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Dengue virus and dengue disease
Dengue virus (DENV) is a positive-sense, single-stranded RNA virus belonging to 
the genus Flavivirus of the family Flaviviridae 1. To date, four antigenically distinct 
DENV	serotypes	have	been	 identified	 2. DENV is transmitted by mosquitoes of 
the Aedes family and it is the most common arthropod-borne viral infection in 
humans, with an estimated 390 million infections in 20103. Most infections occur 
in the (sub-)tropical areas of the world 4, 5. Indeed, dengue is hyper-endemic within 
Asia, and both Central and South America 5, 6. Furthermore, the awareness of 
this virus and its potency to settle within Europe is increasing. In part, this is due 
to the 2011-2012 epidemic on the island of Madeira, resulting in 2,168 reported 
dengue cases7. Moreover, around the same time, another report was published 
highlighting the alarming invasion of ‘dengue mosquitoes’ (i.e. Aedes aegypti & Ae. 
albopictus) within Europe 8. 

Yet, dengue epidemics within Europe and North America are not a recent 
phenomenon. One of the earliest reports of a dengue-like, break-bone fever 
epidemic includes a report by Benjamin Rush on “bilious remitting fever” in 
Philadelphia, USA. During the summer and autumn of 1780, Dr. Rush describes 
how the epidemic evolved in the city while noting that “the muschetoes were 
uncommonly numerous during the autumn”. Those falling ill with the disease were 
noted to suffer amongst others from fever and “... pains … exquisitely severe in 
the head, back and limbs. The pains in the head were sometimes in the back parts 
of it, and at other times they occupied only the eyeballs.” Moreover, some of the 
patients had haemorrhagic signs, e.g.: “… the discharge of a few spoons-full of 
blood from the nose…. In others, a profuse haemorrhage from the nose, mouth, 
and bowels…”9.

Dengue was also present in Europe. In 1801, Queen Maria Luisa of Spain 
reported of falling ill with a disease commonly called dengue, describing symptoms 
as “... distorts my whole visage, making me yellow as saffron, ... the hips and 
womb hurt..., ... my body is very painful and especially (?) the head.”10. 

In the late 1920s, Greece experienced one of the most serious dengue 
epidemics in Europe with more than 90% of the Athens population falling ill with 
dengue resulting more than 1000 deaths 11.	Thereafter,	dengue	had	a	low	profile	
within Europe till the Madeira epidemic.

Importantly, the historical epidemics are based on symptomatic cases, while 
~75% of infections actually is asymptomatic 3, 7, 12. Hence, Bhatt and colleagues 
estimated that there had been a total of 390 million infections in 2010. This estimate 
makes dengue one of the most common arthropod-borne infections worldwide with 
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major implications for health care systems in epidemic countries. Symptomatic 
dengue	can	display	a	wide	range	of	signs	from	e.g.	relatively	mild	flu-like	disease	
with head pains to severe bleedings (i.e. dengue haemorrhagic fever), or shock 
syndrome and potentially death. 

The role of immunity in dengue disease severity
The question why some patients develop relatively mild dengue fever and others 
experience life-threatening haemorrhagic fever or shock syndrome is continuously 
under investigation. Strikingly, reports of, amongst others, Scott Halstead 
and colleagues noted a relationship between the immune status and disease 
severity13-17. 

Severe disease was most often observed in patients experiencing a secondary 
DENV infection with a heterologous serotype 18-21. Moreover, the observation that 
infants born to dengue-immune mothers had higher risk of severe disease, even 
though	 it	was	 their	 first	 infection,	 particularly	 points	 to	 the	 role	 of	 antibodies	 in	
severe disease 14. Indeed, dengue virus infectivity was enhanced in vivo and in 
vitro by waning concentrations of homotypic antibodies, or heterotypic antibodies 
with sub-neutralizing properties 17, 22-24, a phenomenon called antibody-dependent 
enhancement of dengue virus infection. 

The observation that antibodies aggravate dengue disease, has hampered 
the development of a dengue vaccine as incomplete immunization may sensitize 
individuals for enhanced disease. Yet, meanwhile, larger epidemics with a higher 
incidence of severe disease are seen due to globalization, urbanization 6, and hyper-
endemicity (i.e. multiple serotypes being endemic within the same country) 25, 26. 
Vaccine development is thus essential yet the major challenge is to provoke 
neutralizing immunity to all serotypes. Recent clinical trials of a tetravalent DENV 
vaccine	showed	that	seroconversion	alone	is	not	sufficient	for	protection	27-29. It is 
therefore of utmost importance to gain a better understanding of the mechanisms 
behind neutralizing versus enhancing antibodies in dengue infection.

Scope of thesis
The research presented in this thesis centres around the interactions of dengue 
virus with its human host cells. In the past, the phenomenon of antibody-dependent 
enhancement was mostly studied in cell lines. Within this thesis, we wished to 
take it further using primary human cells. Despite the intrinsic variety between 
donors,	using	primary	cells	will	bring	important	insights	as	it	better	reflects	the	in	
vivo interactions between dengue virus and its host cells.

Given the complexity of the theory of antibody-dependent enhancement of 
dengue	virus	infection,	we	first	reviewed	the	state	of	knowledge	at	the	beginning	
of the project. This review, chapter 2, presents an overview of the known host cell 
factors and molecular mechanisms contributing to dengue virus infection of human 
cells in the absence as well as in the presence of dengue antibodies. Moreover, 
within	this	review,	several	challenges	were	 identified	related	to	the	mechanisms	
of enhanced infection. Some of these challenges were subsequently investigated 
and will be discussed in the chapters below.

First, in chapter 3, we investigated how the cell tropism of dengue virus serotype 
2 affects the infectious properties of progeny virions. This was investigated to gain 
more insight in the interaction between dengue virus and its human host cells, and 
the sequential rounds of cellular infection. We performed side-by-side comparisons 
of the infectious properties of DENV in macrophages, immature dendritic cells and 
mature dendritic cells, derived from the same donors. Moreover, we differentiated 
between infection in the absence of dengue antibodies as well as well as infection 
in the presence of dengue antibodies.

In	 chapter	 4,	 we	 identified	 the	 molecular	 mechanisms	 underlying	 the	
phenomenon of antibody-dependent enhancement of dengue infection in primary 
macrophages. Completion of the viral life cycle can be considered as the product 
of a successfully orchestrated symphony of virus – host interactions. Hence, we 
quantified	the	effects	of	enhancing	antibodies	on	each	of	the	distinct	stages	in	the	
viral life cycle. 

Furthermore, we employed microarray technology to gain insight in the response 
of macrophages towards dengue virus. Notably, dengue-infected macrophages 
were found to respond to infection by secreting cytokines. Several of these 
cytokines	were	previously	identified	as	being	pro-viral	or	antiviral	for	dengue	virus.	
Hence, within chapter 5, we further investigated if and how interleukin 6, tumour 
necrosis	 factor	 alpha	 and	 interferon	 alpha	 influenced	 dengue	 virus	 infection	 of	
primary human macrophages. 

In the experimental chapters described above, we elucidated the molecular 
mechanisms involved in antibody-dependent enhancement of dengue infection in 
primary human macrophages. 

Recently, several publications were published on the host antibody repertoire 
in dengue vaccinated or infected humans. In chapter 6, we reviewed these 
publications to present a ‘systems vaccines’-approach towards: (i) the human 
antibody	response	in	the	context	of	the	recent	CYD-TDV	vaccine	trials	of	Sanofi-
Pasteur, and (ii) the role of these antibody epitopes in neutralization of disease.

Lastly, the results presented in this thesis are summarized and discussed in 
chapter 7. 



Chapter

 1

1918

Chapter 1 Brief introduction and scope of thesis

References 
1. Gubler, D. J., Kuno, G. & Markoff, L. in Fields Virology, 5th edition (eds Knipe, D. & Howley, P.) 1154 
- 1252 (Lippincot Williams & Wilkins, Philadelphia, 2007). 

2. Calisher, C. H. et al.	Antigenic	relationships	between	flaviviruses	as	determined	by	cross-neutralization	
tests with polyclonal antisera. J. Gen. Virol. 70 ( Pt 1), 37-43 (1989). 

3. Bhatt, S. et al. The global distribution and burden of dengue. Nature 496, 504-507 (2013). 

4. http://www.who.int/mediacentre/factsheets/fs117/en/index.html. 

5.	Sips,	G.	J.,	Wilschut,	J.	&	Smit,	J.	M.	Neuroinvasive	flavivirus	infections.	Rev. Med. Virol. 22, 69-87 
(2012). 

6. Gubler, D. J. Dengue, Urbanization and Globalization: The Unholy Trinity of the 21(st) Century. Trop. 
Med. Health. 39, 3-11 (2011). 

7. European Centre for Disease Prevention and Control. Dengue outbreak in Madeira, Portugal, March 
2013. Stockholm: ECDC; 2014. ISBN 978-92-9193-564-2 doi 10.2900/20779. (2014). 

8. European Centre for Disease Prevention and Control. Annual epidemiological report 2012. Guidelines 
for the surveillance of invasive mosquitoes in Europe. Stockholm: ECDC; 2012 ISBN 978-92-9193-378-
5 doi 10.2900/61134. (2013). 

9. Rush, B. in Medical Inquiries and Observations (ed Rush, B.) 104-104-117 (Prichard and Hall, 
Philadelphia, 1789). 

10. Rigau-Perez, J. G. The early use of break-bone fever (Quebranta huesos, 1771) and dengue (1801) 
in Spanish. Am. J. Trop. Med. Hyg. 59, 272-274 (1998). 

11. Louis, C. Daily newspaper view of dengue fever epidemic, Athens, Greece, 1927-1931. Emerg. 
Infect. Dis. 18, 78-82 (2012). 

12. Velasco-Salas, Z. I. et al. Dengue seroprevalence and risk factors for past and recent viral 
transmission in Venezuela: a comprehensive community-based study. Am. J. Trop. Med. Hyg. 91, 
1039-1048 (2014). 

13. Russell, P. K., Udomsakdi, S. & Halstead, S. B. Antibody response in dengue and dengue 
hemorrhagic fever. Jpn. J. Med. Sci. Biol. 20 Suppl, 103-108 (1967). 

14. Kliks, S. C., Nimmanitya, S., Nisalak, A. & Burke, D. S. Evidence that maternal dengue antibodies 
are important in the development of dengue hemorrhagic fever in infants. Am. J. Trop. Med. Hyg. 38, 
411-419 (1988). 

15. Guzman, M. G. et al. Enhanced severity of secondary dengue-2 infections: death rates in 1981 and 
1997 Cuban outbreaks. Rev. Panam. Salud Publica 11, 223-227 (2002). 

16. Halstead, S. B. & O’Rourke, E. J. Dengue viruses and mononuclear phagocytes. I. Infection 
enhancement by non-neutralizing antibody. J. Exp. Med. 146, 201-217 (1977). 

17.	Halstead,	S.	B.,	 Porterfield,	 J.	 S.	&	O’Rourke,	E.	 J.	 Enhancement	 of	 dengue	 virus	 infection	 in	
monocytes	by	flavivirus	antisera.	Am. J. Trop. Med. Hyg. 29, 638-642 (1980). 

18. Mizumoto, K., Ejima, K., Yamamoto, T. & Nishiura, H. On the risk of severe dengue during secondary 
infection: a systematic review coupled with mathematical modeling. J. Vector Borne Dis. 51, 153-164 
(2014). 

19. Halstead, S. B. Immune enhancement of viral infection. Prog. Allergy 31, 301-364 (1982). 

20. Russell, P. K. et al. An insular outbreak of dengue hemorrhagic fever. II. Virologic and serologic 
studies. Am. J. Trop. Med. Hyg. 17, 600-608 (1968). 

21. Buchy, P. et al. Secondary dengue virus type 4 infections in Vietnam. Southeast Asian J. Trop. Med. 
Public Health 36, 178-185 (2005). 

22. Vaughn, D. W. et al. Dengue viremia titer, antibody response pattern, and virus serotype correlate 
with disease severity. J. Infect. Dis. 181, 2-9 (2000). 

23. Wang, W. K. et al. High levels of plasma dengue viral load during defervescence in patients with 
dengue hemorrhagic fever: implications for pathogenesis. Virology 305, 330-338 (2003). 

24. Halstead, S. B., Mahalingam, S., Marovich, M. A., Ubol, S. & Mosser, D. M. Intrinsic antibody-
dependent enhancement of microbial infection in macrophages: disease regulation by immune 
complexes. Lancet Infect. Dis. 10, 712-722 (2010). 

25. Gubler, D. J. Dengue and dengue hemorrhagic fever. Clin. Microbiol. Rev. 11, 480-496 (1998). 

26. Villabona-Arenas, C. J. et al. Detection of four dengue serotypes suggests rise in hyperendemicity 
in urban centers of Brazil. PLoS Negl Trop. Dis. 8, e2620 (2014). 

27. Sabchareon, A. et al.	 Protective	 efficacy	 of	 the	 recombinant,	 live-attenuated,	 CYD	 tetravalent	
dengue vaccine in Thai schoolchildren: a randomised, controlled phase 2b trial. Lancet 380, 1559-
1567 (2012). 

28. Capeding, M. R. et al.	Clinical	efficacy	and	safety	of	a	novel	tetravalent	dengue	vaccine	in	healthy	
children in Asia: a phase 3, randomised, observer-masked, placebo-controlled trial. Lancet 384, 1358-
1365 (2014). 

29. Villar, L. et al.	Efficacy	of	a	Tetravalent	Dengue	Vaccine	in	Children	in	Latin	America.	N. Engl. J. 
Med. 372(1), 113-123 (2015). 



Chapter 2

Molecular Mechanisms involved in  
Antibody-Dependent Enhancement of  

Dengue Virus Infection in Humans

Jacky Flipse, Jan Wilschut, and Jolanda M. Smit

Published	in:	Traffic	(2013),	14(1):	25	–	35.

Abstract
Dengue is the most common arthropod-borne viral infection in humans with ~50 million 
cases annually worldwide. In recent decades, a steady increase in the number of severe 
dengue cases has been seen. Severe dengue disease is most often observed in individuals 
that have pre-existing immunity against heterotypic dengue subtypes and in infants with 
low levels of maternal dengue antibodies. The generally accepted hypothesis explaining 
the immunopathogenesis of severe dengue is called antibody-dependent enhancement 
of dengue infection. Here, circulating antibodies bind to the newly infecting virus but do 
not neutralize infection. Rather, these antibodies increase the infected cell mass and virus 
production. Additionally, antiviral responses are diminished allowing massive virus particle 
production early in infection. The large infected cell mass and the high viral load are 
prelude for severe disease development. In this review, we discuss what is known about 
the	trafficking	of	dengue	virus	in	its	human	host	cells,	and	the	signalling	pathways	activated	
after virus detection, both in the absence and presence of antibodies against the virus. This 
review summarizes work that aims to better understand the complex immunopathogenesis 
of severe dengue disease. 
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Dengue virus (DENV) infection is the most common arthropod-borne viral infection 
in humans with approximately 50 million cases annually worldwide. DENV is an 
enveloped (+)ssRNA virus of the family Flaviviridae, genus Flavivirus, with four 
serotypes (DENV1 – DENV4) sharing 70–80% a.a. sequence homology. The genus 
flavivirus	also	 includes	yellow	fever	virus	and	West	Nile	virus	(WNV). Currently, 
there is no prophylaxis available against DENV 1. DENV infection can result in 
diseases ranging from the relatively mild dengue fever (DF) to the severe, life-
threatening dengue haemorrhagic fever (DHF) or dengue shock syndrome (DSS). 

The question why some patients develop DF and others DHF or DSS is 
continuously	under	investigation	and	debate.	Epidemiologic	research	has	identified	
pre-existing humoral immunity against DENV as a predisposing factor for severe 
disease 2-4. Indeed, heterotypic antibodies, with sub-neutralizing properties, or 
waning concentrations of homotypic antibodies have been found to enhance DENV 
infectivity in vitro and in vivo 5-9. Therefore, depending on the infection history of 
an individual, two distinct infection mechanisms can be distinguished: infection in 
the absence and infection in the presence of DENV antibodies. In this review, we 
will	discuss	the	trafficking	of	DENV	and	the	signal	transduction	pathways	activated	
during infection in the absence of antibodies and during infection under conditions 
of antibody-dependent enhancement (ADE).

DENV infection in absence of antibodies
Following the bite of a DENV infected mosquito, the resident skin dendritic cells 
(DC),	Langerhans	cells,	are	amongst	 the	first	cells	 to	be	 infected	with	DENV	10. 
Specifically,	these	cells	spread	the	infection	by	transferring	the	virus	from	the	skin	
to the lymph nodes 11, containing other DENV target cells such as resident DC 12-14,  
monocytes 6, 15 and macrophages 15-17. The latter two cell types may become 
the preferred host cells for viral replication as DC-derived virions appear to be 
much	less	efficient	in	infecting	new	DC	than	insect-derived	virions	18. Additionally, 
hepatocytes can serve as host cells 16, 19, 20.

Cell binding
Cell binding is mediated by the DENV envelope protein (E) and can occur through a 
wide	range	of	attachment	factors,	whose	affinity	for	DENV	binding	can	be	serotype-
specific	21.	Identified	attachment	factors	for	DENV	include	heat-shock	protein	90	22, 
heat-shock protein 70 22, heparan sulphate 23, 24, CD14 25, GRP8/BiP 26, and a 37/67 
kDa	high-affinity	laminin	receptor	27. Also, DENV has been found to bind to several 
C-type lectin receptors 13, including DC-SIGN 13, 21, L-SIGN 18, mannose receptor 
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(CD206) 17 and C-type lectin domain family 5, member A (CLEC5A / MDL-1) 28,  
as well as avb3 integrins 29, 30. Currently, many factors are known to serve as 
attachment	factors	for	DENV	infection,	but	none	of	them	have	been	identified	as	
an entry receptor for DENV infection of human cells 31. For example, when present, 
DC-SIGN is an important factor for DENV infection, however, mutating DC-SIGN 
internalization motifs abolished DC-SIGN internalization but not DENV cell entry 13.

Cell entry
DENV entry depends on clathrin-mediated endocytosis 32-35. DENV has been shown 
to diffuse along the cell surface and to associate with pre-existing clathrin-coated 
pits prior to cell entry 33. Subsequently, the internalized virions are delivered to 
early endosomes (EEs) 32, 33. Depending on the virus strain, serotype and host cell 
type, DENV fuses either from the EE (pH ~ 6.0) or in a later stage of the endocytic 
pathway, after maturation of the EE into a late endosome (LE; pH 5.0 – 6.0) 32, 33. 

Endosome maturation is pivotal for DENV fusion and escape, as depletion of 
v-ATPase,	or	addition	of	 lysosomotropic	drugs,	which	 inhibit	 the	acidification	of	
endosomes, impair DENV infection 13, 21, 32.	In	addition	to	acidification,	microtubule	
integrity and the transport proteins kinesin and dynein 36 are important factors in 
endosome maturation. Disruption of microtubules in ECV306 cells did not appear 
to inhibit infection 37, whereas in BHK-21 cells DENV2 was found to associate 
with dynein 38. Using single-particle tracking, both microtubule-dependent and 
-independent intracellular transport behaviour of DENV was seen in BS-C-1 cells 
prior to membrane fusion. Addition of nocodazole to these cells during infection 
resulted in a ~30% drop in viral infectivity suggesting that microtubule-dependent 
movement is important but not essential for the initiation of DENV infection 39.

Furthermore, Zaitseva and colleagues showed that DENV fusion depends not 
only on low pH, but also on the presence of anionic lipids in the target membrane 40. 
In	mammalian	cells,	specific	anionic	lipids	are	localized	within	the	late	endosomal	
compartments 41, 42, which may explain why DENV fuses predominantly from within 
late endosomal compartments.

Membrane fusion is facilitated by the E glycoprotein and is triggered by the low 
pH and lipid environment of endosomes 40, 43, 44. First the E homodimer rafts on 
the viral membrane dissociate into E monomers. The E monomers subsequently 
interact with the target membrane and this interaction facilitates the formation of E 
trimers. The energy released by these conformational changes is believed to drive 
the fusion process 45.

Post escape: replication, assembly and secretion
Once introduced into the cytoplasm, the positive sense RNA genome encodes 
for a single polyprotein, which is subsequently processed by autoproteases and 
cellular proteases to yield seven non-structural proteins (NS1, 2A, 2B, 3, 4A, 4B, 
and 5), as well as three structural proteins: C (capsid), prM (precursor membrane 
protein) and E 46. The non-structural proteins assemble in a sequential manner 
to initiate RNA replication 47. The prM and E proteins form heterodimers that are 
oriented into the lumen of the endoplasmic reticulum (ER).

In the infected cell, large membrane rearrangements are seen, including the 
formation of vesicles by ER membrane invagination 48. ER-remodelling was found 
to be independent of the unfolded protein response 49, correlating with the extent of 
viral replication 49, 50, and to require transport from the rough ER to the Golgi 51. For 
DENV,	expression	and	processing	of	NS4A	is	sufficient	to	induce	ER-remodelling	52. 
Both ER-remodelling and production of viral particles require additional lipids. For 
this,	flaviviruses	induce	both	relocalization	of	cellular	cholesterol	49, 51, 53, 54, as well 
as increased lipid production on the ER 53, 55, 56. Furthermore, at a late stage during 
infection,	flaviviruses	induce	autophagy	57 in order to liberate additional fatty acids 
for the continuation of replication 49. Indeed, replication is negatively affected by 
depletion of cholesterol 58 or inhibition of autophagy 49 and cholesterol synthesis 55.

An elegant study by Welsch and co-workers showed that the ER-derived vesicles 
contain the viral replication complex and have an open connection with the cytosol. 
The authors hypothesized that the pore serves as an exit for progeny viral RNA 48. 
Progeny RNA then associates with C proteins to form a nucleocapsid which buds 
into the ER and thus acquires a lipid membrane containing heterodimers of E and 
prM proteins 59.

Structural studies revealed that newly assembled immature particles have 
60 hetero-oligomeric spikes, a single spike consisting of a trimer of prM/E 
heterodimers 60, 61. Assembled particles are then transported to the Golgi in an 
ADP-ribosylation factors 4 and 5 (Arf-4 and -5)-dependent pathway 62, which is 
possibly also microtubule- and dynein-mediated 38. Transit through the Golgi and 
the trans-Golgi apparatus is required for maturation 63 and secretion of DENV 
particles 62. Within the Golgi, the prM protein is cleaved by furin into a soluble pr-
peptide and the M protein 63. The pr-peptide, however, remains associated with the 
E protein during exocytosis 64 to prevent premature fusion of the virion within the 
acidic compartments of the Golgi network. Lastly, DENV particles are secreted into 
the extracellular space.

Once in the pH-neutral extracellular space, the pr-peptide dissociates and 
the virion becomes mature and fully infectious 64-66. Furin cleavage is not very 
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efficient;	 cells	 infected	 with	 DENV	 produce	 a	 high	 fraction	 of	 prM-containing	
particles (~45%), which can be either fully immature or partially immature 67, 68. 
Fully immature DENV particles require furin-mediated cleavage upon cell entry to 
acquire infectivity 65, 67, 69. Dengue particles which are predominantly mature are 
likely infectious in a furin-independent manner. The minimal level of prM cleavage 
that is required for infection is as yet unknown. The viral life cycle, as discussed 
above, has been depicted in Fig. 1.

Fig. 1: Life cycle of dengue virus in the absence of antibodies.	This	figure	provides	an	overview	
of the life cycle of dengue virus during the infection of host cells in the absence of antibodies. Here the 
virus enters the cell by clathrin-mediated endocytosis, travels inside EEs and escapes from within the 
LE. The viral genome is translated by ribosomes on the ER and subsequently remodels this organelle 
to facilitate viral replication and assembly. Immature virus particles mature by furin-mediated cleavage 
of prM while passing through the Golgi network. Subsequently, dengue virus-particles are secreted into 
the extra-cellular space.

Antiviral responses
Upon DENV internalization in endosomes, the virus triggers innate antiviral 
responses 70, particularly expression of interferons (IFN). Both type I (a,b) and 
type II (g) IFNs have been recognized as important cytokines in protection against 
DENV infection 71-73.

Induction of IFN expression occurs after recognition of pathogens by pattern 
recognition receptors, which detect pathogens through highly conserved molecular 
motifs. Recognition of DENV occurs through the endosomal receptors: toll-like 
receptor (TLR)-3 (dsRNA) 70, TLR8 (G-rich oligonucleotides) 70, and TLR7 (ssRNA) 
70, 74, as well as the cytoplasmic RNA helicases RIG-I (retinoic-acid inducible gene 
1) and MDA5 (melanoma differentiation-associated gene 5) 75. The latter two 
recognize cytoplasmic viral RNA, i.e. after escape from endosomes, whereas the 
TLR3 and TLR7 are endosome-associated and will detect DENV within endosomes. 
Furthermore, C-type lectins, like DC-SIGN and CLEC5A, are not only important for 
cell	binding,	but	also	induce	expression	of	pro-inflammatory	cytokines	after	DENV	
binding 28, 76. Interestingly, DENV also alters expression patterns of PRRs. For 
example, DENV replication has been found to induce upregulation of TLR3, TLR4 
and TLR7 77, as well as the TLR-independent RIG-I and MDA5 in the monocytic 
THP-1 cell line 78. Activation of the TLR-dependent and -independent pathways 
has	been	shown	 to	 induce	expression	of	pro-inflammatory	cytokines,	 IL8,	 IL12,	
IFNa, and IFNg, in THP-1 cells 79 and primary monocyte-derived macrophages 80. 
Upregulation of IL8 expression, mediated by nuclear factor kB (NF-kB), has also 
been detected in primary monocytes 81. IFN expression subsequently activates 
STAT1 82, and upregulates IRF1 (IFN regulatory factor 1) expression, resulting in 
a strong production of nitric oxide radicals (NOs) 79. The combined action of IFNs 
and NOs results in an antiviral state in bystander cells 83, 84 and limits replication in 
infected cells, respectively 85. We modelled these effects in Fig. 2A.

Clearance of infection
Once	an	efficient	antiviral	state	has	been	established,	cells	like	macrophages	and	
natural killer cells can clear infection 86.	Additionally,	DENV-specific	B	and	T	cells	
are generated approximately 6 days post-infection and these will help to completely 
control the infection. Dengue virions will be recognized by antibodies directed 
against the structural DENV proteins E and prM 87-90. A recent article suggested 
that the majority of the antibodies generated in humans target the prM protein 90, 
although others have found a dominant response against E 87-89, 91, 92. Antibody-
mediated neutralization of viral infectivity may occur at two levels: (i) at the level 
of cell binding, through inhibition of the interaction of the virus with cell-surface 
receptors 93, 94 and (ii) at the level of viral fusion, through binding of antibodies to e.g. 
the E protein fusion loop 95, 96, or through blocking of the conformational changes 
of the E glycoprotein that are required for membrane fusion 97-101. Several factors 
determine the neutralizing potency of an antibody; these include the strength of 
binding and the accessibility of the epitope on the virus surface 99, 102-104, the latter 
being strongly dependent on the maturation state of the virus 105. 
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Fig. 2: Host cell factors and cell signalling pathways involved in dengue virus infection. (A) 
Dengue virus infection in absence of antibodies. Here, an overview is given of the signalling pathways 
activated by dengue virus during its viral life cycle. Dengue virus enters host cells by interacting with 
cell	surface	receptors,	e.g.	C-type	lectins,	followed	by	clathrin-mediated	endocytosis	and	trafficking	into	
endosomes. Here, the virion delivers its genome into the host cytosol. The presence of dengue virus 
can be sensed by receptors on the cell surface, in the endosomes, or in the host cytosol. Detection of 
dengue virus can initiate signalling pathways culminating in expression of antiviral factors, which on 
their	turn	can	activate	an	antiviral	state	in	bystander	cells.	B)	ADE	of	dengue	virus	infection.	This	figure	
provides an overview of immuno-suppressive factors induced by dengue virus - antibody-mediated 
Fc receptor-ligation, as well as downregulated expression of several virus-sensors, i.e. TLR, RIG-I, 
and MDA5. Taken together, these effects result in a suppressed antiviral state relative to infection in 
absence of dengue virus-antibodies.

Infection under ADE-conditions
Upon a secondary, heterologous, DENV infection, pre-existing plasma cells are 
triggered to rapidly produce antibodies but these are predominantly directed 
against the initial DENV serotype, a process often referred to as ‘original antigenic 
sin’ 106-108. While most of the produced antibodies will bind to the heterologous 
virus serotype, they are more likely to have non-neutralizing properties against 
the new serotype than towards the original serotype 87, 89, 90. Surprisingly, these 
non-neutralizing antibodies have been found to enhance infection, a phenomenon 
called ‘ADE’ 5, 6, 9, 107.	Enhancement	is	facilitated	through	efficient	interaction	of	the	
virus-antibody complex with Fc receptors, which will be discussed in more detail 
below. Given the lack of knowledge on the steps after escape of the genome from 
the endosome, the current hypothesis is that all cellular changes associated with 
ADE are induced prior to escape out of the endosome. Thus, we will discuss only 
these steps.

All E antibodies tested to date have been shown to enhance standard DENV 
preparations when the concentration of the antibody is below the threshold 
required for neutralization. Interestingly though, the enhancing properties of some 
E antibodies appear to be dependent on the maturation status of the virus 109. 
The structural organization of the E protein in mature versus immature particles 
is	very	distinct	and	therefore	affects	the	accessibility	of	specific	epitopes	and	thus	
the threshold for antibody neutralization 105.	Indeed,	E	antibodies	were	identified	
that preferentially enhance infectivity of immature virions 110. Other E antibodies 
were found to interact with immature particles but could not rescue the infectious 
properties of these particles whereas enhancement was seen in standard 
preparations 109.	 Antibodies	 directed	 against	 prM	 target	 specifically	 (partially)	
immature DENV via the pr peptide. Furthermore, prM antibodies were found to be 
highly cross-reactive to all DENV serotypes, and generally have poor neutralizing 
capacity 63, 90. In fact, recent studies showed that prM antibodies enhance the 
infectivity of essentially non-infectious immature DENV particles 69, 90. A few studies 
indicate that during secondary infection, in particular, the prM antibody repertoire 
is	amplified	90, 92. 

The	current	hypothesis	is	that	DENV	particles	employ	ADE-specific	pathways	
to enter and infect cells, leading to a higher number of infected cells (extrinsic 
ADE), as well as altered immune responses, and subsequently increased virus 
production per infected cell (intrinsic ADE). In this chapter, we will review these 
three phenomena separately, starting with what is known on the entry pathway of 
opsonized DENV particles.
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Cell binding
As indicated above, during DENV ADE, cell binding occurs by the Fcg receptor 
(FcgR) 111, 112 expressed on monocytes, macrophages and DC 113. Thus, DENV 
targets the same host cells in the presence or in the absence of DENV antibodies. 
The FcgR	 family	 consists	 of	 three	 classes	 (I	 –	 III),	 with	 decreasing	 affinity	 for	
antibodies going from I to III 114. Yet, FcgRIIA appears to be more permissive to 
ADE than FcgRI 77, 111	suggesting	that	binding	affinity	is	not	the	only	determinant	of	
infectivity. 

An elegant study of Boonnak and colleagues showed that immature DC (iDC) 
express FcgRIIa to levels similar to those found in mature DC (mDC). However, 
iDC do not support ADE 12, 14, 113. The authors observed an inverse relationship 
between DC-SIGN expression levels and DENV ADE 14. DC-SIGN expression 
levels decrease going from iDC to mDC to monocytes. Reduction of DC-SIGN 
expression reduces cell permissiveness to DENV infection in the absence of 
antibodies, and thus augments the relevance of virus entry through FcgR during 
ADE of DENV infection in mDC. 

Antibody-opsonization has been found to facilitate cell binding of immature 
DENV particles by interaction with FcgRII 69, 90. Interestingly, under optimal 
conditions	 of	 ADE,	 a	 near-wildtype	 binding	 efficiency	 was	 seen	 for	 antibody-
opsonized immature particles and in combination with intracellular furin cleavage, 
as discussed in detail below, immature DENV particles turn highly infectious 69, 90. 

Cell entry
FcgR not only facilitate virus-cell binding, but also cell entry, during DENV ADE, as 
disruption of the FcgR cytoplasmic tail or activation motifs within the tail abolishes 
ADE mediated by FcgRI 111 or FcgRIIa 112. Similar effects were observed when 
antibodies against these receptors were studied 69, 77. 

As mentioned before, FcgRIIA appears to be the most permissive FcgR for 
DENV ADE. This property may be dependent on the ratio of expression levels 
of FcgRI and FcgRIIA, but may also depend on the internalization pathways 
followed by FcgRI- or FcgRIIA-ligands 77. For example, different pathways may 
deliver	the	opsonized	particles	into	more	beneficial	environments	for	the	virus	to	
initiate infection. FcgR-mediated phagocytosis has been found to be negatively 
regulated by FcgRIIB 115. A high antibody density on the viral particle ligates 
FcgRIIB 116, and can inhibit phagocytosis, and infection, irrespective of whether the 
antibodies themselves possess neutralizing properties. This also suggests that 
FcgR-mediated phagocytosis is an important entry mechanism involved in DENV 
ADE, as has been long hypothesized 5. 

In the phagocytosis entry model, the presence of DENV-antibodies will enhance 
cell binding and entry by phagocytosis. In line with the role of phagocytosis in 
DENV-cell entry, there seems to be a relationship between the phagocytic activity 
of cells and DENV-infectivity 111, 112. Yet, two different entry mechanisms have been 
identified	for	WNV	in	the	presence	of	antibodies:	first,	single	opsonized	particles	
seem to enter into coated pits similar to the primary infection 117, 118. Second, 
antibody-mediated aggregates of multiple particles appear to be phagocytized 117. 
Based on this closely related virus, both entry mechanisms may be important for 
DENV entry under ADE-conditions. Furthermore, it is not known whether FcgR-
mediated entry delivers opsonized DENV into the same entry route used during 
infection in absence of antibodies or side-tracks opsonized DENV into a different 
pathway. 

Immature particles are likely to be delivered to endosomes after binding and 
FcgR-mediated entry. It is proposed that the acidic conditions in the endocytic 
pathway induce conformational changes in the prM/E heterodimers similar to the 
maturation of virions in the secretory pathway 60, 61, 65, 119. These conformational 
changes facilitate cleavage of prM by host cell furin 69. It is unclear how the pr-
peptide	is	released,	but	one	could	speculate	that	the	complex	is	first	recycled	back	
to the pH-neutral cell membrane or that pr dissociates in endosomes because of 
the more acidic environment compared to trans-Golgi network 66. Furin-mediated 
cleavage and prM/E dissociation are required to enable the E protein to initiate 
fusion of the viral membrane with the endosomal membrane 69, 119-121. The route and 
trafficking	dynamics	of	antibody-opsonized	immature	DENV	are	as	yet	unknown.	

Modulation of the immune response
Entry of DENV via antibodies appears to remodel and suppress the innate 
immune response thereby favouring virus particle production in infected cells. 
This phenomenon has been called intrinsic ADE and can occur along both TLR-
dependent and -independent pathways. However, the exact mechanisms remain 
to be elucidated. Below, we will address this topic, and in Fig. 2B we have modelled 
the current knowledge in this area. 

Adaptation of the innate immune system
Using the THP-1 cell line, Modhiran and colleagues have shown that DENV 
ADE targets the TLR signalling pathway by upregulating the negative TLR-
expression regulators SARM (sterile-alpha and armadillo motif containing protein) 
and TANK (TRAF family member-associated NF-kB activator), and subsequent 
downregulation of TLR3, TLR4, TLR7 expression, and of TLR-signalling molecules 77,  
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using an unknown pathway 122. TLRs signal through two distinct pathways, either 
by activating the NF-kB and subsequent IRF1 through canonical IKKs (inhibitor 
of k B kinase) 123, or by activating IRF3 through IKK-related kinases 124. A recent 
article suggested that TANK negatively regulates activity of canonical IKKs by 
facilitating complex formation between IKK-related kinases and canonical IKKs 
125, signifying that DENV ADE shifts TLR signalling via NF-kB to signalling along a 
non-NF-kB pathway. Also TANK functions to limit TLR signalling along the MyD88 
adaptor protein 126. Taken together, DENV ADE appears to reduce TLR expression 
and signalling to facilitate ongoing virus replication in the host cell.

Furthermore, Ubol et al. found that ADE enhances expression of DAK and 
Atg5-Atg12, which subsequently reduce expression of RIG-I and MDA5 in THP-
1 cells 127. However, in monocyte-derived-macrophages, RIG-I is unaffected 128, 
and MDA5 might be modestly decreased under ADE conditions in both cell types 
78, 128.	Thus,	 the	modification	of	 the	TLR-independent	genes	appears	 to	be	 less	
pronounced than the expression of those genes that are TLR-dependent.

DENV ADE has been shown to be accompanied by reduced IFNb expression 
127, 128, indicating that ADE indeed suppresses induction of an antiviral state. 
Rather, induction of type I IFNs appears to be dependent on high, neutralizing, 
concentrations of antibodies 113, which is in line with reduced phagocytosis after 
FcgRIIB ligation 116. In contrast, a recent report of Kou and colleagues measured type 
I interferon by DENV-infected PBMCs, using an elegant VSV infection-inhibition 
assay.	At	first	glance,	ADE	appeared	 to	 result	 in	higher	and	 longer	secretion	of	
type I IFNs, visualized by complete inhibition of VSV infection 129. However, as 
VSV infection is very sensitive to type I IFNs 130, the enhanced infection under ADE 
conditions relative to DENV infection in absence of antibodies may actually have 
resulted in a higher number of DENV-infected, IFNa/b-producing cells at any time 
point 131, with an associated higher inhibition of VSV. Thus type I IFN production 
during DENV ADE still may be lower on a per-cell basis.

Type I IFNs induce an antiviral state by activating the JAK/STAT pathway, which 
subsequently activates STAT-1/2, IRF-1/-3 and production of NOs 132. NOs are 
potent inhibitors of DENV replication 85 and viral protease activity 133. In line with 
the work by Ubol et al. 127, Chareonsirisuthigul et al. 79 found that ADE results in 
reduced levels of NOs in THP-1 cells, due to blocked activation of STAT-1 and 
expression of IRF-1. As described above, the affected IRF-1 levels may also be 
due to upregulation of TANK expression and an associated shift in TLR-signalling 
along canonical IKKs to IKK-related kinases.

Inhibition of the JAK/STAT pathway was found to be mediated through 
upregulation of SOCS3 (suppressor of cytokine signalling 3) 134 in both monocyte-

derived-macrophages 128 and THP-1 cells 127. SOCS3 upregulation in THP-1 was 
mediated through increased levels of IL10 79, 127, an immunosuppressive cytokine, 
the expression of which would be induced by FcgR ligation, as previously observed 
for opsonized amastigotes 135 and Ross River virus 136. By contrast, in primary 
monocyte-derived-macrophages 128, IL6 upregulation is responsible for SOCS3 
upregulation,	and	this	 is	 in	 line	with	 the	finding	of	Boonnak	and	colleagues	 that	
IL6 expression is maximal at peak ADE in primary monocytes and monocyte-
derived-macrophages 113. Enhanced IL6 levels were also found in THP-1 cells 
under ADE conditions, although less pronounced than for IL10 and its role was not 
further investigated 79. Therefore, it remains to be investigated whether SOCS3 
upregulation is induced by IL10 and IL6 independently, or mainly by IL6.

Intrinsic ADE
As described above, DENV infection in the presence of antibodies may skew the 
innate antiviral response towards a virus-tolerant state within the cell, so-called 
intrinsic ADE 9. Suppression of the innate immune system during DENV ADE likely 
facilitates longer survival of infected cells and thus increased total virus output 78, 

79, 113, 129. 
Kou et al. noted that, under ADE conditions, the number of infected human 

PBMCs is doubled, but that the viral output increased 10-fold 129. Similar 
observations have been made by Boonnak et al. in monocytes (4-fold, and 
1500-fold, respectively), mDC (2.5-fold, and 3000-fold, respectively), as well as 
monocyte-derived-macrophages (7-fold, and 2000-fold, respectively) 113. These 
results suggest that ADE activates an intrinsic pathway resulting in enhanced 
virus production per infected cell. It should be noted that the increased number of 
infected cells in DENV ADE infected samples had not been compensated. When 
compensation	was	applied	to	yield	similar	numbers	of	infected	cells,	no	significantly	
increased viral output was observed between normal infection and infection under 
ADE conditions using wildtype DENV in mDC 14 and immature virus in the K562 
cell line 69 suggesting that enhanced cellular virus production may be more related 
to extrinsic ADE rather than alterations in intracellular pathways (intrinsic ADE).

Conclusions and challenges
The development of severe dengue disease is a multifactorial process in which the 
presence of pre-existing heterologous antibodies plays an important role. Severe 
disease is often preceded by high circulating virus titres and already in the early 
1970s it was hypothesized that non-neutralizing heterologous antibodies stimulate 
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the infectious properties of the virus thereby causing an increased viral load and 
enhanced disease. Recent studies in this area, as highlighted in this review, 
revealed that ADE of infection is driven by two main elements: (i) an increased 
number of infected cells, due to increased antibody-mediated cell binding and entry 
of both mature and (partially) immature DENV particles, also known as extrinsic 
ADE; (ii) enhanced virus production per infected cell due to suppression of the 
innate antiviral response. The latter process is called intrinsic ADE and appears to 
mainly stem from suppressed TLR-signalling, although more research is required 
to fully understand this phenomenon. 

A future challenge for ADE research is to characterize the cell entry pathway 
used by antibody-opsonized DENV. It will be of importance to determine whether 
antibody-opsonized DENV is internalized through a different cell entry pathway, 
compared to non-opsonized virus, thereby providing a more favourable environment 
for cytosolic escape of the DENV genome, or assisting the virus to avoid detection 
by PRRs at the site of genome escape 77. 

The current literature suggests that the reduced antiviral response observed 
under ADE conditions is triggered during the early stages (binding, entry) of the 
viral life cycle. Yet, many effects, e.g. cytokine expression levels, are measured 
at later time points, up to 48hr post-infection, near the end of the second 
round of infection. One could speculate that the effects at later time points are 
associated with transcription and translation of the DENV genome 137-139 rather 
than	specific	steps	during	viral	entry.	Indeed,	UV-inactivated	DENV	fails	to	affect	
cytokine production, even under ADE conditions 14, 77, 113. To further understand the 
phenomenon of intrinsic ADE it would be interesting to investigate the differences 
in	gene	expression	patterns	within	the	first	hours	post-infection	rather	than	18–24	
hours or even days post-infection. 

Continued	 research	 on	 this	 topic	 is	 required	 to	 fill	 important	 gaps	 in	 our	
knowledge in the immunopathogenesis of severe dengue disease and may guide 
the	development	of	safe	and	efficacious	antiviral	drugs	and	vaccines.
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Abstract
Dengue virus infects immune cells, including monocytes, macrophages and dendritic cells 
(DCs). We compared virus infectivity in macrophages and DCs, and found that the virus-
origin	strongly	determined	the	cell	 tropism	of	progeny	virus.	The	highest	efficiency	of	re-
infection was seen for macrophage-derived dengue virus. Furthermore, in the presence 
of enhancing antibodies, macrophage-derived virus gave higher enhancement of infection 
compared to DC-derived virus. Taken together, our results highlight the importance of 
macrophages in dengue infection.
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Dengue virus (DENV) is currently the most prevalent mosquito-borne viral infection 
worldwide 1. There are four distinct serotypes and each DENV serotype can cause 
clinical	manifestations	ranging	from	mild	flu-like	illness	to	severe,	potentially	fatal,	
dengue hemorrhagic fever or dengue shock syndrome1. Two groups of individuals 
are at risk for severe disease; individuals experiencing a heterologous secondary 
infection, and primary-infected infants with waning maternal antibody titres towards 
DENV 2, 3. These epidemiological observations led to the theory of antibody-
dependent enhancement (ADE) of DENV infection, where antibodies enhance 
rather than neutralize infection 4, 5. 

In humans, DENV replicates predominantly in cells of the innate immune 
system, including immature dendritic cells (iDC), monocytes, macrophages 
(Mf) and mature dendritic cells (mDC)6-13. Immature DC were found to be highly 
susceptible to DENV in absence of antibodies, yet do not support ADE 8, 10, 14, 15. In 
contrast, monocytes, Mf, and mDC are less susceptible to DENV than iDC, but 
facilitate ADE 14, 16, 17. Thus, literature suggests that distinct subsets of cells are 
important for DENV viraemia in the absence and in the presence of enhancing 
concentrations of antibodies.

In this study, we systematically analyzed the infectious properties of DENV 
in primary Mf, iDC and mDC, and determined how susceptibility relates to the 
production of progeny virions. Furthermore, we assessed if and how the origin of 
the	virus	influenced	its	tropism,	both	in	the	absence	as	in	the	presence	of	DENV-
antibodies.

Upon a mosquito bite, mosquito-derived virus is deposited into the skin and 
blood stream 18,	where	it	will	encounter	potential	 target	cells.	Therefore,	we	first	
investigated the susceptibility of Mf, iDC and mDC to DENV2 derived from the 
mosquito cell line C6/36 19. Human monocytes were isolated from buffy coats 
(Sanquin Bloodbank, NL) and differentiated into Mf and iDC, as previously 
described 9, 15. Maturation of iDC into mDC was performed according to published 
protocol 8 (See Fig. A1 for the characterization of the cells).

Primary human iDC, mDC and Mf were infected with DENV2 strain 16681 at MOI 
1 and 10, unless indicated otherwise. DENV infectivity was assessed on the basis 
of	the	number	of	infected	cells	(flow	cytometric	analysis	using	the	3H5	antibody),	
the number of produced genome-containing particles (GCPs, as by qRT-PCR, 20), 
and the number of secreted infectious particles (PFU assay, 20). Virus infectivity was 
determined at 24hpi. Figure 1A shows that iDC were the most susceptible cell type 
having the highest fraction of infected cells, in line with previous publications 10, 11, 14.  
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Immature DC already reached an infection plateau at MOI 1 while the number of 
infected Mf and mDC increased in an MOI-dependent manner (Fig. 1A, A2A/B/C). 
In agreement with these results, MOI-dependent virus particle production was 
observed between MOI 1 and 10 for Mf and below 1 for iDC (Fig. A2). 

Fig. 1: Susceptibility, and productivity of human macrophages, immature dendritic cells and 
mature dendritic cells towards dengue virus, serotype 2. (A) An overview of the infectivity of DENV2 
on primary human Mf, iDC and mDC at 24hpi. A representative image is shown for mock infection, and 
infection	at	either	MOI	1	and	MOI	10	of	DENV2.	DENV	infection	was	detected	by	flow	cytometry	using	
the	DENV2-specific	3H5	antibody.	(B)	Total	DENV2	production	at	24hpi;	Genome-containing	particles	
(GCP) as determined by qRT-PCR. Cells were infected at MOI 10 (macrophages (Mf) and immature 
dendritic cells (iDC)), or were infected at MOI 1 (Mf, iDC and mature dendritic cells (mDC)). Shown are 
SEM of N= 12, 8, 9, 9, and 4, respectively. (C) Infectious virus titres produced by 24hpi as determined 
by plaque assay (PFU) on BHK-15 cells. Human Mf, iDC and mDC were infected at MOI 10 (Mf and 
iDC) or MOI 1 (Mf, iDC and mDC). Shown are SEM of N= 12, 9,9,9, and 4 respectively. (D) The GCP 
per PFU ratio of DENV2 produced on Mf, iDC and mDC after infection at MOI 1 and MOI 10. Shown 
are SEM of N = 12, 7, 9, 13, and 4, respectively. Paired values are derived from the same donor and 
experiment.	Statistical	analysis	was	done	by	2-tailed	ANOVA	analysis:	p	≤	0.05	(*)	or	0.01	(**).

Next, we evaluated the number of physical and infectious particles secreted from 
the infected cells (Fig. 1B/C). At MOI 10, iDC produced 10-fold more GCP than 
Mf, yet comparable numbers of infectious particles were detected (Table 1). At 
MOI 1, iDC secreted close to 100-fold more GCP than Mf and mDC. Interestingly, 
however, no differences were found in the number of infectious particles secreted 
from iDC and mDC, and were approximately 10-fold higher than secreted by Mf. 
The disbalance between the GCP and PFU titres of iDC suggest that iDC produced 
low-infectious virus particles. Indeed, subsequent calculation of the GCP/PFU 
ratio of paired samples revealed that the infectivity of iDC-derived DENV is lower 
(~3500 GCP/PFU) compared to that of Mf (~400 GCP/PFU) after infection at MOI 
10. At MOI 1, the GCP/PFU ratio is approximately 1700 for iDC-derived DENV and 
250 for Mf-derived DENV. The highest infectivity is seen for DENV secreted from 
mDC (~25 GCP/PFU, Table 1).

MOI 10 MOI 1

Mɸ iDC Mɸ iDC mDC

GCP prod (GCP/mL) 2,3∙10
8

2,1∙10
9

2,8∙10
6

1,3∙10
8

4,2∙10
6

PFU prod (PFU/mL) 4,2∙10
5

3,1∙10
5

2,3∙10
4

1,3∙10
5

2,3∙10
5

GCP/PFU ratio 385±78 3487±1237 253±53 1681±702 26±7

Table 1: characteristics of DENV2 production by primary human macrophages (Mf), immature 
dendritic cells (iDC) and mature dendritic cells (mDC) at 24hpi. The values presented in this table 
are averages of all individual yet paired samples. The GCP/PFU shows the SEM of N = 14, 11, 11, 15, 
4, respectively.

Boonnak and colleagues also determined the number of physical and infectious 
particles from infected iDC, Mf and mDC yet did not report the GCP/PFU 14. For 
comparison,	 we	 calculated	 the	 cell-type-specific	 GCP/PFU	 ratio	 based	 on	 the	
information in their report, and found a GCP/PFU ratio of ~100 for Mf, ~1 for 
iDC, and below 1 for mDC. A GCP/PFU ratio below 1 is not possible, so caution 
is in place as we cannot deduce whether the data points are derived from paired 
samples. However, it is clear that our ratios are different from those extracted 
from the report of Boonnak and co-workers. Boonnak et al. used Vero cells for 
plaque titration and virus production which we did on BHK-21 clone 15 cells and 
C6/36 cells, respectively. To rule out that the cell type used for plaque titration is 
responsible for the differences in the results, we attempted to perform DENV plaque 
assays on Vero cells. However, the three Vero cell lineages (Vero-ATCC, Vero-
WHO, and Vero-E6) available in our lab did not support DENV plaque formation. 
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As	an	alternative	approach,	we	applied	flow	cytometry	to	assess	the	infectivity	of	
the viruses on Vero cells. Figure A2E clearly shows that Mf-derived DENV was 
more infectious than iDC-derived DENV particles in Vero-WHO cells, which is in 
line with the observed GCP/PFU ratios in this study. Furthermore, no differences 
were	 found	between	 the	 specific	 infectivity	 of	C6/36-derived	DENV2	and	Vero-
WHO-derived DENV2 (Fig. A2G). Hence, our observation that iDC-derived DENV 
has a lower GCP/PFU ratio than Mf-derived	DENV2	is	not	influenced	by	the	cell	
lines used to produce virus stocks or to quantify infectious titres.

Collectively,	we	conclude	that	during	the	first	round	of	infection	with	mosquito-
derived virus, iDC are the most susceptible cell type. Immature DC produce more 
particles compared to DENV-infected Mf and mDC but these iDC-derived particles 
exhibit relatively low-grade infectivity. 

An earlier report showed that DENV secreted from iDC cannot infect new iDC 
21.	This	finding	prompted	us	to	further	investigate	the	role	of	the	virus	origin	in	the	
cell tropism of progeny DENV2. To this end, we tested the capacity of Mf-derived 
and iDC-derived DENV2 to re-infect other Mf and iDC. The low yield of mDC-
derived	DENV2	prevented	us	from	testing	this	virus	origin.	Given	that	inflammatory	
responses in primary cells are triggered in a dose-dependent manner (our 
unpublished data, and 22, 23), we decided to infect the Mf and iDC on the basis of an 
equal multiplicity of genomes (MOG) 500. In accordance with previous published 
data21, we found that iDC are less susceptible towards iDC-derived virions than 
C6/36-derived DENV. Mf-derived virions infected iDC, albeit to a much lower 
extent than C6/36-derived DENV2 (Fig. 2A). Contrary to iDC, infection rates of Mf 
were similar for iDC-derived and Mf-derived DENV. Yet, again, mosquito-derived 
DENV2 is more infectious on Mf than mammalian-cell-derived DENV2 (Fig. 2A). 

Dejnirattisai et al. suggested that the different tropisms of C6/36-derived 
and iDC-derived virions are driven by changes in the glycosylation pattern. 
Consequently, iDC-derived DENV targets L-SIGN+ cells (i.e. endothelial cells) 
rather than DC-SIGN+ cells (predominantly DC 14) 21. Besides altering the receptor 
tropism of progeny virus, glycosylation patterns can also induce antiviral responses 
in primary cells, as seen in e.g. West Nile virus 24 and Sindbis virus 25. Glycans thus 
have a paradoxal role in viral infections since they can promote infection through 
cell binding 9, 21, 26 and suppress infection by activating interferon responses 25, 27, 28.  
To test if the low infectivity of iDC-derived DENV is caused by sugar groups on 
mammalian-derived virions, Mf-derived, iDC-derived and C6/36-derived DENV2 
were treated for 1h at 37oC with a mixture of PNGase F and EndoH (New England 
Biolabs, 500U each per 1.5∙10 8 genomes) to remove all sugar groups prior to 
infection. Subsequently, the deglycosylated viruses were added to iDC and viral 

infectivity	was	determined	at	24hpi	by	flow	cytometry	 (Fig.	2B).	Deglycosylated	
reduced viral infectivity with 50%, irrespective of virus cell origin (Fig. 2B). Thus, 
deglycosylation did not rescue the infectivity of iDC- and Mf-derived DENV2. 
In fact, these results indicate that sugar groups have a favourable rather than 
detrimental role in infection. 

The	differences	in	specific	infectivity	for	Mf- and iDC-derived virions might also 
be caused by soluble factors present within infected cell supernatants. Given the 
known antiviral properties of interferon alpha (IFNa) 29,	we	 first	 determined	 the	
IFNa concentration by ELISA (IBL International). Surprisingly, Mf supernatants 

Fig. 2: Infectious properties of of primary cell-derived DENV. (A) Infection of primary Mf & iDC 
by virions of mammalian (Mf & iDC) or mosquito origin: Mf and iDC were incubated with an MOG 
(multiplicity of genomes) of 500 of Mf-derived, iDC-derived, and C6/36-derived DENV2. Infectivity was 
determined	at	24hpi	by	flow	cytometry	(3H5	antibody).	N	=	2	donors	(Mf) or 4 donors (iDC), with each 
condition in duplicate. Fill-in denotes the same donor. (B) Effect of deglycosylation on infection of 
iDC with DENV2 derived from different origins as in A). Shown are two donors with each condition in 
duplicate. NT: non-treated, DG: treated with EndoH and PNGaseF. (C) UV-inactivated supernatants of 
Mf-	and	 iDC-cultures	were	diluted	with	DMEM-medium	and	subsequently	a	fixed	number	of	C6/36-
derived DENV2 particles were added and incubation was continued for 1h. Thereafter, a plaque assay 
was performed. The indicated percentage of supernatant-dilution was maintained throughout the 
titration. Titres are expressed as % of controls (DMEM with equal percentage of RMPI medium, 20% 
FBS). N=4 paired donors. 
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contained higher concentrations of IFNa than iDC supernatants: in two donors we 
found 475.3pg/mL versus 24.1pg/mL, and 166.9pg/mL versus 20.8pg/mL. Thus the 
lower infectivity of iDC-derived DENV2 cannot be explained by IFNa. Furthermore, 
to directly compare the antiviral properties of the supernatants, diluted UV-treated 
cell	 superantants	 were	 incubated	 with	 a	 fixed	 number	 of	 C6/36-derived	 DENV	
particles for 1h at 37oC and viral infectivity was measured by plaque assay (Fig. 
2C).	No	infectious	virus	was	recovered	form	UV-treated	supernatant,	confirming	
UV-based inactivation. Figure 2C shows that both cell supernatants do possess 
antiviral properties (<100% of expected C6/36-titers), yet no differences were seen 
between iDC and Mf	supernatants.	This	indicates	that	the	differences	in	specific	
infectivity of progeny virions derived from Mf and iDC cannot be explained by 
the concentration of IFNa or other soluble factors in the medium. A remaining 
possibility is that iDC secrete a large number of defective interfering particles. 
Secretion of defective interfering particles is often related to the MOI used to infect 
cells; the higher the MOI the lower the infectivity. In line with this, we observed that 
the infectivity of iDC-derived DENV is lower at high MOI values (Table 1, and data 
not shown). 

We thus far showed that the origin of the virus determines its tropism in 
absence	of	antibodies,	but	we	do	not	know	if	the	origin	of	the	virus	also	influences	
infection under conditions of ADE. We focused on Mf and mDC as literature and 
our unpublished results showed that iDC do not facilitate ADE (data not shown, 14, 

15). First, we determined the infectivity of mosquito-derived DENV2 in Mf and mDC 
after incubating the virus with serial dilutions of DENV sera. The sera was obtained 
from Nicaraguan patients with an acute secondary DENV infection (30, kind gift 
dr. Eva Harris, Berkeley University). At 26hpi, the fraction of infected cells was 
determined	by	flow	cytometry	(Fig.	3A).	Mf showed peak enhancement of infection 
at conditions with high serum antibodies, whereas mDC had peak enhancement 
at very diluted concentrations (Fig. 3A). Similar results were obtained when sera 
was used from other DENV-infected patients (data not shown). These results 
suggest that serum antibodies co-determine the host cell tropism of DENV2, and 
point towards a Mf-oriented tropism under conditions with high serum antibodies. 
Contrary to Mf, infection of mDC and iDC will be suppressed under conditions of 
high antibodies (Fig. 3A, 14, 15). 

Next, we tested if the observed ADE-effect is dependent on the origin of the 
virus. Given the large number of conditions involved, we were not able to perform 
paired analysis in primary cells from the same donor. Therefore, we decided to 
use murine Mf-like P338D1 cells for these experiments. P338D1 cells express 

all three Fc receptors 31, 32, and can be infected with DENV2 in the absence and 
the presence of antibodies 33, 34. To avoid possible epitope-biased results, two 
antibodies	were	used:	a	flavivirus-reactive	antibody	against	the	envelope	protein	
fusion	loop	(4G2,	Fig.	3B),	and	a	DENV2-specific	antibody	against	the	envelope	
protein domain III (3H5, Fig. A3). P338D1 cells were infected with iDC-derived, 
Mf-derived, and C6/36-derived DENV2 at MOG 500 in the presence of a range of 
antibody concentrations (Fig. 3B). Virus production was scored at 48hpi by plaque 
assay.	Comparable	ADE	profiles	were	obtained	for	Mf-derived, iDC-derived and 
C6/36-derived DENV2. Yet, the highest fold enhancement of infection was seen 
for Mf-derived DENV2 virions. This effect was independent of the epitope (Fig. 
3B versus Fig. A3). Thus, we hypothesize that Mf play an important role in the 
development of viraemia during heterologous secondary infection. 

Fig. 3: The effect of serum concentrations and virus origin on antibody-dependent DENV2 
infection. (A) Antibody-dependent enhancement of DENV2-infected cell mass in primary human Mf 
and mDC. DENV2 was opsonized with serially diluted sera from Nicaraguan patients experiencing an 
acute secondary DENV infection. Cells were infected at MOI 1. Infectivity was scored at 26hpi, and 
normalized to infection in absence of serum. Infection in absence of serum was 1.6%±1.2 for Mf and 
4.1%±1.0	for	mDC	(Mean±SD).	(B)	ADE-profile	of	C6/36-derived,	Mf-derived, and iDC-derived DENV2 
in P338D1 cells. P338D1 cells were infected at MOG500 with DENV2 opsonized for 1h at 37oC with 
increasing	concentrations	of	the	anti-flavivirus	antibody	4G2.	Virus	titres	were	quantified	at	48hpi	by	
plaque assay and expressed as fold change over ‘No Ab’. Shown are the SEM of at least 3 experiments 
with viruses derived from 2 donors, and all conditions in duplicate. Of note, baseline titres of ‘No Ab’ did 
not differ between the three origins, indicating that fold-change was not capped.
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Conclusion
Figure 4 summarizes our results for the cell tropism of DENV in absence of 
antibodies. Mosquito-derived DENV particles are prone to infect iDC (Fig. 1). 
Subsequently, infected iDC produce low-infectious progeny virions which poorly 
re-infect other iDC and Mf (Figs. 1, 2A, 21). DENV produced in Mf is in turn more 
infectious in iDC than in Mf (Fig. 2A). The lower susceptibility of Mf and mDC 
is	compensated	for	by	the	higher	specific	infectivity	of	progeny	virus.	Therefore,	
we postulate that DC and Mf both contribute to DENV dissemination but each 
in a different way: DC are highly susceptible but produce progeny virions with a 
lower infectivity. Mf, however, show the inverse: this cell type is less susceptible 
to DENV, yet the progeny virions have a higher infectivity than those derived from 
DC.

During secondary infection, when anti-DENV antibodies are present, the 
host preference of DENV changes. Serum antibodies do not provoke ADE in 
the skin 35, thus only blood-deposited virus is prone to ADE of infection. Early 
in infection, the serum antibody concentration is low and therefore mosquito-
derived virus likely infects iDC through interaction with the virus receptor. Although 
it is generally believed that iDC do not support ADE, a recent study showed that 
iDC are susceptible to ADE when the cells are infected with iDC-derived DENV 
particles 21. Yet, our data and literature indicate that, at high serum concentrations 
antibodies, antibodies diminish the susceptibility of both mDC and iDC towards 
DENV infection (Fig. 3A, 14, 21). Meanwhile, DENV-infection of Mf is preferentially 
enhanced for virions derived from Mf (Fig. 3B and A3), suggesting a tendency 
towards a Mf-centred cycle during secondary infection. 

The observation that iDC produce virions with low-infectious properties is 
reminiscent of the so-called ‘winkelried strategy’ 36.	This	strategy	entails	the	sacrifice	
of	a	specific	cell	type	in	order	to	produce	antigens	for	the	adaptive	immune	system.	
Meanwhile, all other cell types attempt to interfere with the invading pathogen 
through innate immunity. This is seen in e.g. vesicular stomatitis virus infection, 
where metallophilic Mf allow for replication of the virus while other cells block 
viral replication through interferon-mediated mechanisms 37. Future research is 
required	to	evaluate	whether	iDC	fulfill	such	a	function	in	case	of	DENV	infection.

Fig. 4: Flow scheme of sequential infections within primary DENV infection, with three host cell 
types depicted: macrophages (Mf), mature dendritic cells (mDC) and immature dendritic cells (iDC). 
Arrows	depict	the	potential	‘flow’	of	the	virus	from	one	host	cell	to	the	next	cell,	while	the	thickness	of	
the	arrow	mimics	the	relative	susceptibility	of	the	host	for	the	specific	DENV	origin.	
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Supplemental Materials

Fig. A1: Phenotype and morphology of the cell types used in this study. (A) Representative 
examples of the surface marker expression (left) and morphology (right) of primary human macrophages 
and immature dendritic cells (iDCs). The phenotypes were determined after 6 days of differentiation (No 
LPS), or 6 days in culture followed by 48h stimulation with 1mg/mL of ultrapure LPS (Sigma Aldrich). 
After	six	days	of	culture,	≥95%	of	the	cells	had	typical	macrophage	morphology	and	expression	pattern:	
CD14+, CD80low, CD86+, CD206low, and MHC-II+. Similar for immature dendritic cells: CD14-, CD80low, 
CD86+/++, CD206low, CD11c++, and CD83-. Upon LPS stimulation, cells changed their expression pattern 
by upregulation of CD80, and CD86. (B) Phenotypic analysis of mature dendritic cells (mDCs), derived 
from the immature dendritic cells (iDCs) described in A). After 24h of maturation, the expression of 
CD40, CD83 and CD86 were upregulated in mDCs relative to iDCs. All cells are derived from healthy, 
anonymous blood donors with informed consent (Sanquin Bloodbank, Groningen, NL).

Fig. A2: Supplemental data to Fig. 1. (A) Growth curves of DENV2 on primary human Mf showing 
an MOI-dependent curve for MOIs 1 to 10. Statistics as per 37, resulted in a 2-tailed p-value of 0.04 
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(MOI 1 vs MOI 10). N=5 donors; see A2C. Curves were normalized to be able to study the kinetics by 
compensating for donor variations. All curves were normalized relative to the latest time point at MOI 10 
(set at 100%). (B) Growth curves of DENV2 on primary human iDC showing MOI-independent curves 
for MOIs 1 to 10, but MOI-dependent at MOI 0.01 and 0.1. N = 5 donors, see A2D. (C) Growth curves 
of DENV2 on primary human mDC showing MOI-dependent curves for MOIs 0.01 to 10. N = 3 donors. 
(D) and (E) Growth curve of 5 individual donors for Mf (C) and iDC (D) showing the effect of the MOI on 
the growth curve, ánd the variability among the donors (~10-fold difference in maximum titre within the 
same cell type). (F) Lower infectivity of iDC-derived DENV2 on Vero-WHO cells. Vero-WHO cells were 
infected with 500 physical particles per cell of DENV2 derived from Mf, iDC, or C6/36- mosquito cells. 
At	24hpi,	flow	cytometric	analysis	was	performed	to	quantify	the	infectivity	of	the	virus	particles.	N	=	2	
independent	experiments,	each	in	duplicate.	(G)	The	specific	infectivity	of	C6/36-derived	DENV2	(N=6)	
is close to those observed for DENV2 produced on Vero WHO cells (N=3). Shown are SEM.

Fig. A3: 3H5 ADE-profile on P338D1 cells:	as	 in	Fig.	3B,	yet	using	the	DENV2-specific	E	domain	
III antibody. Shown is the SEM of 3 experiments with virus derived from one donor, all conditions in 
duplicate. Of note, baseline titres of ‘No Ab’ did not differ between the three origins. 
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Abstract
The dogma is that the human immune system protects us against pathogens. Yet, several 
viruses, like dengue virus, antagonize the hosts’ antibodies to enhance their viral load and 
disease severity; a phenomenon called antibody-dependent enhancement of infection. This 
study offers novel insights in the molecular mechanism of antibody-mediated enhancement 
of dengue virus infection in primary human macrophages. We show that antibody-dependent 
enhancement acts by enhancing the fusion potential of the virus. Virus cell binding and 
uptake is not stimulated by antibodies. Strikingly, under conditions of ADE, the higher fusion 
activity is coupled to low antiviral response early in infection and subsequently an higher 
infection	efficiency.	We	 identified	 fusion	and	early	 interferon-response	as	critical	steps	 in	
the dengue life cycle. Subtle enhancements early in the viral life cycle cascades into strong 
effects on infection, virus production and immune response. Importantly, and in contrast to 
other studies, the antibody-opsonized virus particles do not trigger immune suppression 
and remain sensitive to interferon. Additionally, this study gives insight in how human 
macrophages interact and respond to viral infections and the tight regulation thereof under 
various conditions of infection.
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Through the evolutionary process, viruses have acquired many mechanisms to 
hijack the host cell machinery and to suppress antiviral responses within infected 
cells. More intriguingly, viruses have found ways to antagonize the host immune 
system by using the hosts’ antibodies to enhance infection and disease: a 
phenomenon called antibody-dependent enhancement (ADE) 1, 2. In vitro, ADE has 
been	shown	for	influenza	A	virus3, Coxsackievirus B 4, respiratory syncytial virus 5,  
Ebola virus6,	human	immunodeficiency	virus	(HIV)	7, 8, and many other viruses 9. 
In vivo ADE has been linked with the severity of HIV 7, 10 and dengue virus (DENV) 
infection 11-13.

DENV infection is the most prevalent arthropod-borne viral infection worldwide 
with approximately 390 million infections and 96 million symptomatic cases in 
2010 14. Four serotypes of DENV exist (DENV1–4) and symptomatic infection 
with any DENV serotype leads to mild dengue fever or to life-threatening dengue 
haemorrhagic fever and dengue shock syndrome 11. 

The question why some patients develop dengue fever, and others dengue 
haemorrhagic fever or dengue shock syndrome is continuously under investigation 
and debate. Epidemiologic research showed that severe dengue disease is strongly 
associated with primary infection of infants with waning maternal anti-dengue 
immunity12, 15, 16, and with secondary, heterotypic dengue infection 17-20. Patients 
with severe dengue disease often present high viral loads early in infection21-23. In 
line with this, heterotypic sub-neutralizing antibodies, or waning concentrations of 
homotypic antibodies have been found to enhance DENV infectivity in vitro and in 
vivo 15, 24-26 . 

So far, little is known about how antibodies enhance DENV infection and 
disease 25, 27. Previously, antibodies were found to increase the number of infected 
cells and, subsequently, facilitate higher virus production once the concentration 
of the antibody falls below the neutralization threshold 28-31. Furthermore, it has 
been suggested that DENV immune-complexes would boost virus production per 
infected cell (burst size) by suppressing intracellular antiviral responses 27, 32-34. The 
latter is also called intrinsic ADE to stress putative involvement of an intracellular 
mechanism. Consequently, enhancement of the infected cell mass is named 
extrinsic ADE.

DENV replicates in macrophages, monocytes, and dendritic cells 24, 29, 35, 36. 
During secondary infection, i.e. in the presence of antibodies, monocytes and 
macrophages actively support ADE, whereas immature dendritic cells do not 24, 

28, 29, 37. Indeed, studies with primary macrophages and monocytes found that ADE 
can enhance DENV burst sizes in the order of 5.3- to 7.2-fold 28-30. 
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In this paper, we investigated the mechanism of ADE in primary human 
macrophages. We discovered that antibody-mediated cell entry of DENV 
specifically	 enhances	 the	 fusion	 potential	 of	 the	 virus.	 No	 enhanced	 binding	
and entry was seen. Also, we observed that ADE does not induce an increased 
antiviral response early in infection. Thus, it appears that ADE is based on a 
novel unique mechanism wherein more particles undergo membrane fusion yet 
– given the normal binding and uptake characteristics of DENV particles to the 
macrophage – the cell is not alarmed. The enhanced fusion subsequently initiates 
a cascade leading to the typical enhancement of (i) infection, (ii) burst size, 
and	 (iii)	 disproportionally	 stronger	 anti-inflammatory	 responses.	 Importantly,	 no	
antibody-mediated immunosuppressive signalling was detected in primary human 
macrophages. Our data suggests that DENV antagonizes the host antibody as 
a	vehicle	to	enhance	its	fusion	efficiency	within	macrophages	and	consequently	
enhance disease severity. 

Human monoclonal antibodies enhance dengue virus infection 
of primary human macrophages
Primary macrophages are considered important players in ADE of DENV infection 
15, 43, yet most of the mechanistic studies conducted so far have been conducted in 
cell lines 31, 32, 44. Although working with primary cells is more challenging than cell 
lines given the inherent variability between blood donors and the less pronounced 
ADE effects in primary cells, we feel that it is important to dissect the fundaments of 
ADE in cells that are thought to contribute to ADE during natural infection. Primary 
human macrophages were generated by culturing isolated blood monocytes for 
6 days in the presence of 100ng/mL M-CSF. The resulting cells showed a typical 
macrophage expression pattern (Fig. A1). In line with previous literature 36, 45, 
primary human macrophages were susceptible to DENV2 infection in an MOI-
dependent manner (between MOI 0.2 and MOI 10) (Fig. A2, and Table 1).

To test for ADE, we used human monoclonal antibodies against distinct epitopes 
of the DENV envelope protein; e.g. domains (D) I/DII (#5), and the DII fusion loop 
(#9). These antibodies were previously shown to be cross-reactive against all four 
serotypes of DENV 46. Notably, we found that the power of enhancement was 
similar between the antibodies (Fig. 1) and independent of the MOI (Fig. A2). 
Given the overlapping results between the antibodies, we decided to focus on the 
E DII fusion loop antibody #9 for the remaining experiments. Peak enhancement 
was observed at an antibody concentration of 40ng/mL, giving 6.8±1.3-fold 
enhancement (N=9) at MOI 1 (Fig. 1).

MOI Infected cells (%) Burst size (PFU/cell) Particles / PFU

1 2.0 ± 0.5 2.8 ± 1.0 255 ± 34

1-ADE 3.7 ± 0.9 8.9 ± 2.4 212 ± 19

10 11.3 ± 2.3 17.2 ± 4.7 268 ± 24

Table 1: Antibodies enhance both infection and burst size, but not the specific infectivity of 
progeny virions. Primary human macrophages were infected at MOI 1 or 10, and MOI 1-ADE. For 
MOI 1-ADE, DENV was pre-incubated for 1h with 40ng/mL of Ab #9. The number of infected cells was 
determined	by	flow	cytometry	at	26hpi.	Concurrently,	the	virus	titre	was	determined	by	both	qRT-PCR	
(physical particles) and plaque assay(infectious particles). The burst size was calculated by dividing the 
virus	titre	by	the	number	of	infected	cells	and	the	specific	infectivity	resembles	the	number	of	physical	
particles divided by the number of infectious particles. All values are SEM of duplicates of 4 donors.

Fig. 1: Antibody-dependent enhancement of DENV2 infection of primary human macrophages is 
dose-dependent. Macrophages were incubated with DENV2, strain 16681 at MOI 1 which had been 
pre-incubated for 1h with increasing concentrations of monoclonal human antibody (#5; light grey, or 
#9; dark grey). At 48hpi, virus production was determined by plaque assay on BHK-15 cells. Shown is 
the	SEM	of	duplicates.	The	figure	is	representative	for	two	independent	experiments.	The	antibodies	#5	
and #9 have been named 753 C6 and 751 A2, respectively, in a prior publication46.

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

To	 determine	whether	ADE	 influenced	 the	 specific	 infectivity	 of	 the	 progeny	
virus	 (particles	 per	 PFU),	 we	 quantified	 the	 physical	 particles	 (qRT-PCR)	 and	
the infectious particles (plaque assay). In contrast to results from cell lines 31, we 
found	that	neither	antibodies	nor	MOI	influenced	the	specific	infectivity	of	DENV2	
in primary human macrophages (Table 1). This suggests that the observed ADE 
effect occurs prior to assembly, maturation and secretion of progeny virions.

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

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

Thus, ADE resulted in a higher burst size with associated enhancement of viral 
transcription	and	translation,	while	maintaining	the	same	replication	efficiency	as	

MOI 1. In absence of antibodies, similar infectivity, burst size and translation can 
be	attained	using	higher	MOIs	yet	at	the	cost	of	the	replication	efficiency.	

Fig. 2: Antibodies and infection at high MOI enhance virus translation. Viral translation was 
determined per cell on the intracellular pool of envelope protein. Macrophages were infected with 
DENV2.	At	 24-26h,	 cells	 were	 stained	 with	 the	 anti-envelope	 antibody	 4G2	 and	 analysed	 by	 flow	
cytometry.	Mean	fluorescence	intensities	were	normalized	to	the	sample	with	the	highest	intensity	of	
the donor. Up to 11 blood donors were used and six donors were used twice. Statistical analysis was 
done	by	One	way	ANOVA	with	Bonferroni	post-test	correction;	*	(p≤0.05),	**	(p≤0.01)	***	(p≤0.0001),	
n.s.:	non-significant.

Antibodies enhance fusion while maintaining the same cellular 
dose of virus particles
It is assumed that the higher number of genome copies and increased protein 
translation is a consequence of higher virus cell binding and/or increased uptake 
of	particles	into	cells.	Therefore,	we	quantified	virus	binding	and	cell	entry	using	
qRT-PCR. To measure viral entry, extracellular virions were removed by washing 
the cells with a high-salt-high-pH buffer 47. 

Overall, virus cell binding (squares) and entry (circles) was not enhanced under 
conditions	of	ADE	(N=4	donors)	(Fig.	3A).	We	were	surprised	by	these	findings,	
yet we were not able to use qRT-PCR at later time points due to the initiation of 
replication as visualized by the negative sense RNA (triangles, Fig. 3A). Therefore, 
we	 next	 assessed	 the	 binding	 and	 entry	 dynamics	 by	 flow	 cytometry	 using	
PKH67-labelled DENV particles. PKH67 is a fusion-independent lipophilic dye that 
intercalates into the viral membranes 40. This approach allows us to measure viral 
uptake and reveals the population of cells that are positive for PKH67. DENV2 was 
successfully labelled with PKH67 (Fig. A3A). 
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Fig. 3: Antibodies do not alter the efficiency of dengue virus to bind or enter into primary human 
macrophages. (A) DENV2 binding and uptake in primary macrophages was determined at 1hpi by 
qRT-PCR	using	template-specific	primers	in	combination	with	RNAse	A	treatment.	Extracellular	virus	
was removed by shaving the cells with a high-salt-high-pH buffer for 2 min. Squares show the total 
number of virus particles that had bound or entered cells. Circles depict entered viral genomes, while 
triangles show negative-sense RNA genomes. Shown are 4 donors with each condition in duplicate. 
(B) Macrophages were infected with PKH67-labelled DENV at MOI 1 (red), MOI 1-ADE (blue) or MOI 
5	(green).	At	1h	(filled)	or	2h	(striped)	of	incubation,	the	cells	were	shaved	and	fixed	prior	to	analysis	
by	flow	cytometry.	Cell	entry	was	normalized	to	MOI	1,	and	the	mean	fluorescence	intensity	(MFI)	was	
normalized to the negative control. Shown are the SEM of 5 donors. 

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

Hence, we hypothesized that antibodies enhance a step downstream of 
entry and prior to replication. Upon entry, DENV fuses from within endosomal 
compartments to release its genome into the cytosol. Membrane fusion can be 
microscopically	 quantified	 using	 the	 lipophilic	 dye	 DiD.	 Fusion	 is	 observed	 as	
a	 sudden	 increase	 in	 fluorescence	 intensity	 due	 to	 dilution	 of	 the	 probe	 in	 the	
target membrane 38, 39.	This	assay	is	specific	and	robust	since	the	extent	of	fusion	
was MOI-dependent and inhibited by ammonium chloride (Fig. 4A,38). Antibodies 
significantly	enhanced	the	total	fusion	activity	of	DENV	with	65%.	The	fraction	of	
fusion-positive cells increased with 40% in the presence of antibodies (Fig. 4B). 
The extent to which fusion is enhanced is variable between donors and ranged 
from 115% to 336% (Fig. 4C). Importantly, when the extent of fusion enhancement 
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is plotted against those for the PFU production, the results are correlating with 
each other, indicating a causal relationship between the two (Fig. 4C). 

In order to strengthen the relationship between the fusion activity and the virus 
production, we performed the same experiments with the macrophage-like cell line 
P338D1. P338D1 cells are known to show a more robust ADE effect ( 48, Fig. A3B 
and A3C). Therefore, we hypothesized that the membrane fusion activity of DENV2 
should be even more enhanced in this cell line than in primary macrophages. 
Indeed, under optimal ADE conditions, fusion activity increased with 3.5-fold and 
the number of fusion-positive cells with 2.3-fold (Fig. 4D and 4E), culminating in 
stronger enhancement of virus production and infectivity (Fig. A3B and A3C). 

Thus, in both models, ADE leads to more fusion-positive cells and more fusion 
activity per cell (i.e. higher genome delivery). Taken together, these results strongly 
suggest that relatively small increases in fusion activity initiate a cascade leading 
to	higher	infection	rates	and	burst	sizes.	The	efficiency	of	infection	and	the	burst	
size is however not solely dependent on membrane fusion activity since MOI 5 
and	ADE	had	a	similar	infected	cell	mass	and	burst	size,	while	at	MOI	5	a	five-fold	
higher fusion activity was seen compared to ADE. This suggests that the infection 
process	is	negatively	influenced	at	MOI	5	compared	to	MOI	1-ADE.	Therefore,	we	
next wished to better understand what happens within the cell to-be-infected.

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

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

Yet, a comparison of MOI 1-ADE with the infection-matched control shows that a 
large majority of the ADE-genes are associated with high infection (319 genes, Fig. 
5A). Thus the transcriptional response upon ADE is induced by the larger infected 
cell mass and/or higher viral load in the supernatant (2-fold and 8-fold higher than 
MOI 1, respectively). DAVID pathway analysis 41 was used to functionally annotate 
the gene patterns (Fig. 5B and 5C). We were interested in two sets of genes: 
the shared genes (100 genes, Fig. 4A) and the ADE-associated genes (141+319 
genes,	Fig.	5A).	Gene	ontology	identified	the	term	“antiviral	defense”	as	the	most	
significant	term	for	the	shared	genes	(Figure	5B).	For	the	ADE-associated	genes,	
the	sole	significant	term	was	“inflammatory	responses”	(Fig.	5C),	hence	antibodies	
did not induce a long-lasting immune-suppressive state in our cultures. 

Fig. 5: Dengue virus infection of macrophages induces an antiviral response, which depends on 
the viral load. (A, D) Primary human macrophages were infected with DENV2 at MOI 1, MOI 1-ADE, 
and infection-matched controls (MOI 5 or MOI 2½). Total RNA was isolated at 24h (A) and 2h (D). Gene 
expression was investigated by microarray. Genes whose average expression had an absolute fold 
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change of at least 1.5-fold over the mock were selected. The Venn diagram shows how these genes are 
connected with the various infection conditions. (A) is based on 3 donors and (D) on 4 donors.
(B) (C) (E) Gene ontology of DAVID pathway analysis was used to annotated genes at 24h (B and C) and 
at 2h (E). (B) shows the ontological analysis of the genes that were shared among the three conditions 
(see A, triangle, 100 genes).(C) shows the analysis of the ADE-effect (see A, 460 genes total; 318 + 
142). (E) shows the ontological analysis of the genes that were shared among the three conditions at 2h 
(see D, triangle, 160 genes). The x-axis shows the enrichment of the term within our selection relative to 
the	DAVID	database.	The	y-axis	shows	the	significance	calculated	with	1-tailed	Fisher	Exact	statistical	
analysis.	Gene	ontology	terms	with	at	least	5-fold	enrichment	and	a	p-value	of	≤1∙10-4 are considered 
relevant. (F) Expression of cytokine genes at 24h was calculated using the data derived from the 
microarray.	Gene	expression	patterns	were	first	normalized	relative	to	five	house-keeping	genes	(ActinB,	
Glucurondase beta, Hypoxanthine phosphoribosyltransferase 1, Heat shock protein 90 kDa alpha-beta 
1, and glyceraldehyde-3-phosphate dehydrogenase). Subsequently, cytokines expression was calculated 
relative to the mock as Log2-change. Shown is the SEM of 3 donors.

Hence,	we	focused	on	the	transcriptional	profiles	shortly	after	infection.	At	2hpi,	
both	MOI	 1	 and	MOI	 1-ADE	 had	 very	 similar	 transcriptional	 profiles	 (Fig.	 5D).	
Contrary	to	this,	MOI	5	showed	a	much	stronger	shift	in	its	transcriptional	profile.	
The lack of difference between MOI 1 and MOI 1-ADE at 2hpi is in contrast with 
the 24hpi time point (Fig. 5D and 5A, respectively), suggesting that antibodies do 
not	induce	specific	transcriptional	profiles.	A	comparison	of	the	profiles	induced	by	
MOI 1, MOI 1-IgG and MOI 1-ADE indeed revealed that infection in the presence 
of	DENV	antibodies	does	not	induce	specific	pathways	(Fig.	A4).	At	2hpi,	160	of	
the genes were shared between the three conditions (triangle, Fig. 5D). Gene 
ontology	analysis	of	these	160	shared	genes	identified	an	inflammatory	response	
(Fig.	5E).	No	specific	suppressive	pathway	was	identified	in	the	MOI	1-ADE	cluster	
(Fig. 4D). Thus, at both time points of infection, antibody-mediated infection did 
not activate immune-suppressive pathways. Rather, we found high induction of 
the cytokines IFNb, TNFa, IL1b, IL6 and little to no IL10 (Fig. 4F). Moreover, 
the fraction of interferon (IFN)-regulated genes 42 is quite substantial (Table 2), 
suggesting that there was an antiviral state in our cultures despite the antibody-
dependent infection mechanism. 

Shared MOI 5 unique Shared MOI 5 & 1-ADE

2hpi 30.9%
(160 genes)

25.7%
(152 genes)

xxx

24hpi 79.8%
(100 genes)

xxx 49.2%
(319 genes)

Table 2: High viral load stimulates IFN-regulated genes early in infection. 
Genes	were	selected	from	the	Venn	diagrams	in	figure	4A	(24h)	and	4E	(2h).	Selected	genes	were	
analysed by mining the Interferome database 42 for interferon-regulated genes in haematopoietic cells 
which are reported as the percentage of the selected genes.

Antibodies enhance fusion while avoiding additional antiviral 
responses
Microarrays	 provide	 a	 snap-shot	 of	 the	 expression	 profile	 at	 the	 mRNA	 level.	
To	 confirm	 the	 antiviral	 state,	 we	 next	 analysed	 the	 antiviral	 activity	 of	 the	
macrophage	supernatants	described	above	(Fig.	6A).	As	different	cytokine	profiles	
can confer the same protection 49, we used a viral bio-assay 30 combining the IFN-
sensitive vesicular stomatitis virus (VSV) 50	with	 the	 IFN-deficient	 yet	 -sensitive	
Vero WHO cell line 51. At 24hpi, no antiviral activity towards VSV was observed in 
the supernatants of macrophages infected at MOI 1 of DENV without antibodies. 
Yet, following infection at MOI 1-ADE, MOI 5 and MOI 10, antiviral activity was 
seen (Fig. 6A). This indicates that antibodies per se do not induce a virus-tolerant 
environment by 24hpi. Moreover, antiviral responses appear to increase with the 
percentage of DENV2-infected macrophages (Fig. 6A, Tables 1 and A1), indicating 
a dose-dependent response. 

Fig. 6: Early type-I-interferon (IFN)-mediated responses significantly determine the outcome of 
infection. 
(A) Primary macrophages were infected with DENV2 at MOI 1, MOI 1-ADE, MOI 5, and MOI 10. Culture 
supernatants were harvested at 24h and UV-inactivated. Inactivated supernatants were used to pre-
activate Vero cells prior to infection with VSV at MOI 0.1. Shown is the SEM of 3 donors, with infection 
performed in duplicate and duplicates of this assay. Statistical analysis was done with One way ANOVA 
with	post-test	Bonferroni	compensation;**	(p≤0.01)	and	n.s.;	non-significant.

A

C

B
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(B) IFNa protects primary human macrophages against DENV2 infection when applied during the early 
(0-2hpi) time points, and not during late (8hpi) time points. Macrophages were infected with DENV2 
at MOI 1, MOI 1-ADE and MOI 5. At the designated time points, 1 IU of recombinant human IFNa2a 
was added to the culture. At 26hpi, the viral titre in the supernatant was determined by qRT-PCR and 
normalized relative to the unperturbed condition (No IFNa). Shown is the SEM of 4-5 donors, each 
condition in duplicate. 
(C) Type I IFN signalling was blocked by pre-incubating macrophages for 2h with an antibody against 
the IFNabR. After incubation, cells were infected at MOI 1, MOI 1-ADE and MOI 5. Supernatants were 
sampled at 26hpi and virus production was determined by qRT-PCR. Addition of 10 units of IFNa 
at 0hpi served as a control for IFNabR-blocking. Shown is the normalized SEM of 2 donors, each 
condition in duplicate. 

 
At 24hpi, MOI 5 had a comparable number of infected cells, antiviral activity 

and burst size as MOI 1-ADE. Yet, MOI 5 had a 5-fold higher fusion activity and 
a	 2-fold	 lower	 replication	 efficiency.	Moreover,	more	 genes	 are	 potentially	 IFN-
regulated (Table 2). Earlier studies in human cell lines showed that the sensitivity 
of DENV to IFN is most pronounced during early stages of the viral life cycle, and 
over time the virus becomes resistant to the antiviral activity of IFN 47, 52. Hence, we 
hypothesized that a high MOI of DENV2 induces a stronger, type-I-IFN-mediated 
response	early	in	infection	thereby	lowering	the	replication	efficiency.	To	confirm	
our	hypothesis,	we	first	attempted	 to	quantified	 the	concentrations	of	 IFNa and 
IFNb at 2hpi in the macrophage supernatants from the screen by ELISA. The IFNb 
concentration was below the limit of detection for all conditions, and the IFNa 
concentration	fluctuated	between	the	donors	and	conditions	likely	due	to	the	very	
low concentrations measured (Table A2). 

To evaluate if DENV also becomes resistant to IFN in primary macrophages, we 
added exogenous IFN to cells at different time points post-infection and assessed 
virus production. Indeed, and in line with earlier results, the antiviral activity of 
IFNa is most pronounced when added early in infection (Fig. 6B). At late time 
points, the effect of exogenous IFN diminishes indicating that once infection is 
established the antiviral effect of IFN is limited. Importantly, the effect of exogenous 
IFN was distinct between the conditions tested with the lowest effect at MOI 5 and 
the strongest effect at MOI 1. The higher resistance at MOI 5 is indicative for an 
endogenous IFN response early in infection, since the added IFN had a lower 
contribution to the antiviral state already present in the culture. Interestingly, Fig. 
6B also shows that the addition of just one unit of IFNa to the cells at the time of 
infection	significantly	reduces	ADE	(4-fold	reduction	in	virus	production),	indicating	
that ADE is sensitive to IFN. 

If, at MOI 5, the early endogenous IFN response reduces virus particle 
production, then blocking the IFNabR prior to infection should lead to an increase 

in	 virus	 production.	 Indeed,	 specific	 blocking	 type-I-IFN	 receptor	 signalling	
significantly	enhanced	virus	production	at	MOI	5	(Fig.	6C	and	A5).	 Interestingly,	
and in contrast, infection at MOI 1 or MOI 1-ADE was not enhanced by the IFNabR 
antibody,	confirming	that	MOI	1	and	MOI	1-ADE	do	not	trigger	IFNabR-signalling 
during	 the	early	stages	of	 infection.	This	confirms	 that	 the	efficiency	of	DENV2	
infection in primary human macrophages is determined by the balance between 
fusion activity and antiviral responses early in infection. Once DENV infection 
and replication is established, the antiviral response no longer determine virus 
production (Fig. 6A(+24hpi) and 6B(+8hpi)) due to the viral proteins 53, 54. 

Discussion
Antibody-mediated cell entry of DENV is known to increase the infected cell mass 
and virus particle production, but little is known about the underlying mechanisms. 
Our results show that antibodies enhance DENV infection by promoting fusion (Fig. 
3C & 3E). In human macrophages, higher fusion results in more genomes being 
delivered into the cytosol, leading to enhanced infection, replication, translation, 
and burst size. Yet, enhancing antibodies do not alter the uptake of virus particles 
(Fig. 3A and 3B), nor trigger pro- or anti-viral programs early in infection (Fig. 4D). 
At high MOI, however, increased binding, uptake, fusion and an increased antiviral 
response is seen early in infection. 

Our	 results	show	 that	 fusion	 is	 the	first	step	within	 the	viral	 life	cycle	 that	 is	
positively	influenced	by	antibodies.	We	noticed	a	higher	fraction	of	fusion-positive	
cells and a higher extent of fusion within both primary macrophages and a 
macrophage-like cell line. Although we only observed a subtle increase in fusion 
capacity, the increase in fusion activity did correlate with virus production (Fig. 4C).

Our observation that ADE had “normal” binding and entry characteristics is key 
to the phenomenon of ADE as this avoids extensive activation of antiviral signalling 
early in infection. Indeed, infection at MOI 5 was more resistant to IFNa than MOI 1 
(Fig. 6B), and blocking IFNabR-signalling rescued DENV production at MOI 5 
(Fig. 6C). Contrary to MOI 5, ADE enhances fusion activity while maintaining low 
antiviral responses (Fig. 6C). Collectively, our results suggest that ADE of DENV 
infection involves a novel mechanism that is tightly balanced between the extents 
of binding, entry, fusion and the antiviral responses early in infection (Fig. 7).
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Fig. 7: Molecular mechanisms involved in antibody-dependent enhancement of dengue virus 
infection in primary human macrophages. Antibody-dependent infection does not enhance binding 
or entry of the virus to the cells. Yet, the membrane fusion potential within the endosomes of the 
macrophage is increased. Thanks to the unaltered characteristics of binding and entry, ADE does not 
trigger endogenous interferon-responses which thus allow the virus to replicate freely during the early 
stages of infection. ADE can be mimicked in terms of the number of infected cells and burst size by 
infection at high MOI in absence of antibodies. Yet high MOI leads to more binding, entry, fusion, and 
as	a	consequence	induction	of	an	IFN	response.	The	presence	of	an	early	IFN	response	significantly	
reduces virus replication and production. ADE is thus based on higher fusion but due to the absence of 
an early IFN response, it remains unnoticed by the cell allowing virus replication to higher titres.

ADE could be mimicked in terms of infected cell mass and burst size by infection 
at	high	MOI.	Furthermore,	strong	overlapping	transcriptional	profiles	and	antiviral	
responses were observed late in infection. This suggests that antibodies do not 
trigger	specific	intrinsic	pathways.	Indeed,	no	antibody-specific	anti-inflammatory	
program was found in primary human macrophages (Fig. 5D and A4). This in 
agreement with a recent whole blood transcriptome analysis 55 and in contrast 
with studies using PBMCs 23 or cell lines 56. Furthermore, other studies described 
a “muted” response 57, 58, but argued that the actual response could have waned 
by the time of sampling 57, 59.	Previously,	the	anti-inflammatory	cytokine	IL10	was	
considered to be one of the driving forces of intrinsic ADE 34, 56, 60, 61. However, we 
and others found low induction of IL10 after ADE in macrophages (Fig. 5F, 30, 62), 

and only at late time points for conditions with high infection and vial load (Fig. 5F, 
63).	Hence,	IL10	does	not	directly	influence	ADE	of	DENV	infection	and	may	be	a	
consequence of viraemia rather than infection mechanism. Indeed, high levels of 
IL10 are found in severe dengue cases 22, 64, yet only at late time points when the 
infection is resolving 22, 64. Therefore, based on our results, we propose that the 
enhanced burst size is dependent on the effective MOI (fusion extent) and is not 
antibody-specific.

Dengue haemorrhagic fever is characterized by vascular leakage, which on 
its	turn	has	been	linked	to	the	high	inflammatory	response	in	patients	(reviewed	
in: 65). Here we show that antibody-dependent DENV infection of primary human 
macrophages results in 7-fold higher virus titres, and subsequently triggers strong 
inflammatory	 responses	 (Fig.	 5C,	 5F	and	6A,30). The link between viral burden 
and	inflammatory	response	has	been	described	before	29, 55, 64 and our data further 
strengthens the notion that dengue haemorrhagic fever might be alleviated by 
reducing the viral load. Indeed, we show that application of IFNa suppressed virus 
production by human macrophages, even under conditions of ADE.

An important remaining question is how the antibodies enhanced the fusion 
efficiency	of	the	internalized	particles.	Previous	studies	showed	that	antibody-virus	
complexes enter cells via interaction with Fc receptors at the cell surface 66, and 
phagocytosis15. In the absence of antibodies, however, DENV has been described 
to infect cells via clathrin-mediated endocytosis 67. We therefore hypothesize that 
the	virus	employs	a	distinct	trafficking	pathway	under	conditions	of	ADE,	which	has	
a	beneficial	effect	on	the	chance	of	fusion	and	productive	infection.	Future	studies	
are needed to dissect the exact cell entry pathway of antibody-opsonized particles.

In conclusion: antibodies enhance DENV infection of human macrophages by 
promoting fusion of the virus particles within endosomes. Our work suggests that 
the higher effective MOI (fusion, translation, replication) causes the enhanced burst 
size,	not	the	interaction	of	antibodies	with	the	FcR.	This	is	the	first	report	showing	
that enhancing antibodies have a surprising simple and subtle mechanism. Yet, 
we show that even modest enhancement of fusion activity initiates a cascade with 
increasingly aggravating impacts. Importantly, DENV2-ADE does not suppress 
antiviral responses, but rather avoids induction hereof. We show that DENV2-ADE 
can	be	significantly	suppressed	by	addition	of	IFNa to primary human macrophages. 
These IFN-experiments and our microarray suggest that the dreaded induction of 
immunosuppression apparently is not involved in macrophages, a natural host 
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cell of DENV-ADE. Therefore, the presented work offers new perspectives to treat 
dengue virus, with fusion and antiviral responses as the key steps between high 
and low infection. 
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Materials and Methods
Antibodies Human monoclonal antibodies (#5 and #9) against the DENV2 E 
protein were a kind gift of J. Mongkolsapaya and G. Screaton (Imperial College, 
UK). Human IgG Fc-fragments were used as control (Jackson immunoResearch, 
USA). Flow cytometry of DENV-infected macrophages was performed using 4G2 
antibody (Millipore, UK) and donkey anti-mouse IgG-coupled to AF647 (Molecular 
Probes). The phenotyping antibodies and corresponding isotypes were obtained 
through an unrestricted grant (Immunotools, DE). Flow cytometry was performed 
on a FACScalibur (BD Biosciences) and analysed using FlowJo 7.6.2 or Kaluza 
1.1. 

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

Virus stocks Dengue virus serotype 2, strain 16681 (DENV2) was propagated 
on C6/36 cell line, as described previously 38, 39.	The	specific	infectivity	of	the	virus	
stock	was	79	genomes	per	PFU.	Purification	was	performed	as	described	by	Ayala	
et al. 39. Vesicular Stomatitis Virus, Indiana serotype, strain San Juan A (VSV) 
was propagated on Vero WHO cells. Vero WHO cells were infected at MOI 0.1 in 
cell culture medium with 2% FBS. After 24h, the culture medium was harvested, 
clarified,	and	mixed	with	HEPES	(PAA,	Switzerland)	to	10mM	final	concentration.	
All virus samples were aliquoted and snap frozen in liquid nitrogen prior to storage 
at -80oC.

Infectious virus titres were determined by plaque assay. DENV2 titres were 
determined on BHK-15 cells. VSV was titrated on Vero WHO cells. In brief, for 
both plaque assays, cells were seeded the day before infection (1∙105 per well 
in 24-wells plates). Serial dilutions of virus supernatant were added to the cells 
followed by 2h incubation at 37oC prior to placing an overlay of 1% seaplaque 
agarose	(Lonza,	Switzerland)	 in	MEM	(Gibco).	Cells	were	fixed	at	1	(VSV)	or	6	
days post infection (DENV2). Plaques were visualized with crystal violet (TCS 
biosciences, UK).
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qRT-PCR was performed as before 38,	 with	 minor	 modifications:	 template-
specific	 primers	 were	 used	 during	 the	 reverse	 transcription	 step	 to	 distinguish	
between positive- and negative-sense RNA, and prior to qPCR, viral RNA was 
removed by addition of 10 units RNAseA (Fermentas) per reaction. 

Virus labelling DENV2 was labelled with DiD (Molecular Probes, USA) as 
described before 39. Virus labelling with PKH67 (Sigma, USA) was performed 
based on Balogh et al 40.	Briefly,	1.5∙10	 8	GCPs	of	 tartrate-purified	DENV2	was	
diluted in PBS to 100mL and mixed with 1mL PKH67 dye in 99mL Diluent C (Sigma). 
At 30 seconds post addition, 300mL of pure FBS was added to stop the labelling. 
PKH67-labelled virus was used directly after labelling. 

Macrophages Buffy coats were obtained from anonymous donors with informed 
consent from Sanquin blood bank (Groningen, the Netherlands), in line with the 
declaration of Helsinki. PBMCs were isolated by Ficoll-Paque (GE Healthcare, 
Belgium) gradient, and stored in 90% FBS, 10% DMSO on liquid nitrogen till 
use. Monocytes were isolated from total PBMCs, as described previously 36, and 
differentiated into macrophages by culturing in 12-wells plates for 6 days at 37oC, 
5% CO2 in RPMI with HEPES (Gibco), supplemented with 20% FBS and 100ng/mL 
recombinant human M-CSF (Prospec-Tany, Israel). On alternate days, 75% of the 
medium was replaced with medium and the full amount of M-CSF. 

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

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

Macrophage IFNabR signalling was blocked using the mouse anti-human 
IFNabR2 (Millipore) by pre-incubating the cells for 2h with 0.5mg/well of antibody. 
Then, cells were infected and cultured as usual, in the presence of the antibody 
(1mg/mL).	 Infection	was	 scored	 at	 26hpi	 and	 48hpi	 by	 qRT-PCR.	 Specificity	 of	
IFNabR	blocking	was	confirmed	by	quantifying	surface	expression	of	CD14	and	
MHC class I by FACS.

Infection of P338D1 macrophage-like cells P338D1 cells were infected at an 
multiplicity of 1000 genomes per cell in the presence/absence of antibodies. At 
24hpi, infection and virus production was determined by FACS and plaque assay, 
respectively. 

Fusion assay on primary human macrophages Isolation and culture of 
macrophages was initiated as described above. On the second day of culture, the 
cells were gently dissociated incubation at 4oC for 15 minutes followed by gentle 
pipetting. Subsequently, cells were reseeded at 2∙105 per quadrant in 500mL in 
CELLview dishes (Greiner Bio-One, DE). Subsequent culture and infection was 
done as above. At 30 min post infection, extracellular virus was removed by 
gentle	washing	 the	 cells	with	 shaving	 buffer	 followed	 by	 fixation	with	 4%	PFA-
PBS. Fusion activity was determined as described before 39.	Briefly,	microscopy	
analysis was done by taking 15 – 30 random snapshots using both differential 
interference	 contrast	 and	 DiD-channels	 of	 a	 epi-fluorescence	 microscope	 in	 a	
Leica Biosystems 6000B instrument with a 635-nm helium-neon laser. Acquired 
images were analysed with ImageJ using an in house macro 39 measuring the total 
fluorescent	signal	per	field	of	view	with	the	“Particle	analyzer”	plugin	of	ImageJ.	
Fluorescence intensity was normalized relative to MOI 1. The fraction of fusion-
positive	cells,	with	at	least	one	bright	fluorescent	spot,	was	blindly	scored.	

Fusion assay on P338D1 macrophage-like cells P338D1 cells were seeded in 
8-wells Lab-Tek II chambered Coverglass slides (Nunc) one day before infection. 
For the assay, cell and virus were incubated for 30 min at 37oC for 30 minutes 
followed by gentle washing. Subsequently, fusion activity and fusion positivity were 
determined as described for primary macrophages above. 

Interferon-alpha add-on experiments Macrophages were infected as described 
above. At the designated time points, 1 unit of recombinant human IFNa2a 
(Prospec-Tany, 2.7∙108 IU/mg) was added to the culture and maintained throughout 



Chapter

 4

8584

Chapter 4 ADE of dengue virus infection in human macrophages: fusion versus antiviral responses

the remainder of the experiment. At 26hpi, the virus production was determined by 
qRT-PCR.

Infection of P338D1 murine macrophage cells 1∙105 cells per well are seeded 
in 24-wells plates. At 2 days post seeding, virus-antibody complexes were added 
to the cells at an multiplicity-of-genomes of 1000, and incubated for 1.5h at 37oC 
with 5% CO2. At 43hpi, the supernatant was collected and virus particle production 
was	measured	by	plaque	assay,	and	infectivity	was	determined	by	flow	cytometry.

Antiviral bio-assay The antiviral response in culture supernatants was determined 
using VSV and Vero WHO cells as described before 30.	Briefly,	Vero	WHO	cells	
were seeded in 12-wells plates at 2∙105 per mL per well. After adherence for 8h, 
cells were incubated for 12h with UV-inactivated supernatant, followed by infection 
with VSV at an MOI of 0.1 in 100mL. At 1hpi, inoculum was removed and cells 
were washed. Incubation was continued in fresh UV-inactivated supernatant. At 
6hpi, medium was collected and VSV titres were determined by plaque assay. 
Experimental results are reported as percentage of mock-medium. Recombinant 
human interferon–alpha (Prospec-Tany) served as positive control.

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

DAVID [Database for Annotation, visualization, and Integrated Discovery]41 
Pathway analysis was performed to functionally annotate gene groups using 
standard criteria and an EASE of 0.1. Interferome database 42 was used to identify 
an IFN signature in the gene selections, using standard criteria with absolute fold 
change	of	≥2	and	limited	to	the	haematopoietic	system.

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

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

Fig. A2: DENV production by primary human macrophages is MOI-dependent. Yet, the power 
of ADE is MOI-independent. DENV2 was pre-incubated for 1h with increasing concentrations of 
monoclonal human antibody #9 prior to infecting macrophages at MOI 0.2 (light grey bars), MOI 1 
(dark grey) or MOI 10 (white bar). Shown is a representative donor of two experiments carried out in 
duplicate.	P-value	≤0.01	(**)	or	≤0.001	(***)	as	determined	by	2-sided	t-test.	

Fig. A3: Controls to Fig 3B and 4D,E. (A)	Efficient	and	homogeneous	labelling	of	DENV2	particles	
by	PKH67.	Purified	DENV2	was	labelled	with	PKH67	and	the	fluorescence	intensity	of	the	labelled	was	
analysed by microscopy. The plot shows the percentage of particles for each intensity. The narrow peak 
indicates	that	the	fluorescence	intensity	per	particle	was	uniform.
(B, C) The same antibodies that enhanced infection and virus production in human macrophages did 
also enhance virus production (B) and infectivity (C) in the murine macrophage cell line P338D1. 

Fig. A4: The presence of antibodies does not change the gene profile of primary macrophages 
infected with DENV. Primary human macrophages were infected with DENV at MOI 1, MOI 1-ADE and 
MOI 1-IgG. Total RNA was isolated at 2h and analysed by microarray. Genes whose expression had 
an averaged absolute fold change of at least 1.5-fold over the mock were selected. The Venn diagram 
is based on four donors.

A

B C
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Fig. A5: Specific blocking of the IFNabR on primary human macrophages. Macrophages were 
pre-incubated with the IFNa/bR-antibody prior to stimulation with 10 IU of IFNa. Surface expression 
of	MHC-I	(red)	and	CD14	(blue)	were	quantified	at	24h	by	flow	cytometry	as	the	surface	expression	of	
these receptors depends, in part, on IFNabR signalling 1-3. Shown is the SEM of 2 donors, normalized 
to non-treated conditions. 

MOI Infected cells (%) Burst size (PFU/cell)

1-ADE 3.1 ± 0.6 11.6 ± 1.9

5 3.3 ± 0.6 14.2 ± 2.5

2½ 1.4 ± 0.4 15.2 ± 1.0

Table A1: MOI 5 mimics ADE in both infection and burst size. Primary human macrophages were 
titrated with DENV2 against MOI 1-ADE. Infection and virus production were determined at 26hpi using 
flow	cytometry	 (infected	cells)	and	plaque	assay	 (burst	size).	All	values	are	SEM	of	duplicates	of	4	
donors.

Treatment
Donor ID

A B C D

Mock 1,9 0,0 0,0 0,0

MOI 1 0,0 1,4 0,0 1,4

MOI 1-IgG 0,9 0,5 4,2 23,6

1-ADE 0,5 1,4 2,8 7,1

MOI 5 0,9 6,6 N.D. 7,5

LPS (10ng/mL) 6,6 6,6 18,9 12,3

Table A2: 2hpi IFNa response in inoculum. Macrophages were infected with DENV2 at the 
designated conditions, or stimulated with 10ng/mL of LPS. At 2h post infection, inoculi were collected 
and assayed for IFNa and IFNb by IFNa/b multiplex ELISA (ProcartaPlex), as per manufacturer’s 
instructions. Shown are the absolute concentrations of IFNa in pg/mL based on 1 sample per donor per 
condition, with the ELISA performed in duplicate. The limit of detection was 0.2pg/mL for IFNa, while 
IFNb was undetectable. 
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Abstract
Dengue is currently the most prevalent arthropod-borne viral infection world-wide, yet there 
is no licensed vaccine or therapeutic available. Severe disease is associated with high 
expression of tumour necrosis factor alpha (TNFa), and interleukin 6 (IL6). Moreover, type 
I interferons (IFN) have been used in a clinical setting during the Cuban epidemic. Yet, 
little is known about the effect of these cytokines on dengue virus infection and production 
in primary cells. We investigated and characterized the effects of these cytokines on 
primary human macrophages. Both TNFa	 and	 IL6	 did	 not	 have	 significant	 effects	 on	
dengue infection of macrophages, while IFNa	was	antiviral.	The	efficacy	of	IFNa negatively 
correlated	with	the	time	point	of	application	and	the	viral	dose.	Moreover,	its	efficacy	also	
depends on the infecting dengue virus serotype. Taken together, our results provide insights 
for development of future therapeutics.
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Dengue virus (DENV) is a positive sense single-stranded RNA virus belonging 
to the family Flaviviridae, genus Flavivirus. Currently, DENV is the most common 
arthropod-borne viral infection occurring worldwide1. The virus has four antigenically 
distinct serotypes 2, and infection with any serotype can cause severe disease 
and vascular leakage 3. Although a low proportion of all infections result in severe 
disease 4, 5, the case fatality rate of severe disease can be as high as 15%5. Early 
detection,	fluid	replacement	and	proper	medical	care	can	reduce	the	case	fatality	
rate below 1% 3.

Little is known about the causes of vascular leakage in DENV-infected patients, 
although	genetic	predispositions,	host	immune	status,	as	well	as	virus	fitness	are	
associated with severe disease (reviewed in 6). Studies in mice revealed that high 
virus titres, Tumour necrosis factor alpha (TNFa) production, and macrophage 
(Mf)	infiltration	are	critical	factors	in	dengue-induced	haemorrhage	7. In humans, 
high levels of TNFa and IL6 are associated with severe dengue disease 8-10, and 
subsequent vascular damage 7, 11, 12. This suggests that TNFa and IL6 primarily 
have pathogenic effects in humans, and leaves the question open whether these 
cytokines also have anti-viral effects. However, there is no uniformity with regards 
to the potential pathogenic effects of TNFa in dengue patients 13-15, as well as 
its antiviral effects in cell lines16 or primary cells 17, 18. IL6, however, was found to 
enhance DENV production in dendritic cells 18. In line with this, IL6 suppressed the 
expression of interferon beta (IFNb) by human Mf 19. However, the latter report did 
not quantify the effects of IL6 on DENV infectivity or production by Mf, and this 
remains to be resolved.

In chapter 4, we observed increased gene expression of IL6 and TNFa in Mf 
cultures infected with DENV at a high MOI. Moreover, at these conditions, virus 
production per infected cell was enhanced compared to low-infection conditions. 
Hence, our results suggest that IL6 and/or TNFa expression is triggered by the 
larger viral burden, or that these cytokines are responsible for the large virus 
burden. 

Besides IL6 and TNFa, we also found upregulated expression of type I IFN (a/b) 
in cultures of DENV2-infected Mf (Chapter 4). During the Cuban dengue epidemic, 
the	efficacy	of	type	I	IFN	was	beneficial	to	some	patients	20. However, no further 
human trials were conducted, in part because of the potential side effects of IFN 20. 
Moreover, although type I IFNs are known to possess antiviral effects 16, 21, 22, IFNs 
are also known to sustain infection of viruses as e.g. Lympho choriomeningitis 
virus 23, 24. Also, the potency of type I IFN to regulate DENV infection mostly has 
been evaluated in human monocytes and monocyte-like cells16, 25, yet little is 
known about its potency on human Mf. Hence, we wished to evaluate the effects 
of TNFa, IL6 and IFNa on DENV infection of Mf. 
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Results
First,	 we	 investigated	 the	 influence	 of	 TNFa, IFNa, and IL6 on DENV particle 
production in human primary Mf. Human Mf were generated as described in 
chapters 3 and 4 by culturing isolated blood monocytes for 6 days in the presence 
of 100ng/mL M-CSF. At day 6, increasing concentrations of exogenous TNFa, 
IFNa, and IL6 were added to Mf 2h prior to infection with DENV. Human Mf were 
infected with DENV2 s16681 at a multiplicity of infection (MOI) of 5. Virus particle 
production was determined by qRT-PCR 26 at 24h post infection (hpi) for TNFa and 
IL6, or 26hpi for IFNa. While IFNa already reduced virus production at the lowest 
concentration tested (i.e. 1 U/mL; 3.7 pg/mL), neither TNFa	nor	IL6	significantly	
affected virus production up to 105 U/mL (i.e. 2mg/mL of TNFa and 10mg/mL of IL6, 
respectively)(Fig. 1A). 

Also, when TNFa and IL6 were added to Mf at 24h prior to infection, we 
observed no effect on DENV infectivity (Fig. 1B) and infectious virus particle 
production (Fig. A1A). In these experiments, IL4 (25ng/mL, 125U/mL) was used as 
a positive control 27, 28 as IL4 is known to promote infection through upregulation of 
DENV binding factors DC-SIGN and mannose receptor 27, 29. Indeed, IL4 increased 
the number of infected cells (Fig. 1B) and upregulated DC-SIGN expression (Fig. 
A1B). Taken together, these results show that TNFa and IL6 do not possess clear 
pro- or anti-viral effects in Mf. Furthermore, IFNa did reduce DENV production in 
Mf.

Next, we determined if the time point of IFNa	addition	influences	the	efficacy	
of IFNa (Fig. 1C). To this end, 1U/mL of IFNa was added to the cells before, 
during	and	after	infection.	This	approach	also	provides	insight	in	the	efficiency	of	
translation of DENV2 within primary human Mf since the non-structural proteins of 
DENV2 are known to inhibit IFN-signalling pathways 30-33. Based on literature, it is 
expected that IFNa	ceases	to	be	efficacious	when	sufficient	non-structural	proteins	
have been produced within the cell. In Mf, IFNa	proves	 to	be	most	efficacious	
when added prior to infection or concurrently with infection(Fig. 1C). Thereafter, a 
clear MOI-dependent effect can be seen; at MOI 5, the 50%-reduction relative to 
non-treated was reached by 0hpi addition of IFN, whereas at MOI 1 this point was 
reached 8h later. 

These results show that, once infection is established, the production of 
DENV2 in primary Mf is largely resistant to IFNa. To strengthen this notion, we 
investigated the effect of 10 and 50U/mL of IFNa on DENV production when added 
at 10hpi(Fig. 1D). There was little to no effect in terms of virus production. This 
experiment	confirmed	that	established	DENV	infection	is	resistant	to	the	action	of	
IFNa.

Fig. 1: The effects of exogenous IFNa, TNFa, and IL6 on productive DENV2 infection of primary 
human Mf. (A) A range of concentrations of IFNa, TNFa, and IL6 was tested for its effect on productive 
DENV2 infection of primary human Mf. Each cytokine was added at 2h prior to infection at MOI 5. The 
cytokine	 concentration	was	maintained	 throughout	 the	 experiment.	Virus	 production	was	 quantified	
by qRT-PCR at 26hpi (IFNa) or 24hpi (TNFa and IL6). The results of each donor were normalized 
relative to the non-treated condition and depict the SEM of 2 donors (IFNa) or 5 donors (TNFa and 
IL6), each condition in duplicate. (B) TNFa and IL6 (106 U/mL) were added at 24h prior to infection, 
followed	by	infection	with	DENV2	at	MOI	5	(circles)	or	MOI	1	(squares).	Infection	was	quantified	by	flow	
cytometry at 24hpi. Shown are SEM of 3 donors. (C) A time course of IFNa add-on was performed on 
primary human Mf which had been infected at MOI 1 (white bars) or MOI 5 (black bars). The cytokine 
concentration	was	maintained	 throughout	 the	experiment,	and	DENV2	genomes	were	quantified	by	
qRT-PCR	at	26hpi.	Bars	show	SEM	of	≥3	donors,	each	condition	in	duplicate.	(D)	The	IFN-resistance	
of DENV2-infected Mf was tested by adding an increasing amount of IFNa to the Mf at 10hpi. Shown 
is the SEM of 4 donors. (E) The time course in (C) was supplemented with FACS analysis to quantify 
the infected cell mass, shown is the SEM of 4 donors.

A

C

E

B

D



Chapter

 5

101100

Chapter 5 The effect of TNFa, IL6, and IFNa on dengue infection and production in human macrophages 

Furthermore, we questioned if the effect of IFNa on the virus production, as 
seen in Fig. 1C, was due to a lower number of infected cells, or a lower virus 
production per infected cell. Thus, we repeated the IFNa add-on time course with 
MOI	5	and	quantified	the	infected	cell	mass	at	26hpi	by	flow	cytometry	(Fig.	1E).	
Figure 1E shows that IFNa predominantly reduces the number of DENV2-infected 
Mf when it is added prior to infection. When comparing Figure 1C with 1E, it 
becomes apparent that IFNa has a stronger effect on DENV2 production than 
infection, suggesting that IFNa mostly acts on virus replication within the Mf. To 
analyse the effect of IFNa	on	viral	protein	translation,	we	employed	flow	cytometry	
to quantify the relative content of the viral E protein per infected cell based on the 
mean	fluorescence	intensity	(MFI).	The	MFI	correlates	with	the	amount	of	antigen	
within	the	cell	and	therefore	likely	reflects	the	viral	translation.	Strikingly,	while	the	
number of infected cells decreased due to IFNa-addition (Fig. 1D), the MFI of the 
infected cells remained similar to the non-treated condition. For example, addition 
of IFNa at -2hpi decreased the percentage of infected cells with ~45% (Fig. 1D) 
yet the MFI of the infected cells was still 102.3%±1.3 compared to the cells that 
were not treated with IFNa (SEM of 3 donors). This indicates that IFNa does 
not affect viral protein translation in cells with established infection. Therefore, 
we hypothesize that early application of IFNa predominantly prevents infection 
whereas late application of IFNa reduces replication16 but not viral translation. 

Next, we wondered if the effect of IFNa	 on	 DENV2	 is	 serotype-specific.	
Therefore, we tested the effect of 1U/mL of IFNa on the infectivity of DENV3 strain 
H87 and DENV4 strain 1036 (Fig. 2). Mf were pre-activated incubated with 1U/
mL of IFNa for 2h and subsequently infected with one focus-forming unit (FFU) 
per	cell.	Virus	production	was	quantified	at	26hpi	using	both	FFU	assay	(infectious	
virus) and qRT-PCR (total virus). 

Figure 2 shows that IFNa	does	not	significantly	reduce	the	total	virus	production	
of DENV3 and DENV4 in Mf. Yet, for DENV3 and DENV4, however, there was 
a reduction in the number of produced infectious particles. The values of IFNa-
treated infectious DENV3 fell below the limit of detection (10 FFU/mL). It is 
however important to note that we observe a larger reduction in the number of 
infectious DENV2 in the FFU assay than in the PFU assay (~3.5 Log10 reduction 
versus ~1Log10 reduction, respectively). We do not have an explanation for this 
difference, but we hypothesize that residual IFN present in the cell supernatants 
has a more pronounced effect in the FFU assay than in the PFU assay due to the 
cell lines used in these assays; i.e. Vero WHO cells versus BHK21 clone 15. In this 
sense, the reduction of the DENV4 titre is quite modest and might be attributed to 
the	residual	IFN	rather	than	reflecting	a	lower	infectious	virus	production.	

Fig. 2: The serotype-specific effect of IFNa on DENV infection of primary human Mf. Cells were 
pre-activated with 1U/mL of IFNa at 2h prior to infection, followed by infection with one focus-forming 
unit	of	DENV	per	cell.	Virus	production	was	quantified	at	26hpi	by	qRT-PCR	(total	virus	production;	
genome-containing particles (GCPs)) or by immunofocus assay (infectious virus; focus-forming unit 
(FFU)). Shown are SEM of 4 donors, with each condition performed in duplicate.

Discussion
Little is known about the causes of vascular leakage in DENV-infected patients, 
although several cytokines have been found to be associated with haemorrhagic 
fever, including TNFa, and IL6 7-10. While these cytokines are associated with 
disease in humans, little is known about their antiviral or pro-viral effect on the 
level of DENV-infected cells 13. In contrast, more studies have been performed into 
the effects of type I IFN on DENV infectivity 21, 25, yet relatively few studies have 
been done with primary human cells. We tested the effects of TNFa, IL6 and IFNa 
on primary human Mf. 

We found that neither TNFa	nor	IL6	significantly	influenced	DENV	infectivity	or	
production in human Mf. This is in line with the lack of effect of TNFa on cell lines 
16 or human Mf17.	However,	our	findings	for	 IL6	are	 in	contrast	with	 the	modest	
pro-viral effect of IL6 on DENV-infected dendritic cells 18, and the negative effect of 
IL6 on IFNb expression in human Mf 19. However, the latter report did not quantify 
the effects of IL6 on DENV infectivity or production by Mf. We measured this and 
found no pro-viral effect of IL6 on DENV-infection of Mf. Therefore, neither TNFa 
nor IL6 have antiviral activity for DENV-infected Mf.
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We found that IFNa possesses antiviral activity on DENV2 infection of primary 
human Mf. While this cytokine was a very potent inhibitor of DENV2 infection 
when added before or concurrent with infection, it is ineffective against established 
DENV2 infection of Mf. Such a time constrain has been noted before in cell lines 16  
and Cuban patients 20. The time-dependent effect has been related to translation 
of the viral genome and subsequent production of viral non-structural proteins. 
The non-structural proteins are known to impair the IFN signalling within the host  
cell 30-33. While we did not quantify the levels of these non-structural proteins, we 
could	quantify	 the	 viral	 translation	on	per-cell	 basis	by	 flow	cytometric	 analysis	
and found that the amount of viral proteins within infected cells is similar between 
treated and non-treated cells. 

Two observations are in line with a correlation between IFNa-insensitivity and 
viral translation; i) infecting Mf at a higher MOI decreased the time frame wherein 
the virus production could be suppressed by IFNa. We already showed in chapter 
4 that cells infected at MOI 5 have higher viral protein content than cells infected 
at MOI 1. Furthermore, established DENV infection proved to be resistant to much 
higher concentrations of IFNa than Mf with de novo infection, possibly since there 
are	 sufficient	 non-structural	 proteins	within	 these	 cells	 to	 interfere	with	 the	 IFN	
signalling. Given that the MFI was similar between treated and non-treated cells 
while the number of infected cells was halved, we hypothesize that IFNa treatment 
limits the success rate of infection but does not affect viral translation. 
Moreover, the results show that the antiviral effect of IFNa is serotype-dependent 
and future research should ascertain if DENV3 and DENV4 are IFNa-resistant and 
whether	the	effect	is	strain	specific	34. Moreover, it should be tested whether the 
low	efficacy	of	IFNa against DENV3 and DENV4 can be overcome by using higher 
concentrations.	Especially	since	it	 is	known	that	the	efficiency	of	translation	and	
replication varies between DENV strains 35.

The work presented in this chapter provides insight in the effects of TNFa, IL6 
and IFNa on DENV infectivity and production by primary human Mf. Only IFNa has 
therapeutic value for the treatment of DENV-infection in Mf, yet the use of IFNa is 
predominantly limited to pre-infection. In contrast, IFNg	appears	to	be	efficacious	
against both de novo and established DENV infection 36, 37 and more research is 
needed	to	evaluate	its	efficacy	against	DENV	infection	of	primary	human	cells.
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Materials and methods
Primary cells originated from buffy coats derived from blood donors who gave 
informed consent as per declaration of Helsinki. Monocytes were isolated through 
gelatin-adherance 26 and subsequently differentiated into macrophages, as 
described afore in chapters 3 and 4. 

Cytokines were purchased from Prospec-Tany (Rhehovoth, Israel), all were 
recombinant human cytokines: Macrophage colony stimulatory factor (M-CSF, 
5∙105 U/mg), interleukin 4 (IL4; 5∙106 U/mg), IL6 (1∙107 U/mg), Interferon alpha 2a 
(IFNa2a; 2.7∙108 U/mg), and Tumor Necrosis Factor alpha (TNFa, 5∙107 U/mg).
Virus stocks of dengue virus were propagated on C6/36 cell line, as described 
previously25, 37.	Clarified	supernatants	were	used	in	the	experiments.	The	specific	
infectivity of the stocks in this manuscript were: 78.8 genome-containing particles 
per plaque forming unit (dengue virus 2 strain 16681), 2100 genome-containing 
particles per focus forming unit (dengue virus 3 strain H87), and 700 genome-
containing particles per focus forming unit (dengue 4 strain 1036). 

Virus quantitation of total virus particles was performed as described before by 
qRT-PCR 25,	with	minor	modifications	as	described	in	chapter	3.	For	DENV2,	the	
infectious virus titre was determined by plaque assay on BHK-21 clone 15 (Kind gift 
of Richard Kuhn, Purdue University) as described previously 25	with	a	modification:	
cells	 were	 plated	 on	 24-wells	 plates	 and	 titres	 were	 quantified	 at	 5	 days	 post	
infecton. For DENV2,3,4, the infectious titre was determined by immunofocus 
assay on Vero WHO cells as described previously 38.

Flow cytometry was performed as described previously 39 using either the 
flavivirus-crossreactive	 antibody	 4G2	 or	 the	 DENV2-specific	 antibody	 3H5	
(Millipore, UK) as primary antibody and donkey anti-mouse IgG coupled to AF647 
(Molecular Probes). DC-SIGN expression was detected using mouse anti-human 
DC-SIGN as primary antibody and PE-labelled anti-murine IgG as secondary 
antibody (both purchased from R&D systems).

Add-on experiments, to test the effect of a cytokine by addition to the cells, 
were performed by preparing stock solutions of the cytokines at 10-fold higher 
concentrations. At the designated time point, 10% of the culture volume was 
removed and replaced with the same volume of the stock. Cytokine concentrations 
were subsequently maintained throughout the experiment, except for IL4 which 
was omitted after infection.
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Supplemental materials

Fig. A1: The effect of a prolonged incubation with IL4, IL6, and TNFa on productive 
DENV infection in Mf. 
(A) Productive DENV2 production by human Mf infected after 24 – 48h pre-incubation 
with IL4, IL6 or TNFa. The former at a concentration of 125U/mL, and the latter two at the 
concentration of 106 U/mL. Infectious virus titres were determined at 24hpi by plaque assay 
on BHK-21, clone 15 cells. Dashed line represents the limit of detection of the plaque assay. 
Shown are SEM of 3 donors. (B) Pre-incubating Mf for 48h prior to infection with IL4 (25ng/
mL; 125U/mL) enhanced expression of the DENV binding factor DC-SIGN expression on 
the surface of Mf. (Figure courtesy Flipse, J. & Rattigan, S.)
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Abstract
Dengue is the most prevalent mosquito-borne viral disease worldwide. Yet, there are no 
vaccines	 or	 specific	 antivirals	 available	 to	 prevent	 or	 treat	 the	 disease.	Several	 dengue	
vaccines are currently in clinical or preclinical stages. The most advanced vaccine is the 
chimeric	tetravalent	CYD-TDV	vaccine	of	Sanofi	Pasteur.	This	vaccine	has	recently	cleared	
Phase	III,	and	efficacy	results	have	been	published.	Excellent	tetravalent	seroconversion	
was	seen,	yet	the	protective	efficacy	against	 infection	was	surprisingly	low.	Here,	we	will	
describe	the	complicating	factors	involved	in	the	generation	of	a	safe	and	efficacious	dengue	
vaccine. Furthermore, we will discuss the human antibody responses during infection, 
including the epitopes targeted in humans. Also, we will discuss the current understanding 
of the assays used to evaluate antibody response. We hope this review will aid future 
dengue vaccine development as well as fundamental research related to the phenomenon 
of antibody-dependent enhancement of dengue virus infection.
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The genus Flavivirus of the family Flaviviridae comprises over 50 closely related 
viruses, including dengue virus (DENV), Japanese encephalitis virus (JEV), yellow 
fever virus (YFV), tick-borne encephalitis virus (TBEV), and West Nile virus (WNV) 
(Fig. 1). Flaviviruses are arthropod-borne pathogens, and transmission occurs 
by ticks (TBEV), or mosquitoes (e.g. JEV and DENV). Flaviviruses are present 
worldwide, ranging from the tropics (JEV and DENV), to moderate climates (DENV 
and WNV), to near-arctic climate (TBEV)1. 

Fig 1. Close relationship between several flaviviruses (left) and within the species of dengue 
virus (right). The phylogenetic tree is based on the amino acid sequence of the envelope glycoproteins. 
The methodology and National Center for Biotechnology Information (NCBI) Ids of all used genotypes 
for	flaviviruses	and	dengue	viruses	are	provided	in	S1	Dataset.	The	table	denominates	the	percentage	
of consensus between the serotypes based on the envelope amino acid sequences. Sequence 
identities were calculated using the Sequence Identity and Similarity calculator tool (http://imed.med.
ucm.es/Tools/sias.html).	Scale	bar	of	0.1	(flaviviruses)	or	10	(dengue	virus)	denotes	0.1	or	10	(silent)	
substitutions	per	amino	acid	for	the	flavivirus	and	dengue	sequences,	respectively.
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Infection	with	a	flavivirus	can	cause	a	wide	range	of	clinically	overt	symptoms	1, 2, 
potentially resulting in death. For example, JEV is the leading cause of viral 
encephalitis in Asia, with a 30% – 40% case fatality rate 2. Dengue is the most 
common arthropod-borne viral infection occurring worldwide, with an estimated 
360 million infections and 96 million symptomatic cases in 2010 3. On average, 
500,000 – 1 million individuals develop severe disease, including hemorrhage and 
plasma leakage, resulting in 25,000 deaths 4. 

Currently, there are vaccines available for YFV, TBEV, and JEV. Yet, there is 
no vaccine available for the closely related DENV 5. This is in part due to the 
existence of four genetically and antigenically distinct DENV serotypes (Fig. 1). 
There is approximately 40% divergence between the amino acid sequences of the 
serotypes (Fig. 1) 6, 7	and	≤9%	mismatch	within	a	serotype	(Fig.	1)	8. The diversity 
of	 the	genotypes	of	JEV,	WNV,	and	TBEV	 is	much	 less,	with	≤4.1%,	≤2%,	and	
≤5.6%	difference,	respectively	9, 10: therefore, no distinct serotypes exist. 

Another factor for the complexity of the DENV vaccine lies in the severity of 
disease. All four DENV serotypes can cause symptoms ranging from acute febrile 
illness to severe manifestations as hemorrhage or organ impairment. Severe 
disease is most often seen during secondary, heterotypic re-infections 11, 12. The 
incidence of severe disease during secondary, heterologous infection relative 
to primary infection can be 20-fold to 80-fold higher 12-15. The observation that 
disease can be more severe during secondary infections severely hampered the 
development of a vaccine, as it implies the need to simultaneously induce immunity 
to all four existing DENV serotypes over a prolonged period 16, 17. 

Multiple vaccine formulations are currently being tested in pre-clinical and 
clinical stages, and these have been reviewed before 18. Here, we will focus on the 
Sanofi	Pasteur	 live	attenuated	vaccine	since	 this	 is	 the	most	advanced	vaccine	
with	known	efficacy	results.	The	results	of	the	trials	will	be	reviewed	and	discussed	
within the context of the host immune response, and the assays used to understand 
and evaluate both the vaccine and the host immune response.

Sanofi trials
Sanofi	Pasteur	developed	a	tetravalent	chimeric	YFV/DENV	vaccine	(CYD-TDV).	
The vaccine was based on the backbone of the attenuated YFV strain 17D in 
which the structural genes encoding for the pre-membrane (prM) and envelope 
(E) proteins of YFV were replaced with those of DENV 19. YFV/DENV chimeric 
viruses were made from all four DENV serotypes. The resulting viruses thus have 
the attenuated replication machinery of YFV and the outer structure of a DENV 

serotype. Hence, the vaccine induces CD4+ T cell and antibody responses against 
the DENV structural proteins and CD8+ T cell responses against the YFV non-
structural proteins (NS) 20-22. Pre-clinical in vitro assays showed genomic stability 
and no toxicity (reviewed in 19), and induction of antiviral responses in human 
dendritic cells 23. 

Subsequently, clinical studies were performed using a three-dose regimen 
containing 105 CCID50 of each YFV/DENV chimeric virus. The Phase I and II 
trials showed that the vaccine is safe and tolerable in humans 19, 24, which was the 
primary end point. Additionally, the authors of the Phase II trials also determined 
the	seroconversion	and	the	efficacy	against	virologically	confirmed	DENV.	In	one	
study, excellent tetravalent seroconversion against DENV was noted, as 95% 
– 100% of the individuals seroconverted 25.	Yet,	 in	 the	same	study,	 the	efficacy	
was	surprisingly	low,	being	30%,	whilst	another	study	reported	near	64%	efficacy	
(Table 1). These Phase II trials were conducted with relatively low numbers of 
participants. Next, large Phase III trials were conducted in Asia and Latin America 
to	determine	the	efficacy	of	the	vaccine.	However,	the	recent	reports	of	these	trials	
were quite enigmatic. The Phase III studies in Southeast Asia and South America 
reported	 an	 efficacy	 range	 of	 51.1%	 –	 79%	 and	 31.3%	 –	 77.5%,	 respectively.	
Overall,	the	vaccine	was	shown	to	be	efficacious	as	the	95%	CI	was	higher	than	
25%	(primary	end	point).	It	should	be	noted,	however,	that	the	reported	efficacies	
varied	per	country	and	per	study.	Additionally,	when	the	serotype-specific	efficacy	
was	calculated,	the	lowest	efficacy	was	consistently	seen	for	DENV2	(Table	1).	

Strikingly,	 the	 vaccine	 cohort	 had	 significantly	 lower	 incidence	 of	 dengue	
hemorrhagic	fever	(80%	–	90%	efficacy)	and	hospitalization	(67%	–	80%	efficacy)	
27, 28.	Baseline	immunity	seems	to	be	beneficial	in	terms	of	developing	tetravalent	
seroconversion	and	overall	efficacy	against	symptomatic	DENV	(Table	1).	

While the protection against hemorrhagic fever is encouraging, these trials also 
taught	us	that	seroconversion	alone	does	not	predict	protective	efficacy.	Clearly,	
more research is required to identify the correlate of protection 29 Furthermore, it 
showed us that we need to have a better understanding of the immune response to 
DENV infection. Hence, below we will discuss what is known about the function of 
T and B cells in immunity against DENV. Most attention has been directed towards 
the role of antibodies in immunity against DENV, and therefore these will be the 
primary focus of this review. 
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25 4 – 11 Thailand 30.2%,(-13.4 to 56.6).

55.6/9.2/75.3/100 †

69.9 91

26 9 – 16 Honduras, 
Colombia, 
Mexico, and 
Puerto Rico

63.9%, (1.5 to 87.4). † 76 79.3 Flavi+ > naïve 
(tetravalent: 
97.6% vs 77.9%)

27 4 – 11 Indonesia, 
Malaysia, 
Philippine, 
Thailand, 
and Vietnam

56.5%, (43.8 to 66.4).

50/35/78.4/75.3 

67.2 80.8 67.6 78.2 DENV+ > DENV- 
(efficacy:	
74.3% vs 35.5%)

28 9 – 16 Colombia, 
Brazil, 
Mexico, 
Puerto 
Rico, and 
Honduras

60.8%, (52.0 to 68.0).

50.3/42.3/74/77.7 

80.3 90.0 79.4 DENV+ > DENV- 
(efficacy:	
83.7% vs 43.2%)

Table 1. An overview of the results from the CYD-TDV vaccine trials. 95%	CI,	95%	confidence	
interval. † study was a Phase II clinical trial, with a relatively low number of participants.

Human immune response and disease
After a primary DENV infection, individuals are protected against disease upon re-
infection with the homologous serotype. Cross-protection against other serotypes 
is limited and exists only for 1 – 2 months post primary infection, while disease 
severity was found to be alleviated for 2 – 9 months thereafter 30, 31. Recent 
information suggests that cross-protection against severe disease lasts up to 2 
years 32-35. Intriguingly, after the cross-protective period, individuals are at risk 
of developing more severe dengue upon secondary infection with a heterotypic 
serotype. Moreover, the chance to develop severe disease increases with the time 
between the primary and the secondary infection 33, 34.

The increased chance of severe disease can be explained by original antigenic 
sin, a phenomenon in which the human immune system preferentially activates 
memory T and B cells against the original antigen rather than instructing naïve 
T and B cells against the current antigen 36, 37. Indeed, it was found that upon 
a secondary heterotypic DENV infection, the acute T cell response is mostly 
directed towards the previous infecting serotype 38, 39. Over time, the T cells against 
conserved, cross-reactive epitopes are preferentially expanded, resulting in a 
DENV-broad 20, 38, 40	and	potentially	flavivirus-broad	response	39, 41. As for B cells, a 
predominant monotypic response with high avidity against the infecting serotype 
is observed 6 – 9 days after disease onset 42, 43. Yet, within 6 months of infection, 
a broad cross-reactive B cell repertoire is seen 43. Indeed, cross-reactive B cells 
are predominantly present at the time of secondary infection 42. These cells have 
been speculated to contribute to enhanced severity of dengue disease severity 
44 (discussed below). After a secondary heterotypic infection, stable populations 
of DENV-broad cross-reactive B cells are seen 42, 43, and these cells secrete high 
levels of high-avidity antibodies 42, 45, 46.

Antibodies are suggested to be more important than T cells in triggering the 
onset of severe disease. This was suggested because infants born to dengue 
immune mothers were noted to have a higher risk for severe disease development 
during primary infection 47. Halstead and others found that waning antibody titres 
can enhance DENV infectivity in vitro and in vivo 48-50 and developed the theory 
of antibody-dependent enhancement (ADE) of disease 48, 51. During ADE, the pre-
existing cross-reactive antibodies bind to the newly infecting DENV serotype and 
specifically	 target	 the	 immune	 complexes	 to	 Fc-receptor-expressing	 cells,	 cells	
that are highly permissive to DENV. The high viral burden triggers the immune 
system, which at the end is responsible for the onset of severe signs like plasma 
leakage 51-53. 

Thus, in case of dengue, antibodies have a paradoxical role: antibodies induced 
during a primary infection are believed to confer life-long protection against the 
infecting serotype, whereas upon re-infection with another DENV serotype these 
antibodies can contribute to severe disease development. Hence, we wished to 
gather information on the human antibody epitopes and their relative contributions 
to the human antibody repertoire after DENV vaccination and infection. Although 
we primarily focus on antibody epitopes, we also included a brief description of the 
role of T cells in connection with the CYD vaccine.
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Human antibody responses
We	first	 reviewed	the	antibody	responses	 in	 the	sera	of	primary	and	secondary	
DENV cases (Table S1). The majority of antibodies are raised against the E protein, 
and a small fraction target the prM and the NS proteins. This is not very surprising 
as E and prM are exposed on the viral surface and soluble NS1 is secreted by 
infected cells 54. The higher fraction of E protein antibodies suggests that the human 
antibody response predominantly targets DENV particles (structural proteins) 
rather than NS1-positive cells, i.e. infected cells or cells having bound soluble NS1 
55, 56. Interestingly, we see that during secondary infection the antibody repertoire 
broadens as higher responses against the prM and NS1 proteins are seen. This 
implies that antibodies against E, prM, and NS1 are differentially induced between 
primary and secondary infection (discussed further below). A detailed insight in 
the	 specific	 antibody	 repertoire	may	 therefore	help	 us	 to	 better	 understand	 the	
contribution of distinct epitopes to infection neutralization. 

Indeed, several elegant studies have used immortalized B cells from human 
blood samples to generate monoclonal antibodies of these cultures. Unfortunately, 
the studies conducted so far show considerable variability in numbers and epitopes 
of antibodies isolated from individual patients (Table S2). This is likely due to 
differences in donor backgrounds and immortalizing method used. Therefore, we 
next focused on those studies in which primary and secondary antibody responses 
or acute and convalescent samples are compared (Table 2). Even then, the results 
are highly variable: e.g. the prM response strongly expands in two studies but 
decreased in one study. The latter study also showed a stable E response between 
primary and secondary responses, while the others reported a reduction thereof. 
Yet, when we looked at both sera and monoclonals (Tables S1 and S2), overall, the 
E antibodies are dominant during the primary response. The results for secondary 
responses are more variable (Table 2), but in sera prM and NS antibodies are 
particularly detected in secondary cases (Table S1).

Furthermore, since binding of one epitope can enhance or diminish binding of 
antibodies against other epitopes 60-62, it would be interesting to see whether shifts 
in	these	ratios	influence	the	neutralization	of	DENV	particles	by	antibodies	against	
specific	epitopes.	Based	on	the	tables,	we	tried	to	estimate	the	balance	between	the	
various targeted epitopes. For primary convalescent sera, a ratio of approximately 
3 E antibodies to 1 prM antibody was found. In secondary convalescent cases, this 
was near 1 on 1. 

Reference Stage # Donors # Abs NS1 prM E As % of Total E

EDI/DII EDIII

57

1st, 
convalescent

3 49 8.0% 5.7% 80.5% 72.6% 27.4%

2nd, 
convalescent

2 29 0.0% 2.6% 94.8% 75.0% 25.0%

58
1st 6 28 n.d. 14.3% 85.7% 82.8% 17.2%

2nd 6 9 44.4% 55.6%

59

2nd, acute 4 121 3.3% 6.6% 81.8%

2nd, 
convalescent

5 15 53.3% 13.3% 13.3%

Table 2. Temporal evaluation of human B-cell-derived monoclonal antibodies against DENV. 
To generate the monoclonal antibodies (Abs) listed in this table, peripheral blood mononuclear cells 
(PBMCs) had been taken after primary (1st) and secondary (2nd) infection, or between acute and 
convalescent phase. Note to table: in reports in which multiple donors had been used, all percentages 
were	first	calculated	as	%	per	donor,	and	then	averaged	over	all	donors.	Hence,	some	percentages	
in this table can differ from those in the reports in which the value is reported as the % of experiment 
rather than per donor. Not all antibodies were characterized,: hence, values may be lower than 100%. 
n.d.: not determined. EDI/DII and DIII refer to the structural domains within the E ectodomain.

Furthermore, the E protein consists of three ectodomains (D): E DI – DIII. In 
humans, DI and DII are immunodominant domains relative to DIII, as 3-fold more 
antibodies target DI/III than DIII. However, given the large variability, more studies 
are required to validate the results.

Although	a	 significant	 proportion	of	 antibodies	 target	 the	NS	proteins,	DNA-
vaccine trials suggest that these are not pivotal for neutralization of infection 63, 64.  
Yet, the NS1 antibodies may aid in clearance of infected cells 65. Here, we will focus 
on the antibodies that directly bind to the virus and discuss the clinical relevance 
of these antibodies.

PrM antibodies
We and others showed that prM antibodies are poorly neutralizing and highly 
enhancing 66-70. Moreover, infection enhancement was seen over a broad range 
of concentrations, whereas neutralization occurred in a very narrow range and 
is incomplete 67-70. Therefore, prM antibodies have been postulated to contribute 
primarily to antibody-dependent enhancement of dengue infection and severe 
disease development. Recent analysis, however, showed that although there is a 
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robust prM response (20% – 30%) during acute secondary DENV2 infection, there 
is no difference in the level of prM antibodies between mild and severe cases 71.  
Furthermore, prM antibody levels are increased during secondary, tertiary, and 
quaternary infections (Table 2, S2, and references therein), whereas severe 
disease is most often associated with secondary infection 72. Indeed, subsequent 
functional	analysis	did	not	show	a	specific	correlation	between	the	neutralization/
enhancement	profile	of	the	sera	towards	prM-containing	particles	and	the	onset	of	
severe disease 71. This suggests that prM antibodies are not a discriminating factor 
but act as a cofactor in disease development. Yet, given the weakly neutralizing 
properties of prM antibodies, it is advisable to avoid the presence of prM in vaccines. 

E antibodies
Many studies have been done to link neutralization to certain epitopes or structural 
domains of the E protein (Table 2). Most of the antibodies were found to be 
directed against the dengue EDII fusion loop (FL) (Table 2, S1, and references 
therein). Furthermore, Lai and colleagues found a correlation between serum EDII 
FL antibodies and the potency of the serum to neutralize heterotypic DENV46. The 
relevance of these human EDII FL antibodies in protection was further strengthened 
by elegant tests using prM-E proteins or virus-like particles bearing mutations 
in the FL 46, 73, 74. Based on mouse models, the EDIII was initially considered a 
major	antigen	 for	 the	 induction	of	 serotype-specific	neutralizing	antibodies	 75, 76. 
Surprisingly, quite low fractions of antibodies targeting EDIII were found during 
human infection 37, 77, and similar low fractions were found after infection with other 
flaviviruses	 78-80. Moreover, depletion of EDIII-reactive antibodies showed that 
these are not absolutely required for neutralization 37, 78, 81, 82. 

This suggests that the neutralization potency is predominantly facilitated by 
antibodies against EDI, DII, and the FL. However, and importantly, some monoclonal 
antibodies could not bind to monomers of E or prM but still bound the whole 
virion 57, 58, 68, 81, 83. These antibodies may interact with quaternary structures 83-85  
and effectively freeze the virus particle as it inhibits changes within the E protein 
that are required for fusion. An example of such quaternary structure is the EDI/
DII hinge region, and recently, antibodies targeting this region were found to be 
serotype-specific	and	neutralizing	69, 84, 85. Antibodies that bind to viral particles but 
not to protein monomers are potently neutralizing 58, 69, 83 but appear to be rare 66.  
A recent report, however, showed that near 40% of the isolated monoclonal 
antibodies bind to quaternary structures 83. To conclude, we see that the DENV 
E domains I/II are more immunodominant than the EDIII in terms of induction of 
antibodies in humans. Importantly, both EDI/II and EDIII antibodies were found to 

possess a similar neutralization potency 86, and the most neutralizing antibodies 
against	flaviviruses	appear	to	target	quaternary	structures	78, 80, 83, 86.	These	findings	
argue for preservation of quaternary structures in DENV vaccines.

T cells
The role of T cells in immunity against dengue infection has been extensively 
reviewed by others 52, 87,	and	we	will	briefly	discuss	recent	findings	regarding	the	
role of T cells in immunity and pathogenesis. Whereas the CD4+ T cell response 
contributes to protection by instructing B cell responses against the virus 21, the 
importance of cytotoxic (CD8+) T cells for protection is still under debate since low 
T cell responses are seen during acute stages of DENV infection36. After peak 
viremia, peaks in both T cell response and cytokines are seen 36, 88, suggesting 
that cross-reactive CD8+ T cells contribute to pathogenesis rather than protection. 
Furthermore, during secondary infection, T cells (like B cells) suffer from original 
antigenic sin 22, 36, 89. The cross-reactive T cells during acute secondary infection 
have an altered cytokine responses consisting of low interferon gamma (IFNg) and 
high tumor necrosis factor alpha (TNFa) 88, 90.	This	profile	has	been	associated	
with severe disease 52. The phenomenon of original antigenic sin might be 
less persistent in T cells than in B cells 20, as a recent manuscript showed that 
multifunctional CD8+ T cells can be associated with protection against disease in 
a Sri Lankan population 22. 

Clearly, in naïve individuals, the CYD-TDV vaccine does not induce CD8+ T cell 
responses to the NS proteins of DENV. The participants in the CYD trials, however, 
had high base line immunity, implying that T cell responses were already present 
and potentially boosted by the vaccine 20, 39, 41. Thus, we cannot conclude whether 
or not it is important to include T cell immunity for protection and if this should be 
induced	by	a	vaccine.	Yet,	 the	 trials	had	quite	 low	efficacy	 results	despite	high	
antibody titres. Mouse models indicated that protection requires both B and T cells 91  
and that CD8+	T	cells	 significantly	 contribute	 to	disease	alleviation,	even	under	
conditions of ADE 92. Thus, CD8+ T cells likely contribute to clearance of infection 
when antibodies have failed to prevent infection. Hence, T cells might be more 
important for DENV immunity than previously appraised. 

Assays for vaccine development
Seroconversion upon vaccination is measured with various assays based on 
either	quantification	of	DENV-binding	antibodies	(ELISA)	or	bioassays	measuring	
neutralization of infection 93. Currently, the WHO considers the Plaque Reduction 
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Neutralization Test (PRNT), which is validated to industrial standards, as the gold 
standard for DENV 93. In case of the latter, DENV is mixed with serially diluted 
sera and added to a monolayer of cells. After incubation, an overlay is placed on 
top of the cells and plaques develop over time. The neutralization potency of the 
sera	is	defined	as	the	dilution	that	neutralized	50%	or	90%	of	the	added	virions.	
For JEV, the correlate of protection is 50% neutralization at a dilution of 1:10 or 
lower (PRNT50 titre	of	≥10)	and	similar	correlates	of	protection	have	been	defined	
for TBEV and YFV 94. For DENV, the exact cut-off is unknown but was expected to 
be similar to the viruses mentioned above.

Based on these criteria, the CYD-TDV trials showed good seroconversion 
rates,	yet	for	DENV2	a	particularly	low	clinical	efficacy	was	seen	(Table	2).	This	
shows	that	the	PRNT	assay	or	its	interpretation	requires	further	fine	tuning	in	order	
to	 find	 the	 true	 correlate	 of	 protection.	Many	 parameters	 can	 be	 adjusted	 95-97, 
such	as	(i)	the	cell	line,	(ii)	the	challenge	virus	strain,	and	(iii)	the	defined	cut-off	
for seropositivity. Other parameters include incubation temperature 98, 99 and virus 
source 83.

The current PRNT assay employs the Vero cells, an Fc-receptor (FcR-) negative 
cell line. FcR-negative cells are inclined toward neutralization as virus-antibody 
complexes are only internalized via interaction with FcR. Conversely, FcR-positive 
cells typically show ADE with poor neutralization 50. Primary myeloid cells are a 
natural host cell of DENV and support infection in the absence and in the presence 
of antibodies, and they could be an alternative to cell lines 100. As a start, it would 
be interesting to investigate if neutralization assays performed with PBMCs of 
vaccinees gives a better correlate of protection than that of Vero cells. It is unlikely 
that primary cells will be applied in an industrial setting; yet, the above studies will 
guide future assay development.

Second,	 distinct	DENV	genotypes	 can	 give	 significant	 shifts	 in	 the	 reported	
seropositivity, giving e.g. 50% reduction 72. This is not surprising given the 9% 
variation within a serotype (Fig. 1). More robust correlates of protection against 
a	serotype	could	be	found	by	including	multiple	genotypes	reflecting	the	breadth	
within the serotype.

Third, the threshold chosen for seropositivity was a PRNT50 of 10. Yet, the 
threshold of 50% reduction may not be optimal in terms of variability 97, and 
different thresholds may be needed according to the serotype 101. Indeed, in case 
of the JEV vaccines, the PRNT50 values were found to differ between the existing 
genotypes 102. The DENV vaccine cohorts now provide excellent opportunities to 

conduct	mathematical	 studies	 to	 find	better	 correlates	of	protection	using	more	
stringent criteria for the neutralization threshold and/or serum dilution.

Overall, there is a poor correlation between the current cut-off for seropositivity 
(PRNT50	 ≥10)	 and	 clinical	 efficacy	 of	 a	 DENV	 vaccine	

25, 103.	 Since	 Sanofi	 will	
continue to monitor the vaccine participants for the next 4 years 19, 27, 28, the present 
vaccine	 trials	now	offer	new	prospects	 for	studies	 to	define	 the	best	assay	and	
criteria that predict which vaccinees have developed protective immunity. Future 
studies	will	also	benefit	from	the	lesson	of	these	trials,	i.e.	that	too	few	participants	
were bled to allow for thorough correlative analysis between the antibody response 
and individual protection 28.

Challenges for future dengue vaccines
In	this	review,	we	briefly	summarized	the	outcome	of	the	CYD-TDV	vaccine	trials.	
The trials showed us that seroconversion of vaccinees does not necessarily 
correlate	to	clinical	efficacy	against	symptomatic	disease.	This	stressed	how	little	
we actually know about the human adaptive immune responses towards DENV 
infection. Most attention had been paid to the human antibody response, and the 
components thereof have been reviewed above (Table 2 and S1). Based on the 
Sanofi	trials	and	the	reports	on	the	human	antibody	response,	some	challenging	
questions are discussed below.

Better responses after flavivirus priming?
The CYD-TDV trials reported higher antibody titres in individuals who were 
flavivirus-positive	 at	 base-line	 than	 in	 naïve	 individuals	 20, 26, 104. Also, priming 
apparently gives higher chance on tetravalency 20, 26	and	better	efficacy	27, 28. The 
better	efficacy	 results	 in	primed	 individuals	suggests	 that	 the	 immune	response	
is different in naïve and primed individuals. In naive individuals, only the DENV 
antibody response is triggered by CYD-TDV, while in primed individuals, B and 
T	cell	responses	are	boosted,	the	latter	likely	through	flavivirus-broad	conserved	
epitopes.	Yet,	the	lower	antibody	levels	in	flavivirus-naïve	individuals	could	not	be	
compensated for by repeated vaccination 26. This raises the question of whether 
the vaccine preferentially expands pre-existing (cross-reactive) immunity and 
weakly	 induces	de	novo	 immunity.	 If	 so,	 the	vaccine	may	be	 less	beneficial	 for	
young children in endemic countries and travelers.
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Absolute requirement for tetravalency?
The	current	dogma	is	that	vaccination	should	induce	serotype-specific	antibodies	
against all four DENV serotypes. Pierson and colleagues suggested that all 
antibodies that can bind and neutralize DENV can also promote enhancement 
of infection, irrespective of the epitope 105. If all antibodies support ADE and 
neutralization,	 high	 titres	 of	 cross-reactive	 antibodies	 may	 be	 sufficient	 for	
protection. Yet, a recent study showed that inapparent and apparent dengue cases 
have similar DENV-immunoglobulin G (IgG) titres but can be distinguished based 
on whether the sera shows heterotypic neutralizing capacity or not 106. Future 
studies should address whether protection of infection depends on the balance of 
monotypic antibodies and heterotypic antibodies and/or the cumulative titre of all 
DENV antibodies.

Why low efficacy towards DENV2?
The	CYD-TDV	showed	excellent	seroconversion	but	did	not	result	in	high	efficacy	
against symptomatic DENV2. The lack of CD8+ T cell responses has been 
suggested as an option 22. Recently, there is also growing awareness about the 
role of the genotype used within the vaccine. Various genotypes of the same 
serotype can co-currently circulate within endemic areas 107, 108. A mismatch in the 
genotypes	can	significantly	reduce	the	affinity	of	the	sera	to	neutralize	infection	72, 
or may even lead to ADE 7, 8.	The	low	efficacy	against	DENV2	in	the	Thai	Phase	
IIb trial was suggested to have occurred because of a mismatch in the vaccine 
genotype and the circulating genotype 25, 109. If mismatches are indeed important, 
close surveillance and prediction of the circulating genotypes is crucial. Annual 
reformulation	may	be	beneficial	for	protection.

Vaccine formulation
The formulation and administration regime of the ideal vaccine is a challenging 
topic. Subunit vaccines with monomer proteins are safe and can be easily 
reformulated. However, subunit vaccines also induce antibodies against epitopes 
that are inaccessible on virus particles due to protein-protein interactions 110 
and lack quaternary structures, which are currently the most potent epitopes for 
neutralization 58, 69. Induction of antibodies against quaternary structures could be 
facilitated by using whole inactivated viruses, attenuated virus strains, or chimeric 
viruses. 

These three options have their pros and cons. Inactivated vaccines are non-
infectious, and may induce lower titres of neutralizing antibody compared with 

vaccines or infection 66, 78, likely since different gene expression patterns are 
induced 23, 111. Lastly, attenuated virus strains mimic the actual pathogen as closely 
as possible, have the desired quaternary structures, and can induce high antibody 
titres.	 Yet,	 the	 chimeric	 vaccine	 lacks	 DENV-specific	 CD8+ T cell responses. 
Moreover, attenuated vaccines can mutate after administration and potentially 
become virulent, causing health risks, e.g. as seen in polio virus vaccines 112, 113. 
So	far,	the	results	of	the	Sanofi	trials	show	that	the	attenuated	CYD	vaccine	is	very	
safe, with no evidence of ADE. Follow-up monitoring of these and future cohorts 
is important to show that the vaccine is safe over prolonged time periods 19. The 
paradox	of	a	DENV	vaccine	is	thus	that	a	vaccine	should	be	sufficiently	virulent	to	
induce high antibody titres yet still be attenuated to be safe.

In summary, the recent Phase III trials showed safety and excellent seroconver-
sion 24,	although	seroconversion	did	not	necessarily	imply	good	efficacy,	as	shown	
by	DENV2.	A	major	challenge	for	 the	future	would	be	to	define	what	assay	and	
criteria	predict	successful	 immunization	and	clinical	efficacy.	Still,	 the	CYD-TDV	
offers promise to prevent hospitalization and severe dengue hemorrhagic fever, 
which is encouraging news. These CYD-TDV trials offer plenty of clues to gain 
more knowledge about the human response against DENV, the cross-reactivity 
with	and	potential	cross-protection	against	flaviviruses,	and	 the	 interpretation	of	
antibody-based neutralization assays. Knowledge on this will aid future vaccine 
development against other viruses and pathogens than DENV. 
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Supplemental materials
Stage # sera NS1 prM E Values are based on: Reference

1st 10 0% 30-40% ≥90% % patients positive 
for total Ig against 
DENV

1

2nd 10 ≥80% ≥90% 100%

1st 6 n.d. n.d.
44% DII FL 
7.5% DIII

% of DENV-reactive 
IgG out of the total 
IgG

2

2nd 6 n.d. n.d.
25% DII FL 
4.0% DIII

1st, conv. 4 n.d. 100% – Whole DENV (E-prM) % of patients positive 
for total IgG against 
DENV

3

2nd, conv. 2 n.d. 100% – Whole DENV (E-prM)

1st 30 100% n.d. n.d. % of patients scoring 
DENV-IgG positive 
by Elisa

4

2nd 10 100% n.d. n.d.

1st 42 n.d. 28±1% - Whole DENV (E-prM) mean % IgG binding 
DENV (avidity of 
individual sera)

5

2nd 18 n.d. 61±4% - Whole DENV (E-prM)

1st 19 46.6% 20% 100% % Patients with 
serum-antibodies 
against DENV

6

2nd 50 100% 100% 100%

1st, conv 11 81.8% n.d. 100% Patients positive for 
DENV-reactive B 
cells

7

2nd, conv 17 94.1% n.d. 100%

1st, 3 m.p.i. 6

n.d. n.d.

59.0 (35.3)

Average 
concentration of 
anti-E IgG antibodies 
in	μg/mL.	
(the average % 
thereof targeting the 
EDII FL).

8

1st, 6 m.p.i. 5 39.6 (31.0)

1st, 12 m.p.i. 6 35.8 (29.3)

1st, 18 m.p.i. 4 27.7 (28.7)

2nd , 3 m.p.i. 4

n.d. n.d.

833.5 (34.8)

2nd, 6 m.p.i. 3 810.6 (47.3)

2nd, 12 m.p.i. 4 364.3 (32.3)

2nd, 18 m.p.i. 4 329.1 (28.3)

Supplemental Table 1: An overview of the dengue antibody response in human sera.
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Reference stage # donors # Abs NS1 prM E As % of total E

EDI/DII EDIII

1 1st, conv. 1 16 n.d. 71.4% 7.1%

2 1st, conv. 1 40 7.5% n.d. 42.5%

3 1st, conv. 4 (infection) 37 n.d. 35% 65% 66.2% 33.8%

1st, conv. 22 (vaccine) 26 n.d. 38% 62% 56.5% 43.5%

4 12 37 n.d. 21.6% 78.4% 82.8% 17.2%

1st 14.3% 85.7%

2nd 44.4% 55.6%

5 1st, conv. 3 49 8.0% 5.7% 80.5% 72.6% 27.4%

2nd, conv. 2 29 0.0% 2.6% 94.8% 75.0% 25.0%

6 2nd, ac. 2 26 n.d. n.d. 92.3% 0%

7 2nd ac. 4 121 3.3% 6.6% 81.8%

2nd, conv. 5 15 53.3% 13.3% 13.3%

8 2nd, conv. 7 301 32.1% 40% 27.4%

Supplemental Table 2: monoclonal antibodies derived from immortalized B cells.
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Dengue virus and disease
Dengue virus (DENV) is an arthropod-borne RNA virus, belonging to the genus 
Flavivirus, family Flaviviridae 1.	 The	 virus	 has	 four	 confirmed	 serotypes	 2 and 
all four serotypes can cause disease. The clinical manifestations range from 
asymptomatic, to mild dengue fever, to potentially life-threatening haemorrhagic 
fever or shock syndrome 3, 4. Currently, DENV is the most prevalent arthropod-
borne viral infection worldwide 5. Yet, there is no licensed vaccine or therapeutic 
available. Hence, further understanding of the host – pathogen interactions are 
required	to	find	new	cues	for	therapeutics.

In 2010, approximately 390 million human infections occurred worldwide 5,  
and about one-quarter of the individuals developed symptomatic disease 5-7. 
While these numbers are already astounding, the continued expansion of both 
the mosquito vector and the virus into new areas will, most likely, further increase 
the incidence of dengue 8, 9. Moreover, hyper-endemicity, i.e. concurrent circulation 
of multiple serotypes within the same region, will be more often seen 8, 10. This 
is particularly troublesome in case of dengue as severe disease is most often 
observed in individuals experiencing a secondary DENV infection with a heterotypic 
serotype 11-15. 

The increased chance of severe disease can be explained by ‘original antigenic 
sin’ 16, 17: a phenomenon in which the human immune system preferentially activates 
memory T and B cells against the previous infecting serotype, rather than instructing 
naïve T and B cells against the current serotype. Therefore, during heterotypic re-
infection, high numbers of cross-reactive antibodies and low avidity T cells are 
seen. These T cells are less effective in clearing infection and respond with a highly 
inflammatory	cytokine	profile	18, 19. Indeed, dengue-infected patients show a sharp 
increase	in	both	T	cell	response	and	inflammatory	cytokines	after	peak	viraemia,	
indicating that T cells are important in dengue pathogenesis 18, 20, 21. While a direct 
correlation between T cell responses and vascular leakage is missing in dengue, 
the role of T cells in vascular leakage has been studied in mice with lymphocytic 
choriomeningitis virus (LCMV) infection. Mice with chronic LCMV infection show 
pathogenic T cell responses, a cytokine storm (i.e. disproportional production 
of	 inflammatory	 cytokines)	 and	 subsequently	 shock	 syndrome	 22, 23. Therefore, 
cross-reactive T cells could cause dengue haemorrhagic shock. Furthermore, 
cross-reactive antibodies have been shown to enhance DENV infection of host 
cells and increase the virus production per infected cell, thereby increasing viral 
burden. This phenomenon is called ‘antibody-dependent enhancement’ (ADE) of 
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DENV infection 24, 25. The higher viral burden may subsequently trigger a cytokine 
storm, which on its turn induces vascular leakage and haemorrhage 20, 26. The fact 
that haemorrhagic fever also has been observed during primary DENV infection 
in infants with waning dengue immunity 27 suggests that antibodies alone can 
aggravate dengue disease since these children inherited antibodies from their 
mothers, not T cells. 

The complex pathogenesis of disease severely hampered the development 
of anti-dengue therapeutics and vaccines. Rational design of therapeutics and 
vaccine requires a better understanding of the virus – host interaction. This thesis 
focuses on the virus cell tropism and the mechanism of ADE. The results of the 
thesis	will	 be	discussed	on	 the	basis	of	 four	major	questions	within	 the	field	of	
DENV research: 

I) How do the individual host cell types contribute to DENV viraemia and 
continuation of disease?

II) How do antibodies enhance infection and increase virus production per 
infected cell?

III) How do macrophages (Mf) respond to infection with DENV?
IV) What is the role of Mf in DENV neutralization, and how is this best studied 

in vitro?

Cell types important for DENV viraemia
When a dengue-infected mosquito feeds on a human, most virus particles will 
be deposited into the skin, and a small fraction of the particles will be delivered 
directly into the blood 28. DENV virions in the skin predominantly infect dermal 
Mf and skin dendritic cells (DC) like Langerhans cells 29-31. Moreover, monocytes 
migrate	from	the	blood	to	the	inflamed	site	in	the	skin	and	are	infected	there	29, 31. 
The infected immune cells subsequently migrate from the skin to draining lymph 
nodes, where progeny virus is released 32. Thereafter, systematic DENV infection 
is sustained within monocytes, Mf and DC 33-37. Of note, two stages of DC can 
be distinguished: immature DC (iDC) and mature DC (mDC). The former are in a 
resting state, but respond to DENV by maturing into mDC 34, 38, 39. Both iDC and 
mDC are permissive to DENV 34, 35.

Cell tropism in the absence of DENV-antibodies
Within chapter 3, we evaluated the infectivity of mosquito-derived and human-
derived DENV in Mf, iDC and mDC. This approach allowed us to study DENV 

tropism during the initial round of infection and subsequent rounds of infection. 
The role of monocytes and monocyte-derived DENV could not be evaluated here 
since their culture proved to be quite challenging. In line with previous literature 34, 
we observed that iDC are highly susceptible to mosquito-derived DENV particles. 
Immature DC are more susceptible to DENV than mDC and Mf. The relative 
susceptibility of mDC and Mf is dependent on the multiplicity-of-infection (MOI) 
used to infect the cells. At MOI 1, mDC were more susceptible than Mf. Yet, at an 
MOI of 10, both Mf and mDC were equally susceptible, indicating that the local 
virus titre determines the observed susceptibility. 

We	also	quantified	the	number	of	virus	particles	secreted	from	DENV-infected	
Mf, iDC and mDC. In line with literature 35, we noted that iDC produced most DENV 
particles. Yet, when we assessed the infectious properties of the DENV2 virions 
derived from Mf, iDC and mDC, the infectious quality of iDC-derived DENV was 10-
100 fold lower compared to DENV derived from Mf or mDC. In fact, at MOI 10, Mf 
and iDC secrete an equal number of infectious particles. This implies that the lower 
susceptibility of Mf and mDC, when compared to iDC, is (partly) compensated for 
by the higher infectivity of progeny virions. For virus dissemination, Mf and DC 
may therefore be equally important. However, due to the high susceptibility of iDC 
to mosquito-derived DENV, iDC likely represent the initial target cell. 

Intriguingly, DENV particles secreted by infected iDC are severely hampered in 
re-infecting new iDC [chapter 3, 40]. In contrast, Mf-derived DENV can infect iDC, 
albeit	at	lower	efficiency	than	mosquito-derived	DENV.	The	susceptibility	of	Mf to 
both Mf-derived and iDC-derived DENV is quite low, and at the same level as iDC 
infected with iDC-derived DENV. These results imply that, during primary infection, 
mosquito-derived DENV will initially target iDC and thereafter may cycle between 
cells to sustain infection. 

Future research should address how monocytes contribute to viraemia and to 
the potential cycling of the virus between the various host cells. 

Cell tropism in the presence of DENV-antibodies
Upon secondary infection, pre-existing antibodies will bind to the newly infecting 
virus and facilitate uptake of virions via antibody receptors (FcR’s) 41, 42. These 
receptors are expressed on the cell surface of monocytes, Mf and DC 35; DENV 
thus targets the same cells in the presence as in the absence of antibodies. 

Whether antibodies enhance or neutralize DENV infection depends on several 
parameters as the characteristics of the antibody and the FcR involved 43, 44. 
Enhancement of infection also depends on the susceptibility of the cells in absence 
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of antibodies 35, 45. For example, iDC do not support ADE 35, 46. In DCs, expression of 
the receptor molecule DC-SIGN is positively correlated with susceptibility to DENV, 
yet negatively with enhancement of infection 45. Thus, in cells highly susceptible to 
DENV	the	efficiency	of	infection	cannot	be	further	enhanced	through	FcR’s.

In chapter 3, and in agreement with Boonnak et al., we showed that mosquito-
derived DENV facilitates ADE of infection in Mf and mDC 35. The highest fold 
enhancement of infection was seen for DENV-infected Mf. Furthermore, Mf-
derived DENV is more prone to ADE than iDC-derived DENV. Thus, our results 
suggest a vicious circle of enhanced infection of Mf through ADE. Subsequently, 
ADE with Mf–derived DENV2 results in enhanced productive infection of Mf. In 
line with these observations, infected Mf are often seen in dengue patients, and 
become more prominent during ADE 4, 36, 37, 47, 48. Although it is clear that mosquito-
derived DENV does not support ADE in iDC 35, 40, 46, a recent study showed 
that iDC-derived DENV can facilitate ADE in iDC 40. Therefore, it is tempting to 
speculate	that	iDC-derived	DENV	does	not	interact	efficiently	with	DC-SIGN	and	
that antibodies rescue the susceptibility of these cells via interaction with FcR’s. 
Further research is required to investigate the relative contribution of iDC during 
secondary infection and the ability of human-derived DENV to facilitate ADE on 
iDC. Moreover, the role of monocytes and their relative contribution to viraemia 
should be studied in more detail.

iDC and DENV; low infective particles
The observation that iDC produce low-infectious virus particles compared to Mf 
and mDC sparkles curiosity. Two questions arise; (i) How do iDC render their 
progeny virions less infectious than the progeny virions from Mf? (ii) What could 
be the biological importance of these low-infectious virions? These questions will 
be discussed below.

(i) the mechanism of low-infectivity
Initially, we hypothesized that the low infectivity of iDC-derived DENV2 was caused 
by a high concentration of the human antiviral cytokine interferon alpha (IFNa) in 
the cell supernatant. Surprisingly, higher levels of IFNa were found in Mf cultures 
compared to iDC cultures, and none in mosquito cell cultures. Hence, the IFNa 
levels did not explain the different infectivities. Futhermore, the antiviral activity of 
Mf-derived and iDC-derived culture supernatants was found to be comparable in 
a BHK15-based bio-assay, indicating that the reduced infectivity of iDC-derived 
DENV2 is not caused by soluble factors in the medium. Next, we hypothesized 

that iDC-derived DENV2 possesses infection-inhibiting sugar groups on its viral 
structure. Deglycosylation of the viral spike proteins, however, reduced the viral 
infectivity	of	iDC-derived	DENV,	indicating	that	glycans	possess	beneficial	rather	
than inhibitory properties. 

Then, what causes the low infectivity of iDC-derived DENV2? Below, I will 
discuss several hypotheses: First, host proteins from iDC could be incorporated 
into progeny virions, as seen for e.g. vesicular stomatitis virus (VSV) 49, herpes 
simplex virus 1 50,	and	influenza	virus	51. These incorporated proteins can induce an 
antiviral response in the cells-to-be-infected 50 and thus impair infection. However, 
the similar infectivity of both iDC-derived and Mf-derived DENV on Mf argues 
against such a hypothesis. 

Second,	 insufficient	 processing	 of	 the	 viral	 glycoprotein	 prM	 can	 occur	 in	
iDC-infected cells. Previous studies showed that DENV requires furin-mediated 
cleavage of prM to become infectious 52. However, a recent report found that iDC 
secretes less prM-containing particles than mosquito cells 53.

Third, the low-infectious virions of iDC may derive from defective interfering 
particles, as seen in e.g. VSV 54 and Sindbis virus 55. Defective interfering particles 
are virions with deletions within the genomes, hence these viruses lack one or 
more of their viral proteins and therefore require complimentary genomes encoding 
for these proteins. Yet, the shorter genomes of defective interfering particles allow 
for faster replication and consequently higher titres. Indeed, defective interfering 
particles have been reported in the sera of dengue patients 56. Typically, these 
defective particles arise when cells are infected at high MOI 54. In line with this, 
we	noticed	an	MOI-dependent	specific	infectivity	of	DENV	derived	from	iDC;	the	
higher the MOI the lower the infectivity. Therefore, defective interfering particles 
may explain the MOI-effect in our experiments.

(ii) Biological impact of low-infectivity; ‘Winkelried strategy’
The combination of high susceptibility with low-quality virus production is 
reminiscent of the ‘Winkelried strategy’: a phenomenon named after the Swiss 
Arnold von Winkelried who threw himself into the spears of the Austrian army to 
enforce a breach in their ranks and thus brought victory for the Swiss. Similarly, a 
cell	type	can	sacrifice	itself	in	order	to	produce	antigens	and	to	facilitate	adaptive	
immune responses 57. Splenic Mf	fulfill	this	function	in	VSV-infected	mice	58. For 
DENV, such a cell type has not yet been noted. The results in chapter 3 suggest 
that for DENV iDC may act to produce the antigens and trigger adaptive immunity. 
Indeed, the hallmarks of the ‘Winkelried strategy’ are found in skin-resident iDC 
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(Langerhans cells); high susceptibility to DENV, large production of progeny virus, 
low sensitivity to IFNb,	 and	 efficient	 induction	 of	 T	 cell	 proliferation	 29. Thus, I 
propose that iDC may employ the ‘Winkelried’ strategy in the context of dengue 
infection. More research is needed to prove the role of iDC as promoters of both 
antigen production and adaptive immune responses against DENV infection in 
vivo. 

ADE in Mf; the molecular mechanism
Although	 the	 first	 descriptions	 of	 ADE	 were	 in	 the	 1960’s	 59-63, its molecular 
mechanism is largely unknown. The overall dogma is that DENV binding/entry into 
host cells is improved in the presence of antibodies 64-67. Furthermore, activation 
of the antibody receptor (FcR) induce immune suppressive signaling within the  
cell 25, 68, 69. Hence, more cells are infected (extrinsic ADE), and the virus production 
per infected cell (burst size) increases (intrinsic ADE) which together give raise 
to strongly increased virus titres and more severe disease. Yet, in the past, most 
studies into the mechanism of ADE were conducted in cell lines. 

To get as close as possible to the situation in vivo, we studied ADE in primary 
human Mf, a cell type highly relevant during secondary infection [chapter 3, 4, 37]. In 
chapter 4, we studied each step of the viral life cycle to determine how antibodies 
stimulate viral infectivity in primary Mf.

Optimal ADE-conditions resulted in a 2-fold increase in the infected cell mass 
and a 7-fold increase in virus particle production. This suggests that both extrinsic 
and intrinsic ADE exist in primary Mf. Strikingly, and in contrast to literature, 
antibodies did not enhance binding or entry of DENV2 into primary human Mf 
under	conditions	of	ADE	[chapter	4].	A	finding	which	was	confirmed	in	human	Mf-/
monocyte-like cell lines 70. This indicates that the interaction of DENV-immune 
complexes	with	the	FcR’s	is	as	efficient	as	the	interaction	of	DENV	with	its	native	
receptors on Mf. 

Interestingly, ADE enhanced the fusion potential of DENV within human Mf. 
The membrane fusion potential was enhanced in two ways: (i) more fusion events 
per cell were seen, (ii) more cells were positive for fusion. While the enhancement 
of fusion activity varied among the donors, the enhancement of fusion activity 
correlated with the enhancement of DENV production [chapter 4, Fig. 4C]. Thus, 
the enhanced fusion potential of the virus is likely responsible for the increased 
number of infected cells. 

intrinsic ADE and enhanced burst size
The hypothesis of intrinsic ADE stipulates that the higher virus production is 
due to an immunosuppressive state within the host cells 25, 69, 71. To understand 
the molecular mechanism of intrinsic ADE in more detail, we analyzed the 
transcriptional	profiles	of	the	Mf during early (2h post infection) and late (24h post 
infection) stages of infection. Surprisingly, during the early stages of infection, the 
presence	of	DENV	antibodies	did	not	alter	 the	 transcriptional	profiles	of	DENV-
infected Mf. This result is in line with the similar binding/entry characteristics that 
we	 observed.	 Furthermore,	 these	 findings	 contradict	 the	 hypothesis	 of	 intrinsic	
ADE and its immunosuppressive action. Indeed, addition of IFNa during the early 
stages of infection inhibited DENV infection in Mf, irrespective of the infection 
mechanism. This has also been observed in DENV-ADE in primary monocytes 72 
and monocyte-like cell lines 73. Taken together, I believe that antibodies indeed do 
not trigger an immunosuppressive state within the Mf. 

If intracellular suppression of antiviral responses is not required for the higher 
burst size, then how is this facilitated? Recently, Medina et al. found that a higher 
degree of infection within a culture correlated with altered IFN signaling within 
infected cells 74. This work suggests that either: (i) the ratio of infected cells to non-
infected cells determines the antiviral responses within infected cells, or (ii) that the 
higher degree of infection itself may have facilitated the observed effects. 

The	microarray	analysis	did	not	find	lower	antiviral	responses	under	conditions	
of	ADE,	hence	contests	the	first	hypothesis.	With	regards	to	the	second	hypothesis,	
it should be noted that Medina et al. had obtained their curve by titrating DENV 
on A549 cells 74. Therefore, the results can also be interpreted as if the observed 
effects actually correlated with the MOI used to infect the cells. Infection at higher 
MOI may allow for superinfection of the cells 75, 76: a multitude of viral genomes 
entering the same cell. Superinfection would not only disprove intrinsic ADE but 
also provides an explanation for the observed enhancement of the burst sizes. 
Indeed, under conditions of ADE, the enhancement of fusion activity was larger 
than the enhancement of fusion-positive cells (i.e. +65% and +40%, respectively), 
suggesting that per-cell the fusion activity was higher and more genomes were 
delivered into the cytosol of the same cell. 

As a retrospective and explorative approach to (preliminary) validate this 
hypothesis, all our paired values of the infected human Mf (%) and the resulting 
burst sizes (PFU/cell) were plotted in a correlative plot (Fig. 1). Because of the 
donor variations, a wide range of infected cell masses were found between 
independent experiments. Interestingly, the infected cell mass correlates with the 
burst size. This strengthens the hypothesis that the phenomenon of intrinsic ADE 
is due to superinfection.
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Fig. 1: An explorative figure with correlation between burst size (PFU/cell) and infection (%). 
Paired values of burst size (PFU/cell) and degree of infection (%) were collected from all experiments 
throughout this thesis (N=51), and plotted in a correlative plot. Each dot represents a value, the black 
line	 denotes	 the	 linear	 correlation	while	 the	 dashed	 lines	 show	 the	 95%	confidence	 interval	 of	 the	
correlation. The Pearson’s R of the correlative line is 0.41, which has a 2-tailed p-value of 0.003.

Hypothetically, each incoming viral genome may independently replicate and 
translate within the cell. During superinfection, increased translation favours the 
production of viral non-structural proteins, which are known to inhibit cellular 
IFN production and signaling 77-79. Superinfection would thus explain the results 
obtained by Medina and colleagues, since more non-structural proteins within the 
cell likely results in stronger inhibition of the IFN signaling pathway. Concurrently, 
the higher replication and production would explain the increased burst size 
typically observed under conditions of ADE. 

The possibility and mechanisms of superinfection remain to be investigated 
further. In contrast with this hypothesis, DENVs have been reported to resist 
superinfection 80, 81 yet these reports are mostly based on attempts to superinfect 
the	same	cell	with	a	 time	difference	between	 the	first	 infection	and	 the	second	
infection. Superinfection under conditions of ADE or high MOI does not have this 
time difference and thus could be essentially different.

What also remains to be elucidated is how antibodies enhance the fusion 
potency of internalized DENV virions. Antibodies may enhance the intrinsic fusion 
properties of the DENV particle, e.g. through stabilization of the viral structure. This 
hypothesis implies that antibodies stabilize the viral structure and thus may slow-
down the inactivation of DENV particles. Yet, this is not very likely since antibodies 
against various epitopes of the closely related West Nile virus were tested, and 
none of the antibodies possessed such stabilizing properties 82.

Instead, I believe that DENV infection in the presence of antibodies follows 
a	different	 trafficking	pathway	than	DENV	in	 the	absence	of	antibodies.	 Indeed,	
Ayala-Núñez et al. recently found that the entry of antibody-opsonized virus 
particles into P338D1 cells is PI3K-dependent, contrary to entry in absence of 
antibodies 83. Moreover, antibody opsonized dengue particles were found to fuse 
more rapidly than those entering in absence of antibodies 83. Taken together, it 
is clear that opsonized DENV particles employ an alternative port of entry and 
trafficking	 pathway	 than	 DENV	 particles	 in	 absence	 of	 antibodies	 83. Simlar to 
DENV, West Nile virus also employs different entry pathways in the absence and 
in the presence of antibodies 84.

The	benefit	of	this	alternative,	antibody-dependent	trafficking	pathway	is	that	it	
may	bring	the	virus	into	an	organelle	where	the	environment	is	more	beneficial	for	
fusion	(i.e.	higher	chance	of	fusion).	Alternatively,	the	trafficking	pathway	leads	to	
a site within the cell where the viral RNA has a higher chance to initiate productive 
infection. 

Inflammatory response in DENV-infected Mf

In chapter 4, the Mf response to DENV infection was studied by microarray 
technology and annotation of the genes differentially regulated in response 
to DENV. The primary goal was to gain insight in the molecular mechanism of 
intrinsic ADE in DENV2-infected human Mf. Surprisingly, no immunosuppressive 
program	was	 identified	 in	 the	gene	profiles	 of	 human	Mf infected with DENV2 
in the presence of antibodies. Rather, the microarray indicated that ADE of Mf 
resulted	in	an	‘inflammatory	response’	at	both	2h	and	24h	post	infection.	By	24h	
post	 infection,	 this	 inflammatory	 response	 conferred	 antiviral	 properties	 to	 the	
culture supernatants of the infected cells [chapter 4, 85]. Moreover, the antiviral 
response in the culture was related to the degree of infection and/or virus production 
[chapter 4, 86].	Given	the	strong	inflammatory	response	in	both	the	microarray	and	
the culture medium, we calculated the expression of several cytokines known to 
be involved in dengue disease; i.e. interleukin 6 (IL6), tumor necrosis factor alpha 
(TNFa), IL10, and type I IFN (a/b). At conditions of high infection in Mf, only IFNb, 
IL6 and TNFa expression were upregulated [chapter 4]. Below, I will discuss the 
potential role of these factors on DENV infectivity.

TNFa and IL6 in DENV infection of Mf

High levels of TNFa and IL6 are also found in patients with severe dengue 87, 88,  
and both cytokines are associated with subsequent vascular damage 89-91.  
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Moreover, IL6 was recently described as an immunosuppressive factor in ADE-
infected Mf 92. The latter study highlights IL6 as a factor contributing to severe 
disease by promoting intrinsic ADE in Mf. 

Within chapter 5, however, we found that application of exogenous TNFa or 
IL6 to Mf did not alter DENV2 infectivity or production by primary human Mf. While 
the results for TNFa are in line with previous reports 73, 93, the lack of effect of IL6 
is in contrast with its putative role in inducing a pro-viral state within human Mf 92. 
It should be noted that the annotation of IL6 as an immunosuppressive cytokine 
is based on the lower expression of IFNb, and higher expression of SOCS3, a 
suppressor of the IFN-signaling pathway 92. However, the authors did not quantify 
the	biological	outcome	hereof	(i.e.	efficiency	of	infection	or	virus	production).	We	
did not observe a pro-viral effect of IL6 in Mf. It is however still possible that 
IL6 enhances SOCS3 expression and subsequently reduces IFNb, yet without 
affecting viral infectivity.

Since both IL6 and TNFa are associated with vascular leakage, these cytokines 
could thus be targets for therapeutic intervention with e.g. Mf-specific	siRNAs	94. 
This hypothesis is strengthened by results obtained in mice with LCMV-induced 
shock. In these mice, Mf express high levels of IL6 and TNFa and the survival 
of	 these	mice	 significantly	 improved	 when	 both	 IL6-	 and	 TNFa-signaling were 
blocked22. Future research is required to see if dengue-induced shock can be 
ameliorated by interfering with TNFa- and/or IL6-signaling pathways 95. Yet, care 
should be taken since both IL6 and TNFa	also	have	beneficial	functions	which	are	
essential to clear DENV from the system: e.g. clearance of DENV-infected cells by 
natural killer cells 96, promoting DC-maturation and subsequent T cell activation 39, 
and supporting B cell proliferation 97. 

The role of IL10 in DENV2-ADE infection of Mf

Previously, IL10 was thought to be an immunosuppressive factor whose expression 
is characteristic for intrinsic ADE 25, 68. However, two observations argue against 
a putative role of IL10 in intrinsic ADE in Mf; (i) Mf do not produce IL10 under 
conditions of ADE [chapter 4, 35, 92], and (ii) IL10-primed Mf become highly 
susceptible for DENV but do not produce progeny virus 98. Hence, IL10 alone is 
not responsible for the enhanced burst size seen in DENV-ADE-infected Mf. 

IL10 is predominantly expressed by monocytes 35, 99 or monocytic cell lines 68, 99. 
In these cells, expression of IL10 is enhanced under conditions of ADE 35, 99. The 
relevance of IL10 expression to DENV-infectivity of monocytes was elucidated by 
Boonnak and colleagues using the natural polymorphisms in the IL10 promoters to 

stratify donors into low, medium and high producers 35. No differences were found 
in DENV infectivity. This strengthens the notion that IL10 does not cause intrinsic 
ADE but is a response to the virus particles in the culture. Indeed, the surface 
receptor CLEC5A can bind extracellular DENV particles and subsequently initiate 
both	inflammatory	responses	and	IL10	expression	99, 100.

DENV and interferons
High infection and viraemia also triggered higher expression of type I IFNs and 
IFN-stimulated genes in Mf cultures. IFNa, a type I IFN, possess antiviral activity 
to DENV [ 73, 81, 101, chapter 4]. Furthermore, IFNa can ameliorate disease in humans 
with dengue fever 102 and therefore has therapeutic value. 

Yet, in chapter 4 and chapter 5, two major limitations can be discerned against 
the therapeutic use of IFNa: the temporal constrain [ 73, 101, chapter 4; chapter 5] and 
the	apparent	inefficiency	on	serotypes/genotypes	other	than	the	DENV2,	s16681	
[chapter 5]. Especially DENV3 strain H87 and DENV4 strain 1036 produced near 
identical total virus particles, irrespective of IFNa treatment. Because of these 
constrains, IFNa-treatment might not be effective against all DENV serotypes 
and	 genotypes.	 Further	 research	 could	 explore	 the	 efficacy	 of	 IFNg since IFNg 
was	efficacious	against	both	de	novo	and	established	DENV	infection	in	primary	
monocytes 101, 103. 

Mf and antibody-mediated neutralization of DENV2 infection
While working with primary Mf, we did not observe (complete) neutralization of 
infection despite using antibody concentrations up to 1000ng/mL, i.e. 200 antibodies 
per epitope. The absence of neutralization was also observed by others 35, 72  
and in the Mf-like cell line P338D1 [chapter 3]. Contrary to Mf, neutralization was 
observed in human iDC and mDC [chapter 3, 34, 35, 46]. Moreover, the same condition 
which resulted in ADE on Mf and cell lines with an antibody receptor (FcR) resulted 
in antibody-mediated neutralization on FcR-negative cell lines [chapter 3, 104, 105]. 
This raises the question whether DENV2 infection of Mf is resistant to antibody-
mediated neutralization. 

It is important to note, however, that the number of Mf that ingest DENV 
particles (~30%) is much larger than the number of infected Mf (~2%) [chapter 
4], indicating that DENV infection of Mf	 is	 quite	 inefficient.	 This	 suggests	 that	
most of the internalized DENV particles are in fact neutralized. In line with this, Mf 
are considered a key cell type to control DENV viraemia 106, by clearing antibody 
opsonized particles through FcgR-mediated phagocytosis 107. Therefore, the FcgRs 
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have a paradoxal role in being pivotal for both the disease-augmenting effect of 
antibodies (i.e. ADE) 35, 41, 108	as	well	as	the	in	vivo	protective	efficacy	of	antibodies	
against viruses 109-111. 

A better understanding is required of how Mf aid in promoting DENV infection, 
as well as why only few of the internalized particles initiate productive infection. In 
this perspective, it would interesting to study the characteristics of DENV binding/
entry/fusion under conditions of high antibody-concentrations (i.e. non-enhancing 
conditions) relative to antibody concentrations that show ADE. Three hypothetical 
mechanisms of antibody-mediated neutralization in Mf may occur: (i) Binding/
entry of virus particles is inhibited 44, 112, (ii) FcgRIIB-mediated entry leads to 
another	trafficking	pathway	with	a	highly	degradative	character,	thus	particles	are	
degraded before they can initiate infection 44, or (iii) activation of FcgRIIB triggers 
STAT1-mediated antiviral state within the cell 113. The latter is reminiscent of our 
0hpi IFNa	add-on	 [chapter	4,	figure	6B].	A	deeper	understanding	of	 the	 factors	
that allow incoming virus particles to initiate a productive infection is required for 
the development of effective therapeutics, as well as the functioning of Mf in vivo.

Final remarks
I	believe	that	ADE	might	be	the	consequence	of	the	‘butterfly	effect’;	starting	with	
a	 subtle	 effect	 and	 ending	 in	 strongly	 altered	 gene	 profiles	 and	 high	 viraemia.	
Antibodies enhance infection of Mf by increasing the fusion activity of the virions 
while maintaining the same levels of antiviral responses early in infection. The 
combination of higher fusion potency and unperturbed antiviral response allows 
for enhanced infection and higher burst sizes. 

The severity of dengue disease is determined by a combination of factors like 
cytokine	 responses,	antibody	epitopes,	 virus	fitness,	and	virus	 titres	 (114-116, and 
reviewed in 71, 117). Thus, antibodies may indeed start the process towards severe 
disease by increasing both infected cell mass and virus titres. The higher infected 
cell mass and viraemia subsequently trigger excessive cytokine responses, which 
may	 result	 in	 exacerbated	 T	 cell	 responses.	 T	 cells	 thereafter	 likely	 finish	 the	
process through directly inducing vascular permeability by attacking infected cells, 
or indirectly by inducing a cytokine storm (e.g. TNFa-induced vasodilation 95).

Given the role of viraemia in triggering excessive cytokine responses 100, 118, 119,  
therapeutic approaches towards suppressing viral replication are a feasible 
approach. Within this thesis, we describe how IFNa can inhibit the viral production 
of Mf. Yet, IFNa only modestly inhibits the number of infected cells and the viral 
proteins within these cells. When these antigen-positive cells are lysed by T cells 

or NK cells, this could result in release of a large amount of viral antigens, which 
subsequently can trigger excessive T cell responses 71. Hence, further research 
is required into the mechanism of IFN-mediated suppression as well as the T cell 
responses. 

Primary cells are challenging to work with, but provide better insight into the 
molecular mechanisms of virus clearance and enhancement of infection as seen in 
vivo. Moreover, given the incomplete protection of the tetravalent vaccines [reviewed 
in	chapter	6]	and	the	recent	discovery	of	a	fifth	serotype	120, the development of a 
complete and protective vaccine may be more complicated than assumed before. 
Hence, understanding the molecular mechanisms of DENV-infection within primary 
cells will open new possibilities for rational design of therapeutics.
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Chapter 8

Dutch summary / Nederlandse samenvatting

Dengue virus infectie van primaire humane cellen; cel tropisme, antilichaam-
versterkte infectie, en cytokine respons.

Het begrijpen van de mechanismen achter dengue virus infectie in menselijke cellen.
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Dengue is de meest voorkomende humane virale infectie wereldwijd welke wordt 
verspreid door muggen. Jaarlijks raken bijna 400 miljoen mensen geïnfecteerd 
met het dengue virus. Hoewel dengue infectie voornamelijk voorkomt in (sub)
tropische landen zien we nu dat het virus bezig is met een opmars richting Europa. 
Zo was er recentelijk een grote uitbraak in Madeira (Portugal). Het dengue virus 
kent 4 verschillende serotypen en elk van deze serotypen kan ziekteverschijnselen 
veroorzaken. Echter, driekwart van de infecties zijn asymptomatisch. De overige 
25 procent ontwikkelt ziekteverschijnselen variërend van milde griep-achtige 
klachten tot ernstige bloeduitstortingen en orgaan-falen. Tevens kan er pijn in de 
gewrichten optreden, vandaar de alternatieve naam ‘knokkel-koorts’.

Wanneer men hersteld is van een infectie leidt dit in principe tot levenslange 
bescherming tegen her-infectie met hetzelfde serotype, door opbouw van een 
immunologisch geheugen. Dit geheugen zorgt ervoor dat bij een tweede infectie 
een	 gerichte	 en	 efficiënte	 afweer	wordt	 opgezet	waardoor	 het	 virus	 snel	wordt	
opgeruimd. 

Echter, het curieuze aspect van het dengue virus is dat ernstige ziekte 
met name voorkomt bij mensen die eerder waren geïnfecteerd met een ander 
serotype. De vier dengue virus serotypen lijken heel sterk op elkaar. Zelfs zo sterk 
dat het menselijk immuun systeem het ‘nieuwe’ infecterende serotype verwart 
met het voorgaande ‘oude’ serotype. Hierdoor worden de geheugen-afweercellen 
tegen het oude serotype geactiveerd om het nieuwe serotype te bestrijden, een 
fenomeen welk de ‘antigene erfzonde’ wordt genoemd. Dit fenomeen bemoeilijkt 
niet alleen de bestrijding van de infectie, maar kan zelfs de ziekte versterken! 
Versterkte infectie wordt met name veroorzaakt door antilichamen, moleculaire 
markers geproduceerd door B cellen. Antilichamen zijn in staat om micro-
organismen te herkennen op basis van een klein stukje op de buitenkant van het 
virus, bacterie, etc. Het dogma is dat de binding van antilichamen aan een virus 
ervoor	zorgt	dat	het	virus	onschadelijk	wordt	gemaakt	door:	(i)	specifieke	cellen	
aan te zetten om het gelabelde virus op te eten en te vernietigen, of (ii) het infectie 
proces van het virus te verhinderen door een ‘stok in de wielen’ te steken. Bij het 
dengue virus gaat er echter iets fout: vanwege het fenomeen antigene erfzonde 
worden er veelal antilichamen geproduceerd die minder sterk binden aan het 
nieuwe serotype. Hierdoor verhindert het antilichaam het infectieproces van het 
virus niet. Sterker nog, de aanwezige antilichamen verbeteren zowel de infectie 
van cellen, alsmede de virus productie per geinfecteerde cel. Tesamen leidt dit tot 
een verhevigd ziekte-beeld en hogere sterfte. 
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Samenvatting per hoofdstuk
Het gegeven dat antilichamen het infectieproces van dengue virusdeeltjes kunnen 
versterken is al meer dan een halve eeuw bekend. Hoe antilichamen dit doen is 
echter nog steeds een raadsel. In dit proefschrift is het effect van antilichamen op 
het virus stap-voor-stap bestudeerd. Hierdoor kon het moleculaire mechanisme 
achter dengue infectie worden ontrafeld, en begrijpen wij beter hoe het dengue 
virus hogere infectie kan behalen in patiënten die voor de tweede keer worden 
geïnfecteerd. Daarnaast beschrijft dit proefschrift wat de bijdrage is van macrofagen 
en dendritische cellen, twee verschillende gastheer celtypes, aan het verloop 
van de infectie. De belangrijkste resultaten van elk hoofdstuk worden hieronder 
vermeld. 

Hoofdstuk 2 geeft een overzicht van de kennis zoals deze bekend was bij 
aanvang van het project. Dit hoofdstuk beschrijft de celbiologie van een dengue 
virus infectie in afwezigheid van antilichamen en onder condities van antilichaam-
versterkte infectie. Tevens wordt er een overzicht gegeven van de hypotheses 
omtrent de vraag hoe een antilichaam dengue infectie kan versterken. 

Hoofdstuk 3 beschrijft hoe de afkomst van het dengue virus bepaalt welke cel 
types het virus het best kan infecteren. In dit hoofdstuk wordt beschreven hoe 
ontvankelijk en hoe productief dengue infectie is in drie verschillende cel types: 
rustende dendritische cellen, geactiveerde dendritische cellen, en macrofagen. In 
dit hoofdstuk blijkt dat dengue virusdeeltjes afkomstig van muggen een voorkeur 
hebben voor zowel rustende als geactiveerde dendritische cellen boven infectie 
van macrofagen. Hoewel rustende dendritische cellen sterk ontvankelijk zijn voor 
dengue infectie blijken de nieuw gevormde virusdeeltjes uit deze cellen zwak-
infectieus te zijn. Dengue virussen uit macrofagen of geactiveerde dendritische 
cellen daarentegen zijn beter in staat om andere cellen te infecteren. Zoals elk virus 
heeft het dengue virus tot doel om zoveel mogelijk nakomelingen te produceren 
en nieuwe cellen te besmetten. Onze resultaten laten zien dat zowel macrofagen 
als dendritische cellen een belangrijke rol hebben in de vermeerdering van het 
dengue virus, maar de benadering waarop zij dit doen verschilt tussen de twee 
celtypes. 

Tevens is het bekend dat de aanwezigheid van antilichamen tegen het dengue 
virus kan leiden tot hogere infectie en virus productie. Daarom is in dit hoofdstuk 
ook onderzocht of de oorsprong van het virus een effect heeft op antilichaam-
versterkte infectie. Macrofagen geïnfecteerd met dengue virussen afkomstig 
uit macrofagen gaf de grootste versterking van virus productie. Daarmee lijken 

macrofagen een belangrijke rol te spelen in de productie van grote aantallen 
virusdeeltjes en daarmee ook de verspreiding van het virus door het lichaam. Dit 
maakt macrofagen een interessant onderwerp voor nader onderzoek en, op lange 
termijn, een doel voor farmacologisch ingrijpen.

Hoofdstuk 4 richt zich op de moleculaire mechanismen waarmee antilichamen 
dengue infectie bevordert in humane macrofagen. We hebben voor macroagen 
gekozen omdat deze cellen een belangrijke rol spelen in het verloop van een 
dengue infectie (Hoofdstuk 3). Voorheen werd gedacht dat antilichamen de 
binding of opname van virusdeeltjes in cellen bevorderen, danwel dat antilichamen 
immuunreacties onderdrukken in de cellen. Wij hebben ontdekt dat antilichamen 
de binding of opname van het virus in cellen niet verhoogt. Antilichamen dragen 
echter wel positief bij aan de fusie activiteit van het virus. Gedurende deze stap 
wordt het erfelijk materiaal van het virus afgeleverd in de cel. De hogere fusie 
blijkt te correleren met hogere virus productie. Behalve hogere infectie en virus 
productie gaat antilichaam-versterkte infectie ook gepaard met hogere productie 
van ontstekings-gerelateerde signaalstoffen. Echter, vervolg onderzoek liet zien dat 
antilichamen hier niet noodzakelijkerwijs verantwoordelijk voor zijn, want infectie 
met hogere aantallen virusdeeltjes in afwezigheid van antilichamen gaf ook hogere 
productie van ontstekings-gerelateerde signaalstoffen. Met andere woorden, dit 
hoofdstuk stelt dat antilichamen op zichzelf geen onbekende cascades activeren, 
maar dat de waargenomen effecten kunnen worden verklaard vanuit de hogere 
infectie. Dit inzicht biedt perspectief voor klinische interventies.

Hoofdstuk 5 gaat dieper in op de rol van enkele signaalstofjes in de context van 
dengue infectie, te weten: tumor necrose factor alpha (TNFa), interleukine 6, en 
interferon alpha. Binnen dit hoofdstuk wordt beschreven hoe deze signaalstofjes 
de infectie van macrofagen beïnvloeden, alsmede de virus productie nadien. Met 
name TNFa en interleukine 6 staan bekend als aanjagers van bloeduitstortingen. 
Of deze stofjes ook virus infectie en productie beïnvloeden is onduidelijk, en 
daarom onderzocht in dit hoofdstuk. Wij vinden geen effect voor zowel TNFa als 
interleukine 6. Derhalve zijn beiden dus misbaar wat betreft dengue infectie van 
macrofagen. Toekomstig onderzoek zal moeten uitwijzen of het onderdrukken van 
TNFa en interleukine 6 de bloeduitstortingen kunnen voorkomen.

Het is bekend dat interferon alpha wel een sterk antiviraal effect heeft op 
macrofagen. Het effect hiervan is afhankelijk van het tijdstip van toediening, 
alsmede het serotype van het virus. Hoewel de resultaten enigzins hoopgevend 
zijn dienen de genoemde beperkingen nog verder onderzocht te worden. 
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In de voorgaande hoofdstukken werd gefocusd op de dengue infectie op cel 
niveau. Hoofdstuk 6 geeft een overzicht van de immuunreacties zoals deze 
worden waargenomen in geïnfecteerde patiënten en in gevaccineerde personen. 
Het belang hiervan wordt belichaamd door de resultaten uit vaccin proeven met 
het zogeheten ‘tetravalente vaccin’. Hierbij werden alle vier de serotypes van 
het dengue virus gecombineerd en toegediend in een vaccin. Helaas blijken 
de resultaten niet zo roos-kleurig als werd gehoopt, met name de bescherming 
tegen het dengue serotype 2 was ‘laag’. Hoofdstuk 6 beschrijft niet alleen de 
immuunreacties na vaccinatie, maar ook hoe de immuunreacties worden beïnvloed 
door herhaaldelijke blootstelling aan verschillende serotypes van het dengue 
virus. Tot slot worden toekomstige uitdagingen en speerpunten beschreven met 
betrekking tot verder begrip van de humane immuunreacties, alsmede volledige 
bescherming tegen dengue ziekte. 

De voorgaande resultaten worden bediscussieerd en besproken in Hoofdstuk 7 
aan de hand van de literatuur.
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