV irrespective of the maturation status and with 
and without prior opsonization with antibodies (Figure 2H–J and S6B). Furthermore, 
iminodyn-22, another dynamin inhibitor, reduced the membrane fusion extent of 
stdDENV with 75% and for Ab-stdDENV with 95%. Disruption of actin filaments with 
cytochalasin B and latrunculin was found to reduce fusion of Ab-stdDENV, Ab-prMDENV 
and stdDENV (Figure 2H–J). Inhibition of PI3K, a key coordinator in actin remodeling, 
through wortmannin specifically reduced membrane fusion activity of Ab-stdDENV 
and Ab-prMDENV (Figure 2H–J). The importance of PI3K in Ab-stdDENV cell entry was 
confirmed by the use of AS-604850 (Figure 2I). Wortmannin and AS-604850 had little 
to no effect on stdDENV fusion (Figure 2H). These results demonstrate that actin and 
the regulators of actin remodeling play a critical role during Ab-DENV endocytosis. 
The different response to PI3K inhibitors is consistent with a distinct DENV cell entry 
mechanism in the presence and absence of antibodies.
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Ab-DENV activates extensive ruffling of the cell membrane via FcγRs
The actin cytoskeleton has been observed to support different processes related to 
endocytosis, like the invagination of membrane segments into the cytoplasm, elongation 
of invaginations, and protrusions in the form of filopodia and ruffles36,38. In order to 
study how DENV particles interact with the actin cytoskeleton, we performed live-cell 
imaging in eYFP-Actin expressing P388D1 cells. Interestingly, dramatic changes in cell 
morphology and actin redistribution were observed upon infection with DiD-labeled 
Ab-stdDENV and Ab-prMDENV (Figure 3). Ab-stdDENV and Ab-prMDENV particles were 
not only seen at the cell body (Figure 3A), but also associated with membrane ruffles 
(Figure 3B) and filopodia-like structures (Figure 3C). Ruffles were observed across the 
cell membrane as sheet-like protrusive structures with a heterogeneous morphology 
(Figure 3D). The extensive actin-driven membrane ruffling of the cell is illustrated 
by Movies S2 and S3. In the absence of any added stimuli (negative control), the eYFP-
Actin expressing macrophages are constitutively active (as reported by Flannagan et 
al.39), but do not show widespread ruffling of the membrane (Movie S4). Ruffling 
induced by Ab-stdDENV and Ab-prMDENV is initiated at 3 to 5 minutes post-infection 
(mpi) (Movies S5and S6). Movie S5 shows eYFP-Actin expressing cells during the first 
4.5 minutes following infection with Ab-stdDENV. DiD-labeled particles are visible, but 
not yet bound to the cell membrane. A constitutive movement of the cell body can be 
seen. Movie S6 shows the same group of cells at 5 mpi. A widespread and highly active 
ruffling of the cells is evident.

But what is triggering membrane ruffling? Is it the immune complex, the virus or the 
antibody? To address this issue, we first developed an ImageJ-based method to quantify 
the extent of cell ruffling in one cell. With this method, we calculated the “Movement ratio” 
(MR) by dividing the “total area” covered by a moving cell for the whole sequence, with 
respect to the smallest surface area occupied by the same cell in the same time series 
(explained in detail in Figure S7). Based on the resulting Movement ratio, cells were classified 
in three groups: Low (MR < 2), Intermediate (MR = 2–3), and Extensive (MR > 3). To visually 
illustrate the results, the projections of the cell body outlines of a time-lapse of 20 min are 
shown in Figure 3E. No differences were observed between the ruffling response activated 
by Ab-stdDENV (Movie S2) and Ab-prMDENV (Movie S3). Extensive membrane ruffling 
is observed in approximately 50% of the cells infected with Ab-stdDENV (47%) and Ab-
prMDENV (53%) (Figure 3E,F). Ruffling is also observed in cells infected with stdDENV and 
prMDENV in the absence of antibodies, but this ruffling is less extensive compared to Ab-
stdDENV and Ab-prMDENV (Figure 3E,F). Cytochalasin B prevented membrane ruffling in all 
conditions (MR < 2). The addition of soluble anti-E and anti-prM antibodies to the cells also 
induced membrane ruffling, albeit to a somewhat lower extent than antibody-opsonized 
DENV (Figure 3G). Similar results were found upon addition of dengue patient immune 
serum and an non-DENV murine IgG antibody. These results prompted us to further study 
the role of antibodies in ruffling induction of the cell membrane. The use of a FcγR blocker 
(anti-CD16/CD32) prevented ruffling induced by Ab-stdDENV, Ab-prMDENV and by soluble 
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Figure 3. Ab-DENV induction of actin cytoskeleton rearrangement via FcγRs. DiD-labeled virus 
(Ab-stdDENV, Ab-prMDENV and stdDENV) was added to eYFP-Actin-expressing P388D1 cells. The cells 
were kept at 37 °C for live-cell imaging with a spinning disk confocal microscope. Ab-DENV was ob-
served to localize to the (A) cell body, (B) membrane ruffles and (C) actin filopodia during entry. Scale 
bar: 7 μm. (D) Time series of antibody-opsonized DENV induced cell membrane ruffling. The white ar-
rowhead indicates the place where the ruffle starts. (E–I) Cell movement was quantified over time upon 
the indicated treatments. (E) Representative images of P388D1 cells under the indicated conditions are 
shown as the overlays of the cell body outlines of a time-lapse of 20 min. (F–I) The Movement ratio (MR) 
quantifies the extent of movement of one cell over a frame sequence. See Figure S7 for more details on 
how to calculate it. Based on the MR, the movement response was classified as Low (MR < 2), Interme-
diate (MR = 2–3) or Extensive (MR > 3). For each condition, 15 cells were used for analysis. The gray area 
indicates the intermediate response. The proportion of cells showing Low, Intermediate, and Extensive 
response is indicated at the right corner of (E).

anti-E mAbs (Figure 3H). In addition, we observed that Fab fragments with and without 
prior opsonization to stdDENV and prMDENV particles do not induce extensive ruffling 
(Figure 3I). Taken together, these results indicate that activation of membrane ruffling in 
macrophages by Ab-stdDENV and Ab-prMDENV is likely triggered through the interaction 
of the antibodies with FcγRs expressed at the cell surface.

Antibody-mediated DENV entry is not mediated by macropinocytosis
Ruffling, the involvement of actin, and the role of PI3K is suggestive for Ab-stdDENV 
cell entry via macropinocytosis. Macropinocytosis has been suggested as an alternative 
DENV cell entry pathway in HepG2 cells and was found to be important for several 
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other viruses9,40. Macropinocytosis is an actin-dependent process characterized by the 
formation of macropinosomes, which are structures derived from the eukaryotic plasma 
membranes ranging in size from 0.2 to 10 μm that are used to engulf extracellular fluid 
for cellular uptake41. The effect of amiloride derivative EIPA on virus cell entry is often 
used to study the importance of macropinocytosis. EIPA has been described to inhibit 
Na+/H+ exchanger (NHE) activity thereby modulating Rho GTPases and interfering with 
macropinosome formation42. EIPA inhibited membrane fusion activity of Ab-stdDENV 
and stdDENV albeit with a rather low efficiency (Figure 4A). The weak inhibitory effect 
of EIPA combined with the notion that NHEs can also be found in membranes of 
other intracellular vesicles43, thereby potentially interfering with other pH-dependent 
pathways, makes it difficult to interpret this data. Therefore, we next investigated 
another hallmark of macropinocytosis: increased fluid uptake. Figure 4B shows that 
there is no increased fluid uptake during infection with stdDENV, Ab-stdDENV and upon 
the addition of soluble antibody, whereas a marked increase in fluid uptake was seen 
upon addition of the known macropinocytosis inducer PMA. Furthermore, upon close 
examination of the recorded movies, only very few ruffles were seen that close to form 
vesicles and only a minor fraction of these vesicles contained visible Ab-stdDENV (4 
out of 50) or Ab-prMDENV (2 out of 50). Taken together, although we noticed extensive 
actin-mediated ruffling at the plasma membrane and sometimes closure of vesicles, 
macropinocytosis does not appear to have an important role in DENV cell entry in 
macrophages.

Interaction of Ab-opsonized DENV with actin cell-surface protrusions
To better understand how virus particles interact with the plasma membrane and 
to decipher the role of actin herein, we further analyzed the recorded movies. We 
observed that many virus particles were indeed internalized through localized cell-
surface actin protrusions (Figure 5). These were not considered as part of the ruffling 
response described in the previous section, since ruffling was observed as a general 
response of the complete cell body and these protrusions represent localized reactions 
to a viral particle.

We observed two types of localized actin-mediated uptake of Ab-DENV. Type 1 
implies uptake through actin protrusions that are formed upon direct virus-cell contact 
(Figure 5A). In case of Type 2, actin protrusions were generated towards viral particles 
located away from the cell body. Once the actin-mediated structure reached the virus 
particle, the protrusion retracts and pulls back the virion to the cell membrane (Figure 
5C and Movie S7).

To evaluate the efficiency of these processes we quantified the number of events by 
visual examination. Type 1 and Type 2 virus-cell interactions were counted in 73 cells 
per virus condition and classified as successful or unsuccessful, based on the ability 
of the actin protrusion to mediate viral uptake. In total, 29 virus-cell interactions were 
recorded for stdDENV, 60 virus-cell interactions for Ab-stdDENV and 31 for Ab-prMDENV. 
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Representative examples are shown in Figure 5A–D. Figure 5A shows a successful Type I 
uptake. The antibody-opsonized DiD-labeled particle is bound to the plasma membrane. 
At 2.6 mpi, an actin protrusion starts to surround the virus particle and subsequently 
captures it. Figure 5B shows an unsuccessful Type 1 uptake. This particle is surrounded 
by actin protrusions but did not end up inside a cellular compartment. A successful 
Type 2 uptake is illustrated in Figure 5C. Initially, an antibody-opsonized virus is seen 
approximately 5 μm away from the cell body. Then, an actin-rich structure protrudes and 
elongates in the direction of the virus particle. This protrusion reaches and binds to the 
viral particle, and pulls it back to the cell body. The complete process lasts 54 seconds. 
This is also visible in Movie S7.Figure 5D presents an unsuccessful Type 2 uptake. Here, 
actin protrusions are directed towards the virion but fail to pull it back. Since we 
sometimes observed repeated attempts of the cell to capture the same particle (Movie 
S8), we believe that Type 2 movement represents a specific direct process to capture 
virus particles from the extracellular environment. In all conditions, Type 1 appears to 
be more efficient than Type 2 (Figure 5E–G). The frequency of successful Type 1 uptake 
is similar for Ab-stdDENV, Ab-prMDENV and stdDENV (Figure 5E–G). Interestingly, Type 
2 interactions were hardly detected following stdDENV infection in the absence of 
antibodies. Moreover, the Type 2 interactions that were seen upon stdDENV infection 
were never successful. Successful Type 2 uptake was however seen in 8 out of 36 (22%) 
events for Ab-stDENV and 4 out of 11 (36%) for Ab-prMDENV (Figure 5E,F).

As observed in Figure 5C, Type 2 uptake is directed specifically against a single virus 
particle that is not moving and not associated with the plasma membrane or any other 

Figure 4. Role of antibody-induced macropinocytosis in virus internalization. (A) P388D1 cells 
were treated with EIPA (25 μM) for 1 h at 37 °C. Cells were infected with DiD-labeled stdDENV and Ab-std-
DENV and analyzed as in Figure 2. (B) Fluid phase uptake of Dextran-TxRd upon addition of stdDENV, 
Ab-stdDENV or mAb # 753 C6. PMA (60 ng/ml) was added as a positive control. All treatments were 
added 15 min before addition of Dextran-TxRd. Uptake of Dextran (0.4 mg/ml) was allowed for 30 min at 
37 °C. The average of five independent experiments is shown. Error bars represent SEM.
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Figure 5. Ab-DENV uptake is mediated by actin protrusions. The experimental set-up is similar 
as described in the legend to Figure 3. (A–D) Representative montages of alternating time-lapse 
exposures of DiD-DENV and eYFP-Actin during entry. (A,B) Type 1 virus uptake. (C,D) Type 2 virus 
uptake. DiD-virus is shown in red. eYFP-Actin expressing cells are shown in green. White arrowheads 
point out single viral particles associated with actin structures. (E–G) Frequency of Type 1 and type 
2 uptake in a total of 60 events.

visible actin structure. But how is the cell able to sense the presence and position of 
the virus without having contact with it? Or is the membrane surface area of the cells 
wider than seen by eYFP-Actin? To address this issue, we stained the membranes of 
eYFP-Actin expressing cells with the lipophilic probe DiD and used high resolution 
differential interference contrast (DIC) microscopy to evaluate the membrane surface 
area of the cells. The DiD signal completely overlaps with eYFP-Actin, indicating that all 
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Figure 6. Effect of Rab5 and Rab7 dominant-negative mutants in fusion of Ab-DENV. DiD-la-
beled DENV (with and without antibodies) was added in situ to P388D1 cells electroporated with 
the indicated plasmids. (A–C) Representative examples of membrane fusion. Membrane fusion of 
DiD-labeled virus is observed as highly fluorescent red puncta in the WT and DNM electroporated 
cells. All plasmids have GFP as a reporter gene. Scale bar: 7 μm. (D–F) Quantification of the effect of 
the DNM proteins on viral fusion. For analysis, 85 cells positive for the expression of the plasmids 
were used. The percentage of inhibition was calculated with respect to the WT plasmid control.
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cellular structures are detected with eYFP-Actin (Figure S8). At this moment we do not 
know how cells sense the virions. Importantly, though, successful Type 2 interactions 
were only observed in case of Ab-stdDENV and Ab-prMDENV and therefore this sensing 
mechanism is linked to the presence of antibodies (Figure 5G).

Endocytic trafficking of antibody-opsonized DENV
After uptake and internalization, most viruses traffic through intracellular vesicles until 
a compartment is reached where membrane fusion occurs (refer to44 for an extensive 
review). The intracellular compartments hijacked by viruses can be endosomes, 
phagosomes or pinosomes, all of which have been described to undergo acidification 
and a maturation process that involves the gain and loss of early/late markers before 
fusion with lysosomes40,44. Since trafficking of the different intracellular compartments 
is controlled by Rab GTPases45, we used a set of fluorescently-labeled Rab dominant-
negative mutants (DNM) to analyze which of these GTPases is required for viral 
transport. Fluorescently-labeled dextran was used as a control to evaluate the activity 
of the DNMs. Figure S9 shows that the overexpression of Rab5 and Rab7 DNMs inhibited 
uptake of the fluorescently-labeled dextran. DENV membrane fusion activity was 
reduced in cells transfected with DNM of Rab7 for all experimental conditions (Figure 
6A–C), particularly in the case of stdDENV in the absence of antibodies (88% of inhibition 
with respect to the WT Rab7). Interestingly, Rab5 was important for Ab-DENV fusion 
(black bars, Figure 6D–F), but not for stdDENV. Unfortunately, though, these results 
could not be confirmed by flow cytometry given the low transfection and infection 
efficiency in macrophages.

Discussion

The study presented here aimed to understand how DENV enters macrophages in the 
absence and presence of antibodies. DENV entry in P388D1 cells was found to be Eps15, 
dynamin, actin, pH and Rab7-dependent, but FcγR, caveolae, PI3K, macropinosome 
and Rab5-independent. Antibody-mediated DENV entry, on the other hand was found 
to be FcγR, dynamin, actin, PI3K, pH, Rab5 and Rab7-dependent, partially dependent 
on Eps15, and caveolae- and macropinosome-independent. Thus, the route of DENV 
cell entry in the absence and presence of antibodies can be distinguished on the basis 
of FcγR, PI3K and Rab5. In addition, a novel mechanism of virus capture was detected 
during antibody-mediated uptake of DENV particles in P388D1 cells. Furthermore, 
except for the time to membrane fusion, there were no evident differences between 
the entry profile of Ab-prMDENV and Ab-stdDENV particles.

Dengue virus cell entry in the absence of antibodies does not fit with a classical textbook 
view of one endocytic process. The importance of Eps15 and dynamin is suggestive 
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for entry via clathrin-mediated endocytosis although also clathrin-independent 
pathways have been described to use dynamin and Eps1532,46. The actin cytoskeleton 
is important in numerous endocytic and phagocytic processes, but the function of 
actin within these processes is different38. In clathrin-mediated endocytosis, actin has 
been described to support the process of invagination of the membrane and can help 
with the elongation and scission of the new vesicle38. We observed that actin forms 
active membrane protrusions that engulf the particles (Type 1), a phenomenon that has 
been linked to phagocytic processes47,48. Entry through phagocytosis seems unlikely, 
however, since PI3K is not required in DENV cell entry and this molecule is generally 
believed to be important for phagosomal maturation47,49,50. Therefore, we propose that 
DENV entry in macrophages is via a novel mechanism involving elements of clathrin-
mediated endocytosis and phagocytosis. The ability of a virus to use non-classical entry 
pathways displaying features of multiple established endocytosis pathways has been 
described before51–53. Furthermore, enhanced membrane fusion was seen in Rab5-
DNM expressing cells whereas a marked inhibition was noticed in Rab7-DNM cells. This 
suggests that DENV particles bypass Rab5 organelles and are immediately delivered to 
Rab7 compartments where membrane fusion occurs. This is in contrast to our earlier 
results in BS-C-1 cells7 and indicates that the endocytic behavior is cell type-specific. 
Although more experiments are required to confirm this finding, similar results have 
been described for lymphocytic choriomeningitis virus52. The authors suggested that 
this atypical transport behavior may serve to internalize plasma membrane molecules 
and bound ligands that need to avoid recycling regulated by Rab5 early endosomes52. 
The conclusion that DENV fuses from within Rab7 compartments is in agreement with 
our earlier data7 and is in line with the described lipid dependence for DENV fusion11.

The internalization profile of antibody-opsonized DENV is similar to stdDENV entry 
except for the role of FcγRs and PI3K. This implies that antibodies influence the fate 
of DENV cell entry. FcγRs47, dynamin54, active formation of actin protrusions47, and 
PI3K55 have been prior linked to phagocytosis. Furthermore, Type I uptake looks like 
a phagocytic cup. Therefore, we propose that cell entry of antibody-opsonized DENV 
occurs via phagocytosis, which is in line with the conclusions of Halstead et al.22. Inhibition 
of Eps15 partially inhibited antibody-opsonized DENV entry in macrophages. This can 
be explained by phagocytosis, as different elements of the clathrin machinery, like AP-
2, have been located in the outer layer of phagosomes and play a role in phagosomal 
maturation56. Phagocytosis-like entry may seem unexpected given the relatively small 
size of Ab-DENV complexes. Indeed, it is generally believed that phagocytosis is meant 
for uptake of particles larger than 0.5 μm47. Yet, phagocytosis-like pathways have been 
described for viruses smaller than 0.5 μm, like Adenovirus type 2 (90–100 nm)57 and HSV-1 
(200 nm)58. Hence, the size of the particles is not the only determinant needed to trigger 
phagocytosis. Upon phagocytosis, the antibody-opsonized particles traffic through 
Rab5 and Rab7 organelles and both early and late phagosomes are required for entry 
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and membrane fusion in P388D1 macrophages. Given the pH and lipid requirements for 
fusion, we anticipate that the virus predominantly fuses from within late phagosomal 
compartments.

A surprising novel finding was Type 2 uptake of antibody-opsonized stdDENV and 
prMDENV. To our knowledge, this is the first study that describes the possibility of a cell 
to actively search and capture a virus particle from the environment. But how is the cell 
able to detect virus particles located away from its main body? A possible explanation 
is chemotaxis. Antibodies are known to associate and dissociate from their antigen 
over time. It is tempting to speculate that the dissociated antibodies leak away from 
the complex and serve as a chemotactic stimulus that macrophages can sense. Indeed, 
successful Type 2 uptake was not observed with stdDENV in the absence of antibodies. 
Thus, antibodies not only flag the virus as a foreign antigen that needs to be degraded, 
they may also induce an active capturing mechanism in macrophage cells. In this sense, 
Type 2 is a remarkable example of how viruses could utilize pathogen-sensing functions 
of macrophages.

Extensive membrane ruffling was observed upon DENV infection in presence 
of antibodies. Most of these ruffles did not close to form macropinosomes and no 
enhanced fluid uptake was seen. This shows that extensive membrane ruffling is not 
necessarily linked to the process of macropinocytosis. Indeed, membrane ruffling 
has also been linked to receptor internalization, preparation of cell motility, and cell 
migration59. Future studies should reveal whether the observed membrane ruffling, 
which is triggered by antibody-Fc receptor interaction, indeed reflects the initiation of 
cell motility and/or migration.

We observed that the fusion time point of DiD-labeled Ab-prMDENV particles is 
approximately two times delayed compared to Ab-stdDENV. Yet, there were no clear 
differences observed in the entry profile, indicating that the maturation status of the 
virus influences the time to membrane fusion but not the entry pathway itself. Previous 
studies showed that immature DENV has to undergo a furin-dependent maturation 
process prior to membrane fusion17. It is known that progeny virions release the pr 
peptide upon secretion of the particle to the extracellular pH neutral milieu. During 
infection, it is hypothesized that the lower pH of late phagosomal compartments – 
when compared to the luminal pH of vesicles within the Golgi apparatus – is sufficient 
to release the pr peptide from the virion60. Hence, we postulate that the additional 
time required to initiate membrane fusion reflects the processes involved in virion 
maturation rather than hijacking a distinct route of cell entry.

DENV-immune complexes bound more efficiently to P388D1 cells than DENV particles 
in the absence of antibodies. In primary macrophages, however, no increase in virus 
cell binding and entry was observed under ADE conditions (unpublished results/
accompanying manuscript). These contradicting results may reflect differences 
in virus receptor and Fc receptor expression levels61,62. Indeed, in the absence of 
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antibodies, the number of bound particles was much lower in P388D1 cells than in 
primary macrophages. On the other hand, however, comparable numbers of bound 
particles were seen in P388D1 cells and primary macrophages under ADE conditions. 
This suggests that P388D1 cells express lower levels of virus receptors than primary 
macrophages. The relative low binding efficiency of DENV to P388D1 cells might also 
explain why a more robust ADE effect is seen in these cells. Indeed, previous studies 
on immature dendritic cells revealed that the expression level of the virus receptor DC-
SIGN is inversely correlated with ADE61.

It is important to mention that the antibody/FcR-mediated entry pathway by 
itself does not explain ADE. Under neutralizing conditions, virions will also enter 
macrophages via an antibody-mediated pathway63. Indeed, FcγRs have been shown 
to be important in antibody-mediated neutralization as well as antibody-mediated 
enhancement of infection3,63,64. Hence, it is likely that a similar entry pathway is used 
under neutralizing and enhancing conditions. What then determines the enhancing 
or neutralizing capacity of the antibody? We and others have suggested that ADE is 
controlled at the level of membrane fusion62,64. FcγRIIBFusion and thus ADE may occur 
when antibodies dissociate from the virion during entry or bind with low occupancy 
thereby allowing unoccupied E proteins to initiate fusion. At very high concentrations 
of neutralizing antibodies, DENV-Ab aggregates are formed and inhibit phagocytosis 
through crosslinking of FcγRIIB63, which suggests that depending on the antibody 
concentration of neutralizing antibodies distinct mechanisms can occur.

In conclusion, our results provide evidence for a novel antibody-mediated mechanism 
meant to regulate the uptake and internalization of DENV particles in macrophages. The 
overall entry pattern of Ab-stdDENV and Ab-prMDENV was similar, indicating that the 
antibody dictates the route of entry and not the virion. This data not only elucidates 
how antibodies alter the cell entry pathway of DENV particles in macrophages, 
but also shows that Ab-virus complexes can take advantage of an active pathogen-
sensing mechanism of macrophages. It would be interesting to establish whether the 
intervention of these entry pathways may be useful in the design of antiviral drugs that 
can be used in dengue severe disease.
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Supplementary data

Figure S1. Representative image of purified [35S]methi-
onine-labeled standard and immature DENV particles. 
35S-labeled DENV was prepared as described before13. Protein 
composition was analyzed by non-reducing SDS-PAGE gel elec-
trophoresis. Quantification of the protein bands was done by 
phosphorimaging analysis using ImageQuant TL software. The 
percentage of prM and M in virions was determined by relating 
the intensity of the prM and M bands to that of E, on the basis of 
the relative number of methionine residues in each protein and 
with the assumption of uniform labeling. LoVo-derived DENV has 
on average 94% +/- 9% in the viral membrane13.

Table S1. Purified LoVo-derived DENV, characteristics of the individuals preparations. The av-
erage ratio of these preparations is 6,98E+07.
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Figure S2. Anti-E and anti-prM antibodies enhance DENV infection via FcγRs. (A) Enhancing 
profile of anti-E mAb 753 C6 complexed to stdDENV in P388D1 cells. n (B) Enhancing profile of anti-prM 
mAb 3-147 complexed to prMDENV. Virus particle production was assessed at 43 hours post-infection 
by plaque assay. Limit of detection: 6*101 PFUs/ml. N.d. denotes not detectable.

CHAPTER 8

8



209

Figure S3. Size distribution of DiD-labeled DENV. stdDENV was labeled with DiD as described in 
materials and methods. After labeling the virus was either directly visualized by microscopy (A,B; std-
DENV) or opsonized with Ab 735 C6 (final concentration of 40 ng/ml) for 30 min at 37°C previous to 
visualization (C,D; Ab-stdDENV). A & C show two representative images of DiD-labeled stdDENV and 
Ab-stdDENV, respectively. Scale bar represents 10 μm. B & D Histograms of the DiD-intensity of stdDENV 
and Ab-stdDENV, respectively. 3 independent experiments were performed per condition, imaging was 
done with >5000 particles per experiment. Error bars represent SD.

Methods belonging to Figure S3: The intensity of individual and antibody-opsonized DiD-labeled 
DENV particles was estimated by fluorescence microscopy as described previously7. stdDENV was op-
sonized using mAb #735 C6 (final concentration 40 ng/ml) for 30 min at 37°C. DiD-labeled stdDENV and 
Ab-stdDENV were visualized by epi-fluorescence microscopy in a Leica Biosystem 6000B instrument 
using a 635 nm helium-neon laser. Analysis was done using the ‘particle analyzer’ plugin of ImageJ.

HOW ANTIBODIES ALTER THE CELL ENTRY PATHWAY OF DENGUE VIRUS PARTICLES IN MACROPHAGES

8



210

Figure S4. Fluorescently labeled cargo controls and MTT viability assay used to confirm the 
activity of different biochemical inhibitors. The cargo controls were added to P388D1 cells upon 
treatment with biochemical inhibitors. (A) Lysotracker Green was used for ammonium chloride (50 mM), 
(B) CTxB-FITC for nystatin (50 μM). (C & E) Dextran-FITC or Dextran-TxRd for dynasore (150 μM), cytocha-
lasin B (15 μM), latrunculin (1 μM), wortmannin (2 μM), AS-604850 (30 μM) and EIPA (25 μM). (D) Transfer-
rin-AF633 for chlorpromazine (15 μM), Pitstop2 (25 μM) and Iminodyn-22 (200 μM). Scale bar: 25 μm. (F) 
Standard MTT assay to test cell viability upon treatment with biochemical inhibitors. Using an MTT assay 
the cellular metabolic activity is tested, which is used as an indicator for cell viability. The grey dashed 
line indicates 75% cell metabolic activity.
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Figure S5. Antibodies promote DENV2 cell entry into P338D1 cells. (A – B) The extent of mem-
brane fusion of DENV2 within P338D1 cells was determined 30 min post-infection at MOI 1. (A) Total 
fusion activity (B) Fraction of fusion-positive cells (B). All values were normalized to infection in absence 
of antibodies. (C) DENV2 binding and uptake in P388D1 cells was determined at 1hpi by qRT-PCR using 
template-specific primers in combination with RNAse A treatment. Extracellular virus was removed by 
shaving the cells with a high salt-high-pH buffer for 2 min. Ab #751 A2 is a DENV E antibody that interacts 
with the fusion loop in DII 24. Squares show the total number of virus particles that had bound or entered 
cells. Circles depict entered viral genomes. The colors indicate replicate samples of independent experi-
ments. Statistical analysis was done by 2-tailed t-test; * (P≤0.05), ** (P≤0.01), *** (P≤0.0005)

Figure S6. DENV particle production in cells treated with FcR blocker or Dynasore. (A) PFU pro-
duction of stdDENV, Ab+stdDENV and Ab+prMDENV in presence or absence of FcR Blocker. (B) PFU pro-
duction of stdDENV, Ab+stdDENV and Ab+prMDENV in presence or absence of Dynasore. Bars represent 
the average of three independent experiments ± SEM. Limit of detection: 6*101 PFUs/ml.
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Figure S7. How to calculate the “Movement ratio” (MR). The Movement ratio quantifies the extent 
of movement of one cell over a frame sequence. To calculate it, images from the sequence are thresh-
olded (binarized) to identify the pixels occupied by the cell at each frame. (A) The “total area” covered by 
the moving cell for the whole sequence is obtained by counting all pixels in the union of these binarized 
frames. (B) The area occupied by the cell before movement starts (96 smallest area) is obtained from the 
binarized frame with the smallest number of pixels. Finally, the MR in the image sequence is quantified 
by the ratio of the pixels obtained in (A) and (B), where 1 corresponds to immobility and higher numbers 
correlate with higher cell mobility. In this example, we used a sequence of 266 frames. (C) Overlay of the 
cell body outlines of the same time-lapse. The colors indicate time direction. The whole procedure was 
done with ImageJ.
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Figure S8. Overlap of eYFP-Actin expression and DiD-labeling of cytoplasmic membrane. 
P388D1 cells electroporated with eYFP-Actin were stained with the lipophilic probe DiD for 1 h at 37ºC. 
DiD was incorporated on the cell membrane. The cells were washed and imaged with an epi-fluores-
cence Leica Biosystems 6000B microscope. As shown in the figure, the DiD signal overlaps with eYFP-Ac-
tin.
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Figure S9. Fluorescently labeled cargo controls to confirm the activity of Rab5-DNM and 
Rab7-DNM (A) Dextran-TxRd was added to P388D1 cells after electroporation with Rab5 or Rab7 plas-
mids (GFP-tagged WT and DNM). The activity of the Rab5-DNM was assessed by quantifying Dextran-Tx-
Rd uptake in the DNM and WT cells. To this end, 50 cells were used of each condition. The percentage of 
inhibition of uptake of the DNM was calculated with respect to the WT plasmid control. (B) The activity 
of the Rab7-DNM was defined by quantifying co-localization of Dextran-TxRd molecules and Rab7-GFP+ 
compartments. The white arrowheads indicate examples of co-localization. The blue arrowheads show 
examples of what was scored as no co-localization. The graphs shows co-localization results of 50 Dex-
tran molecules per condition.
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Supplementary Movie Legends

NB: for the actual movies please refer to Scientific Reports 2016; 6: 28768

Movie S1. Single-particle tracking of Ab-stdDENV particle in P388D1 cells. DiD-labeled stdDENV 
particles were opsonized with mAb5 and added in situ to the cells. The movie was recorded at a time-
lapse of 1 frame per second using an epi-fluorescence Leica Biosystems 6000B microscope. A sequence 
of 70 frames is shown. Membrane fusion is evident as a sudden increase in DiD fluorescence intensity. 
The images were artificially modified to show the differences in fluorescence intensity, from low intensi-
ty (purple) to high intensity (yellow).

Movie S2. Extensive ruffling induced by Ab-stdDENV. Actin-eYFP expressing P388D1cells were 
infected with DiD-labeled Ab-stdDENV. The cells were then imaged with a Solamere Spinning Disk Con-
focal Live Cell Imaging system at 1 frame per 4.5 seconds with a 63x objective. Shown is a sequence of 
300 frames. For clarity, the DiD channel is not shown.

Movie S3. Extensive ruffling induced by Ab-prMDENV. Actin-eYFP expressing P388D1 cells were 
infected with DiD-labeled Ab-prMDENV. Imaging was performed as described to the legend of Movie 
S2. A sequence of 400 frames is shown. The DiD channel is not shown for clarity purposes.

Movie S4. Mock-infected P388D1 cells. Actin-eYFP expressing P388D1 cells were incubated with 
HNE buffer and imaged as described to the legend of Movie S2. A sequence of 250 frames is shown.

Movie S5. Cells before Ab-DENV induced extensive ruffling. Actin-eYFP expressing cells were in-
fected with DiD-labeled Ab-prMDENV. Imaging was performed as described to the legend of Movie S2. 
The movie shows the first minutes following infection.

Movie S6. Cells after Ab-DENV induced extensive ruffling. Actin-eYFP expressing cells were infect-
ed with DiD-labeled Ab-prMDENV. Imaging was performed as described to the legend of Movie S2. The 
movie starts at 4.5 mpi. A sequence of 160 frames is shown.

Movie S7. Example of Type 2 uptake. Actin-eYFP expressing P388D1 cells were infected with DiD-la-
beled Ab-prMDENV. Imaging was performed as described to the legend of Movie S2. A sequence of 16 
frames is shown.

Movie S8. Example of a multiple Type 2 uptake attempts to capture the virion. Actin eYFP 
expressing P388D1 cells were infected with DiD-labeled Ab-stdDENV. Imaging was performed as de-
scribed to the legend of Movie S2. A sequence of 300 frames is shown.
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Introduction

Chikungunya virus (CHIKV) and dengue virus (DENV) are two mosquito-borne viruses 
which cause major epidemics in the tropical and the subtropical regions of the world1,2. 
The majority of human CHIKV infections lead to chikungunya fever, a self-limiting febrile 
illness which is hallmarked by highly debilitating joint pains3. In a substantial percentage 
of infected individuals these joint pains may persist or recur for months to years after 
initial infection; yet, the exact recurrence rates vary considerably between studies (12% 
- 80%)4–8. In contrast, the majority of DENV infections are asymptomatic1. Symptomatic 
DENV infections range from relatively mild dengue fever to severe manifestations as 
plasma leakage and hypovolemic shock1. When not properly treated severe dengue can 
be fatal. 

Studying the viral life cycle will help to identify host molecules that are important for 
virus infection. Consequently, these studies likely aid in the rational design of antiviral 
compounds. Special attention should be given to the early steps in virus infection. This 
as inhibition of virus cell entry prevents virus-induced cell-death and the presentation 
of viral antigens to the immune system. Furthermore, investigating how the human 
body reacts to and overcomes these viral infections, or why in some instances it fails to 
do so, will aid in the elucidation of the mechanisms behind severe/persistent disease. 
Only when we understand these mechanisms, we can start to effectively avert severe 
manifestations of disease.

In this thesis, we aimed to study the virus-host interactions of both CHIKV and DENV, 
with special attention to the first steps of the viral life cycle: virus cell entry. In this 
chapter, I will summarize and discuss the results obtained in our work. Similar to the 
structure of the thesis, in the first part of the summarizing discussion I will discuss our 
work on CHIKV, whereas in the second part I will focus on DENV. 

Part I: Early events in Chikungunya infection

CHIKV initially caused minor outbreaks in Africa and South-East Asia and therefore not 
much was known about the virus when it rapidly emerged in 20043. Consequently, 
the first tentative descriptions of the CHIKV life cycle, including CHIKV cell entry, were 
primarily based on reports from the closely related and more thoroughly studied 
alphaviruses Semliki Forest virus (SFV) and Sindbis virus (SINV)3. At the start of this 
thesis research, however, few reports on the CHIKV cell entry pathway were published 
which deviated from the standard view on alphavirus cell entry and more importantly 
contradicted with each other9–12. Therefore, in part I of this thesis we aimed to dissect 
the CHIKV cell entry mechanism in detail.
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The CHIKV cell entry pathway
Most alphaviruses, including SFV, SINV and Venezuelan Equine Encephalitis Virus 
(VEEV), are known to enter host cells via clathrin-mediated endocytosis13–15. Already in 
the 1980s, Helenius et al. described that SFV entered the cell in coated vesicles, which 
were later determined as clathrin-coated vesicles13. For SINV, there was more debate on 
the cell entry mechanism. A few groups reported direct penetration of the virus at the 
plasma membrane16–18, whereas others showed that SINV enters via receptor-mediated 
endocytosis and subsequently fuses from within the endolysosomal system in response 
to acidic pH19–21. In the late 1990s, DeTulleo and Kirchhausen described that SINV, similar 
to SFV, enters cells via CME14. Several later reports confirmed these findings11,22.

At the start of my research the cell entry pathway hijacked by CHIKV was also under 
debate. CHIKV cell entry into the Aedes albopictus cell line C6/36, the mammalian cell lines 
U2-OS and primary human umbilical vein endothelial cells was found to be mediated 
by clathrin11,12. In contrast to this, Bernard et al. proposed that CHIKV entered HEK cells 
via a non-classical endocytic pathway dependent on Eps15 and AP-2, but independent 
of clathrin10. Importantly, all these studies solely relied on the use of perturbations to 
define the CHIKV cell entry pathway. As described in Chapter 1, many perturbations 
can exert off-target effects and the obtained results may be hard to interpret. This 
especially holds true when the effects of the perturbations are assessed at a late step 
of infection, as was done in these studies. The use of microscopy has the benefit that 
virus cell entry can be studied in a perturbation-free environment. Yet, as microscopy 
also has its own disadvantages (see Chapter 1), we believe that virus cell entry is best 
studied by using a combination of microscopy and perturbation approaches. Therefore, 
in Chapter 3, we re-evaluated the cell entry pathway of CHIKV. Live-cell tracking of 
single virions revealed that the majority of CHIKV particles enter mammalian BS-C-1 
cells via CME. The most convincing evidence is based on the observation that clathrin 
moved together with the virus over time. Furthermore, perturbation of CME via 
pharmacological inhibitors and siRNAs was able to efficiently block CHIKV fusion and 
infection. Intriguingly, we observed that siRNA-mediated knockdown of CHC inhibited 
CHIKV infection in HeLa cells, whereas previously Bernard et al. found no effect in HEK 
nor HeLa cells10. Furthermore, and in line with our observations in Chapter 3, a very 
recent publication of Karlas et al. also showed that clathrin is important for CHIKV 
infection of HEK cells23. The observed differences between the studies are puzzling 
but might be explained by slight differences in the experimental set-up. For example,  
the exact lineage of HEK293 (HEK-293T versus HEK-293) and the used siRNAs differed. 
Moreover, the MOIs of infection might have differed, although this remains undefined 
as the MOI used in the study of Karlas et al. was not reported10,23. In my opinion, however, 
the most likely cause for these differences lies within the genetic make-up of the virus. 
RNA viruses readily adapt to their environment and therefore it is possible that although 
the same virus strain is used in the experiments, there are differences at the amino acid 
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level. These differences may in turn affect the ability of the virus to interact with a cell 
surface molecule and potentially influence the route of cell entry. Indeed, an earlier 
report showed that SINV adapted to heparin sulfate binding within three passages 
in cells24. Furthermore, a DENV strain with a high affinity towards heparin sulfate was 
found to enter cells in a clathrin-independent manner, whereas DENV particles with a 
low affinity towards heparin sulfate entered the same cell type via CME25. 

Furthermore, in Chapter 3 we described that not all CHIKV particles that fused first co-
localized with clathrin. While 89% of the virus particles co-localized with clathrin before 
fusion, the remaining 11% of the virus particles did not show any clathrin co-localization 
before fusion. We thus wondered why in the latter cases no clathrin co-localization was 
observed. A possible explanation is that we missed co-localization between clathrin 
and CHIKV due to technical insufficiencies. Alternatively, the virus may be able to hijack 
multiple endocytic pathways to enter the cell. Indeed, other viruses including Influenza 
virus (IAV), Human Immunodeficiency Virus (HIV) and DENV, have been described to use 
multiple pathways to enter the cell26. Moreover, in correspondence to our data, the group 
of Ari Helenius also found that a small percentage of SFV virions hijack other endocytic 
pathways than CME to enter the cell (personal communication). What then determines 
which cell entry pathway the virus hijacks? As above, I propose that the virus receptor, 
or in the case of CHIKV attachment factor, is the most logical candidate. As described in 
Chapter 2, multiple attachment factors have been defined for CHIKV, yet no bona fide 
entry receptor has been identified. Whereas multiple attempts have been undertaken 
to elucidate alphavirus entry receptors, to date only for SINV a bona fide entry receptor 
has been discovered27–29. Therefore, I hypothesize that most alphaviruses do not need 
to bind a specific receptor to enter the cell. Binding of the virus to attachment factors 
and subsequent concentration of the virus on the plasma membrane will likely suffice 
to initiate entry. Most plasma membrane ‘receptors’ are preferentially internalized into 
the cell via a specific endocytic pathway, yet the preferred pathway differs per molecule 
and activation state30–33. Therefore, binding to for example ‘attachment factor A’ might 
guide the virus to CME, whereas binding to others may direct the virus to another 
pathway. Indeed, this has been observed for DENV25. To summarize, based on all the 
data that is available now, I propose that CME is the preferred route of entry for CHIKV. 
This conclusion is largely based on our live-cell imaging data obtained in a perturbation 
free-environment. Yet, I would like to stress the importance of confirming the CHIKV cell 
entry pathway in natural target cells using virus with low passage numbers. Furthermore, 
future studies should dissect if CHIKV cell entry is indeed dictated by the attachment 
factor and if the virus can productively infect cells via clathrin-independent pathways.   

After cell entry, alphaviruses are delivered to the endolysosomal pathway. Alphaviruses 
primarily fuse from within mildly acidic early endosomes27,34,35, with the exception of 
VEEV, which fuses from more acidic late endosomal compartments15,36. Although multiple 
studies confirmed that CHIKV requires low pH exposure for fusion and infection9,10,37,38, 
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the exact organelle with which CHIKV fuses has not been studied extensively. Bernard et 
al. described that CHIKV required Rab5-positive early endosomes but not Rab7-positive 
late endosomes for productive infection of HEK cells, indicating that CHIKV fusion occurs 
from within early endosomes10. In the mosquito cell line C6/36, however, the integrity 
of the Rab7 compartment was required for CHIKV infection, which is suggestive for 
trafficking to late endosomes for fusion12. The data described above was obtained using 
dominant negative mutants (DNMs) of Rab5 and Rab7. As described in Chapter 1 and 
Chapter 3 DNMs of the Rab proteins have two important drawbacks. Firstly, the extent 
of overexpression required for sufficient knockdown of the protein function is difficult 
to assess. Secondly, overexpression, especially of early endosomal marker Rab5, might 
be cytotoxic. In order to circumvent these drawbacks we tracked single DiD-labeled 
virions in cells overexpressing the natural form of Rab5 and Rab7 fused to GFP. The great 
benefit of this approach is that it not only provides us with the location and organelle of 
fusion, it also reveals the kinetics. In Chapter 3, we showed that in mammalian BS-C-1 
cells CHIKV primarily fuses from within early endosomal compartments. Indeed, 95% 
of the CHIKV particles fused from a Rab5-positive compartment. A minority (17%) of 
CHIKV particles fused in co-localization with Rab7, implicating that these particles fuse 
from maturing (Rab5- and Rab7-positive) endosomes or late (Rab7-positive) endosomes. 
Together, the above studies show that in mammalian cells CHIKV primarily fuses from 
within early endosomes. Yet, based on the results of Lee et al.12 I propose that the 
organelle of fusion may differ between insect and mammalian cells. This notion might 
be related to reported differences in membrane composition between endosomes 
in insect and mammalian cells39. However, additional studies, such as single particle 
tracking of CHIKV in mosquito cells, are required to confirm this hypothesis. 

Interestingly, when assessing the kinetics of CHIKV fusion we noticed that 40% of 
CHIKV particles fused almost immediately upon entrance into the early endosome. The 
other 60% resided inside the endosome between 20 and 150 seconds prior to fusion. 
The difference in fusion kinetics might be caused by the acidity of the endosomal lumen 
at the moment the virus enters the endosome. When CHIKV enters an endosome with a 
pH of 5.9 or below, the virus will likely directly fuse as the pH threshold for CHIKV fusion 
is pH 5.9 (Chapter 3). However, when the virus enters an endosome with a pH above 
its threshold it has to await acidification before it can fuse. In line with this, it has been 
reported that different populations of early endosomes exist. Early endosomes can 
be subdivided into a ‘static’ and a ‘dynamic’ population, which show different rates of 
maturation40. As endosomal maturation is linked to the pH inside the endosomal lumen, 
I expect that the pH inside rapidly maturing endosomes lowers quicker than the pH inside 
slowly maturing endosomes. Consequently, I propose that the observed differences in 
CHIKV fusion kinetics might be related to the maturation state of the endosome, and 
possibly the endosomal subpopulations. To address this hypothesis multiple-color 
tracking studies using fluorescently-labelled CHIKV and Rab5 in combination with pH-
dependent fluorescent dyes may be performed. 
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CHIKV infection and the cytoskeleton
In Chapter 4 we described a relationship between CHIKV infectivity and the microtubule 
cytoskeleton. Microtubules were found to be important in the first 30 minutes of CHIKV 
infection, indicating that they might play a role during virus entry. Subsequent imaging 
of CHIKV cell entry revealed that half of the CHIKV particles indeed showed microtubule-
dependent movement before fusion, while the other half of the CHIKV virions remained 
quite static until fusion. Microtubule-dependent movement primarily occurred after 
CME but before delivery to early endosomes. Interestingly, however, disruption of the 
microtubule-dependent CHIKV transport did not affect the extent of fusion. Yet, the 
cellular location of fusion was altered. Additionally, we observed that disruption of the 
microtubule cytoskeleton impaired CHIKV genome release. 

Under normal infection conditions, CHIKV fusion was observed both in the periphery 
and the perinuclear region of the cell. Almost two-third of the particles that showed 
microtubule-dependent movement, fused in the perinuclear region. However, upon 
microtubule disruption, fusion in the perinuclear region was almost completely 
abrogated. These data suggest that fusion in the perinuclear region might be a perquisite 
for efficient genome delivery and infection. However, it seems counterintuitive that 
fusion in the perinuclear region is required for initiation of CHIKV infection. This as 
CHIKV replication occurs at plasma membrane41, and the majority of the CHIKV particles 
fuse close to the plasma membrane in the cell periphery. Furthermore, albeit with low 
efficiency, artificial fusion of CHIKV with the plasma membrane was found to initiate a 
productive infection in HEK cells10. 

Yet, as described above, two subsets of early endosomes have been described to date, 
which differ in their motility and maturation kinetics40. Approximately 65% of the early 
endosomes are described to be quite ‘static’ as they do not move on microtubules and 
mature relatively slowly. The other 35% are considered ‘dynamic’, as these organelles 
move along microtubules and rapidly evolve into maturing endosomes. Cargo-
containing vesicles that show microtubule-dependent movements were found to 
specifically target their cargo towards dynamic early endosomes40. Consequently, 
microtubule-dependent trafficking might target CHIKV particles to dynamic 
endosomes, an organelle that may promote efficient genome release. This concept, 
however, holds one flaw. CHIKV infection in HEK cells was found to be dependent 
on the clathrin adaptor AP-223, whereas microtubule-dependent targeting of cargo 
towards the dynamic early endosome was found to correlate with AP-2-independent 
cell entry40. To address this hypothesis, we first need to determine whether CHIKV 
infection in BS-C-1 cells is dependent upon AP-2 and whether the virus is delivered to 
the dynamic population of early endosomes. Moreover, as most of the knowledge on 
the AP-2 sorting mechanism and the endosomal subpopulations is based on one study, 
a more thorough characterization of these mechanisms is required to proof or reject 
this hypothesis. A first and more direct way to proof the concept that the organelle 
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and/or location of fusion is important for genome release is by tracking single CHIKV 
particles of which both the envelope and the viral genome or capsid are fluorescently 
labelled. In this way, the faith of the viral genome or capsid can be tracked post-fusion 
and it can thus be assessed whether the viral genome is more efficiently released in the 
perinuclear region than in the periphery. 

Another and in my opinion more rational explanation to our findings is that microtubules 
are needed for uncoating of the CHIKV nucleocapsid. Nucleocapsid uncoating of 
multiple viruses, including HIV and IAV, was described to rely on an intact microtubule 
network42,43. HIV primarily enters the cell via direct penetration at the plasma membrane. 
Once inside the cell, the viral core needs to be transported towards the nucleus and 
uncoated. Uncoating of the HIV core was found to be mediated by the microtubule 
motors dynein and kinesin-143. The authors proposed three different mechanisms via 
which microtubule motors could induce nucleocapsid uncoating. Firstly, as dynein and 
kinesin-1 traverse the microtubule in opposite directions, the HIV core could be ‘pulled 
apart’ by the mechanical forces generated in opposite directions. Secondly, interactions 
with the motor proteins may situate the core in the optimal location for uncoating. 
Finally, uncoating might be mediated by a microtubule-associated proteins (MAP). In 
this scenario, microtubules are required for facilitating the interactions between the 
MAP and the viral capsid. Comparable processes were described during the early steps 
of IAV infection. Upon fusion from within the late endosome, the IAV capsid recruits 
components of the aggresome processing machinery, including the microtubule motor 
dynein and the actin-traversing protein myosin 10, to aid in capsid uncoating. Disruption 
of both the microtubule and actin cytoskeleton was found to affect uncoating. Similar 
to HIV, it was suggested that the IAV capsid was broken apart by the opposing physical 
forces generated by the motor proteins42. In Chapter 4 we showed that the microtubule 
cytoskeleton is primarily required in the first 30 minutes of infection. Furthermore, our 
results show that microtubule disruption does not affect the overall extent of membrane 
fusion. The latter is in line with Bernard et al. who suggested that microtubules act at 
a post-fusion step of the CHIKV life cycle10. In fact, our data suggests that microtubules 
are required in nucleocapsid uncoating. Previous reports on alphavirus uncoating 
described that interactions between the nucleocapsid are ribosomes are sufficient to 
induce uncoating44–46. Interestingly, a considerable proportion of the ribosomes are 
associated with the microtubule cytoskeleton47,48, implying that for CHIKV microtubules 
might facilitate the interactions between the nucleocapsid and microtubule-associated 
ribosomes. Confocal or electron microscopy studies can be performed to visualize 
whether microtubules, ribosomes and the CHIKV nucleocapsid are indeed associated. 
Alternatively, it would be interesting to see if disruption of the interactions between 
ribosomes and microtubules would affect CHIKV genome release. 

SUMMARIZING DISCUSSION AND FUTURE PERSPECTIVES

9



224

Concluding remarks
Due to the continued expansion of the CHIKV vector, the naïve immune state of the 
human population in most parts of the world and the debilitating symptoms of CHIKV 
infections, development of a vaccine or antiviral treatment is of great importance. 
Rational design of anti-CHIKV therapeutics requires good understanding of the virus-
host interactions. In Chapter 3, we determined that CHIKV, like most other alphaviruses, 
primarily enters its target cells via CME. Subsequently, the virus is transported towards 
the Rab5-positive early endosome from where CHIKV fuses. Neither clathrin nor the 
early endosomal marker Rab5 are good targets for the design of therapeutics, due to 
their essential roles in cell homeostasis. However, as described in Chapter 1 endocytic 
pathways are not static. Instead, the endocytic pathways make use of different modules 
and adaptors to efficiently internalize their cargo. I believe that the ‘choice’ of these 
modules might be based on the receptor to which the cargo binds. It would thus be 
worth-wile to further look into the CME-adaptors required for CHIKV infection. Firstly, 
this would enhance our understanding on clathrin-mediated endocytosis in general. 
Secondly, if these adaptors are not essential for CME as such, they may proof suitable 
targets for the development of antivirals.

That early endosomes might be a viable target for the development of antivirals 
was recently demonstrated. Mainou et al. found that serotonine receptor agonists 
block CHIKV infection, likely by temporarily dispersing early endosomes49. However, 
as endosomes are critical for endocytosis the effect of prolonged serotonine receptor 
agonists treatment, and thus perhaps prolonged endosome dispersion, on cell viability 
and infection still need to be addressed. In Chapter 4 we suggested that CHIKV 
may need to enter a specific early endosome subtype for efficient genome release. 
Although different subsets of early endosomes were described40, they remain poorly 
characterized. To date, it is unknown whether and how these subsets differ from each 
other in their membrane composition and use of adaptors. If our hypothesis could be 
confirmed, it would be important to further characterize this endosomal subtype and 
the endosomal targeting events, as they can perhaps be selectively blocked to prevent 
CHIKV infection.

The requirement of microtubules early in infection is highly intriguing, yet demands 
further characterization. My best guess would be that microtubules are required for capsid 
uncoating by facilitating interactions between ribosomes and the CHIKV nucleocapsid. 
As requirement of microtubules for infection does not seem to be a general feature 
of alphaviruses, the next step would be to confirm our findings in other cell lines and 
primary target cells. If the dependency on microtubules is a general characteristic of 
CHIKV infection, short-term treatment with microtubule depolymerizing agents might 
be considered as a potential anti-CHIKV treatment. This, as microtubule-targeting 
agents are already used as anti-parasitic and anti-cancer targets and are being tested 
as therapeutics against neurodegenerative diseases50–53. However, as CHIKV infection 
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is generally self-limiting, and long-term treatment with microtubule-targeting drugs 
affects the proliferative effects of the cells and might thus cause adverse side effects53, 
it is obvious that the benefits of the use of these therapeutic agents should outweigh 
the downsides.

To conclude, Chapter 3 and 4 once again underline the benefits of single virus 
tracking studies over perturbations studies. Whereas, also in our hands, perturbations 
can sometimes give ambiguous results, studying CHIKV cell entry in a perturbation-free 
environment gives a more clear view on the events that occur during CHIKV cell entry. 
Moreover, additional information, including kinetic parameters of virus entry, can be 
obtained. 

Part II: DENV infection of natural target cells in absence and presence 
of antibodies

To date, the four different dengue virus serotypes (DENV-1-4) cause the most common 
arthropod-borne viral infection in the world1. While approximately 75% of all DENV 
infections are subclinical, an estimated 96 million individuals experience symptomatic 
disease per year54. Clinical dengue ranges from relatively mild flu-like symptoms 
to severe and potentially life-threatening manifestations like plasma leakage and 
hypovolemic shock1. 

Intriguingly, whereas the majority of primary DENV infections are relatively mild, 
secondary infections with a heterologous DENV subtype are correlated with severe 
disease. The increased occurrence of severe disease during a heterologous secondary 
DENV infection can be explained by the phenomenon ‘original antigenic sin’. During a 
heterologous secondary DENV infection, memory B- and T-cells are rapidly activated, 
yet their antiviral response is more directed to the DENV serotype of the primary 
infection, the ‘original antigen’, than to the DENV serotype of the current infection. This 
aberrant immune response leads to high numbers of cross-reactive antibodies and low-
affinity T-cells that do not efficiently clear the virus55–59. 

Already in the 1970s, Halstead et al. observed that declining levels of maternal 
anti-DENV antibodies correlated with severe disease in infants during primary DENV 
infection60. This together with the observation that individuals experiencing a 
heterologous secondary infection have an increased risk of developing severe disease 
led to the hypothesis of “antibody-dependent enhancement” (ADE) of DENV infection60. 
Multiple studies confirmed that non-neutralizing concentrations of anti-DENV antibodies 
can indeed enhance DENV infection in vitro and in vivo61–64. Consequently, ADE is now 
considered an important contributor to severe disease. At the start of this thesis, the 
exact mechanisms of ADE of DENV infection were however still elusive. Therefore, the 
main aim of part II of this thesis was to study how DENV enters natural target cells in 
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presence and absence of enhancing concentrations of antibodies. Moreover, we aimed 
to dissect the molecular mechanism behind ADE of DENV infection.

DENV cell entry in macrophage-like cells 
As outlined in Chapter 5, the cell entry pathway of DENV has been extensively studied 
in a variety of cell lines65–73. DENV was described to enter its target cells predominantly 
via CME, though some cell type- and virus-specific variations have been observed25,66,71. 
However, the DENV cell entry pathway was never thoroughly studied in natural target 
cells such as monocytes, macrophages or DCs. In Chapter 8, we studied the DENV cell 
entry pathway in the mouse macrophage-like cell line P388D1 using a combination of 
perturbation and live-cell imaging techniques. We observed that DENV cell entry into 
P388D1 cells strongly depends on Eps15 and dynamin, yet was independent of cellular 
cholesterol and PI3K. Overall, the perturbation profile pointed towards cell entry via 
CME. However, as described in Chapter 1, a perturbation profile as such is insufficient 
to make a strong conclusion about the virus cell entry pathway. This as dynamin is 
important in many cell entry pathways (Chapter 1) and Eps15 is not strictly related to 
CME31. Therefore, we also attempted to perform single virus tracking in the presence of 
fluorescently-labelled endocytic marker proteins. Unfortunately, the low transfection 
efficiency of the plasmids in the cells, which led to rapid bleaching of the fluorophore, 
in combination with the thickness of the cells made it impossible to study the DENV cell 
entry pathway into P388D1 using live-cell single particle tracking techniques.

Intriguingly, we also observed deviations from classical CME in the perturbation profile. 
For example, DENV cell entry was found to be dependent on the actin cytoskeleton. 
Although actin dynamics are usually not required during CME, actin has been reported 
to support in the formation and scission of the clathrin-coated vesicles when elongated 
or odd-shaped particles are taken up74–76. However, as DENV is a small spherical particle 
of approximately 50 nm in size, the involvement of actin in CME of DENV is not expected. 
Instead, when we zoomed in at the plasma membrane using live-cell fluorescent 
microscopy we observed that actin actively forms membrane protrusions which seem 
to aid in the uptake of the virus particles. As described in Chapter 1, the formation of 
membrane protrusions are a hallmark of macropinocytosis and phagocytosis. However, 
direct involvement of both pathways could be excluded based on the independency 
on kinase PI3K and the absence of fluid phase uptake. The ability of viruses to enter via 
non-classical entry pathways, which display features of different established endocytic 
pathways, has been described before77,78. Hence, based on these data we propose that 
DENV cell entry in P388D1 cells involves a novel endocytic mechanism with elements of 
both clathrin-mediated endocytosis and phagocytosis. 

Like most endocytic cargo, DENV is delivered to the endolysosomal pathway after 
internalization. We and others showed before that DENV primarily ends-up in late 
endosomal compartments were membrane fusion occurs69,70,73,79. DENV fusion from 
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within early and recycling endosomes have also been reported65,79. In Chapter 8, we 
determined the organelle from which DENV fusion occurs in P388D1 cells by use of 
dominant negative Rab mutants. In line with literature, we found that DENV fusion 
was reliant on functional Rab7, indicating that the virus fuses from the late endosome. 
Intriguingly, however, dominant negative Rab5 had no effect on DENV fusion, 
suggesting that the virus follows a non-classical intracellular trafficking route in which 
it bypasses the early endosomal compartment. These results are in contrast with the 
previous studies on DENV intracellular trafficking, which report that DENV passes 
through the early endosomal compartment during intracellular trafficking65,69,70,73,79. 
Moreover, they contradict with the standard view of endocytic trafficking, in which 
cargo first has to be transported through the early endosomes in order to reach the late 
endosomal compartment (Chapter 1). We attempted to confirm this finding using dual-
color single particle tracking but due to the low transfection efficiency and thickness 
of the cells this was impossible. As described before in this thesis (Chapter 1), usage of 
DNMs of Rab proteins comes with some important drawbacks. One of those drawbacks 
is that it is hard to determine how much overexpression is required to efficiently knock-
down protein function. It is thus possible that due to the low transfection efficiency of 
P388D1 insufficient Rab5 knock-down was achieved and therefore no effect was seen. 
However, as the Rab5 construct did cause inhibition of fusion when we infected the 
cells with antibody-opsonized virus (Chapter 8), this scenario is unlikely. An alternative 
explanation is that DENV indeed uses a ‘novel’ intracellular trafficking pathway. To our 
knowledge, to date Rab5-independent endosomal trafficking has only been described 
for Lymphocytic Choriomeningitis Virus (LCMV)78. Interestingly, the cell entry pathway 
of LCMV, like DENV, cannot be categorized to one of the known endocytic pathways. 
Therefore, it is tempting to speculate that entry via non-classical endocytic pathways 
is related to Rab5-independent endocytic trafficking. Future studies should reveal 
whether these variations on the classical endocytic pathways naturally exist or are 
perhaps virus-induced. 

Taken together, in Chapter 8 we showed that DENV enters macrophage-like cells via 
a novel endocytic pathway resembling both CME and phagocytosis. Next, the virus 
is directed towards the late endosome, from where it fuses. As both the entry and 
trafficking pathways deviate from the original ‘textbook view’, more work is required to 
confirm and further characterize these mechanisms. To assess whether CME is indeed 
involved in DENV entry into P388D1 cells, the interactions between DENV and clathrin-
coated pits (CCPs) may be visualized using EM. Additionally, EM can possibly also be 
used to assess whether membrane protrusions deliver the ‘captured’ virus particles to 
adjacent CCPs. Alternatively, confocal laser scanning microscopy or TIRF may be used 
to assess clathrin-DENV co-localization on fixed samples. This as both techniques have 
an improved resolution an cause less photobleaching compared to epi-fluorescence 
microscopy. Likewise, to confirm that DENV indeed bypasses the early endosome, the 
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co-localization of early endosomal markers and DENV can be determined using confocal 
microscopy in fixed samples. Moreover, although cumbersome to work with, my next 
step would be to corroborate our findings in primary human target cells. 

The role of immature DENV particles in primary and secondary DENV infections
Both DENV-infected mammalian and insect cells secrete a mixture of mature, immature 
and partially immature particles (Chapter 5 and 80). It has been published that the 
proportion fully immature particles can reach up to 45% in the Aedes albopictus-derived 
cell line C6/3680. Furthermore, over 90% of the DENV particles secreted from C6/36 cells 
have some degree of immaturity, as they can be captured by anti-prM antibodies80. 
However, the exact proportion of immature virions varies between cell types80–84. We 
and others previously showed that DENV maturation is important for infectivity63,84,85. 
Whereas mature DENV virions are infectious, fully immature particles are unable to bind 
to many cell types and are consequently virtually non-infectious. Partially immature 
virions on the other hand can still be infectious86, yet the degree of maturation required 
for infectivity is unknown. 

Interestingly, it was recently shown that immature West Nile Virus (WNV), a flavivirus 
closely related to DENV, can infect cells in a DC-SIGN-dependent manner86. DC-SIGN 
is also described to be an important attachment factor for DENV (Chapter 5 and 87,88) 
and is highly expressed on immature Dendritic Cells (DCs)89, which are natural target 
cells of DENV infection90. Additionally, other DENV target cells like mature DCs and 
specific subpopulations of tissue-specific macrophages also express DC-SIGN, albeit 
to a lower extent91. When assessing the infectivity of immature DENV in DC-SIGN-
expressing cells we observed that immature DENV particles can infect cells in a DC-
SIGN-dependent manner (Chapter 6). DC-SIGN-mediated infection was observed for 
immature preparations of DENV-1, 2 and 4, suggesting that it is a general property of 
all four DENV serotypes. Yet, the extent by which DC-SIGN enhanced infection differed 
between serotypes; whereas expression of DC-SIGN enhanced productive infectivity of 
immature DENV-1 by almost 5 orders of magnitude, the infectivity of immature DENV-2 
and DENV-4 were only enhanced by 2 to 3 orders of magnitude. The observation that 
DENV-1 is more dependent on DC-SIGN for infection has been reported before and 
was suggested to be related to different glycosylation patterns between the DENV 
serotypes88. It has been suggested that the E protein of DENV strains with high affinity 
to DC-SIGN (DENV-1 and DENV-3) are glycosylated at Asn-67 and Asn-153, whereas 
the E protein of DENV strains with lower affinity to DC-SIGN (DENV-2 and DENV-4) are 
only glycosylated at Asn-6788,92. However, other studies did not find differences in DC-
SIGN dependency between the DENV serotypes93,94 and a more recent study on DENV 
glycosylation suggests that all DENV serotypes have similar glycosylation patterns95. 
Therefore, it remains to be determined why we and others observed a more extensive 
enhancement of virus production for DENV-1 compared to DENV-2 and -4. 
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Immature particles were previously considered irrelevant for disease pathogenesis 
during primary infection. However, our findings combined with previous reports that 
immature DENV can also use claudin-1 as an attachment factor96,97 imply that immature 
particles might contribute to viremia during primary infection. Immature particles, which 
are produced to a large extent in insect cells80, can likely initiate infection via binding to 
DC-SIGN expressed on immature DCs. Indeed, several publications confirm that immature 
DCs are the most susceptible cell type for mosquito-derived DENV89,90,98. DENV-infected 
immature DCs however only secrete a limited number of immature particles and therefore 
in subsequent rounds of replication fewer immature particles are present. Furthermore, 
the overall lower infectivity of immature particles when compared to standard DENV 
preparations and the notion that immature DENV is non-infectious in monocytic and 
macrophage-like cell types63,85 together suggest that the overall contribution of fully 
immature particles to the viral load during primary infection is minimal. In line with this 
hypothesis, completely immature WNV did not cause clinical disease in mice99. 

Upon secondary DENV infection, the role of immature particles is likely more important. 
Once the virus is inoculated it encounters pre-existing DENV antibodies. Most anti-
DENV antibodies are cross-reactive and poorly-neutralizing and consequently have the 
capacity to enhance infection of a heterologous DENV serotype56,85,100,101. Rodenhuis-
Zybert et al. previously showed that next to mature DENV particles also fully immature 
DENV particles can trigger ADE of infection when opsonized with antibodies63. Infectivity 
was facilitated through the interaction of the virus-antibody-complex with Fc-receptors 
(FcR) expressed on immune cells. Moreover, upon entry, immature DENV required 
enzymatic activity of the protease furin for maturation of the viral particle. In Chapter 6, 
we showed that not only immature DENV-2, but also immature DENV-1 and -4 can trigger 
ADE. Unfortunately, we were unable to test the ADE-evoking potential of immature 
DENV-3 due to difficulties in virus propagation. Nevertheless, our results suggest that 
ADE of immature DENV is a general property of all DENV serotypes and consequently 
that immature forms of all DENV serotypes may contribute to severe disease. Especially, 
as ADE of immature DENV can be observed in monocytic and macrophage cell types, cell 
types that are known to be important in ADE of DENV infection. Immature DCs, on the 
other hand, do not support ADE of DENV infection, irrespective of the DENV maturation 
status (Chapter 6 and 89,102). The extent of DENV-ADE seems to be inversely correlated 
with the level of DC-SIGN binding89,103. Immature DCs express both DC-SIGN and FcRs to 
high levels89. Therefore, viruses with a high affinity to DC-SIGN will cause no net increase 
in internalization nor infection upon antibody opsonization. However, DENV produced 
on immature DCs has low affinity to DC-SIGN and thus does not effectively interact with 
immature DCs102. Consequently, antibody opsonization likely leads to more efficient 
interactions with immature DCs and a net increase in infection. 

As high levels of prM antibody responses are reported upon secondary DENV 
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infections, Rodenhuis-Zybert et al. recently investigated the contributions of immature 
DENV particles and the antibodies recognizing these particles to severe disease104. 
Importantly, immature DENV particles within standard DENV preparation were shown 
to contribute significantly to DENV-ADE. Nevertheless, when comparing acute serum of 
patients, experiencing either dengue fever, dengue hemorrhagic fever or dengue shock 
syndrome, no differences were found between the proportion and avidity of antibodies 
recognizing immature DENV. Moreover, all sera equally well promoted ADE of immature 
DENV. Together, these data imply that immature particles do contribute to the viral load 
during secondary infection, thereby aiding to severe disease outcomes. Yet, antibody 
recognition of immature DENV on itself does not alter DENV pathogenesis. 

Taken together, we can now conclude that immature DENV contribute to viral load 
both in absence and presence of antibodies. The contributions during primary infection 
are likely marginal. Contributions during secondary infection are significant yet do not 
seem to affect clinical outcome on itself. Consequently, immature virions are not the sole 
factor determining disease pathogenesis. Nevertheless, as on the one hand immature 
DENV was described to induce antiviral responses105, yet on the other hand can lead 
to aberrant immune responses due to induction of cross-reactive, poorly-neutralizing 
anti-prM antibodies56,85,100,101, it would be interesting to further define how immature 
particles affect the host immune response. 

Mechanisms of antibody-dependent enhancement of DENV infection
At the start of this thesis it was hypothesized that two concurring mechanisms contributed 
to ADE of DENV infection. Firstly, antibodies direct the virus towards FcR-bearing cells, 
which include natural DENV target cells like DCs, monocytes and macrophages, and 
evoke increased viral binding, uptake and consequently infection106–109. This process is 
known as ‘extrinsic’ ADE. Next to increased infection, the number of secreted particles 
per infected cell (‘burst size’) was also found to be elevated under ADE conditions89,110. 
This was based on the observation that the fold-increase in produced viral particles 
outweighed the fold-increase in the number of infected cells. The increased burst size 
was thought to be due to a suppression of antiviral signaling and is known as ‘intrinsic’ 
ADE111–113. Together, both extrinsic and intrinsic ADE are thought to give rise to strongly 
increased DENV titers, and supposedly to more severe dengue disease. The above 
studies had however some caveats. Although the notion of the extrinsic ADE hypothesis 
was generally assumed, scientific data was scarce. Additionally, studies on intrinsic 
ADE compared DENV infectivity in the absence and presence of antibodies at a similar 
multiplicity of infection (MOI) rather than an equal number of infected cells. The latter 
is of great importance as a different ratio of infected and ‘bystander’ cells may bias the 
results. Furthermore, ADE was often studied in cell lines rather than primary cells.

In Chapter 7 and 8 we dissected the mechanism behind ADE of DENV infections in 
primary human monocyte-derived macrophages and murine macrophage-like cells 
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(P388D1). In human monocyte-derived macrophages, optimal ADE conditions led to a 
2-fold enhancement of infected cells and a 4-fold enhancement of produced infectious 
viral particles per cell, suggesting that indeed extrinsic and intrinsic factors play a role 
during ADE in macrophages. Comparable results were found in the murine macrophage 
cell line, although the fold enhancement was much higher. In the primary human 
monocyte-derived macrophages, no enhanced DENV binding was observed under 
ADE conditions, which is in line with a previous study in the monocyte/macrophage-
like cell line THP-1114. Nevertheless, we did observe a net increase in the number of 
fusion-positive cells. Based on these results, we postulate that the increased number 
of infected cells is primarily due to an increased chance of the virus to fuse under ADE 
conditions. Intriguingly, and in contrast to human monocyte-derived macrophages, 
however, DENV binding and entry in P388D1 cells was enhanced under ADE conditions. 
Moreover, DENV membrane fusion was enhanced in P388D1 cells yet to a similar 
extent as binding and entry, which suggests that the enhanced fusion was due to 
increased binding. Importantly, these results indicate that the precise mechanism via 
which antibodies lead to a higher percentage of infected cells is cell type-specific. This 
difference is likely related to the extent of virus cell binding in the absence of antibodies. 
Indeed, in the absence of antibodies, DENV binds relatively poor to P388D1 cells when 
compared to monocyte-derived macrophages. This may be related to the host species 
as P388D1 is a mouse cell line and mice are not a natural host of DENV infection. In the 
presence of antibodies, however, it is known that DENV is targeted to FcRs, which are 
expressed in both mice and humans. As binding of the DENV-immune complex to the 
FcRs is expected to be more efficient, an enhanced extent of DENV binding is observed. 
In contrast, binding of DENV to human monocyte-derived macrophages is likely already 
quite efficient and accordingly binding of the DENV-immune complex to the FcR is not 
able to enhance the total binding extent. This notion has been observed before in DCs 
(Chapter 6 and 89,103). Here, the expression levels of the receptor molecule DC-SIGN 
inversely correlated with the extent of DENV-ADE. In order to assess whether differences 
in virus receptor binding are indeed responsible for the observed differences, it should 
first be defined which attachment factor is responsible for DENV binding to mouse/
human macrophages and whether the expression levels on these cell types are distinct 
or not.     

 Early studies on ADE of DENV infection suggested that antibody-opsonized DENV 
particles enters cells via FcR-mediated phagocytosis115–117, however the cell entry route 
of antibody-opsonized DENV was never studied in detail. In Chapter 8, we confirmed 
that antibody-bound standard and immature DENV preparations mainly enter the 
cell via phagocytosis. Perturbation of molecules such as dynamin, actin and PI3K 
effectively inhibited fusion of antibody-opsonized particles. Moreover, using live-cell 
microscopy actin protrusions resembling phagocytic cups were observed. Interestingly, 
antibody-opsonized DENV particles were also found to induce extensive membrane 
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ruffling. Although this may imply that under ADE conditions DENV enters cells via 
macropinocytosis, membrane ruffles did not support uptake of fluid phase markers 
- a hallmark for macropinocytosis, as described in Chapter 1 - nor DENV. Moreover, 
treatment with EIPA, an inhibitor of macropinocytosis, inhibited fusion of Ab-opsonized 
DENV only mildly. Together, these data suggest that macropinocytosis is not involved 
in productive cell entry of DENV. A mild inhibition of fusion was also observed upon 
perturbation of Eps15, an adaptor of CME, suggesting that next to phagocytosis some 
particles might also enter P388D1 via CME. These particles may include non-opsonized 
particles or particles that can still bind to and enter via the ‘natural’ attachment factor. 
Alternatively, the dependence of Eps15 can be explained by the possibility that Eps15 
aids in phagocytosis. Indeed, other important molecules of the clathrin machinery, such 
as clathrin and AP-2, were found to be occasionally involved in phagocytosis118. 

Post-internalization, antibody-opsonized DENV required both functional Rab5 and 
Rab7 for infection, indicating that antibody-opsonized DENV did follow the classical 
endolysomal trafficking pathway (Chapter 1). Furthermore, and in line with literature, 
requirement of Rab7 implied that the virus fused from within the late endosome. 
Although we would have liked to confirm these findings using single particle tracking, 
we were unable to perform these experiments due to the thickness of the cells and the 
low transfection efficiency, as described before. Interestingly, endocytic trafficking of 
antibody-opsonized DENV differed from non-opsonized DENV, yet this difference did 
not affect the DENV fusion kinetics (Chapter 8). Instead, the maturation status of the 
internalized virion did. Fusion kinetics of antibody-opsonized immature DENV were on 
average 10 minutes delayed with respect to mature DENV particles. This difference in 
kinetics is most likely reflects the time that is needed to cleave prM to M. As described 
in Chapter 5, DENV maturation normally occurs during viral egress in the mildly acidic 
Trans Golgi Network (TGN). After furin-mediated cleavage of prM, the pr-peptide stays 
attached to DENV-E in order to prevent ‘premature’ fusion in the mildly acidic lumen of 
the TGN. The pr-peptide is only released when the virion is excreted to the neutral pH 
extracellular environment. Although furin cleavage in the endosomal pathway is known 
to be essential for the infectivity of immature DENV63, it is unknown how pr-peptide 
dissociation is triggered during entry of immature DENV particles. It was speculated 
that immature virions might be recycled back to the PM, losing the pr-peptide when 
reaching the extracellular environment. We cannot exclude this possibility, as direct 
recycling from the early endosome to the plasma membrane was reported to have 
a half-life of 5 minutes119. However, a more rational explanation is that the pH in the 
endolysosomal pathway, which becomes substantially lower than the mildly acidic 
pH in the TGN, might also cause dissociation of the pr-peptide120. Interestingly, the pr-
peptide of prM has also been shown to interact with the vacuolar ATPase121, but whether 
this interaction affects endosomal acidification and/or pr-peptide release during entry 
is unknown.
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The above described results indicate that the presence of antibodies changes the entry 
pathway and intracellular trafficking behavior of DENV in the cell. As I anticipate that the 
receptor, in this case FcR, dictates the route of virus cell entry, no differences between 
P388D1 and human monocyte-derived macrophages are expected. Yet, it would be 
good to confirm this hypothesis using inhibitor studies. Live cell microscopy studies, 
such a single particle tracking, are probably not suitable as transfection likely activates 
human monocyte-derived macrophages thereby changing -amongst other things - 
receptor expression levels. Furthermore, the transfection efficiency is extremely low in 
these cells. The different DENV cell entry route and endocytic trafficking in absence 
and presence of antibodies might explain the enhanced fusion observed in human 
monocyte-derived macrophages. This as upon phagocytosis the virus in transported 
in phagosomes instead of endosomes (see Chapter 1). Although phagosomes largely 
resemble endosomes, phagocytosis is specifically designed for uptake and subsequent 
degradation of pathogens and cell debris. Therefore, it is not unlikely that phagosomes 
differ slightly from endosomes, e.g. in pH and lipid composition, creating a more 
favorable environment for DENV fusion. However, if this hypothesis holds true, why did 
we not observe enhanced fusion relative to the already enhanced binding in P388D1?  
A potential caveat in our studies was that the fusion extent of DENV in P388D1 may 
have already reached plateau level under our experimental ADE conditions due to 
the enhanced binding. Therefore, and in order to test this hypothesis, binding and 
fusion experiments in P338D1 cells should be performed at lower MOIs. In any case, 
the observed discrepancies in the mechanism of ‘extrinsic’ ADE between the human 
macrophages and P388D1 deserve further attention.

Although the increased number of infected human monocyte-derived macrophages 
under ADE conditions can be largely explained by the observed increase in fusion, 
the 4-fold enhancement in burst size cannot. In contrast to the dogma, we did not 
observe an antibody-induced immune suppressive state nor any other antibody-
specific transcriptional profiles under ADE conditions (Chapter 7). Moreover, although 
we did observe enhanced transcription and translation of viral proteins, the replication 
efficiency was not altered. As enhanced transcription and translation was also observed 
at higher MOIs, we propose that a relatively small increase in the extent of fusion 
induces a cascade leading to enhanced replication and consequently enhanced burst 
size of infected cells. Interestingly, however, although the burst size at MOI-1-ADE and 
MOI 5 were similar, more fusion yet a lower replication efficiency was observed for MOI 
5. These observations indicate that the observed enhancement of fusion is not the 
only factor that contributes to DENV-ADE. Although all infection conditions caused an 
antiviral state early post-infection, more interferon-related genes were induced upon 
infection at MOI 5. DENV is known to be sensitive to antiviral effects of interferon early 
in infection122, yet once infection is established the sensitivity to interferon becomes 
limited. We observed that infection at high MOIs induced an enhanced antiviral 
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response early in infection, thereby inhibiting replication efficiency. In contrast, the 
IFN response induced upon MOI 1-ADE was similar to the response induced for MOI 
1 in the absence of antibodies and thus no enhanced antiviral responses were evoked 
under these conditions. Consequently, we propose that the ‘success’ of DENV-ADE in 
human monocyte-derived macrophages is related to enhanced fusion activity without 
triggering an enhanced antiviral response early in infection.

If the cellular response early in infection is similar in presence and absence of 
antibodies, why do we see enhanced translation during ADE? The most likely 
explanation is the phenomenon of superinfection123; simultaneous infection of one 
cell by multiple virus particles. Indeed, in Chapter 7 we observed that not only the 
number of fusion-positive cells, but also the extent of fusion per cell was enhanced. 
The latter observations suggest that superinfection might indeed occur. In theory all 
incoming genomes may independently translate and replicate, leading to exponential 
enhancement of viral genomes and proteins in the cell. This increase in viral proteins and 
genomes will plausibly be followed by enhanced production of viral particles per cell. 
Although few studies report that DENV-infected cells cannot be superinfected, these 
studies were both performed in cells were DENV infection was already established124,125. 
As under our experimental conditions multiple virus particles can infect the cell (almost) 
simultaneously, I believe that such restrictions will not apply in our case. Moreover, based 
on the correlation between MOI and burst size, I believe that superinfection is a natural 
phenomenon which also occurs in absence of antibodies. Whether indeed enhanced 
replication and thus burst size is related to superinfection remains to be investigated.

Involvement of actin membrane protrusions in DENV infection 
A novel, yet puzzling finding was the widespread activation of the actin cytoskeleton 
upon addition of DENV to P388D1 cells (Chapter 8). Although actin was previously 
reported to be involved in DENV entry and infection126–128, large scale changes in cell 
morphology and actin redistribution were not reported before. In Chapter 8, we 
described three different responses: (i) a generalized membrane ruffling response 
resembling macropinocytosis, (ii) phagocytic cup-resembling actin protrusions forming 
around the viral particles and (iii) sheet-like actin protrusions actively trying to capture 
the virus. All three responses will be discussed below. 

A generalized membrane ruffling response was seen for both non-opsonized and 
antibody-opsonized DENV, although the extent of ruffling was considerably higher 
in presence of antibodies. Even though membrane ruffling is generally related to 
macropinocytosis, no enhanced macropinocytic uptake was observed upon DENV-
induced membrane ruffling. Similar ‘unproductive’ membrane ruffling was previously 
observed for adenylate cyclase toxin, a virulence factor of the Bordetellae bacteria, when 
added to macrophages129. The obvious question that originates is: why do we observe 
ruffling, yet no macropinocytic uptake? Several controls showed that membrane ruffling 
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was at least partially initiated by antibodies binding the FcR. Interestingly, phagocytosis 
and macropinocytosis share similar signaling pathways and FcRs can induce both 
phagocytosis and membrane ruffling via PI3K, Rac1 and/or Cdc42 signaling130,131. 
A possible explanation is therefore that DENV-induced ruffling is triggered by the 
activation of FcR signaling. Indeed, ruffling is only initiated several minutes after addition 
of the virus, indicating that signaling events might be involved. Another explanation for 
the unproductive membrane ruffling might come from the notion that ruffling is also 
involved in several non-macropinocytic functions, including receptor internalization, 
cell motility and cell migration132. It is thus plausible that the ruffling might be a cellular 
response to the sensing of a pathogen, in this case DENV, in order to evoke increased 
cell motility and immune surveillance. Still, the exact mechanism via which ruffling 
is induced and whether ruffling has a pro- or antiviral role in DENV infection remains 
unknown and deserves further attention. 

Next to the generalized membrane ruffling, local actin protrusions were observed upon 
the addition of DENV to macrophages. Considering the morphological resemblance, 
the efficiency by which particles are taken up and the suspected involvement of 
phagocytosis in DENV entry of P388D1 cells, we propose that the observed Type I actin 
protrusions are in fact phagocytic cups. Type II protrusions seemed to be specifically 
generated to capture viral particles located away from the plasma membrane. Although 
actin structures were previously described to be involved in virus cell entry and were 
observed to capture virus particles near the cell surface133, the actin structure described 
by Lehmann133 and type II protrusions do not morphologically resemble each other. 
Moreover, the notion that a single protrusion repeatedly attempts to capture a single 
virus particle, has to our knowledge not been described before. Therefore, I reckon that 
this is the first description of sheet-like actin protrusions which actively ‘hunt’ and capture 
virus particles. Since the phenomenon was almost exclusively observed for antibody-
opsonized DENV, we proposed that type II protrusions were directed towards antibodies 
instead of the virus. Antibodies that dissociate from the virus particle likely provide a 
chemotactic signal to the cell, via which the cell can sense and clear foreign particles 
located away from the cell body. Although the observation of active virus capture by 
type I and type II protrusions is highly intriguing, it must be taken into account that we 
did not establish a causal relation between virus capture and infection. For both DENV 
infection in presence and absence of antibodies the actin cytoskeleton was required for 
infection. However, perturbations affecting actin polymerization disrupt the complete 
actin cytoskeleton, and it thus remains to be determined whether actin protrusions or 
other functions of the actin cytoskeleton are required for DENV entry. 

Concluding remarks
Due to the high disease burden of DENV and a continued expansion of its vector54,134,135, 
there remains a high need for specific antiviral treatments and/or an universal DENV 
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vaccine. For this purpose a better understanding of DENV infections under standard 
and ADE conditions is required. In the second part of the thesis, we investigated DENV 
infections of natural target cells in absence and presence of antibodies. We observed 
that immature DENV particles of all serotypes can contribute to disease both during 
primary and secondary infection. Additionally, we described that the binding affinity of 
DENV to its wildtype receptor likely determines whether ADE can be observed or not. 
Moreover, we elucidated the DENV cell entry pathway into macrophage-like cells under 
standard and ADE conditions. Finally, we clarified the mechanism behind DENV-ADE in 
human macrophages.

One of the most striking observations from our work was that DENV enters mouse 
macrophages via a non-classical endocytic mechanism resembling both CME and 
phagocytosis and subsequently by-passed the early endosomal compartment 
(Chapter 8). Although I would still like to confirm our results using alternative 
approaches, this notion further emphasizes that endocytic pathways should not be 
viewed as rigid, set mechanisms. Instead endocytic pathways can be highly variable, 
sharing modules and proteins between pathways in order to adapt themselves to their 
cargo. This variability makes them hard to study and stresses the need for a combination 
of inhibitor studies and advanced microscopy techniques to discern all details of the 
endocytic mechanisms. Moreover, it once again proves that the study of virus cell entry 
also provides valuable insight in endocytosis itself. 

We moreover observed that DENV cell entry in absence and presence of antibodies 
was found to be highly reliant on the actin cytoskeleton (Chapter 8). Unfortunately, 
targeting the complete actin cytoskeleton as a DENV therapeutic is not viable option. 
This as a multitude of essential processes inside the human body, including cardiac 
function, rely on actin dynamics136. However, both in absence and presence of antibodies 
actin-mediated membrane protrusions were observed to actively capture virus. As 
membrane protrusions were previously reported to be essential for DENV cell entry 
into HMEC-1126, it would be of interest to see whether the observed protrusions are also 
required for DENV infection into macrophages. If this hypothesis could be confirmed, 
specific actin adaptors that initiate the formation of membrane protrusion can perhaps 
be targeted to inhibit DENV cell entry both during primary and secondary infections. 

In contrast to earlier reports, we found no evidence for intrinsic DENV-ADE mechanisms 
in Chapter 7. Instead a tight balance between a higher fusion extent - likely caused by 
the alternative entry pathway and endocytic trafficking (Chapter 8) - and avoidance 
of a strong antiviral response early in infection contributes to the ‘success’ of ADE. 
Upon infection with high MOIs, a strong antiviral response, mainly of interferon-related 
genes, was correlated with a reduced replication efficiency. Consequently, interferons 
may be used as a therapeutic against DENV. Indeed, IFNα has already been reported to 
relieve dengue fever in humans137. However, as we reported that IFNα is only effective 
at early stages of infection (Chapter 7) and unpublished data reveals that IFNα is not 
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very effective against DENV-3 and DENV-4138, more research has to be performed to 
investigate whether interferons can indeed be used as an effective DENV therapeutic. 

Although our results do not directly translate to any therapeutics or vaccines, a 
thorough understanding of DENV-ADE is of utmost importance to develop an universal 
DENV vaccine. For related flaviviruses such as yellow fever virus, Japanese encephalitis 
virus and tick-borne encephalitis virus vaccines have been found to be very effective 
in preventing disease139. Yet for DENV, the existence of four serotypes and the possible 
induction of ADE has hampered vaccine development. Recently, however, the first 
tetravalent DENV vaccine has been licensed. Still, as vaccinated individuals with no pre-
existing immunity against DENV were found to be at greater risk of hospitalization due 
to severe dengue manifestations140, the vaccine could only be registered for individuals 
between the age of 9 and 45 living in endemic areas141. The recent spread of Zika virus 
(ZIKV) will likely add another dimension to the inability to develop an universal and safe 
DENV vaccine. It has recently been shown that pre-existing antibodies against DENV 
can bind to ZIKV and enhance ZIKV infections142. It has thus been proposed that the high 
incidence of severe Zika manifestations, including microcephaly in unborn children143, 
in parts of Brazil might be related to the high pre-existing anti-DENV immunity in those 
regions. Consequently, cross-reactive antibodies between ZIKV and DENV must be 
considered when producing ZIKV and DENV vaccines. The safest option would thus be to 
develop a pentavalent vaccine, including all four DENV strains and ZIKV. Consequently, 
future research should continue to address how antibodies influence DENV (and ZIKV) 
infections. A better understanding of what types of antibodies enhance and neutralize 
flavivirus infections will ultimately guide the rational design of a vaccine that induces a 
potently neutralizing antibody response against all four DENV serotypes and ZIKV. 
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Nederlandse samenvatting

In dit proefschrift heb ik onderzoek gedaan naar het chikungunya- (CHIKV) en het 
denguevirus (DENV), twee tropenvirussen die zich de afgelopen decennia steeds verder 
over de wereld hebben verspreid. Beide virussen worden op mensen overgedragen door 
muggen die voorkomen in (sub)tropische gebieden, voornamelijk de gelekoortsmug 
(Aedes aegypti) en de Aziatische tijgermug (Aedes albopictus). De Aziatische tijgermug 
wordt daarnaast steeds vaker gesignaleerd in gebieden met een gematigd klimaat 
vanwege toenemend handelsverkeer en klimaatsveranderingen. De vestiging van 
de mug in nieuwe gebieden zorgt ervoor dat het risicogebied van ziekten zoals 
chikungunya, dengue en ook zika steeds groter wordt. 

De meeste mensen die besmet raken met CHIKV krijgen ziekteverschijnselen. De 
belangrijkste symptomen van een CHIKV infectie zijn (hoge) koorts, hoofdpijn, pijnlijke 
spieren en gewrichten, en huiduitslag. Hoewel het lichaam in de meeste gevallen 
de infectie zelf kan oplossen, wordt het dagelijks leven tijdens de infectie ernstig 
bemoeilijkt door de hevige gewrichtspijnen. In een aanzienlijk deel van de patiënten 
blijven de gewrichtspijnen maanden of zelfs jaren na infectie aanhouden of terugkeren. 
Chikungunya betekent daarom ook niet voor niets ‘hij die gebogen loopt’. 

Van het DENV bestaan vier verschillende varianten, serotypen genoemd, die elk 
ziekteverschijnselen kunnen veroorzaken. De symptomen van een DENV infectie zijn 
grotendeels vergelijkbaar met de symptomen veroorzaakt door CHIKV, waardoor de 
twee infecties vaak lastig van elkaar te onderscheiden zijn. In tegenstelling tot CHIKV 
infecties, merken mensen die voor het eerst met dengue in aanraking komen vaak 
weinig van de infectie; slechts 25% van de geïnfecteerde mensen krijgt ook werkelijk 
ziekteverschijnselen. Echter mensen die nogmaals met dengue geïnfecteerd raken, 
enkel dit keer met een ander serotype, hebben een verhoogde kans op een ernstig 
ziekteverloop met symptomen zoals lekkende bloedvaten, algemene bloedingen 
en orgaanfalen. Indien deze symptomen niet adequaat behandeld worden, kunnen 
patiënten in shock raken en in het ergste geval komen te overlijden. Jaarlijks ontwikkelen 
ongeveer 0.5 tot 1 miljoen mensen ernstige dengue waarvan 20.000 een fataal beloop 
kent. 

Aangezien er geen specifieke behandeling tegen beide virussen voorhanden is, is het 
van groot belang dat we de interacties tussen de virussen en hun gastheer begrijpen. 
In dit proefschrift hebben ik en mijn collega’s onderzocht hoe het virus zijn gastheercel 
binnendringt. Daarnaast hebben we gekeken welke factoren het succes van infectie 
beïnvloeden. Zoals in de lijn van het gehele proefschrift, zal ik eerst mijn onderzoek 
naar het CHIKV bespreken om me daarna te focussen op het DENV. 

A
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Deel I: Het uitpluizen van de vroege stappen in de chikungunya virus 
infectiecyclus

CHIKV werd voor het eerst geïsoleerd in 1952 in Tanzania. Tot 2004 veroorzaakte het 
virus slechts sporadisch kleine uitbraken in Afrika en Zuidoost-Azië. Echter, in 2004 
kwam CHIKV opnieuw opzetten en veroorzaakte grote uitbraken op verschillende 
eilanden in de Indische Oceaan en in India. In de daaropvolgende jaren verspreidde het 
virus zich over de wereld, waarbij het uitbraken veroorzaakte in Europa, Azië en Noord- 
en Zuid-Amerika. 

Het CHIKV ziet eruit als een klein bolvormig ‘pakketje’, met als kern een RNA-genoom. 
Het RNA worden samengepakt door capside-eiwitten, samen ook wel het nucleocapside 
genoemd. Het nucleocapside wordt op zijn beurt weer omgeven door een lipide 
laag, het virale membraan. Uit het membraan steken twee eiwitten, E1 en E2. Via E2 
bindt het virus aan een receptor aan de buitenkant van een cel. Om vervolgens de cel 
binnen te dringen maakt CHIKV gebruik van een proces genaamd endocytose. Tijdens 
endocytose worden deeltjes uit de omgeving van de cel opgenomen in kleine vesikels, 
die zich van het celmembraan afsnoeren. Vervolgens worden de deeltjes vervoerd 
door de cel en afgeleverd in lichtzure blaasjes, ook wel endosomen genoemd. Hoewel 
endocytose bedoeld is om voedingsstoffen uit de omgeving op te nemen of afvalstoffen 
te verwerken, maken veel pathogenen dankbaar gebruik van dit mechanisme om de cel 
te infecteren. In Hoofdstuk 1 heb ik de verschillende endocytosemechanismen kort 
beschreven en een overzicht gemaakt van de eiwitten die hierbij betrokken zijn. We 
onderscheiden vier hoofdmechanismen; clathrine-gemedieerde endocytose (CME), 
caveolae en/of lipide raft-gemedieerde endocytose, macropinocytose en fagocytose. 
Daarnaast worden er nog enkele ‘niet klassieke’ mechanismen beschreven, maar hier is 
vooralsnog relatief weinig over bekend. 

Toen ik begon aan mijn onderzoek was er weinig bekend over de infectiecyclus van 
CHIKV. Op basis van de gepubliceerde data kon worden vastgesteld dat CHIKV de cel 
inderdaad binnendrong via endocytose en fuseerde vanuit endosomen als reactie op 
de lage zuurgraad. Over het precieze endocytosemechanisme en de plek van fusie was 
geen consensus. Daarom hebben wij in Hoofdstuk 3 bestudeerd hoe CHIKV de cel 
binnendringt met behulp van een geavanceerde microscopietechniek, ‘single particle 
live-cell tracking’. Met behulp van deze techniek kunnen we individuele virusdeeltjes, 
die fluorescent gelabeld zijn, volgen terwijl zij de cel infecteren. Door daarnaast 
ook specifieke cellulaire eiwitten fluorescent te labelen konden we de interacties 
tussen het virus en deze eiwitten bestuderen tijdens endocytose. Gebruikmakend 
van deze opzet, hebben wij kunnen vaststellen dat het overgrote merendeel (bijna 
90%) van alle CHIKV virusdeeltjes de cel binnendringt via CME. Na endocytose wordt 
het virus getransporteerd naar vroege endosomen, waar in reactie op de zuurgraad 
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membraanfusie plaatsvindt. Het proces van membraanfusie zelf hebben we beschreven 
in Hoofdstuk 2. Als gevolg van de lage zuurgraad, treden er veranderingen op in de 
conformatie van het virale eiwit E1. Terwijl deze veranderingen plaatsvinden nestelt 
de ‘fusion loop’, een hydrofoob deel van het E1 eiwit, zich in het membraan van het 
vroege endosoom. Doordat deze conformatie instabiel is, klapt het eiwit om en worden 
het virale membraan en het endosomale membraan zo dicht bij elkaar gebracht dat 
zij versmelten tot één membraan. Het nucleocapside van CHIKV, welke ook het virale 
genoom bevat, komt vervolgens vrij in cel. 

De beweging van de CHIKV viruspartikels tijdens opname in de cel konden in twee 
categorieën worden onderverdeeld. Ongeveer de helft van de virusdeeltjes bewoog 
amper tot fusie. De andere helft van de virusdeeltjes lieten een korte snelle gerichte 
beweging zien voor ze fuseerden. In Hoofdstuk 4 onderzochten we de basis achter 
deze verschillende bewegingspatronen. Als eerste keken we of de snelle gerichte 
beweging binnen of buiten de cel plaatsvond. Gebruikmakend van markers voor 
endocytose en vroege endosomen, vonden wij dat de snelle gerichte beweging 
voornamelijk plaatsvond na endocytose, maar voordat het virus het vroege endosoom 
had bereikt. De snelle gerichte bewegingen bleken afhankelijk van microtubuli: lange 
dunne ‘eiwitdraden’, die een belangrijk onderdeel vormen van het ‘skelet’ van de cel. 
Daarnaast worden microtubuli gebruikt als een soort spoor waarlangs organellen 
vervoerd kunnen worden. Wanneer het netwerk van microtubules werd verstoord, 
vonden er nog amper snelle gerichte bewegingen plaats. Ook had de verstoring 
van microtubuli effect op de locatie waar het virus fuseerde. Virusdeeltjes die snelle 
gerichte beweging lieten zien fuseerden voornamelijk nabij de celkern, terwijl de meer 
‘statische’ virusdeeltjes overwegend in de periferie fuseerden. Tijdens verstoring van 
het microtubuli-netwerk namen we enkel nog fusie in de periferie waar. 

Het verstoren van het microtubuli-netwerk, en dus het beïnvloeden van de locatie 
van fusie, had geen enkel effect op de hoeveelheid fusie die werd waargenomen. 
Echter, microtubuli bleken wel belangrijk voor een succesvolle infectie van de cel. 
Daarom hebben we vergeleken hoeveel virale genomen vrijkwamen in cellen waarbij 
het microtubuli-netwerk wel of niet was verstoord. Uit deze experimenten bleek 
dat het microtubuli-netwerk een positieve bijdrage levert op het vrijkomen van het 
virale genoom. De exacte manier waarop microtubuli het vrijkomen van het genoom 
beïnvloeden is tot nog toe onbekend. Mijn hypothese is dat een intact microtubuli-
netwerk benodigd is voor het ontmantelen van het nucleocapside. Enerzijds is het 
voorstelbaar dat de eiwitten die nodig zijn voor de ontmanteling van het nucleocapside 
door middel van microtubuli in de nabijheid van het CHIKV nucleocapside worden 
gebracht. Anderzijds is het denkbaar dat verschillende motoreiwitten die in 
tegengestelde richting over de microtubuli heen bewegen het nucleocapside uit elkaar 
trekken. Vergelijkbare processen zijn bekend voor zowel het Influenza A virus als HIV. 
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Deel II: De invloed van gastheercellen, maturiteit en antilichamen op 
de infectieuze eigenschappen van het dengue virus

DENV is op het moment de meest voorkomende door muggen overdraagbare humane 
virusinfectie ter wereld. Naar schatting raken zo’n 400 miljoen mensen per jaar besmet 
met dengue, waarvan ongeveer 100 miljoen ook daadwerkelijk symptomen krijgt. Een 
eerste infectie met DENV verloopt vaak mild. Daarentegen is een tweede infectie met 
een ander dengue serotype, een zogenaamde heterologe herinfectie, gecorreleerd 
aan een ernstig ziekteverloop. De verhoogde kans op ernstige ziekte tijdens een 
heterologe tweede DENV infectie kan verklaard worden door het fenomeen wat vrij 
vertaald ‘erfzonde van het originele antigeen’ wordt genoemd. Tijdens een heterologe 
herinfectie activeert het immuungeheugen en worden er snel actieve B- en T-cellen 
gevormd. Echter, deze B- en T-cellen zijn voornamelijk gericht tegen het DENV serotype 
waar men als eerste mee was geïnfecteerd. Als gevolg worden vele kruisreactieve, maar 
slecht neutraliserende antilichamen en lage affiniteit T-cellen voor het huidige virus 
gevormd, die het virus niet efficiënt kunnen klaren.

Al in de jaren ‘70 van de vorige eeuw was bekend dat de ernstige vorm van 
denguekoorts voornamelijk gezien werd in twee groepen kinderen. De eerste groep 
waren pasgeboren kinderen die voor het eerst een dengue-infectie meemaakten. Deze 
kinderen hadden echter allemaal maternale antilichamen tegen DENV, antilichamen die 
ze gekregen hebben van hun moeder. De tweede groep bestond uit jonge kinderen die 
voor de tweede keer in hun leven geïnfecteerd raakten met dengue. Deze observaties 
wezen erop dat antilichamen een groot aandeel hebben in de ontwikkeling van ernstige 
symptomen. Dit fenomeen wordt ook wel ‘antilichaam-gemedieerde enhancement 
(=versterking) van infectie’ (ADE) genoemd. Hoewel over de jaren meermaals is bevestigd 
dat antilichamen dengue-infectie inderdaad versterken, waren aan het begin van onze 
studie de exacte mechanismen achter ADE nog steeds onbekend. In dit proefschrift 
hebben we dengue-infecties van natuurlijke gastheercellen in aan- en afwezigheid van 
antilichamen onderzocht. Verder stelden wij ons tot doel het mechanisme achter ADE 
te ontrafelen.

In Hoofdstuk 5 wordt de levenscyclus van DENV beschreven. Net als CHIKV zijn 
dengue virusdeeltjes kleine bolvormige deeltjes met een nucleocapside als kern. Het 
nucleocapside wordt omsloten door een membraan dat twee virale eiwitten bevat: het 
(pre)membraan ((pr)M) eiwit en het envelop (E) eiwit. Terwijl E belangrijk is voor binding 
aan de gastheercel en membraanfusie, heeft (pr)M voornamelijk een belangrijke functie 
in het voorkomen van vroegtijdige membraanfusie. Tijdens infectie worden DENV 
deeltjes gevormd in de immature vorm. In deze vorm bedekt prM de uiteinden van 
het E-eiwit, waardoor het virus niet kan fuseren. Terwijl de virusdeeltjes naar buiten 
worden getransporteerd, wordt prM geknipt in M en een pr-peptide. Dit peptide blijft 
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verbonden aan de uiteinden van E tot het virus het extracellulaire milieu bereikt. Op 
dat moment laat het pr-peptide los, daarbij een matuur en infectieus virusdeeltje 
achterlatend. Het knippen van het prM-eiwit blijkt echter niet erg efficiënt. Cellen die 
geïnfecteerd zijn met DENV scheiden een hoog percentage immature en gedeeltelijk 
immature virusdeeltjes, deeltjes die nog (gedeeltelijk) bedekt zijn met het prM-eiwit, 
uit. In de meeste celtypes zijn deze immature DENV niet infectieus, waarschijnlijk als 
gevolg van het onvermogen om aan gastheercellen binden. 

Een recente publicatie toonde aan dat immatuur West-Nijlvirus, een flavivirus wat 
nauw verwant is aan DENV, cellen kan infecteren door te binden aan het eiwit DC-
SIGN. Aangezien het bekend is dat ook DENV DC-SIGN bindt, hebben we de infectieuze 
eigenschappen van immatuur DENV opnieuw onderzocht. Hiervoor gebruikten we 
onder andere immature dendritische cellen, natuurlijke gastheercellen van DENV die 
DC-SIGN tot hoge mate tot expressie brengen. In Hoofdstuk 6 bevestigen we dat de 
immature vorm van de verschillende DENV serotypen cellen kan infecteren via DC-SIGN. 

Onze groep toonde eerder al aan dat immatuur DENV-2 in aanwezigheid van 
antilichamen zeer infectieus is in cellen die de Fc-receptor (de receptor waaraan 
antilichamen binden) tot expressie brengen. In Hoofdstuk 6 toonden wij aan dat niet 
alleen immatuur DENV-2, maar ook immatuur DENV-1 en -4 ADE kunnen veroorzaken. 
Deze resultaten suggereren dat dit een eigenschap is van alle vier de dengue 
serotypen. In immature dendritische cellen werd echter geen ADE waargenomen. Dit 
is waarschijnlijk het gevolg van de al efficiënte binding van dengue aan DC-SIGN in 
afwezigheid van antilichamen, waardoor er geen netto verhoging in virus opname en 
infectie wordt waargenomen in aanwezigheid van antilichamen. Samenvattend laat 
Hoofdstuk 6 zien dat immatuur DENV, wat oorspronkelijk gedacht werd niet infectieus 
te zijn, onder bepaalde voorwaarden wel infectieus is en daarmee kan bijdragen aan 
ziekte tijdens zowel primaire als secundaire DENV infecties.

Ook al is in verschillende cellijnen onderzocht hoe DENV zijn gastheercel binnendringt, 
natuurlijke gastheercellen zoals dendritische cellen, monocyten en macrofagen zijn 
altijd buiten beschouwing gelaten. In Hoofdstuk 8 hebben wij ontrafeld hoe DENV de 
cel binnendringt in de (muis)macrofaag cellijn P388D1 door onder andere gebruik te 
maken van chemische inhibitors. De resultaten laten een profiel zien dat overwegend op 
‘cell entry’ via CME lijkt. Het profiel bevatte echter ook enkele afwijkingen van standaard 
CME. Zo was in tegenstelling tot de klassieke CME DENV endocytose in P388D1 afhankelijk 
van actine, een belangrijk molecuul van het cytoskelet. Wanneer wij met de microscoop 
inzoomden op het plasmamembraan, konden wij kleine uitstulpingen waarnemen die 
een rol leken te spelen in de opname van DENV. Zoals beschreven in Hoofdstuk 1 zijn 
deze uitstulpingen voornamelijk gerelateerd aan twee specifieke types endocytose; 
macropinocytose en fagocytose. Endocytose via deze mechanismen was echter 
uitgesloten aangezien beide mechanismen afhankelijk zijn van de PI3K kinase, en dit 
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molecuul niet essentieel was voor de endocytose van DENV in muismacrofagen. Verder 
zagen we ook geen verhoogde opname van in water oplosbare fluorescente markers, 
een fenomeen wat karakteristiek is voor macropinocytose. Aangezien onze bevindingen 
niet richting een specifiek endocytosemechanisme wezen, was onze conclusie dat DENV 
muismacrofagen binnendringt via een tot nog toe onbekend endocytosemechanisme 
wat kenmerken bezit van zowel CME en fagocytose. Het vermogen van virussen om 
de cel binnen te dringen via onbekende endocytosemechanismen – welke al dan niet 
lijken op de klassieke endocytose mechanismen – is eerder beschreven in de literatuur 
en is ook kort behandeld in Hoofdstuk 1. 

Net als het endocytosemechanisme, week ook het intracellulaire transport van DENV 
in muismacrofagen af van de standaardvisie. Normaliter worden vrijwel alle deeltjes 
die door de cel worden opgenomen, inclusief DENV virus partikels, afgeleverd in 
vroege endosomen. Vanuit hier worden de inkomende deeltjes gesorteerd en verder 
getransporteerd. DENV reist normaliter via vroege endosomen naar late endosomen, 
waar fusie plaatsvindt in reactie op de lage zuurgraad en lipide samenstelling in 
deze endosomen. Echter, in muismacrofagen bleken vroege endosomen geen rol te 
spelen in het transport van DENV. DENV werd direct, of via een nog onbekend organel, 
richting de late endosomen getransporteerd, waar fusie plaatsvond. Een vergelijkbaar 
transportmechanisme is naar ons weten slechts eenmaal eerder beschreven. Ook in 
dit geval betrof het transport van een viruspartikel wat opgenomen werd door de cel 
via een niet-klassiek endocytosemechanisme. Het is dus mogelijk dat de niet-klassieke 
mechanismen van endocytose en intracellulair transport met elkaar verband houden. 

In Hoofdstuk 7 en Hoofdstuk 8 hebben we getracht het mechanisme achter de ADE 
van DENV infecties te ontrafelen. Aan het begin van onze studies was het dogma dat ADE 
van DENV infecties leidt tot 1) een hoger aantal geïnfecteerde cellen, en 2) een hogere 
productie van virusdeeltjes per geïnfecteerde cel. De gedachte was dat het hoger 
aantal geïnfecteerde cellen veroorzaakt werd door een betere binding van het virus aan 
immuuncellen, welke natuurlijke gastheercellen van DENV zijn, via de interactie van het 
antilichaam met de Fc receptor. Dit proces staat ook wel bekend als ‘extrinsieke’ ADE. 
De observatie dat onder ADE condities vaak meer virusdeeltjes worden uitgescheiden 
per geïnfecteerde cel werd toegeschreven aan een door het antilichaam getriggerde 
suppressie van de cellulaire afweer tegen het virus. Dit wordt ook wel ‘intrinsieke’ ADE 
genoemd. Echter de wetenschappelijke data voor deze hypothesen bleef schaars.

In Hoofdstuk 7 en 8 hebben we ADE onderzocht in humane primaire macrofagen en 
de muismacrofaagcellijn P388D1. In overeenstemming met eerder gepubliceerde data 
vonden wij dat onder ADE-condities meer cellen geïnfecteerd raakten en dat er meer 
virus per cel werd uitgescheiden. Daarnaast werd in beide celtypes een verhoogde 
DENV fusie-activiteit waargenomen onder ADE condities. De manier waarop deze 
verhoogde fusie-activiteit tot stand kwam verschilde echter. Waarbij in muismacrofagen 
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de verhoogde fusieactiviteit samenging met een verbeterde binding van DENV aan 
de cel, werd er geen verbeterde virus-cel-binding waargenomen in primaire humane 
macrofagen. Deze resultaten laten zien dat het verhoogde aantal geïnfecteerde cellen 
dat waargenomen wordt onder ADE-condities in primaire macrofagen voornamelijk 
het gevolg is van een verhoogde kans op virus-cel-fusie. In Hoofdstuk 8 hebben we 
de opnameroute van DENV-antilichamen nader onderzocht. De resultaten laten zien 
dat opname via fagocytose het meest waarschijnlijk is gezien het inhibitieprofiel en de 
opname via zogenaamde ‘phagocytic cups’. Naast het verschil in opnamemechanisme 
werd ook een verschil in intracellulair transport tussen standaard en antilichaam-
geopsoniseerd DENV waargenomen. In tegenstelling tot standaard DENV, bleek 
antilichaam-geopsoniseerd DENV wel via vroege endosomen naar late endosomen 
getransporteerd te worden. In deze late endosomen vond fusie voornamelijk plaats. 
Deze resultaten laten zien dat de aanwezigheid van antilichamen het DENV ‘endocytose’-
mechanisme beïnvloedt en nader onderzoek moet uitwijzen of dit verschil de kans op 
membraanfusie verhoogt. 

Ondanks dat de verhoogde fusieactiviteit het verhoogde aantal geïnfecteerde cellen 
kon verklaren, begrepen we nog niet waarom er meer virusdeeltjes per cel werden 
geproduceerd. In tegenstelling tot het dogma vonden wij geen aanwijzingen voor een 
antilichaam-gemedieerde suppressie van de antivirale immuunrespons onder ADE 
condities. Hoewel onder ADE condities verhoogde translatie en transcriptie van het 
virale genoom werd waargenomen, vonden wij geen veranderingen in de efficiëntie van 
virusreplicatie. Aannemelijk is dat de relatief kleine toename in virus-cel-fusie voor een 
sneeuwbaleffect zorgt. Als er meer genomen per cel vrijkomen, zal dit leiden tot meer 
translatie, replicatie, virusproductie en dus een toename van het aantal geproduceerde 
virusdeeltjes per cel. Dit effect wordt vermoedelijk ondersteund door het uitblijven 
van een sterke antivirale respons. Waar infectie met meerdere virusdeeltjes per cel 
net als ADE meer fusie veroorzaakt, zorgt de verhoogde concentratie van het virus 
tegelijkertijd voor een verhoogde antivirale activiteit, welke replicatie remt. Tijdens 
ADE is virusreplicatie even efficiënt als in afwezigheid van antilichamen én efficiënter 
dan onder hoge virusconcentraties wat virusproductie stimuleert. 

Ten slotte wil ik nog een interessant fenomeen aanhalen dat wij waargenomen 
hebben in Hoofdstuk 8, maar nog niet compleet begrijpen. Bij zowel DENV infectie 
in aan- en afwezigheid van antilichamen leek het actineskelet van de cel actief bij te 
dragen bij de opname van DENV. Zowel algemene ‘ruffling’ (het vormen van actine-rijke 
uitstulpingen vanaf het plasmamembraan van de cel) en lokale actine-rijke structuren 
die veel op ‘phagocytic cups’ lijken, werden waargenomen wanneer de cellen werden 
geïnfecteerd met standaard en ADE-DENV preparaten. Echter onder ADE condities 
zagen we nog een ander type uitstulping, die actief naar het virus toe gevormd werd. 
Ook al was het virus niet verbonden met het celoppervlak; de cel leek het virus-
antilichaam complex te signaleren aangezien deze meerdere malen actief naar het 
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virus toereikte. Hoe macrofagen virus-antilichaam complexen kunnen waarnemen 
is onbekend. Onze hypothese is dat antilichamen een chemotactisch signaal vormen 
waardoor de cel het virus kan lokaliseren. Naar ons weten zijn deze structuren niet 
eerder beschreven en ook de functie van deze structuren is nog onbekend. Daarom, 
en uit puur wetenschappelijke interesse, verdient de kenschetsing van deze structuren 
mijns inziens zeker extra aandacht. 

Met het onderzoek beschreven in dit proefschrift hebben we een beter inzicht verkregen 
in de manier waarop CHIKV en DENV hun gastheercel infecteren. Waar we voor CHIKV 
het ‘virus cell entry’-proces in detail hebben beschreven, hebben we voor DENV ons 
meer gefocust op virusopname in natuurlijke gastheercellen. Daarnaast hebben we 
door het mechanisme achter ADE van DENV infectie uit te pluizen een beter inzicht 
verkregen in het fenomeen wat bijdraagt aan de ernstige vormen van DENV infecties. 
In Hoofdstuk 9 vat ik deze en andere belangrijke resultaten van het proefschrift samen 
en plaats ik deze in een bredere context. 
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