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Part 1 

Chapter 1 

Dengue virus life cycle: viral and host factors 

modulating infectivity 

lzabela A. Rodenhuis-Zybert, Jan Wilschut and Jolanda M. Smit 

Dengue virus (DENV 1 -4) represents a major emerging arthropod-borne pathogen. 
All four DENV serotypes are prevalent in the (sub) tropical regions of the world and 
infect 50-1 00 million individuals annually. Whereas the majority of DENV infections 
proceed asymptomatically or result in self-limited dengue fever, an increasing number 
of patients present more severe manifestations, such as dengue hemorrhagic fever 
and dengue shock syndrome. In this review we will give an overview of the infectious 
life cycle of DENV, and we discuss the viral and host factors that are important in 
controlling DENV infection. 

Cellular and Molecular Life Sciences 
Volume 67, 2010, Pages 2773-2786 



Chapter 1 

Introduction 

Dengue is the most common arthropod-borne viral infection in the world [1 ;2] The 
disease is endemic in more than 1 00 countries throughout Africa, the Americas, the 
Eastern Mediterranean, South-East Asia and the Western Pacific. There are four 
distinct serotypes of dengue virus (DENV) and each of these serotypes can cause 
disease symptoms ranging from self-limited febrile illness called dengue fever (DF) to 
dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS)[2-4]. Infection 
with one serotype confers protective immunity against that serotype but not against 
other serotypes. In fact, several retrospective and prospective studies have revealed 
that secondary infection with a heterologous serotype is a risk factor for developing 
DHF/DSS [4-8]. Also, infants born to dengue-immune mothers are at risk to develop 
more severe dengue during a primary infection [9;1 0]. This suggests that antibodies 
play an important role in controlling the outcome of an infection. It is believed that 
antibodies specifically direct the virus particles to cells carrying Fe-receptors (FcR), 
such as monocytes, macrophages and dendritic cells, which - as the natural targets 
for the virus - are permissive for DENV infection. This leads to enhanced infection of 
these cells and thus, to high viral loads, resulting in extensive T cell activation early 
in the infection process. As a consequence, high amounts of cytokines and chemical 
mediators are released, which may lead to endothelial cell damage and subsequent 
plasma leakage. Other factors that are implicated in disease pathogenesis include viral 
virulence, the ethnic background and age of the individual, and specific epidemiological 
conditions [11 -1 5]. In this review we will give a general overview of the infectious life 
cycle of DENV, and describe the viral and host factors that may influence disease 
outcome. 

Dengue virus life cycle 

Virion structure 

DENV is an enveloped positive-strand RNA virus belonging to the Flaviviridae 
family [1 6;17]. Mature virions contain three structural proteins, the capsid protein C, 
membrane protein M, and the envelope protein E. Multiple copies of the C protein 

Fig.1. Dengue E protein dimer with three defined domains within each monomer: domain I in red, 
domain II in yellow with fusion loop in green, and domain Ill in blue [23). The image was prepared using the 
program PyMol Molecular Graphics System. 
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Dengue virus life cycle 

(11 kDa) encapsulate the RNA genome to form the viral nucleocapsid [18-20). The 
nucleocapsid is surrounded by a host cell derived lipid bilayer, in which 180 copies of 
M and E are anchored. The M protein is a small (approx. 8 kDa) proteolytic fragment of 
its precursor form prM (approx. 21 kDa). The E protein is 53 kDa and has three distinct 
structural domains (Fig. 1) [21-24). Domain I is structurally positioned between domain 
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Fig. 2. Life cycle of Dengue virus. See text for details. Adapted from H. M. van der Schaar 

11, the homodimerization domain, and the immunoglobulin-like domain Ill. 
Structural analysis of mature DENV virions revealed that the virus possesses 

an icosahedral envelope organization and a spherical nucleocapsid core [25). In 
mature virions, E is organized as 90 head-to-tail orientated homodimers, which lie in 
sets of three nearly parallel to each other and to the viral surface, forming a smooth 
"herringbone" configuration. As a result, DENV virions lack a true T=3 symmetry, which 
means that the three E monomers present in each icosahedral asymmetric unit exist in 
three chemically distinct environments and may therefore play a distinct role in different 
stages of the infection [25-27). The infectious life cycle is depicted in Figure 2 and will 
be discussed in detail below. 
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Chapter 1 

Replication and assembly of dengue virus particles 

A schematic representation of the DENV genomic RNA and the translation of the viral 
proteins are depicted in Figure 3. After virus cell entry (see below) and uncoating of the 
nucleocapsid, the RNA molecule is translated as a single polyprotein [28, for a great 
review on this topic]. During this process the signal and stop-transfer sequences of the 
polyprotein direct its' back and forth translocation across the endoplasmic reticulum 
(ER) membrane. The polyprotein is processed co- and post-translationally by cellular 
and virus-derived proteases into three structural proteins (C, prM, and E) and seven 
nonstructural (NS) proteins (NS1, NS2A, NS28, NS3, NS4A, NS48 and NS5). The 
E protein is glycosylated at amino acid residue Asn67 and Asn153 to assure proper 
folding of the protein [23; 29]. Other potential N-linked glycosylation sites are located in 
prM at position 7, 31, and 52 and within NS 1 at position 130 and 207 [30; 31 ]. Upon protein 
translation and folding of the individual proteins, the NS proteins initiate replication of 
the viral genome [28]. The newly synthesized RNA is subsequently packaged by the 
C protein to form a nucleocapsid. The prM and E proteins form heterodimers that are 
oriented into the lumen of the ER. Then, the prM/E heterodimers associate into trimers 
and these oligomeric interactions are believed to induce a curved surface lattice which 
guides virion budding [25; 26]. It is unclear how this is synchronized with the engulfment 
of the nucleocapsid since no specific interactions between C and prM/E proteins have 
been identified yet [32; 33]. Interestingly, encapsulation of the nucleocapsid during virus 
assembly is not crucial as the formation and release of capsidless subviral particles 
has been often documented [34-37]. 

Structural analysis of newly assembled immature virions revealed that 
a single virion contains 180 prM/E heterodimers that project vertically outward from the 
viral surface as 60 trimeric spikes [32; 33; 38]. The immature particles formed in the 
ER mature as they travel through the secretory pathway. The slightly acidic pH (-5.8-
6.0) of the trans-Golgi network (TGN) triggers dissociation of the prM/E heterodimers, 
which leads to the formation of 90 dimers that lie flat on the surface of the particle, with 
prM capping the fusion peptide of the E protein. This global structural reorganization of 
the glycoproteins enables the cellular endoprotease furin to cleave prM [39-41]. Furin 
cleavage occurs at a Arg-X-(Lys/Arg)-Arg (where X is any amino acid) recognition 
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Fig. 3. Schematic representation of Dengue virus genome. See text for details. 
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Dengue virus life cycle 

sequence and leads to the generation of membrane-associated M and a "pr" peptide. 
A recent study has shown that the pr peptide remains associated with the virion until 
the virus is secreted to the extracellular milieu [40]. Both, the prM protein as well as 
the pr peptide are believed to act as chaperones stabilizing the E protein during transit 
through the secretory pathway, thereby preventing premature conformational changes 
of the E protein that would lead to membrane fusion. Upon dissociation of the pr 
peptide, mature virions are formed that are able to infect new cells. 

Receptor interaction and viral entry 

During natural infection, cells of the mononuclear phagocyte lineage (monocytes (MO), 
macrophages (M0), and dendritic cells (DCs) including the skin-resident Langerhans 
cells are primary targets for DENV infection [42;43]. In insects, DENV was found to 
initially infect midgut wherefrom it spreads and replicates in many body compartments 
and organs [44-47]. Also, DENV has been shown to infect numerous cell lines, 
including human (K562, U937, THP-1, HepG2, HUVEC, ECV304, Raji, HSB-2, Jurkat, 
LoVo, KU812), mosquito (C6/36), monkey (Vero, BS-C-1, CV-1, LLC-MK2), hamster 
(BHK), as well as murine M0 ( Raw, P388D1, J774) cell lineages [39; 48-61]. The wide 
range of DENV-permissive cells indicates that the virus must bind to an ubiquitous 
cell surface molecule, or exploit multiple receptors to mediate infection. Over the last 
decade, several candidate receptors and/or attachment factors have been identified, 
which suggests that DENV is capable of utilizing multiple molecules to enter the cell. In 
mosquito cells DENV has been shown to interact with heat-shock protein 70 (Hsp70) 
[62], R80, R67 [63] and a 45-kDa protein [64]. Heparan sulfate [65-67], Hsp90 [62], 
CD14 [68], GRP78/BiP [69], and a 37-kDa/67-kDa high-affinity laminin receptor [70] 
have been identified as receptors on mammalian cells. C-type lectin receptors (CLR) 
are involved in the interaction of DENV particles with human myeloid cells [71]. These 
include DC-specific intracellular adhesion molecule 3 (ICAM-3)-grabbing nonintegrin 
(DC-SIGN, CD209) [72-74], mannose receptor (MR) [75] and C-type lectin domain 
family 5, member A (CLEC5, MDL-1) [52]. 

DENV [76-78] as well as other flaviviruses [79;80] use clathrin-mediated 
endocytosis for cell entry. Using a single particle tracking approach, we have revealed 
that DENV-2 strain S 1 particles land on the cell surface and migrate in a diffusive manner 
toward a pre-existing clathrin-coated pit [77]. This suggests that DENV particles move 
along the cell surface by rolling over different receptors, or migrate as virus-receptor 
complexes. Upon internalization, the particles are delivered to Rab5-positive early 
endosomes, which mature into Rab7-positive late endosomes, were membrane fusion 
primarily occurs [77]. A recent report also demonstrated that DENV, depending on the 
serotype and/or the target cell type used, is able to utilize an alternative internalization 
pathway, independent of clathrin, caveolae and lipid rafts [81 ]. The subcellular organelle 
from which membrane fusion occurs is most likely dependent on the pH-dependent 
membrane fusion properties of the virus and may therefore vary between individual 
DENV strains [77, 78]. 
Numerous functional and structural studies have been undertaken to unravel the 
molecular mechanisms involved in the membrane fusion process of the virus [27;82-85]. 
It is postulated that the acidic pH in endosomes triggers dissociation of E homodimers, 
which then leads to the outward projection of domain II and exposure of the hydrophobic 
fusion peptide to the target membrane [86]. Subsequently, the hydrophobic residues 
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Chapter 1 

in the fusion loop would insert into the outer leaflet of the target membrane triggering 
the assembly of E trimers. Next, domain Ill is assumed to shift and fold back toward 
the fusion peptide into a hairpin-like conformation. This folding back mechanism would 
force the target membrane and the viral membrane to bend toward each other and 
eventually to fuse, releasing the nucleocapsid into the cell cytosol. 

Immune response to DENV: a crucial determinant in the outcome of infection 

Innate immunity 

The first line of defense against invading DENV is the production of interferons (IFNs). 
Upon a mosquito bite, DENV first infects interstitial DCs which, within hours of infection, 
initiate production of type-I IFNs. Not only DCs but the majority of DENV-infected cells 
produce IFNs. Both type I (a, 13) and type II (y) IFNs have been found to be crucial 
for protection against DENV infection in vivo and in vitro [52; 87-90]. Furthermore, 
early activation of natural killer (NK) cells, the main producers of IFNy, appears to be 
important in clearing DENV infection [91 ; 92]. 

The production of IFN is initiated upon virus interaction with pathogen 
-recognition receptors (PRRs) eg. C-type lectins [71 ] and toll like receptors (TLRs) 
that are expressed on the myeloid cells [93; 94]. C-type lectins such as DC-SIGN, 
MR and CLEC5, but also TLR3 and TLR 7 have been reported to participate in the 
induction of an innate response upon DENV infection [52; 95; 96]. Activated PRRs 
convey their signal through several transcription factors, which ultimately induce the 
expression of IFN. Secreted IFN binds to IFN receptors present on the same cells 
as well as on neighboring cells. This activates the JAK/STAT pathway leading to the 
expression of more than 1 00 effector proteins [97-1 00]. Both STAT-1 -dependent and 
STAT-1 -independent pathways have been implicated in the IFN- mediated response to 
DENV infection [51 ; 52; 1 01 ;  1 02]. IFN-mediated responses induce an antiviral state 
and initiate a variety of processes including metabolic control to limit virus infection. 
Moreover, these responses promote the adaptive immune response through stimulation 
of DC maturation and by direct activation of B and T cells [1 03]. 

While the importance of the innate immune response in controlling DENV 
infections is clear, several studies have demonstrated that DENV is able to inhibit 
the IFNa-mediated innate antiviral response [88; 1 04-1 06]. In particular viral NS2A, 
NS4A, NS4B and NS5 are thought to block IFN signaling by reducing STAT activation 
[88;1 04;1 06]. Interestingly, the ability of DENV to suppress type I IFN response has 
been shown to be strain-dependent, as within each serotype, both non-suppressive 
and suppressive strains that block STAT1 /STAT2 pathways could be found [1 07]. 
Reduction of the IFNa-mediated response does not however correlate with disease 
progression to DHF as no significant differences were found in IFNa levels between 
DENV isolates associated with DF and those associated with DHF [1 08]. 

Antibody response 

Human humeral immunity develops approximately 6 days after a bite with a DENV
infected mosquito. The antibody response is mainly directed against the E and prM 
glycoproteins present on the surface of the virus [54; 1 09; 1 1  OJ. NS 1 antibodies are also 
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generated, as this protein is expressed on the surface of infected cells and is secreted 
from these cells as a soluble factor [31 ; 1 1 0-11 2]. Antibodies against NS 1 have been 
shown to activate complement-mediated lysis of DENV-infected cells and protect mice 
from DENV challenge [11 3-11 6]. Antibodies directed against E and prM antibodies were 
observed to directly influence the infectious properties of DENV particles. Antibodies 
can both neutralize and enhance DENV infectivity in vivo and in vitro and thus appear 
to play a dual role in controlling DENV virus infection [55; 56; 1 17-11 9]. 

Antibody-mediated neutralization of infection 

Neutralization of infection occurs via a multiple 'hit' phenomenon. This means that virus 
inactivation occurs only when the number of antibodies docked on the virion exceeds 
a certain threshold [54; 1 20]. In case of strongly neutralizing antibodies, binding of only 
small fraction of the accessible epitopes is required for neutralization. In contrast, weakly 
neutralizing antibodies that bind to poorly accessible sites on the virion may require full 
occupation to achieve neutralization. For DENV as well as other flaviviruses, the most 
potent neutralizing antibodies are strain- specific and directed against domain I l l  of the 
E protein [1 21 -1 23]. Cross-reactive and weaker neutralizing antibodies were observed 
to predominantly localize to domain II near or within the fusion peptide [11 0;124]. 
Notably, the human antibody response is dominated by antibodies directed against 
domains I and II. 

In vitro studies have shown that neutralizing antibodies block attachment of 
the virus to its natural receptor on the cell surface and/or inhibit subsequent steps in 
the entry process of DENV [1 25-1 27]. However, inhibition of virus binding to a cellular 
receptor will not result in neutralization of infection per se as virus-immune complexes 
can be internalized by cells carrying Fe receptors (FcR), including dendritic cells and 
macrophages. This process of FcR-mediated uptake may thus result in delivery of the 
virus into acidic compartments of the endosomal/phagosomal pathway, in a manner 
very similar to uptake of DENV after interaction with its natural receptor. Therefore, 
we believe that potent neutralizing antibodies should act downstream of virus-receptor 
interaction at the cell surface. A detailed structural and functional analysis of the potent 
neutralizing WNV antibody E 16  has indeed shown that infection is blocked at the stage 
of membrane fusion presumably by inhibiting the conformational changes of the E 
protein required for membrane fusion [1 26]. 

Antibody-mediated enhancement of infection 

Epidemiological studies have demonstrated that secondary infection with a heterologous 
serotype or primary infection of infants born to dengue immune mothers significantly 
increases the risk to develop severe disease. These clinical observations have led to 
the widely accepted hypothesis of antibody-dependent enhancement (ADE) of disease 
[4; 1 28; 1 29]. As indicated above, it is believed that antibodies specifically direct the 
virus particles to cells carrying FcR, such as monocytes, macrophages and dendritic 
cells, which - as the natural targets for the virus - are permissive for DENV infection, 
resulting in a higher virus burden and eventually enhancement of disease. 

Studies with E-specific antibodies suggest that when virion opsonization 
occurs at the occupancy that does not exceed the threshold required for virus 
neutralization, these antibodies may enhance the efficiency of virus attachment to the 
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cell surface and facilitate entry of virions via FcR-mediated endocytosis [1 20; 1 29]. 
The molecular mechanism underlying the ADE phenomenon remains to be identified 
[1 27]. Uptake of DENV- immune complexes via FcR-mediated entry may not only lead 
to a higher number of infected cells, it can also influence the number of virus particles 
produced per infected cell. A recent study showed that infection of THP-1 cells with 
DENV-immune complexes resulted in downregulation of production of IL-1 2, IFN-y, 
TNF-a and NO, and enhanced expression of IL-6 and IL-1 0, indicating that FcR
mediated entry suppresses the antiviral immune response thereby promoting virus 
particle production [51 ]. 

Not only E antibodies but also prM antibodies have been implicated in the 
phenomenon of ADE [56; 1 19; 1 31 ;  1 32]. Remarkably, we recently observed that prM 
antibodies have the capacity to render essentially non-infectious fully immature particles 
nearly as infectious as wild-type virus [11 9]. We found that prM antibodies enhance the 
infectivity of immature virions but have no promoting effect on the number of progeny 
virions produced per infected cell. The potential role of immature DENV particles in 
disease pathogenesis is further discussed in the section about virus virulence. 

T cell response 

Little is known about the role of cos+ T cells in protection or enhancement of disease. 
Both serotype-specific and cross-reactive cos+ T cells that are cytolytic and produce 
IFN-y and TNF-a have been detected in DENV-immune individuals [1 33-1 37]. Studies 
on the role of cos+ T cells in protection against disease have been hampered by the 
lack of good animal models. However, a recent study revealed that cos+ T cells are 
important in the host defence against DENV [138]. On the other hand, activation of 
memory cos+ T cells during heterologous secondary OENV infection is believed to 
result in a massive production of cytokines and immune modulators characteristic of 
DHF/DSS [1 39]. 

Cytokine storm 

The hallmark of the pathogenesis of DHF/OSS is the loss of endothelial integrity, which 
is assumed to be the result of an abnormal immune response against the virus. Clinical 
studies have shown that the levels of cytokines and immune mediators such as TNF
a , IL-1 (3, IL-2, IL-4, IL-6, IL- 7, IL-8, IL-1 0, IL-1 3, IL-1 8, MCP-1 and IFN-y and IFN-a 
are significantly increased in patients suffering from DHF/DSS [140-149]. The role of 
cytokines in increased vascular permeability has been substantiated in murine model 
systems [148;1 50]. 

Many scientists believe that the cytokine storm is induced by the activation 
of a high number of cross-reactive low-avidity T cells through a process referred to as 
'original antigenic sin'. These low-avidity T cells have been shown to exhibit suboptimal 
degranulation, altered cytokine production and cytolytic activity through which not only 
are they unable to efficiently clear the infection but they cause a massive immune 
activation [1 33;1 35;1 51 ;1 52]. However, aberrant T-cell responses during secondary 
infections cannot explain the observations of DHF/DSS in infants born to dengue
immune mothers [9; 1 O; 1 53; 1 54]. Interestingly, a recent study showed that antibody
mediated OENV infection of mature DCs also leads to increased levels of TNFa and 
IL-6, indicating that ADE of infection may alter cytokine responses [1 55; 1 56]. The 
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hypotheses are not mutually exclusive, and most probably both, antibodies and T-cells 
play an important role in the progression of dengue disease to DHF during secondary 
infection. An integrated view of the immunological processes that contribute to DHF is 
shown in Figure 4. 

Other viral and host factors controlling DENV infection 

activated CD8+ T cell � ---+  TNF-a blood vessel 
IFN-y cell 
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Fig. 4. lmmunopathogenesis of severe dengue-an integrated model 

Virus virulence 

Genotype differences 

vascular permeability 

Low-fidelity replication together with natural selection processes have led to the 
development of multiple genotypes within each DENV serotype [1 56, for a great review 
on ths topic]. Interestingly, several studies have indicated that certain DENV-2 and 
DENV- 3 genotypes are more often associated with DHF [1 57-1 65). For example, the 
first outbreak of DHF in the Americas coincided with the introduction of the DENV-2 
Southeast Asia genotype. This suggested that the Southeast Asian genotype is more 
virulent than co-circulating in that region, the American DENV-2 genotype which 
caused almost exclusively with DF [1 64). Detailed genomic sequence analysis of both 
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genotypes have revealed nucleotide differences in prM, E, NS4B and NS5 genes as 
well as in the 5' and 3' UTRs [167]. Nucleotide variation at amino acid position 390 
of the E protein may be of major significance as this region has been linked to host
range specificity and virulence [166]. Furthermore, it was shown that the Asian DENV-2 
genotype replicates to higher titers in human monocyte-derived macrophages and DCs 
compared to the American genotype (167;168]. In addition, analysis of the American and 
Asian lineages for their ability to infect several populations of A. aegypti demonstrated 
that the overall infection rates were higher for the Southeast Asian genotypes. 

Glycosy/ation of E and NS1 proteins 

The addition of carbohydrates to viral proteins is important for viral virulence [29; 169-
17]. For example, glycosylation at position E Asn 153 has been suggested to play a role 
in stabilizing dimer interactions between E monomers by partially occluding the fusion 
peptide (21]. Furthermore, addition of carbohydrates to E Asn67 have been observed to 
be critical for virus particle production in mammalian and mosquito cell lines (29]. Also, 
this carbohydrate group has been implicated to mediate binding of the virus particle to 
DC-SIGN on DCs (17]. 

In addition to the E protein, several studies have suggested that glycosylation 
of the NS 1 protein is important for viral virulence (30; 170; 173]. While complete ablation 
of DENV-2 16681 NS1 glycosylation results in a genetically unstable virus, removal 
of only one glycosylation site allows replication of the mutated virus albeit with a less 
virulent phenotype (30]. Furthermore, it was shown that NS1 protein glycosylation is 
required for efficient secretion of the protein from infected cells (31 ; 169]. This combined 
with the observation that patients experiencing DHF have high levels of NS1 protein in 
the blood suggest that NS 1 protein glycosylation is important in disease pathogenesis 
(112;174]. 

Maturation state of the virus 

Dengue virus maturation appears to be inefficient as dengue-infected mosquito and 
mammalian cells have been shown to secrete large numbers (up to 30%) of prM
containing particles (39;48; 176-186]. Moreover, the presence of prM-specific antibodies 
in sera of DENV-positive patients suggests that immature particles are also formed 
during a natural infection (109; 110; 185-187]. Incomplete cleavage of DENV has been 
linked to the existence of an acidic residue at position P3 within the 13-amino-acid 
sequence proximal to the prM cleavage site (188;189]. 

Numerous studies have demonstrated that fully immature particles lack 
the ability to infect cells and therefore these particles are generally believed to be 
of minor importance in DENV pathogenesis [39-41; 190]. Remarkably however, we 
recently showed that prM antibodies render essentially non-infectious fully immature 
particles nearly as infectious as wild-type virus (119]. We observed that prM antibodies 
facilitate efficient binding and internalization of virus-immune complexes in cells after 
which furin within the target cell cleaves prM to M thereby activating the membrane 
fusion potential of the E protein. Enhancement of infection was also observed using 
DENV-immune sera, which indicates that prM-containing particles may be important in 
disease pathogenesis. This notion is supported by a recent report which showed that 
the rates of prM antibody responses are higher in patients experiencing a secondary 
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infection [11 0]. 
Antibodies may react differently to immature, partially mature and fully mature 

particles given the large structural differences between these particles [1 24;1 91 ]. 
Antibodies specifically recognizing (partially) immature virions may be detrimental for 
disease protection. For example, it is tempting to speculate that prM antibodies may 
not be able to neutralize viral infection of partially immature particles as the mature 
aspect of the virion would be able to mediate infection. Indeed, Nelson and colleagues 
showed that neutralization of WNV infection by E antibodies is significantly influenced 
by the maturation state of the virus. Increased virus maturation resulted in the reduction 
of neutralizing potency of many E antibodies that bind to epitopes which are predicted 
to be poorly accessible in mature virions [1 24]. Taken together, the maturation status of 
the virus particle may be important in determining the ability of an antibody to neutralize 
or enhance viral infection. 

Host genetic factors 

Differences in disease symptoms are seen at the individual level but also within certain 
human populations. For example, no apparent DHF/DSS was documented in a Haitian 
population while there was hyperendemic transmission of several DENV serotypes. 
This study, together with the observation that black people less frequently develop 
severe dengue than whites has led to the notion that gene polymorphisms and gene 
mutations may contribute to variable susceptibility among humans [192-1 94]. A number 
of studies have identified candidate genes variants that may predispose or protect 
an individual to develop DHF/DSS. These include specific human leukocyte antigens 
(HLAs) alleles and non-HLA gene polymorphisms. Several human HLA class I alleles 
(A*01 , A*0207, A*24, 8*07, 8*46, 8*51 ) and class II alleles (DQ*1 , DR*1 , DR*4) 
were found to be associated with severe disease susceptibility whereas individuals 
expressing HLA-8*1 3, HLA-8*14 and HLA-*29 were found to be protected [195-200]. 
Out of the non-HLA polymorphic alleles, the FcRII, vitamin D receptor [201 ], tumor 
necrosis factor alpha (TNF-a) [202], CTLA-4 [203], and transforming growth factor � 
(TGF-�) [203] have been linked to the development of more severe dengue. Moreover, 
analysis of three independent cohorts from Thai hospitals by the group of Sakuntabhai 
revealed that a promoter variant in the DC-SIGN1 -336 gene is involved in disease 
progression to DHF [204]. Other host factors like glucose 6-phosphate dehydrogenase 
(G6PD) deficiency may also predispose individuals to develop DHF, as DENV has 
been shown to replicate to high titers in monocytes derived from these individuals 
[205]. Furthermore, individuals with chronic diseases such as diabetes mellitus (DM) 
are more susceptible to develop severe dengue [206-209]. It has been speculated 
that increased production of cytokines in type 2 DM patients might predispose them to 
vascular leakage, a hallmark of DHF. 

Concluding remarks and future directions 

Significant progress has been made in recent years with regard to our understanding 
of the structure of DENV particles, life cycle, and disease pathogenesis. However, 
despite the discovery of many host and viral factors that predispose or protect to severe 
disease, the complex nature of their mutual interactions during natural infection as well 
as the lack of a suitable animal model makes it difficult to fully explain the pathogenesis 
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of DHF/DSS. The low percentage of DHF/DSS cases during secondary DENV 
infections suggests that host factors are critical determinants of disease progression. 
Therefore, more research is required to probe the role of host gene polymorphism 
(for example immunological pathways) in predisposition to DHF. Furthermore, it will 
be important to further investigate the role of genetic variations between circulating 
DENV strains in predisposition to DHF. It will be of interest to determine whether 
virus virulence is correlated with ADE of infection and aberrant T-cell responses. The 
observation that infants born to dengue-immune mothers develop DHF during primary 
infections demonstrates that antibodies play an important role in disease pathogenesis. 
Future research should investigate by which pathway DENV-immune complexes are 
internalized in cells, and whether this entry mechanism activates signaling pathways 
that may prime aberrant immune responses. Given our recent results on the infectious 
properties of immature DENV-immune complexes, it will be of a particular interest to 
determine if antibody-dependent enhancement of infection by immature DENV particles 
correlates with disease presentation. 
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Chapter 2 

Flavivirus cell entry and membrane fusion 

Jolanda M .  Smit, Bastiaan Moesker, lzabela Rodenhuis-Zybert, 
and Jan Wilschut 

Flaviviruses, such as dengue virus and West Nile virus, are enveloped viruses that 
infect cells through receptor-mediated endocytosis and fusion from within acidic endo
somes. The cell entry process of flaviviruses is mediated by the viral E glycoprotein. 
This short review will address recent advances in the understanding of flavivirus cell 
entry with specific emphasis on the recent study of Zaitseva and coworkers, indicating 
that anionic lipids might play a crucial role in the fusion process of dengue virus [1 ]. 
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Introduction 

Dengue virus (DENV) is a major emerging arthopod-borne pathogen causing a sig
nificant burden of disease in tropical and subtropical areas of the world [2,3]. DENV 
is a positive-sense RNA virus, belonging to the genus "Flaviviruses" of the family of 
the Flaviviridae [4]. The flavivirus genus comprises more than 70 viruses including, 
besides DENV, a number of other important human pathogens such as West Nile virus 
(WNV), tick-borne encephalitis virus (TBEV), Japanese encephalitis virus (JEV), and 
yellow fever virus (YFV). Flaviviruses are enveloped viruses, which enter their host 
cells through a process of receptor-mediated endocytosis and subsequent fusion from 
within the endosomal cell compartment. This fusion process in triggered by the mildly 
acidic pH within the lumen of the endosome [4]. In this short review, new insights in 
flavivirus cell entry and membrane fusion will be discussed. We will emphasize specifi
cally the role of target membrane lipids in the membrane fusion activity of DENV [1 ]. 

Structure of flaviviruses 

Flaviviruses are small, icosahedral viruses. The viral genome consists of a single
stranded, positive-sense RNA molecule which is complexed to multiple copies of the 
capsid protein [5]. The nucleocapsid is surrounded by a host-derived lipid membrane, 
in which two transmembrane proteins are inserted, the major envelope glycoprotein 
E (53 kDa) and the membrane protein M (8 kDa). The M protein is a small proteolytic 
fragment of its precursor form prM (approx. 21 kDa) and is anchored into the viral 
membrane by two transmembrane helices [6,7]. In mature virions, the E glycoproteins 
are arranged in 90 homodimers with sets of three E head-to-tail homodimers that lie 
in 30 rafts and form a herringbone pattern [6]. The E ectodomain has three structurally 
distinct domains (DI, DII, DIi i) that are connected by flexible hinge regions [8]. Neither 
E nor M interacts with the nucleocapsid in mature virions [9]. In infected cells, virions 
are initially assembled in an immature form with a distinct structural organization. In 
these particles, the E glycoprotein is associated with the glycoprotein prM and three of 
these heterodimers form one viral spike [6, 1 0] . Virus particle maturation occurs during 
viral egress. 

Flavivirus cell entry 

Receptor binding 

The first step in the infectious cell entry pathway of flaviviruses involves binding of the 
E glycoprotein to a cellular receptor. Flaviviruses must recognize a ubiquitous cell sur
face molecule or utilize multiple receptors for cell entry as flavivirus infection has been 
observed in a variety of cell lines derived from different host species [11 ]. In recent 
years several attachment factors have been identified, indicating that flaviviruses may 
use multiple receptors for cell entry. 

Negatively charged glycoaminoglycans, such as heparan sulfate, which are 
abundantly expressed on numerous cell types are utilized as low-affinity attachment 
factors by several flaviviruses [1 2-1 8]. These interactions serve to concentrate the virus 
at the cell surface and are mediated by domain Dill of the E glycoprotein. Multiple other 
attachment factors have been identified for DENV in mammalian cells including heat-
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shock proteins 90 and 70 [1 9], neolactotetraosylceramide [20], CD14[21 ], GRP78/BiP 
[22], 37-kDa/67-kDa laminin [23], and C-type lectins such as DC-SIGN (dendritic cell
specific intracellular adhesion molecule-3 (ICAM3)-grabbing non-integrin) [24-26], the 
mannose receptor [27], and C-type lectin domain family 5, member A (CLEC5, MDL-1 ) 
[28]. In mosquito cells, DENV has been shown to interact with heat-shock protein 70, 
R80, R67 and a 45-kDa protein [19,29,30]. Crystallographic studies on DENV-DC
SIGN complexes revealed that interaction with DC-SIGN is preferentially mediated 
through the carbohydrate moiety at Asn67 in EDII [31 ]. WNV has also been shown to 
interact with DC-SIGN and DC-SIGNR in dendritic cells [32,33]. Furthermore, WNV, 
JEV, and DENV albeit to a lesser extent, have been documented to bind to avJ33 inte
grins expressed on mammalian cells, mediated through interaction with EDIII [34,35]. 
On the other hand, entry of WNV into embryonic mouse fibroblasts and hamster mela
noma is independent on avJ33 integrin binding, suggesting that receptor molecule us
age is strain-specific and/or cell type-dependent [36]. 

Entry of flavivirus particles into cells 

Flaviviruses enter cells through clathrin-mediated endocytosis. Single-particle tracking 
analysis of DENV particles in living cells revealed that DENV particles diffuse along the 
cell surface towards a pre-existing clathrin-coated pit [37]. This implies that virions roll 
over distinct attachment factors untill they bind to the entry receptor localized to clathrin 
hotspots at the cell surface or that the initially formed virus-receptor complex is trans
ported towards a pre-existing clathrin-coated pit. Subsequently, the clathrin-coated pit 
evolves and the invagination in the plasma membrane is closed by membrane scission 
mediated by dynamin to form a clathrin-coated vesicle. The clathrin-coated vesicle is 
transported away from the plasma membrane after which the clathrin coat is released 
from the vesicle. Real-time microscopy analysis showed that DENV particles remain 
associated with clathrin for approximately 80 seconds [37]. Earlier evidence that flavivi
ruses utilize clathrin-mediated endocytosis for cell entry was obtained by ultrastructural 
studies showing the presence of Kunjin and YFV in coated pits [38,39]. Furthermore, 
inhibition of WNV infection was observed in cells treated with chemical inhibitors like 
chlorpromazine [40] that prevent clathrin-coated pit formation and in cells expressing 
dominant-negative mutants of Eps1 5, a protein which is involved in clathrin-coated 
pit formation [41 ,42]. The route of flavivirus cell entry appears to be dependent on the 
virus strain and the cell type as a recent report documented entry of DENV in mam
malian cells independent of clathrin, caveolae and lipid rafts [43]. 

After clathrin-mediated uptake, the endocytic vesicle carrying the virus is deliv
ered to early endosomes. Internalization of flavivirus particles occurs rapidly as a large 
fraction of WNV and DENV particles were observed to localize to early endosomes 
within 5 minutes post-entry [37 ,41 ]. Thereafter, the early endosome carrying the virus 
matures into a late endosome. For DENV, membrane fusion has been observed to 
occur primarily from within late endosomal compartments [37]. Membrane fusion was 
detected on average at 1 0-1 3 minutes after initiation of infection. It is important to note 
that the subcellular compartment from which membrane fusion occurs is most likely 
dependent on the pH-dependent membrane fusion properties of the virus and may 
therefore vary between individual DENV strains [37,44]. 
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Molecular mechanism of membrane fusion 

Low-pH-induced conformational changes in the E glycoprotein 

The low-pH environment within endosomes triggers a series of molecular events within 
the E glycoprotein leading to membrane fusion of the viral membrane with the endo
somal membrane and subsequent release of the nucleocapsid into the cell cytosol. 
Protonation of one or more histidine residues has been postulated to trigger the con
formational changes of the E protein [45, 46]. Indeed, studies on TBEV identified two 
conserved histidines (at position 146, 323) that may act as pH sensors and destabilize 
the DI-DIi i  interface [47]. On the other hand, site-specific mutagenesis studies on WNV 
revealed that histidine residues are not required for the initiation of the conformational 
changes required for membrane fusion [48]. 

The conformational changes of the E glycoprotein that occur during the 
membrane fusion process of flaviviruses have been studied extensively [45,46,49]. 
The initial step in membrane fusion involves protonation-dependent disruption of the E 
protein rafts at the viral surface, including dissociation of E homodimers into monomers. 
This leads to the outward projection of D11 and exposure of the fusion loop at the distal 
tip of DII to the target membrane. Subsequently, the E proteins insert their fusion loops 
into the outer leaflet of the membrane and three copies of E interact with one another 
via their fusion loops or DII domains to form an unstable trimer. The E trimers stabilize 
through additional interactions between the DI domains of the three E proteins [50]. 
Next, DIi i  is believed to fold back against the trimer to form a hairpin-like configuration. 
The energy released by these conformational changes induces the formation of a 
hemifusion intermediate, in which the monolayers of the interacting membranes are 
merged while the inner membranes are still intact. Finally, a fusion pore is formed and 
after enlargement of the pore, the nucleocapsid is released into the cytosol. 

Role of cholesterol in navivirus membrane fusion 

Besides the mildly acidic endosomal pH, it is the composition of the target membrane that 
plays an important role in the membrane fusion process of flaviviruses. In vitro studies 
have revealed that flaviviruses such as TBEV and WNV have the capacity to fuse with 
artificial receptor-free lipid membranes (liposomes) consisting of phosphatidylcholine 
(PC) and phosphatidylethanolamine (PE) at low pH, albeit with low efficiency [51-53]. 
Addition of cholesterol to target membranes was found to have a strong promoting 
effect on the membrane fusion capacity of TBEV and WNV[51-54]. Subsequent virus
liposome coflotation studies have indicated that cholesterol stimulates the low-pH
triggered interaction of the E glycoprotein with lipid membranes [54, 55]. The 3-hydroxyl 
group of cholesterol is important for this function [54] . Interestingly, and in contrast to 
alphaviruses, the E glycoprotein does not appear to directly interact with cholesterol 
in the target membrane [55]. These observations suggest that the promoting effect of 
cholesterol on membrane fusion is due to an overall change in the fluidity or physico
chemical properties of the target membrane. Although most studies were performed 
with TBEV and WNV several recent studies show that DENV also has the capacity 
to interact and fuse with artifical membranes consisting of PC, PE, sphingolipids and 
cholesterol [56-58]. Cholesterol also plays an important role in facilitating efficient 
cell entry of flaviviruses as viral infectivity was found to be significantly impaired in 
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cholesterol-depleted cells [36, 59-61]. 

Role of negatively charged lipids in dengue virus membrane fusion 

A recent study from Zaitseva and coworkers showed that DENV may utilize anionic 
lipids as a cofactor during the low-pH-driven membrane fusion process of the virus 
[1 ]. The investigation, by these authors, of the lipid dependence of DENV membrane 
fusion was triggered by the observation that DENV does not fuse with the plasma 
membrane of mammalian cells under low-pH conditions whereas efficient fusion 
occured with the plasma membrane of insect cells. A difference between these cell 
types is that insect cells have an unusually high concentration of anionic lipids in 
their plasma membrane. Accordingly, the authors found that addition of anionic lipids, 
such as bis(monoacylglycero)phosphate (BMP) and phosphatidylserine (PS), to the 
plasma membrane of mammalian cells facilitates low-pH-induced plasma membrane 
fusion of DENV. The role of anionic lipids in DENV membrane fusion was confirmed 
by in vitro virus-liposome fusion measurements, in which efficient membrane fusion 
was only observed using target membranes consisting of PC (70 mol%) and BMP 
or PS or phosphatidylglycerol (PG). Furthermore, anionic lipids were observed to act 
downstream of the formation of a restricted hemifusion intermediate and likely promote 
the opening of the fusion pore. Interestingly, in mammalian cells, anionic lipids are 
enriched in late endosomal compartments, thus this observation may also explain why 
DENV fusion is primarily initiated from within these compartments [37]. 

While the study of Zaitseva et al. is elegant and may explain a number of the 
characteristics DENV cell entry, a word of caution seems justified. In earlier studies, 
negatively charged phospholipids have been observed to promote a number of viral 
membrane fusion reactions. First, PS has been suggested to serve as a receptor in cell 
entry of vesicular stomatitis virus [62], but more recent studies have challenged this 
view [63]. Furthermore, influenza virus was found to fuse quite efficiently with liposomes 
consisting of the anionic lipid cardiolipin in a low-pH-dependent manner [64]. However, 
subsequent detailed characterization of this fusion reaction revealed that it does not 
reflect the physiological fusion process of the virus. Specifically, the well-documented 
conformational change in the viral hemagglutinin (HA) turned out not to be involved 
[65]. Indeed, influenza virus pre-exposed to low pH in the absence of target membranes 
remained fusion-active with cardiolipin target liposomes [65, 66], while such a low-pH 
pretreatment is known to result in a rapid and irreversible loss of fusion capacity - and 
infectivity - of the virus [66]. It thus appears that anionic lipids have a tendency to 
promote membrane fusion of enveloped viruses (and, for that matter, other biological 
membranes as well [671), in a general, sometimes nonphysiological, manner [68]. The 
fact that, in the study of Zaitseva et al., several structurally different negatively charged 
phospholipids stimulate fusion of DENV, including lipids - such as phosphatidylglycerol 
(PG) - that are not present in the natural endosomal target membrane of the virus 
does not seem to support the notion of a highly specific cofactor role of these lipids 
in the process [1]. On the other hand, the experiments of Zaitseva et al. are well
designed and convincing. In particular, the observation that the anionic lipids act at 
a stage downstream of the formation of the hemifusion intermediate [1] is reassuring, 
as this localizes the role of these lipids to the cytoplasmic half of the endosomal 
target membrane, which is the leaflet where negatively charged phospholipids are 
primarily located. Further studies will be required to elucidate whether indeed anionic 
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phospholipids represent a necessary and sufficient factor involved in infectious DENV 
fusion from within acidic endosomes. 

Particle maturation status and infectivity 

Flavivirus-infected cells are known to secrete a mixture of mature, immature and par
tially mature particles. The prM quantity appears to be different between flaviviruses; 
whereas high numbers of prM-containing particles have been described for WNV and 
DENV [53,69-75], low numbers were observed for TBEV [76]. A recent study showed 
that as much as 40% of all extracellular DENV particles derived from C6/36 mosquito 
cells are partially immature [77]. Overall, this demonstrates that flavivirus maturation 
during virus egress is rather inefficient. Upon assembly of immature virions in the ER, 
all virus particles are transported to the Golgi apparatus [78-82]. Within the mildly acid
ic environment of the Golgi, the virion undergoes a global conformational change lead
ing to dissociation of E/prM heterodimers and formation of 90 homodimers [58, 76,83]. 
This conformational change allows the host protease furin to cleave prM to M and a 
"pr'' peptide [58, 76,83,84]. The pr peptide dissociates from the particle upon release 
of the virion to the extracellular milieu [58, 76,84,85]. It appears that furin processing of 
prM is rather inefficient and flavivirus particles that contain uncleaved prM proteins will, 
after the release of the virion to the extracellular milieu, reorganize back to form prM/E 
heterodimers at the viral surface. 

Numerous functional studies have shown that fully immature particles are non
infectious [53,58,74-76,83,86]. However, we and others recently demonstrated that 
fully immature particles can be rendered infectious by antibodies [87,88]. We observed 
that the lack of infectivity of fully immature particles was found to be related to inef
ficient binding to the cell surface [88]. Upon cell entry, immature virions are efficiently 
processed by furin, the pr peptide presumably being released at the low-pH environ
ment of endosomes [85]. Whereas proteolytic cleavage of prM is a prerequisite for viral 
infectivity, multiple studies have shown that complete cleavage is not required for infec
tivity [74,75,89,90]. In partially mature particles, the mature aspect of the virion is most 
likely responsible for virus cell binding and entry after which the processing of prM may 
occur within the target cell and membrane fusion may be initiated. The threshold for 
viral infectivity in relation to the number of prM proteins present at the viral surface is 
as yet not understood. 

Concluding remarks 

In recent years, our knowledge on the cell entry properties and membrane fusion ac
tivity of flaviviruses has improved significantly. Microscopic analysis of virus-infected 
cells has taught us how viruses hijack cellular pathways to deposit their genome into 
the host cell cytosol. Also, biochemical and structural approaches have identified im
portant steps in the membrane fusion process of flaviviruses. The observation that 
viral infectivity is dependent on the maturation status of the particle is interesting and 
adds yet another layer of complexity to flavivirus cell entry. Future studies should be 
directed at a further dissection of the dynamics of flavivirus entry into human target 
cells and a 01 60detailed understanding of, not only the conformational changes of the 
E glycoprotein during membrane fusion, but also the role of target membrane lipids in 
the fusion process. Furthermore, given the substantial levels of prM in wt DENV, it will 
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be crucial to gain more insight in the role of immature or partially immature virions in 
viral infectivity. A detailed understanding of the cell entry and membrane fusion process 
of flaviviruses is important and will facilitate the generation of novel antiviral drugs that 
prevent early steps of infection. 
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Chapter 3 

The work described in this thesis focuses on the potential role of immature virus 
particles in the pathogenesis of flavivirus infections, dengue in particular. For the last 
two decades there has been considerable controversy about the significance of viral 
maturation for flavivirus infectivity. The high percentage of immature particles released 
from cells infected with Dengue virus (DENV) or West-Nile virus (WNV) prompted us 
to investigate this matter in detail. 

Chapter 4 describes the infectious properties of immature DENV. We generated 
fully immature virions with the use of furin-deficient cells and determined the specific 
infectivity (i.e. the ratio of infectious units to number of physical virus particles) of the 
preparation, in comparison with that of wild-type DENV. It appeared that fully immature 
DENV is essentially non-infectious. 

Since immature flavivirus particles are presumably blocked in low-pH-dependent 
membrane fusion as a key step in the viral cell entry process, we investigated the 
importance of virus maturation for membrane fusion activity in a direct manner in the 
study described in Chapter 5. We used WNV, since we have an operational liposome
based membrane fusion assay for this virus. We investigated the membrane fusion 
characteristics, including optimum pH and membrane composition, of wild-type as well 
as fully immature WNV. We concluded that immature WNV is indeed blocked in low
pH-dependent membrane fusion. 

The relatively high levels of anti-prM antibodies circulating in dengue-positive patients, 
as well as the considerable increase in the levels of these antibodies seen in patients 
experiencing severe, secondary, infections, triggered us to investigate the significance 
of of anti-prM antibodies for the infectivity of immature DENV. The studies presented in 
Chapter 6 demonstrate that, surprisingly, immature DENV turns highly infectious in FcR
expressing cells in the presence of anti-prM antibodies. The effect of antibodies bound 
to the virions was evaluated in depth by analysis of the steps involved in viral cell entry 
in various FcR-expressing cell lines as well as in primary human cells. Furthermore, 
the effect of polyclonal sera from dengue-positive patients on the infectivity of immature 
particles was assessed. 

The work reported in Chapter 7 demonstrates that not only in cultured cells, but also in 

vivo, anti-prM antibodies trigger infectivity of immature flavivirions. Using an established 
WNV mouse model we studied the development of lethal disease following injection of 
immature WNV alone or in the presence of anti-prM antibodies. 

Since the human antibody repertoire for DENV and WNV is frequently dominated by 
antibodies directed against the envelope (E) glycoprotein of these viruses, we also 
investigated the effect of anti-E antibodies on the infectivity of immature virions. 
Chapter 8 describes the effects of a cross-reactive fusion-loop antibody on the 
infectious properties of immature DENV and WNV. The antibody has been previously 
reported to preferentially bind immature flavivirions. Here, we investigated the ability 
of the antibody to affect viral entry and infection. We demonstrate that the fusion-loop 
antibody can, like anti-prM antibodies, render immature virions infectious. 
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In Chapter 9, we analyzed a panel of DENV E-specific monoclonal antibodies with 
respect to their ability to influence the infectious properties of immature DENV particles. 
In addition, we examined the effect of murine WNV-positive sera, which predominantly 
contain E-specific antibodies, on the development of the lethal disease in the WNV
mice model. We show that majority of E antibodies enhance infectivity of immature 
virions. 

In Chapters 10, 11 and 12 we summarize and discuss the key results of the thesis. 
Chapter 13 (written in Dutch) gives an overview of DENV clinical symptoms, diagnostics 
and treatment, and discusses the risk of increasing number of dengue cases among 
international travelers to (sub)tropical countries. 
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infectious properties of immature virions 

lzabela A. Zybert, Heidi van der Ende-Metselaar, Jan Wilschut, 
and Jolanda M. Smit 

Just before the release of flavivirus particles from infected cells, the viral surface 
protein prM is cleaved to M by the cellular enzyme furin. For dengue virus (DENV), this 
maturation process appears to be very inefficient since a high proportion of progeny 
virions contain uncleaved prM. Furthermore, it has been reported that prM-containing 
DENV particles are infectious. These observations contradict the general assumption 
that prM processing is required to render virus particles infectious. Therefore, in this 
study, we reinvestigated the infectious properties of immature DENV virions. DENV 
particles were produced in furin-deficient LoVo cells. We observed that DENV-infected 
LoVo cells secrete high numbers of prM-containing particles. Subsequent analysis of 
the infectious titre revealed that immature particles lack the ability to infect cells, the 
infectious unit to particle ratio being 1 0,000 fold reduced compared to that of wild-type 
virus. Our results indicate that cleavage of prM to M is required for DENV infectivity. 
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Chapter 4 

Dengue virus is a mosquito-transmitted pathogen, which together with other arthropod
borne viruses like yellow fever virus, West-Nile virus, and tick-borne encephalitis virus 
(TBEV) classify to the Flavivirus genus. Flaviviruses are small, enveloped, icosahedral 
viruses with a single copy of a positive- strand RNA genome. The viral envelope anchors 
two transmembrane proteins: the small (8 kDa) membrane protein M and the major 
(51-60 kDa) envelope glycoprotein E (Lindenbach & Rice, 2001 ). The E glycoproteins 
are organized in 90 homodimers, which lie flat on the viral surface (Kuhn et al. ,  2002; 
Kuhn & Rossmann, 2005). 

Assembly of virus particles is initiated in the ER by formation of an immature 
virion. In immature particles, the E protein forms a heterodimeric association with prM, 
the precursor protein of M. Each particle contains 60 trimers of E-prM heterodimers 
and thus structurally differs greatly from a mature virion (Kuhn et al., 2002; Lorenz et 
al. ,  2002; Zhang et al. ,  2003b; Zhang et al., 2004). Maturation of flavivirus particles 
occurs during transport through the exocytic pathway. The viral envelope proteins are 
believed to undergo conformational changes triggered by the low pH in the lumen 
of the trans-Golgi network (TGN). Shortly before or during the final release of the 
virions, prM is cleaved by the host cell endoprotease furin into virion-associated M and 
a soluble peptide (Mackenzie & Westaway, 2001 ; Wengler & Wengler, 1 989). 

The biological significance of the maturation process has been investigated in 
considerable detail, particularly for TBEV. Characterization of the infectious properties 
of prM-containing TBEV virions revealed that these particles cannot undergo the struc
tural rearrangements required for membrane fusion (Guirakhoo et al., 1 991 ; Heinz et 
al. ,  1 994a; Stadler et al., 1 997). Consequently, immature particles are considered to 
be non-infectious (Elshuber et al. ,  2003; Elshuber & Mandi, 2005; Heinz et al., 1 994b; 
Stadler et al., 1997). These results led to the widely accepted hypothesis that prM pro
tects the E protein from undergoing premature conformational changes during transit 
through the acidic TGN and that cleavage of prM to M is required to render the virus 
particle infectious (Guirakhoo et al., 1 992; Heinz et al., 1 994a). 

Interestingly, in case of DENV cleavage of prM to M is not very efficient. Mul
tiple studies have shown that both mammalian cells (BHK-21 or Vero) and insect cells 
(C6/36) infected with DENV type 2 (1 6681 , NGC, PR1 59 S1 ) release high numbers of 
particles containing unprocessed prM (Anderson et al., 1 997; He et al., 1 995; Henchal 
et al. ,  1985; Murray et al. ,  1 993; Putnak et al. ,  1996; Randolph et al., 1 990; van der 
Schaar et al., 2007; Wang et al. ,  1 999). These recurring in vitro observations have their 
authentication in vivo, since anti-prM antibodies are commonly found in sera of DENV
infected patients (Bray & Lai, 1 991 ; Cardosa et al., 2002; Se-Thoe et al., 1 999). Fur
thermore, it has been shown that the specific infectivity of prM-containing DENV-2 par
ticles produced on chloroquine- treated BHK-21 cells is only 6-8 fold reduced compared 
to that of a wild-type virus preparation, which suggests that immature DENV particles 
may retain considerable levels of infectivity (Randolph et al., 1 990). Remarkably, the 
authors also observed that viral infectivity could be restored to wild-type levels upon 
addition of prM antibodies to the titration reaction. The high proportion of immature 
particles released from DENV- infected cells and the only limited reduction of the spe
cific infectivity of immature virus particles suggest that DENV may have evolved such 
that cleavage of prM to M is not required for infectivity per se. In an attempt to resolve 
this question, we reinvestigated the infectious properties of immature DENV particles. 
Unlike the approach used in the above study (Randolph et al., 1 990), we prepared im
mature DENV particles in LoVo cells, which lack functional furin. 
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Infectious properties of immature virions 

First, we assessed the growth of OENV-2 in LoVo cells (human adenocarci
noma cells), and compared it to virus production in C6/36 mosquito cells, a cell line 
commonly used for OENV production. LoVo cells were used since Takahashi and co
workers demonstrated that these cells lack the endoprotease furin, which suggested 
that these cells should secrete fully immature OENV particles (Takahashi et al., 1 993). 
LoVo cells were cultured in Ham's medium (lnvitrogen) supplemented with 20% fe
tal bovine serum (FBS) at 37 °C and 5% CO2. Aedes albopictus C6/36 (ATCC nr. 
CRL-1 660), were maintained in minimal essential medium (Life Technologies) supple
mented with 1 0% FBS, 25 mM HEPES, 7.5 % sodium bicarbonate, penicillin (1 00 
U per ml), streptomycin (1 00 g ml-1 ), 200 mM glutamine and 1 00 µM nonessential 
amino acids at 28 °C and 5% CO2. Cells were infected with OENV-2 strain 1 6681 at 
a multiplicity of infection (MOI) of 1 0, to ensure initial infection of all cells, for 1 .5 h at 
37 °C. Following infection, viral inoculum was removed and the cells were washed 
twice with phosphate-buffered saline (PBS). Subsequently, fresh medium was added 
and incubation was continued. The number of genome-containing particles (GCP) was 
determined in samples collected at 24 hours time intervals, as described before (Van 
der Schaar et al, 2007). Briefly, viral RNA was extracted from the samples by use of 
QIAamp Viral RNA mini kit (Qiagen). Next, cONA was synthesized from the RNA with 
reverse transcription-PCR (RT-PCR), copies of which were quantified using qPCR. 

Figure 1 a shows that comparable numbers of GCP were secreted from Lo Vo 
and C6/36 cells at each time point examined. This indicates that the release of viral 
particles, based on quantification of RNA copies, is not impaired in Lo Vo cells and that 
these cells are at least as permissive to OENV infection as mosquito cells. In both cell 
lines, maximal virus particle release was observed at 48 h post-infection (hpi). 

Subsequently, we analysed the protein composition of the virus particles 
produced in LoVo and C6/36 cells by sodium dodecyl sulphate-polycrylamide gel 
electrophoresis (SOS-PAGE). To allow accurate visualization and quantification of the 
protein bands, [35S] methionine-labelled virus was prepared. Briefly, 2 h after infection 
of both cell lines at an MOI 1 0, 400 µCi of [35S]methionine (Amersham Biosciences) 
was added to 20 ml of medium and incubation was continued overnight. At 23 hpi, 
the medium was supplemented with an additional 200 µCi of the radioactive label. At 
72 hpi, the supernatant containing the viral particles was cleared from cell debris by 
low-speed centrifugation and the virions were pelleted by ultracentrifugation at 4 °C 
in a Beckman type SW41 rotor for 2.5 h at 35,000 x g. Subsequently, virus pellets 
were resuspended in HNE buffer (5 mM HEPES, 1 50 mM NaCl, 0.1 mM EOTA, pH 
7.4) and further purified on a discontinuous (20 and 55% w/v) OptiprepTM gradient 
(Axis-Shield) ultracentrifugation in a Beckman rotor type SW41 , 4°C at 21 0,000 x g 
for 2 h. Viruses were harvested from the gradient interface and subjected to SOS
PAGE analysis. The results show that virus particles secreted from LoVo cells do not 
contain the M protein, since only E, prM, and C protein bands were detected (Fig. 1 b, 
lane 2). In contrast, virus preparations harvested from C6/36 mosquito cells did show 
the presence of the M protein (lane 1 ). Next, we quantified the prM and M contents of 
these virus preparations by phosphorimaging analysis using lmageQuant TL software 
(Amersham Biosciences). The percentage of prM and M in virions was determined 
by relating the intensity of prM and M bands to that of E, on the basis of the relative 
numbers of methionine residues in the distinct viral proteins and with the assumption 
of uniform labelling. The number of methionine residues in the E, prM, and M protein 
of OENV-2 1 6681 are 1 9, 11 , and 5, respectively. Three independent SOS-PAGE 
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analyses revealed that DENV particles released from LoVo cells contain on average 
of 94% ± 9% prM, this number representing the observed amount of prM relative to the 
theoretical prM content of a completely immature virus preparation calculated on the 
basis of the intensity of E. Conversely, DE NV-infected mosquito cells yielded primarily 
mature virions with an average M content of 89% ± 1 3.4%. In agreement with other 
studies, we also detected a substantial amount of prM in C6/36-produced virus (Fig. 1 b, 
lane 1 ), quantification of which revealed an average content of 28. 7% ± 9.8%. In both 
DENV preparations, the identity of the prM protein was ensured by Western blot (WB) 
analysis using the anti- prM antibody 2H2 (Fig. 1 c). Collectively, these results clearly 
demonstrate that DENV-infected LoVo cells secreted fully immature prM-containing 
viruses. 
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Fig. 1. (a) Growth kinetics of GCP of DENV-2 in C6/36 and LoVo cells. Samples were analysed in duplicate; 
each data point represents the average of two independent cultures. (b) Protein composition of DENV-2 
particles harvested from C6/36 (lane 1 )  and Lo Vo (lane 2) cells. Approximately 109 GCP of purified f5S] 
methionine-labelled DENV were loaded per lane. Positions of the structural proteins are indicated on the 
right, based on their molecular weight. (c) Identification of the prM protein band by Western blot using 2H2 
antibody. DENV-2 particles harvested from C6/36 (lane 1 )  and Lo Vo (lane 2) are shown next to the protein 
marker (M). 
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Next, we determined the infectious properties of the distinct virus preparations 
using an infectious centre assay (ICA) (Van der Schaar et al., 2007). Briefly, serial 
dilutions of virus samples harvested during the growth curve analysis (Fig. 1 )  were 
used to infect BHK-1 5 cells. Cells were fixed 24-27 hpi and stained intracellularly with 
mAb 3H5 (Chemicon International) against the DENV E glycoprotein. Figure 2a shows 
that the infectious titre of immature DENV-2 was severely reduced compared to that 
of virions produced in the insect cells at any given time point. Indeed, very few DENV
infected cells were observed (Fig. 2b). Viruses were also titrated on Vero and C6/36 
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Fig. 2. (a) Growth kinetics of infectious units of DENV-2 in C6/36 and Lo Vo cells. Samples from each time point 
were analyzed in triplicate for I U ml-1 content. Each data point represents the average of two independent 
cultures. (b) Representative read out of the ICA. Infected BHK-1 5 cells stained intracellularly with anti
dengue E mAb 3H5 (right panels) and DAPI nuclei staining (left panels). Samples of DENV-2 in C6/36 and 
LoVo were diluted 500-fold and 2-fold, respectively. Magnification 400x. (c) ICA of immature DENV-2 treated 
in vitro with furin (diluted 20-fold) and uncleaved control (diluted 2-fold). Magnification x1 00. 

cells with very similar results (data not shown). Subsequently, we calculated the ratio 
of physical virus particles (GCP) to infectious units (IU) for each of the virus samples 
(Table 1 ). The results show that the specific infectivity of immature DENV was at least 
1 0,000-fold lower than that of virus generated in C6/36 cells. 
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Since insect cells are quite different from mammalian cells and might produce 
virus with a high specific infectivity for reasons other than the presence of functional 
furin, we also determined the specific infectivities of DENV generated in two mamma
lian cell lines, BHK-15 and Vero cells. These cells were maintained at 37° C, 5% CO2 

in C6/36 medium without glutamine and non-essential amino acids and infected at an 
MOI of 1 O as described above. Samples were collected at different time points post
infection for analysis. As shown in Table 1 ,  at all time points the GCP -to- IU ratio of 
virus produced in these cells was very similar to that of virus generated in C6/36 cells, 
thus confirming that immature DENV generated in Lo Vo cells is at least 1 0,000-fold 
less infectious due to the absence of functional furin. 

To further substantiate that cleavage of prM to M by furin is essential for DENV 
infectivity, we investigated whether treatment of immature DENV with exogenous furin 

Table 1 .  Specific infectivities of DENV-2 1 6681 in time. 
GCP I IV ratio * 

DENV-2 

production 
24 bpi 48 hpi 72 hpi 96 hpi 

C6/36 
1 39 108 82 34 
32 1 92 289 48 

Vero 
29 28 1 8  1 9  
22 65 20 26 BHK- 1 5  4 33 13 47 
4 1 8  7 1 6  

LoVo 
2 X 1 06 3 X 10� 5 X 1 05 4 x  10

5 

7 X 105 1 X 106 5 X l05 7 X 10
5 

* For all cell lines, two independent cultures were carried out. GCP - to - JU ratio for each of the cultures was determined at least twice. 
could restore viral infectivity. To this end, immature particles were incubated with furin 
[New England Biolabs] for 1 6  h at pH 6.0, after which the infectious properties of 
the particles were measured by ICA. Figure 2c shows that the infectivity of the virus 
preparation was dramatically increased (approximately by a factor of 1 000) upon in 
vitro treatment with furin. This observation indicates that immature DENV is actually 
non-infectious due to a complete lack of prM cleavage and hence demonstrates that 
processing of prM to M is a prerequisite for DENV infectivity. 

Earlier studies have shown that immature DENV particles produced on cells 
treated with chloroquine had a reduced (factor 6-8) but still quite high level of infectivity. 
This study however, clearly demonstrates that immature DENV particles are not 
infectious. This conclusion is in agreement with previous results obtained with TBEV 
(Elshuber et al., 2003; Elshuber & Mandi, 2005; Heinz et al., 1 994b). Immature TBEV 
virions produced in LoVo cells, BHK-21 cells treated with furin inhibitor, or particles in 
which the prM cleavage motif was mutated showed a significant drop (up to a factor of 
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1 0,000) in viral infectivity. A less profound effect (factor 20-50) on viral infectivity was 
seen when immature TBEV virions were generated in chicken embryo cells treated with 
acidotropic reagents (Heinz et al., 1 994b). This may suggest that usage of acidotropic 
reagents is not sufficient to completely prevent viral maturation in the TGN and that the 
presence of M-containing particles in the viral preparations contributes to the residual 
infectious titre observed. The results presented in this manuscript show that once 
cleavage of prM to M is completely blocked, DENV infectivity is essentially abolished. 

While the very large majority of virus particles in the immature preparation 
were non-infectious, we did detect some infectious virions in the titration assay. A pos
sible explanation for this finding may be that some prM-containing particles mature 
during cell entry, since furin, although predominantly localized in the TGN, also shuttles 
between early endosomes and the cell surface (Molloy et al., 1 999; Shapiro et al., 
1 997). This notion has been experimentally confirmed for Semliki Forest virus (SFV), 
an alphavirus (Zhang et al., 2003a). The authors observed that immature SFV particles 
can be processed during endocytic uptake in furin-containing cells albeit with a low 
efficiency since the infectious titre increased only by a factor of 1 0. Envelope matura
tion during cell entry may therefore explain the low but detectable number of infectious 
particles in our immature DENV preparation. 

Interestingly, antibodies against prM have been shown to enhance DENV in
fection (Henchal et al., 1 985; Randolph et al., 1 990; Huang et al., 2005; 2006). En
hancement of viral infection by prM antibodies was observed with both wild-type vi
rus particles, presumably due to the substantial content of unprocessed prM in these 
preparations, and with DENV particles containing high levels of prM generated from 
cells in the presence of chloroquine. It is not yet clear how prM antibodies stimulate 
the infectious properties of these virions. As argued above, it is conceivable that DENV 
virus particles generated in cells in the presence of acidotropic agents exhibit a low 
residual level of maturation and corresponding infectivity, which might be enhanced 
in the presence of anti-prM antibodies. Also, one could speculate that prM antibodies 
enhance uptake of immature particles in cells which might consequently lead to in
creased processing of prM to M and creation of potentially fusogenic virions within the 
target cell. This report shows for the first time that entirely immature and almost com
pletely non-infectious DENV particles can be generated in furin-negative LoVo cells, 
and therefore may serve as a novel tool to elucidate the role of prM antibodies in DENV 
infectivity. Using fully immature DENV, we are currently investigating if prM antibodies 
only facilitate viral entry or whether other processes are involved which might render 
immature virions infectious. 
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Chapter 5 

Characterization of the functional 

requirements of West Nile virus 

membrane fusion 

Bastiaan Moesker, lzabelaA. Rodenhuis-Zybert, Tjarko Meijerhof, Jan Wilschut, 

and Jolanda M. Smit 

Flaviviruses infect their host cells by a membrane fusion reaction. In this study, we 
performed a functional analysis of the membrane fusion properties of West Nile 
virus (WNV) with liposomal target membranes. Membrane fusion was monitored 
continuously using a lipid mixing assay involving the fluorophore pyrene. Fusion of 
WNV with liposomes occurred on the time scale of seconds and was strictly dependent 
on mildly-acidic pH. Optimal fusion kinetics were observed at pH 6.3, the threshold 
for fusion being pH 6.9. Preincubation of the virus alone at pH 6.3 resulted in a rapid 
loss of fusion capacity. WNV fusion activity is strongly promoted by the presence of 
cholesterol in the target membrane. Furthermore, we provide direct evidence that 
cleavage of prM to M is a requirement for fusion activity of WNV. 
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West Nile virus (WNV) is a member of the Flavivirus genus which also includes dengue 
virus (DENV) and tick-borne encephalitis virus (TBEV). Flaviviruses infect cells via 
receptor-mediated endocytosis. In the acidic environment of the endosome, the viral 
envelope (E) glycoproteins undergo a series of orchestrated structural rearrangements 
leading to fusion of the viral membrane with the endosomal membrane. Upon RNA 
replication and protein translation, prM/E-containing immature particles are formed by 
budding of newly formed nucleocapsids into the endoplasmatic reticulum (Lindenbach 
& Rice, 2001 ). These particles mature during transport through the Golgi and trans
Golgi network and shortly before the final release of the virions, prM is cleaved to M by 
the host cell protease furin. Furin cleavage is not very efficient as a mixture of prM- and 
M-containing particles are secreted from infected cells (Wengler & Wengler, 1 989). 

The flavivirus E-glycoprotein and alphavirus E 1 glycoprotein are representatives 
of class II fusion proteins (Kielian & Rey, 2006). Class II fusion proteins share a similar 
architecture and undergo major structural rearrangements during the viral lifecycle. 
For example, in the infected cell, class II fusion proteins are synthesized along with 
a companion protein (prM in flaviviruses and p62 or PE2 in alphaviruses) that stabilizes 
the fusion protein during transport through the secretory pathway. In addition, a series 
of conformational changes of the flavivirus E- and alphavirus E 1 -glycoproteins provide 
the driving force for membrane fusion. Exposure to low pH causes dissociation of 
the flavivirus E-homodimer or alphavirus E 1 -E2 heterodimer which is followed by the 
formation of homotrimers (Sanchez-San Martin et al., 2008). Despite the similarities in 
structure and overall mechanism of fusion, studies in liposomal model systems have 
revealed that the conditions that allow fusion may differ between flavi- and alphaviruses. 
For instance, alphavirus fusion is strictly dependent on the simultaneous presence of 
cholesterol (Chol) and sphingolipids in the target membrane (Nieva et al., 1 994; Smit 
et al., 1999) while, in contrast, TBEV fusion does not appear to have such strict lipid 
requirement (Corver et al., 2000; Stiasny et al., 2003). 

In this study, we investigated the functional requirements of WNV membrane 
fusion in a liposomal model system. Fusion of WNV with liposomes is efficient and 
occurs on the time scale of seconds. Optimal fusion kinetics were observed at pH 6.3, 
the threshold for fusion being pH 6.9. Furthermore, the presence of cholesterol in the 
target membranes significantly enhanced the membrane fusion potential of the virus. 
Finally, we demonstrate that maturation of WNV particles is required for membrane 
fusion activity. 

To analyze the membrane fusion properties ofWNV particles, we biosynthetically 
labeled the virus with the fluorescent probe pyrene, as described before for alphaviruses. 
Briefly, WNV strain NY385-99, a generous gift from Dr. J. Goudsmit (Crucell B.V., The 
Netherlands) was added at an m .o. i. of 4 to Baby Hamster Kidney (BH K-21 ) cells cultured 
beforehand in the presence of 1 5  µg ml-1 1 6-(1 -pyrenyl)hexadecanoic acid (lnvitrogen) 
(Bron et al., 1 993; Smit et al., 1 999). At 24 h.p.i, the virus particles were harvested and 
purified by ultra-centrifugation (Smit et al., 1 999). The purity of the isolated fraction 
was checked by SOS-PAGE analysis and revealed that the virus preparations were 
pure as only the viral proteins E, prM, C, and M were observed (results not shown). 
Subsequently, the incorporation of pyrene into the viral membrane was evaluated by 
measuring the excimer-to-monomer (E/M) ratio in a Fluorolog 3-22 fluorometer (BFi 
Optilas, Alphen aan den Rijn, The Netherlands), essentially as described previously 
for TBEV (Corver et al., 2000). We found an average E/M ratio of 0.29 +/- 0.1 4 (n = 
4 ), similar to the results obtained earlier with Semliki Forest virus (SFV) and TBEV 
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(Bron et al. , 1 993; Corver et al. , 2000). To ensure that pyrene-labeling did not affect the 
specific infectivity of the virus, we next determined the number of infectious units (IU) 
by titrating the virus on BHK-21 cells, and the number of physical particles by micro
Lowry protein determination. A theoretical amount of 2.26 x 1 0-11 g of protein per virus 
particle was used to calculate the number of physical particles. The I LI-to-particle ratio 
of unlabeled WNV was on average 1 : 85 0 (n = 2), which is in agreement with earlier 
studies (Wengler & Wengler, 1 989). Importantly, the average ratio of pyrene-labeled 
preparations was 1 :  5 5 0  (n = 4 ), indicating that labeling had no effect on the infectivity 
of WNV. 

Membrane fusion activity of pyrene-labeled WNV was measured in 
a liposomal model system. Upon fusion, the pyrene-labeled phospholipids will be 
diluted into the liposomes resulting in a decrease of pyrene excimer fluorescence, 
which can be measured in an on-line fashion. Liposomes were prepared by a freeze/ 
thaw-extrusion procedure and consisted of a mixture of phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), sphingomyelin (SPM) and cholesterol (Chol) at the 
indicated ratios, as described before (Smit et al. , 1 999). 
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Fig. 1. Low-pH dependent fusion of WNV with liposomes. Pyrene-labeled WNV (1 .5 µg protein 
corresponds to 7 x 1 010 particles) was mixed with liposomes (140 nmol phospholipid corresponding to 3 x 
1 010 particles) at 37 °C. Fusion was triggered by the addition of 0.1 M MES, 0.2 M acetic acid, pretitrated with 
NaOH to achieve the final desired pH. The fusion scale was calibrated such that O % fusion corresponded to 
the initial excimer fluorescence and 1 00 % fusion was obtained after the addition of 0.2 M octaethyleneglycol 
monododecylether. (a) Fusion of pyrene-labeled WNV with liposomes consisting of PC/PE/Chol (molar ratio 
1 : 1  :2). Curves: a, pH 6.3; b, pH 6.5; c, pH 7.4. (b) The kinetics of WNV fusion with liposomes as a function 
of the pH. The initial rates (open squares) were calculated from the tangent to the initial part of the curve 
and the final extents (solid squares) were determined at 60 sec upon acidification. (c) Inactivation of WNV 
membrane fusion activity. Pyrene-labeled WNV was pre-incubated at pH 6.3 for the indicated periods of 
time, after which liposomes consisting of PC/PE/Chol (molar ratio 1 :1 :2) were added and fusion activity was 
measured. Fusion measurements were performed in triplicate. Error bars indicate the standard deviation. 

Fig. 1 (a) demonstrates that WNV fuses rapidly and efficiently with liposomes 
in a pH-dependent manner. Approximately 60% of the particles fused with liposomes 
within 3 seconds after acidification to pH 6.3 (curve a). At pH 6.5 , the initial rate of 
fusion was reduced compared to that at pH 6.3, but the extent remained close to 
60 % (curve b). No membrane fusion was detected at pH 7.4 (curve c). A detailed 
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characterization of the pH dependency is depicted in Fig. 1 (b). The fusion kinetics 
at physiologically relevant pH values below 6.3 were similar, both in terms of initial 
rate and final extent. A marked decrease in fusion activity was observed at pH 6. 7, 
the threshold for fusion being pH 6.9. Furthermore, exposure of WNV to pH 6.3 in the 
absence of target membranes resulted in a rapid loss of fusion activity (Fig. 1 c). This 
shows that membrane fusion activation at low pH is of a transient nature, resulting in a 
rapid irreversible loss of membrane fusion capacity. 

Subsequently, we studied the influence of the target membrane lipid 
composition on WNV fusion. Figure 2 shows that Chol has a strong promoting effect 
on membrane fusion activity (Fig. 2). Analysis of the kinetics of fusion indicated that 
Chol mainly influenced the final extent of fusion as the initial rate (when related to the 
final extent reached) is constant in the presence and absence of Chol. The inclusion of 
SPM did not significantly enhance the fusion extent any further. Neither Chol nor SPM 
are essential for WNV membrane fusion, as target membranes consisting only of PC/ 
PE supported fusion, albeit to a limited extent. 
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Fig. 2. Influence of target membrane lipid composition on WNV membrane fusion. The fusion reaction 
was performed at pH 6.3, as described in the legend to Fig. 1 .  For clarity, the initial rate and final extent of 
fusion of the reaction with liposomes consisting of PC/PE/Chol (molar ratio, 1 : 1 :2) were set to 1 00 %. White 
bars, initial rate of fusion; gray bars, final extent of fusion. Data are shown as average values of at least two 
independent experiments performed in triplicate; error bars indicate the standard deviation. 

Earlier studies on TBEV and DENV have demonstrated that prM-containing 
particles are essentially non-infectious (Elshuber et al., 2003; Zybert et al., 2008). 
Furthermore, it has been shown that furin cleavage of prM to M is required to induce 
fusion-from-without of TBEV on mosquito cells (Guirakhoo et al., 1 991 ; Stadler et 
al., 1 997). Here, we used the liposomal model system to directly determine whether 
maturation is a prerequisite for fusion activity of WNV. To this end, we produced 
immature WNV on furin-deficient LoVo cells (Takahashi et al., 1 993; Zybert et 

60 



Functional requirements of WNV membrane fusion 

al., 2008). Briefly, LoVo cells were infected at a m.o.i. of 4. At 48 hpi, the medium 
containing the virus particles was harvested and purified as described before (Zybert 
et al., 2008). To determine the maturation status of LoVo-derived WNV, we produced 
[35S]methionine-labeled virus using methods described before (Zybert et al., 2008). 
Purified virus particles were subjected to SDS-PAGE analysis and the protein bands 
corresponding to the viral proteins were quantified using lmageQuant TL software 
(Molecular Dynamics). The percentage of immature particles in the preparation was 
determined by relating the intensity of prM and M to that of E, on the basis of the 
relative numbers of methionine residues in the distinct viral proteins. Figure 3a shows 
that LoVo-derived WNV is completely immature. Quantification of the protein bands 
revealed that the prM content of WNV grown on Lo Vo cells was 87 ± 7 % compared to 
30 ± 11 % in BHK- 21 cell derived WNV. The relatively high number of prM-containing 
particles in wt preparations is in agreement with earlier studies (Wengler & Wengler, 
1 989). Subsequent determination of the specific infectivity revealed that immature WNV 
particles are essentially non-infectious as the PFU-to-particle ratio of LoVo- derived 
WNV was approximately 50,000-fold lower compared to that of wt BHK- 21 -produced 
virus. 

Next, we investigated whether the presence of prM obstructs membrane 
fusion activity, using a reverse variant of the pyrene fusion assay (Smit et al., 1 999). 
In this assay, a large excess of unlabeled WNV is incubated with pyrene-labeled 
liposomes and therefore it is well suited to determine the presence of fusion- active 
particles amongst a virus population. To measure fusion, liposomes with a diameter 
of 70 nm are used. Fusion of a 70 nm-liposome with a viral lipid membrane of 40 nm 
in diameter (Kuhn et al., 2002) will theoretically result in an 1 /4 increase in liposomal 
membrane surface area with a concomitant decrease of pyrene excimer fluorescence 
intensity of 25 %. Pyrene- labeled small unilamellar vesicles (pyrSUVs) were prepared 
as described previously (Smit et al., 1 999) and consisted of PC, 1 -hexadecanoyl- 2- (1 -
pyrenedecanoyl)-sn-glycero-3-phosphocholine (pyrPC), PE and Chol in molar ratios of 
0.85:0.1 5:1 :2, respectively. Fig. 3(c) shows that pyrSUVs fused efficiently with wt WNV 
particles (curve a), with an average extent of pyrene excimer fluorescence decrease of 
23 %. This corresponds to the theoretical value and suggests that all liposomes fused 
once with a virus particle under the conditions of the experiment. Again, fusion activity 
was strictly dependent on exposure of the virus-liposome mixture to mildly acidic pH. 
Immature particles failed to induce membrane fusion with liposomes at 6.3 (curve d), 
or lower (data not shown). 

Subsequently, we investigated whether we could activate the membrane fusion 
potential by treatment of immature virus particles with exogenous furin. To this end, 
immature particles were incubated with furin (New England Biolabs) for 1 6  h at pH 6.0 
and subsequently back-neutralized to pH 7.4. First, we determined the ability of furin to 
cleave prM to M by SDS- PAGE analysis using [35S]-methionine- labeled virus. Furin
treated immature WNV particles were completely mature, as the prM protein band was 
no longer visible on the gel (Fig. 3a, lane 3). Likewise, titration on BHK-21 cells showed 
that the infectivity had increased by approximately 1 000-fold (Fig. 3b). Next, the fusion 
potential of these particles was assessed in a direct fusion measurement with pyrSUVs. 
Furin-treated immature WNV particles (curve b) fused efficiently with liposomes, which 
demonstrates that prM to M cleavage is required for membrane fusion activity. 

Gollins and Potterfield showed before that WNV particles fuse with liposomes 
in a pH-dependent manner (Gollins & Porterfield, 1 986). In their work, fusion was 
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Fig. 3. Influence of the maturation state on the fusogenic properties of WNV. (a) Protein composition. 
Lanes (1)  wt WNV; (2) immature WNV; (3) furin-treated immature WNV; (4) immature WNV treated for 16 h 
incubation at pH 6.0 in the absence of furin. Results shown are representative of three independent analyses. 
(b) Restoration of infectivity upon furin cleavage of immature WNV. Viral titers were determined on BHK-21 
cells. Titers represent an average of three independent titrations. Error bars indicate the standard deviation. 
(c) Fusion activity of wt WNV, immature WNV, and immature WNV upon furin cleavage. Virus (approx. 20 
µg protein; corresponds to 1 x 1 012 particles) was mixed with pyrene-labeled SUVs (0.5 µM phospholipid; 
corresponds to 1 x 1 010 particles) consisting of PC/pyrPC/PE/Chol (molar ratio 0.85:0. 1 5: 1  :2) and fusion was 
measured. Curve (a), wt WNV at pH 6.3; (b) furin-treated immature WNV at pH 6.3; (c) wt WNV at pH 7.4; (d) 
immature WNV at pH 6.3. Representative fusion curves of at least three experiments are shown. 
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measured quantitatively on the basis of content mixing between [3H]uridine-labelled 
WNV with RNase-containing liposomes. Efficient RNA degradation was observed after 
two minutes incubation at low pH, indicating that membrane fusion occurs relatively 
quickly upon acidification. In this study, we obtained a detailed insight into the kinetics 
of membrane fusion as we measured fusion in a continuous fashion on the basis of 
lipid mixing. We observed that the majority of particles fused with liposomes within 3 
seconds after exposure of the virus-liposome mixture to pH values ranging from pH 
6.3 to 5.0. At pH 6.5, much lower fusion rates were observed even though maximum 
extent was reached. If we define the fusion curve as a cumulative plot of complete 
individual membrane fusion events, the lower rate of fusion suggests that the time from 
acidification to fusion and lipid mixing is variable under these conditions. This may reflect 
differences in the specific organization of viral glycoproteins on individual virions, as a 
mixture of mature and partially mature particles are suggested to be present in WNV 
preparations. At pH 6.7 slower kinetics and lower extents of fusion were observed, 
the threshold for fusion being pH 6.9. The kinetics of membrane fusion are similar to 
those described before for TBEV and faster compared to that of alphaviruses, which 
suggests that flaviviruses require a lower activation energy to drive the membrane 
fusion process (Bron et al., 1993; Carver et al., 2000). 

The presence of Chol in target membranes strongly promotes membrane fusion 
activity of WNV. The highest extent of fusion was observed with liposomes containing 
50 mol % Chol. The presence of Chol and SPM in target membranes is not required for 
membrane fusion activity, which suggests that, in general, flaviviruses exhibit a distinct 
lipid dependency compared to that of alphaviruses (Gollins & Porterfield, 1986; Carver 
et al., 2000; Stiasny et al., 2003; Umashankar et al., 2008). Furthermore, our results 
demonstrate that the rate of fusion (related to the final extent reached) is similar both 
in the absence and presence of Chol, suggesting that Chol does not stimulate the 
fusion process itself. Instead, we propose that the presence of Chol facilitates a more 
stable initial interaction of WNV with target membranes. Indeed, coflotation studies 
showed that Chol strongly promotes low-pH-triggered interaction of the fusion protein 
of alphaviruses (Semliki Forest virus, SFV) and flaviviruses (TBEV and DENV) with 
liposomes (Stiasny et al. , 2003; Umashankar et al., 2008). In contrast to SFV E1, 
however, DENV E does not directly interact with Chol in the target membrane, which 
suggests that the observed promoting effect of Chol is due to the overall change of the 
lipid environment of the target membrane. Moreover, a recent study suggested that 
cholesterol-rich microdomains are involved in WNV uptake as it was observed that 
viral entry is inhibited in cholesterol-depleted cells (Medigeshi et al., 2008). Our results 
show that WNV fusion proceeds efficiently in the absence of SPM, indicating that the 
presence of lipid rafts is not essential for WNV membrane fusion. However, we do not 
exclude the possibility that rafts are involved in the entry process of WNV. 

It is generally accepted that the presence of prM in immature flavivirus particles 
obstructs viral infectivity (Elshuber et al., 2003; Zybert et al., 2008). Furthermore, 
studies on TBEV have revealed that cleavage of prM to M is important for the activation 
of the membrane fusion machinery, using a fusion-from-without assay in C6/36 cells 
(Guirakhoo et al., 1 991; Stadler et al., 1 997). In the present study, we analyzed the 
fusion properties of immature and mature WNV particles in an on-line fashion using 
a liposomal fusion assay. We show that immature particles lack the ability to induce 
membrane fusion. The infectious properties of WNV particles could be activated upon 
furin cleavage, after which a complete restoration of membrane fusion was observed. 
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This proves that cleavage of prM to M is strictly required for expression of membrane 
fusion activity of WNV. Furthermore, our results indicate that immature particles, in 
contrast to wt virus preparations, are protected against low pH-mediated inactivation of 
membrane fusion activity. This substantiates the notion that upon cleavage of prM to M, 
the pr-peptide remains associated with the mature particle until it is returned to neutral 
pH, thus stabilizing the virus particle and preventing irreversible loss of membrane 
fusion that would otherwise occur under low pH conditions (Yu et al., 2008). 
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Immature dengue virus: a veiled 

pathogen? 

lzabela A. Rodenhuis-Zybert, Hi lde M .  van der Schaar, 
Julia M. da Silva Voorham, Heidi van der Ende-Metselaar, Huan-Yao Lei , 

Jan Wilschut and Jolanda M .  Smit 

Cells infected with dengue virus release a high proportion of immature prM-containing 
virions. In accordance, substantial levels of prM antibodies are found in sera of infected 
humans. Furthermore, it has been recently described that the rates of prM antibody 
responses are significantly higher in patients with secondary infection compared to 
those with primary infection. This suggests that immature dengue virus may play a role 
in disease pathogenesis. Interestingly however, numerous functional studies have 
revealed that immature particles lack the ability to infect cells. In this report, we show 
that fully immature dengue particles become highly infectious upon interaction with 
prM antibodies. We demonstrate that prM antibodies facilitate efficient binding and cell 
entry of immature particles into Fe-receptor-expressing cells. In addition, enzymatic 
activity of furin is critical to render the internalized immature virus infectious. Altogether, 
these data suggest that during a secondary infection or primary infection of infants 
born to dengue-immune mothers, immature particles have the potential to be highly 
infectious and hence may contribute to the development of severe disease. 
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Authors summary 

Dengue virus represents a major emerging arboviral pathogen circulating in the (sub) 
tropical regions of the world, putting 2.5 billion people at risk of infection. Each of 
the four circulating serotypes can cause disease ranging from febrile illness to 
devastating manifestations including Dengue hemorrhagic fever and Dengue shock 
syndrome. Severe illness is observed in individuals experiencing a re-infection with 
a heterologous dengue virus serotype and in infants born to dengue-immune mothers, 
presumably due to antibody- dependent enhancement of infection. Interestingly, it has 
been recently reported that patients experiencing a secondary infection have elevated 
levels of antibodies directed against the prM protein of immature dengue virus particles. 
Although it is known that cells infected with dengue virus release substantial amounts of 
prM-containing virions, numerous functional studies have demonstrated that immature 
particles lack the ability to infect cells. Herein, we show that essentially non-infectious 
fully immature dengue virions become virtually as infectious as wild type virus particles 
in the presence of prM antibodies. Anti-prM antibodies facilitate efficient binding and 
entry of immature dengue virus into cells carrying Fe-receptors. Furthermore, furin 
activity in target cells is critical for triggering infectivity of immature virus. These data 
indicate that immature dengue virus has the potential to be highly infectious and hence 
may contribute to disease pathogenesis. 
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Introduction 

Dengue virus (DENV) represents a major emerging arthropod-borne pathogen. There 
are four distinct serotypes of DENV which, according to WHO estimates, infect about 
50-1 00 million individuals annually, mostly in the {sub)tropical regions of the world. 
While most DENV infections are asymptomatic or result in self-limited dengue fever 
(DF), an increasing number of patients present more severe, potentially fatal clinical 
manifestations, such as dengue hemorrhagic fever (DHF) and dengue shock syndrome 
(DSS). It is well established that a major risk factor for the development of DHF/DSS 
is secondary infection with a heterotypic virus serotype [1-3]. Also primary infection 
of infants born to dengue-immune mothers may lead to severe disease [1 ,4,5]. These 
observations have led to the hypothesis of antibody-dependent enhancement (ADE) of 
infection [3, 6, 7]. Increased disease severity appears to correlate with high circulating 
virus titers [3, 8-11 ], suggesting that antibodies directly influence the infectious 
properties of the virus. The molecular mechanisms by which antibodies enhance DENV 
infection however remain elusive. 

DENV, as well as other major human pathogens like West Nile virus {WNV), 
yellow fever virus, and tick-borne encephalitis (TBEV) belong to the Flavivirus genus 
within the family Flaviviridae. Flaviviruses enter cells via clathrin-mediated endocytosis 
and fuse from within acidic endosomes, through which the viral genome gains access 
to the target cell cytoplasm[12]. Following RNA replication and protein translation, 
immature virions, which contain heterodimers of the transmembrane proteins E and 
a precursor form of M {prM), are assembled within the ER. Subsequently, the particles 
mature by passing through the Golgi and trans-Golgi network (TGN)[1 3]. In the acidic 
environment of the TGN, the virion undergoes a conformational change and the cellular 
endoprotease furin cleaves prM into M and a peptide ("pr'') that remains associated 
with the virion [14]. Upon release, the pr peptide dissociates from the virion, resulting 
in the formation of mature progeny virions. 

Cells infected with DENV secrete high levels (-30%) of prM-containing 
immature particles [1 5, 1 6] suggesting that cleavage of prM to M is not efficient. These 
DENV particles are released from infected cells as fully immature prM-containing 
particles and partially immature particles containing both prM and M proteins in the 
viral membrane [17]. Extensive functional analyses have revealed that fully immature 
flaviviruses lack the ability to infect cells, as the presence of uncleaved prM in the virion 
blocks the E glycoprotein from undergoing the pH-induced conformational changes 
that are required for membrane fusion [1 6, 1 8-22]. Although immature particles are 
therefore generally considered as irrelevant by-products of infected cells, the rates of 
prM antibody responses are significantly higher in patients with secondary infection 
compared to those with primary infection [23]. Furthermore, previous reports show that 
prM antibodies can enhance DENV infection. Enhancement of infection was observed 
for wild-type virus [24, 25), presumably due to the presence of uncleaved prM in these 
preparations, and with DENV particles containing high levels of prM generated from 
cells treated with chloroquine [26]. It is thus quite puzzling if indeed the presence of prM 
obstructs DENV infectivity, how immature particles contribute to disease pathogenesis 
and what role do anti-prM antibodies play in the enhancement of infection? The present 
study addresses these questions. 
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Results 

Fully immature dengue virus particles becomes highly infectious in the presence of 
prM antibodies 

First, we investigated if prM antibodies are able to render fully immature DENV 
infectious. To this end, immature DENV-2 strain 16681 particles were produced 
in furin-deficient LoVo cells. We have used this procedure before and showed that 
LoVo-derived particles have an average content of 94% ± 9% prM [16]. Furthermore, 
we demonstrated that the specific infectivity of LoVo-derived fully immature DENV 
is at least 10,000-fold reduced compared to that of wild-type virus on cells highly 
permissive to infection [16]. The infectious properties of fully immature DENV virions 
were determined in Fe-receptor-expressing K562 cells in the absence or presence of 
increasing concentrations of the 70-21 antibody. This is an lgG2a antibody that has 
been isolated from DENV-infected mice and is mapped to amino acids 53-67 of prM 
[25]. Antibodies recognizing this epitope are abundantly present in sera of DHF/DSS 
patients [16,27]. K562 cells were infected with DENV at a multiplicity of 100 genome
containing particles per cell (MOG 100). The number of genome-containing particles 
(GCP) was determined by quantitative PCR analysis of reverse-transcribed viral 
RNA [15]. At 24-48 hours post-infection (hpi), cells were fixed and prepared for flow
cytometric analysis to determine the number of infected cells, measured on the basis 
of dengue E protein expression. We observed that 43 hpi is optimal for read-out as it 
represents a single round of infection together with a high mean fluorescence intensity 
per infected cell (Fig. S1). 
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Fig. S1. Time course of the number of DENY-infected K562 cells. Cells were infected with wild-type 
DENV at MOG 1 00. At the indicated time points, cells were fixed, stained intracellularly with Alexa-647-
coupled anti-E antibody 3H5.1 ,  and subjected to flow-cytometric analysis. MFI denotes "mean fluorescence 
intensity" of infected cells. 

In agreement with our previous study [15, 16], we observed that fully immature DENV 
particles are essentially non-infectious as the number of E-positive cells did not exceed 
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the limit of detection (Fig. 1A). Remarkably however, substantial numbers of E-positive 
cells were observed upon infection of cells with fully immature particles opsonized 
with the anti-prM antibody (Fig. 1A). Subsequent titration of the cell supernatants at 43 
hpi revealed that opsonization of immature DENV with anti-prM antibody dramatically 
enhanced (up to 30,000-fold) virus particle production (Fig. 1 B). The results show that 
prM antibodies render essentially non-infectious immature DENV nearly as infectious 
as wild- type virus (Fig. 1 B). Enhancement of immature DENV infectivity was seen in 
a broad antibody concentration range, even at conditions of high antibody excess. 
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Fig. 1. Immature DENV particles become highly infectious In the presence of antl-prM antibodies. 
K562 cells were infected with immature (prM) or wild-type (wt) DENV-2 strain 1 6681 at MOG 1 00 in the 
presence or absence of anti-prM 70-21 . (A) Representative read-out of the percentage of infected cells. 
Prior to infection, immature DENV particles were incubated with 40 ng/ml 70-21 antibody for 1 h at room 
temperature. At 43 hpi, the cells were fixed, stained intracellularly with Alexa-647-coupled anti-E antibody 
3H5. 1 ,  and subjected to flow-cytometric analysis. Mock-infected cells and an lgG isotype control (murine 
lgG2a) antibody were used as controls. Tltrations of the virus particles released at 43 hpi from infected K562 
cells (B), U937 cells (C), and primary human PBMCs (D) were performed by plaque assay on BHK-1 5 cells. 
Data are expressed as means of at least three independent experiments. The error bars represent standard 
deviations (SD); (n.d.) denotes "not detectable". 

To ensure that the observed high level of enhancement is not restricted to 
a single antibody we performed additional experiments with the murine lgG2a prM 
antibody 2H2 [28]. The results show that 2H2 stimulated the infectious properties 
of fully immature particles up to 1 ,000 fold (Fig. S2A). Although, this antibody has 
previously been shown to enhance DENV infectivity [26], the power of enhancement 
observed here is striking and demonstrates that prM antibodies render essentially non
infectious fully immature DENV highly infectious. 
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Subsequently, we investigated the enhancing properties of both prM antibodies 
in Fe-receptor-bearing human monocytic U937 cells and observed that the antibodies 
again significantly stimulate the infectivity of immature particles (Fig. 1 C, S28). 
Thereafter, we studied the infectious properties of immature DENV particles in primary 
human PBMCs, cells which are known to be involved in dengue pathogenesis. The 
results show that, also under these conditions, prM antibodies render fully immature 
particles infectious (Fig. 1 D, S2C). 
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Fig. S2. prM antibody 2H2 enhances the infectious properties of immature DENV particles. Cells were 
infected with immature (prM) or wild-type (wt) DENV-2 particles at MOG 1 00 in the presence or absence of 
anti-prM 2H2. Virus particle production was measured at 43 hpi by plaque assay on BHK-1 5 cells. (A) K562 
cells, (B) U937 cells, (C) PBMCs. Data are expressed as means of at least two independent experiments. 
The error bars represent standard deviations (SD); (n.d.) denotes "not detectablen . 

Antibodies against prM facilitate binding of immature dengue virus particles to Fcy/1-
receptors on target cells 

To better understand the mechanism by which prM antibodies trigger infectivity of 
immature DENV, we analyzed the distinct steps in the cell entry pathway of the virus. 
First, the binding of immature virions to K562 cells was determined by quantitative
PCR. In order to determine the number of bound GCP per cell, the amount of virus 
added per cell was increased 1 0-fold compared to the concentration used in the 
infectivity experiments. The results show that antibody-opsonized immature DENV 
binds approximately 30-fold more efficiently to cells than immature particles in the 
absence of antibody (Fig. 2A). Indeed, immature particles opsonized with anti-prM 
bound almost as efficiently to cells as wild-type DENV in the absence of antibody. 
Moreover, immature DENV particles failed to interact efficiently with baby hamster 
kidney cells (BHK-1 5), cells which are highly permissive for dengue infection (data not 
shown) suggesting that the observed lack of infectivity is partially related to the poor 
binding efficiency of immature particles to cells. It is likely that binding of virus-antibody 
complexes is mediated by direct interaction of the antibody with the Fe-receptor 
expressed on the cell surface. Indeed, treatment of cells with an anti-CD32 antibody 
to block Fcyll-receptor interaction, or opsonization of particles with mAb70-21 F(ab')2 
fragments severely reduced virus particle production upon infection of K562 cells 
with opsonized immature virions, whereas it had no effect on infection with wild-type 
virus (Fig. 28). Although this antibody has been previously described to enhance the 
infectious properties of wild-type DENV in cells with or without Fe-receptors [25,27], 

72 



Immature dengue virus: a veiled pathogen? 

A B 

1 20 6 
• prM p:0.928 • prM 

1 00 D wt E 5 

80 :5 4 
I p:Q.Q1 7 I Q_ 

£ 60 oi 3 
0 g (!) 

40 fil 2 

20 

0 0 
n.d. n.d. n.d. n.d. 

70-21 mAb + lgG 70-21 mAb + + 

anti-CD32 mAb + + 

70-21 F(ab')2 + 

Fig. 2. Anti-prM antibody stimulates binding of immature DENV particles to cells through interaction 
with FcyllR. (A) Binding of immature and wild-type virions with and without prior opsonization to antibodies 
(40 ng/ml) to K562 cells. Virus-cell binding was measured after 1h incubation at 4°C by q-PCR analysis. (B) 
Effect of anti-CD32 mAb and 70-21 F(ab')

2 
fragments on virus particle production. Virus particle production 

was determined as described in the legend to Figure 1 B. Data are expressed as means and SD of three 
independent experiments. Two-tailed Student's t-tests were performed for statistical analysis of the data. 

clearly in the case of immature particles interaction with the Fe-receptor is important 
for infectivity. Taken together, these data indicate that prM antibodies facilitate efficient 
interaction and cell entry of virus-immune complexes via the Fcyll-receptor. 

Furin activity is critical in rendering immature particles infectious 

Efficient FcyllR-mediated cell entry does not however clarify what is the trigger for 
immature virions to become infectious, since the presence of prM has been shown 
to obstruct membrane fusion activity of the virus [14, 16, 18]. One could speculate that 
anti-prM antibody bound to immature virions induces a conformational change that 
would enable the E protein to trigger membrane fusion irrespective of the presence 
of prM. Another scenario might be that prM-containing virions mature upon cell entry 
since furin, although predominantly present in the TGN, also shuttles between early 
endosomes and the cell surface. To verify the potential involvement of furin during virus 
cell entry, we investigated the infectious properties of antibody-opsonized immature 
DENV in cells treated with furin inhibitor, decanoyl-L-arginyl-L-valyl-L-lysyl-L-arginyl
chloromethylketone (decRRVKR-CMK). In aqueous solution, decRRVKR-CMK has a 
half-life of 4-8 h [29] and therefore it is not expected to interfere with the maturation 
process of newly assembled virions within the infected cell. The results show that 
inhibition of furin activity completely abrogated virus particle production in cells infected 
with antibody-opsonized immature virions, whereas infection of cells with wild-type 
virus remained unaffected under these conditions (Fig. 3A}. 

To further substantiate the role of furin in triggering viral infectivity, we generated 
a furin cleavage-deficient virus (pDENprMA90} by deletion of the lysine on the position 90 
(87-R-R-E-K-R-91) within the furin recognition sequence. Subsequently, DENVprMA90 
virus and wild-type DENV-2 16681 (generated from p02/IC-30P} virus were produced 
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by transfection of RNA transcripts derived from the cDNA plasmids into BHK-1 5 cells. 
Virus production was measured by determining the number of physical particles based 
on GCP and the number of infectious units as measured by plaque assay. The presence 
of physical particles was further evaluated in three-layer ELISA experiments, by 
coating plates with a similar number of genome-containing DENVprMA90 particles and 
LoVo-derived immature particles. Similar OD values were measured for DENVprMA90 
and LoVo-derived viruses (data not shown), which confirms the presence of physical 
particles and suggests that the number of genome-containing particles is accurately 
determined. Subsequent titration studies revealed that the specific infectivity of 
DENVprMA90 mutant virus is reduced by a factor of 1 2.000 compared to that of wild
type virus (generated from pD2/IC-30P) and is comparable to LoVo-derived immature 
virus. Next, K562 cells were infected with DENVprMA90 mutant virus opsonized with 
increasing concentrations of prM antibody 70-21 . Figure 38 shows that disruption of 
the furin-recognition motif within the prM protein of the virus abrogates the enhancing 
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Fig. 3. Immature DENY particles mature upon FcyllR-mediated cell entry. (A) K562 cells were infected 
with DENV or DENV-immune complexes in the presence or absence of furin inhibitor (25 µM). As a positive 
control for compound activity, wild-type DENV-infected cells were treated with an additional dose of furin 
inhibitor at 24 hpi to impede virus maturation and consequently the production of infectious virions ( ++ ). Virus 
particle production was determined as described in the legend to Figure 1 B. Data are expressed as means 
and SD for three independent experiments; (n.d.) denotes "not detectable". (B) K562 cells were infected 
with DENVprMa90 at MOG 100 in the presence of increasing concentrations of prM antibody 70-21 .  As 
control, the infectivity of wild-type virus (generated from the infectious clone pD2/IC-30P) at MOG 1 00 is 
shown. Virus production was assessed as described in the legend to Figure 1 B. (C) prM antibodies do not 
affect cleavage maturation of DENV particles. Purified rss]methionine-labeled immature particles with and 
without enhancing concentrations of anti prM mAb 70-21 were incubated with furin at pH 6 for 1 6  h. Next, 
viral protein composition was analyzed by non-reducing SDS-polyacrylamide gel electrophoresis. 
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activity of the anti-prM-antibody, demonstrating that enzymatic cleavage of prM to M by 
furin is critical to render immature DENV infectious. 

To address the question as to whether prM to M cleavage can occur upon 
interaction of immature DENV particles with antibodies, we incubated [35S]- methionine
labeled immature particles in the absence and presence of antibodies with exogenous 
furin for 16 h at pH 6.0 [16]. Protein visualization was done by SOS-PAGE analysis. In 
agreement with previous studies, we observed that exogenous furin treatment induces 
efficient cleavage of prM to M (Fig. 3C). Importantly, we found that the presence of prM 
antibodies does not affect DENV maturation, as virtually complete cleavage of prM to 
M was observed (Fig. 3C). 

Antibody- mediated entry of immature dengue virus particles does not lead to an 
increased production of virus particles per cell 

It has been postulated that antibody-mediated entry of DENV leads to a higher production 
of virus particles per infected cell, a phenomenon often referred to as intrinsic ADE 
[30]. In this part of the study, we investigated whether prM-mediated entry of immature 
DENV supports intrinsic ADE. Since immature particles are essentially non-infectious 
in the absence of antibodies, we compared the production of prM- opsonized immature 
DENV particles with wild- type virus in K562 cells. For accurate comparison, we first 
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Fig. 4. FcR-mediated entry of immature DENV does not enhance the number of progeny virions 
produced per cell. K562 cells were infected with immature (prM) DENV-2 at MOG 1 00 in the absence 
or presence of 40 ng/ml of 70-21 antibody and with wild-type virus at MOG 1 0  and 100. (A) At 43 hpi, the 
cells were fixed, stained intracellularly with Alexa-647-coupled anti-E antibody 3H5.1 , and subjected to flow
cytometric analysis. Mock-infected cells and an irrelevant murine lgG2a antibody were used as controls. 
(B) Mean fluorescent intensity of cells infected with immature virus (MOG 100) and wild-type DENV (MOG 
10) (C) Titration of the virus particles released at 43 hpi from infected K562 cells using plaque assay. Data 
are expressed as means of at least three independent experiments. The error bars represent standard 
deviations (SD). 
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searched for a condition that gives a similar percentage of infected cells. Infection of 
K562 cells with prM-opsonized immature DENV at a MOG of 1 00 leads to 0.53% +/-
0.14 infected cells (Fig. 1 ,  4A). Comparable numbers of infected cells were detected 
for wild-type DENV at MOG 1 0  (Fig. 4A). Under these experimental conditions, no 
differences were observed in E protein expression and production of virus particles (Fig. 
48-C), which indicates that the presence of prM antibodies, while evidently stimulating 
the infectious properties of immature virions, has no enhancing effect on the number of 
progeny virions produced per cell. 

Antibody against prM enhances the infectivity of wild-type dengue virus in a furin
dependent manner 

Given the high number of prM-containing particles in wild-type DENV preparations it is 
possible that prM antibodies also enhance the infectious properties of wild-type DENV. 
Indeed, in agreement with previous studies, opsonization of wild-type virus with prM 
antibodies results in a significant increase of viral infectivity (Fig. 5A-C, Fig. S3)[24, 25]. 
The level of enhancement is dependent on the cell type used and comparable to what 
has been described before for E antibodies [31 , 32]. Enhancement of wild-type DENV 
infection was observed at higher antibody concentrations compared to that of immature 
particles. Although we do not completely understand these differences, we think that 
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Fig. 5. prM-specific antibody 70-21 enhances infectivity of wild
type DENV in a furin-dependent manner. 
Cells were infected with wild-type (wt) DENV-2 at MOG 100 in the 
presence ofincreasing concentrations of anti-prM 70-21 . Virus particle 
production was measured at 43 hpi by plaque assay on BHK-1 5 
cells. (A) K562 cells, (B) U937 cells, (C) PBMCs. (D) Enhancement 
of infection is dependent on endogenous furin activity. K562 cells 
were infected with DENV with and without prior opsonization with 
4000 ng/ml 70-21 in the presence or absence of furin inhibitor as 
described in the legend to Figure 3. Data are expressed as means 
of at least three independent experiments. The error bars represent 
standard deviations (SD); (n.d.) denotes "not detectablen; * denotes 
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Fig. S3. prM antibody 2H2 enhances the infectious properties of wild-type DENY In various cell types. 
Cells were infected with wild-type (wt) DENV-2 at MOG 1 00 in the presence of increasing concentrations of 
2H2. Virus particle production was measured at 43 hpi by plaque assay on BHK-1 5 cells. (A) K562 cells, (B) 
U937 cells, (C) PBMCs. Data are expressed as means of at least three independent experiments. The error 
bars represent standard deviations (SD); (n.d.) denotes "not detectable"; * denotes significance (p<0.05) 
analyzed using Two-tailed Student's t-tests. 

this may be related to the presence of structurally distinct immature virus particles 
(individual variations in prM/M content) in wild-type preparations [17). Importantly, 
no enhancement of infection was observed in cells treated with furin inhibitor (Fig. 
5D), demonstrating that furin activity in the target cells plays a vital role in triggering 
the infectious properties of antibody-opsonized immature particles in wild-type DENV 
preparations. Collectively, these results illustrate that prM antibodies enhance the 
infectious properties of prM-containing particles in wild-type DENV preparations and 
therefore may be important in disease pathogenesis. 

Dengue-immune sera enhance the infectious properties of immature dengue virus 
particles 

As a first step towards elucidation of the implications of our findings in disease 
pathogenesis we evaluated the enhancing properties of 7 convalescent serum samples 
from patients infected with DENV-2. The infectious properties of immature particles 
opsonized with various dilutions of polyclonal sera were determined in U937 cells, 
since this cell line expresses both Fe receptors CD32 and CD64 on the cell surface. 
At 43 h post-infection, the medium was harvested and the production of virus particles 
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Fig. 6. Immature DENY becomes infectious In the 
presence of DENY-Immune sera . 
U937 cells were infected with immature (prM) DENV-2 
at MOG 1 00 in the presence of 1 0-fold sequential 
dilutions of dengue patients sera. Virus particle 
production was measured at 43 hpi by plaque assay on 
BHK-1 5 cells. Sera of two patients showed significant 
enhancing activity towards immature DENV virions at 
a 104 sera dilution. The error bars represent standard 
deviations (SD); (c.s.) denotes "control serum"; (n.d.) 
denotes "not detectable"; * denotes significance 
(p<0.05) analyzed using Two-tailed Student's t-tests. 
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was measured by plaque assay. No plaques were found in the absence of sera and 
in the presence of DENV-na"ive serum (Fig. 6). Convalescent sera from two distinct 
DENV-2 infected patients significantly enhanced the infectious properties of immature 
DENV particles at a 1 0,000 dilution (Fig. 6). Sera from two other patients enhanced 
the infectivity of immature particles to a minor extent as only a low number of plaques 
(average of 1 .5 plaques) was observed. The three remaining patient sera did not show 
any effect on viral infectivity of immature particles as no viral plaques were observed. 
As expected, nearly all of the analyzed patient sera enhanced the infectious properties 
of wild-type virus particles (Fig. S4 ). 
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Fig. S4. DENV-lmmune sera stimulate infectivity of wild-type DENV. 
U937 cells were infected with wild-type (wt) DENV at MOG 1 00 in the presence of 1 0-fold sequential dilutions 
of polyclonal sera. Virus particle production was measured at 43 hpi by plaque assay on BHK-1 5 cells. Viral 
titers obtained at 1 04 sera dilution are depicted on the plot. The error bars represent standard deviations 
(SD). 

Discussion 

Multiple studies have shown that immature particles are non-infectious, the presence of 
prM obstructing the low-pH-induced conformational changes in the viral E glycoprotein 
required for membrane fusion of the virus [14, 1 6, 1 8, 21 , 22, 33]. On the other hand, 
prM antibodies have been shown to enhance DENV infection [24, 25]. In this report, we 
show that the lack of infectivity of fully immature particles in the absence of antibodies 
is primarily related to inefficient binding of immature virions to the cell surface. If 
binding is facilitated through anti-prM antibodies, immature DENV particles become 
highly infectious presumably due to efficient intracellular processing of prM to M by the 
endoprotease furin. 

Maturation upon entry has been previously reported for other enveloped viruses. 
Zhang and co-workers [34] showed that the infectivity of immature particles of Semliki 
Forest virus, an alphavirus, can be triggered by furin during viral endocytosis. It is likely 
that DENV maturation also occurs within acidic endosomes, since previous in vitro 
experiments have revealed that cleavage of immature particles by furin is dependent 
on the exposure of the virus to low pH [1 6]. We propose that the acidic conditions of the 
endosome, similar to those in the acidic TGN during processing of newly assembled 
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virions, triggers an initial conformational change in the virion such that furin is able 
to cleave prM to M and the "pr" peptide. Interestingly, a recent report has shown that 
upon cleavage of prM a large fraction of pr peptide remains associated with the virion 
and that back- neutralization to pH 8.0 is required to release the pr peptide from the 
virion [14]. The authors interpreted this as a mechanism preventing newly assembled 
cleaved virions from undergoing membrane fusion in the acidic TGN. However, this 
notion is difficult to reconcile with our present observations, since virions that have 
matured within acidic endosomes of target cells do not return to neutral-pH conditions 
before initiating infection. One may speculate that the pr peptide stabilizes the E protein 
to such an extent that it survives the mildly acidic lumen of the TGN (-pH 6.0), but is 
released at the more acidic pH of endosomes (-pH 5.0) such that the E proteins have 
the capacity to rearrange to their fusion-active conformation. Another possibility is that 
upon cleavage of prM the pr peptide associates with the prM antibody instead of the 
E protein, thereby enabling the E proteins to adopt the fusion-active conformation. 

The observed infectious potential of immature DENV virions in the presence 
of anti-prM antibodies may have important implications for our understanding of the 
processes involved in dengue pathogenesis. We speculate that in the early stages 
of a primary infection, before the appearance of virus-specific antibodies, immature 
virions would fail to penetrate host cells and therefore are of minor significance in 
disease development. On the other hand, during a secondary infection or primary 
infection of infants born to dengue- immune mothers, immature particles may become 
highly infectious due to the presence of anti-prM antibodies and hence may contribute 
to an increased dengue-infected cell mass and a high circulating virus titer, one of 
the preludes for the development of severe disease symptoms [3, 8-11 ]. Importantly, 
anti-prM antibodies may activate the infectious properties of a large population of virus 
particles, since we recently observed that a typical DENV-2 preparation of the prototype 
strain 1 6681 contains as much as 30% prM [1 6]. Taken together, our results suggest 
that immature DENV particles act as a veiled pathogen and can, like mature DENV 
contribute to the disease pathogenesis. 

Variable levels of enhancement were seen with DENV-immune sera. As 
expected, virtually all of analyzed DENV- immune sera stimulated the infectivity of 
wild-type DENV. Interestingly, sera from 2 out of 7 patients significantly enhanced the 
infectious properties of immature particles. This suggests that individual patients develop 
different responses to prM. On the basis of these results, we believe that it is important 
to further investigate the antibody responses in DENV-infected patients and to unravel 
if patients with prM antibodies are more susceptible to develop severe disease. In this 
respect, it is interesting to note that the rates of prM antibody responses are significantly 
higher in patients experiencing a secondary infection compared to a primary infection 
[23]. Clearly, future clinical studies are required to obtain further evidence for the role 
of immature particles and prM antibodies in disease development. 

Materials and methods 

Cells. Aedes albopictus C6/36 cells were maintained in minimal essential medium 
(Life Technologies) supplemented with 1 0% fetal bovine serum (FBS), 25 mM HEPES, 
7.5 % sodium bicarbonate, penicillin (1 00 U/ml), streptomycin (1 00 µg/ml), 200 mM 
glutamine and 1 00 µM nonessential amino acids at 28°C, 5 % CO

2 • Baby Hamster 
Kidney-21 clone 1 5  cells (BHK-15) cells were cultured in DMEM (Life Technologies) 
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containing 10% FBS, penicillin (100 U/ml), streptomycin (100 µg/ml), 1 O mM HEPES, 
and 200 mM glutamine. Human adenocarcinoma LoVo cells were cultured in Ham's 
medium (Life Technologies) supplemented with 20 % FBS at 37°C, 5% CO2 • Human 
erythroleukemic K562 cells were maintained in DMEM supplemented with 10% FBS, 
penicillin (100 U/ml), and streptomycin (100 µg/ml) at 37°C, 5% CO2 • Human leukemic 
monocyte lymphoma U937 cells were maintained in lscove's modified Dulbecco's 
medium (GIBCO) supplemented with 10% FBS, 4 mM L-glutamine, penicillin (100 U/ 
ml), and streptomycin (100 µg/ml) and adjusted to contain 1.5 gn sodium bicarbonate, 
10 mM HEPES and 1.0 mM sodium pyruvate (GIBCO). Cells were incubated at 37°C at 
5% CO2 • Human peripheral blood mononuclear cells (PBMCs) were maintained in RPMI 
1640 medium supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin 
(100 µg/ml). PBMCs were isolated from heparinized blood samples collected from 
healthy persons using standard density centrifugation procedures with LymphoprepTM 
(AXIS-SHIELD). The PBMCs were used immediately after isolation or cryopreserved 
at -150°C. On the day of infection, the percentage of CD14+, CD19- population within 
isolated PBMCs was determined (5 % -1 O % depending on the blood donor) using cell 
surface markers CD-14 -FITC and CD19-R-PE purchased from commercial source (IQ 
Products). 

Virus growth. DENV-2 strain 16681, kindly provided by dr. Claire Huang (Center for 
Disease Control and Prevention, USA), was propagated on C6/36 cells as described 
before[16] . Briefly, monolayer of C6/36 cells was infected at multiplicity of infection 
(MOI of 0.1 ). At 96 hpi, the medium was harvested, cleared from cellular debris by 
low-speed centrifugation, aliquoted, and stored at -80°C. Immature DENV particles 
were produced on LoVo cells as described previously [16]. Briefly, LoVo cells were 
infected at MOI 10. Virus inoculum was removed after 1.5 h and fresh medium was 
added after washing the cells twice with PBS. At 72 hpi, the medium containing the 
virus particles was harvested, cleared from cellular debris by low-speed centrifugation, 
aliquoted, and stored at -80°C. [35S] methionine-labeled immature virus was prepared, 
as described previously [16]. Briefly, cells were infected at a MOI of 10. At 2 hpi, 400 
µCi of [35S]methionine (Amersham Biosciences) was added to 20 ml of medium and 
incubation was continued overnight. At 23 hpi, the medium was supplemented with 
an additional 200 µCi of radioactive label. At 72 hpi, the supernatant containing the 
viral particles was cleared from cell debris by low-speed centrifugation and the virions 
were pelletted and further purified on a discontinuous (20 and 55% w/v) OptiprepTM 
gradient (Axis-Shield) by ultracentrifugation. Virus was harvested from the gradient 
interface, aliquoted and stored at -80°C. Virus preparations were analyzed with respect 
to the infectious titer and the number of genome-containing particles, as described 
previously [15, 16] . 

The furin-cleavage mutant (pDENprMA90) was generated by deletion of the 
lysine codon within the furin-recognition site at position 90 of prM. The mutation was 
introduced in the DENV-2 16681 infectious cDNA clone (pD2/IC-30P) [35] . Briefly, 
two PCR fragments were generated using the following primers: forward primer A 
(5'-CTC AAC GAC AGG AGC ACG ATC AT- 3') and reverse primer A (5'- GAG TGC 
CAC TGA TCT TIC TCT TC-3') and forward primer B (5'- GAA GAG AAA A GAT 
CAG TGG CAC TCG TT-3') and reverse B (5'-GTG TCA TIT CCG ACT GCA TGC 
TCT-3'). The PCR fragments were ligated, cut with Sacl and Sph1, and ligated into 
pO2/IC-30P. The introduced deletion was confirmed by DNA sequence analysis using 
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an automated capillary sequencing system (ABI). RNA transcripts were generated 
from pDENprMA90 and pD2/IC-30P using T7 RNA polymerase and transfected into 
BHK-15 cells cells by electroporation (Bio-Rad Gene Pulser apparatus; two pulses 
at 1 .5 kV, 25 µF, and 200 Q). At 12 hours post transfection (hpt) cells were washed 
extensively to remove remaining RNA copies. Virus preparations were harvested at 
72 hpt, cleared from cellular debris by low-speed centrifugation, aliquoted, and stored 
at -80°C. Virus preparations were analyzed with respect to the infectious titer and 
the number of genome-containing particles, as described previously. The antigenic 
reactivity of DENVprM.190 was compared to LoVo-derived virus by standard three
layer ELISA. Briefly, microtiter ELISA plates (Greiner bio-one) were coated with 4x106 
GCP of different virus preparations per well in 100 µI coating buffer, overnight. After 
blocking with 2% milk in coating buffer for 45 min, 100 µI of two-fold serial dilutions 
of anti-DENV mAbs were applied to the wells and incubated for 1 .5 h, in triplicate. 
Subsequently, 100 µI of horseradish peroxidase-conjugated goat anti-mouse lgG
isotype antibody (Southern Biotech) was applied for 1 h. All incubations were performed 
at 37°C. Staining was performed using o-phenylene-diamine (OPD) (Eastman Kodak 
Company) and absorbance was read at 492 nm (A492) with an ELISA reader (Bio-tek 
Instruments, Inc.). 

Patient sera. Convalescent sera from DENV-2 immune, hospitalized patients were 
kindly provided by dr. G. Comach (Biomed-UC, Lardidev, Maracay, Venezuela) and 
dr. T. Kochel (U.S. Naval Medical Research Center Detachment, Lima, Peru). All sera 
samples analyzed were obtained between 20 -28 days following DENV-infection. 
lnfectivity assays. Virus or virus-antibody complexes were added to 2 x 105 K5 62 
cells, at a multiplicity of 100 genome-containing particles (MOG) per cell. After 1 .5 h 
incubation at 37°C, the inoculum was removed and fresh medium was added to the 
cells. At 24-48 hpi, the medium was harvested and virus production was analyzed by 
plaque assay on BHK-15 cells, as described previously [36]. To measure the number 
of infected cells, cells were fixed at 24-48 hpi, stained with 3H5-conjugated Alexa647, 
and analyzed using a FACS Calibur cytometer. For virus-antibody complex formation, 
virus particles were incubated for 1 h at 37°C with various dilutions of monoclonal prM 
antibody 70-21 and 2H2 in cell culture medium containing 2% FBS prior to the addition 
to cells. To investigate the involvement of the Fe receptor, mAb 70-21 F(ab')2 fragments 
produced by use of the immobilized pepsin (Pierce) were used. Alternatively, K5 62 
cells were pretreated with 25 µg/ml of anti-FcyRII antibody (MCA 1075PE, Serotec) 
for 1 h at 37°C, after which access antibody was removed by extensive washing. In 
furin blockage experiments, cells were treated with 25µM of furin-specific inhibitor, 
decanoyl-L-arginyl-L-valyl-L-lysyl-L-arginyl-chloromethylketone ( decRRVKR-CM K) 
(Calbiochem) prior and during virus infection. In control sample for the decRRVKR
CMK activity, additional 25 µM of the inhibitor was added to ensure blockage of the 
progeny virus maturation. 

Binding assays. To determine the number of bound genome-containing particles per 
cell, virus or virus-antibody complexes were incubated with 2 x 105 K526 cells at MOG 
1000 for 1 h at 4°C. Subsequently, cells were washed three times with ice-cold PBS 
containing MgCl2 and CaCl2 (Life Technologies) to remove unbound virus-antibody 
complexes. Then, viral RNA was extracted from the cells by use of the QIAamp Viral 
RNA mini Kit (QIAGEN). Thereafter, cDNA was synthesized from the viral RNA with 
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reverse transcription-PCR (RT-PCR), copies of which were quantified using quantitative 
PCR [15]. 

In vitro furin cleavage assays. [35S]methionine-labeled immature particles or 
viral immune complexes were incubated with furin [New England BioLabs] for 16 h at 
pH 6.0, as described previously [16]. Following furin treatment samples were subjected 
to sodium dodecyl sulphate-polycrylamide gel electrophoresis (SOS-PAGE) analysis to 
visualize the protein composition. 
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prM-antibody renders immature West Nile 

virus infectious in vivo 
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West Nile virus (WNV) is a member of the Flaviviridae and a neurotropic pathogen 
responsible for severe human disease. Flavivirus infected cells release virus particles 
that contain variable numbers of precursor membrane (prM) protein molecules at the 
viral surface. Consequently, antibodies are produced against the prM protein. These 
antibodies have been shown to activate the infectious potential of fully immature 
flavivirus particles in vitro. Here, we provide in vivo proof that prM antibodies render 
immature WNV infectious. Infection with antibody-opsonized immature WNV particles 
caused disease and death of mice and infectious WNV was found in the brains and 
sera. 
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West Nile virus (WNV) is a mosquito-borne flavivirus and an emerging pathogen 
responsible for encephalitis and neurologic disease in humans (Mackenzie et al. , 2004 ). 
Flaviviruses, which also include dengue virus (DENV) and tick-borne encephalitis 
(TBEV) virus, are enveloped, single-stranded RNA viruses and contain 3 structural 
proteins, capsid (C), envelope (E) and membrane (M). In mature virions, E is organized 
as 90 homodimers that lie flat against the viral surface forming a "smooth" protein shell 
(Kuhn et al., 2002). 

Flaviviruses infect cells via receptor-mediated endocytosis, which is mediated 
by the E glycoprotein (Lindenbach, 2001 ; Mukhopadhyay et al., 2005; van der Schaar 
et al., 2007). Following RNA replication, immature virions are formed which contain a 
precursor membrane protein (prM) in a heterodimeric configuration with E that extend 
as 60 trimeric spikes from the viral surface (Kuhn et al. , 2002). These newly formed 
particles mature during virus egress through the secretory pathway, where cleavage of 
prM by a furin-like protease generates infectious particles (Stadler et al., 1 997). This 
cleavage is known to be fairly inefficient as the prM content of virus particles released 
from DENV and WNV-infected cells is approximately 30% (Moesker et al., 201 0; Zybert 
et al., 2008). Furthermore, the prM content is variable on a per particle basis as recent 
studies showed that both fully immature as well as partially immature, or nearly mature, 
particles exist in wild-type (wt) preparations of DENV and WNV (Junjhon et al., 201 0; 
Li et al. ,  2008; Stadler et al., 1997). 

Recent studies showed that anti-prM is a major component of the serological 
response in DENV infection (Cardosa et al., 2002; Dejnirattisai et al., 201 0). The role 
of prM antibodies during flavivirus infection was long not understood as numerous 
functional studies revealed that immature prM-containing flavivirus particles are 
noninfectious (Elshuber & Mandi, 2005; Stadler et al., 1 997). Indeed, studies on TBEV, 
DENV and WNV have shown that cleavage of prM to M is required to activate the 
membrane fusion machinery of the virus (Guirakhoo et al. , 1 991 ; Moesker et al., 201 O; 
Stadler et al., 1 997; Zybert et al., 2008). Interestingly, however, we recently observed 
that prM antibodies bind to fully immature DENV particles and facilitate cellular entry 
through the Fe-receptor in a furin-dependent manner (Rodenhuis-Zybert et al., 201 0). 
Furthermore, antibodies against prM have been shown to enhance wt DENV infection 
(Huang et al., 2006) and the levels of prM antibodies were found to be higher in patients 
with secondary infection compared to sera from primary DENV infection (Lai et al., 
2008). Moreover, a recent study showed that human anti-prM antibodies fail to efficiently 
neutralize immature DENV infection in primary monocytes and enhance infection 20 
to 70% even at high concentrations (Dejnirattisai et al., 201 0). Also, human anti-prM 
antibodies did not significantly protect AG1 29 interferon-deficient mice from WNV 
infection (Calvert et al., 2011 ). This indicates that during natural flavivirus infection, 
depending on the proportion of mature and immature virions present in a population, 
prM antibodies may set the stage to antibody-dependent enhancement of infection. 
This also suggests that immature virus could potentially be an important component of 
flavivirus infection and as such contribute to the development of disease. 

In this study, we investigated the ability of prM antibodies to facilitate immature 
flavivirus infection in vivo using the well-established model of West Nile virus (NY99) 
infection in mice. To this end, wt WNV was generated in baby hamster kidney (BHK) 
cells and immature WNV (prMWNV) was generated in furin-deficient LoVo cells, as 
described before (Moesker et al., 201 0). We previously reported that LoVo-derived 
WNV is almost completely immature, the prM content being 87 ± 7% (Moesker et al., 
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2010). The specific infectivity of Lo Vo-derived WNV was determined by measuring 
the number of infectious units by plaque assay on baby hamster kidney (clone 15) 
cells (BHK-15) and the number of genome-containing particles (GCPs) by quantitative 
PCR (qPCR). To determine the number of GCPs, viral RNA was extracted by use of 
a QIAamp viral RNA mini kit (QIAGEN, Venlo, The Netherlands). Next, cDNA was 
synthesized with RT-PCR and the qPCR reaction was performed similar as described 
before for DENV (van der Schaar et al., 2008). For WNV, the forward primer 5'-GTI 
GGC GGC TGT TIT CTI TC-3', and the reverse primer 5'-GGG ATC TCC CAG AGC 
AGA ATI-3' and a TaqMan probe 5'-FAM-AAT GGC TIA TCA CGA TGC CCG CC
TAMRA-3' (Eurogentec, Seraing, Belgium) was used. The concentration of GCPs 
was determined by use of a standard curve based on a cDNA plasmid encoding 
the nonstructural genes of WNV NY99 (kind gift from Dr. G.P. Pijlman, Wageningen 
University, The Netherlands). The p.f.u.-to-particle ratio of wt WNV was on average 
1 :330 (n=2), which is in agreement with earlier reports (Moesker et al., 201 O; Wengler 
& Wengler, 1989). LoVo-derived virus was found to be virtually non-infectious, the 
p.f.u.-to particle ratio being approximately 30,000-fold lower compared to that of wt 
WNV. 

Next, the infectious properties of prMWNV particles in presence of increasing 
concentrations of prM-specific antibody Ab25888 (Abeam, MA) were determined in Fe
receptor expressing P388D1 mouse macrophage-like cells (Fig. 1 ). Virus or preformed 
virus-antibody complexes were added to P338D1 cells at a multiplicity of genome
containing particles (MOG) of 10. At 24 hours post-infection (hpi), the media was 
harvested and the number of produced viral particles was measured by plaque assay 
on BHK-15 cells. Figure 1 shows that prMWNV is non-infectious in P388D1 cells, as 
no plaque forming units are detected in the absence of antibodies. Interestingly, and 
consistent with DENV (Rodenhuis-Zybert et al., 2010, Dejnirattisai et al., 2010), prM 
antibodies render fully immature WNV particles infectious (Fig. 1A). The infectivity is 
significantly increased at an antibody concentration of 0.0005, 0.005, 0.05 µg/ml. At 
high antibody concentrations, no enhancement of infection is observed. Subsequently, 
immunofluorescence studies were performed to quantify the number of infected cells 
for wt and prM-opsonized immature virus (Fig. 18). To this end, cells were fixed at 24 
hpi with 4% paraformaldehyde and stained with a WNV E antibody conjugated with 
TRITC (L2, CT). The percentage of infected cells was determined by counting the 
number of infected fluorescently labeled cells per a total of 1,000 cells in 3 separate 
experiments. We found that 4. 77% +/- 1.02 % of the cells are infected with prM
opsonized immature WNV and 7 .23% +/- 1.5% with wt under the conditions of the 
experiment. This indicates that the specific infectivity of antibody-opsonized immature 
WNV at conditions of efficient antibody-dependent enhancement of infection is just 
over half of that of wt WNV. Enhancement of infection of prMWNV particles opsonized 
with antibodies was seen in multiple Fe receptor expressing cell lines including human 
erythroleukemic K562 cells and human leukemic monocyte lymphoma U937 cells (data 
not shown). To determine if the observed enhancement is dependent on the enzymatic 
activity of furin, P388D1 cells were treated with 25 µM of the furin-specific inhibitor 
decanoyl-L-arginyl-L-valyl-L-lysyl-L-arginyl-chloromethylketone ( decRRVKR-CMK, 
Calbiochem, Darmstadt, Germany) prior to and during infection, as described before 
(Rodenhuis-Zybert et al., 2010). Consistent with our results on DENV, enhancement 
of infection by prM antibody coated prMWNV particles is strictly dependent on furin 
activity (Fig. 1A). 
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Fig.1 . prM-speclfic antibody Ab25888 renders immature WNV particles infectious in a furin-dependent 
manner. 
A. P388D1 cells were infected with immature WNV at MOG 1 O in the presence of increasing concentrations 
of anti-prM Ab25888. When indicated, 25 µM furin inhibitor was added to the cells prior and during infection. 
At 26 hpi the supernatant was harvested and the production of virus particles was measured by plaque 
assay on BHK-1 5 cells. Data is expressed as means of duplicate experiments. The error bars represent 
standard deviations; (n.d.) denotes "not detectable". B. WNV-infected P388D1 cells were fixed with 4% 
parafonnaldehyde and stained with an antibody against WNV envelope protein conjugated to TRITC. 
Representative images are shown for WT WNV infection (top panels) and prM antibody-opsonized immature 
WNV (bottom panels). 

After confirming the infectivity of antibody-opsonized prMWNV in vitro, we 
wanted to determine if the virus was infectious in vivo. If antibody-opsonized prMWNV 
particles are infectious in vivo, wt WNV particles should be produced after a single 
round of infection leading to encephalitis and death in mice (Bai et al., 2009; Wang et 
al., 2004). Furthermore, if antibody-opsonized prMWNV can cause similar mortality 
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due to encephalitis, it may indicate that these virions are able to contribute to disease 
and pathogenesis during natural infection. To test this, prMWNV was incubated with 
PBS alone or 1 0  µg/ml prM antibody (Ab) for one hour at 37°C. Infection was done 
via IP injection into strain c57Ub6 mice. The final concentration of opsonized virus 
was 3.4*1 05 or 3.4*1 06 GCPs per mouse. The same number of GCPs of wt WNV 
was used to infect a control group of mice. The number of GCPs given to the mice is 
calculated on the basis of 1 03 or 1 04 infectious particles for wt WNV, respectively. For 
each infectious condition n=5. The mice injected with either 3.4*1 05 or 3.4*1 06 GCPs 
of prMWNV alone did not show any signs of infection and had a much greater survival 
rate than mice infected with wt WNV. Interestingly, the prM Ab-opsonized prMWNV 
caused similar disease and death as with the wt WNV infected-mice, demonstrating 
that prM antibodies render prMWNV particles infectious (Fig. 2). 
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Fig. 2. prM-specific antibody Ab25888 renders prMWNV particles infectious in vivo. 
Mice were infected with wt WNV, prMWNV or prM antibody-opsonized (Ab) prMWNV via IP injection. Curves 
show percent survival up to 16 days post-infection. For each curve, n=5 and P<.05. Top panel is 3.4. 1 06 

GCPs WNV per mouse, bottom panel is 3.4. 1 05 GCPs WNV per mouse. 

To confirm that the mortality in the mice was due to WNV infection in the brain, 
an additional group of mice were infected with either wt WNV, prMWNV alone or Ab
opsonized prMWNV. Blood was drawn from the mice on day 3 post-infection and on 
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day 7 post-infection, the brains were collected and homogenized in 1 ml PBS (-). RNA 
was isolated from both whole blood and brain homogenate and the cDNA made was 
used in a qPCR reaction to detect the presence of the WNV envelope E gene. WNV 
was detected in the blood on day 3 and the brain on day 7 of mice that received prM 
Ab-opsonized prMWNV but not in blood or brain from mice injected with prMWNV 
alone (Fig. 3A/B). The day 3 blood and day 7 brain homogenates were also used to 
infect P388D1 macrophage-like cells. As expected, the mice that received prMWNV 
alone did not produce any infectious virus in their blood or brain. The mice that were 
infected with wt WNV and Ab-opsonized prMWNV had infectious virus in the blood on 
day 3 of infection and in the brain on day 7 of infection (Fig. 3C). To confirm that the 
fluorescent signal seen in Figure 3C reflects production of infectious WNV virus and not 
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Fig. 3. Brain homogenates and blood from prM-opsonized prMWNV are infectious and infected cells 
produce new infectious WNV. 
Mice were infected with 1 07 GCPs of either wt WNV, prMWNV, or prM antibody-opsonized (Ab) prMWNV 
via IP injection. A & B. RNA was isolated from brain (A) or blood (B) of infected mice and qPCR was used 
to detect the WNV envelope (E) gene. Data shown as ng WNV E/ng beta-actin, n=3 per group. C & D. 
Brains from mice infected with prM-specific antibody-opsonized WNV were homogenized in 1 ml PBS(-) and 
used to infect P388D1 cells (C, left panel). Blood from the same mice were used to infect P388D1 cells (C, 
right panel). 7 days post-infection, cell-culture supematants were used to infect new P388D1 cells (D). Cells 
were fixed with 4% paraformaldehyde and stained with an antibody against WNV E conjugated to TRITC 
(red). A DAPI counterstain was used to show the nucleus (C). Representative images are shown for each 
infection. 
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only represents fluorescent staining of already infected cells from the blood and brain, 
we harvested the media from these cultures and used that to infect new P388D1cells. 
We were able to detect WNV infection in these cells via immunofluorescence staining 
using the antibody against WNV E protein conjugated with TRITC (Fig. 3D). Taken 
together, these results confirm that mice infected with antibody-opsonized prMWNV 
particles died from a typical wt WNV infection. 

A major risk factor for the development of severe dengue is the presence 
of pre-existing antibodies (Halstead, 2003). It is well accepted that antibodies target 
DENV particles to cells highly permissive to infection, leading to a higher number of 
infected cells and eventually increased disease burden (Halstead, 2003). This report 
shows for the first time that prM antibodies have the capacity to enhance the number of 
infectious particles present in vivo and strengthens the notion that immature particles 
and prM antibodies may increase flaviviral disease burden in humans. 

Recent characterization of the humeral response of dengue patients with 
severe disease identified prM antibodies as the dominant fraction of the human 
antibody repertoire (Dejnirattisai et al., 201 0). Furthermore, Rai et al. showed a positive 
correlation between the circulating prM antibody titer and disease severity (Rai, 2008). 
These observations not only suggest that prM antibodies may be unfavorable for the 
host but also may have important repercussions for vaccine development. Generation 
of antibodies against the prM protein activates the infectious properties of immature 
DENV particles and therefore may have adverse effects on protection from infection. 
Future clinical studies are therefore required to probe the role of prM antibodies and 
immature particles in disease pathogenesis and to determine which types of antibodies 
are necessary for protection against disease. 
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Flavivirus-infected cells secrete a mixture of mature, partially immature, and fully 
immature particles into the extracellular space. Although mature virions are highly 
infectious, prM-containing fully immature virions are non-infectious largely because 
the prM protein inhibits the cell attachment and fusogenic properties of the virus. If, 
however, cell attachment and entry are facilitated by anti-prM antibodies, immature 
flavivirus virus becomes infectious after efficient processing of the prM protein by the 
endosomal protease furin. A recent study demonstrated that E53, a cross-reactive 
monoclonal antibody (MAb) that engages the highly conserved fusion loop peptide 
within the flavivirus envelope glycoprotein, preferentially binds to immature flavivirus 
particles. Here, we investigated the infectious potential of fully immature WNV and 
DENV particles opsonized with E53 MAb, and observed that like anti-prM antibodies, 
this anti-E antibody also has the capacity to render fully immature flavivirus particles 
infectious. E53- mediated enhancement of both immature WNV and DENV depended 
on efficient cell entry and the enzymatic activity of the endosomal furin. Furthermore, 
we also observed that E53-opsonized immature DENV but not WNV particles required 
a more acidic pH for efficient cleavage of prM by furin, adding greater complexity to the 
dynamics of antibody-mediated infection of immature flavivirus virions. 
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Introduction 

Flaviviruses, including dengue virus (DENV serotypes 1 ,  2, 3, and 4) and West Nile 
virus (WNV), are small, enveloped, positive-strand RNA viruses that are transmitted 
to humans primarily by arthropods. On the flavivirus surface there are 1 80 copies of 
two transmembrane proteins: the major (51--60 kDa) envelope glycoprotein E, and the 
smaller (8 kDa) membrane protein M [14]. In the mature virion, the E glycoproteins 
are organized in 90 head-to-tail homodimers that lie flat on the viral surface. X-ray 
crystallography studies revealed that the ectodomain of each E monomer is comprised 
of three structural domains: DI, D11 and DIi i, connected by flexible hinges. The tip of 
D11 contains a conserved region termed the "fusion loop", which is required for the low
pH-driven membrane fusion of the viral membrane with the host endosomal membrane 
(11 ,  1 2, 1 9, 33]. 

Assembly of flavivirus particles occurs at the endoplasmic reticulum (ER) by 
formation of immature virions (1 5]. In immature particles, the E protein associates with 
prM, the precursor protein of M. The 90 E-prM heterodimers protrude from the viral 
envelope as 60 trimeric spikes. In this conformation, the pr peptide of the prM protein 
caps the fusion loop located at the distal end of each E monomer within the trimer [1 3, 
31 , 32]. Maturation of flaviviruses occurs during transit through the secretory pathway. 
In the mildly acidic lumen of the trans-Golgi network (TGN), the viral envelope proteins 
undergo low-pH driven conformational changes including dissociation of the prM-E 
heterodimers and formation of E homodimers (9, 29]. Thereafter, the endoprotease 
furin cleaves the prM protein into a small M protein and a pr peptide. The pr peptide 
dissociates from the virion upon release of the particle to the extracellular milieu, which 
completes the formation of mature infectious virus [30). 

The functional importance of flavivirus maturation has been investigated in 
significant detail. Multiple studies have shown that fully immature particles are non
infectious, with the presence of prM obstructing the low-pH-induced conformational 
changes in the viral E glycoprotein required for membrane fusion (7, 9). These 
observations led to the hypothesis that prM acts as a chaperone preventing premature 
fusion of progeny virions in the acidic compartments of the secretory pathway. Indeed, 
in vitro studies have shown that fusogenic activity of immature particles could be 
restored upon furin treatment, demonstrating that cleavage of prM to M is required to 
render flavivirions infectious (1 7, 26, 30, 35]. 

We recently observed that fully immature particles become significantly 
infectious when opsonized with anti-prM monoclonal or serum antibodies. The prM 
antibodies facilitated efficient binding and entry of immature DENV into cells expressing 
Fey- receptors. Furthermore, furin activity within the target cell was required to render 
immature particles infectious indicating that immature particles undergo maturation 
after cell entry [23]. The ability of prM antibodies to rescue infectious properties of 
immature DENV was recently corroborated by observations of Dejnirattisai et al [5], 
using human MAbs. 

In addition to antibodies against prM antibodies, those recognizing the E protein 
also can bind to immature virus particles. E53 is a fusion-loop-specific inhibitory anti-E 
MAb that preferentially binds to the immature form of WNV and DENV particles (3, 
21 ]. Consistent with this, E53 and other fusion-loop-specific MAbs neutralized partially 
mature (prM-containing) but not fully mature (prM-absent) WNV virions (1 8]. X-ray 
crystallographic analysis of E53 Fab fragments complexed to WNV E protein have 
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revealed that E5 3 engages 1 2  residues within the fusion peptide (G1 04, C1 05 , G1 06, 
L 1 07, G1 09, K11 0) and adjacent b-c loop (C74, P75 , T76, M77, G78, E79) of D11. 
Fitting of the E5 3 Fab-WNV E crystal structure onto the cryo-EM structure of immature 
virions suggested that E5 3 may neutralize infection by impeding the transition from 
immature to mature virus by steric hindrance. 
In this study, we investigated the influence of the E5 3 MAb on infectivity of fully immature 
DENV and WNV particles. Surprisingly, we observed that E5 3 significantly enhances 
the infectious properties of immature WNV particles. For immature DENV, enhancement 
of infection was observed in a cell type dependent manner. Whereas in Fc-receptor
expressing human erythroleukemic K5 62 cells no infectivity was observed, a marked 
increase in viral infectivity was seen in murine macrophage-like P338D1 cells. Analysis 
of the internalization pathway of E5 3 opsonized immature DENV particles suggested 
that this is related to a more acidic pH threshold for furin cleavage that is required to 
occur within endosomal compartments of the target cells. Furthermore, we show that 
in human peripheral blood mononuclear cells E5 3 mediated enhancement of wild type 
DENV preparation is primarily dependent on the activity of furin. Overall, this report 
shows for the first time that in addition to anti-prM antibodies, those against E protein 
also can render immature flavivirus particles infectious. 

Results 

E53 renders immature WNV and DENV particles infectious in a cell-dependent 
manner. 

The infectious properties of immature WNV and DENV particles opsonized with 
increasing amounts of the fusion loop cross-reactive MAb E5 3 were investigated in two 
Fey-receptor-expressing cell lines, human leukemia K5 62 cells and murine P388D1 
macrophages. To this end, we first generated immature WNV and DENV particles in 
furin-deficient LoVo cells using a published protocol [17, 35 ]. The specific infectivity of 
the LoVo cell-derived virus used in this study was reduced greater than 1 0,000-fold 
compared to that of the st virus preparation, in agreement with our previous data [1 7, 
35 ]. After these initial characterizations, K5 62 and P388D1 cells were infected with Lo Vo 
cell-derived WNV and DENV particles in the presence of increasing concentrations 
of E5 3. At 26 (WNV) or 43 (DENV) hours post-infection (hpi), the (infectious) viral 
titer in the supernatant was determined by plaque assay. Interestingly, coating of 
immature WNV particles with the E5 3 MAb significantly stimulated viral infectivity in 
both K5 62 and P388D1 cells (Fig. 1A  and B, P < 0.0001 ). At an E5 3 concentration 
of 0.01 2 and 0.1 2 µg/ml in K5 62 cells and 0.1 2 µg/ml in P388D1 cells greater than a 
1 ,000 fold enhancement of infectious WNV production was observed. At higher MAb 
concentrations, neutralization of infection was seen. An E5 3 antibody concentration of 
0.1 2 µg/ml corresponds to 8x1 0-10 M and addition of 2*1 04 MAb molecules per virion, 
indicating that a large excess of antibody is required to trigger infectivity. Surprisingly, 
whereas E5 3 did promote infectivity of immature DENV in P388D1 cells (Fig. 1 D, P < 
0.0001 ), over a broad range of antibody concentrations, no infectivity was observed in 
K5 62 cells, while the anti-prM MAb 70-21 did stimulate infectivity of immature DENV in 
these cells (Fig. 1 C, [23]). 

97 



Chapter B 

A B 

- prM WNV K562 - prM WNV P3BBD1 

E � 
3 

LI. 
3 a. a. 

0 0 

� i g 
2 .$ 
F i= 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

0 1 ,20·3 0,012 0.12 1 ,2  1 2  120 lgG 0 1 ,2e-3 0,012 o. 1 2  1 ,2 1 2  120 lgG 

E53 [µg/ml] E53 [µg/ml) 

C D 

- prM DENV K562 - prM DENV P3BBD1 

E € :5 :::, 
LI. 3 LI. 

3 a. a. 
0 0 

f 2 i 
2 .$ 
i= i= 

n.d. 
n.d. n.d. n.d. n.d. - � � -

0 le-4 l e-3 0,0120, 12  1 ,2 1 2  1 20 70-21 lgG 0 1 ,2e-3 0,012 o, 1 2  1 ,2 1 2  1 20 lgG 

E53 [µg/ml] E53 [µg/ml] 

Fig. 1. E53 renders immature WNV and DENY particles infectious in cell dependent manner. 
Immature WNV (A, B) and DENV (C, D) particles were incubated with increasing concentrations of E53 
for 1 h at 37°C. For DENV, the prM antibody 70-21 (40 ng/ml) was included as a positive control. K562 
cells were infected at MOG 1 0  and 1 00 for WNV and DENV, respectively. At 26 (WNV) and 43 (DENV) hpi, 
virus production was measured by plaque assay on BHK21-1 5 cells. Data are expressed as the mean of 
at least three independent experiments. Error bars represent standard deviations (SD); (n.d.) denotes "not 
detectable". 

The lack of infectivity of E53-opsonized immature DENV in K562 cells is not caused by 
impaired virus internalization. 

The observed difference in the enhancing effect of E53 in K562 vs. P338D1 cells 
between WNV and DENV prompted us to investigate the entry of immature flavivirus 
particles in these cells. While the observation showing that E53-opsonized immature 
WNV is infectious in K562 cells suggests that E53 facilitates efficient entry of immature 
flavivirus particles into K562 cells, we assessed whether this was also true for immature 
DENV virions. Immature DENV and WNV particles were pre-incubated with increasing 
concentrations of E53 MAb and added to K562 cells for 1 hr at 37°C to allow cell 
binding and internalization. After extensive washing, the number of bound or, after 
treatment with proteinase K, internalized virions per cell was determined by quantitative 
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RT-PCR. To reliably determine the number of bound GCPs per cell, the amount of 
virus added per cell was increased 1 0-fold compared to the concentration used in the 
infectivity experiments. Independent experiments showed that the higher concentration 
of input virus did not affect viral infectivity of immature virus by E5 3 (data not shown). 
As expected, In the absence of E5 3 MAb or in the presence of control MAb, virtually 
no cell binding was observed for immature WNV or DENV, confirming that immature 
particles fail to interact efficiently with K5 62 cells ([23] and Fig. 2) Notably, E5 3 facilitated 
efficient binding and cell entry of not only immature WNV but also immature DENV, 
demonstrating that the lack of infectivity observed for E5 3-opsonized immature DENV 
is not related to inefficient internalization to K5 62 cells. 
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Fig. 2. E53 facilitates efficient binding and cell entry of immature WNV and DENV. 
E53-coated immature DENV (A) and WNV (8) particles were incubated with K562 cells at MOG 1 ,000 for 
1 h at 37°C. Unbound virus was washed away and virus associated with K562 cells was detected by qRT
PCR analysis. Internalization was assessed after removal of the bound virus with proteinase K treatment. 
Data are expressed as the mean of at least three independent experiments performed in duplicates. Error 
bars represent standard (SD); (n.d.) denotes "not detectable". 

Furin protease activity is required to render immature flavivirus particles infectious. 

Given the binding and internalization findings in K5 62 cells, we next assessed the role 
of furin during cell entry as its protease activity in cells is crucial for rendering immature 
DENV particles opsonized by prM antibodies infectious [23]. We treated K5 62 cells 
and P388D1 cells prior to and during infection with the furin inhibitor, decanoyl-L
arginyl-L-valyl-L-lysyl-L-arginyl-chloromethylketone (decRRVKR-CMK) the half-life 
of decRRVKR-CMK is 4 to 8 h. Indeed, we previously reported that this treatment 
does not interfere with the formation of infectious particles following infection with wt 
DENV [23]. Furin inhibitor was observed to only affect virus particle maturation upon 
addition of the compound at the moment of virion assembly [23]. Indeed, as shown in 
Fig. 3, addition of furin inhibitor at the time of infection does not influence maturation 
of newly assembled virions within infected cells. Importantly, the infectivity of E5 3-
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opsonized immature WNV (Fig. 3A and 38 for K562 and P388D1, respectively) and 
DENV particles in PD388D1 (Fig. 3C) was lost in the presence of the inhibitor, and 
thus, required the enzymatic activity of furin. These results confirm that furin cleavage 
of prM to M is a prerequisite step in the cell entry process of antibody-coated immature 
flavivirus particles, regardless of whether the enhancing antibody is directed at the prM 
or E proteins. 
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Fig. 3. Furin protease activity is essential for the infectivity of immature flaviviruses particles. 
For furin blockade, K562 (A) and P388D1 (B and C) cells were treated with 25 µM of decRRVKR-CMK prior 
to, and during infection with E53-coated immature WNV and or DENV. Virus production was assessed as 
described in the legend of Figure 2. Data are expressed as mean of at least two independent experiments 
performed in triplicate. Error bars represent deviations (SD) of the cumulate six datapoints, (n.d.) denotes 
"not detectable". 
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E53 affects the cleavage of DENV prM by furin. 

Because recent structural analysis suggested that E53 neutralizes infection by 
impeding the transition from immature to mature virus [3], we hypothesized that the 
lack of infectivity of E53-bound immature DENV particles in K562 cells was related to 
the inability of furin to cleave prM to M, possibly due to steric hindrance. To evaluate 
this, we incubated r5S]methionine-labeled immature WNV and DENV in the absence 
and presence of E53 MAb with exogenous furin at pH 6.0, the condition that mimics 
the mildly acidic milieu of the early endosomal lumen. Subsequently, the protein 
composition of the virus particles was analyzed by SDS-PAGE and phosphorimaging. 
Whereas efficient cleavage of prM to M was observed for WNV particles in the 
presence of E53 and furin (Fig 4A), prM processing was completely inhibited under the 
same conditions for immature DENV particles (Fig. 48). Incubation of immature DENV 
opsonized with prM antibodies did however allow efficient cleavage of prM to M at pH 
6.0 [23]. The ability of furin to cleave E53-opsonized immature WNV was observed 
over a wide antibody concentration range (0.3 nM to 300 nM) including conditions at 
which enhanced virus-cell binding and entry was observed (results not shown); under 
none of these conditions cleavage of DENV prM to M detected. 

While blockade of furin cleavage by E53 antibody explained the lack of 
enhancement of immature DENV in K562 cells, it was not consistent with the observed 
infectivity of antibody-bound immature DENV in P388D1 cells. Because endosomal 
pH can vary substantially between different cells [2, 24], and flaviviruses undergo 
low-pH-triggered structural changes prompting dissociation of prM/E heterodimers, 
we hypothesized that E53 might bind to virus particles in a manner that impairs furin 
cleavage at mildly acidic pH, yet allowing furin cleavage at lower pH values. Initially, 
we attempted to examine the cleavage status of the virus after cell entry in K562 
cells but due to the low number of infected K562 cells even at high multiplicities of 
infection this could not be defined. As a surrogate model, we performed the same 
in vitro furin cleavage experiment as described above but now under different pH 
conditions. Immature DENV was incubated with HNE buffer containing E53 antibody 
or with the buffer alone and subsequently subjected to the furin cleavage experiment 
at pH 6.0; 6.0; 5.5, 5.0. Remarkably, E53 shifted the pH threshold for furin cleavage of 
DENV immature particles to more acidic values, indicating that antibodies can directly 
modulate the pH-dependent structural changes after entry (Fig. 4C). 

Based on these results we hypothesized that E53 stays associated with 
immature DENV at mildly acid pH thereby preventing furin cleavage and infection and 
dissociates from the virus at lower pH values allowing furin cleavage and subsequent 
infection. To test this, we performed ELISA experiments in which low pH (range 6.5 to 
5.0) washes were performed following the incubation with E53. Consistent with prior 
studies [3, 21 ], we observed that E53 efficiently binds to immature WNV and DENV 
particles at neutral pH. In contrast to our hypothesis, we found that E53 binding to 
immature particles is not pH-dependent (Fig. 4D), which suggests that dissociation of 
E53 from the immature virion is not a prerequisite for furin cleavage. We now therefore 
propose, although difficult to substantiate, that exposure of E53-opsonized DENV to 
lower pH values is necessary to overcome the energy threshold that is required to 
induce the global rearrangement of the virion prior to furin cleavage. 
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Fig. 4. Influence of E53 MAb on the cleavage of immature flaviviruses by furin. 
[35S]methionine-labeled immature virus was incubated with increasing amounts of MAb E53 for 1 h at 37°C. 
Subsequently, virus-MAb complexes were subjected to furin cleavage in vitro at pH 6.0 or at decreasing 
pH values for 16 h. The viral protein composition was then analyzed by SOS-PAGE and phosphorimaging 
analysis. E53 does not impair prM to M cleavage of immature WNV (A) but blocks that of immature DENV 
(B). Protein composition of furin-cleaved immature WNV opsonized with 0. 1 2  µg/ml E53 and immature 
DENV opsonized with 0. 1 2  µg/ml E53, immature DENV opsonized with 0.4 µg/ml MAb 70-21 was used as 
a control (70-21 lanes are adapted from [23] as these were analyzed simultaneously). (C) The presence 
of E53 alters the cleavage of immature DENV by furin in a pH-dependent manner. Protein composition of 
immature DENV opsonized with 0.12  µg/ml and cleaved with furin is solution at various acidic pH. Data is 
representative of at least two independent experiments. (D) Effect of the low pH on the avidity of E53 MAb 
binding to immature flaviviruses was measured by direct ELISA. Background OD values were subtracted 
from the data points to show only virus-specific signal. Data were analyzed as described in the Materials in 
methods, error bars represent the standard errors of data from duplicate wells of at least 3 experiments. 

Furin activity is important for E53-mediated enhancement of the wild typewild type 
flavivirus preparations 

Wild type flavivirus preparations contain a mixture of mature, immature and partially 
mature virions, the latter containing a mixture of prM and M [3,1 0,17,1 8, 27, 35]. 
Indeed, a substantial fraction of DENV particles secreted from C6/36 insect cells are 
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partially mature [3, 1 O]. Since furin-activity is crucial to render fully immature virions 
infectious, we investigated whether E53, which preferentially binds to the immature 
virions, enhances infectivity of st virus preparations in a furin-dependent manner. We 
performed the enhancement assays in K562 cells (Fig. 6A/D), P388D1 cells (Fig. 58/E) 
as well as in human PBMCs (Fig. 5C/F). Notably, E53 enhanced the infectivity of both 
wt WNV preparations (Fig. 5A-C) and DENV (Fig. 5D- F). The level of enhancement 
for wt WNV in K562 cells (2- to 5- fold, P < 0.05) and PBMCs (2-to 5-fold, P<0.05) was 
slightly less than in P388D1 cells (4- to 1 0-fold, P < 0.001 ). Interestingly, E53 also 
enhanced infection of wt DENV in K562 cells (2- to 3-fold, P<0.05, Fig. 5D) albeit to 
a lesser extent than in P388D1 cells (70- to 200-fold, P< 0.001 , Fig. 5E) or PBMCs (1 O
to 20-fold, P < 0.001 , Fig. 5F). The enhanced infectivity of E53-opsonized wt DENV 
in K562 cells was not dependent on furin activity, in agreement with the observation 
that E53-opsonized immature virions were not infectious in these cells. In comparison, 
the higher degree of furin- dependent enhancement seen for E53-opsonized wt DENV 
compared to WNV in P388D1 and PBMCs cells suggests that DENV produced in insect 
cells contains a higher fraction of partially immature and fully immature particles (those 
requiring maturation upon entry) than WNV. This may also explain why a higher level 
of enhancement was seen in P388D1 cells and PBMCs compared to K562 cells, since 
furin cleavage of E53-opsonized immature DENV is likely inhibited in K562 cells. 
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Fig 5. Enhanced lnfectivity of wild type WNV and DENV after incubation with E53. 
wt WNV (A, B, C) and wt DENV (D, E, F) particles were incubated with increasing concentrations of E53 for 
1 h at 37°C. K562 cells (panels A and D), P388D1 cells (panels B and E) and PBMC's (panels C and F) were 
infected at MOG 1 O and 1 00 for WNV and DENV, respectively, For furin blockade, K562 and P388D1 cells 
were treated with 25 µM of decRRVKR-CMK like described in the legend of Figure 3. Virus production was 
assessed as described in the legend of Figure 1. Data are expressed as mean of at least three experiments. 
Error bars represent standard deviations (SD). ** p<0.001, * p<0.05. 
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Discussion 

In this study, we show for the first time that the flavivirus cross-reactive MAb E53, which 
maps primarily to the fusion-loop in D1 1 ,  can render fully immature flavivirus particles 
infectious. Enhancement of infection by E53-opsonized immature DENV was cell 
type-specific since E53 stimulated infectivity of immature DENV particles in a murine 
macrophage cell line, but did not enhance infection in human K562 cells. E53 facilitated 
efficient binding and cell entry of both immature DENV and WNV in K562 cells, and 
E53-mediated enhancement of infection of immature virions was strictly dependent 
on furin activity in the target cell. Analysis of the pH-dependent furin cleavage step 
revealed that E53 inhibits prM cleavage of immature DENV particles at a mildly acidic 
pH values, but that this can be overcome at lower pH.This suggests that the ability of 
antibodies to stimulate infectivity of immature DENV is cell type-dependent, presumably 
due to the unique host environment, including the pH of endosomes, after virus entry. 
The prerequisite of furin activity in human PBMC for E53-mediated enhancement of wt 
DENV, but not that of wt WNV, not only substantiates the difference between these two 
flaviviruses, but also underlines the potentially important role of immature or partially 
mature DENV in antibody-dependent enhancement of infection. 

The observation that anti-E antibodies can render immature flavivirus particles 
infectious is novel and has implications for our understanding of the mechanisms of 
virus cell entry. Within acidified endosomes, the immature virion undergoes a major 
structural rearrangement, allowing furin to cleave prM to M and a pr peptide. Recent 
data suggest that the pr peptide remains associated with the particle at pH 5.5 [30]. 
The pr peptide is believed to protect newly assembled virions from adventitious fusion 
during transit through the acidic trans-Golgi network, and to be released only after 
the particle reaches the extracellular milieu, which has a slightly basic pH. However, 
it remains unknown how the pr peptide is released after furin cleavage of immature 
particles within endosomes. We have previously hypothesized that following furin 
cleavage the pr peptide will be released from the particle due to its interaction 
with prM antibodies thereby enabling the E proteins to undergo the conformational 
change required for fusion [23]. Here, we show that an anti-E MAb also stimulates 
the infectivity of immature virions. Thus, it seems more plausible that dissociation of 
the pr peptide from the virion can be triggered directly by specific conditions in late 
endosomes, such as e.g. the lower pH (-5.0) environment. This notion is supported 
by a recent study demonstrating that inhibition of fusion by pr peptide is less efficient 
in this lower pH range [34]. Alternatively, cleaved immature particles may be recycled 
with or without antibody back to the plasma membrane and/or extracellular space to 
allow pr dissociation and subsequent initiation of infection upon re-entry of the virions 
into the endocytic pathway. 

Previous structural studies have suggested that the fusion-loop MAb E53 may 
block the transition of immature to mature particles by steric hindrance [3]. The results 
presented here confirm that E53 does inhibit cleavage of prM to M of fully immature 
DENV particles under mildly acidic pH values. By contrast, E53-opsonized immature 
WNV particles were processed efficiently under the same conditions. These data may 
explain, at least in part, a prior observation that fusion loop-specific MAbs that were 
generated against WNV (e.g., MAbs E1 8, E53, or E60) had far greater neutralizing 
activity against DENV infection [1 , 1 8, 21 ] and why they blocked WNV infection primarily 
at a stage of viral attachment [20] rather than fusion as seen with DENV 4. Interestingly, 
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the neutralizing effect of E53 on the immature DENV particle was pH-dependent and cell 
type-specific, suggesting that depending on the cellular context, opsonized immature 
dengue particles may be neutralized or rescued. Thus, for DENV, the relative pH in the 
early endosomes presumably controls the fate of E53-opsonized immature virus. On 
the other hand, in K562 cells, which are reported to have a low early endosomal pH 
[25, 28), immature DENV is neutralized, suggesting that optimum pH for furin cleavage 
is not the sole prerequisite for the immature virus to gain infectivity. From a structural 
perspective, it remains unclear why E53 has a distinct effect on immature WNV and 
DENV particles. Because the one amino acid difference (residue E77: DENV Q, WNV 
M) in the E53 structural epitope on WNV and DENV represents a polar amino acid, it is 
tempting to speculate that, at mildly acidic pH, E53 stabilizes the viral spike complex of 
immature DENV to such an extent that the global conformational changes are blocked 
whereas in case of immature WNV E53 does not prevent the conformational change 
and furin cleavage to occur. 

The humeral response generally has a crucial function in controlling flavivirus 
infections [22). However, for DENV, antibodies are not only involved in viral clearance, 
but - under certain conditions - may also be associated with development of severe 
disease symptoms by so-called antibody-mediated enhancement (ADE) of infection. 
The ADE hypothesis suggests that at sub-neutralizing concentrations antibodies will 
target virions to Fey-receptor-bearing cells and, thus, expand the number of infected 
cells and consequently the viral load [8). Recent studies suggest that the ability of an 
antibody to neutralize or enhance infection may be modulated by the maturation state of 
a virus particle [1 8,23). Specifically, antibodies against prM [5,23) and, as demonstrated 
in the present study, the fusion-loop on E can render non-infectious fully immature 
particles infectious. The hallmark of these antibodies is that they are generally cross
reactive between DENV serotypes and poorly neutralizing [5, 1 8). In addition, these 
antibodies bind avidly to immature or partially mature virions, and thus may target 
these virus particles efficiently to Fey-receptor-bearing cells, underlining the potentially 
important role of immature or partially mature DENV in ADE and the pathogenesis of 
severe disease. Accordingly, the presence of (partially) immature virions and anti-E or 
anti-prM antibodies, which preferentially or solely interact with the immature aspect of 
these virus particles, may well be of particular importance for immune enhancement 
during secondary heterosubtypic DENV infection. 

Based on our prior studies with anti-prM antibodies and those described here, 
we suggest that not only efficient entry but also particle maturation within the target 
cell represent important steps in antibody-mediated enhancement of DENV infection. 
Clearly, in the case of fully immature virus, furin-mediated maturation within the target 
cell is essential for rescue of viral infectivity. On the other hand, for st virus, which in 
addition to fully mature and immature virus also contains partially mature particles, 
furin cleavage is not essential since the mature aspect of these partially mature virions 
may undergo the low-pH-induced conformational change without additional cleavage 
of prM and release of pr peptide. Consistent with this model, E53 did stimulate the 
infectivity of wt DENV in K562 cells, while these cells do not support furin cleavage of 
prM. However, in P388D1 cells, which do support virions maturation, E53-dependent 
enhancement of wt DENV infection was much more pronounced than in K562 cells, 
indicating that cleavage of prM within the target cell significantly contributes to the 
enhancement of infection. Also, in human PBMC, which comprise major DENV target 
cells, E53-mediated enhancement of wt DENV infection was strongly dependent on furin 
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activity, again indicating that furin-mediated maturation, also in these physiologically 
important cells, is an important factor in antibody-mediated enhancement of infection. 
Not only antibody-mediated enhancement, but also antibody neutralization of infection 
depends on the maturation status of the virion. Maturation of WNV particles reduced 
the ability of fusion-loop antibodies, such as E53, to neutralize infection [1 8]. Given 
that fusion-loop MAbs preferentially recognize immature particles [3) the decreased 
neutralizing activity of E53 with fully mature virions has been explained by the 
hypothesis that binding does not reach an occupancy sufficient for neutralization [22). 
Consistent with this notion, addition of the complement component C1 q, which reduces 
the stoichiometric threshold of antibody neutralization, allowed E53 to neutralize fully 
mature WNV more efficiently [1 6). Based on these prior studies and the data presented 
here, it is now clear that the structural architecture of individual viral particles influences 
the outcome of infection. Future studies that define more precisely the biochemical 
and cell-biological mechanisms of antibody-mediated neutralization or enhancement 
of immature virus particles will undoubtedly clarify flavivirus disease pathogenesis and 
promote efforts for safe and effective vaccine development. 

Materials and methods 

Cell culture. C6/36 Aedes albopictus cells were maintained in minimal essential 
medium (lnvitrogen, Carlsbad, CA) supplemented with 1 0% fetal bovine serum (FBS), 
25 mM HEPES, 7.5% sodium bicarbonate, penicillin (1 00 U/ml), streptomycin (1 00 µg/ 
ml), 200 mM glutamine and 1 00 µM nonessential amino acids at 28°C, 5% CO2 • Baby 
hamster kidney-21 (BHK-21 ) cells were cultured in DMEM (lnvitrogen), supplemented 
with 5% FBS, 1 0% tryptose phosphate broth, 25 mM HEPES, 7.5% sodium bicarbonate, 
penicillin (1 00 U/ml), streptomycin (1 00 µg/ml) and 200 mM glutamine at 37°C, 5% CO2 • 

BHK-21 clone 1 5  cells (BHK-1 5) were maintained in DMEM (lnvitrogen), containing 
1 0% FBS, 25 mM HEPES, 7.5% sodium bicarbonate, penicillin (1 00 U/ml), streptomycin 
(1 00 µg/ml), 1 O mM HEP ES and 200 mM glutamine. Human adenocarcinoma LoVo 
cells were cultured in Ham's medium (lnvitrogen) supplemented with 20% FBS 
at 37°C, 5% CO2• Human erythroleukemic K562 cells were maintained in DMEM 
containing 1 0% FBS, penicillin (1 00 U/ml), and streptomycin (1 00 mg/ml) at 37°C, 5% 
CO2. Mouse macrophage-like P388D1 cells were maintained in DMEM supplemented 
with 1 0% FBS,penicillin (1 00 U/ml), and streptomycin (1 00 µg/ml), sodium bicarbonate 
(lnvitrogen,7,5% solution) and 1 .0 mM sodium pyruvate (GIBCO) at 37°C, 5% CO2 • 

Human peripheral blood mononuclear cells (PBMCs) were maintained in RPMI 1 640 
medium supplemented with 1 0% FBS, penicillin (1 00 U/ml), and streptomycin (1 00 
µg/ml). PBMCs were isolated from heparinized blood samples collected from healthy 
persons using wild typewild type density centrifugation procedures with LymphoprepTM 
(AXIS-SHIELD). The PBMCs were used immediately after isolation or cryopreserved 
at -1 50°C. On the day of infection, the percentage of CD14+, CD19- population within 
isolated PBMCs was determined (5 % -1 O % depending on the blood donor) using cell 
surface markers CD-14 -FITC and CD1 9-R-PE purchased from commercial source (IQ 
Products). 

Virus propagation. DENV-2 strain 1 6681 was propagated in C6/36 cells as described 
previously [35). WNV strain NY 385-99 (generous gift of Dr. J. Goudsmit, Crucell 
B.V., Leiden, The Netherlands) was propagated after inoculation of BHK21 cells at 
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an MOI of 0.1. Culture medium was harvested at 48 hpi, cleared of cellular debris, 
aliquotted, and stored at -80°C. Fully immature DENV and WNV preparations were 
generated in LoVo cells as described previously [17,35). [35S)methionine-labeled 
immature virus preparations of WNV and DENV were prepared as described [17 ,35]. 
All virus preparations were analyzed with respect to the number of infectious (PFU) 
and genome-containing particles (GCPs) by plaque assay in BHK-21 (WNV) or BHK-
15 (DENV) and quantitative (q)RT-PCR, respectively. For WNV, qRT-PCR analysis 
was performed using the forward primer 5'-GTT GGC GGC TGT TTT CTT TC-3', the 
reverse primer 5'-GGG ATC TCC CAG AGC AGA ATT-3' and a TaqMan probe 5'-FAM
AAT GGC TTA TCA CGA TGC CCG CC-TAMRA-3' (Eurogentec, Seraing, Belgium). 
DNA was amplified for 40 cycles (15 s at 95°C and 60 s at 60°C) on a StepOne real
time PCR instrument (Applied Biosystems, Carlsbad, CA) and the number of copies of 
WNV RNA was quantified using a wild typewild type curve based on a cDNA plasmid 
containing the non-structural genes of WNV NY99 (kind gift from Dr. G.P. Pijlman, 
Wageningen University, The Netherlands). 

ELISA. The reactivity of MAb E53 to immature DENV or WNV was determined by wild 
typewild type three-layer ELISA with a horseradish peroxidase-based detection system 
as described previously [23], In the experiments, wherein the effect of the low pH on 
the binding of E53 to immature virions was evaluated, additional 15-min acidic (pH 5.0, 
5.5, 6.0, 6.5), washes were introduced. 

lnfectivi'ty assays. Virus or preformed virus-MAb complexes were incubated with 
K562, P388D1 cells (2 x 105) or PBMC (1 x 106) at a multiplicity of 10, or 100 and 1000 
GCPs (MOG) per well for WNV and DENV, respectively. At 26 (WNV) or 43 (DENV) 
hpi, medium was harvested and virus yield was analyzed by plaque assay on BHK-21 
(WNV) or BHK-15 (DENV) cells, as described previously [6]. Virus-MAb complexes 
were formed by incubating virus for 1 h at 37°C with increasing concentrations of 
MAb E53 in cell culture medium containing 2% FBS prior to the addition to cells. The 
DENV anti-prM MAb 70-21 was included as a positive control [23). In furin blockade 
experiments, the cells were treated with 25 µM of the furin-specific inhibitor decanoyl
L-arginyl-L-valyl-L-lysyl-L-arginyl-chloromethylketone ( decRRVKR-CMK, Calbiochem, 
Darmstadt, Germany) prior to and during infection as described previously [23). 

Binding and cell Internalization assays. To determine the number of bound/ 
internalized viruses per cell, virus or virus-MAb complexes were incubated with K562 
(2 x 105) cells at MOG 1000 for 1 h at 37°C as described previously [23]. Subsequently, 
cells were washed extensively with PBS containing MgCl2 and CaCl2 to remove 
unbound virus-MAb complexes. To quantify internalized virions, cells were treated for 
1.5 h with 0.5 mg of proteinase K (lnvitrogen). Viral RNA was extracted from cells and 
from control cells' washes using the QIAamp Viral RNA mini kit (QIAGEN, Valencia, 
CA). cDNA was synthesized from the viral RNA with reverse-transcription PCR (RT
PCR), and copies were quantified using qRT-PCR analysis. 

In vitro furin cleavage assay. [35S]methionine-labeled immature particles or viral 
immune-complexes were incubated with furin (New England Biolabs, Ipswich, MA) 
for 16 h at pH 6.0, as described previously [23) or at a specified pH as indicated in 
the Results. Following furin treatment, viral proteins were visualized by subjecting the 
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samples to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SOS-PAGE) 
and phoshorimaging analysis on a Cyclone scanner (Perkin Elmer, Waltham, MA). 
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Antibodies against the viral envelope 

glycoprotein trigger infectivity of 

immature dengue virus 

Julia M. da Silva Voorham, lzabela A. Rodenhuis-Zybert, Nilda Vanesa Ayala 
Nunez, Tonya M. Colpitts, Heidi van der Ende-Metselaar, Erol Fikrig, 

Michael S. Diamond , Jan Wilschut and Jolanda M. Smit 

Cross- reactive dengue virus (DENV) antibodies directed against the envelope (E) and 
precursor membrane (prM) proteins are believed to contribute to the development of 
severe dengue disease by facilitating antibody-dependent enhancement of infection. 
We and others recently demonstrated that prM antibodies render essentially non
infectious immature DENV infectious. Immature DENV particles are abundantly 
present in wild type preparations due to inefficient processing of prM to M during virus 
maturation. Recent structural analysis has revealed that the E protein is exposed in 
immature particles and this prompted us to investigate the ability of E antibodies to 
render immature particles infectious. To this end, we analyzed the enhancing properties 
of 27 antibodies directed against distinct structural domains of the viral E glycoprotein. 
Out of these, 23 were able to bind to immature particles, and 1 5  were able to stimulate 
infectivity of immature DENV in a furin- dependent manner. Moreover, infectivity of wt 
DENV was also stimulated by E antibodies and remarkably, the observed increase was 
significantly impaired when the furin activity within the cells was blocked, indicating 
that prM-containing particles present within wt preparations are important in antibody
dependent enhancement of infection. Not only monoclonal antibodies, but also 
immune sera were shown to significantly enhance infectivity of immature flavivirus 
particles. Furthermore, by use of a West Nile virus (WNV) mouse model, lethal 
disease was observed in mice injected with immature WNV particles opsonized with 
low concentrations of serum antibodies. Altogether, our results emphasize the notion 
that prM-containing DENV particles are involved in disease pathogenesis, contributing 
especially to secondary disease when the presence of cross-reactive non- neutralizing 
antibodies can trigger the infectivity of immature or partially mature virions. 
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Introduction 

Dengue virus (DENV) has become the most rapidly spreading mosquito-borne viral 
disease in the tropical and subtropical areas of the world. It is estimated that over 50 
million DENV infections occur annually, resulting in 500,000 hospitalizations and over 
20,000 deaths [1 ]. There are four antigenically distinct serotypes (DENV 1 ,  2, 3 and 
4) based on their antibody-neutralizing activity. All four serotypes are transmitted to 
humans by bites of female Aedes mosquitoes, mainly Aedes aegypti [1 ,2] .  Although 
most infections are asymptomatic, DENV infection may result in a wide spectrum of 
clinical symptoms, ranging from a febrile illness (dengue fever [DF]) to a life-threatening 
hemorrhagic and capillary leak syndrome ( dengue hemorrhagic fever [DH F]/dengue 
shock syndrome [DSS]) [1 , 2]. 

The immunopathogenesis of dengue is not fully understood. Infection with 
one serotype provides lifelong protective immunity to the infecting serotype and 
cross-protection in the first months against the other serotypes. On the other hand, 
individuals experiencing a later secondary infection with a heterosubtypic DENV 
serotype have been found to be at risk for developing severe disease. Intriguingly, this 
phenomenon is also seen in children below the age of one year, especially between 
6-8 months of age, with no pre-exposure to DENV, due to the presence of non
neutralizing levels of heterosubtypic maternal antibodies [3, 4]. Particularly this latter 
observation has been the basis for the now widely accepted hypothesis of antibody
dependent enhancement (ADE) of infection as an explanation for the development 
of DHF/DSS during heterosubtypic secondary DENV infections [5, 6]. Cross-reactive 
antibodies at sub-neutralizing concentrations are believed to promote virus uptake 
and infection of Fe-receptor-bearing cells, leading to higher virus titers and a more 
pronounced inflammatory response early in infection [6, 7]. Besides the immune status 
of the patient, other host factors like ethnicity and possibly chronic diseases such as 
bronchial asthma, sickle cell anaemia and diabetes mellitus also contribute to the 
severity of disease [1 ]. 

DENV is an enveloped, positive-strand RNA virus. The virus particle contains 
three structural proteins, the capsid protein (C), the envelope protein (E) and the 
membrane protein (M). In the infected cell, M is formed as a precursor protein called 
prM. The prM protein acts as a chaperone for correct folding and stabilization of the E 
protein during virus assembly and egress [8, 9]. E is the major envelope glycoprotein 
that mediates the infectious cell entry of flaviviruses [2]. The atomic structure of the E 
protein ectodomain reveals an organization in three distinct domains [1 0, 1 1 ]. Domain 
I (DI) is the central domain and participates in the conformational changes required 
for membrane fusion [1 2], domain II (DII) contains the highly hydrophobic fusion loop 
which is inserted into the target cell membrane during the membrane fusion process 
[1 3, 14, 1 5), and domain Ill (Di ll) has an immunoglobulin-like structure and is involved 
in virus attachment to the cell surface [1 0, 1 6, 1 7] . 

Cells infected with DENV secrete a mixture of structurally distinct virus particles 
varying from fully immature, partially mature to mature particles [1 8, 1 9, 20). These 
virus particles can be distinguished by their difference in size, surface morphology, and 
the cleavage status of the prM protein [8, 21 , 22). A recent study found that at least 30-
40% of DENV particles released from infected mosquito cells contain prM molecules 
[23, 24). The heterogeneity in prM protein expression is caused by inefficient cleavage 
of prM to M by the host protease furin during virus maturation [25] and has a large 
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influence on the neutralizing and enhancing capacity of antibodies directed against the 
viral surface proteins [26, 27, 28]. Indeed, anti-prM antibodies have previously been 
shown to render essentially non-infectious immature particles highly infectious [26, 27]. 
It appears that, just as with virus particle maturation in infected cells, the internalized 
antibody-opsonized immature virus particle is processed by cellular furin present in the 
endocytic pathway, thereby allowing virus infection [29, 30]. 

The E protein is a major target in the immune response to DENV, but it is 
as yet unknown if E antibodies stimulate the infectivity of immature DENV particles. 
Therefore, in this study, we analysed the functional properties of a pool of 27 mouse 
monoclonal antibodies recognizing distinct structural domains in their capacity to 
render immature DENV infectious. We found that the majority of antibodies directed 
against both E DI/II and E DIi i  are able to render immature DENV particles infectious in 
a furin-dependent manner. Furthermore, we found that opsonization of immature West 
Nile virus (WNV) with diluted immune serum consisting of predominantly E antibodies 
can cause lethal disease in mice. Taken together, our results show that besides anti
prM antibodies, anti-E antibodies also stimulate viral infectivity of immature flavivirus 
particles. This strengthens the notion that immature particles are involved in dengue 
disease pathogenesis, especially during secondary infection, when cross- reactive non
neutralizing antibodies are present. 

Table 1 .  Characterization of the DENV E- specific antibodies used in this study 

Mab Binding domain* lsotype 
Elisa prM DENV 

prM DENV infectivitv 
DENV2-3H5 E DII IQG2a + + 
DENV2-4G2 E DI, IQG2a + + 
DENV2-29 E DI, IQG3 + + 
DENV2-30 E DI, lgG2c + -
DENV2-32 E DI, lgG2c + -
DENV2-33 E DI, lgG2c - -
DENV2-38 E DII lgG3 + + 
DENV2-40 E DI, 1gG2b + -
DENV2-44 E DI, 1gG2c + + 
DENV2-46 E DI, 1gG2c + -
DENV2-48 E DI, IQG1 + + 
DENV2-50 E DI, 1gG2c - -
DENV2-53 E DI, IQG2c + + 
DENV2-58 E DI, lgG2c + + 
DENV2-60 E N D  + + 
DENV2-67 E DIII lgG1 + -
DENV2-70 E DIII lgG1 + + 
DENV2-73 E DIi i  1gG2c + + 
DENV2-76 E DIII 1gG2c + + 
DENV2-77 E DIII 1gG2c + + 
DENV2-93 E DIII 1gG2c - -
DENV2-94 E DIII IQG2c - -
DENV2-96 E DIII 1gG2c + + 
DENV2-97 E DIi i  1gG2c + -
DENV2-99 E DI i i  1gG2c + -
DENV2-1 04 E DIII 10G2c + + 
DENV2-1 06 E DIII IQG2c + -
* 12 Mabs DIii/; 14 MAbs DIii; 1 unknown 
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Results 

Antibodies against the envelope protein bind to immature dengue virus particles 

First, we investigated whether E antibodies have the capacity to bind to immature DENV 
particles. For this purpose, immature DENV-2 strain 1 6681 particles were produced in 
furin- deficient LoVo cells, as described before [24]. We previously reported that LoVo
derived DENV is fully immature with an average content of prM of 94% ± 9% [24]. The 
specific infectivity of the Lo Vo-derived virus preparation used in this study was 1 00,000-
fold lower compared to that of wild type (wt) virus, which is consistent with our earlier 
described results and confirms that immature virus is essentially non-infectious. 

The anti-DENV 2 mAbs were generated using IFNal3-receptor-deficient 
C578L/6 mice infected with 1 05 PFU of a mixture (1 :1 ) of DENV-2 strains 16681 and 
NGC via the intraperitoneal route (IP). Mice were rechallenged 2 weeks later with the 
same strains [31]. The characteristics of the antibodies obtained have been published 
[31 ] and for this study we selected 25 monoclonal antibodies (Mabs) from this pool, 
1 3  recognizing E Dill, 11 recognizing E D1/DII, and 1 recognizing E. We also used 2 
commercial Mabs, 3H5 (Dil l) and 4G2 (DI/Dll). The binding properties of the E Mabs to 
immature DENV virions were determined by direct Elisa. We observed that 85% of the 
E-specific DENV antibodies interact with immature particles (Table 1 ). No significant 
difference was seen among mAbs which recognize the DI/Dll or the Dill domain (43% 
and 52% positivity, respectively). 

Anti-E antibodies trigger infectivity of immature DENV 

Next, we investigated if the Mabs that bind to immature virus also trigger infectivity 
of these virions. Viral infectivity was assessed in murine macrophage-like P388D1 
cells. P388D1 cells express three different Fe-receptors, the Fcylll-receptor [CD1 6], 
Fcyll-receptor [CD32], and the Fcyl-receptor [CD64]) [32]. Prior to infection of P388D1 
cells, immature DENV was incubated for 1 hr at 37°C in the presence or absence of 
increasing concentrations of antibodies. P388D1 cells were infected with DENV at 
a multiplicity of 1 000 genome-containing particles (GCP) per cell (MOG 1 000). The 
number of GCP was determined by quantitative PCR (qPCR) analysis. RNA was 
extracted from the virus, and cDNA was synthesized by real-time PCR (RT-PCR) and 
amplified with qPCR using a TaqMan probe. The number of GCPs was determined by 
use of a standard curve as previously described [33]. At 43 hpi the supernatant was 
harvested, and virus production was analyzed by plaque assay on BHK-15 cells, as 
described previously [27,34]. Consistent with previous studies [26,27], we found that 
immature DENV particles are infectious in the presence of anti-prM with infectivity 
titers comparable to that of wt virus in the absence of antibody (Fig. 1 P). Interestingly, 
out of 23 E antibodies tested, 1 5  Mabs (65%) triggered infectivity of immature DENV 
particles (Table 1 ). Different patterns of enhancement were seen (Fig. 1 ). Mabs 4G2 
(Dl/ll), 29 (Dl/ll), 48 (Dl/ll), 60 (E), 76 (Di l l), and 96 (Dill) (Fig. 1 8, C, F, I, L, and N, 
respectively) were observed to stimulate infectivity immature DENV in a broad antibody 
concentration range and to levels comparable of wt DENV infection in the absence 
of antibodies. Mab 38 (Dil l) (Fig. 1 D) enhanced viral infectivity at all concentrations 
tested, albeit with very low efficiency. Mabs 3H5 (Dill), 44 (D1/ll), 53 (D1/ll), 58 (Dl/ll), 70 
(Dil l), 73 (Dill), 77 (Di ll) and 1 04 (Dill) (Fig. 1A, E, G, H, J, K, M, and 0, respectively) 
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Fig.1 . Effect of E-specific antibodies on the infectious 
properties of fully immature DENV particles. 
P388D1 cells were infected with immature (prM) DENV-2 strain 
16681 at MOG 1 000 in the presence or absence of anti-E (A-O). 
Prior to infection, immature DENV particles were incubated 
with varying antibody concentrations for 1 h at 37°C. At 43 hpi 
supernatant was harvested and virus production was analyzed 
by plaque assay on BHK-1 5 cells. Anti-prM antibody and wt virus 
without antibody were used as controls (P). Data are expressed 
as means of at least two independent experiments. The error 
bars represent standard deviations (SD); (n.d.) denotes "not 
detectable". 
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modestly triggered viral infectivity of immature DENV and only at high antibody 
concentrations. Thus, both E DI/II and E DIi i  antibodies have the capacity to rescue 
the infectivity of immature DENV particles. Notably, however, whereas enhancement 
of infection of immature DENV particles opsonized with prM antibodies is already seen 
at low antibody concentrations (Fig. 1 P) [26, 27], enhancement of infection mediated 
by E antibodies is only observed at saturating antibody concentrations (Fig. 1 ). Under 
the conditions of the experiment, an antibody concentration of 4 ng/ml corresponds to 
a theoretical number of on average 80 antibody molecules per virion. This difference 
does not appear to be related to the affinity of the antibody to the virus as ELISA avidity 
experiments using 1 0  M urea revealed that 4G2, 29 (both DI/II) as well as 70-21 (prM) 
have a low avidity index, 17.7%, 1 0.0% and 4.2% respectively. In this respect it is 
interesting to note that 76 and 1 04 (both DIi i) were observed to have a high avidity 
index, 98.2% and 57.7%, respectively. 

Anti-E antibodies facilitate binding of immature DENV particles to cells 

To investigate if Mabs directed against E, like anti-prM antibodies [27], stimulate 
the uptake of immature DENV particles in cells, we performed a cell binding and 
internalization assay using qPCR [33]. For this purpose, we selected a number of 
Mabs directed against distinct domains of the E protein. Immature DENV particles 
were opsonized with the antibodies at concentrations that showed efficient ADE. 
DE NV-immune complexes were added to P388D1 cells at MOG 1 000 and incubated 
for 1 hr at 37°C. We observed that E antibodies facilitate cell binding and internalization 
of immature particles to levels 5- to 50-fold higher than those observed for immature 
particles in the absence of antibody (Fig. 2). Furthermore, antibody-opsonized immature 
particles appeared to bind to cells as efficiently as or even slightly better than wt DENV 
in the absence of antibody. 
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Fig. 2. Antibodies faci litate binding and 
internalization of fully immature DENV 
particles. 
Binding of immature and wt virions 
with and without prior opsonization to 
antibodies to P388D1 cells. Virus-cell 
binding/internalization was measured 
after 1 h incubation at 37°C by q-PCR 
analysis. Data are expressed as means of 
two independent experiments. The error 
bars represent standard deviations (SD); 
(n.d.) denotes "not detectable". 
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Anti-E-mediated enhancement of immature DENV infectivity is furin-dependent 

It was previously demonstrated that enzymatic activity of furin is crucial to render 
immature virus particles infectious [27]. Here, we investigated whether furin activity 
is required for the infectivity of immature particles opsonized with E antibodies. To 
this end, we treated P388D1 cells with furin inhibitor (Fl), decanoyl-L-arginyl-L-valyl-L
lysyl-L-arginyl-chloromethylketone (decRRVKR-CMK) prior to and during infection, as 
previously described [27]. The experiments were carried out an at Mab concentrations 
that showed efficient ADE. The results demonstrate that inhibition of furin activity 
completely abolished virus particle production in cells infected with antibody-opsonized 
immature virions, while the virus titer of cells infected with wt virus remained unaffected 
under these conditions (Fig. 3). 
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Fig. 3. Antibody dependent enhancement is critically dependent on furin activity. 
P388D1 cells were infected with antibody-opsonized immature particles in the presence of absence of furin 
inhibitor. Immature particles opsonized with anti-prM antibody 70.21 were used as control. 

Anti-E-mediated enhancement of infectivity of prM-containing particles in wild-type 
DENV 

Based on the literature and the results presented here, it is likely that E antibodies may 
cause ADE of fully immature, partially immature and mature DENV particles. Interestingly, 
E antibodies may, based on the accessibility of the epitope, have a preference for 
a particular structural organization of the particle. In fact, it has recently been observed 
that a WNV antibody recognizing the fusion loop (WNV E53) preferentially interacts 
with E when it is associated with prM [28]. Therefore, we next investigated to which 
extent furin activity is required for ADE of wt DENV opsonized with E antibodies. First, 
the viral infectivity of wt DENV in P388D1 cells in the presence of increasing Mab 

1 17  



Chapter 9 

A B C 

7 
anti-EDI/EDII 

E 6  
r--, wt 

7 �-------� 7 -r---------� 
L.-....J anli-EDI/EDII anti-EDI/ED I I  

::l mAb 4G2 
lt 5 

6 mAb 48 
5 

6 mAb 53 
5 

0 

ti" 4 
g 
s 3 
i= 

D 

0 4 40 400 4000 

mAb [ng/ml) 

4 

3 

0 4 40 400 4000 

mAb [ng/ml] 

E 

4 

3 

F 

0 4 40 400 4000 

mAb [ng/ml] 

7 -r---------� 7 -r---------� 7 -r---------� 
anti-E anti-ED I l l  

E s  s 
anti- EDIII 

6 mAb 1 04 
5 

3 mAb 60 mAb 96 
lt 5 5 

0 

o 4 4 
g 
� 3 3 

4 

3 

2 -'---'--.--L_.....,__._.--.--L--'-r-'--'--.--L� 2 _.___....,....L--'-,-_._....,....L__._,__._....,....L� 2 -L-1--,--L_....... .......... __.__....... .......... --.--L� 

0 105 1 04 1 03 1 02 

G mAb [ng/ml] 

7 -r---------� 
anti-prM 

E 6  
::l mAb ?0-21 
lt 5 

0 
o 4  
g 
� 3 
i= 

0 4 40 400 4000 

mAb [ng/ml] 

0 1 05 104 103 102 0 4 40 400 4000 

mAb [ng/ml] mAb [ng/ml] 

Fig. S1. Effect of Mabs on the Infectious properties of wt DENV. 
P388D1 cells were infected with wt. DENV-2 strain 16681 at MOG 
1 000 in the presence or absence of anti-E. At 43 hpi supernatant 
was harvested and virus production was analyzed by plaque assay 
on BHK-15  cells. Data are expressed as means of at least two 
independent experiments performed in triplicate. The error bars 
represent standard deviations (SD). 

concentrations was analyzed. As expected, all Mabs tested enhanced infectivity of wt 
DENV (Fig. S 1 ). Enhancement of infection was seen at a broad antibody concentration 
range: under optimal ADE conditions an approximately 2 log increase in virus particle 
production was seen. Next, the furin inhibitor (Fl) assay was performed at a Mab 
concentration that showed efficient ADE (Fig 4 ). For the E antibodies 4G2, 48, and 53 
a concentration of 400 ng/ml, for 104 a concentration of 4000 ng/ml, and for 60 and 
96 a 103 dilution was used. The results show that furin activity is important in ADE of 
wt DENV opsonized with E antibodies, since an approximate 1 log reduction of viral 
infectivity was observed in cells treated with Fl. The corresponding antibody-mediated 
enhancement of infection must be due to either fully immature particles or partially 
immature particles that require furin cleavage for infectivity. Apparently, at least for the 
E antibodies tested here, there is no specific preference for a particular subpopulation 
as both furin-independent and furin-dependent ADE was observed. 
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Mouse immune serum induces antibody-dependent enhancement of infection of 
immature West Nile virus particles 

After examining the functional properties of monoclonal E Abs, we determined if mice 
sera could also trigger the infectious properties of immature virions. This was assessed 
in P388D1 murine macrophage cells and in the established WNV C57/BL6 mouse 
model. Immature WNV was generated in furin-deficient LoVo cells and characterized 
as described before [24, 35). Consistent with our earlier results, we found that LoVo
derived WNV is essentially non-infectious, the specific infectivity being at least 30,000-
fold reduced compared to that of wt virus. WNV immune serum was produced by 
injecting mice with a sublethal dose of wt WNV, as described in Materials and Methods. 
First, the serum was subjected to Western blot analysis to determine the ratio of prM and 
E antibodies. Consistent with previous studies [36, 37], we found that the vast majority 
of antibodies present in WNV immune serum were directed against the E protein (Fig. 
5A). Subsequently, we analyzed the infectious properties of immature WNV particles 
opsonized with increasing concentrations of immune serum (1 0-1 08) in P388D1 cells at 
MOG 1 0. At 26 hpi the supernatant was harvested and virus production was analyzed 
by plaque assay on BHK-1 5 cells. Enhancement of immature WNV infectivity was only 
observed at a serum dilution of 1 03-1 05

, with titers 3-4 logs higher than those obtained 
with immature virus in the absence of antibody (Fig. 58). 

Next, we set out to confirm our findings in vivo. To this end, immature WNV 
was incubated with serial dilutions of mouse immune serum for 1 hr at 37°C, before IP 
injection of 1 00 µL per mouse. Five mice were used for each experimental condition, 
and 3.4*1 06 GCPs were inoculated per mouse (based on 1 03 infectious units for wt 
virus). The mice injected with immature WNV alone did not show any signs of infection, 
confirming that immature WNV is not infectious. Interestingly, all mice that received 
immune serum at a dilution of 1 0-1 04 survived, whereas at a serum dilution of 1 05 , 

Three mice died, 2 on day 8 and 1 on day 11 (Fig. 5C). 
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Fig. 5. Effect of immune sera on the Infectious properties of immature WNV particles. 
(A) WB analysis of mice sera. (B) P388D1 cells were infected with immature WNV at MOG 1 O in the presence 
or absence of immune sera. At 26 hpi, the supernatant was harvested and virus production was analyzed 
by plaque assay on BHK-1 5 cells. Data are expressed as means of at least two independent experiments. 
The error bars represent standard deviations (SD); (n.d.) denotes "not detectable". (C) Immature WNV was 
incubated with different concentrations of immune sera for 1 hour at 37°C, and injected in mice. A total of 
3.4*1 06 GCPs were given per mouse. Five mice were used for each experimental condition. 

Discussion 

In this study, we demonstrated that, not only anti-prM antibodies [26, 27], but also 
antibodies directed against the E glycoprotein can trigger infectivity of immature 
DENV by facilitating internalization and maturation of immature DENV particles in 
Fe-receptor-expressing cells. Accordingly, and in agreement with previous data [27, 
30, 38], we found that enzymatic activity of furin in the target cell is necessary for 
triggering infectivity of E antibody-opsonized immature particles. Also, low levels of 
mouse immune serum were observed to trigger infectivity of immature WNV particles 
in vitro and in vivo. Furthermore, detailed investigation of the enhancing properties of 
E antibodies in wt DENV preparations revealed that ADE is significantly dependent on 
furin activity in the target cell. Taken together, this study shows that E antibodies have 
the capacity to render immature flavivirus particles infectious and that enhancement 
of infection is strongly influenced by the maturation status of the virus, which therefore 
appears to represent a potentially important factor in immune enhancement of 
secondary heterosubtypic DENV infection. 

Most of the E Mabs tested in this study were able to bind to immature DENV 
particles. The ability of antibodies to subsequently render these particles infectious 
appears to be controlled at the epitope level. Some DI/II- and DIi i-specific antibodies 
were observed to stimulate infection, whereas other DI/II and DIi i antibodies did not 
enhance infectivity of immature DENV. In both situations, the antibodies are likely to 
facilitate efficient binding and uptake of the virions into an endocytic or phagocytic 
pathway of the target cell. We postulate that during successful infection, the low-pH 
environment in endosomes will lead to a conformational change in the virion through 
which the endoprotease furin may cleave prM to M allowing membrane fusion and 
infection. E Mabs that do not stimulate viral infectivity probably interfere with the 
conformational change of the virion in acidic endosomes prior to furin cleavage, or 
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with the fusion process itself. In other words, we propose that the fate of the immature 
DENV-immune complex is determined in the endocytic/phagocytic pathway of the 
cell. 

A different enhancement pattern was observed for ADE of immature virus 
opsonized with anti-E Mabs compared to that of anti-prM Mabs. ADE of E-opsonized 
immature particles was only observed at conditions of antibody excess, whereas in 
the case of anti-prM-opsonized DENV particles ADE was already seen at lower Mab 
concentrations. Both E DI/II and prM antibodies have been shown to have a low avidity 
index, suggesting that the concentration at which ADE occurs is more dependent on 
epitope accessibility than affinity. Indeed, structural data confirm that in immature 
flaviviruses, the E protein is largely covered by the prM protein thereby potentially 
limiting epitope exposure of E (12, 39, 40] 

In the case of wt DENV, antibody-dependent enhancement of infectivity was 
seen in a broad antibody concentration range. This is presumably a refection of the large 
structural differences between individual particles present within wt DENV preparations 
[18,19, 41]. At low antibody concentrations, the E antibodies preferentially stimulate 
the infectivity of mature particles whereas at higher antibody concentrations partially 
immature and/or fully immature particles are predominantly triggered. Indeed, infection 
of furin inhibitor-treated cells with wt virus, preincubated with a high concentration of 
antibodies, revealed that ADE of infection is significantly dependent on furin activity. 
We therefore postulate that the maturation status of individual particles is an important 
factor in controlling antibody-dependent enhancement of infection. 

Our observation that both prM and E antibodies have the capacity to trigger 
infectivity of immature DENV particles supports the hypothesis that immature DENV 
particles are important in disease pathogenesis. Whereas prM antibodies appear to 
be truly enhancing antibodies, E antibodies can - depending on the concentration 
and epitope specificity - either lead to neutralization or enhancement of infection. 
We postulate that during homosubtypic re-infection, the E antibody response is more 
proned to induce neutralization of infection whereas during heterosubtypic re-infection 
cross-reactive prM and E antibodies may set the stage to antibody enhancement of 
infection. The importance of virion maturation in controlling viral infectivity during natural 
infection is as yet unclear. First, it will be of crucial importance to elucidate the structural 
organization of dengue particles during natural infection. Second, it will be of interest 
to dissect the ratio of prM and E antibodies during the course of infection from patients 
with distinct disease manifestations. Third, the enhancing and neutralizing effect of 
serum towards virions with distinct maturation properties should be investigated to 
unravel if immature particles may act as an immune evasive mechanism. 

The observation that the maturation status of a preparation influences the 
neutralizing versus enhancing properties of an antibody should also be taken into 
consideration during the development of vaccines against DENV. Preferably, antibodies 
induced by vaccination should not cross-react and stimulate infectivity of prM-containing 
particles, as this may be unfavourable for protection. 

Materials and Methods 

Cells. Aedes albopictus C6/36 cells were maintained in minimal essential medium 
(Life Technologies) supplemented with 10% fetal bovine serum (FBS), 25 mM HEPES, 
7.5 % sodium bicarbonate, penicillin (100 U/ml), streptomycin (100 µg/ml), 200 mM 

121 



Chapter 9 

glutamine and 1 00 µM nonessential amino acids at 30°C, 5 % CO
2

• Baby Hamster 
Kidney-21 clone 1 5  cells (BHK-15) cells were cultured in DMEM (Life Technologies) 
containing 1 0% FBS, penicillin (1 00 U/ml), streptomycin (1 00 µg/ml), 1 0  mM HEPES, 
and 200 mM glutamine. Human adenocarcinoma LoVo cells were cultured in Ham's 
medium (lnvitrogen) supplemented with 20 % FBS at 37°C, 5% CO2 • Mouse macrophage 
P388D1 cells were maintained in DMEM supplemented with 1 0% FBS, penicillin (1 00 
U/ml), and streptomycin (1 00 µg/ml), sodium bicarbonate (lnvitrogen, 7,5% solution) 
and 1 .0 mM sodium pyruvate (GIBCO) at 37°C, 5% CO2 • 

Virus growth. DENV-2 strain 1 6681 , was propagated on C6/36 cells as described 
before [24]. Briefly, monolayer of C6/36 cells was infected at multiplicity of infection 
(MOI of 0.1 ). At 96 hpi, the medium was harvested, cleared from cellular debris by 
low-speed centrifugation, aliquoted, and stored at -80°C. Immature DENV and WNV 
particles were produced on LoVo cells as described previously [24]. Briefly, LoVo cells 
were infected at MOI 5 for DENV and MOI 4 for WNV. Virus inoculum was removed 
after 1 .5 hr and fresh medium was added after washing the cells three times with 
PBS. At 72 hpi, the medium containing the virus particles was harvested, cleared 
from cellular debris by low-speed centrifugation, aliquoted, and stored at -80°C. The 
specific infectivity of the DENV and WNV preparations was determined by measuring 
the number of infectious units by plaque assay on Baby Hamster Kidney-21 clone 
15  cells (BHK-1 5) and the number of GCP by quantitative PCR (qPCR) analysis, as 
described previously [24, 33]. 

qPCR. To determine the number of GCP, we first extracted viral RNA by use of a 
QIAamp viral RNA mini kit (QIAGEN, Venlo, The Netherlands). Next, cDNA was 
synthesized from viral RNA by RT-PCR and the qPCR reaction was performed similar 
to that described before for DENV [42]. For WNV, the forward primer 5'-GTT GGC 
GGC TGT TIT CTI TC-3', and the reverse primer 5'-GGG ATC TCC CAG AGC AGA 
ATT-3' and a TaqMan probe 5'-FAM-AAT GGC TIA TCA CGA TGC CCG CC-TAMRA-3' 
(Eurogentec, Seraing, Belgium) was used. DNA was amplified for 40 cycles (1 5 s at 
95°C and 60 s at 60°C) on a StepOne Real-Time PCR instrument (Applied Biosystems, 
Carlsbad, CA) and the concentration GCPs was determined by use of a standard curve 
based on a cDNA plasmid encoding the nonstructural genes of WNV NY99 (kind gift 
from Dr. G.P. Pijlman, Wageningen University, The Netherlands). 

ELISA. The binding properties of E-antibodies to immature virus particles were 
assessed by means of standard three-layer ELISA. Briefly, microtiter ELISA plates 
(Greiner bio-one) were coated with 5x1 08 GCP of purified virus preparations per well 
in 1 00 µI coating buffer, overnight. After blocking with 2% milk in coating buffer for 
1 20 min, 1 00 µI of two-fold serial dilutions of anti-E DENV mAbs were applied to 
the wells and incubated for 1 .5 hr, in triplicate. Subsequently, 1 00 µI of horseradish 
peroxidase-conjugated goat anti-mouse lgG-isotype antibody (Southern Biotech) was 
applied for 1 hr. All incubations were performed at 37°C. Staining was performed using 
o-phenylene-diamine (OPD) (Eastman Kodak Company) and absorbance was read at 
492 nm (A492) with an ELISA reader (Bio-tek Instruments, Inc.). To determine antibody 
avidity, 1 0  M urea was used. The avidity was considered high at an avidity index of 
50%, intermediate at an index higher than 30% but below 50%, and low at an index 
below 30%. 
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lnfectivity assays. Virus or virus- antibody complexes were added to 2 x 1 05 P388D1 
cells previously seeded at 24 wells plate (Costar), at a multiplicity of 1 000 genome
containing particles (MOG) per cell for DENV and MOG 1 0  for WNV. After 1 .5 h 
incubation at 37°C, fresh medium was added to the cells. At 26 hpi for WNV and 43 hpi 
for DENV, the medium was harvested and virus production was analyzed by plaque 
assay on BHK- 1 5  cells, as described previously [34]. In furin blockage experiments, 
cells were treated with 25µM of furin- specific inhibitor, decanoyl-L- arginyl- L-valyl- L
lysyl- L- arginyl- chloromethylketone (decRRVKR- CMK) (Calbiochem) prior and during 
virus infection [27] . 

Binding assays. To determine the number of bound and/or internalized genome
containing particles per cell, virus or virus- antibody complexes were incubated with 2 x 
1 05 P388D1 cells at MOG 1 000 for 1 h at 37°C. Subsequently, cells were washed three 
times with ice- cold PBS containing MgCl2 and CaCl2 (Life Technologies) to remove 
unbound virus- antibody complexes. Then, viral RNA was extracted from the cells by 
use of the QIAamp Viral RNA mini Kit (QIAGEN). Thereafter, cDNA was synthesized 
from the viral RNA with reverse transcription- PCR (RT- PCR), copies of which were 
quantified using qPCR [33] . 

Immune sera and Western Blot analysis. Immune WNV serum was produced by 
injecting mice with a sublethal dose of wt WNV. Blood was drawn by orbital puncture. 
Plasma was obtained, aliquoted, and stored at - 4°C. For Western blot analysis, 3.0*1 09 

GCP of purified immature WNV was loaded on 1 2,5% SDS polyacryramide gels under 
non- reducing conditions and electroblotted [24] in the presence of two concentrations 
of immune serum, 1 :  1 00 and 1 :  1 00. 

Mouse experiments. Mouse studies were approved and performed according to the 
guidelines of the Animal Safety Committee of the Medical Institute Yale, University 
School of Medicine. c57Ub6 mice were infected by intraperitoneal injection with 
immune serum- opsonized immature WNV. Five mice were used for each experimental 
condition, and 3.4*1 06 GCPs were inoculated per mouse and followed for 1 5  days. 
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Flaviviruses such as dengue virus (DENV 1 -4 ) ,  West Nile virus (WNV), Tick-borne 
encephalitis virus (TBEV), and Japanese encephalitis virus represent important human 
pathogens. Symptoms of a flavivirus-borne disease range from a mild febrile infection to 
fulminant encephalitis or hemorrhagic fever ( see Chapter 13  for details, written in Dutch). 
In case of DENV, severe disease manifestations have been associated with sequential 
infections caused by different serotypes, which suggests that preexisting immunity 
produced during a primary infection plays an imperative role in dengue pathogenesis. 
Furthermore, the observation that infants born to dengue-immune mothers are at high 
risk of developing severe disease following primary infection implies that the humeral 
response may be a key factor controlling the outcome of a dengue infection. Indeed, it 
is now well established that antibodies, depending on their concentration, avidity and 
epitope-specificity can not only neutralize but also enhance DENV infection. Studies 
presented in this thesis elucidate how antibodies control dengue virus infectivity with 
particular focus on the role of immature DENV in disease pathogenesis. 

Over the last two decennia there was some controversy regarding the infectious 
properties of extracellular immature prM-containing particles (Chapters 1, 2 or 4 for 
details). Extensive functional characterization of immature TBEV particles revealed 
that these particles are non-infectious. In contrast however, high residual infectivity of 
immature DENV preparations was observed and this prompted us to reinvestigate the 
infectious properties of immature DENV particles. In Chapter 4 we demonstrated that 
fully immature DENV virions lack the ability to infect cells, the infectious unit to particle 
ratio being reduced 1 0,000 fold compared to that of the wild-type virus. Moreover, in 
line with the literature, we observed that DENV maturation is highly inefficient, prM
containing virions accounting for as much as 30% of all particles released from the 
cells. Similar results were found for WNV, as described in Chapter 5. In addition, in this 
study we observed that immature WNV failed to fuse with liposomal membranes at low 
pH conditions. In vitro furin cleavage of prM-containing particles restored membrane 
fusion activity with liposomes indicating that flavivirus maturation is required to trigger 
viral infectivity. This is in agreement with the results obtained for TBEV and implies that 
immature virions are irrelevant byproducts of infected cells. 

Interestingly, however, during the course of our studies reports were published 
demonstrating that patients suffering from secondary DENV infections have elevated 
levels of prM-specific antibodies. Therefore, in Chapter 6, we investigated the role 
of prM antibodies on the infectious properties of immature DENV. We showed that 
non-infectious, fully immature DENV becomes highly infectious in the presence of 
prM antibodies. We demonstrated that in contrast to the wild type virus, immature 
particles bind very poorly to the target cells. Once internalized, the virus particle 
becomes infectious due to the efficient cleavage of prM to M by furin in acidic 
endosomes. Furthermore, analysis of DENV-immune sera authenticated the potential 
of human antibodies to trigger immature DENV particles infectious. This indicates that 
antibodies directed against immature particles will activate the infectious properties 
of a high portion of the extracellular virions and thereby likely contribute to the viral 
dissemination within the infected individual. Findings presented in this study strongly 
point to the involvement of immature virions in the dengue pathogenesis. Interestingly, 
our hypothesis has been strengthened by a recent publication that shows that prM 
antibodies dominate the DENV-specific humeral response in patients. 

Chapter 7 corroborates in vitro findings presented in Chapter 6. Herein we took 
advantage of an established WNV mice model to investigate the enhancing properties 
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of prM antibodies in vivo. We injected mice with immature WNV in the absence or the 
presence of prM antibodies and showed that when bound to prM antibodies, the non
pathogenic immature virus becomes as pathogenic as the wild type virus. 

Following flaviviral infection, a large panel of antibodies is directed against 
a well-conserved epitope called the fusion peptide. Previous studies have shown 
that these cross-reactive and weakly neutralizing antibodies preferentially bind to the 
immature form of flaviviruses. Structural analysis of the fusion-loop specific antibody 
Fab fragments in complex with the WNV E ectodomain suggested that once bound 
to the virion, these antibodies would block the low pH-driven transition of the viral 
envelope that preludes cleavage of the prM proteins by furin. Therefore, in Chapter 8 
we investigated the infectious properties of fully immature DENV and WNV particles 
bound to the fusion loop-specific antibody designated E53. Surprisingly, we observed 
that this antibody has a differential effect on the infectious properties of immature 
DENV and WNV particles. In human Fe-receptor expressing K562 cells, the presence 
of E53 antibody triggered immature WNV infectious whereas it had no effect on the 
infectivity of immature DENV. In murine macrophages however E53 rendered both 
immature virions infectious. Analysis of the virus entry steps revealed that presence 
of E53 facilitates binding and internalization of both viruses to the FcR-bearing cells. 
Interestingly, however, in case of DENV, furin cleavage of E53-opsonized immature 
particles was found to be pH-dependent. Notably, in human peripheral blood 
mononuclear cells, which comprise DENV target cells E53-mediated enhancement of 
DENV was critically dependent on furin activity, indicating that immature virions were 
the main subject of enhancement. Consequently, results of this study not only indicate 
that capacity of both prM and E53 -like antibodies to trigger immature virions infectious 
relies on both the facilitation of the viral entry step and dependent on efficient furin 
cleavage of the internalized virions, but also suggest that coexistence of (partially) 
immature virions and E53- like or anti-prM antibodies may be of particular importance 
for immune enhancement during secondary DENV infection. 

In Chapter 9, we extended our study described in Chapter 7 and analyzed 
a panel of DENV E-specific monoclonal antibodies with respect to their ability to render 
immature DENV infectious. We found that not only a large proportion of E-specific 
antibodies binds to immature virions but also that the majority of the mAbs trigger 
the virus infectious. In agreement with our previous study, antibodies stimulated the 
infectious properties of immature virions in a furin-dependent manner. Interestingly, 
antibodies directed against the fusion loop peptide-containing domain II (DII) as well 
as mAbs that dock to potently neutralizing epitopes of DIi i  were able to mediate ADE. 
Not only monoclonal antibodies but also immune sera significantly enhanced infectivity 
of immature flavivirus particles. Also, in a WNV mice model, lethal disease was 
observed when mice were injected with immature WNV particles opsonized with low 
concentrations of sera. Consequently, this study establishes that prM antibodies are not 
exclusive in triggering infectivity of fully immature DENV particles and that E antibodies 
may also expand the pool of infectious virus within wild type preparations. 

Studies presented in this thesis demonstrate that fully immature particles, 
which are generally considered as a non-infectious byproduct of infected cells, have 
a potential to become highly infectious in the presence of antibodies. We established 
that antibodies directed against both prM and E proteins can support the mechanism by 
which immature DENV acquires infectivity. In Chapter 11, you will find the discussion 
of these findings and their relevance for our understanding of DENV pathogenesis. 

1 29 





Partial 

Chapter 1 1  

maturation : an immune-evasion 

strategy of dengue vi rus? 

lzabela A. Rodenhuis-Zybert, Jan Wilschut and Jolanda M. Smit 

Cleavage of the precursor membrane (prM) protein is required for the activation of 
flavivirus infectivity. However, many studies have shown that, for dengue virus in 
particular, prM cleavage and maturation is inefficient. Heterogeneity of wild-type 
dengue virus preparations with regard to the presence of uncleaved prM in the virion is 
mirrored in the substantial levels of prM- specific antibodies that are produced following 
dengue infection. What might be the evolutionary advantage for the virus to produce so 
many prM-containing particles? In this review we summarize the latest achievements of 
dengue research that contribute to a better understanding of the role of prM-containing 
virions in the pathogenesis of dengue. 

Trends in Microbiology 
Volume 1 9, Issue 5, 2011 , Pages 248-254 



Chapter 1 1  

Dengue virus: pathogenesis and morphogenesis 

Currently, dengue virus (DENV 1-4) causes the most significant arboviral disease 
afflicting tropical and sub-tropical communities worldwide with an estimated annual 
incidence of 50 million cases (http://www.who.int/csr/resources/publications/dengue/ 
CSR_ISR_2000_ 1 /en/index.html). Although most DENV infections are asymptomatic 
or result in self-limited dengue fever (OF), increasing numbers of patients present 
more severe and potentially fatal clinical manifestations including dengue hemorrhagic 
fever (DHF) and dengue shock syndrome (DSS). The development of severe disease 
manifestations is associated with sequential infection caused by different DENV 
serotypes [1 ]. In addition, infants born to dengue-immune mothers are at greater 
risk of developing severe disease upon primary infection [2] and [3]. Virus genotype, 
host characteristics (race, sex, and underlying chronic diseases) and specific 
epidemiological conditions also contribute to pathogenesis of DHF [4], [5], [6], [7] and 
[8]. Clinical examination of blood samples taken at the early stages of DENV infection 
has revealed that a high titer of circulating virus precedes the development of severe 
disease [9], [1 0], [1 1 ]  and [1 2]. One of the hypotheses that most directly explains 
these clinical observations is referred to as 'antibody-dependent enhancement' (ADE) 
of infection. According to this postulate, cross-reactive antibodies at non-neutralizing 
concentrations enhance infection by targeting the virus to cells bearing Fe-receptors 
(FcR), leading to increased dengue-infected cell mass and eventually a higher virus 
load [13] and [14]. 

DENV, as do other arthropod-borne human pathogens including West Nile 
virus (WNV), yellow fever virus and tick-borne encephalitis virus (TBEV), belong to 
the Flavivirus genus within the Flaviviridae family. They are small ( 50 nm in diameter) 
enveloped viruses with a positive-sense single-stranded ( ss) RNA genome that encodes 
seven nonstructural and three structural proteins: capsid (C), precursor membrane/ 
membrane (prM/M), and the envelope (E) [1 5]. The envelope of mature virion is 
organized as an icosahedron formed by 90 head-to-tail oriented homodimers of the E 
proteins that, in sets of three, lie flat on the viral membrane and cover the M proteins 
(Fig. 1 c,e) [1 6], [1 7], [1 8] and [19]. The E protein mediates cell entry of the virus 
and its ectodomain has three distinct domains: domain I (DI), structurally positioned 
between domain II (D11) - the homodimerization domain containing the fusion peptide 
- and the immunoglobulin-like domain Ill (DIi i) responsible for cell binding [1 6] and 
[17]. Upon binding of the E glycoprotein to the cell surface the virus is internalized 
through clathrin-mediated endocytosis and delivered to endosomes [20], [21 ]  and [22]. 
The low-pH environment of endosomes subsequently triggers the dissociation of E 
homodimers and the formation of E trimers; this leads to membrane fusion and the 
release of the virus genome into the cell cytoplasm [20] and [22]. Following genome 
replication and protein translation, immature particles are formed by the assembly 
of nucleocapsid and prM-E proteins and budding into the lumen of the endoplasmic 
reticulum (ER) membrane [23] and [24]. Structural analysis of these newly assembled 
immature virions revealed that a single virion contains 1 80 prM-E heterodimers that 
project vertically outwards from the virus surface as 60 trimeric spikes (Fig.1 b,d) 
[25] and [26]. Immature particles mature during transit through the compartments of 
the Golgi and trans-Golgi network (TGN) [27]. The low-pH environment of the Golgi 
apparatus causes dissociation of prM-E heterodimers and formation of E homodimers 
[28]. These conformational rearrangements enable the cellular endoprotease furin to 
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Fig. 1 .  Cryoelectron microscopy (cryo-EM) images and reconstructions of dengue virus particles. 
(a) Cryo-EM visualization of DENV particles. M, I, and P designate mature, immature, and partially mature 
particles, respectively. The second panel shows cropped cryo-EM images with single DENV particles. Scale 
bar, 1 00 nm. Reprinted from [41 ]  with permission from Macmillan Publishers. (b) Surface shaded view of 
the cryo-EM reconstruction of immature DENV-2 particles [78) and (c) mature DENV-2 particles [1 9]. (d) Fit 
of the atomic coordinates of the E protein Ca residues into an immature DENV particle [26] and (e) into a 
mature virion [1 9]. The E protein is color-coded as follows: domain I, red; domain 1 1 ,  yellow; domain 1 1 1 ,  blue; 
fusion peptide, green. The prM protein is depicted in cyan. The icosahedral asymmetric unit is shown as 
a white triangle with the fivefold and threefold axes as labeled. Graphics b-e are reprinted from [ 18] with 
permission from Elsevier. 
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cleave the prM protein to M and a pr peptide [28], (29] and (30]. The pr portion remains 
associated with the E protein until the release of mature virions into the extracellular 
milieu (28] and (31 ] .  The flavivirus life cycle is depicted in Figure 2. Numerous studies 
have established that flaviviruses require the prM protein and pr peptide to prevent the E 
protein from initiating premature fusion within the acidic compartments of the secretory 
pathway [28], (29], [32] and (33]. Consequently, immature particles are noninfectious 
(28], (29], [30], (32], [33], (34] and [35]. Nevertheless, cells infected with DENV release 
a high proportion of prM-containing virions [21 ], (30], (33], (36], (37], (38], (39], [40], [41 ], 
[42], (43], (44] and [45]. Incomplete cleavage of DENV has been linked to the presence 
of an acidic residue at position P3 within the 1 3  amino acid sequence proximal to the 
prM cleavage site [32] and [40]. Furthermore, it has been shown that enhanced prM 
cleavage has a negative impact upon DENV export. Sequence comparison revealed 

Fig. 2. The flavivirus life cycle. 
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(a) Virions bind to cell-surface attachment molecules and enter the cell via receptor-mediated endocytosis. 
(b) Within the acidic lumen of the endosome the E glycoproteins mediate fusion of the virus membrane 
with the endosome membrane, allowing the release of the virus genome into the cytoplasm. (c) Virus 
RNA is translated into a polyprotein which is subsequently processed by virus and host cell proteases. 
(d) RNA replication. (e) Virus assembly takes place at the membranes of the endoplasmic reticulum (ER) 
and results in the formation of immature virus particles. (f) Immature particles are transported through 
the secretory pathway. Upon lowering of the pH in the trans-Golgi network (TGN) the host protease furin 
cleaves prM, thereby maturing the virus. (g) Dissociation of the pr peptide and the release of mature virus 
into the extracellular milieu. The numbers shown in colored boxes refer to the pH values of the respective 
compartments. Reprinted from [1 8] with permission from Elsevier. 

1 34 



Partial maturation: an immune-evasion strategy of DENV? 

that this acidic amino acid residue is highly conserved in DENV but is absent from 
other flaviviruses [32]. Indeed, TBEV-infected cells were shown to secrete only mature 
virions [29], [35] and [46]. However, WNV-infected cells also release a high number 
of prM-containing particles [34], and this suggests that other factors also contribute to 
incomplete processing of prM. Interestingly, recent reports [41 ] and [47] demonstrate 
that wild-type DENV preparations contain a mixture of not only fully mature and 
immature but also partially mature virions (containing a mixture of prM and M), the 
latter accounting for as many as 40% of all extracellular particles [41 ] (Fig.1 a). 

Humoral response to DENV infection, antibody specificity and potential activity 

Hu moral immunity plays a significant role in controlling flavivirus dissemination within an 
infected host [1 4], [48], [49] and [50]. The DENV-specific response is directed against 
the virus envelope glycoproteins E and prM and towards the nonstructural protein NS 1 
[51 ], [52], [53] and [54]. Several studies showed that the antibody response in both 
primary and secondary DENV infection is predominantly directed against E [51 ], [52], 
[53] and [55]. Within the E-specific repertoire, antibodies are primarily directed against 
epitopes surrounding the well-conserved fusion loop peptide (Dl/011) and therefore 
are highly cross- reactive with multiple DENV serotypes [51 ] and [55]. DIi i-specific 
antibodies represent the second important fraction of E specific antibodies [51 ]  and 
[55]. Human antibodies directed against DIi i were observed to be both serotype-specific 

Box 1 .  Neutralization of flavivirus infectivity by 
antibodies 

Antibodies play an important role in blocking virus 
dissemination within the infected host. Classical 
neutralization occurs when an antibody binds to 
a virion and prevents infection of a susceptible 
cell. Neutralizing antibodies can interfere with 
virus binding to cell-surface receptors, block the 
uptake of virions into cells, inhibit the conformation 
changes required for membrane fusion, or cause 
aggregation of virus particles. Furthermore, in the 
case of many enveloped viruses, binding of the 
virion to a complement-fixing antibody can lead to 
virus inactivation through the disruption of the virus 
membrane. 
In case of flaviviruses the vast majority of 
neutralizing antibodies are directed against the E 
glycoprotein [51 ], [53] and [55]. The most potently 
neutralizing antibodies have been mapped to DI i i  
of the E protein and were shown to inhibit infection 
by preventing the low-pH-dependent conformation 
changes of the E protein that are required for 
membrane fusion [69]. Antibodies specific to E Oil 
were shown to block virus binding to its cellular 
receptor in FcR-negative cells and directly interfere 
with the membrane fusion process [69]. 

and cross-reactive, depending 
on the epitope binding site of 
the antibody [51 ]. This contrasts 
with the DIi i-antibody response 
in mice because multiple studies 
have shown that these antibodies 
are largely serotype-specific 
[56], [57] and [58]. Intriguingly, 
recent characterization of the 
humoral response of DHF 
patients suffering from secondary 
infection identified prM antibodies 
as the dominant fraction of the 
human antibody repertoire [53]. 
This observation most probably 
points to circulation of partially 
mature and immature virions 
within the infected host, although 
the presence of a prM response 
as a result of the virus-mediated 
apoptosis and/or extracellular 
pr peptide cannot be excluded 
[59], [60] and [61 ] . Furthermore, 
some studies have demonstrated 
a substantial increase in prM 
antibody titers in secondary and 
symptomatic infections [55] and 
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[62], suggesting that their presence could be unfavorable for the host. This hypothesis 
is strengthened by a report from Rai et al. showing a positive correlation between 
circulating prM antibody titer and disease severity [62]. 

Antibodies directed against the E and prM proteins appear to play a dual 
role in controlling viral infection because they can neutralize (Box 1 )  and enhance 
the infectivity of DENV particles [50]. Flavivirus neutralization has been described as 
a 'multiple-hit' phenomenon in which virus inactivation only occurs once the number 
of antibodies bound to the virion exceeds a required threshold [58] and [63]. However, 
under subneutralizing conditions the majority of antibodies have been observed to 
enhance flavivirus infection [14], [51 ], (53] and [63]. The occupancy level required for 
virus neutralization has been shown to be dependent on the specificity and accessibility 
of the virus epitope as well as the affinity of antibody binding [30], [50] and [63]. In 
subsequent paragraphs we address how the maturation status could influence the 
infectivity of virus particles and control the fate of antibody-bound virus particles in cells 
(Fig. 3 and Fig. 4). 

lnfectivity of mature DENV particles in the presence of antibodies 

The high-resolution structure of mature virions [64], combined with functional studies 
on the neutralizing activity of E antibodies, has generated an antigenic map of the 
flavivirus envelope and has substantiated the influence of epitope accessibility on the 
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Fig. 3. Model of dengue virus infectivity in the absence of antibodies. 
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Fully immature virions (Fl) are noninfective, primarily due to inefficient binding to the cell surface. Fully 
mature (FM) virions are known to initiate infection via receptor-mediated endocytosis. NM virions are likely 
to be infectious, the mature side of the virion being responsible for the initiation of infection. NM virions are 
most probably noninfectious, the prM proteins obstructing efficient binding to the cell surface. The threshold 
for infectivity with regard to the number of prM molecules per virion is as yet unknown. The triangles on the 
virion represent spikes formed by trimeric association of prM-E heterodimers in immature particles. 
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neutralizing capacity of the antibodies [63] and [65]. The most potently neutralizing 
antibodies appear to bind to sites that are well- exposed on the mature virion, such 
as the upper lateral ridge of DIi i  (Dllllr) [63], [66], [67] and [68]. DIi i  antibodies were 
observed to inactivate virus infectivity at low antibody concentrations, indicating that 
only a small fraction of the accessible epitopes needs to be occupied to achieve 
neutralization [49]. Subsequent studies unraveled that these antibodies block flavivirus 
infection at a postattachment step by trapping the virions in a prefusion intermediate 
state [69]. Although DIi i antibodies are highly neutralizing, their role in protection 
against disease has been questioned given that only low amounts of DIi i  antibodies 
are produced during natural infection [55], [70], [71] and [72]. On the other hand, 
weakly neutralizing antibodies appear to be directed against epitopes that are poorly 
exposed on the mature virion, such as within D1/DII, and require virtually complete 
occupancy to reach the stoichiometric threshold required for neutralization [73] and 
[74]. Interestingly, however, Nelson and colleagues demonstrated that some of the DI/ 
OIi-reactive antibodies fail to neutralize mature virus particles even under conditions of 
antibody excess [71]. This suggests that, in some cases, antibodies are unable to dock 
to all theoretical epitopes on the mature virion, presumably due to steric hindrance by 
adjacent E molecules on the virion. The difficulty in reaching the threshold required for 
neutralization, combined with the high cross-reactivity of D11 antibodies between DENV 
serotypes, makes them particularly susceptible to ADE of fully mature virus particles. 

lnfectivity of fully immature DENV particles in the presence of antibodies 

Numerous functional studies have reported that fully immature particles are non infective 
and therefore the potential importance of these particles in disease pathogenesis has 
been overlooked for a long time. Interestingly, however, it was recently shown that 
immature DENV particles become highly infectious in the presence of prM antibodies 
[53] and [75]. The prM antibodies facilitate efficient cell entry following which the 
endosomal furin matures the incoming virus, thereby activating its membrane- fusion 
machinery [75]. The prM antibodies were observed to enhance the infectivity of prM
containing particles due to an interaction with FcR expressed on immune cells [75] and 
also with heat shock protein 60 expressed on some FcR- deficient cells [76]. Notably, 
immature particles fail to bind efficiently to cells in the absence of antibodies [75], and 
therefore will be of minor importance in disease pathogenesis upon primary infection. 
Furthermore, the above observations indicate that following secondary infection the 
prM-specific antibody response will activate the infectivity of fully immature particles, 
thereby expanding the number of infectious virions in circulation. 

Not only prM antibodies but also E antibodies can bind to fully immature virions 
[47] and [71]. Moreover, E antibodies might interact differently with immature virus 
particles compared to mature virus particles given the large structural differences in 
the configuration of E proteins on the virus surface. For example, epitopes within D1/DII 
appear to be more accessible for antibody binding when the E protein is in heterodimeric 
association with the prM protein [4 7] and [71]. It remains to be determined if E antibodies 
can render fully immature particles infectious. Antibodies that bind to immature virions 
but do not enhance infectivity could interfere with the global conformation changes that 
are required for furin cleavage or directly block the membrane-fusion process of the 
virus. 
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Fig. 4. Model of dengue virus infectivity In the presence of antibodies. 
Fl virions opsonized with prM and several E antibodies are infectious, the antibody facilitating efficient binding 
and entry of the virus-immune complexes in cells after which furin matures in the incoming particle thereby 
allowing fusion and infection. FM virions opsonized with antibodies follow FcR-mediated internalization 
and initiate infection independent of furin activity. The route of cell entry of antibody opsonized NI and 
NM virus particles is not known and might or might not require antibody-mediated internalization and/or 
furin-processing for infectivity. The triangles on the virion represent spikes formed by trimeric association of 
prM-E heterodimers in immature particles. 

lnfectivity of partially mature DENV particles in the presence of antibodies 

The antigenic structure of partially mature virus particles is unknown; however 
immunoprecipitation studies suggest that these particles might be heterogeneous with 
regard to the number of uncleaved prM proteins on the viral surface. A recent study 
[41 ] identifies partially mature particles as the predominant fraction, although this could 
depend on the virus strain and cell type used [75]. The heterogeneous expression of 
prM proteins on the viral surface will greatly influence epitope accessibility and could 
affect the neutralizing capacity of antibodies [71 ]. Furthermore, it is conceivable that 
particles with high prM content (nearly immature, NI) are inherently non-infectious 
whereas virions with a low number of prM protein (nearly mature, NM) are infectious 
(Fig. 3). 

It is likely that DI/D11 antibodies specifically neutralize the infectivity of partially 
mature virions present within wild-type preparations because reduced sensitivity to 
DI/DI I-specific antibody-mediated neutralization was observed for mature flavivirus 
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particles [71] .  This also substantiates the notion that partially mature particles are 
inherently infectious. 
Dill antibodies were observed to neutralize the infectivity DENV particles regardless 
of their maturation state [71]. Furthermore, the potent neutralization capacity of 
some of the Dill-specific antibodies proved to be effective in passive prophylaxis or 
therapy in animal models [56], [57] and [77]. Only at very low antibody concentrations, 
enhancement of infection was seen, however it is yet unknown which virions are the 
subject of that enhancement [51 ] .  

Antibodies directed against the prM protein were found to be weakly 
neutralizing even at high concentrations and regardless of the DENV serotype tested 
[53]. Interestingly, a small number of prM- specific antibodies were able to neutralize 
virus infectivity by up to 50% [53]. This suggests that a significant number of the 
infectious particles present within the virus preparation are partially mature and also 
demonstrates that some prM antibodies have the capacity to obstruct the infectivity 
of partially mature virions. It is however important to note that the majority of the 
neutralization tests are performed using non-FcR-bearing cells, whereas the principal 
target cells of DENV express FcR. When neutralization capacity was assessed in 
peripheral blood mononuclear cells (PBMCs) the human prM antibodies failed to 
neutralize infection even under conditions of antibody excess, and instead enhanced 
infection (53]. Therefore, the mechanism by which prM antibodies inhibit infection in 
non-FcR-bearing cells is likely to operate at the level of receptor interaction at the cell 
surface. In FcR-expressing cells, prM antibodies exclusively mediate enhancement of 
infection, presumably due to efficient interaction of the virus-antibody complexes with 
FcR (53], [75] and [76]. The processes downstream of virus internalization are not well 
understood and it is unclear if prM cleavage of partially mature particles (N.I. and N.M.) 
is a prerequisite for viral infectivity (Fig. 4 ). 

Conclusions 

Recent studies have provided many novel insights that have shed more light on 
the mystery of dengue pathogenesis. The studies reviewed here point towards the 
involvement of prM-containing particles in dengue pathogenesis and stress the 
potentially detrimental role of prM antibodies in DHF patients. The discovery of the 
infective potential of fully immature virions in the presence of antibodies and the 
identification of infectious, partially mature virions not only suggests that incomplete 
prM cleavage occurs during natural infection but also implies that it could be utilized by 
the virus as a mechanism to evade host humeral immunity. A scrupulous, comparative 
study of the prM responses in asymptomatic DF and DHF patients will be required to 
unravel the role of prM antibodies in the development of severe disease. Furthermore, 
the ratio of mature, immature and partially mature particles in DENV-infected patients 
remains to be determined. However, it seems likely that these primarily enhancing and 
DENV serocomplex- reactive antibodies will have an effect on the outcome of secondary 
infections. Interestingly, the functional properties of DI/Dll-specific antibodies appear to 
be virus maturation state-sensitive because their ability to neutralize diminishes with 
increased prM cleavage on the virion [71] .  Accordingly, it will be of great interest to 
explore the threshold of prM cleavage required for neutralization by these antibodies. 
The ability of an antibody to neutralize or enhance the infectivity of dengue particles 
containing different levels of prM molecules is summarized in Table 1. It appears that 
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prM-containing viruses are more prone to set the stage for ADE of infection compared 
to fully mature DENV particles. It is thus tempting to speculate that flaviviruses 
somehow manipulate the humoral response to direct antibody specificity away from 
highly protective epitopes. 

The mechanistic details of the endosomal events following antibody- mediated 
internalization and endosomal furin cleavage remain puzzling. It is not clear whether 
antibodies remain associated with the virus particle or dissociate from it following 
internalization. Furthermore, it is not understood how the pr peptide is released from the 
cleaved particle within endosomes. One possible scenario is that further acidification of 
the endocytotic pathway drives the dissociation of the pr peptide from the mature virion. 
Alternatively, cleaved particles could be transported back towards the cell surface via 
recycling endosomes. 

Although the precise antibody responses of different subsets of patients have 
yet to be determined, it is likely that both host and virus genetic factors play a significant 
role in disease progression because only a minority of heterologous reinfections 
result in DHF and DSS (http://www.who. int/csr/resources/publications/dengue/ 
CSR_ISR_2000_ 1 /en/index.html). Indeed, several factors including specific human 
leukocyte antigens (HLAs) and virus genotypes have been identified that predispose or 
protect the infected host against the development of severe disease [27]. In this regard, 
comparison of virus morphogenesis and degree of DENV maturation in monocytes 
and macrophages derived from asymptomatic and symptomatic patients could further 
deepen our understanding of DENV pathogenesis. In addition, examination of the 
furin cleavage site in DENV isolates from different vector mosquitoes will be relevant 
because differences in the cleavability of the incoming virus would probably influence 
the progress of infection. To summarize, detailed knowledge of the interplay between 
the host and the virus is crucial to our understanding of disease pathogenesis and will 
guide the rational design of safe and efficacious vaccines and antiviral drugs. 
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Samenvatting 

Dengue is wereldwijd de meest voorkomende virale infectieziekte die wordt 
overgedragen via muggenbeten. Het leefgebied van de mug, voornamelijk Aedes 
muskieten, bepaalt dus het gebied waar dengue voorkomt. Op dit moment warden 
in meer dan 100 verschillende landen dengue infecties gerapporteerd waardoor 
geconcludeerd kan word en dat dengue in bijna alle { sub )tropische landen van de were Id 
wordt waargenomen. Naar schatting van de wereld gezondheidsorganisatie woont de 
helft van de wereldbevolking in risicogebieden voor dengue. Op dit moment breidt 
het leefgebied van de muskiet zich verder uit richting het noorden. In 2010 werden 
de eerste dengue infecties waargenomen in Frankrijk. Het is zeer onwaarschijnlijk dat 
deze infectieziekte zich ook in Nederland zal gaan vestigen onder andere vanwege 
ons relatief koude klimaat. Voor Nederlanders is en blijft het vooral een reizigersziekte 
{Hoofdstuk 1 3). 

Er zijn 4 verschillende serotypen van het dengue virus en besmetting met 
elk van deze virussen kan leiden tot een breed scala aan ziekteverschijnselen. De 
meeste mensen ondergaan een dengue infectie zonder dat ze het zichzelf realiseren. 
Een andere groep mensen ontwikkelt hoge koorts, kan weinig daglicht verdragen, 
heeft erge hoofdpijn, moet overgeven en heeft last van spieren en gewrichten. Elk jaar 
ontwikkelen ongeveer 0,5 tot 1 miljoen mensen een zogenaamde bloederige koorts. 
In ernstige gevallen ofwel bij veel plasma/bloed verlies kan de patiE!nt in shock raken. 
Ongeveer 20.000 mensen per jaar overlijden aan de gevolgen van dengue. Klinische 
studies hebben aangetoond dat er twee groepen individuen zijn die een vergrote 
kans hebben op het ontstaan van de ernstige vorm van de ziekte: 1) mensen die 
een tweede infectie doormaken met een ander serotype van het virus, 2) zuigelingen 
{8-12 maanden na de geboorte) die antistoffen {antilichamen) tegen dengue van hun 
moeder hebben gekregen. Dit laat zien dat de aanwezigheid van heterologe dengue 
antilichamen het ziektebeeld kan doen verergeren. In dit proefschrift is onderzocht hoe 
antilichamen de infectieuze eigenschappen van het dengue virus kunnen bernvloeden. 
Doch alvorens hierop in te gaan is het belangrijk eerst een goed overzicht te hebben 
van de levenscyclus van het virus. 

Het dengue virus heeft een ronde structuur en een diameter van slechts 50 
nm. Het bevat een RNA molecuul dat is samengepakt met capside eiwitten, ook wel 
het nucleocapside genoemd. Het nucleocapside wordt omgeven door een membraan 
van lipiden {vetten) waarin zich 2 membraan eiwitten, het E en M eiwit, bevinden. Het 
E eiwit zorgt voor de binding van het virus aan een eel. Vervolgens wordt het virus 
opgenomen in de eel en komt in zure blaasjes, endosomen, terecht. Door de zure 
omgeving ondergaan de E eiwitten grote veranderingen waarna de membranen van 
het virus en de eel met elkaar versmelten en het genetisch materiaal van het virus 
in het cytoplasma van de eel vrijkomt. Vervolgens warden er nieuwe virale eiwitten 
aangemaakt en wordt het RNA vermenigvuldigd. Als alle bouwstenen aanwezig zijn 
zullen nieuwe virusdeeltjes warden gevormd. Deze virusdeeltjes zijn in beginsel 
immatuur en bevatten een voorloper membraan prM eiwit in het membraan. Dit prM 
eiwit wordt laat in de levenscyelus van het virus geknipt door furine, een cellulair enzym, 
in een pr peptide en het M eiwit. Het pr peptide laat los van het virus zodra het virus de 
eel verlaat. De nieuw gevormde mature virusdeeltjes kunnen vervolgens nieuwe cellen 
binnendringen om zichzelf verder te vermenigvuldigen. 

Wij hebben aangetoond dat tenminste 30% van alle door de eel uitgeseheiden 
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virusdeeltjes nog steeds het prM eiwit in de lipide membraan bevat (Hoofdstuk 4). 
Vanwege dit hoge aantal hebben we vervolgens de functionele eigenschappen van 
immature virusdeeltjes onderzocht. Uit onze studie is gebleken dat volledig immature 
virusdeeltjes niet infectieus zijn (Hoofdstuk 4 ). Ditzelfde resultaat hebben we ook 
gevonden voor een nauw verwant virus, namelijk het West Nile virus (Hoofdstuk 
5). Tevens is in Hoofdstuk 5 aangetoond dat immature West Nile virusdeeltjes niet 
in staat zijn te fuseren met kunstmatige lipide membranen (liposomen) onder zure 
omstandigheden. Maturatie van het prM eiwit door toevoeging van het enzym furine aan 
het virus herstelde de membraanfusie activiteit van het virus, het geen betekent dat het 
knippen van prM tot M noodzakelijk is voor het initieren van het membraanfusieproces. 
Samenvattend, doordat immature virusdeeltjes niet infectieus zijn kan worden gesteld 
dat de aanwezigheid van prM-bevattende deeltjes geen rol speelt bij het verloop van 
een dengue virus infectie. De conclusie dat immature deeltjes irrelevante bijproducten 
zijn van ge"infecteerde cellen is in overeenstemming met de literatuur. 

Echter gedurende onze studie werd bekend dat patienten met een tweede 
dengue infectie meer antilichamen gericht tegen het prM eiwit hebben dan mensen 
die een eerste infectie met dengue ondergaan. Daarom hebben we in Hoofdstuk 6 
onderzocht wat de invloed van prM antilichamen is op de infectiviteit van immature 
virusdeeltjes. We laten zien dat in aanwezigheid van prM antilichamen immature 
virusdeeltjes net zo infectieus zijn als mature virusdeeltjes. Nader onderzoek liet zien 
dat immature virusdeeltjes in tegenstelling tot mature virusdeeltjes niet goed kunnen 
binden aan doelcellen. In Hoofdstuk 6 werd tevens aangetoond dat in geval van virus
antilichaamcomplexen, het antilichaam zorgt voor een efficiente binding van het complex 
aan het membraan van de eel. Na opname in de eel, knipt het enzym furine het prM 
eiwit waardoor het virus infectieus wordt. Het knippen van het prM eiwit is noodzakelijk 
voor de infectiviteit van het virus. In een vervolg studie (Hoofdstuk 7) hebben we het 
effect van prM antilichamen op de infectiviteit van immature virusdeeltjes onderzocht 
in muizen. Hiervoor werd gebruik gemaakt van een bekend muismodel op basis van 
het West Nile virus. Deze studie bevestigt onze eerdere resultaten. Muizen ingespoten 
met alleen immature virusdeeltjes ontwikkelen geen ziekteverschijnselen maar muizen 
ingespoten met immature virusdeeltjes waaraan antilichamen gebonden zijn warden 
ziek en overlijden aan de gevolgen van een West Nile virusinfectie. Samenvattend, 
bovenstaande resultaten laten zien dat prM antilichamen en immature virusdeeltjes 
weleens een belangrijke rol zouden kunnen spelen in de pathogenese van de ziekte. 
Naast prM antilichamen warden ook veel antilichamen geproduceerd die gericht zijn 
tegen het E eiwit van het virus. Structurele en functionele studies hebben laten zien dat 
E antilichamen die binden aan het fusiepeptide van het E eiwit erg kruisreactief zijn en 
voornamelijk binden aan E eiwitten in immature virusdeeltjes. In Hoofdstuk 8 zijn de 
functionele eigenschappen van deze antilichamen nader onderzocht. Het fusiepeptide 
-bindende antilichaam E53 had net als prM antilichamen een versterkend effect op de 
infectieuze eigenschappen van immatuur West Nile virus. Voor dengue werd een cellijn 
afhankelijk effect gemeten, in het ene celtype werd een versterkend effect gemeten 
terwijl in het andere celtype geen effect werd gemeten. Uit nader onderzoek bleek dat 
E53 het knippen van het prM eiwit door furine blokkeert onder mild zure condities. E53-
immature dengue virusdeeltjes moeten aan een lagere pH worden blootgesteld voor 
het knippen van het prM eiwit dan immature West Nile virusdeeltjes. De zuurtegraad 
in endosomen is varierend tussen cellen en het resultaat dat in aanwezigheid van E53 
een zuurdere omgeving nodig is voor maturatie van het dengue prM eiwit kan dus een 
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verklaring zijn voor het eerder gevonden effect. 
In Hoofdstuk 9 hebben we een groot aantal verschillende E antilichamen 

getest op hun vermogen immatuur dengue virus te activeren. We hebben gevonden 
dat verreweg de meeste E antilichamen in staat zijn goed te binden aan immature 
virusdeeltjes en dat de meerderheid ook daadwerkelijk de infectiviteit van immature 
deeltjes stimuleert. In overeenstemming met onze eerdere studies hebben we 
gevonden dat het enzym furine een cruciale rol speelt bij de activatie van immature 
virusdeeltjes. Niet alleen monoclonale antilichamen maar ook serum stimuleert de 
infectieuze eigenschappen van het immature virus. Hetzelfde effect werd ook in muizen 
waargenomen. Samenvattend, niet alleen prM maar ook antilichamen gericht tegen 
het E eiwit activeren de infectieuze eigenschappen van immatuur virus. 

De studies beschreven in dit proefschrift laten zien dat immature virusdeeltjes 
het vermogen hebben cellen te infecteren mits ze gebonden zijn aan antilichamen. 
Dit resultaat heeft belangrijke consequenties voor ons begrip ten aanzien van de 
pathogenese van de ziekte. Tijdens een eerste infectie, dus in afwezigheid van 
antilichamen, spelen immature virusdeeltjes geen belangrijke rol in het verloop van 
de ziekte. Tijdens een secundaire infectie met een ander serotype, kunnen de reeds 
aanwezige antilichamen de infectieuze eigenschappen van immature virusdeeltjes 
versterken. Dit verhoogt het aantal actieve virusdeeltjes in de circulatie en kan bijdragen 
aan de hoge virale load zoals die gezien wordt bij patienten die uiteindelijk een emstige 
vorm van de ziekte ontwikkelen. 
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Streszczenie dla laika 

Zakazenia wirusami denga (cztery typy DENV, 1, 2, 3, 4) przenoszonymi przez komary 
z rodzaju Aedes nalei:ct do najniebezpieczniejszych infekcji wywotanych przez owady na 
swiecie. Do infekcji dochodzi najcz�sciej w krajach tropikalnych i subtropikalnych, gdzie 
wyzej wymienione wirusy wyst�pujct endemicznie. Zakazenie przebiega najcz�sciej 
bezobjawowo lub w lagodnej postaci podobnej do grypy. Niemniej jednak kazdego 
roku u 0,5 - 1 miliona os6b dochodzi do rozwoju najci�zszej z postaci choroby tzw. 
gorctczki krwotocznej. Niestety do dnia dzisiejszego nie dysponujemy szczepionkami 
przeciwko DENV. Badania wykazafy, ze przeciwciala wytworzone w trakcie pierwszej 
infekcji np. typem DENV 1 pot�gujct szanse na wystctpienie gorctczki krwotocznej po 
wt6rnym zakai:eniu innym typem wirusa denga. 

Przeciwciala zakazonych osobnik6w skierowane Sci najcz�sciej przeciwko 
dw6m bialkom wirusa: bialku otoczki (bialko E) oraz bialku prM, kt6re wyst�puje jedynie 
na powierzchni niezakaznych tzw. niedojrzafych czctsteczek wirusa. lnteresujijcy jest 
fakt, ii: osobniki zakazone DENV produkujct duze ilosci tych niedojrzafych czctsteczek. 
Eksperymenty przedstawione w tej pracy doktorskiej pokazujct, ii: w obecnosci 
przeciwcial skierowanych przeciwko bialkom prM i E niedojrzale wirusy DENV stajct si� 
wysoce zakazne. Zwictzanie si� niedojrzafych czctsteczek wirusa z wyzej wymienionymi 
przeciwcialami umoi:liwia wejscie tych czctsteczek do kom6rek. Ponadto eksperymenty 
opisane w tej pracy doktorskiej wykazujct, ze przeksztalcenie niedojrzalego wirusa 
DENV w dojrzafy i w pelni zakazny wirus jest kontrolowane przez furyn�. enzym 
znajdujijcy si� w kom6rce gospodarza. Podsumowujijc, nasze badania wykazujct, 
ze przeciwciala zakazonego osobnika, zamiast zwalczac infekcje, mogct stymulowac 
rozprzestrzenienie si� wi�kszych ilosci wirusa w organizmie przyczyniajctc si� do 
rozwoju ci�zkich objaw6w choroby. 
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Chapter 1 3  

Dengue: een toenemend risico voor reizigers 

naar tropische en subtropische landen 

Julia M .  da Silva-Voorham, Adriana Tami, Amadu E .  Juliana, 
lzabela A. Rodenhuis-Zybert, Jan C. Wilschut en Jolanda M. Smit 

Dengue is op dit moment wereldwijd de meest voorkomende door muggen 
overgedragen virale infectieziekte. Tengevolge van de klimaatverandering en andere 
factoren is het verspreidingsgebied van de vector, de Aedes mug, de laatste decennia 
sterk toegenomen. Dengue is endemisch in bijna alle (sub)tropische delen van de 
wereld; dit betekent dat 40% van de wereldbevolking risico loopt besmet te warden 
met het dengue virus. Het beloop van een dengue-besmetting kan varieren van een 
asymptomatische infectie of een ongedifferentieerd ziektebeeld met koorts (klassieke 
dengue of "Dengue Fever'', OF) tot ernstige, soms fatale, vormen van ziekte zoals 
hemorrhagische koorts ("Dengue Hemorrhagic Fever'', DHF) en shock ("Dengue Shock 
Syndrome", DSS). Gezien de beperkte mogelijkheden van preventie is de verwachting 
dat de incidentie van dengue de komende jaren verder zal toenemen. Ook in gebieden 
waar dengue niet endemisch is zullen zorgverleners steeds vaker patienten met 
dengue in hun praktijk tegenkomen. 
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Inleiding 

Dengue is wereldwijd de belangrijkste door muggen overgedragen virale infectieziekte. 
Dengue veroorzaakt op dit moment ongeveer 50-1 00 miljoen infecties per jaar, een 
ca. 30-voudige toename in de afgelopen 50 jaar [1 ]. De stijging in de incidentie van 
dengue wordt vooral veroorzaakt door de toenemende geografische verspreiding 
van de vector (Aedes aegypti) mede als gevolg van klimaatverandering, de 
toename van urbanisatie, internationaal reizigers- en handelsverkeer, en inadequate 
gezondheidszorg in gebieden waar het virus voorkomt [1 , 2]. Dengue is endemisch 
in de meeste tropische en subtropische landen. Veel van deze landen zijn populaire 
toeristische bestemmingen. Verschillende studies hebben laten zien dat dengue de 
op eim na belangrijkste oorzaak van ziekenhuisopname bij reizigers is [2, 3, 4, 5 ]. Dit 
artikel geeft een overzicht van de epidemiologie, pathogenese, ziekteverschijnselen, 
diagnostiek en behandeling van dengue. 

Epidemiologie 

lncidentie 

De incidentievan dengue neemtwereldwijd sterktoe. De Wereldgezondheidsorganisatie 
(WHO) schat dat er op dit moment 2.5 miljard mensen (40% van de wereldbevolking) 
risico lopen op een dengue-infectie [1 ]. De meeste infecties treden op in Zuidoost-Azie, 
en in Midden- en Zuid-Amerika (Fig.1 ). In de afgelopen jaren is er een progressieve 

Fig. 1. Landen en gebieden waar men risico loopt op een dengue-infectie (aangeduid met geel of met 
een rode stip). De bovenste lijn is de 1 0°C-januari-isotherm, de onderste de 1 0°C-juli-isotherm. In het gebied 
tussen deze lijnen kan de mug die het denguevirus overbrengt het gehele jaar overleven. 
(bron:WHO,gamapserver.who.int/mapLibrary/Files/Maps/Global_DengueTransmission_lTHRiskMap.png). 
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toename te zien geweest in het aantal landen waar dengue voorkomt [1 ]. Het jaar 
2008 was het ernstigste "dengue-jaar'' ooit op het Amerikaanse continent [6]. Het is de 
verwachting van de WHO dat de geografische verspreiding van het virus de komende 
jaren verder zal toenemen. 

Reizigers 

Volgens gegevens van het "GeoSentinel Surveillance Network" behoort dengue tot 
de belangrijkste oorzaken van koorts bij reizigers uit subtropische gebieden [7]. Het 
Europese netwerk van ge·importeerde infectieziekten (TropNetEurop) heeft tussen 
januari 1 999 en december 2008 in totaal 1 .284 denguegevallen ge"identificeerd onder 
Europese reizigers [8]. De meeste gevallen van dengue komen voor bij reizigers 
afkomstig uit Azie en Latijns Amerika [8, 9). 

Het aantal dengue-infecties onder reizigers ligt in werkelijkheid waarschijnlijk 
veel hoger dan hierboven geschetst, omdat dengue in veel Europese Ian den (waaronder 
Nederland) geen meldingsplichtige ziekte is. Daarnaast wordt de diagnose vaak niet 
gesteld vanwege het aspecifieke ziektebeeld van de infectie [2, 1 OJ. Een studie onder 
447 Nederlandse reizigers naar Azie in 1 991 -1 992 liet een "attack rate" van 3% zien 
[11 ). Dit betekent dat de incidentie van dengue onder reizigers net zo hoog kan zijn als 
die van malaria (zonder profylaxe) of hepatitis A [2]. 

Virus en vector 

Dengue virussen zijn enkelstrengs-RNA virussen behorend tot het genus "Flavivirussen" 
van de familie Flaviviridae. Flavirussen worden overgedragen via teken- of muggenbeten 
[1 2). Dengue wordt overgedragen door muggen van het genus Aedes, voornamelijk 
Aedes aegypti. Deze mug komt voor in een zone tussen 35° noorder- en zuiderbreedte 
en is goed aangepast aan stedelijke omgevingen. De muggen planten zich voort in 
stilstaand water, vooral op plaatsen waar regenwater zich ophoopt, zoals in oude 
autobanden, blikjes, bloempotten en emmers [1 3). De muggen kunnen drager van het 
virus worden door verticale transmissie of wanneer ze zich voeden met bloed van een 
persoon met een acute dengue-infectie. Na een bloedmaal vindt virusreplicatie plaats 
in de speekselklieren van de mug en na acht tot tien dagen is de mug in staat om het 
virus over te dragen [14). 

Pathogenese 

Transmissie en virusreplicatie 

Nadat een besmette mug een persoon heeft gebeten komt het virus in de huid 
terecht. Gedurende de eerste 24 uur na inoculatie vindt virusreplicatie plaats in 
Langerhans cellen; dit zijn dendritische cellen in het epitheel van de huid. Figuur 2 
toont een schematische weergave van de levenscyclus van het virus. Het virus 
bindt aan receptoren op het oppervlak van deze cellen, wordt geTnternaliseerd via 
endocytose, en komt zo in intracellulaire vacuolen (endosomen) terecht [1 2, 1 5). De 
mild-zure omstandigheden in endosomen induceren een fusiereactie tussen het virale 
membraan en het endosomale membraan. Hierdoor wordt het virale RNA afgegeven 
in het cytosol van de eel. Na replicatie van het RNA en translatie van eiwitten worden 
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Fig. 2. Levenscyclus van het dengue virus. 
Met dank aan H.M. van der Schaar. Zie tekst, voor details. 
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nieuwe, immature, virusdeeltjes gevormd in het endoplasmatisch reticulum van de eel. 
De virusdeeltjes verlaten vervolgens de eel door exocytose [1 2, 1 5). Hierna verspreiden 
de virusdeeltjes zich naar monocyten en macrofagen, waar verdere replicatie van het 
virus plaats vindt. 

"Antibody-dependent enhancement of disease" 

Er zijn vier serotypen van het dengue virus die elk een spectrum van ziektebeelden 
kunnen veroorzaken varierend van asymptomatische infectie of een koortsige ziekte 
(klassieke dengue of "Dengue Fever", DF) , tot hemorrhagische koorts (Dengue 
Hemorrhagic Fever, DHF), die soms leidt tot shock (Dengue Shock Syndroom, DSS) 
en dan een fataal beloop kan hebben. Het ziektebeloop is afhankelijk van leeftijd, 
voedingstoestand, immuunstatus en genetische eigenschappen van de patient [1 6]. 
Antilichamen gevormd tijdens een eerste infectie lijken levenslange bescherming te 
bieden tegen herinfectie met hetzelfde serotype. Kruisbescherming tegen andere 
serotypen is daarentegen onvolledig en tijdelijk [1 2, 14]. Bij een heterotypische 
herinfectie of bij een primaire infectie van zuigelingen die maternale dengue-antistoffen 
hebben, bestaat een verhoogd risico op DHF [1 7,1 8]. Dit wordt veelal verklaard 
door zogenoemde "antibody-dependent enhancement (ADE) of disease" (17, 1 8, 1 9]. 
Deze hypothese stelt dat pre-existerende antistoffen zorgen voor een verhoogde 
opname van virusdeeltjes in monocyten/macrofagen via interactie met Fc-receptoren. 
Aangezien het gaat om heterologe, niet-neutraliserende, antistoffen resulteert dit in 
hoge virustiters en de aanmaak van grate hoeveelheden cytokines (vooral IL-2, IL-
1 0, IFN-y en TNF-a). Deze cytokines kunnen endotheelcelschade veroorzaken die, 
samen met trombocytopenie en consumptie van de stollingsfactoren, uiteindelijk leidt 
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tot plasmalekkage en hemorrhagische manifestaties [1 6, 1 8]. 

Ziekteverschijnselen 

De WHO heeft definities opgesteld van de klinische syndromen van dengue (OF, 
DHF, DSS) (Tabel 1 ). Omdat er kritiek is op deze classificatie ("rigide, onvolledig, 
onderschatting van de ernst van OF") [20, 21 ] geven wij hier een beschrijving van de 
meest voorkomende klachten bij een symtomatische dengue-infectie. Een gereviseerde 
classificatie van dengue-syndromen is voorbereiding door de WHO. 

I TABEL 1 WHO classificatie van dengue 
� • • • a •  • • • • • • • • • • • I • • • • I •  e • • • • • • • • • • • e e • • • • • I • • • a  e a • • • • • • • • • •  a a a • • • •  e • • e • I a 9 a a a a a e • a a a a a a a a a a a a a a a a a a a a a I a a a a a a a a a a a a a a a a •  

Klassieke dengue (Dengue fever: DF) 
Acute koortsige ziekte met minstens twee van de volgende manifestaties: 
Hoofdpijn, retro-orbitale pijn, spierpijn, gewrichtspijn, huiduitslag, hemorrhagische 
manifestaties, leukopenie 

Dengue hemorragische koorts (DHF) 
DHF graad I Koorts, thrombocytopenie ( <100,000/mm3) ,  hemoconcentratie, 

positieve tourniquettest en/of spontane blauwe plekken 
DHF graad I I  Alie criteria van DHF I ,  met daarbij spontane bloedingen 

Dengue-shocksyndroom (DSS) 
DHF graad I l l  Alie DHF 1-1 1 criteria met daarbij een van de volgende criteria: 

• Snelle en zwakke pols, lage polsdruk ( < 20 mm Hg) 
• Hypotensie met koude, klamme huid en onrust 

DHF graad IV Alie DHF 1-1 1 criteria plus onmeetbare pols of bloeddruk 

K/assieke dengue 

Klassieke dengue of OF is een acute koortsige ziekte met minstens twee van 
de volgende manifestaties: hoofdpijn, retro-orbitale pijn, spierpijn, gewrichtspijn, 
huiduitslag, hemorrhagische manifestaties of leukopenie. De koorts stijgt snel, en duurt 
gemiddeld vijf tot zeven dagen. Ongeveer de helft van de patienten heeft een lichte 
splenomegalie, vergrote lymfeklieren en een maculopapulaire uitslag [1 2, 14] die rond 
dag 5 ontstaat (vaak vlak na het afnemen van de koorts) en gemiddeld twee tot vier 
dagen duurt (Figuur 3). Ook kunnen thrombopenie en hemorrhagische manifestaties, 
zoals petechieen, tandvleesbloeding, neusbloeding, menorragie, hematurie of maag
darmbloedingen, voorkomen. Zeldzame complicaties zijn myocarditis, leverinsufficientie 
en encefalitis [1 2, 14, 1 6]. Meestal wordt de infectie binnen twee weken geklaard. 
Herstel kan moeizaam gaan, door asthenie en/of langdurige depressie. Tabel 2 toont 
de klinische manifestaties van 21 9 reizigers geregistreerd door TropNetEurop [5]. 
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Fig. 3. Huiduitslag ten gevolge van 
dengue. 
(foto: Iris Villalobos de Chac6n, 
S.A Hospital Central de Maracay, 
Maracay, Venezuela. Gepubliceerd 
met toestemming van betrokken 
personen). 

Dengue hemorragische koorts en Dengue shock syndroom 

Er zijn 4 gradaties van DHF gedefinieerd op basis van de klinische manifestaties 
(Tabel 1 ). Het ziektebeeld is in de eerste dagen ongeveer hetzelfde als bij klassieke 
dengue. DHF ontstaat meestal vlak na het afnemen van de koorts (rond dag 5-7). 
Kenmerken zijn thrombocytopenie (<1 00,000/mm3), hemorrhagische manifestaties, 
plasmalekkage en een positieve tourniquettest [1 6]. Plasmalekkage is te herkennen 
door hemoconcentratie (hematocriet >20% boven normaalwaarde), pleuravocht, 
ascites of hypoprote'inemie. Braken en hepatomegalie wordt bij ongeveer 60% van de 
DHF-patienten waargenomen [1 6]. Acute abdominale pijn is sterk geassocieerd met 
DHF en komt voor bij 50% van de patienten. Oorzaken hiervan zijn o.a. aantasting van 
de lever, acute acalculeuze cholecystitis en maag-darmbloedingen [22]. In geval van 
circulatoire insufficientie spreekt men van DHF graad Ill en IV, ook wel DSS genoemd. 
Algemene tekenen van shock zijn een snelle en zwakke pols, lage bloeddruk, klamme 
extremiteiten, hypothermie, en verwardheid [1 2, 14, 16]. Naar schatting 500.000 mensen 
ontwikkelen jaarlijks DHF. De sterftecijfers zijn sterk afhankelijk van tijdige herkenning 
en de geboden medische zorg, en varieren van 0.2 tot 20% [1 0, 1 6]. 

Diagnose 

De diagnose van dengue wordt gesteld op basis van de ziekteverschijnselen, lichamelijk 
onderzoek en algemeen bloedonderzoek. De incubatieperiode van dengue is drie tot 
maximaal 14 dagen; dengue kan dus worden uitgesloten als symptomen ontstaan 
twee weken nadat de patient het endemische gebied heeft verlaten [2, 1 0]. Koorts 
die langer dan 1 0 dagen duurt sluit dengue in het algemeen ook uit. Een combinatie 
van huiduitslag, spierpijn, thrombopenie of leukopenie en stijging van transaminases 
is indicatief voor dengue [23]. Een meer dan drievoudige stijging in transaminases 
is geassocieerd met spontane bloedingen en wordt gezien bij ernstige vormen van 
dengue [22, 24]. Bij DHF/DSS treedt tussen de derde en achtste dag een daling van 
het aantal thrombocyten (<1 00,000 mm3) en een stijging van de hematocriet van 20% 
of meer op [1 6]. Bij vermoeden van een secundaire dengue-infectie adviseren wij 
elke 1 2-24 uur een compleet bloedbeeld te bepalen zodat de ontwikkeling van DHF 

1 56 



Dengue: een toenemend risico voor reizigers 

vroegtijdig kan warden herkend [2, 25). De tourniquettest is een nuttige methode om 
de capillaire fragiliteit en thrombocytopenie te meten, maar kan niet warden gebruikt 
voor het vaststellen van de ernst van de ziekte [5, 21 ). In de differentiaaldiagnose 
dienen ook andere infecties meegenomen te warden die een ongedifferentieerde acute 
koortsige ziekte kunnen veroorzaken (Tabel 3). 

1 . TABEL 3 Differentiaaldiagnose voor Dengue 

Parasitaire ziekten 

Malaria 

Virale ziekten 

Hepatitis A 
Rubella 
Influenza 

Bacteriele ziekten 

Meningokokose 
Rickettsiose 
Leptospirose 

Arbovirusen 

Chikungunya 

Dengue laboratoriumonderzoek 

Toxoplasmose 

Ziekte van Pfeiffer 
Acuut retroviraal syndroom (HIV) 
Mazelen 

Roodvonk 
Salmonellosen 

Gele koorts 

De diagnose "dengue" kan gesteld warden op basis van virusisolatie, moleculaire 
detectie met de "polymerase chain reaction" (PCR) en serologisch onderzoek. Bij de 
diagnose zijn twee fasen van belang: de viremiefase die gepaard gaat met koorts en de 
daarop volgende fase waarin de koorts afneemt. In de eerste fase is diagnose alleen 
mogelijk op basis van PCR of virusisolatie, daarna kan ook serologisch onderzoek 
met behulp van ELISA of hemagglutinatieremming verricht warden (Figuur 4) [1 8]. 
Tijdens een primaire infectie stijgt de lgM antistoftiter vier tot vijf dagen na het ontstaan 
van koorts; lgG antistoffen zijn detecteerbaar na zes tot tien dagen. Een viervoudige 
titerstijging van lgM of lgG in gepaarde serummonsters bevestigt de diagnose. Hoge 
lgG titers vroeg in het ziekteproces kunnen duiden op een secundaire infectie [1 6). 
Serologische testen kunnen vals-positieve uitslagen geven o.a. door kruisreactiviteit 
met andere flavivirussen; vaccinatie tegen gele koorts is hierbij een belangrijke factor 
[2, 1 2, 25). In Nederland kunnen dengue-antistoffen aangetoond warden in de volgende 
laboratoria: het Erasmus MC, het RIVM, het AMC en het Zuiderziekenhuis Rotterdam 
(26). 
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Plaque neutralisatietest 
Hemagglutinatieremming 
lgM en lgG ELISA 

Virus isolatle 
Moleculaire technieken 
Antigeendetectie ELISA 

SM�� l 

Anti-dengue lgM 

Muggenbeet j 
-4 -2 0 2 4 

Ziektedagen 

Fig. 4. Verloop van een dengue-infectie en diagnose. 

6 8 1 0  1 2  

Gepubliceerd met toestemming van Timothy Endy, Syracuse University, NY, USA 

Behandeling en preventie 

Therapie 

Er is geen specifieke therapie voor dengue. Behandeling bestaat uit ondersteunende 
maatregelen, afhankelijk van de symptomen. Bij klassieke dengue worden bedrust, 
ruime vochtopname en een koortswerend middel geadviseerd. Salicylaten en NSAID's 
moeten worden vermeden in verband met verhoogde bloedingsneiging. Patienten 
moeten goed worden ge'informeerd over de alarmsymptomen van DHF/DSS, 
bijvoorbeeld buikpijn. Patienten met een thrombocytengetal <1 00.000/mm3 worden 
meestal opgenomen, omdat zij een verhoogde kans hebben op het ontstaan van 
DHF [2]. Een van de belangrijkste levensreddende acties is een tijdige intraveneuze 
vochttoediening (0,9% NaCl of Ringer-lactaat) [2, 1 6, 25]. Uitgebreide richtlijnen voor 
de behandeling van DHF zijn beschikbaar bij de WHO [1 6]. 

Preventie 

Aangezien er nog geen vaccin is tegen dengue, bestaan preventieve maatregelen vooral 
uit het gebruik van bedekkende kleding en DEET-bevattende middelen. Aangezien 
Aedes-muggen met name overdag actief zijn, geeft het gebruik van klamboes in de 
avond en nachturen geen afdoende bescherming [26]. In tegenstelling tot malaria, 
komen dengue-infecties vooral voor in stedelijke gebieden. Het dengue-piekseizoen 
valt samen met het regenseizoen 0uni-november op het noordelijk, januari- april op het 
zuidelijk halfrond). Echter het hele jaar bestaat er in dengue-endemische gebieden 
risico op transmissie, en preventieve maatregelen moeten daarom altijd worden 
geadviseerd [9]. Uitgebreide en up-to-date informatie over dengue-endemische 
gebieden en preventieve maatregelen is beschikbaar bij de "Centers for Disease 
Control and Prevention-CDC" (http://wwwn.cdc.gov/travel/). 
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In het rapport "Climate Change 2007: Impacts.Adaptation and Vulnerability", concludeert 
het "Intergovernmental Panel on Climate Change (IPCC)" dat de opwarming van de 
aarde een toename van de incidentie van dengue kan veroorzaken [27). Een hogere 
temperatuur (zelfs een geringe toename van 2°C) leidt tot een verlenging van de 
levensduur van de mug en een verkorting van de incubatieperiode van het dengue
virus in de mug. Dit zal in endemische gebieden leiden tot een toename van het aantal 
ge"infecteerde muggen en het aantal gevallen van dengue. Bovendien creeert de 
globale temperatuurstijging gunstige omstandigheden voor de verspreiding van de 
vector naar gebieden waar deze zich nog niet gevestigd had [28, 29). 

Hoewel er dus een duidelijke associatie lijkt te zijn tussen globale 
temperatuurstijging en de toename van de incidentie van dengue, geven sommige 
deskundigen aan dat het vooral andere factoren zijn die een rol spelen. Voor malaria, 
bijvoorbeeld, is bekend dat economische factoren, de omgeving, menselijk gedrag 
en de ecologie en het gedrag van de vector samen, meer dan het klimaat alleen, 
dominante factoren voor transmissie zijn [30]. Bij recente dengue-epidemieen waren 
vooral tekortkomingen in de openbare gezondheidszorg bepalend voor het beloop van 
de ziekte in individuele gevallen en de verspreiding van de ziekte in de populatie. 
Goede preventieve maatregelen vormen daarom de meest effectieve strategie om de 
gevolgen van klimaatsveranderingen op dengue-transmissie tegen te gaan [30, 31, 
32). 

Dengue ook in Nederland? 

lncidenteel worden tijgermuggen (Aedes albopictus) gesignaleerd in Nederland, 
bijvoorbeeld bij bedrijven die vanuit Zuid-China de plant "lucky bamboo" importeren 
[26]. De veranderende klimatologische omstandigheden in Nederland, samen met 
het internationale reizigers- en handelsverkeer, maken het niet ondenkbaar dat de 
vector zich in Nederland zal vestigen. Dit betekent dat er ook in Nederland autochtone 
gevallen van dengue zouden kunnen gaan optreden. Echter, het is onwaarschijnlijk 
dat deze potentiele locale transmissie tot endemiciteit zal uitgroeien, o.a. vanwege de 
efficiente infrastructuur op het gebied van riolering en afwatering, en de kwaliteit van 
de openbare gezondheidszorg in Nederland [30, 31, 32]. 

Conclusie 

Dengue is endemisch in ongeveer 100 landen waaronder vele toeristische 
bestemmingen. De incidentie van dengue stijgt progressief, en toenemende aantallen 
toeristen zullen dengue een of meerdere keren dengue oplopen, zolang er geen vaccin 
beschikbaar is. Het is daarom belangrijk dat zorgverleners op de hoogte zijn van de 
geografische verspreiding en het klinische beeld van DF, DHF en DSS, en dat zij deze 
informatie verstrekken aan reizigers. Ook dient dengue betrokken te worden in de 
differentiaaldiagnose bij symptomatische patienten die zijn teruggekeerd uit gebieden 
waar dengue endemische is. 
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Appendices 

Here I am; six "Dutch" years, a wonderful husband, a healthy son and few good friends 
richer. I am happy! 

The story of this book started in the summer of 2005. It is then when I was interviewed 
by now my promotor Jan Wilschut and my copromotor Jolanda Smit. I think it's partly 
due to the unusually warm Dutch summer and a sunstroke that they gave me a job at 
the Molecular Virology ;). How else could they ignore the fact that I would not move 
from Zwolle nearer to Groningen. Maybe it was me who had the sunstroke ... 

Beste Jan, dank je wel voor alle kansen die je mij hebt gegeven, voor het vertrouwen, 
onze wetenschappelijke en ook alles behalve wetenschappelijke gesprekken. De 
mogelijkheid om met een professor in een echte dialoog te komen, komt naar mijn 
mening niet zo vaak voor. Enorm bedankt daarvoor! 

Beste Jolanda, over onze samenwerking zou ik een leuk boek vol kunnen schrijven. 
Maar dat komt ooit nog :), want lk ga er vanuit dat we onze samenwerking nog jaren 
voort zetten. lk heb zo veel van je geleerd. Niet alleen over virologie, maar ook over 
management. Elke keer als ik aan mijzelf twijfelde bleef jij toch in mij vertrouwen. 
Bovendien ben je een grote steun geweest op de momenten dat ik het meeste nodig 
had, zoals een hartsvriendin. Woorden voor mijn dank zullen altijd tekort schieten. 

The members of the reading committee: prof. de Leij, prof. Rottier and prof. Screaton
thank you for reading and subsequently approving of my thesis. 

Loud thank you, dank je, tanke, danke, gracias, obrigado, shukriya, merci, xeana, 
blagodarya, mhuway su', xie xie, dhanyabad, dzi�kuj� to all of my colleagues and 
friends at Molecular Virology. Koffieverslaafde collega's: Aalzen, Tjalke, Tjarko en 
Wouter, en af en toe Tobias en Toos, dank je voor jullie ochtend humor! 
It's unbelievable but I've seen so many "AIO's generations" that I guess I've even 
beaten Arjan . . .  ;). Mijn oude clubje: Annechien, Arjan, Felix, J0rgen en Hilde. Jullie 
hebben mijn eerste jaren in Nederland zo veel makkelijker gemaakt. Samen zeuren 
over AIO zijn, samen dansen en samen lachen! 
I've always been lucky with my roommates, and I had many of them. In the first phase 
of my project you were: Arjan, Annnechien and J0rgen. In the second phase I had the 
pleasure of sharing my room with: Bastiaan, Mateusz, Shafique and George. After 
Bastiaan and Mateusz left, the room got more feminine again as Silvia and Maaike 
joined. Thanks you guys for the chats, laughs and sometimes tears. But very special 
thanks for picking up my lunch on many occasions ;). 
I owe a lot to old and new members of the "Dengue Group": Bastiaan, Denise, George, 
Heidi, Hilde, Jacky, Julia, Mareike, Mayra, Silvia, Tjarko and Vanesa. Thank you for 
your scientific input to my project, and Julia- you especially for your help with countless 
PET assays! It's been and still is a pleasure to be working with all of you. 

Een kort bedankje voor alle UMCGers die ik op de gang tegen ben tegengekomen en 
zij die met hun glimlach, knikje, groetje mij op mindere momenten er bovenop hielpen, 
zonder het te weten. 

I would like to express my gratitude to dr. Mike Diamond and members of his lab at 
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Washington University for making my working visit not only scientifically fruitful but also 
a lot of fun! Additionally, I would like to thank dr. Daved Fremont and members of his 
lab: Kyle and Stefano, thank you for arranging outings during my stay in St. Louis. 

Hester, Remco, Bram, Renate, Harry en Klaske bedankt voor jullie steun en vriendschap. 
Hester dank je voor alle maandagen tijdens mijn zwangerschap. Hopelijk kom ik 
de volgende keer bij jou :). Daga, Marcin, Aneta, Danny, Dorotka, Pawet, Karolina, 
tukasz, Bibi i Ewcia: dzi�kuj� Warn, ze mimo dzielqcych nas kilometr6w pozostalismy 
w tak dobrym kontakcie. Do nast�pnego razu! Anetko, artystko Ty moja, dzi�kuj� Ci, 
ze zgodzitas si� wykonac projekt oktadki, m6j szacunek do Twojego talentu i Twojej 
cierpliwosci do mnie jest przeogromny! 

Hilde, hoe kan ik je bedanken? Jouw vriendschap betekend zo veel voor mij dat mijn 
Nederlands te kort schiet. Wie heeft zo veel mazzel om beste vriendin te vinden in een 
collega?! lk! !  Altijd staan jij en Ralf voor mij klaar, ik hoop dat jullie weten dat ik er altijd 
voor jullie ben. 

Kochane Walczaki: Kacha, Zosia i oczywiscie szef Mateusz. Miec w Was przyjaci6t 
to cos bezcennego. Kasiu, dzi�kuj� Ci za wszystkie nasze rozmowy, cudownq opiek� 
nad Oskarem. Mateo, i kto by pomyslat, ze wyjazd do Wolverhampton tak zmieni 
nasze zycie? Dzi�ki Ci przede wszystkim za Tw6j humor- bardzo mi go brak na 
codzien; dzi�ki za pomoc w ttumaczeniu na nasz coraz to trudniejszy j�zyk ojczysty, 
no i niejednokrotne przesianie kom6rek w weekendy! 

Emigracja tqczy si� z tym, ze zostawia si� za sobq rodzin� i przyjaci6t Dlatego z catego 
serca dzi�kuj� mojej rodzinie, moim najblizszym: cioci Janeczce, Grazynce, Basi 
i Wandzi; wujkowi Janistawowi, Jackowi, Leszkowi i Rysiowi; kuzynom i siostrzencom: 
Markowi, Magdzie, Jarkowi, Tomkowi, Kasi, Mateuszkowi i Szymonowi; oraz moim 
siostrzyczkom i szwagrom, Magduli i Asi, Tomkowi i Zygmuntowi - dzi�kuj� Warn 
wszystkim za wasze ciepte przyj�cie za kazdym razem jak jestesmy w todzi lub 
Rosanowie. Nawet nie zdajecie sobie sprawy ile sit dodajq mi te wizyty. Dzi�ki, ze 
jestescie. 

Lieve Mem en Heit. lk voel me door jullie opgenomen als jullie eigen dochter. Zander 
jullie was mijn begin hier in Nederland nooit zo soepel gegaan. Heit, zonder jou had ik 
deze baan niet gevonden en zou ik nooit dit boek kunnen schrijven. Bedankt! 

Kochani Rodzice, Mamus i Tatko. Gdyby nie Wy nie napisatabym tej ksiqi:ki, dostownie 
i w przenosni ;). Wasz humor, wasze wsparcie, nasze prawie codzienne pogaduszki 
przez telefon pomogfy mi przetrwac wszystkie szare dni Holandii. Jui: od dw6ch lat 
koncz� doktorat ale teraz to juz naprawd� koniec! Kocham Was bardzo mocno! 

Als laatste wil ik de twee belangrijkste mannen in mijn leven bedanken. Oskar, urwisie 
mafy, kocham Ci� nad zycie. Erik, lieve schat, we weten dat ik voor jou naar Nederland 
ben gekomen. Hoewel mijn emigratie uit Polen moeilijk was voor mij, voor jou was 
het ook niet niks. Voortdurend vertalen, opletten op de feestjes of er in het Engels 
gesproken werd. Je hebt zo goed op mij gepast. Dank je dat je er bent, voor je geduld 
en liefde, en blijf alsjeblieft gezond. lk hou ontzettend van je ... 
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