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v

Many emerging viruses have their origin in Africa. For example, Ebola virus 
was first recorded after the outbreak in the Democratic Republic of Congo 
(then known as Zaire) in 1976 and Chikungunya virus emerged and was iso-
lated in Tanzania (formerly known as Tanganyika) in 1952. During that out-
break, a number of cases also occurred in Northern Mozambique. Furthermore, 
a particularly virulent strain of Dengue virus (serotype 3) first appeared in 
Mozambique, and antibodies to Zika virus have been detected in the 
Mozambican population decades ago (see Chap. 2 of this book).

Mozambique, with its tropical climate, seems to be an ideal breeding 
ground for newly emerging viruses. Yet, even though Africa, perhaps along 
with South East Asia and Latin America, carries the largest burden of out-
breaks of emerging viruses, almost all scientific conferences dealing with 
these viruses take place in the USA or Europe. To address this gap, one of us 
(RH) started the Tofo Advanced Study Week (TASW) series on Emerging 
Viral Diseases in 2015, during the Ebola outbreak in West Africa, and man-
aged to convince about 50 prominent Ebola researchers from around the 
world to gather in Tofo, Mozambique, for an in-depth discussion of the scien-
tific and public health issues connected with the epidemic. Very importantly, 
this workshop provided a forum for many African scientists to report their 
results, when most of them did not have the opportunity to speak at the large 
Ebola conferences in Paris or Washington, D.C.

Building on this success, the 2nd Tofo Advanced Study Week on Emerging 
Viruses was held from Aug 28 to Sep 01, 2016, when the Zika virus epidemic 
was gripping the world. The meeting brought together experts from around 
the world to discuss Dengue and Zika epidemiology, diagnosis, immunopa-
thology, mosquito control, and antiviral targets ranging from entry mecha-
nism to viral replication enzymes or their protein interactions. The discussions 
also briefly considered the merits and issues of the Dengvaxia® vaccine that 
has been approved in more than 10 countries.

Given the very unique presence of experts from around the globe, this time 
we also endeavored to produce a scientific book that would collate the contri-
butions written by the lecturers. Today, we are proud to present a collection 
of papers in this book entitled Dengue and Zika:  Control and Antiviral 
Treatment Strategies arising from the Proceedings of the 2nd Tofo Advanced 
Study Week on Emerging Viral Diseases, published by Springer as a contrib-
uted volume in the Advances in Experimental Medicine and Biology series.

Preface
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The industry perspective on antiviral development against flaviviral dis-
eases was discussed briefly at the meeting and a comprehensive chapter on 
this topic from industry-based authors is included in the book. As in the first 
TASW meeting, the attendance and participation of young scientists from the 
African continent, as well as international scientists working on epidemio-
logical aspects of arboviruses in Africa, was a key component. The abstracts 
of the presentations by these scientists are collectively provided in Chap. 25, 
and we envisage that these should allow international scientists interested in 
emerging viruses to connect, collaborate, and help extend and build virology- 
related research capacity in Africa. In total, the book contains 25 chapters 
written by leading international experts and reflects the current state of 
knowledge on Dengue and Zika and occasionally also other arboviruses. 
Moreover, we include transcripts of the discussions following each presenta-
tion that were recorded during the conference. In fact, Chap. 8 comprises the 
transcript of an in-depth discussion on flavivirus entry and on the NS1 protein 
as potential drug targets, where you can read the opinion of leading experts, 
which to a large part you will not find published anywhere else. We consider 
these lively discussions the “salt in the soup” of this book and very much 
hope that you will equally enjoy them.

We believe that the wide spectrum of topics covered in this book will bring 
the field up to date to consider the merits of a three-pronged approach to 
Dengue and Zika control involving vaccines, antivirals, and mosquito con-
trol. We would like to thank all the authors who contributed to this volume, as 
well as people who helped with producing it: Nina Eichler, Charlotte Flory, 
Antje Lindae, Jan Magonov, and the dedicated staff of Springer. Others have 
to be mentioned because they provided essential support with the organiza-
tion of the meeting: Charlotte Flory, Nobina Morimoto, Linda Ngoromani, 
Eduardo Samo Gudo, and the staff of the conference venue, Hotel Tofo Mar. 
We also thank the organizations and companies that sponsored the meeting: 
Casa do Mar Guesthouse, Euroimmun AG, Gilead, Hotel Tofo Mar, Instituto 
Nacional de Saúde de Mocambique, Terra Agua Ceu Travel Agency, and Top-
of-the-Dune Guesthouse. The German Centre for Infection Research (DZIF) 
supported the conference as a co-organizer.

We sincerely hope that you will be delighted by this lively and comprehen-
sive compendium of flavivirus science and decide to join us at future Tofo 
Advanced Study Week meetings to discuss emerging viral diseases.

Lübeck, Germany Rolf Hilgenfeld
Singapore, Singapore Subhash G. Vasudevan
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Photo taken by Subhash G. Vasudevan during a post-conference tour of the Kruger National 
Park. Dedicated to Dr. Wilfred LF Armarego (The Australian National University).
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Arboviruses: A Family on the Move

Paul R. Young

Abstract
Arboviruses are a diverse group of vector- 
borne viruses, many of whose members are 
the cause of significant human morbidity and 
mortality. Over the last 30  years, the emer-
gence and/or resurgence of arboviruses have 
posed a considerable global health threat. The 
ongoing geographical expansion of the den-
gue viruses (DENV), along with the explosive 
outbreaks of West Nile virus (WNV), 
Chikungunya virus (CHIKV) and more 
recently, Zika virus (ZIKV) have all served as 
reminders that new epidemics may emerge at 
any time from this diversity. A clearer under-
standing of what mechanisms drive these dra-
matic changes in vector-host transmission 
cycles that result in the human population 
becoming significantly more exposed, will 
help to prepare us for the next emerging epi-
demic/pandemic. This Chapter seeks to pro-
vide a brief overview of the arboviruses, their 
mode of transmission and some of the known 
factors that drive their expansion.

Keywords
Arthropod-borne viruses · Zoonotic infec-
tions · Virosphere · Arbovirus transmission · 
Climate change impacts

1.1  Introduction

Arboviruses (a term derived from the descriptor, 
arthropod-borne viruses) are an amazingly 
diverse group of viruses that are transmitted from 
infected to susceptible hosts by a range of arthro-
pod vectors that include mosquitoes, ticks, sand 
flies or biting midges [20, 21]. Following inges-
tion of a blood meal from an infected host, viruses 
multiply in the insect mid-gut and then invade 
underlying tissues to cause a spreading infection 
(collectively referred to as the extrinsic incuba-
tion period) that ultimately results in a high-titred 
viral load, particularly in the salivary glands. 
They are then passed on to humans or other ver-
tebrates during insect biting. Most diseases 
caused by arboviruses are zoonoses, primarily 
infections of vertebrates that can occasionally 
cause incidental infection and disease in humans. 
Notable exceptions to this are the dengue viruses 
(DENV), as humans are the primary vertebrate 
host. Indeed, passage through humans is essential 
in maintaining the virus transmission cycle. The 
nature of this two-way dependency prompted 
Duane Gubler to once remark that “humans could 
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be considered the vector for dengue virus  
infection in mosquitoes”. While monkeys have 
been implicated as an alternative vertebrate host 
to humans for dengue in rural settings, it is 
unlikely that this sylvatic cycle contributes much 
to the current global impact of this apex 
arbovirus.

By definition, arboviruses are arthropod- borne, 
however some are grouped within the arboviruses 
despite no apparent association with an arthropod 
vector, primarily because of their close genetic 
relationship. The naming of individual arbovi-
ruses has had a somewhat eclectic history with no 
formal taxonomic approach having been estab-
lished. Some refer to dialect names after the ill-
ness they induce (chikungunya, o’nyong-nyong, 
dengue), others recognise the name of the loca-
tion where they were first discovered (West Nile, 
Bwamba, Ross River, Zika) and some reflect a 
characteristic clinical presentation (Western 
equine encephalitis, yellow fever) [21].

Over the course of the last two decades, a dra-
matic expansion in the territorial range of a num-
ber of arboviruses has seen a significant increase 
in global epidemic activity. These include West 
Nile virus and its emergence in New  York in 
1999 and subsequent march across the North 
American continent over the next 4  years and 
subsequent spread, both north and south over the 
following decade. Chikungunya virus with its 
sudden expansion on La Reunion in 2005 and 
spread across the Indian subcontinent, South East 
Asia and globally. The ongoing expansion of the 
dengue viruses across the tropical zone and 
beyond, and of course, the recent explosive epi-
demic of Zika virus in South America, on the 
other side of the world from its first isolation in 
an African forest some 70 years previously. One 
thing is certain; we will see more of these out-
breaks in the years to come [1, 9]. As a brief 
introduction to the research efforts detailed in the 
following Chapters, this review provides an over-
view of the group of viruses we collectively refer 
to as arboviruses, and addresses some of the 
issues that are helping to drive their expansion.

1.2  Who Are They?

More than 500 arboviruses have been recognised 
worldwide [21], a number that is undergoing 
rapid and exponential revision as researchers 
interrogate the virosphere using deep sequencing 
[19]. Estimates have suggested that the arbovi-
ruses we have recognised to date may represent 
less than 1% of the total. Only some of the cur-
rently known arboviruses, some 150, are known 
to cause human disease [21]. Some infect humans 
only occasionally or cause only mild illness, 
whereas others are of significant medical impor-
tance, causing large epidemics.

Most arboviruses causing human disease 
belong to three families; Togaviridae (genus 
Alphavirus), Flaviviridae (genus Flavivirus) and 
Bunyaviridae (Bunyavirus, Orthobunyavirus, 
Nairovirus and Phlebovirus genera), with mem-
bers of three further families, Rhabdoviridae, 
Orthomyxoviridae and Reoviridae also contribut-
ing (Fig. 1.1). The alphaviruses and flaviviruses 
are enveloped, linear single-stranded, positive- 
sense RNA viruses. They are spherical in shape, 
with an underlying capsid and measure from 40 
to 70 nm. The bunyaviruses are enveloped, seg-
mented, circular negative-strand RNA viruses. 
They are generally spherical and measure 
80–120 nm in diameter.

The most important group, at least from a 
human disease perspective, are the flaviviruses 
with a number of viruses in this group being of 
global health concern; dengue virus (DENV), 
West Nile virus (WNV), Zika virus (ZIKV) and 
yellow fever virus (YFV) [11]. Others, including 
Japanese encephalitis virus (JEV), tick-borne 
encephalitis virus (TBEV), Venezuelan equine 
encephalitis virus (VEEV) and St. Louis enceph-
alitis virus (SLEV) are usually restricted to spe-
cific regions. However, the spread of arboviruses 
across several regions have lead to major interna-
tional health concerns. WNV with its jump from 
the Middle-East into the Americas, chikungunya 
virus (CHIKV) moving into islands in the south-
west Indian Ocean, and from there to Southeast 
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Asia and the Americas, and Zika virus which 
spilled out of Africa to Southeast Asia, the islands 
of Polynesia and then to Brazil in an explosive 
epidemic in 2015–2016 (Fig. 1.2).

1.3  How Are They Maintained 
and Spread?

Three key elements are required for effective 
maintenance of arbovirus transmission: the vec-
tor (mosquito, tick, sandfly, biting midge), the 
vertebrate host(s) and appropriate environmental 
conditions. Some transmission cycles are rela-
tively simple (involving one vector and one host, 

e.g., DENV and ZIKV) while some are highly 
complex (involving multiple vectors and hosts, 
e.g., JEV, WNV and Rift Valley Fever virus, 
RVFV). The epidemiology of human arboviral 
disease usually involves one of two transmission 
cycle scenarios (Fig. 1.3). In the first, the virus is 
stably and naturally maintained via transmission 
between vectors and wild animals in a sylvatic 
(jungle) cycle with spillover occurring when an 
infected arthropod bites either a domestic animal 
or human that has strayed into that ecological 
niche. This mode of infection results in small 
clusters of cases initiated at the same site. The 
second is the urban cycle where a person or 
domestic animal, infected via the sylvatic mode 

Fig. 1.1 Arboviruses and virion schematics. Viruses 
are grouped according to genome composition: single- 
stranded positive-sense RNA, ss + RNA; single-stranded 
negative-sense RNA, ss-RNA; double-stranded RNA, 

dsRNA. Arboviruses that are associated with human dis-
ease are mostly found within the Togaviridae, Flaviviridae 
and Bunyaviridae families. Virus schematics provided by 
ViralZone, Swiss Institute of Bioinformatics

1 Arboviruses: A Family on the Move
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or moving from another area with urban activity, 
acts as an amplifier host in the transfer of the 
virus to other persons or domestic animals in the 
community. These cases occur as epidemics or 
epizootics in nature (Fig. 1.3) The vector involved 
in the urban cycle may be the same or different to 
that in the sylvatic cycle and indeed, there may be 
multiple vector species playing a role in trans-
mission in either cycle.

The primary arboviral hosts are mammals and 
birds with the potential for virus dispersal 
depending on the type of vertebrate host involved 
[21]. Migratory birds can facilitate virus move-
ment over large distances, such as occurred with 
the spread of WNV through the Americas, 
whereas transmission through most terrestrial 
hosts result in virus activity that is restricted to a 
particular region.

Animal hosts that are essential for arbovirus 
transmission and for the maintenance of virus 
populations are referred to as reservoir hosts, 
with the immune status of these hosts impacting 
on transmission rates. Their long co-evolution 
with their viral passengers is characterised by 
high titre viraemia that enables vector mediated 
virus transmission to occur, often in the absence 
of overt disease. A wide variety of reservoir host 
species have been implicated in arbovirus dis-
eases. These include birds, mammals (including 
primates), rodents, marsupials and bats. 

Individual arboviruses may have more than one 
host species involved in transmission cycles. For 
example, birds (herons in particular) are consid-
ered to be the major maintenance hosts for the 
flavivirus JEV.  In Asia however, pigs have also 
been shown to amplify the virus to high titres. 
Feeding mosquitoes can therefore be readily 
infected, with transmission of the virus to humans 
who live in close proximity. The life cycle of 
Ross River virus (RRV) in Australia involves 
complex relationships between multiple vectors 
and zoonotic (marsupials, horses, possums, bats) 
reservoirs across multiple environments includ-
ing urban, inland (freshwater wetlands) and 
coastal (estuarine wetlands) regions [3].

Host species may move virus from an area of 
active transmission to another location. 
Movement by viraemic waterbirds has been sug-
gested as a mechanism of spread for a number of 
arboviruses including Murray Valley encephalitis 
virus (MVEV), JEV, WNV and Eastern equine 
encephalitis virus (EEEV). Arboviruses can also 
be introduced into new areas by the movement of 
humans, particularly as air travel now enables 
movement between two destinations anywhere in 
the world, all within the time window of a typical 
viraemic period. Infected arthropod vectors may 
also disseminate disease if they are carried on air, 
marine, rail or road transport. This has been pro-

Fig. 1.2 (continued) continue to spread across the globe, 
with serotype subsets cycling in sequence with develop-
ing local herd immunity and virus evolution. The sudden 
and dramatic expansion of dengue in the early 1940s with 
the influx of naive adult hosts during the Pacific campaign 
of WWII seeded much of the subsequent global epidemic 
activity. After successful vector eradication programs in 
the first half of the twentieth century, dengue was re-intro-
duced into the Americas, first into Cuba in 1977 with sub-
sequent spread throughout tropical South America as its 
vector, A. aegypti reclaimed its earlier territory. 
Chikungunya virus (CHIKV); CHIKV exploded out of 
Africa following a large epidemic on the island of La 
Reunion in 2005. A single mutation in the virion surface 
protein facilitated a spillover into a new mosquito host, A. 
albopictus and further, global spread, reaching the 
Americas in 2014. West Nile virus (WNV); WNV was 
known to circulate within Africa from the 1930s when it 
was first isolated, spreading to the Middle East and 
Europe in the 1990s. What is thought to be a single trans-

portation event resulted in WNV landing in New  York 
from Israel in 1999. The subsequent march of WNV west 
across the North American continent was driven primarily 
by migration of its bird hosts, resulting in its wide distri-
bution across the Americas over the subsequent decade. 
Zika virus (ZIKV); ZIKV was first isolated in 1947 but it 
wasn’t until 1954 that the first human cases were reported 
in Nigeria. While its spread across Africa and into India 
and South East Asia were noted, it wasn’t until a large 
epidemic on the island of Yap in 2007 highlighted the 
potential importance of ZIKV to human health. The sub-
sequent epidemic in French Polynesia in 2013/2014 was 
thought to be the seed for its emergence in Brazil in 2015. 
The cause of the explosive nature and severity of the 
resulting epidemic over 2015–2016 is still the subject of 
considerable conjecture – the presence of a naïve popula-
tion primed with a high level of potentially enhancing 
dengue-specific antibody, viral genome mutation or a 
combination of both along with additional factors remain 
possibilities

1 Arboviruses: A Family on the Move
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posed as the most likely mechanism for introduc-
tion of WNV into the USA in 1999.

Some hosts that become infected may not be 
sufficiently viraemic or may not be infected with 
sufficient regularity to contribute to the stable 
maintenance of virus populations and are referred 
to as incidental hosts. Incidental hosts may or 
may not show symptoms. For many arbovirus 
infections, humans are usually an incidental host, 
often being a dead end in the transmission chain.

Arthropod-borne viruses are distinguished 
from other animal viruses because of their ability 
to infect both vertebrate and invertebrate hosts. 
The virus replicates within the cells of the arthro-
pod vector before being transferred to a suscep-
tible host [16]. Occasionally, arthropods may 
also transmit viruses by mechanical transmission 
with the vector simply transferring the virus from 
an infected to a susceptible host without replica-
tion in the vector itself. Direct transfer from an 

infected to an uninfected vector during co- 
feeding on a naïve host has also been reported.

Invertebrate hosts include mosquitoes, sand-
flies, ticks and culicoides (biting midges) 
although most arboviruses have been recovered 
from mosquitoes. While transmission of arbovi-
ruses most often follows the bite of the infected 
arthropod, transmission has also been reported in 
other ways. European TBEV can be acquired by 
drinking the milk of infected goats, VEEV (in 
cotton rats) apparently via urine or faeces infect-
ing the nasopharynx, WEEV possibly through 
aerosol from a patient and WNV and DENV has 
been transmitted by blood transfusion. DENV, 
JEV, WNV and CHIKV have all been transmitted 
from mother to foetus following infection during 
pregnancy, but this is considered rare. In contrast, 
an unusually high rate of maternal to foetal trans-
mission has been observed in the recent ZIKV 
outbreak in Brazil. The finding of Zika virus in a 

Fig. 1.3 Arbovirus transmission cycles. A.  Enzootic 
(low level endemic virus transmission within native ani-
mals), epizootic (higher level epidemic transmission, usu-
ally within domestic animals) and epidemic cycles within 
humans are inextricably linked for many arboviruses, with 
spillover events driving the dynamics of each cycle. B. For 
some arboviruses (e.g., WNV) the epidemic and epizootic 
spillover from the enzootic cycle are unimportant for 
arbovirus survival, as these are dead-end hosts that do not 

act as reservoirs for further rounds of transmission. 
Exceptions are driven by specific human activity; e.g., 
transfusion and transplantation. C. For some arboviruses 
(e.g., DENV and ZIKV), the epidemic cycle in humans 
can be self-sustaining given the high levels of viraemia 
resulting in efficient transmission between vector and 
humans without the need for an enzootic amplification 
host. Nevertheless, occasional spillover events from the 
enzootic sylvatic cycle have been recorded

P. R. Young
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range of bodily fluids including semen, tears and 
sweat, as well as the apparently high rate of CNS 
invasion following foetal infection remains to be 
fully explained [18].

1.4  What Diseases Do They 
Cause?

The vast majority of arboviral infections lead to 
either an asymptomatic or non-specific mild ill-
ness. Only a handful of those who are infected 
develop clinical symptoms for which the indi-
vidual arbovirus is known. For the flaviviruses, 
the case to infection ratio varies considerably, 
from very low (e.g. around 1:300 for encephalitis 
due to JEV) to quite high (1:4 for fever as a result 
of DENV infection). It may be higher during epi-
demic (rather than endemic) disease activity, and 
will be modified by a range of other factors, 
including host susceptibility and virus strain. The 
major burden of disease is at the extremes of life, 
the very young and the elderly. For alphavirus 
infections, particularly those causing arthritis, the 
ratio of symptomatic to asymptomatic infection 
is typically higher than that of the flaviviruses, 
from 1:40 to 1:3. If clinical manifestations arise 
after infection they do so after an intrinsic incu-
bation period lasting from a few days to a week 
or more. During that time the virus replicates at 
the site of inoculation, then further amplifies 
within the reticuloendothelial system before it 
becomes viraemic and spreads to target organs.

Symptomatic arbovirus infection often pres-
ents as a systemic febrile illness. In the early 
stages, this illness may be non-specific or even 
suggestive of other viral illnesses, including gas-
trointestinal and respiratory infections. In a 
developing world setting featuring an increased 
burden of disease, this can be particularly prob-
lematic, often delaying appropriate clinical man-
agement. On-going development of low cost, 
point-of-care diagnostics to provide early and 
effective diagnosis, remains an important goal of 
current research efforts. Headache is common 
and may be severe and accompanied by meningi-
tis. Muscle and joint aches and pains are com-
mon, especially with alphavirus infections where 

many also develop joint swelling and stiffness. 
Rash may be present and is usually generalised 
and maculopapular, although occasionally vesic-
ular. Petechial rashes are less common and may 
be an early indicator of haemorrhagic fever. In 
the vast majority of cases, febrile illness is fol-
lowed by recovery. In the remainder, illness may 
progress to one of the more severe forms of dis-
ease, sometimes following a few days of remis-
sion. These can be broadly grouped into those 
arboviruses causing haemorrhagic fever, enceph-
alitis or polyarthralgic illness (for further discus-
sion see [21]).

1.5  What Is Driving Arbovirus 
Expansion?

As noted above, humans are often no more than 
incidental hosts for arbovirus infection. However, 
their behaviour, along with environmental factors 
can play a significant role in the activity and 
spread of these viruses [20] with many human 
activities known to encourage transmission [4, 7, 
17, 21]. The construction of dams and extensive 
areas of irrigation promotes the breeding of large 
numbers of mosquitoes that is otherwise unusual 
for these geographical locations. For instance, 
the development of rice fields encourages breed-
ing of Cx. tritaeniorhynchus in Sarawak that in 
turn fosters the spread of JEV, and Mansonia uni-
formis and Anopheles gambiae in Kenya spread-
ing CHIKV, o’nyong-nyong virus (ONNV) and 
Sindbis virus (SINV). The seasonal removal of 
old vegetation in Sarawak leads to heavily pol-
luted pools that support large populations of culi-
cines. Driving cattle into marginal forest areas in 
India promotes the growth and transport of ticks, 
and the incursion of people into forest areas 
exposes them to infection with YFV and the tick- 
borne diseases. In many countries, the practice of 
using large containers for water storage has 
helped to increase Aedes aegypti populations and 
the consequent transmission of DENV, CHIKV 
and other viruses vectored by this species.

Environmental conditions, particularly rain-
fall, temperature and humidity, also have an 
important role to play in arbovirus transmission 
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cycles with the result that arbovirus activity is 
often seasonal. For example, the alphaviruses 
transmitted by mosquitoes in temperate regions 
cause disease in summer during periods of 
increased vector activity [2]. In tropical areas, 
human infections caused by arboviruses usually 
occur during the wet season, with increased virus 
activity again coinciding with periods of high 
vector numbers. As mosquito larvae and pupae 
are aquatic, the abundance of arthropod vectors is 
directly affected by the amount of rainfall and 
flooding in a particular region. Rainfall is also 
required to maintain permanent water bodies, or 
in some cases create temporary water bodies that 
provide a sanctuary and breeding grounds for 
water birds that act both as mechanisms for intro-
ducing the virus into that area and for amplifying 
the virus. Humidity can also play a role, with 
increased humidity facilitating increased survival 
of mosquitoes. Temperature can also affect the 
length of the extrinsic incubation period with 
most studies showing that the extrinsic incuba-
tion period for mosquitoes is shorter at 30  °C 
than at lower temperatures thereby ensuring that 
mosquitoes become ‘infectious’ in a shorter time 
after ingestion of an infected blood meal. High 
external temperatures on the other hand may 
have adverse effects on vector survival.

Global climate change will significantly 
impact on arbovirus transmission cycles over 
time [7]. The amount and extent of rainfall, fre-
quency and heights of high tides, temperature, 
humidity and consequent movement of vertebrate 
hosts and human populations will all contribute. 
The extent and timing of these environmental 
changes is unknown, but because of the complex 
interactions between these viruses, their hosts 
and vectors as well as the environment, it is likely 
that even minor changes will affect arbovirus 
activity in different regions. This may result in an 
increased number of cases and/or a greater geo-
graphical spread of these viruses [5, 12–14]. 
Climate change impacts on arbovirus transmis-
sion are already being played out, such as in the 
dramatic resurgence of West Nile virus in the US 
in 2012. This emergence was linked to a record- 
breaking drought across the US in combination 
with sporadic, end of season rains and local com-

placency with regards vector control. Mosquito 
numbers in metropolitan areas surged, with con-
sequent increased transmission of WNV.

As noted above, the last two decades have 
seen a dramatic increase in the emergence and/or 
re-emergence of a number of serologically dis-
tinct arboviruses [6, 15, 21]. Ecological factors 
have played a pivotal role in this expansion with 
a rich array of demographic, cultural and societal 
changes impacting arbovirus transmission 
between vectors and hosts. Understanding some 
of these mechanisms will provide insight into 
future predictions of arboviral activity, disease 
risk assessment and control.

Southeast Asia has experienced an exponen-
tial increase in the number of arbovirus related 
epidemics; YFV and RVFV cases are on the rise 
in Africa; South America has seen the re- 
emergence of DENV and YFV and the emer-
gence of ZIKV; and the incursion into North 
America and Europe of some arboviruses previ-
ously restricted to the tropical zone (e.g., CHIKV 
and DENV) all serve to emphasize that no region 
of the globe is resistant to these threats. Their 
spread has been linked to a range of complex 
factors.

It is recognized that biodiversity plays an 
important role for arbovirus maintenance with 
African, Southeast Asian and South American 
tropical regions, particularly their rainforests, 
considered reservoirs for many of these arbovi-
ruses. However, it is the demographic and soci-
etal changes in the human population during the 
past two to four decades that has had the biggest 
impact on the revival of arbovirus infections. 
Unprecedented population growth has been the 
underlying driver of many of the changes that 
have affected transmission dynamics. These 
include rapid urbanization, deforestation, new 
dams, an expansion in irrigation, and a lack of 
closed water storage containers. The resulting 
increase in mosquito populations and their closer 
contact with human communities has contributed 
to increased virus, and hence disease transmis-
sion. The changing demographics that have 
resulted from modern transportation have also 
played a significant role in the distribution and 
transmission dynamics of arboviruses. While the 
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geographic distribution of some arboviruses and 
their mosquito vectors has expanded, resulting in 
recurrent and larger outbreaks (e.g., DENV), oth-
ers have invaded new geographic regions having 
taken advantage of susceptible mosquito vectors 
and hosts to become established (e.g., WNV, 
CHIKV and ZIKV). Clearly, factors such as the 
absence of herd immunity and a lack of vector 
control have been instrumental in the re- 
emergence of several arboviral infections (e.g., 
CHIKV, JEV, and more recently, ZIKV).

The changing epidemiological patterns of 
arboviruses are complex and unique to each 
virus, however virus evolution can also be an 
important driver of the emergence of these new 
disease threats. One clear example of how virus 
evolution has re-defined the epidemiology of an 
arbovirus infection is the re-emergence and 
spread of CHIKV. Sequence analyses have shown 
that CHIKV originated from Africa and was later 
introduced in to Asia with the delineation of three 
phylogenetic distinct clusters: East-, Central- and 
South-African (ECSA), Asian, and West-African 
clusters [10]. Analysis of CHIKV strains isolated 
from the Indian Ocean outbreaks indicated that it 
was more closely related to the ECSA cluster 
than the Asian or West African clusters. However, 
90% of the CHIKV strains isolated revealed a 
nucleotide mutation leading to an alanine to 
valine change at position 226 in the virus E1 gly-
coprotein. This single amino acid change was of 
particular interest as it was exclusively found in 
CHIKV isolated from Ae. albopictus. This muta-
tion was subsequently shown to be associated 
with adaptation to Ae. albopictus with an 
increased fitness in this vector attributable to the 
loss of cholesterol dependence for virus growth. 
This adaptation has allowed CHIKV to replicate 
and disseminate more efficiently in Ae. 
albopictus.

More recently, another arbovirus that has gen-
erated significant interest is ZIKV. First isolated 
from sentinel primates in the Zika forest of 
Uganda in 1947, it was also isolated in sub- 
Saharan Africa and South East Asia [8]. Few 
human cases were previously noted but in 2007, 
major human outbreaks were reported on Yap 
Island, Micronesia. Preliminary phylogenetic 

data showed two distinct ZIKV lineages circulat-
ing in Africa and a third lineage formed by the 
Micronesia and Malaysia strains [8]. The subse-
quent spread of ZIKV to the Americas in 2015 
and the extensive epidemic it caused is now being 
attributed, in part, to specific mutations found in 
these circulating South American viruses.

1.6  Conclusion

In a world of rapid travel and transportation, 
many other arboviruses have the potential to 
spread geographically and cause serious out-
breaks. What is of concern is that most of these 
new introductions are not detected until an epi-
demic or some unusual situation signals the 
alarm, often too late to effect control. The world 
is finally coming to grips with the notion of epi-
demic preparedness and the realization that sig-
nificant and coordinated effort will be required to 
effectively deal with the inevitable future threats 
to global health posed by arboviruses on the 
move.
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Historical Perspective 
of Arboviruses in Mozambique 
and Its Implication for Current 
and Future Epidemics

Eduardo Samo Gudo, Kerstin Falk, and Julie Cliff

Abstract
Mozambique is a tropical country situated in 
the Southern part of Africa, a region where 
data on the burden and epidemiology of arbo-
virus is presently quite scarce although the 
frequency of outbreaks caused by arboviruses 
is rapidly increasing. Outbreaks of dengue 
fever have been reported in Mozambique, 
Angola and Tanzania and a recent unprece-
dented outbreak of Yellow fever has been 
recorded in Angola. These new outbreaks col-
lectively suggest that arboviruses, and specifi-
cally flavivirus infections, are endemic in 
Mozambique.

Although recent data on arbovirus activity 
is scarce, the work of Kokernot et  al. 
[R.H. Kokernot, K.C. Smithburn, A.F. Gandara, 
B.M. Mc’Intosh and C.S. Heymann Anais Inst 
Med Trop (1960), 17:201–230] describes sero-
epidemiological and entomological studies 
carried out in several parts of Mozambique 

during the 1950s. Complementary seroepide-
miological investigations on arboviruses that 
were conducted in the early 1980s also found 
serological evidence of several arboviruses 
which included Dengue, Chikungunya, Zika, 
Rift Valey Fever, Sinbdis virus, Wesselsbron, 
Bunyamwera, Pongola and Bawamba Fever 
and Yellow Fever.

Notably the first description of 
Chikungunya virus in 1952–1953 in Tanzania 
also included reported cases in northern 
Mozambique. Furthermore, DENV serotype 3 
was for the first time described in northern 
Mozambique in 1984 and 1985. Since several 
arboviral infections result in acute self limit-
ing fever they have remained unsuspected for 
several decades. However, it is well known 
that during the 1980’s intensive malaria con-
trol initiatives which included massive distri-
bution of bed nets, community education and 
indoor and outdoor spraying campaigns were 
implemented. It is possible that these mea-
sures may have influenced the epidemiology 
of arboviruses. However, the impact of these 
interventions in controlling the spread of arbo-
viruses is not known.

In conclusion, the old literature on arbovi-
ruses in Mozambique is relevant for assessing 
the gaps and current risk of occurrence of 
these pathogens at the region, particularly in a 
time in which they are spreading worldwide.
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2.1  General Description 
of Mozambique 
in the Context of Spread 
of Arboviruses

Mozambique is situated on the southeast coast of 
Africa, with a total land area of around 800,000 
sq. km, which is slightly less than the size of the 
state of California, and has a population of close 
to 30 million people. The climate is tropical with 
two distinct seasons: the rainy season from 
November through April and the dry season dur-
ing the rest of the year. Due to its geographical 
location, Mozambique has long been considered 
a unique and important hub-“tropical corridor” – 
for the movement of arboviruses in the region. Its 
ecological characteristics combined with its geo-
graphical location, make Mozambique a player in 
the international epidemiology and spread of 
arboviruses. Mozambique is a multi-cultural 
country with strong commercial and cultural 
trade with different regions in the world, spe-
cially with Asia where strong relationships with 
countries such as India and China have been 
established. Because of this, Mozambique is at 
particular risk of importation from and exporta-
tion of infectious diseases to Asia and other 
places in the region. For this reason, tracking the 
epidemiology of arboviruses in Mozambique is 
of utmost importance to understanding the 
regional and global pattern of their spread. 
Historical data demonstrate an active arboviral 
acitivity in Mozambique, which may have played 
an important role in the current epidemiology of 
arboviruses in the region and other continents 
with intense past and current trade links with 
Mozambique. In this context, we review the 
detailed studies in order to identify the gaps that 
exist at present to control arbovirus activity in 
Mozambique.

The seroepidemiological study conducted by 
[9] was an exhaustive investigation based on 

detecting, in residents of Mozambique, neutral-
izing antibodies against arboviruses that had pre-
viously been isolated in East Africa and the 
Union of South Africa. The study was undertaken 
to obtain information on the etiology of “unex-
plained fevers”, so that useful information can be 
obtained, and to draw the attention of the medical 
authorities to the potential role of these viruses as 
causal agents of human diseases in Mozambique 
[9].

Arbovirus Activity in Mozambique The study 
conducted by Kokernot et al. was carried out in 
the months of July and August of 1957 and cov-
ered 29 different localities stretching over 
8000  km of the entire country of Mozambique 
(Fig. 2.1). The map in the figure shows that both 
coastal and interior terrains were sampled. In this 
study Kokernot et  al. collected blood samples 
from indigenous Mozambicans and then tested 
for different arboviruses using serological assays 
for detection of neutralizing antibodies. A total of 
29 localities across the country were surveyed, 
which gives a good representativeness of the 
country.

The study enrolled 30 local residents in each 
of the selected locations who had never traveled 
outside the residence area in their lifetime. These 
samples were subjected to neutralization tests 
with 15 different viruses and a summary of the 
results is presented in Table 2.1. The viruses with 
high prevalence rates of neutralizing antibodies 
included Chikungunya (21.0%), Wesselsbron 
(15.9%), Bunyamwera (24.1%), Pongola (23.2%) 
and Bwamba Fever (24.7%) (Table 2.1).

This study, together with a concurrent ento-
mological survey conducted in several localities 
across the country by [17] between 1957 and 
1959, found that Aedes mosquitoes with potential 
to transmit different species of arbovirus were 
present in several parts of the country. The fact 
that these two studies were conducted in the same 
period, reinforced significantly the belief that the 
country was an important tropical corridor with 
potentially high arboviral activity. However, 
since then, research into arbovirus prevalence has 
been abandoned in Mozambique and there are no 
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records of similar detailed surveys covering the 
entire country. This long drought in information 
on arboviral activity was broken very recently 
when a Dengue outbreak caused by Dengue sero-
type 2 was recorded in Pemba city in northern 
Mozambique [11], where a high density of Aedes 
was also found during the outbreak [8]. There is 
strong reason to believe that several other out-
breaks of dengue and other arboviruses occurred 
in the 1980s and 1990s, but due to lack of diag-
nostic capacity and lack of awareness as well as 
other health priorities, they were under-reported.

2.2  Initial Report of Zika 
in Mozambique

Public health interest in ZIKV has increased dra-
matically since 2015 when the virus experienced 
an explosive spread in south and central America 
and the Caribbean [3, 12], with reports of its 
association with an increase of cases of micro-
cephaly and other neurologic disorders in Brazil 
prompting the World Health Organization 
(WHO) to declare the ZIKV epidemic in South 

Fig. 2.1 Administrative 
districts of Mozambique. 
In 1957, shaded areas 
have been surveyed for 
CHIKV antibodies (all 
with positive results) by 
[9]. (Taken from [5]. © 
Gudo, E.S.. Original 
image credit: Americo 
Feriano Jose)
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America a Public Health Emergency of 
International Concern (PHEIC) [15].

Despite the fact that ZIKV was first described 
in Africa in 1947 [13] few studies had been con-
ducted on the continent to understand its epide-
miology. However, the study published by [9] 
was one of the few conducted on the continent at 
that time and demonstrated that neutralizing anti-
bodies against ZIKV were found in Mozambicans 
in several parts of the country [6]. We recently 
noticed that the Kokernot et  al. study had been 
ignored by most current descriptions or reviews 
on historical data of ZIKV on the continent and 
worldwide [7, 16]. We believe that the study con-
ducted by Kokernot et al. has been ignored, most 
likely because the manuscript was published in 
Portuguese and also due to its poor indexing [6]. 
However this study highlights that Mozambique 
was considered a hotspot for the occurrence of 

arboviruses, including ZIKV since the 1950s, 
and may have played a role in the spread of the 
virus in the region and to other regions. Although 
no recent study has been conducted to assess cir-
culation of ZIKV in Mozambique and few stud-
ies had been conducted in the region, old data on 
ZIKV in Mozambique may suggest that the risk 
of current circulation of the virus in Mozambique 
is considerable.

Mozambique does not have a surveillance sys-
tem for birth defects, which makes it difficult to 
correlate any potential link between microceph-
aly cases and Zika. On the other hand, there is 
much discussion in the scientific arena suggest-
ing that the most studied African strains of ZIKV 
may not be involved in causing microcephaly. To 
confirm this, studies should be conducted in 
Mozambique and other countries in sub- Saharan 
Africa using newly isolated Zika virus strains as 

Table 2.1 Summary of neutralization tests performed with 15 viruses in the presence of sera from indigenous donors 
living in Mozambique. [9]

Virus per group

Children Adults All ages

Number of 
participants

Neut.poisitive Number of 
participants

Neut.poisitive Number of 
participants

Neut.poisitive
No. % No. % No %

Group A
Chikungunya 404 16 4.0 467 175 37.5 871 191 21.9
Semliki 388 13 3.4 449 31 6.9 837 44 5.3
Sindbis 399 21 5.3 456 43 9.4 855 64 7.5
Middelburg 142 1 0.7 160 2 1.3 302 3 1.0
Group B
Wesselsbron 403 40 9.9 467 98 21.0 870 138 15.9
Spondweni 399 5 1.3 459 30 6.5 858 35 4.1
H 366 404 10 2.5 467 29 6.2 871 39 4.5
Uganda S 151 2 1.3 185 10 5.4 336 12 3.6
Zika 107 2 1.9 142 8 5.6 249 10 4.0
Bunyamwera group
Bunyamwera 404 66 16.3 466 144 30.9 870 210 24.1
Without group
Pongola 403 65 16.1 467 137 29.3 870 202 23.2
Bwamba fever 149 20 13.4 142 52 36.6 291 72 24.7
Rift valley 
fever

397 5 1.3 436 18 4.1 833 23 2.8

Simbu 57 0 0 61 0 0 118 0 0
AR 344 53 0 0 57 0 0 110 0 0

Note: This table is translated and reproduced from Ref. [9]
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well as historic isolates to investigate the poten-
tial for these strains to cause Zika-associated 
microcephaly.

2.3  First Report of Chikungunya 
in 1953 Is Tightly Bounded 
to Mozambique

Chikungunya virus (CHIKV) has re-emerged in 
2005 as an important cause of infectious disease, 
mostly after the occurrence of large epidemics of 
CHIKV on the Indian Ocean islands and in Asia 
[2, 14]. Since then, the virus has rapidly expanded 
to become endemic in South America [14]. We 
revisited old literature to understand the potential 
role of Mozambique in the current global epide-
miology of CHIKV and found that indeed, during 
the initial discovery of CHIKV in 1952/3  in 
Tanzania, a few cases were also reported in vil-
lages in northern Mozambique. This is reflected 
in the serosurvey by [9] that, conducted a few 
years later, detected neutralizing antibodies for 
CHIKV in all sampled places with a prevalence 
rate of 21.9%. Given the geographical situation, 
together with its commercial trade relationships 
to other parts of the region and the world, there is 
the potential that Mozambique may have contrib-
uted to the spread of CHIKV. Molecular epide-
miological studies would be needed to explore 
this further.

The recent report of a severe case of CHIKV 
case with intestinal bleeding in northern 
Mozambique [1] suggests that several cases of 
severe CHIKV infection had been under-reported 
or misdiagnosed as malaria for many years and 
decades. Severe disease caused by CHIKV had 
not been considered until 2005 when a massive 
CHIKV outbreak hit Reunion Island [10]. This 
recent report of a severe case of CHIKV has 
increased the concern that CHIKV may be the 
etiological agent of severe disease in sub-Saharan 
Africa, where similar reports have not been pub-
lished, mostly due to lack of a surveillance sys-
tems for CHIKV.

2.4  First Report of Dengue-3 
in Mozambique

Dengue is the most-widespread arbovirus world-
wide and historical data on its epidemiology is 
important to understand current and future trends 
of the virus. The epidemiology of Dengue is 
complex due to serological and genetic diversity. 
Mozambique has played an important role in the 
global epidemiology of Dengue, as the first time 
that Dengue serotype 3 was described in Africa 
was during a 1984/5 outbreak of febrile illness in 
Pemba city, the capital of Cabo Delgado Province 
in northern Mozambique [4]. This further sug-
gests that northern Mozambique was in the past a 
hotspot of arboviral activity. Since Mozambique 
has intense trade with countries in the region as 
well as in Asia and South America, we believe 
that the country played a relevant role in the 
spread of this serotype. Of the two deaths reported 
during this outbreak, one was a Chinese traveler, 
and the strain circulating in Mozambique was 
later shown to be similar to that circulating in 
southeast Asia, suggesting that trade with China 
and other countries in Asia could have played an 
important role in the import of dengue-3 into 
Africa in the early 1980s. An entomological 
investigation conducted during this outbreak 
showed a high density of Aedes aegypti [4] sug-
gesting that Mozambique had ecological condi-
tions favorable for Aedes breeding and arbovirus 
transmission.

2.5  Summary

The presentation revisits history of arboviruses in 
Mozambique and highlights that the country may 
have played an important role in spread of several 
arboviruses such as Dengue and Zika in sub 
Saharan Africa and other regions. Despite of this, 
research and investigation on arbovirus in 
Mozambique was abandoned for several decades 
due to a changed focus to the spread of HIV/
AIDS and the continuing challenges of parasitic 
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diseases like malaria. For this reason, there is a 
current lack of knowledge of arboviral activity in 
Mozambique. The TASW meeting highlights the 
past and current importance of arboviruses and 
the need to implement surveillance similar to the 
work done by [9] to better understand the current 
risk of arbovirus in the country and region.

Acknowledgement The authors thank the library of the 
National Institute of Health (Mozambique) for providing 
old literature about arbovirus in Mozambique.

 Discussion of Chapter 2  
in Dengue and Zika: Control and 
Antiviral Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Eduardo Samo Gudo.

Aravinda de Silva: Just a quick comment about 
those Dengue 3 strains from the mid 1980s 
and their importance for Mozambique, 
because we showed subsequently that those 
strains were first described in Mozambique. I 
think some of those isolates came from 
Chinese workers in Mozambique and they 
spread it to the Indian subcontinent. In fact, 
the first major epidemic of severe Dengue 
caused by serotype 3  in the Indian subconti-
nent was very closely related to those strains 
from Mozambique. And then subsequently, 
those same strains were introduced into 
Panama and Nicaragua. And the severe 
Dengue epidemics in Latin America were also 
caused by a very close relative of the 
Mozambique viruses and so this highlights the 
importance of the circulating strains here in 
Mozambique. What kind of work is going on 
in terms of looking at enzootic cycles? For 
Dengue 3, we still do not know the sylvatic 
cycle  – the non-primate cycle. Also for 
Chikungunya virus, you indicated that very 
early isolates came from this part of the world. 
Is there any work being done in this area?

Eduardo Samo Gudo: Not yet. This is the first 
and only description of Dengue 3  in 
Mozambique as you can see in the map in my 
presentation. So nothing happened after that 
and it’s unclear and we do not know if we 
eliminated DENV3 from Mozambique.

Aravinda de Silva: In terms of understanding 
the enzootic cycles of Dengue and 
 Chickungunya – it may be an important area 
to focus in terms of non-human primate 
studies.

Gao George: So where did the strains in 
Mozambique come from?

Aravinda de Silva: That strain was first described 
in East Africa in Mozambique. It was subse-
quently described in Kenya, it went up to 
Somalia. It moved into the Indian subconti-
nent, where the very first description of the 
1985 isolates came from.

Subhash Vasudevan: So you said it came from 
China?

Aravinda de Silva: No, I thought the 
Mozambican isolates came from Chinese 
workers in Mozambique, who got very sick, 
who got something like severe Dengue. But 
they were here working in Mozambique.

Maurice Demanou: It is incredible, because the 
figures you presented are similar to the picture 
in Cameroon. But in the 60’s there was a lot of 
research on arboviruses done by medical 
research institutes. Later on in the 80’s, prob-
ably because of the outbreak of HIV, the arbo-
virus surveillance ceased. Even though there 
were some surveillances on yellow fever, 
nothing at all was done for other arbovirus 
research. In the year 2000, with the spread of 
epidemic arboviruses worldwide, people 
started to be interested. I think we have the 
same problem in Cameroon, but I do not know 
how you explain the 40  years’ gap in the 
attention.

Félix Rey: Is there a political will now to change 
the situation and focus more on arboviruses?

Eduardo Samo Gudo: Arboviruses are seriously 
neglected in Mozambique, as malaria, tuber-
culosis and HIV are the leading cause of 
morbi-mortality in the country and will for 
sure be the focus of intervention for many 
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decades to come. Not just in Mozambique, 
this is similar in many countries in Africa. 
When we raise the issue of arboviruses, we are 
simply asked the question “How many people 
die per year because of Dengue and other 
arboviruses and how many from malaria, 
tuberculosis and HIV?” The fact is that it is 
much less than malaria, tuberculosis and HIV, 
so that is the end of he conversation.

Subhash Vasudevan: What about co-infections 
of malaria with Chickungunya or Dengue?

Eduardo Samo Gudo: There is high coinfection 
rates between malaria and arboviruses. This 
actually is something that we are very inter-
ested in, but I did not show any data here in the 
talk. If you are familiar with asymptomatic 
malaria infection  – it’s a problem that is 
mostly being ignored. We did some research 
in Mozambique, back in 2005, where we went 
to our primary schools in areas of high trans-
mission for malaria. We took blood samples 
from the children – otherwise healthy looking 
children – and we tested for malaria not using 
rapid tests, but by using blood smear. We 
found that 55% of the children showed para-
sitemia in the blood and then there were some 
with high parasitemia in their blood. So com-
ing back to your question of coinfection: 
People that have immunity against malaria, 
because of the continous exposure, can have 
parasitemia and not be sick. Imagine now if 
they got fever and they go to the hospital. The 
hospital will test first for malaria and 55% of 
the children that go to the hospital will be pos-
itive but mainly have other causes of fever. So 
that means that they will never be picked for 
other possible infections. It is not bad that the 
patients are treated for malaria because of 
their parasitemia, because at some point they 
can develop malaria or they can transmit. But 
other diseases would be ignored and arbovirus 
problems will expand. It is amazing that in 
several parts of Mozambique where we have 
carried our vector survellence studies, the 
population of Aedes is high, but the control is 
based on Anopheles. So arborviral diseases 
are ignored and have been ignored for very 
long because of these reasons.

Félix Rey: Is there any interference between the 
circulating parasites and arboviruses? Nobody 
knows?

Eduardo Samo Gudo: That’s right, nobody 
knows.
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Abstract

Climate change, increased urbanization and 
international travel have facilitated the spread 
of mosquito vectors and the viral species they 
carry. Zika virus (ZIKV) is currently spread-
ing in the Americas, while dengue virus 
(DENV) and chikungunya virus (CHIKV) 
have already become firmly established in 
most tropical and also many non-tropical 
regions. ZIKV, DENV and CHIKV overlap in 
their endemic areas and cause similar clinical 
symptoms, especially in the initial stages of 
infection. Infections with each of these viruses 
can lead to severe complications, and co- 
infections have been reported. Therefore, lab-
oratory analyses play an important role in 
differential diagnostics. A timely and accurate 
diagnosis is crucial for patient management, 

prevention of unnecessary therapies, rapid 
adoption of vector control measures, and col-
lection of epidemiological data.

There are two pillars to diagnosis: direct 
pathogen detection and the determination of 
specific antibodies. Serological tests provide a 
longer diagnostic window than direct meth-
ods, and are suitable for diagnosing acute and 
past infections, for disease surveillance and 
for vaccination monitoring. ELISA and indi-
rect immunofluorescence test (IIFT) systems 
based on optimized antigens enable sensitive 
and specific detection of antibodies against 
ZIKV, DENV and CHIKV in patient serum or 
plasma. In recent years, Euroimmun (Lübeck, 
Germany) has developed numerous test sys-
tems for the serological diagnosis of (re-)
emerging diseases, including a very sensitive 
and specific anti-ZIKV ELISA.
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3.1  Laboratory Testing for ZIKV 
Infections

Diagnostic testing for ZIKV infection is accom-
plished using mainly genome detection and sero-
logical methods [48, 63, 71, 91]. Recently, a 
number of in-house and commercial in vitro 
diagnostic assays for direct and indirect ZIKV 
detection have been developed and widely 
applied in routine laboratories [95, 96]. However, 
no single test is capable of accurately diagnosing 
ZIKV infections over the whole course of dis-
ease. Rather, a combination of direct and indirect 
detection methods is preferable to either approach 
alone, with serological methods being effective 
from soon after clinical onset to beyond conva-
lescence. In the differential diagnosis of ZIKV 
infections, evaluation for DENV and CHIKV 
should be included because of their clinical simi-
larity and co-endemicity [60]. Careful result 
interpretation is crucial as it will guide the clini-

cal management regarding, for example, possible 
adverse pregnancy outcomes.

3.1.1  Direct ZIKV Detection

Only within the first week after symptom onset, 
ZIKV can be isolated from infected individuals 
via cell culture [2, 28, 33, 56]. Within the same 
time frame, highly specific reverse transcription- 
polymerase chain reaction (RT-PCR) assays 
allow for the detection of ZIKV RNA in serum 
samples [15, 46] (Fig. 3.1a, b). In saliva, urine, 
semen or amniotic fluid, the viral genome may be 
detectable for a prolonged time [4, 16, 37, 72]. In 
contrast to DENV diagnostics, where the deter-
mination of virus antigen is a common approach, 
ZIKV antigen assays are not yet available [54]. 
Due to the short viremic phase, the high number 
of asymptomatic infections and the frequent dif-
ficulty in precisely determining the onset date of 
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Fig. 3.1 Appearance of the major laboratory diagnostic 
markers in (a) primary ZIKV infections and (b) secondary 
flavivirus infections with ZIKV: virus isolation, RNA 
detection, and anti-ZIKV antibodies (IgM, IgG). Titer 

course of anti-ZIKV IgM and IgG in (c) a European trav-
eler after primary infection with ZIKV, and (d) a 
Columbian resident who contracted ZIKV as secondary 
flavivirus infection
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symptoms, the utility of direct ZIKV detection is 
limited. Negative results obtained by direct tech-
niques do not rule out a ZIKV infection and 
require additional serological testing.

3.1.2  Indirect ZIKV Detection

Serology is the most commonly applied tech-
nique for diagnosing both recent and past ZIKV 
infections [48]. Serum samples obtained after the 
first week of clinical illness as well as samples 
that were tested negative or not tested by RT-PCR 
are most relevant for serological examination. If 
serology is negative in the first instance, particu-
larly in the early phase of infection, antibody 
testing should be repeated on a serum sample 
taken between one and 2 weeks later. The detec-
tion of anti-ZIKV IgM, seroconversion, or a sig-
nificant increase in the IgG titer in paired samples 
are indicative of an acute infection [48, 64, 67].

In primary ZIKV infections that often occur 
among travelers without previous flavivirus 
infection, anti-ZIKV IgM antibodies appear 
4–7 days after disease onset, peak within 2 weeks, 
and remain detectable for approximately 
12  weeks. Anti-ZIKV IgG antibodies appear 
shortly after IgM and are expected to persist life- 
long (Fig. 3.1a, c) [4, 46, 81]. In contrast, most 
residents of ZIKV-endemic areas have preexist-
ing antibodies against DENV or some other flavi-
virus (e.g., yellow fever virus) and contract ZIKV 
as a secondary flavivirus infection. According to 
our findings, these patients typically develop 
very high anti-ZIKV IgG titers early after the 
onset of symptoms, paralleled by a boost in IgG 
against the virus of the primary flavivirus infec-
tion, while the anti-ZIKV IgM response is often 
low or absent (Fig. 3.1b, d) [81]. Similar kinetics 
have been demonstrated for patients with second-
ary DENV infections, as described below. 
Considering the possibility of IgM negative 
results in the setting of secondary infections, the 
“IgM only” strategy, as currently recommended 
for ZIKV serological testing [60, 64], bears a 
high risk of misdiagnosis of active infections. 
Rather, additional IgG analysis is regarded man-
datory [14, 75].

ZIKV-specific antibodies are most commonly 
analyzed by ELISA and IIFT, including in-house 
assays (e.g., CDC Zika MAC ELISA) and an 
increasing number of commercial tests. 
Immunochromatographic assays for point-of- 
care rapid diagnostic testing (RDT) are also 
available [95, 96] (Table  3.1). Most of these 
assays, however, are based on whole-virus anti-
gen or virus glycoproteins and consequently suf-
fer from extensive serological cross-reactivity 
with other flaviviruses (e.g., DENV, yellow fever, 
West Nile, and Japanese encephalitis virus), 
which leads to false-positive or uninterpretable 
data. Thus, cross-reactivity presents a major chal-
lenge for the interpretation of results and may 
preclude the identification of the specific infect-
ing virus, especially in individuals previously 
infected with or vaccinated against a related flavi-
virus. Even when using plaque-reduction neutral-
ization tests (PRNT) to confirm the diagnosis of 
ZIKV, as recommended in current testing algo-
rithms, cross-neutralization cannot be excluded 
for secondarily-infected patients so that PRNT 
results may not always distinguish ZIKV from 
other flavivirus or multi-flavivirus infections [13, 
17, 22, 46, 48, 69–71]. Therefore, efforts have 
been made in the development of widely appli-
cable serological assays that provide high diag-
nostic sensitivity and specificity for ZIKV. So far, 
however, data reflecting assay performance is 
rare and has to be interpreted with caution as it 
depends on the validation cohort.

3.1.2.1  ZIKV Differential Diagnosis 
Using IIFT Biochip Mosaics

IIFT biochip mosaics (Euroimmun, Lübeck, 
Germany) provide a suitable test platform for 
standardized multiparametric testing, and have 
been developed and manufactured in cooperation 
with the Robert Koch Institute (RKI, Berlin, 
Germany). Every test field contains a combina-
tion of biochips each of which is coated with 
another substrate (virus-infected cells). Thus, in a 
single analysis, a patient sample can be examined 
simultaneously for antibodies against all infec-
tious agents relevant for differential diagnosis, 
i.e. identifying one specific pathogen amongst 
pathogens occurring in the same geographic 
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Table 3.1 Available serological tests for the diagnosis of ZIKV infections (11/2016)

Company Assay* Ig class Format References
ADI RecombiVirus Zika Virus 

Envelop antibody ELISAc

IgM ELISA

RecombiVirus Zika Virus 
Envelop antibody ELISAc

IgG ELISA

RecombiVirus Zika Virus 
Envelop domain III ELISAc

IgM ELISA

RecombiVirus Zika Virus 
Envelop domain III ELISAc

IgG ELISA

RecombiVirus Zika Virus PrM 
antibody ELISAc

IgM ELISA

RecombiVirus Zika Virus PrM 
antibody ELISAc

IgG ELISA

RecombiVirus Zika Virus NS1 
antibody ELISAc

IgM ELISA

RecombiVirus Zika Virus NS1 
antibody ELISAc

IgG ELISA

RecombiVirus Zika Virus Capsid 
antibody ELISAc

IgM ELISA

RecombiVirus Zika Virus Capsid 
antibody ELISAc

IgG ELISA

RecombiVirus Zika Virus 
Env+NS1+Prm+Capsid antibody 
Combo ELISAc

IgM ELISA

RecombiVirus Zika Virus 
Env+NS1+Prm+Capsid antibody 
Combo ELISAc

IgG ELISA

Artron One Step Zika Virus Test Kita IgM/IgG ICA (RDT)
Biocan Zika Virus IgG/IgM Antibody 

Testa

IgM/IgG ICA (RDT)

Zika/Dengue/Chikungunya 
Combo Testsa

IgM/IgG ICA (RDT)

Chembio DPP Zika IgM/IgG Assaya IgM/IgG ICA (RDT)
CD Zika Virus IgM ELISA IgM ELISA
CDC Zika MAC-ELISAb IgM ELISA [23, 25]
CTK Biotech RecombiLISA Zika IgM Testd IgM ELISA
DA/CD OneStep Zika Virus IgG/IgM 

RapiCardc

IgM/IgG ICA (RDT)

DIACHECK DIACHECK Anti-ZIKA IgMc IgM ELISA
DIACHECK Anti-ZIKA IgGc IgG ELISA
DIACHECK Anti-ZIKA IgAc IgA ELISA

Dia.Pro ZIKA Virus IgMa IgM ELISA
ZIKA Virus IgGa IgG ELISA
Zika Virus IgG Aviditya IgG ELISA

DRG Zika Virus IgM μ-capture ELISA IgM ELISA

(continued)
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Company Assay* Ig class Format References
Euroimmun Anti-Zika virus IIFTa IgM/IgG IIFT

Arbovirus Fever Mosaic 2 IIFTa IgM/IgG IIFT
Arbovirus Profile 3 IIFTa IgM/IgG IIFT
Anti-Zika virus ELISA (IgM)a IgM ELISA [2, 14, 34, 35, 38, 

41, 55, 72, 81, 86, 
100]

Anti-Zika virus ELISA (IgG)a IgG ELISA [41, 81, 86, 100]
IBL Zika Virus IgM μ-capture ELISAa IgM ELISA

InBios ZIKV Detect IgM Capture 
ELISAb

IgM ELISA

LumiQuick QuickProfile Zika Virus IgG/IgM 
Combo Testa

IgM/IgG ICA (RDT)

Mikrogen alphaWell Zika Virus IgM 
μ-capture

IgM ELISA

recomLine Tropical Fever IgMa IgM LIB
recomLine Tropical Fever IgGa IgG LIB

MyBioSource Qualitative Human Zika Virus 
IgM (ZV-IgM) ELISAc

IgM ELISA

Qualitative Human Zika Virus 
IgG (ZV-IgG) ELISAc

IgG ELISA

NovaTec NovaLisa Zika Virus IgM 
μ-capture ELISAa

IgM ELISA

R-Biopharm RIDASCREEN Zika Virus IgM 
μ-capture

IgM ELISA

SD Biosensor STANDARD E Zika IgM ELISA IgM ELISA
STANDARD Q Zika IgM/IgG IgM/IgG ICA (RDT)

Viramed Zika Virus ViraStripe IgMa IgM LIB
Zika Virus ViraStripe IgGa IgG LIB

Vircell ZIKV-DENV-CHIKV IFA IgMa IgM IIFT
ZIKV-DENV-CHIKV IFA IgGa IgG IIFT
ZIKA ELISA IgMd IgM ELISA
ZIKA ELISA IgGd IgG ELISA
ZIKA VIRCLIA IgM 
MONOTESTd

IgM CLIA

ZIKA VIRCLIA IgG 
MONOTESTd

IgG CLIA

Viro-Immun VIR-ELISA Zika Virusc IgM ELISA
VIR-ELISA Zika Virusc IgG ELISA
VIR-ELISA Zika Virusc IgA ELISA

CLIA chemiluminescence assay, ELISA enzyme-linked immunosorbent assay, ICA immunochromatographic assay, 
IIFT indirect immunofluorescence test, LIB line immunoblot, RDT rapid diagnostic test
*Regulatory status (if available) according to suppliers’ official websites and test instructions
aCE/IVD certified
bAuthorized by FDA under an Emergency Use Authorization for use by authorized laboratories only [32]
cFor research use only
dComing soon

Table 3.1 (continued)
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region and causing similar clinical symptoms. 
Further advantages as compared to in-house 
IIFTs are high-level standardization for increased 
reproducibility among patients and laboratories, 
rapid performance, storability, and inclusion of 
uninfected control cells for the recognition of 
unspecific reactivity.

The Euroimmun Arbovirus Fever Mosaic 2 
IIFT consists of a combination of six cell sub-
strates infected with ZIKV, CHIKV or DENV 
serotypes 1–4 (Fig. 3.2a). The mosaic’s diagnos-
tic performance is indicated in Table 3.2, includ-
ing assay sensitivity in detecting confirmed 
infections with ZIKV, DENV or CHIKV, as well 
as assay specificity among healthy blood donors 
from non-endemic areas. The combination of 
antigenically related viruses on adjacent biochips 
also enables the investigation of potentially 
cross-reactive antibodies: Whilst there is gener-
ally no or only low-grade cross-reactivity in a 

primary flavivirus infection, high grade cross- 
reactivity is typical for secondary infections (e.g., 
a ZIKV infection following a DENV infection), 
usually being stronger for IgG than for IgM anti-
bodies. Titration of the patient sample on the 
mosaic may enable the determination of a domi-
nant end-point titer for the virus causing the 
infection (Fig.  3.2b). If IIFT does not allow 
unambiguous differentiation, an ELISA-based 
approach is appropriate (Fig. 3.3).

3.1.2.2  Detection of Anti-ZIKV IgM 
and IgG Using a Highly Specific 
NS1-Based ELISA

In order to overcome the problem of serological 
cross-reactivity associated with whole virus- 
based assays, recombinant proteins have recently 
been given priority in the development of more 
efficient antigenic substrates for ZIKV serodiag-
nosis. Since the non-structural protein 1 (NS1) 

Fig. 3.2 Arbovirus Fever Mosaic 2 (Euroimmun) for the 
detection of antibodies against ZIKV, DENV and CHIKV 
by indirect immunofluorescence. (a) Microscope slide 
with ten analysis fields each containing six biochips 
coated with differently infected cells (ZIKV, DENV 1, 

DENV 2, DENV 3, DENV 4, CHIKV). (b) Flow chart for 
the differential diagnosis of arbovirus infections, focusing 
on the characteristic antibody constellations and reactivity 
patterns in primary and secondary ZIKV infections
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Table 3.2 Sensitivity and specificity of the Arbovirus Fever Mosaic 2 IIFT (Euroimmun)

Substrate Ig class
Sensitivity Specificity
n % n %

Zika virus IgM 97a-c 96.9 211a,i,k 98.1
IgG 104a-c 96.8 258a,i,k 93.4

Dengue virus (types 1–4) IgM 65a,d,e 98.5 184e,i 96.2
IgG 59a,d,e 96.6 251e,i 96.4

Chikungunya virus IgM 174a,f-h 97.7 256g-i 99.6
IgG 117a,f,g,i 95.7 200a,i 98.5

aSamples pre-characterization using in-house methods at the WHO Collaborating Centre for Arbovirus and Haemorrhagic 
Fever Reference and Research (WHOCC, Hamburg, Germany)
bSamples from ZIKV-RT-PCR-confirmed patients from the Dominican Republic (BocaBiolistics, USA)
cSamples from ZIKV-RT-PCR-confirmed German and Italian patients
dSamples pre-characterization using in-house methods at the Robert Koch Institute (RKI, Berlin, Germany)
eSamples pre-characterization using Dengue IgM Capture ELISA or Dengue IgG Capture ELISA (Panbio Diagnostics, 
Brisbane, Australia) at the University Jedda (Saudi Arabia)
fSamples pre-characterization using in-house anti-CHIKV ELISA at the Centre National de Référence des Arbovirus 
(Marseille, France)
gSamples pre-characterization using in-house anti-CHIKV ELISA at Cerba Specimen Services (France)
hSamples pre-characterization using in-house CHIKV MAC-ELISA at the Centers of Disease Control and Prevention 
(CDC) Arboviral Diseases Branch (Fort Collins, Colorado, USA) [43]
iSamples from healthy blood donors provided by the University Medical Center Schleswig-Holstein (Lübeck, Germany)
kSamples from healthy pregnant women provided by Laboratory Schottdorf (Augsburg, Germany)

Fig. 3.3 Algorithm for the serological differential diag-
nosis in suspected cases of DENV, CHIKV or ZIKV 
infections using Euroimmun ELISA.  IgG and IgM anti-

bodies against DENV, CHIKV and ZIKV should be deter-
mined in parallel
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had been shown to be a suitable candidate [21], 
the Euroimmun Anti-Zika Virus ELISA was 
developed based on recombinant ZIKV NS1 as 
solid-phase antigen [81]. Meanwhile, this ELISA 
has become widely established in prenatal and 
routine diagnostic settings [2, 14, 34, 35, 55, 72, 
100] (Fig.  3.3). Its diagnostic performance was 
evaluated in cooperation with renowned European 
institutes for tropical and travel medicine using 
sera from residents in ZIKV-endemic areas, 
returning travelers, individuals with potentially 
cross-reactive antibodies, and blood donors of 
different age groups and origin [41, 81, 86]. 
Highest ELISA sensitivity (100% in RT-PCR- 
confirmed ZIKV infections) was achieved by 
combined IgM/IgG testing (Table 3.3). In cohorts 
of healthy individuals, ELISA specificity 
amounted to ≥99.0% for IgM and 96.7–100% for 
IgG (Table  3.4). Referring to potentially cross- 
reactive samples, specificity was 97.1–100% for 
IgM and 96.0–100% for IgG. Positivity in very 
few samples from patients infected with another 
flavivirus (WNV, JEV) may be due to co- infection 

with ZIKV (true-positive results) or due to cross-
reactivity (false-positive results). Importantly, 
ELISA reactivity was neither observed in DENV- 
infected patients from ZIKV non-endemic regions 
nor in individuals with high-titer anti- DENV 
antibodies (including secondary infections),  
irrespective of the DENV serotype [38, 81] 
(Table 3.4). Furthermore, Granger et al. reported 
an excellent overall agreement of the Euroimmun 
Anti-Zika Virus IgM ELISA with the CDC Zika 
MAC-ELISA (100% correlation) [38].

Analysis of potential interfering factors (poly-
clonal B-cell stimulation triggered by infections 
with Epstein-Barr virus, Mycoplasma pneumoniae, 
cytomegalovirus, human immunodeficiency virus 
or Plasmodium spp.; rheumatoid factor; autoim-
mune antibodies) revealed false- positive anti-
ZIKV IgM/IgG results in about 20–30% of patients 
with acute and <2% in those with past Plasmodium 
infection. Among all other factors, interferences 
were observed in ≤6% for IgM and 0% for IgG 
[41, 81, 86] [and unpublished data].

Table 3.3 Sensitivity of the NS1-based Anti-Zika Virus ELISA (Euroimmun)

Cohort Origin of ZIKV infection n
Anti-ZIKV ELISA sensitivity (CI 95%)c

ReferencesIgM IgG IgM/IgG
Travelers returning from ZIKV-endemic areas (primary ZIKV infection)
RT-PCR-
confirmed ZIKV 
infectiona

Haiti or N/A 5 100% 
(51.1–100%)

60.0% 
(22.9–88.4%)

100% 
(51.1–100%)

[81]

IIFT-confirmed 
ZIKV infectionb

Brazil, Colombia or N/A 26 80.8% 
(61.7–92.0%)

69.2% 
(49.9–83.7%)

96.2% 
(79.6–100%)

[81]

Residents in ZIKV-endemic areas (secondary ZIKV infection)
RT-PCR-
confirmed ZIKV 
infectiona

Suriname, Colombia, 
Dominican Republic

12 41.7% 
(19.3–68.1%)

100% 
(71.8–100%)

100% 
(71.8–100%)

[81]

IIFT-confirmed 
ZIKV infectiona

Colombia 38 7.9 % 
(2.0–21.5%)

89.5% 
(75.3–96.4%)

89.5% 
(75.3–
96.4%)

[81]

IIFT-confirmed 
acute ZIKV 
infection

Brazil 10 100% 
(67.9–100%)

50% 
(23.7–76.3%)

100% 
(67.9–100%)

[41]

CI confidence interval, ELISA enzyme-linked immunosorbent assay, IIFT indirect immunofluorescence test, N/A not 
available, RT-PCR reverse transcription-polymerase chain reaction, ZIKV Zika virus
aSamples taken from different patients ≥6 days post symptom onset
bSamples taken from different patients ≥1 days post symptom onset (no data available for ≥6 days)
cCut-off ratio for positivity: ≥1.1
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Table 3.4 Specificity of the NS1-based Anti-Zika Virus ELISA (Euroimmun)

Cohort
Anti-ZIKV ELISA IgM Anti-ZIKV ELISA IgG

Referencesen Specificity (CI 95%)c n Specificity (CI 95%)c

Healthy control samples
German pregnant women 100 100% (95.6–100%) 100 100% (95.6–100%) [81]
Healthy prepartal womenb 20 100% (83.2–100%) 20 100% (83.2–100%) [38]
Zimbabwean blood donors 128 100% (96.5–100%) 128 100% (96.5–100%) [81]
Argentinian blood donors 99 99.0% (94.0–100%) 99 100% (95.5–100%) [81]
US-American blood donors 100 100% (95.6–100%) 100 99.0% (94.0–100%) [81]
German blood donors 500 99.8% (98.8–100%) 500 99.8% (98.8–100%) [81]
Healthy blood donorsb 30 100% (86.5–100%) 30 96.7% (81.9–100%) [38]
German children 88 100% (95.0–100%) 88 100% (95.0–100%) [81]
Potentially cross-reactive samples
DENVa infection (high 
median anti-DENV IgM)

47 100% (91.0–100%) 47 100% (91.0–100%) [81]

DENVa infection (high 
median anti-DENV IgG)

46 100% (90.8–100%) 46 100% (90.8–100%) [81]

DENVa infection 16 100% (77.3–100%) 10 100% (67.9–100%) [41]
Early convalescent DENVa 
infection in individuals from 
a ZIKV non-endemic region

7 100% (59.6–100%) 7 100% (59.6–100%) [38]

Suspected secondary DENVa 
infection in individuals from 
a ZIKV non-endemic region

13 100% (73.4–100%) 13 100% (73.4–100%) [38]

DENV (type 1) infection 3 100% (29.2–100%) 3 100% (29.2–100%) [86]
DENV (type 1) infection 8 100% (62.8–100%) 8 100% (62.8–100%) UD
DENV (type 2) infection 4 100% (45.4–100%) 4 100% (45.4–100%) [86]
DENV (type 2) infection 10 100% (67.9–100%) 10 100% (67.9–100%) UD
DENV (type 3) infection 2 100% (29.0–100%) 2 100% (29.0–100%) [86]
DENV (type 3) infection 5 100% (51.1–100%) 5 100% (51.1–100%) UD
DENV (type 4) infection 1 100% (16.8–100%) 1 100% (16.8–100%) [86]
DENV (type 4) infection 3 100% (38.3–100%) 3 100% (38.3–100%) UD
YFV vaccination 12 100% (71.8–100%) 12 100% (71.8–100%) [81]
YFV vaccination 15 100% (76.1–100%) 15 100% (76.1–100%) [41]
YFV vaccination 10 100% (67.9–100%) 10 100% (67.9–100%) [86]
WNV infection 34 97.1% (83.8–100%)d 34 100% (87.9–100%) [81]
WNV infection 10 100% (67.9–100%) 13 100% (73.4–100%) [38]
JEV infection 25 100% (84.2–100%) 25 96.0% (78.9–100%)d [81]
CHIKV infection 19 100% (80.2–100%) 19 100% (80.2–100%) [81]
CHIKV infection 4 100% (45.4–100%) 5 100% (51.1–100%) [38]
SLEV infection 2 100% (29.0–100%) 6 100% (54.1–100%) [38]
TBEV infection 38 100% (89.1–100%) 21 100% (81.8–100%) [41]
TBEV vaccination N/A 52 100% (91.8–100%) [41]
HCV infection N/A 16 100% (77.3–100%) [41]

CHIKV, chikungunya virus, CI confidence interval, DENV dengue virus, ELISA enzyme-linked immunosorbent assay, 
HCV hepatitis C virus, JEV Japanese encephalitis virus, N/A not available, SLEV St. Louis encephalitis virus, TBEV 
tick-borne encephalitis virus, UD unpublished data, WNV West Nile virus, YFV yellow fever virus, ZIKV Zika virus
aDENV serotype not known
bOrigin of sample donors not available
cCut-off ratio for positivity: ≥1.1
dAnti-ZIKV reactivity may be due to ZIKV/WNV or ZIKV/JEV co-infections (true-positive results) or due to cross- 
reactivity (false-positive results)
eUnpublished data (UP) were provided by K. Steinhagen
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3.2  Laboratory Testing for DENV 
Infections

Any of the four DENV serotypes can cause 
asymptomatic infections, dengue fever (DF) or 
dengue hemorrhagic fever/dengue shock syn-
drome (DHF/DSS). Importantly, a secondary 
infection by a heterologous DENV serotype is 
associated with a high risk for DHF/DSS due to 
immune enhancement [10, 79]. Diagnostics can 
be performed through isolation of the virus, 
detection of viral RNA or antigen, detection of 
specific antibodies, or (optimally) a combination 
thereof [27, 39, 64, 66, 82, 84]. Evidence of the 
value of combining DENV antigen- and antibody- 
based test results has been comprehensively 
described in previous publications [8, 36, 61].

3.2.1  Direct DENV Detection

Direct methods, including virus isolation and 
detection of viral RNA by RT-PCR are most effi-
cient during the first 4–5 days after the onset of 
symptoms [18, 20, 45, 47, 74]. RT-PCR is both 
sensitive and specific with respect to DENV con-
firmation and serotyping, therefore representing 
the method of choice for the examination of 
patient samples obtained in the early acute stage 
of illness [15, 63]. However, RT-PCR requires 
specific reagents and laboratory equipment as 
well as trained personnel, while virus isolation is 
time consuming. Due to the short viremic phase, 
RT-PCR may already be negative by the time a 
patient consults a doctor.

Alternatively, many standardized commercial 
assays for the detection of DENV antigens, particu-
larly NS1, have been developed [3, 29, 30, 61, 65]. 
NS1 is detectable at the onset of symptoms in both 
primary and secondary DENV infections and 
remains detectable past the viremic phase (up to 
9 days from disease onset), thus offering a larger 
time frame for diagnosis than other direct tech-
niques. In addition, high NS1 levels correlate with 
the development of DHF [1, 29, 52, 99]. Importantly, 
sera from patients with acute ZIKV infection do not 
appear to cross-react with DENV NS1 antigen tests, 

indicating high specificity [54]. Rapid diagnostic 
tests (RDT) for DENV NS1 detection provide 
opportunities for point-of-care diagnosis, but should 
be interpreted with caution since their sensitivity is 
inherently limited and inferior to ELISA testing [5, 
42, 65]. Negative results obtained by direct methods 
do not rule out a DENV infection and require addi-
tional serological testing.

3.2.1.1  Detection of DENV NS1 Antigen 
Using ELISA

The Euroimmun Dengue Virus NS1 ELISA is 
coated with monoclonal anti-DENV NS1 antibod-
ies that specifically bind NS1 of all four DENV 
serotypes and enable highly sensitive antigen 
detection. Analysis of 35 clinically and serologi-
cally pre-characterized sera provided by the 
INSTAND quality assessment scheme (2010 to 
2016) revealed 100% agreement between the 
INSTAND target values and the results obtained 
using the Euroimmun Dengue Virus NS1 ELISA, 
indicating 100% sensitivity and specificity. 
Parallel investigation of specific antibodies against 
DENV, ZIKV and CHIKV is recommended con-
sidering the relevance of early diagnosis and the 
possibility of co-infections (Fig. 3.3).

3.2.2  Indirect DENV Detection

Serology is frequently used for routine diagnosis 
of DENV infections and preferentially applied 
after the time slot for direct virus detection 
(>3–4 days post symptom onset) or subsequent to 
negative testing by direct methods [39]. In pri-
mary DENV infections, specific IgM antibodies 
are detectable in 50% of patients by the third day 
after symptom onset, increasing to 80–99% by 
day five to ten. IgM levels peak after approxi-
mately 2  weeks of illness and decline to unde-
tectable levels after 2–3 months. Anti-DENV IgG 
starts to increase at the end of the first week of 
illness and remains detectable for months and 
years [39, 63, 84]. In contrast, during secondary 
infection, the IgM response is often delayed, low 
or undetectable, while IgG titers rise rapidly 
within the first 2 days after symptom onset, the 
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latter showing high cross-reactivity with other 
flaviviruses (Fig. 3.4) [19, 39, 75, 77, 87].

Acute DENV infections are indicated sero-
logically by the presence of specific IgM, 
 seroconversion or a fourfold or greater increase 
in IgG titer. Since the delay or absence of detect-
able IgM levels in some secondary infections 
may lead to misdiagnosis, the combined testing 
of IgM and IgG has been proposed as an effective 
strategy [75, 76]. As DENV-specific antibodies 
of class IgA are produced in parallel to IgM in 
about 70% of cases, the additional determination 
of IgA can assure the diagnosis of a recent  
primary infections, especially when a follow-up 
sample is not yet available or if the IgG response 
is not yet detectable [57]. For the classification of 
primary and secondary DENV infections, some 
protocols use IgM/IgG ratios, with capture 
ELISAs being the most common assays for this 
purpose [26, 31, 78, 84]. Alternatively, a hemag-
glutination inhibition (HI) titer exceeding 
1:1280  in convalescent serum is considered 
indicative of a secondary DENV infection [84].

A large number of commercial assays for 
DENV serological testing with variable degrees 
of sensitivity and specificity are currently avail-
able, with ELISA, IIFT and immunochromato-
graphic RDTs representing preferred methods for 
rapid, simple and high-throughput testing 
(Table  3.5) [5, 8, 40, 83, 84]. HI assays and 
PRNTs are further options, but not routinely used 
because they are not standardized, time consum-
ing, labor intensive, low throughput and restricted 
to Biosafety Level 3. Noteworthy, the perfor-
mance of anti-DENV RDTs appears problematic 
[5]. This was also reflected by the INSTAND 
DENV proficiency testing in 2016, demonstrating 
average pass rates for anti-DENV IgG positive 
samples of 8.3–70.8% by laboratories using rapid 
tests compared to 97.7–100% using ELISA and 
90.0–100% using IIFT [42]. In a WHO multi-
center study, anti-DENV IgM RDTs showed 
mean sensitivities ranging from 20.5% to 97.7% 
and specificities between 76.6% and 90.6%, while 
IgM ELISA kits had higher sensitivities of 61.5–
99.0% and specificities of 79.9–97.8% [40].

Fig. 3.4 Time course of serological parameters in primary and secondary DENV infection. In secondary DENV infec-
tions, the IgM response is variable, and in some cases undetectable
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Table 3.5 Available serological tests for the diagnosis of DENV infections (11/2016)

Company Assay Ig class Format References [5, 80, 83]
Access Bio CareStart Dengue Combo (NS1+IgM/

IgG)
IgM/IgG ICA (RDT)

ADI Human Anti-Dengue Virus IgM ELISA IgM ELISA
Human Anti-Dengue Virus IgG ELISA IgG ELISA
Human Anti-Dengue virus 1 Envelop 
protein IgG ELISA

IgG ELISA

Human Anti-Dengue virus 2 Envelop 
protein IgG ELISA

IgG ELISA

Human Anti-Dengue virus 3 Envelop 
protein IgG ELISA

IgG ELISA

Human Anti-Dengue virus 4 Envelop 
protein IgG ELISA

IgG ELISA

Human Anti-Dengue virus 1 prM 
protein IgG ELISA

IgG ELISA

Human Anti-Dengue virus 2 prM 
protein IgG ELISA

IgG ELISA

Human Anti-Dengue virus 3 prM 
protein IgG ELISA

IgG ELISA

Human Anti-Dengue virus 4 prM 
protein IgG ELISA

IgG ELISA

Human Anti-Dengue virus 1+2+3+4 
Envelop protein IgG ELISA

IgG ELISA

Human Anti-Dengue virus 1+2+3+4 
prM protein IgG ELISA

IgG ELISA

Artron Dengue Virus IgG/IgM Antibody IgM/IgG ICA (RDT)
Dengue IgG/IgM/NS1 Combo IgM/IgG ICA (RDT)

Bio-Rad Platelia Dengue IgA Capture IgA ELISA [26]
Platelia Dengue IgG Capture IgG ELISA
RDT Dengue IgA/IgG IgA/IgG ICA (RDT)

Biocan Dengue IgG/IgM Antibody IgM/IgG ICA (RDT)
Dengue IgA/IgG/IgM Antibody 
(Triplex)

IgM/IgG/IgA ICA (RDT)

Dengue IgA/IgG/IgM Antibody & 
NS1 (Fourplex)

IgM/IgG/IgA ICA (RDT)

Zika/Dengue/Chikungunya Combo 
Tests

IgM/IgG ICA (RDT)

Biosynex Immunoquick Dengue Fever IgG and 
IgM

IgM/IgG ICA (RDT) [7]

Calbiotech Dengue Virus IgM ELISA IgM ELISA
Dengue Virus IgG ELISA IgG ELISA

CD Dengue IgM Capture ELISA IgM ELISA
Dengue IgG ELISA IgG ELISA
Dengue Virus IgG Human ELISA IgG ELISA
Dengue Fever IgG-IgM (S/WB/P) 
Rapid Test (Cassette)

IgM/IgG ICA (RDT)

Core Core Dengue (IgG+IgM ) IgM/IgG ICA (RDT) [6]

(continued)
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Table 3.5 (continued)

Company Assay Ig class Format References [5, 80, 83]
CTK Biotech RecombiLISA Dengue IgM Test IgM ELISA

RecombiLISA Dengue IgG Test IgM ELISA
OnSite Dengue IgG/IgM Combo Rapid 
Test

IgM, IgG ICA (RDT) [8]

OnSite Duo Dengue Ag-IgG/IgM 
Rapid Test

IgM, IgG ICA (RDT)

OnSite Duo Dengue IgG/IgM-CHIK 
IgM Rapid Test

IgM ICA (RDT)

DA/CD AccuDiag Dengue IgM ELISA IgM ELISA
AccuDiag Dengue IgG ELISA IgG ELISA
Dengue IgG/IgM IgM/IgG ELISA
OneStep Dengue NS1 Antigen IgG/
IgM Antibody Duo Panel RapidCard

IgM/IgG ICA (RDT)

OneStep Dengue Fever IgG/IgM 
RapiCard

IgM/IgG ICA (RDT)

Dia.Pro DENM – IgM IgM ELISA
DENG – IgG IgG ELISA

DiaSorin Dengue IgM IgM ELISA
Dengue IgG IgG ELISA

Dengue Virus IgM μ-capture IgM ELISA

DRG Dengue (1–4) IgM capture ELISA IgM ELISA
DengueVirus IgM ELISA IgM ELISA [42]
Dengue Virus IgG ELISA IgG ELISA [42]
Dengue IgG/IgM Cassette Test IgM/IgG ICA (RDT)
Dengue Rapid Test IgM/IgG ICA (RDT)

Euroimmun Mosaic: Dengue virus types 1–4 (IgG 
or IgM)

IgM/IgG IIFT [42]

Flavivirus Profile 2 (IgG or IgM) IgM/IgG IIFT
Flavivirus Profile 3 (IgG or IgM) IgM/IgG IIFT
Arbovirus Fever Mosaic 1 (IgG or 
IgM)

IgM/IgG IIFT

Arbovirus Fever Mosaic 2 (IgG or 
IgM)

IgM/IgG IIFT

Arbovirus Profile 3 (IgG or IgM) IgM/IgG IIFT
Anti-Dengue virus ELISA (IgM) IgM ELISA [42]
Anti-Dengue virus ELISA (IgG) IgG ELISA [42]

Focus Dengue Virus IgM Capture DxSelect IgM ELISA [40, 42]
Dengue Virus IgG DxSelect IgG ELISA [42]
Dengue Dx IgG/IgM Rapid Test IgM/IgG ICA (RDT) [42]

GenWay Dengue Virus IgM-ELISA IgM ELISA
Dengue Virus IgG-ELISA IgG ELISA

IBL Dengue Virus IgM μ-capture ELISA IgM ELISA

Dengue Virus IgM ELISA IgM ELISA [42]
Dengue Virus IgG ELISA IgG ELISA [42]

InBios DENV Detect IgM Capture ELISA IgM ELISA [94]
DENV Detect IgG ELISA IgG ELISA

(continued)
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Company Assay Ig class Format References [5, 80, 83]
J. Mitra & Co Dengue IgM Microlisa IgM ELISA

Dengue IgG Microlisa IgG ELISA
Dengue Day1 Test IgM, IgG ICA (RDT)
Diagnos Dengue Card IgM, IgG ICA (RDT)

LumiQuick QuickProfile Dengue IgG/IgM Combo 
Test

IgM/IgG ICA (RDT)

QuickProfile Dengue NS1 Antigen & 
IgG/IgM Duo Panel

IgM/IgG ICA (RDT)

MIROGEN alphaWell Dengue IgM μ-capture IgM ELISA

alphaWell Dengue IgM IgM ELISA
alphaWell Dengue IgG IgG ELISA
recomLine Tropical Fever IgM IgM LIB
recomLine Tropical Fever IgG IgG LIB

MP 
Diagnostics

Dengue Virus IgG ELISA IgG ELISA

MyBioSource Dengue Virus IgM ELISA IgM ELISA
Dengue Virus IgG ELISA IgG ELISA

NovaTec NovaLisa Dengue Virus IgM μ-capture 
ELISA

IgM ELISA

NovaLisa Dengue Virus IgM ELISA IgM ELISA [42]
NovaLisa Dengue Virus IgG ELISA IgG ELISA

Omega Pathozyme-Dengue M Capture IgM ELISA [40, 59]
Pathozyme-Dengue G IgG ELISA
Visitect Dengue IgM/IgG ICA (RDT)

OrangeLife OL Dengue IgG/IgM IgM/IgG ICA (RDT)
OL Combo Dengue NS1/IgG/IgM IgM/IgG ICA (RDT)

Orgenics/
Alere

ImmunoComb II Dengue IgM & IgG 
BiSpot

IgM/IgG EIA [8, 73]

Panbio/Alere Dengue IgM Capture ELISA IgM ELISA [8, 26, 40, 42, 59, 89]
Dengue IgG Capture ELISA IgG ELISA [8, 26, 89]
Dengue IgG Indirect ELISA IgG ELISA [42]
Dengue Duo IgM and IgG Capture 
ELISA

IgM/IgG ELISA [24, 73, 76, 88]

Japanese Encephalitis – Dengue IgM 
Combo ELISA

IgM ELISA [51]

Dengue Duo Cassette IgM/IgG ICA (RDT) [7, 36, 40, 42, 59, 80]
PROGEN Dengue Virus Type 2 Antibody 

detection kit
IgM/IgG IIFT [42]

R-Biopharm RIDASCREEN Dengue Virus IgM IgM ELISA
RIDASCREEN Dengue Virus IgG IgG ELISA

SD Standard/
Alere

SD Dengue IgM Capture ELISA IgM ELISA [8, 40]

SD Dengue IgG Capture ELISA IgG ELISA [8]
SD BIOLINE Dengue Duo (Dengue 
NS1 Ag + IgG/IgM)

IgM/IgG ICA (RDT) [7, 8, 42, 61, 85, 90, 93]

SD BIOLINE Dengue IgG/IgM IgM/IgG ICA (RDT) [6, 40, 42]
SD BIOLINE Dengue IgG/IgM WB IgM/IgG ICA (RDT)

Table 3.5 (continued)

(continued)
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Since cross-reactivity between the DENV 
serotypes and within the flaviviruses has been 
reported as a major limitation of DENV serologi-
cal assays, differential diagnosis with respect to 
all four DENV serotypes and other co-endemic 
viruses causing similar clinical manifestations 
(e.g., ZIKV, CHIKV, yellow fever, Japanese 
encephalitis virus,) is of particular importance, 
just like the determination of the pathogenic 
agent using direct techniques [6, 8, 27] .

3.2.2.1  DENV Serotyping 
and Differential Diagnosis 
Using IIFT Biochip Mosaics

In the Euroimmun Anti-Dengue Virus IIFT, 
every test field contains four biochips, each 
coated with cells infected with one of the four 
DENV serotypes. This enables the simultaneous 
examination of a patient sample for reactivity 
(IgM or IgG) against DENV types 1–4 and in 
some cases serotyping by endpoint titration. 
Other Euroimmun IIFT biochip mosaics (e.g., 
Flavivirus Profiles, Arbovirus Profiles and 
Arbovirus Fever Mosaics) combine DENV- 

infected cells with further flavivirus substrates 
(Fig. 3.2, Tables 3.2 and 3.5). They are helpful for 
differential diagnosis and in consideration of 
potential cross-reactions with related viruses, 
representing a fast and simple alternative to more 
elaborate methods.

3.2.2.2  Detection of Anti-DENV 
Antibodies Using ELISA

The Euroimmun Anti-Dengue Virus ELISA is 
based on highly purified virus particles of sero-
type 2. Because of the structural similarity 
between DENV 1 to 4, use of a single serotype is 
sufficient for the reliable detection of antibodies 
(IgM or IgG) against any of the virus types. In 
clinically characterized sera the IgM and IgG 
ELISA demonstrated 100% sensitivity and 99% 
specificity. The correlation between the 
Euroimmun Anti-Dengue Virus ELISA and the 
PANBIO Dengue Capture ELISA amounted to 
97% for IgM and 99% for IgG (unpublished 
data). Due to use of whole-virus antigen, cross- 
reactions with other flavivirus antibodies, how-
ever, cannot be excluded (Fig. 3.3).

Company Assay Ig class Format References [5, 80, 83]
SD Biosensor STANDARD E Dengue IgM ELISA IgM ELISA

STANDARD E Dengue IgG ELISA IgG ELISA
STANDARD Q Dengue IgM/IgG IgM/IgG ICA (RDT)
STANDARD Q Dengue Duo IgM/IgG ICA (RDT)

Virion\Serion SERION ELISA classic Dengue Virus 
IgM

IgM ELISA

SERION ELISA classic Dengue Virus 
IgG

IgG ELISA

Vircell ZIKV-DENV-CHIKV IFA IgM IgM IIFT
ZIKV-DENV-CHIKV IFA IgG IgG IIFT
DENGUE ELISA IgM CAPTURE IgM ELISA
DENGUE ELISA IgG IgG ELISA
DENGUE VIRCLIA IgM 
MONOTEST

IgM CLIA

DENGUE VIRCLIA IgG 
MONOTEST

IgG CLIA

Zephyr Denguecheck Combo IgM/IgG ICA (RDT) [40]

CLIA chemiluminescence assay, ELISA enzyme-linked immunosorbent assay, ICA immunochromatographic assay, 
IIFT indirect immunofluorescence test, LIB line immunoblot, RDT rapid diagnostic test

Table 3.5 (continued)
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3.3  Serological Testing for CHIKV 
Infections

The confirmation of CHIKV infection by labora-
tory diagnostic means is analogous to ZIKV and 
DENV infections, as described above. In brief, 
during the first 5 days of infection, the identifica-
tion of CHIKV is most sensitive using RNA 
detection (RT-PCR) or viral culture. Thereafter, 
specific antibodies against CHIKV are reliable 
indicators of disease, and can be detected from 
about 3–5  days after clinical onset [12, 50, 62, 
92]. The determination of specific IgM and IgG 
can be performed using HI, virus neutralization 
and also by ELISA or IIFT which are preferable 
tests in the routine diagnostic settings. In addi-
tion, rapid point-of-care assays are available but 
suffer from poor performance [11, 43]. Table 3.6 
presents current commercial assays for CHIKV 
serology. Differential diagnosis should include 
other co-circulating infections causing similar 
symptoms (e.g., dengue fever, Fig.  3.3) and 
should take into account cross-reactivity within 
the alphavirus genus. Reliable interpretation of 
test results and differential diagnosis can be 
achieved using, among others, neutralization, 
antibody profiles or IIFT biochip mosaics (e.g., 
Euroimmun Arbovirus Fever Mosaics and 
Arbovirus Profiles; Fig. 3.2; Table 3.6).

The Euroimmun Anti-Chikungunya Virus 
IIFT with CHIKV-infected and uninfected cell 
substrates coated on separate biochips is a valu-
able tool for the diagnosis of CHIKV infections 
and antibody seroprevalence studies. Evaluation 
of this assay for the detection of IgM antibodies 
revealed a sensitivity and specificity of 96.9% 

and 98.3%, respectively. The IgG IIFT showed a 
sensitivity of 95.4% and a specificity of 100% 
[53]. Another study demonstrated increasing IgM 
assay sensitivity along with the progression of 
the disease, improving from 75.6% by day five to 
100% by day seven, at a specificity of 100% [98]. 
Assay accuracy for anti-CHIKV IgM detection 
amounted to 96–97%, which was similar to the 
accuracy demonstrated for commercial IgM 
ELISAs (95–100%) [43]. Other Euroimmun IIFT 
biochip mosaics are suitable for differential diag-
nosis analyses, such as Arbovirus Fever Mosaics 
and Arbovirus Profiles (Fig. 3.2, Tables 3.2, 3.6 
and 3.7).

The Euroimmun Anti-Chikungunya Virus 
ELISA is based on a recombinant CHIKV- 
specific structural protein. When compared to 
other commercial anti-CHIKV assays, it was 
shown to provide excellent overall agreement as 
well as very high sensitivity and specificity of up 
to 100% depending on the cohort (Fig. 3.3) [43, 
68].

3.4  Summary

Biochip mosaics for IIF-based detection of anti-
bodies against ZIKV, DENV and CHIKV enable 
the determination of the infectious agent by 
means of titration. Alternatively, the combination 
of the highly specific and non-cross-reactive 
NS1-based anti-ZIKV ELISA with anti-DENV- 
and CHIKV-ELISAs allows for reliable differen-
tial diagnosis, also in regions where these 
infections are co-endemic.
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Table 3.6 Available serological tests for the diagnosis of CHIKV infections (11/2016)

Company Assay Ig class Format References
Abcam Human Anti-Chikungunya Virus IgM ELISA IgM ELISA [43]

Human Anti-Chikungunya Virus IgG ELISA IgG ELISA
ADI Human Anti-Chikungunya virus (CHIKV) IgM 

capture ELISA
IgM ELISA

Human Anti-Chikungunya virus (CHIKV) IgG 
capture ELISA

IgG ELISA

Human Anti-Chikungunya virus E1 (CHIKV-E1) 
IgM capture ELISA

IgM ELISA

Human Anti-Chikungunya virus E1 (CHIKV-E1) 
IgG capture ELISA

IgG ELISA

Human Anti-Chikungunya virus E2 (CHIKV-E2) 
IgM capture ELISA

IgM ELISA

Human Anti-Chikungunya virus E2 (CHIKV-E2) 
IgG capture ELISA

IgG ELISA

Artron Chikungunya IgG/IgM Antibody IgM/IgG ICA (RDT)
Biocan Chikungunya IgG/IgM Antibody IgM/IgG ICA (RDT)
Biocan Zika/Dengue/Chikungunya Combo Tests IgM/IgG ICA (RDT)
CD Chikungunya IgM ELISA IgM ELISA

Human Chikungunya IgG ELISA IgG ELISA
Chikungunya Virus IgG capture ELISA IgG ELISA

CTK RecombiLISA CHIK IgM Test IgM ELISA [43]
OnSite Chikungunya IgM Combo Rapid Test IgM ICA (RDT) [11, 43, 68]
OnSite Duo Dengue IgG/IgM-CHIK IgM Rapid Test IgM ICA (RDT)

DA/CD AccuDiag Chikungunya IgM ELISA IgM ELISA
AccuDiag Chikungunya IgG ELISA IgG ELISA

Diasorin Chikungunya Virus IgM μ-capture IgM ELISA

DRG Chikungunya IgM IgM ELISA
Chikungunya IgG IgG ELISA

Euroimmun Anti-Chikungunya virus IIFT (IgG or IgM) IgM/IgG IIFT [43, 53, 58, 
97, 98]

Arbovirus Fever Mosaic 1 (IgG or IgM) IgM/IgG IIFT
Arbovirus Fever Mosaic 2 (IgG or IgM) IgM/IgG IIFT
Arbovirus Profile 3 (IgG or IgM) IgM/IgG IIFT
Anti-Chikungunya Virus ELISA (IgM) IgM ELISA [43, 68]
Anti-Chikungunya Virus ELISA (IgG) IgG ELISA [68]

GenWay Chikungunya IgM μ-capture ELISA IgM ELISA [43]

Chikungunya IgG capture ELISA IgG ELISA
IBL Chikungunya IgM μ-capture ELISA IgM ELISA [68]

Chikungunya IgG capture ELISA IgG ELISA [68]
InBios CHIKjj Detect IgM ELISA IgM ELISA [43]

CHIKjj Detect IgG ELISA IgG ELISA
J. Mitra & Co Advantage Chikungunya IgM Card IgM ICA (RDT)
LumiQuick QuickProfile Chikungunya IgG/IgM Combo Test IgM/IgG ICA (RDT)
Mikrogen alphaWell Chikungunya IgM μ-capture IgM ELISA

alphaWell Chikungunya IgG IgM ELISA
recomLine Tropical Fever IgM IgM LIB
recomLine Tropical Fever IgG IgG LIB

MyBioSource Chikungunya Virus IgM μ-capture ELISA IgM ELISA

Chikungunya Virus IgG capture ELISA IgG ELISA
NovaTec NovaLisa Chikungunya Virus IgM μ-capture ELISA IgM ELISA [49]

NovaLisa Chikungunya Virus IgG capture ELISA IgG ELISA [49]

(continued)
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Company Assay Ig class Format References
OrangeLife OL Chikungunya IgM IgM ICA (RDT)
R-Biopharm RIDASCREEN Chikungunya Virus IgM μ-capture IgM ELISA

RIDASCREEN Chikungunya Virus IgG capture IgG ELISA
SD Standard/
Alere

Chikungunya IgM ELISA IgM ELISA [9, 43]

BIOLINE Chikungunya IgM IgM ICA (RDT) [9, 43, 44, 
68]

Vircell ZIKV-DENV-CHIKV IFA IgM IgM IIFT
ZIKV-DENV-CHIKV IFA IgG IgG IIFT

ELISA enzyme-linked immunosorbent assay, ICA immunochromatographic assay, IIFT indirect immunofluorescence 
test, LIB line immunoblot, RDT rapid diagnostic test

Table 3.6 (continued)

Table 3.7 Suppliers of serological assays (supplement to 
Tables 3.1, 3.5 and 3.6)

Notation Company
Abcam Abcam plc, Cambridge, UK
Access Bio Access Bio, Inc., Somerset, NJ, USA
ADI Alpha Diagnostic International., 

Inc., San Antonio, TX, USA
Artron Artron Laboratories, Inc., Burnaby, 

BC, Canaca
Biocan Biocan Diagnostics, Inc, Coquitlam, 

BC, Canada
Bio-Rad Bio-Rad Laboratories, Marnes La 

Coquette, France
Biosynex Biosynex, Strasbourg, France
Calbiotech Calbiotech, Inc., El Cajon, CA, USA
Chembio Chembio Diagnostic Systems, Inc., 

Medford, NY, USA
CD Creative Diagnostics, Shirley, NY, 

USA
CDC CDC, Centers for Disease Control 

and Prevention, Atlanta, GA, USA
Core Core Diagnostics, Birmingham, UK
CTK Biotech CTK Biotech Inc., San Diego, CA, 

USA
DA/CD Diagnostic Automation/Cortez 

Diagnostics, Inc., Woodland Hills, 
CA, USA

DIACHECK Dr. Julio Moran, Laboratories, 
Herrliberg (Zurich), Switzerland

Dia.Pro Dia.Pro, Diagnostic Bioprobes Srl., 
Sesto San Giovanni (MI), Italy

DiaSorin DiaSorin, Saluggia, Italy
DRG DRG Diagnostics, Marburg, 

Germany
Euroimmun Euroimmun, Lübeck, Germany
Focus Focus Diagnostics, Cypress, CA, 

USA
GenWay GenWay Biotech Inc., San Diego, 

CA, USA

(continued)

IBL IBL International, Hamburg, 
Germany

InBios InBios International Inc., Seattle, 
WA, USA

J. Mitra & Co J. Mitra & Co. Pvt. Ltd., New Delhi, 
India

LumiQuick LumiQuick Diagnostics, Inc., Santa 
Clara, CA, USA

MIKROGEN MIKROGEN, Neuried, Germany
MP MP Biomedicals, Santa Ana, CA, 

USA
MyBioSource MyBioSource, Inc., San Diego, CA, 

USA
NovaTec NovaTec Immundiagnostica, 

Dietzenbach, Germany
Omega Omega Diagnostics Ltd., Alva, UK
OrangeLife OrangeLife, Rio de Janeiro, Brazil
Orgenics/Alere Orgenics Ltd. (Alere Inc.), Yavne, 

Israel
Panbio/Alere Panbio Diagnostics (Alere Inc.), 

Brisbane, Australia
PROGEN PROGEN Biotechnik, Heidelberg, 

Germany
R-Biopharm R-Biopharm AG, Darmstadt, 

Germany
SD Standard/
Alere

SD Standard Diagnostics, Inc. (Alere 
Inc.), Yongin-si, Gyeonggi-do, 
Republic of Korea

SD Biosensor SD Biosensor, Inc., Suwon-si, 
Gyeonggi-do, Republic of Korea

Viramed Viramed Biotech AG, Planegg, 
Germany

Vircell Vircell, Granada, Spain
Viro-Immun Viro-Immun Diagnostics, Oberursel, 

Germany
Virion\Serion Virion\Serion, Würzburg, Germany
Zephyr Zephyr Biomedicals, Verna, Goa, 

India
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 Discussion of Chapter 3  
in Dengue and Zika: Control and 
Antiviral Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Claudia Ohst.

Aruna Sampath: Most of the tests that you have 
shown are based on serology. Do you have any 
tests that can specifically look at infectious 
virus particles?

Claudia Ohst: The only test that we have is the 
Dengue NS1 test, that shows the NS1 for all 
four types when the virus breaks down. We 
only have this test for Dengue virus and not 
for Zika virus or Chikungunya virus. We do 
not do any PCRs either.

Aruna Sampath: Ok, so for the Dengue, what 
sensitivity do you have? What is the sensitiv-
ity for the NS1 antigens?

Claudia Ohst: Our Dengue NS1 test looks into 
detecting the Dengue NS1 antigen, so it is not 
an antibody ELISA here, but an antigen test. 
Compared to the antibody ELISA, the correla-
tion is quite good and even slightly more sen-
sitive. This has been confirmed by serology 
where both, the antibody and the NS1 antigen 
test have been performed.

Subhash Vasudevan: And do you think you can 
find the serotype as well?

Claudia Ohst: No. This one is for all of the four, 
so you cannot distinguish the serotypes with 
this, it is just a screening test.

Kerstin Falk: But you have this mosaic slide 
with Dengue 1, 2, 3, and 4. But then you said 
you have to titrate it out. And how much work 
is that and how reliable is that?

Claudia Ohst: You see, in immunofluorescence 
you always have crossreactions between the 
different serotypes and all of them will come 
up positive in your screening dilution. That’s 
why you have to titrate. Obviously you can 
take bigger steps and just see where you end 
up. And then the one with the highest titer 
should be the virus in your serotype that you 

are dealing with. Maybe PCR is the better 
method, but at least there is an option to do 
this via serology.

Kerstin Falk: So what antigen are you using? So 
what part of the genome? For the Dengue 1, 2, 
3 and 4?

Claudia Ohst: So we are using Dengue 2, I 
think. For the NS1 antigen ELISA we used 
antibodies from all four Dengue serotypes, for 
the antibody ELISA we used purified Dengue 
2 virus particles (now purified particles from 
all four Dengue types).

Kerstin Falk: But when you have Dengue 1, 2, 3 
and 4?

Claudia Ohst: Yes, but it does detect all of them.
Aravinda de Silva: But you have done this with 

IFA. IFA is immunofluorescence.
Claudia Ohst: Well, the IFA uses infected cells, 

there are four Biochips on each field of the 
Mosaic slide, each chip is coated with cells 
which were infected with only one of the four 
Dengue serotypes.

Aravinda de Silva: The Zika virus data looks 
very encouraging, much better than Dengue.

Claudia Ohst: We put a lot of work into it.
Aravinda de Silva: Have you looked at Zika virus 

in late convalescence, in other words, in peo-
ple 6  months, 1  year after exposure and see 
how the NS1 antibodies change over the long 
term?

Claudia Ohst: I think, these data might just be 
on their way. You need to get the specimens 
for this. And everything is from the first half 
basically of 2016 and that is when we start to 
get the specimens. I cannot give an answer 
now.

Aravinda de Silva: The other question I have 
had is that you showed that in secondary cases 
the Zika IgM, you could not really detect, it 
was not very sensitive. Is it because there is no 
IgM or is it because the IgG antibodies are 
binding to your NS1 antigen, because you 
have very high IgG levels. And are the IgG 
antibodies binding the NS1 and preventing 
IgM from binding?

Claudia Ohst: No. There apparently is not very 
much IgM. What we do in our IgM tests, is to 
pre-absorb all the IgG, so they should not 

3 Reliable Serological Testing for the Diagnosis of Emerging Infectious Diseases



38

really interfere with the assay. We really only 
catch the IgM antibodies that are present in 
your specimen.

Aravinda de Silva: So even in the commercial 
assay, you pre-absorb the IgG?

Claudia Ohst: Yes. So our dilution solution pro-
vided in the test kit contains something that 
pre-absorbs the IgGs.

George Gao: I missed your NS1 antigen prepa-
ration. Did you use the mammalian-expressed 
protein or insect cells expressed proteins for 
your antigen, NS1 antigen? How do you pre-
pare the antigen?

Claudia Ohst: Are you referring to the NS1 anti-
gen for Dengue or for Zika?

George Gao: For both. Dengue 1–4 and the Zika. 
How do you prepare the antigen?

Claudia Ohst: For Dengue, it is an antigen cap-
ture test, so obviously we coat our ELISA 
plates with antibodies that catch the antigen. 
In the case of Zika, where we detect antibod-
ies against the NS1 antigen, Zika NS1, we 
have NS1 protein coated on our plate. And this 
protein is prepared by our company, in our 
own molecular biology department that pro-
duces these recombinant antigens.

Paul Young: I am a little confused by the IgM 
and IgG antibody data against Zika. NS1. In 
Dengue, in primary infected patients at least, 
there is very little if any, and In many cases no, 
early IgG or IgM response to NS1. This comes 
along much later in convalescence. Very 
strong anti-E and sometimes prM, but very 
little NS1. Is it completely different in Zika? 
The patients actually mount a good antibody 
response to the NS1 protein?

Claudia Ohst: Well, we are using the NS1, 
because that is the one where we really get 
specific results. Otherwise it would not really 
help.

Paul Young: I understand completely, but it is 
not there in Dengue, so I am just surprised.

Claudia Ohst: I cannot tell you. You see, in our 
Dengue ELISAs, we do not even use the 
Dengue NS1. That might be the reason why.

Paul Young: Yes, that is why no one uses it. And 
I am just very surprised that Zika infection 

would actually induce such a high response, 
given that the viral load is lower in Zika virus. 
I suspect, no one has really done that analysis 
yet. And I know there is really quantitative 
data on the amount of NS1 in patients, but I 
suspect it is lower than in Dengue virus. So 
again it is still confusing.

Claudia Ohst: Maybe we were just lucky with 
our NS1.

Jonas Schmidt-Chanasit: I would support this 
comment, because I think it was neglected that 
the sensitivity especially for IgG is not that 
good. In combination with IgM, this Zika 
assay is okay, but if you only perform the IgG, 
you lose like 30–40% sometimes. Then, what 
is also important to mention is that the plaque 
titers do not correlate with the reactivity in the 
Zika virus ELISA.  So you have sometimes 
very high viral titers and the ELISA is com-
pletely negative. So it is quite interesting and 
it might be related to what was just mentioned 
before. I just wanted to highlight that. High 
sensitivity is only achieved if you do this in 
combination, IgG and IgM together. We have 
a lot of samples and this was also very nicely 
illustrated by the data from Mozambique, that 
they were completely negative in IgG ELISA, 
but positive in the IFA. So this is due to a lack 
of sensitivity.
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Abstract
More than simple vectors of genetic informa-
tion, flaviviral RNAs have emerged as critical 
regulators of the virus life cycle. Viral RNAs 
regulate interactions with viral and cellular 
proteins in both, mosquito and mammalian 
hosts to ultimately influence processes as 
diverse as RNA replication, translation, pack-
aging or pathogenicity. In this chapter, we will 
review the current knowledge of the role of 
sequence and structures in the flaviviral RNA 
in viral propagation and interaction with the 
host cell. We will also cover the increasing 
body of evidence linking viral non-coding 
RNAs with pathogenicity, host immunity and 
epidemic potential.
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NTPase Nucleoside triphosphatase
ORF Open reading frame
PRR Pathogen recognition receptor
RdRp RNA-dependent RNA- 

polymerase
RNAi RNA interference
sfRNA Subgenomic flaviviral RNA
UTR Untranslated region
vsRNA Viral small RNA
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4.1  Flaviviral RNA Structures Are 
Critical Regulators 
of the Viral Life Cycle

The flaviviral genome is a ~11 kb positive single- 
stranded RNA ((+)gRNA), which is capped like 
cellular mRNAs, but not polyadenylated. It 
encodes for a single open reading frame (ORF) 
flanked by highly conserved and structured 5′ 
and 3′ untranslated regions (UTRs). Since it 
serves multiple functions during infection – tem-
plate for RNA synthesis, translation of viral pro-
teins and encapsidation into new virions – its life 
cycle must be tightly regulated by viral RNA- 
RNA and viral RNA-viral proteins interactions 
[8, 71]. In this section, we describe how flaviviral 
RNA sequences and structures participate in reg-
ulating the generation of a progeny of infectious 
viruses from the initial infecting particle.

4.1.1  Life Cycle of the Flaviviral 
Genome

The flaviviral RNA life cycle begins with uncoat-
ing of the viral genome and its release in the cyto-
sol of the host cell. There, it undergoes an initial 
round of translation to produce the viral proteins 
with enzymatic activities required for viral RNA 
replication. Viral RNA translation depends solely 
on cellular factors and is thought to proceed by 
mechanisms similar to those used for translation 
of cellular mRNAs: translation initiation factors 
bind to the cap structure and in turn recruit ribo-
somes, which decode and elongate the polypeptide 

chain. It must be noted that both translation initia-
tion and elongation flaviviruses may involve non-
canonical mechanisms that require host factors not 
needed for bulk cellular translation [9, 10]. 
Flaviviral RNAs are translated as a single polypro-
tein, which is subsequently cleaved in 10 individ-
ual proteins. Two of these, the RNA- dependent 
RNA-polymerase (RdRp) and methyltransferase 
(MTase) NS5 and the nucleoside triphosphatase 
(NTPase) and helicase NS3, are required for viral 
RNA synthesis [50, 52, 97, 123, 124].

After formation of replication complexes in 
membrane structures of the endoplasmic reticu-
lum (ER) [41], RNA replication begins with syn-
thesis of a full length negative strand genomic 
RNA ((−)gRNA), or antigenome, from the posi-
tive stranded template. During this process, long 
double stranded RNA (dsRNA) intermediates are 
formed. The newly synthesized (−)gRNA is in 
turn used as a template for synthesis of multiple 
genomes in an asymmetric replication cycle, pro-
ducing ~10 times more (+)gRNA than (−)gRNA 
[71]. Capping of the (+)gRNA – the successive 
removal of the 5′ phosphate from the first nucleo-
tide of the genome, followed by transfer of a 
5′-5′-linked guanine residue, N-7 and 2′-O meth-
ylation – is performed by the viral NTPase and 
MTase [50, 68, 97]. Although little is known 
about when capping occurs during the viral 
 replication process, recent structural studies of 
NS5 support a model in which capping is per-
formed concurrently with the initiation of RNA 
synthesis and that this short capped RNA is then 
elongated into full-length genome [57].

After many rounds of translation of the (+)
gRNA, structural proteins are present in large 
numbers allowing the viral capsid protein to 
encapsidate the (+)gRNA, further coated with 
membrane and envelope proteins and released as 
new infectious particles capable of starting new 
infection cycles [15, 56].

It should be noted that a strict temporal divi-
sion of translation, replication and genome 
packaging is unlikely during the viral lifecycle, 
which may resemble more an oscillating system 
with populations of (+)gRNAs sorting into the 
three aforementioned activities in a somewhat 
stochastic fashion [38].
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4.1.2  The Role of RNA Structures 
in Regulating Replication, 
Translation and Packaging

Decades of extensive characterization have allowed 
gaining a deeper understanding of the importance 
RNA elements in flavivirus replication, especially 
in the UTRs. It is now clear that the 5′, 3′ UTR and 
the ORF contain highly conserved secondary struc-
tures with critical roles in viral RNA replication, 
translation and encapsidation (Fig. 4.1).

At the 5′ end of the genome, the 5′ stem loops 
A and B (5′SLA and 5′SLB) contain binding 
sites to the NS5 RdRp domain, allowing initia-
tion of RNA synthesis.

[27, 33, 40, 66, 77, 126]. Downstream of the 
start codon is the capsid hairpin (5′cHP), which 
directs ribosome biding to the correct site of trans-
lation initiation [17, 18]. The existence of addi-
tional structures further in the capsid coding regions 
have been more recently reported, such as CCR1, 
which is required for viral encapsidation [45].

The 3′UTR is divided in three regions: the 
variable region (3′VR), containing a succession 
of exonuclease resistant structures (xRNAs), 
appears more dispensable to viral replication but 
plays critical functions in virus-host interactions 
(see Sect. 4.3) [37, 75, 93, 106]. The dumbbell 
region (3′DB) contains two copies of the DB 

structure with A-rich stretches required for PABP 
interaction and therefore translation [2, 95, 119]. 
Both the 3′VR and 3′DB also contain highly con-
served pseudoknots [37, 93, 106, 108, 117]. PKs 
are tertiary structures formed by complementarity 
between free nucleotides in loops and sequences 
downstream the stem and play important roles in 
stabilizing the RNA and potentially mediate 
important RNA-protein interactions. Atomic reso-
lution models for two xRNA strutures from 
Murray Valley Encephalitis virus and ZIKV have 
been determined revealing the mechanistic basis 
for their impressive nuclease resistance [1, 13]. 
The 3′ short hairpin (3′HP) is required for viral 
replication in mosquito but not mammalian cells 
[115]. Finally, at the end of the genome the 3′ 
stem loop (3′SL) is one of the best-characterized 
structural elements and plays critical roles in both 
RNA replication and translation [2, 27, 40, 47, 62, 
63, 84, 98, 110, 119, 125, 126].

In addition to these linear structures, it is well 
documented that flaviviral RNAs adopt a circular, 
or panhandle structure (Fig.  4.2) and that this 
transition is absolutely required for RNA synthe-
sis [3, 24, 36, 55, 94]. The cyclization of the 
genome is mediated by long-range RNA-RNA 
interactions between several sets of complemen-
tary sequences in the 5′ and 3′UTRs. The 
5′-3′-upstream of A region (5′UAR-3′UAR) 

DB1 DB2 

start stop 

xrRNA1 
pk1 xrRNA2 

pk2 pk3 pk4 

Fig. 4.1 Conserved structures in mosquito-borne flavivi-
ruses UTRs. Model of sequence and structural elements in 
mosquito-borne flaviviruses UTRs, based on the DENV-2 
NGC sequence. The start and stop codons are indicated by 
red arrows. The 5′terminal region (yellow) encompasses 
the 5′SLA and 5′SLB in the 5′UTR and the 5′cHP in the 
capsid-coding region. The 3′UTR is divided into three 
regions: the 3′VR (purple) with exonuclease-resistant 
stem-loops xrRNA1 and xrRNA2 (previously named 

SL-II and SL-IV) the 3′DB region (pink) and the 3′ cycli-
zation and terminal stem-loop region (3′CS/SL, orange). 
The position of conserved pseudoknot structures is indi-
cated in aqua blue. Complementary sequences in the 5′ 
and 3’UTRs allowing genome cyclization are underlined 
(5′ and 3′UAR in light green; 5′ and 3′CS in dark green). 
This figure is adapted from Bidet and Garcia-Blanco, 
Biochemical Journal, 2014 to update nomenclature of 
stem loops in the VR
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interaction results in unfolding of the 5′SLB and 
of the 3′SL into 3′SLA and 3′SLB, while the 
5′-3′-cylyzation sequence (5′CS-3′CS) interac-
tion disrupts the 3′hairpin (3′HP) [3, 4, 24, 34, 
36, 74, 94]. Other paired regions, such as interac-
tions between the capsid coding region and DB1, 
might also participate in the conservation of these 
mutually exclusive structures [76].

Circularization of the flaviviral genome is 
necessary for RNA synthesis for several reasons. 
First, NS5 RdRp only binds to the 5′SL; thus cir-
cularization is needed to bring it in close proxim-
ity to the 3′end where antigenome synthesis starts 
[27, 33, 66]. In addition, in the linear structure 
the last nucleotides of the 3′UTR are involved in 
double stranded interactions in the 3′SL and can-
not enter the active site of the RdRp domain to 
initiate (−)gRNA synthesis [33, 94]. Therefore, 
the conformation changes in the 3′SL allows to 
free these nucleotides to serve as template for 
priming of RNA replication. Importantly, any 
changes to the complementary sequences that 
allow formation of the panhandle structure, but 
also mutations that perturb the switch between 
the linear and circular conformation result in 
dead viruses, indicating that a dynamic balance 
between both structures is critical in the viral life 
cycle [36, 76].

4.1.3  Conservation and Plasticity 
of RNA Sequences 
and Structures Determines 
Viral Fitness

As most RNA viruses, flaviviruses evolve rapidly 
due to the error-prone nature of their RdRp. In 
vitro experiments using DENV-2 NS5 RdRp esti-
mated one misincorporation every 75,000 nucle-
otides and with hundreds of ~11 kb new genomes 
synthesized in each infected cell, this implies the 
generation of several mutant viruses for each 
round of infection [52]. While this diversity 
might be one of the main drivers in the success of 
flaviviruses as human pathogens, it is also 
restricted by their circulation between two hosts 
and thus the need to maintain fitness in very dif-
ferent organisms to be successfully transmitted.

Host-specific mechanisms and constraints 
have been observed in several instances and are 
particularly apparent at the level of RNA struc-
ture conservation. Although many structures 
described above, such as the 5′SL, 3′SL or 5′-3′ 
cyclization sequences are required for replication 
in both hosts, for instance, the DENV-2 capsid 
coding region element CCR1 appears to affect 
virion assembly to a greater extend in mosquito 

Fig. 4.2 Cyclization of the flavivirus genome. Long 
range RNA-RNA interactions between the CS and UAR 
sequences circularize the flaviviral genome into a pan-
handle structure, inducing conformational changes in the 
5′UTR and 3′SL.  Notably, the 5′SLB unfolds to allow 

5′-3′UAR interactions, the 3′HP unfolds to mediate 
5′-3′CS annealing and the 3′SL refolds into 3′SLA and 
3′SLB.  The model presented is based on the DENV-2 
NGC sequence. This figure was originally published in 
Bidet and Garcia-Blanco, Biochemical Journal, 2014

K. Bidet and M. A. Garcia-Blanco



49

cells [45]. More strikingly, the 3′HP is dispens-
able for RNA replication in mammalian cells but 
its absence completely abrogates RNA synthesis 
in mosquito cells, denoting clear differences in 
host-specific requirements for RNA elements 
[115]. This entails added selection pressure on 
the RNA sequences and structures compared to 
RNA viruses with only one obligatory host.

Another evidence of this differential selection 
pressure comes from the study of the 
3′VR.  Structures in the 3′VR are significantly 
less conserved than their counterparts in the 
5′UTR or 3′SL [37, 93, 116]. While DENV-1, 
−2, −3 and Zika virus (ZIKV) have two large 
loops after the stop codon in the 3′VR (xrRNA1 
and xrRNA2, as depicted in Fig.  4.1), likely 
evolving from duplication of an original struc-
ture, DENV-4 and yellow fever virus (YFV) only 
possess one copy whereas Japanese encephalitis 
virus (JEV), West Nile virus (WNV) and Kunjin 
virus (KUNV) have an extra large loop inserted 
in between. Mutagenesis studies on several flavi-
viruses revealed that depletion of structures in the 
VR had only minimal effects on intracellular 
RNA synthesis, translation or encapsidation [2, 
37, 75, 93]. As expected in view of this less criti-
cal role in viral replication, deep sequencing 
analysis of DENV-2 sequences showed that the 
VR rapidly accumulates mutations in mosquito 
cells. However, most of these variants were dele-
terious for replication in mammalian cells and 
were rapidly deselected after host switch [32, 
116]. This suggests that the 3′VR plays important 
roles in virus-host interaction, especially in the 
human host, and that the sets of duplicated struc-
tures it contains might have evolved as a strategy 
to alleviate evolutionary constraints due to 
species- specific adaptation mechanisms.

4.2  Flaviviral RNAs Mediate 
Virus-Host Interaction

The mechanisms described in the previous section 
imply that flaviviruses possess all enzymatic activ-
ities required and thus are self-sufficient for RNA 
synthesis and encapsidation. However, in infected 
cells viral RNAs interact with a large variety of 

host proteins that can dramatically influence  – 
positively or negatively – the outcome of infection. 
Various studies have attempted to catalogue pro-
teins bound to flaviviral RNAs in artificial cellular 
systems or during bona fide infection and validate 
their role in viral replication (Table  4.1). In this 
section, these findings are reviewed with a focus 
on events occurring in mammalian cells.

4.2.1  Interactions with Host 
Proteins Modulate Viral 
Propagation

Flaviviral RNA translation depends entirely on 
host factors, therefore it is not surprising that a 
number of RNA-interacting host proteins are 
involved in modulation of this step of the life 
cycle. Flaviviral RNAs are capped and must 
recruit factors such as the cap-binding EIF4E, the 
translation initiation complex EIF4F and ribo-
somes for efficient translation. Interaction with 
the canonical poly A-binding protein PABP is 
also required for flaviviral RNA translation and it 
possible through binding to the A-rich DB struc-
tures in the 3′UTR, as mentioned previously [95]. 
It is interesting to note that DENV-2 RNA have 
been shown to translate efficiently in limiting 
EIF4E conditions, suggesting that EIF4E inde-
pendent translation initiation mechanisms can 
also occur [29]. Indeed, recently some cellular 
mRNAs have been shown to carry out cap- 
dependent initiation using EIF3D recognition of 
the cap [60]. In addition to these basic mecha-
nisms, binding of NFKB2 to the 3′SL of DENV-2 
was also shown to enhance translation, while 
binding of YBX1 binding to the same structure of 
DENV-2 or FBP1 to the JEV 3′SL inhibited it 
[16, 61, 90]. Many more host proteins modulat-
ing translation of cellular mRNAs have been 
identified as host factors for DENV-2, YFV or 
WNV, although their direct interaction and effect 
on the viral RNAs translation has not been con-
firmed [58, 59, 79, 100, 105, 117, 127]. This indi-
cates that a wide range of cellular factors, 
possibly competing with each other for binding 
to structures in the UTRs, will influence transla-
tion of the viral RNAs.
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A large variety of host proteins involved in 
mRNA metabolism, from heterogenous nuclear 
ribonucleoproteins (hnRNP) to stress granules 
and P-body proteins, have been reported to 
 influence flaviviral RNA replication. hnRNPA2, 
hnRNPC, hnRNPF, RBMX, SSB, HMCES, 
CSDE1, splicing factor PTBP1, exonuclease 
ERI3 or RNA degradation-associated LSM1 are 
required for the replication of some, but not all 
flaviviral replication [5, 25, 28, 51, 54, 92, 114, 
118]. Interestingly, NF90, EEF1A and the stress 
granule protein TIAR, which are generally asso-
ciated with translational repression of cellular 
mRNAs, were also pro-RNA replication factors 
in the case of flaviviral RNAs [23, 30, 31, 44, 64]. 

The helicase DDX6, NONO and hnRNPM were 
dispensable for RNA synthesis but required for 
the production of infectious particles, suggesting 
roles in viral encapsidation [92, 114, 117]. For all 
these proteins though, the precise mechanisms on 
how they influence viral replication remains to be 
fully characterized.

Additional studies also revealed that a large 
number of RNA-binding proteins were recruited 
to sites of replication and could influence the out-
come of infection, although their interaction with 
the viral RNA and/or direct effect on viral repli-
cation was not confirmed. These include stress 
granule proteins G3BP1, G3BP2, CAPRIN1 
(with an indirect effect on replication as dis-

Table 4.1 Host flaviviral RNA-interacting proteins with validated role in viral replication

Protein Binding and requirements Step References
Proviral PABP DENV-2 3′DB Translation [95, 92]

NFKB2 DENV-2 3′SL [61]

LSM1 DENV-2 3′UTR [28, 11]

Required for DENV-2 and WNV
NF90 (ILF3) DENV-2 3′SL Replication [44]

ERI3 DENV-2, YFV 3′SL [118]

Required for DENV-2 and YFV
SSB DENV-2, −4, JEV UTR [92, 39, 112, 

113]
PTBP1 DENV-2 antigenome [5]

Required for DENV-2 not YFV
hnRNPA2,C DENV-2, JEV, not mapped [25, 54, 92]
hnRNP G (RBMX) DENV-2, not mapped [114]
EEF1A DENV-2, YFV, WNV 3′SL [23]

TIAR WNV antigenome [31, 64]
CSDE1 DENV-2, not mapped [92]
HMCES DENV-2, not mapped [114]
DDX6 DENV-2 3′DB Post-replication [117]

hnRNP M DENV-2, not mapped [114]
NONO DENV-2, not mapped [114]

Antiviral YBX1 DENV-2 3′SL Translation [90]

FBP1 JEV 3′SL [16]

G3BP1/2, CAPRIN1 (see 
Sect. 4.3)

DENV-2 3′VR Indirect (immune 
response)

[7]

Antagonized by DENV-2 not 
DENV-3, YFV

TRIM25 (see 4.3) DENV-2 3′VR [78]

TLR3 dsRNA [21, 111]
RIG-I, MDA-5 dsRNA [87]
RNase L WNV, not mapped RNA degradation [101]

Acts on WNV not DENV-2 or 
JEV

MCPIP1 (ZC3H12A) DENV-2, JEV, not mapped [70]
Acts on DENV-2 and JEV
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cussed in Sect. 4.3), USP10, FMR1 and NUFIP2 
and P-body proteins EDC2, LSM10, LSM12 for 
DENV-2 infection [117]; P-body proteins 
GW182, LSM1, DICER, DDX3 for WNV infec-
tions [11, 30] and Golgi component ERI3 [118]. 
Clearly, viral RNA-binding proteins in the host 
cell will still require more studies to understand 
the landscape, function and conservation of 
requirements during flaviviral infections.

4.2.2  Compartmentalization 
and Switches in the Viral Life 
Cycle

One of the particularities of the flaviviral life cycle 
is that it occurs in specialized replication complexes 
(RCs), a relatively isolated microenvironment of 
ER-derived membrane vesicles containing high 
concentrations of both viral and host proteins [41, 
120, 121]. Electron microscopy studies showed that 
the ER compartments contain mostly genome-anti-
genome dsRNAs intermediates; genomic RNAs 
associated with ribosomes are located outside in 
association with the ER membrane and finally 
encapsidated genomes traffic back to the ER lumen 
[81, 83, 120]. This implies that genomes could 
interact with different sets of host factors at different 
stages of their life cycle, and that these interactions 
could act to tightly coordinate these steps and ensure 
optimal viral propagation.

One of the mechanisms described in Sect. 4.1 
that could ensure switching between antigenome 
synthesis and genome synthesis or translation is the 
dynamic interplay between genome circularization 
and linearization. Phosphorylation status of viral 
proteins, for instance phosphorylation near the 
active site of YFV NS5 MTase or dephosphoryla-
tion of the WNV capsid protein for encapsidation, 
was also proposed to modulate phases of the life 
cycle [6, 15]. Based on the list of the host factors 
described above and in Table 4.1, it is possible to 
hypothesize that binding cellular proteins will also 
play important roles in deciding the fate of the viral 
RNAs. For instance, competition between binding 
of PABP, required for translation and DDX6, 
required for packaging to the DENV-2 3′DB struc-
tures could influence the balance between these 
two processes and direct the viral RNAs towards 

infectious virion production. Binding of several 
factors to the 3′SL (translation activator NFKB2 
and translation repressor YBX1, or pro-replication 
SSB, ERI3, NF90 or EEF1A) could similarly direct 
the viral RNA into antigenome synthesis, genome 
synthesis or translation. Competition between viral 
and cellular factors can also be considered and a 
mechanism potentially influencing genome pack-
aging was recently described for the related 
Flaviviridae hepatitis C virus (HCV). Modification 
of the viral RNA at specific sites with N-6 methyl-
adenosine (m6A) by the host enzymes METTL3 
and METTL4 reduced production of viral particles, 
presumably because competition between the 
m6A-binding protein YTHDF and the viral capsid 
protein prevents genome encapsidation [43]. While 
conserved m6A sites were identified in the genomes 
of DENV, ZIKV and YFV, the relevance of these 
processes for flaviviruses is yet to be investigated.

4.2.3  Flaviviral RNAs Are a Target 
of Host Innate Defenses

In addition to using host factors to enhance repli-
cation, flaviviral RNAs must also avoid a large 
numbers of cellular sensors evolved to detect and 
destroy foreign pathogenic RNAs. In this area, it 
appears that the predominant strategy for flavivi-
ral RNAs is hiding. Capping and 2′-O methyla-
tion of the viral genomes mimics that of cellular 
mRNAs and prevents detection by innate immune 
defenses. Indeed, it was demonstrated that repli-
cation of WNV deficient in 2′-O MTase activity 
was suppressed by the action of interferon- 
stimulated proteins from the IFIT family [22, 
107]. Sequestration of dsRNA replication inter-
mediates, which are usually not present in host 
cells, in the membranes of the RC was also shown 
to shelter them and reduce their accessibility to 
antiviral proteins [46, 82].

In spite of this, some antiviral sensors and 
effectors are able to detect flaviviral RNAs and 
restrict their replication. Pathogen recognition 
receptors (PRRs) TLR3, RIG-I (DDX58) and 
MDA-5 (IFIH1) can recognize dsRNAs and in 
turn activate complex innate immune defense 
programs that target the virus at multiple stages 
of its life cycle [20, 21, 69, 87, 88, 111]. Effectors 
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of the antiviral response, particularly endonucle-
ases, can also directly influence replication by 
degrading viral RNAs. RNaseL can cleave WNV 
RNA but has no effect on DENV-2 or YFV repli-
cation, whereas JEV and DENV-2 RNAs could 
be readily degraded by MCPIP1 (ZC3H12A) [70, 
101]. This indicates that as for proviral factors, 
antiviral proteins can have different specificities 
within the flavivirus family.

4.2.4  Alternative NS1 Translation 
Influence Pathogenicity

Not only RNA structures and their interaction 
with host proteins can influence the fate of flavivi-
ral RNA in infected cells, they can also affect 
virus pathogenicity at the organism level. In neu-
rotropic flaviviruses such as JEV, WNV and 
KUNV, it was demonstrated that the presence of a 
pseudoknot structure preceeded by a slippery 
heptanucleotide motif at the start of the NS2A- 
coding sequence could lead to ribosomal framse-
hifting, resulting in the production of an alternative 
NS1 protein [35, 80]. This NS1′ differs from NS1 
as it contains 30 nucleotides from an alternative 
NS2A ORF fused to the original protein. 
Strikingly, mutations abrogating NS1′ production 
had no effect on viral replication in mammalian 
cells but significantly reduced neuroinvasiveness 
of KUNV [72, 80]. While the precise mechanisms 
involved in the effect of NS1′ on viral tropism are 
yet to be determined, this indicates that RNA 
structures in the flaviviral ORF can play a critical 
role in viral pathogenesis.

4.3  Flaviviral Non-coding RNAs 
Are Determinant for Viral 
Pathogenicity

Although most studies on have historically 
focused on the role of sequences and structures in 
the flaviviral genome in viral replication, the dis-
covery in recent years of multiple species of 
viral-derived non-coding RNAs (ncRNAs) has 
opened a new and wide field of study in flavivirus 
biology. Indeed, these ncRNAs have emerged as 

important regulators of the interactions between 
the virus and the host, influencing pathogenicity, 
immune responses and even epidemic potential. 
These findings are reviewed in this section.

4.3.1  Non-coding RNAs 
in Flavivirus-Infected Cells

To date, three types of viral non-coding RNAs have 
been identified in flavivirus-infected cells: defective 
interfering genomes (DIGs), viral small RNAs (vsR-
NAs) and the subgenomic flaviviral RNA (sfRNA).

DIGs are heterogenous RNAs derived from 
the viral genome, but with large deletions in the 
ORF [53, 67, 91]. They are proposed to arise 
from intramolecular template switching during 
RNA replication, with the RdRp jumping sec-
tions of the ORF and producing incomplete 
genomic RNAs. While the function of DIGs dur-
ing infection remains unclear, they can be pack-
aged into viral particles that have been detected 
at a close to 1:1 ratio with infectious viruses in 
the blood of patients [67]. Therefore, DIGs are 
likely to influence the outcome of infection. DIGs 
could act by increasing activation of immune 
responses through PRRs, which was shown in 
cell culture but not validated in animal models 
[109]. On the contrary, DIGs could hypotheti-
cally act as a decoy for the host antibodies, 
decreasing the effective occupancy of infectious 
viruses and allowing them to escape neutraliza-
tion. Although not mutually exclusive, the rele-
vance of these hypotheses remains to be tested.

Even more elusive and controversial are the 
vsRNAs, a denomination that encompasses 
10–30 nucleotide-long flavivirus-derived RNAs, 
including micro RNAs (miRNAs) and silencing 
RNAs (siRNAs). vsRNAs are processed by the 
ancient antiviral RNA interference machinery 
and in most cases inhibit (although miRNAs, can 
sometimes upregulate) expression of comple-
mentary sequences [19]. This has been proposed 
to lead to inhibition of viral replication, espe-
cially in arthropod cells where RNAi remains the 
most prominent antiviral mechanism [99]. 
Conversely, flavivirus-derived vsRNAs have 
been detected mostly in mosquito cells with little 
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to no expression in mammalian cells [65, 89, 
102]. Flaviviruses have also been proposed to 
hijack these mechanisms of regulation of gene 
expression. Through production of a viral miRNA 
miR-1 derived from the 3′UTR and sfRNA in 
mosquito cells, KUNV can upregulate the expres-
sion of the host protein GATA4 that acts as a pro-
viral factor [49]. The relevance and conservation 
of these mechanisms has been widely questioned 
and will require more studies.

Last, the sfRNA is the best-characterized fla-
vivirus non-coding RNA.  The sfRNA is a 0.3–
0.7 kb, nuclease resistant, highly structured RNA 
produced by all members of the flavivirus genus 
[26, 73, 93]. Strikingly, it is the most abundant 
viral RNA in the cytoplasm of flavivirus-infected 

cells, present in several fold excess over the 
genomic RNA [7, 78, 93]. The sfRNA appears 
concurrently with RNA replication and is pro-
duced by incomplete degradation of genomes by 
the cellular exonuclease XRN1, which stalls on 
xrRNA structures in the 3′VR [13, 14, 37, 106]. 
In spite of its high concentration, the resulting 
product is surprisingly relatively dispensable for 
viral replication, as KUNV, YFV and DENV-2 
mutants deficient in sfRNA production only show 
mild to no impairment in their replicative ability 
[37, 104, 106]. However, sfRNA production is 
absolutely required for cytopathogenicity and 
interferes with various cellular processes to 
ensure viral fitness (Fig. 4.3); (Table 4.2).

Mosquito cells Mammalian cells 

XRN1
P-Bodies?

? 

Cytopathogenicity

Interferes with
RNA decay 

p-IRF3

TRIM25
Inhibits IFN
induction

G3BP1
G3BP2

CAPRIN1

Inhibits ISG
translation

and antiviral
effect

DICER?Inhibits RNA
interference

miR-1Modulation of
host factor 
expression

DENV-2

KUNV 

Al
sfRNA

l? All?

All?

DENV-2

JEV 

DENV-2

Inhibits Toll
pathway 

Fig. 4.3 Cellular functions of the non-coding sfRNA

Table 4.2 Flaviviral coding and non-coding RNAs in infected cells

RNA Size Abundance Localization Function
Genome 11 kb 1 Cytoplasm, replication 

complexes, virions
Vector of genetic 
information(+)RNA

Antigenome 11 kb 0.1 Replication complexes Intermediate template for 
genome synthesis(−)RNA

Defective interfering 
genomes (DIGs)

0.5- 
10 kb

~1 Cytoplasm, replication 
complexes, virions

Unknown

Subgenomic 
flaviviral RNA 
(sfRNA)

0.3–
0.7 kb

>1–10a Cytoplasm Pathogenicity, 
interference with host 
response

Viral small RNAs 
(vsRNA)

10- 
30 nt

Unknown, but higher in 
mosquito than mammalian 
cells

Cytoplasm Modulation of viral and 
host gene expression

aThe relative abundance of the sfRNA varies significantly depending on the virus and some variation may be due to 
different methods for measuring sfRNA levels

4 Flaviviral RNA Structures and Their Role in Replication and Immunity



54

4.3.2  The sfRNA Interferes 
with Host RNA Metabolism

With the sfRNA being the most abundant viral 
RNA, and possibly the most abundant RNA in 
infected cells, it is not surprising that the sfRNA 
interferes with several host RNA metabolism 
pathways. The sfRNA is processed by the 
5′-3′-exonuclease XRN1, an enzyme required for 
normal mRNA decay and is able to subsequently 
inhibit XRN1 activity, possibly by remaining 
associated to it through the highly structured 
region that blocks its progression [14, 85, 106]. 
This XRN1 sequestration by the sfRNA leads to 
accumulation of uncapped but undegraded cellu-
lar mRNA in the cytoplasm of the infected cells 
[85]. Although the consequences of this accumu-
lation are unclear, it was proposed that it could 
interfere with cellular processes requiring rapid 
mRNA turnover, such as immune responses. In 
addition to XRN1, many other P-Body proteins 
bind to flaviviviral RNAs and relocate to sites of 
viral replication, disrupting these structures and 
likely their function in RNA decay in infected 
cells [11, 30]. Therefore, it is possible that a 
global effect on the mRNA degradation 
 machinery of the sfRNA participates in dysregu-
lation of normal cellular functions.

Another important aspect of RNA metabolism 
is the regulation of gene expression by RNA inter-
ference (RNAi). RNAi in insects remains one of 
the major antiviral mechanisms against flavivi-
ruses [99]. Viral RNAs are processed by the 
enzyme DICER, which cleaves dsRNA, and short 
~20 nucleotides fragments are loaded into the 
RNA-induced silencing complex (RISC), leading 
to inhibition of expression of complementary 
viral sequences and downregulation of viral repli-
cation. Interestingly, DENV-1 and WNV sfRNA 
were reportedly able to inhibit in vitro RNA pro-
cessing by DICER, suggesting that the sfRNA 
could act as a viral RNAi suppressor [86, 103]. 
Supporting this hypothesis, RNAi pathways were 
disrupted in WNV-infected cells and this phenom-
enon could be reproduced by overexpression of 
sfRNA but not any viral protein and WNV sfRNA 

was required for virus transmission by the mos-
quito [42, 86, 103]. Although the detection of 
vsRNA produced by processing of the viral RNA 
by the RNAi machinery indicates that this inhibi-
tion is not complete, this provides an explanation 
as to why flaviviruses are able to establish persis-
tent infections in arthropods in spite of this potent 
antiviral mechanism.

4.3.3  The sfRNA Is a Critical 
Regulator of Immune 
Responses and Influence 
Epidemic Potential

The most characterized effect of the sfRNA is its 
role as a suppressor of the interferon type I (IFN) 
response – the most potent antiviral mechanism 
in mammalian cells. Interestingly several differ-
ent mechanisms of action targeting this same 
pathway have been described in the literature and 
while not mutually exclusive, they might not be 
conserved among even closely related viruses.

In vitro and in vivo experiments have con-
firmed that flaviviruses unable to produce sfRNA 
are impaired in IFN competent, but not IFN 
incompetent systems, establishing the sfRNA as a 
potent IFN antagonist [7, 12, 26, 78, 104]. KUNV 
sfRNA-deficient viruses were rescued to nearly 
wild-type levels in IRF3-/- IRF7-/- cells and mice 
unable to respond to IFNs and by co- treatment 
with IFNAR neutralizing antibodies, indicating 
that these mutant viruses are more sensitive to the 
antiviral effects of IFNs [104]. In the case of 
KUNV, this did not appear to be linked to direct 
inhibition of the IFN-induced antiviral effector 
RNaseL by the sfRNA. One alternative strategy 
by which the sfRNA could protect the virus 
against the antiviral activity of IFNs was described 
for DENV-2. DENV-2 sfRNA binds to the host 
stress granule proteins G3BP1, G3BP2 and 
CAPRIN1, which are usually required for induc-
tion of antiviral IFN-stimulated genes (ISGs). 
Sequestration of these proteins by the sfRNA 
impairs the expression of ISGs and attenuates the 
effects on IFNs on viral replication. Like for the 
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inhibition of mRNA decay described earlier, the 
sfRNA therefore acts as a decoy, soaking up host 
proteins required for normal IFN responses [7]. 
Surprisingly, the binding of G3BP1, G3BP2 and 
CAPRIN1 was not conserved for DENV-3, YFV 
or KUNV sfRNAs, indicating that related viruses 
must use related but different strategies to antago-
nize IFN action [8].

In addition to inhibiting the action of IFNs, the 
sfRNA was also shown to impair the production 
of IFNs in infected cells. Preliminary evidence 
came with the observation that JEV sfRNA could 
inhibit phosphorylation of IRF3, therefore pre-
venting its action as transcriptional activator of 
the IFN promoter [12]. ZIKV and DENV-2 
sfRNA were also demonstrated to interfere with 
IFN expression [26, 78]. For DENV-2 sfRNA the 
mechanism involves binding and inactivation of 
TRIM25 [78]. TRIM25 is an E3 ubiquitin ligase 
that polyubiquitinates RIG-I to enhance its sig-
naling capacities in order to amplify IFN signal-
ing. Sequestration and inhibition of TRIM25 by 
the sfRNA could downregulate expression of 
IFNs by infected cells, therefore reducing IFN- 
induced inhibition of viral replication in the 
infected cell as well as establishment of the anti-
viral state in neighboring cells. In addition, since 
IFNs are also involved in priming antibody and T 
cell responses, such mechanisms could have crit-
ical repercussions on virus pathogenesis and 
adaptive immunity. Interestingly, the mechanism 
involving TRIM25 evolved in a subset of 
DENV-2 strains isolated during an epidemic in 
Puerto Rico in 494, after only a handful of point 
mutations in the 3′VR.  The mutations allowed 
more efficient TRIM25 binding and evasion of 
IFN responses, resulting in viruses with greater 
fitness and a complete replacement of the 
endemic DENV-2 strains in the region [78]. The 
mutations also influenced sfRNA abundance in 
mosquito salivary glands and infection rate, 
through inhibition of the Toll pathway [96]. This 
clearly indicates that the sfRNA, as much as 
other RNA structures and sequences described 
earlier, can have a decisive role in shaping flavi-
virus epidemic potential.

4.4  Conclusions

In this chapter, we have described a variety of 
mechanisms by which flaviviral RNAs affect the 
outcome of infection: RNA sequences and struc-
tures, especially in the 5′ and 3′UTRs tightly regu-
late different steps of the viral life cycle; interactions 
with host cellular proteins positively or negatively 
modulate the efficiency of viral replication, transla-
tion and/or and production of infectious particles; 
finally, non-coding RNAs derived from the viral 
genome critically influence immune responses, 
pathogenesis and epidemic potential.

Given this central role in flavivirus biology, it is 
no surprise that many strategies have been consid-
ered to target flaviviral RNAs for therapeutic inter-
ventions. One of the oldest approach used 
oligonucleotides with exact complementarity with 
the viral genome to induce disruption of secondary 
structures, inhibition of gene expression and/or 
RNA degradation through RNA interference [48, 
122]. Although promising results were obtained in 
vitro, this strategy is difficult to apply for therapeu-
tic use given the variability and rapid evolution of 
RNA sequences in the flavivirus genome.

Inhibition of host factors and host factors/viral 
RNA interactions required for flaviviral replica-
tion could be an alternative, given that host fac-
tors do not mutate as rapidly as viral RNAs. 
However, this approach has not been tested so far 
as a therapeutic option since none of the host fac-
tors discovered were known drug targets. In addi-
tion, the requirements for host RNA-binding 
proteins in flaviviral replication also appear to 
vary widely between related viruses or strains of 
the same virus [5, 7, 58, 59, 101, 105]. This indi-
cates that flaviviruses might be able to use host 
factors with redundant activities, or rapidly 
switch between host factors that provide them 
similar benefits. Because no conserved, unique 
and obligatory flavivirus host factor has been dis-
covered to date, this makes them less attractive 
targets for drug development.

Perhaps one of the most promising approaches 
has been the use of viral RNAs for prophylactic 
interventions. Incorporating the knowledge 
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gained on the role of RNA structures in the inter-
action with the host immune system, two types of 
live attenuated vaccine candidates have been 
rationally designed. One is a DENV-2 deficient in 
2′O-methyltransferase activity, resulting in better 
detection of viral RNAs and activation of immune 
defenses [68]. The other one is a KUNV deficient 
in sfRNA production, therefore with reduced 
ability to counteract IFN responses [37, 104]. 
Both showed great promise by inducing protec-
tive immune responses in animal models and are 
undergoing further clinical evaluation.

While the critical role of viral RNAs in flavivi-
rus replication have opened exciting opportunities 
for developing new therapeutic interventions, 
clearly more studies will be needed to fully under-
stand the implications of many observations 
described in this chapter. Notably, the conserva-
tion of mechanisms and host protein interactions 
between closely related viruses is unclear and fur-
ther investigations could inform on their relevance 
in flavivirus biology. In addition, while it is clear 
that changes as small as single nucleotide muta-
tions can significantly affect viral fitness, delin-
eating between the effects of RNA sequence, 
structures or host factor binding is challenging 
because of the interconnection of all stages of the 
viral life cycle. Therefore, many hurdles need to 
be overcome to fully understand some of the 
mechanisms of action described in this chapter. 
Finally, almost all studies have focused on the role 
of the short 5′ and 3′UTRs in viral replication and 
host interaction. As with the example of alterna-
tive NS1′ in a subset of flaviviruses, it is highly 
likely that more RNA sequences and structures in 
the ~10 kb ORF will add to the complexity of fla-
viviral RNA-host interactions.
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Abstract
Dengue viruses (DENV) are mosquito-borne 
positive sense RNA viruses in the family 
Flaviviridae. The four serotypes of DENV 
(DENV1, DENV2, DENV3, DENV4) are 
widely distributed and it is estimated over a 
third of the world’s population is at risk of infec-
tion [4]. While the majority of infections are 
asymptomatic, DENV infection can cause a 
spectrum of disease, from mild flu-like symp-
toms, to the more severe DENV hemorrhagic 
fever and shock syndrome [24]. Over the past 
20  years, there have been intense efforts to 
develop a tetravalent live-attenuated DENV 
vaccine [36]. The process of vaccine develop-
ment has been largely empirical, because effec-
tive live attenuated vaccines have been 
developed for other flaviviruses like yellow 
fever and Japanese encephalitis viruses. 
However, recent results from phase III live 

attenuated DENV vaccine efficacy trials are 
mixed with evidence for efficacy in some popu-
lations but not others [20]. In light of unexpected 
results from DENV vaccine trials, in this chap-
ter we will review recent discoveries about the 
human antibody response to natural DENV 
infection and discuss the relevance of this work 
to understanding vaccine performance.

Keywords
Dengue virus · Dengue vaccines · 
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Dengue epitopes

5.1  DENV Structure

The DENV genome encodes a single open read-
ing frame that is translated into a polyprotein. 
Viral and host proteases cleave the polyprotein 
into three structural and seven non-structural 
viral proteins. The structural envelope protein (E) 
contains three domains, domain I (EDI), domain 
II (EDII) and domain III (EDIII) [45]. Two enve-
lope monomers come together in a head-to-tail 
orientation, forming the E dimer (Fig. 5.1). Three 
E dimers form the dimer raft, and 30 dimer rafts 
cover the surface of the DENV virion in icosahe-
dral orientation with both threefold and fivefold 
axes of symmetry. Domain II contains the hydro-
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phobic fusion peptide, which mediates fusion 
between the virus and host cell membrane. To 
prevent fusion with the host membrane during 
egress from infected cells, the pre-membrane 
(prM) protein covers the fusion loop. As the virus 
moves through the endosome, pH changes trig-
gers the host protease furin to cleave the prM pro-
tein [60]. As the virus is released from cells, 
cleaved prM dissociates from the virion. This 
process is inefficient however, leaving a hetero-
geneous population of fully mature (no prM pres-
ent), fully immature (containing prM), and 
partially mature virions [59]. While cell culture 
grown virus shows a spectrum of maturation 
states, it is now clear that the overall maturation 
state of virions can vary between strains and even 
between different preparations of the same strain 
[39]. As we discuss later, maturation state can 
influence the ability of some antibodies to bind 
and neutralize DENV and other flaviviruses.

5.2  Antibody Response to DENV 
Infection

The basic kinetics of the DENV specific Ab 
response, the timing of IgM and IgG Ab develop-
ment and the timing of neutralizing antibody 
(Nab) development have been well understood 
for many years [27, 46, 61]. In brief, individuals 
with no prior immunity to DENVs mount a pri-

mary antibody response that includes a specific 
IgM response followed by a durable IgG 
response. The initial IgG response contains dif-
ferent types of antibodies, including serotype 
cross-reactive neutralizing antibodies, serotype 
cross-reactive non-neutralizing antibodies, and 
serotype-specific neutralizing antibodies [6]. The 
serotype cross-reactive neutralizing antibodies 
may provide immediate protection to subsequent 
infection with any of the DENV serotypes, but 
these antibodies wane over the course of a year. 
DENV serotype-specific neutralizing antibodies 
and some cross-reactive poorly neutralizing anti-
bodies are maintained for decades following 
infection and appear to protect against subse-
quent re-infection with the same serotype, but do 
not protect against the other serotypes (Fig. 5.2). 
Conversely, cross-reactive antibodies not only 
are non-protective, but can enhance subsequent 
infection via a mechanism known as antibody 
dependent enhancement (ADE) whereby non- 
neutralizing antibodies bind the virus and the 
antibody-virus complex is taken up by cells via 
FC-receptor mediated endocytosis [25]. Although 
ADE is poorly understood, the response is impor-
tant in natural infection and vaccine development 
but will not be discussed in this review. Readers 
are recommended to refer to these earlier reviews 
for additional information on ADE and DENV 
[23, 25, 26].

Fig. 5.1 Structure of DENV. (a) Linear schematic of 
DENV envelope (E) protein. DENV E protein dimer com-
posed of two monomers with domains I, II and III colored 

in red, yellow and blue respectively. (b) DENV virion 
structure composed of 30 rafts, each containing three E 
dimers

E. N. Gallichotte et al.



65

5.3  Methods to Study 
the Molecular Specificity 
of Human Antibodies 
to DENVs

A variety of techniques have been used to map 
the viral epitopes targeted by polyclonal antibod-
ies in human immune sera and monoclonal anti-
bodies (MAbs) isolated from dengue patients 
(Fig. 5.3). Traditionally, to study DENV-specific 
MAbs, peripheral blood B-cells from DENV 
immune donors are transformed and clones 
secreting DENV-reactive MAbs are fused with 
myeloma cell lines to generate human hybrid-
omas producing the MAb of interest [34, 48]. 
Recent advances in single-cell-sequencing has 
allowed individual IgG heavy and light chains 
from the same cell to be sequenced, cloned and 
recombinantly expressed [44, 49]. The properties 
and specificity of these MAbs can then be deter-
mined using binding assays to recombinant 
DENV proteins (rE and rEDIII) and whole viri-
ons, and neutralization assays, as well as by solv-

ing high-resolution structures of the MAb bound 
to viral antigen. Once a putative MAb epitope has 
been identified, recombinant viruses with point 
mutations at the region of interest can be used to 
confirm and further refine the epitope. 
Importantly, these studies have revealed that 
most DENV neutralizing epitopes are created by 
presentation of discontinuous residues that are 
brought together in tertiary and quaternary struc-
tures. Additionally, our group has shown that the 
discontinuous residues that comprise these com-
plex epitopes can be transplanted to a different 
serotype to generate chimeric DENVs that 
encode neutralizing epitopes from multiple 
DENV serotypes, and which can be used to map 
and confirm the binding and neutralization epit-
opes of individuals MAbs [17, 38].

Polyclonal sera contains a complex mixture of 
DENV-specific IgG antibodies, those that are neu-
tralizing or non-neutralizing, and those that are 
specific to a serotype or cross-reactive to multiple 
serotypes (Fig. 5.2). Depletion assays can be used 
to determine the percentage of neutralizing sero-
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Fig. 5.2 Antibody response following DENV infec-
tion. Following primary DENV2 infection, there is an IgG 
response composed of neutralizing DENV2 serotype- 
specific antibodies, a transient population of cross- reactive 
neutralizing antibodies, and long-lived cross-reactive non- 

neutralizing antibodies. After a secondary infection, in 
this case with DENV3, the cross-reactive non- neutralizing 
antibodies become strongly neutralizing. It is also possi-
ble to generate a new population of neutralizing serotype- 
specific antibodies to the second infecting serotype
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Fig. 5.3 Methods to dissect DENV antibody response. 
(a) Human DENV antibodies can be studied using a vari-
ety of approaches. PBMCs from a DENV immune donor 
can be EBV-transformed to generate MAb producing 
hybridomas, or antibody DNA sequences can be single- 
cell sequenced, cloned and recombinant expressed to gen-
erate MAbs. DENV polyclonal immune sera can be 
depleted of different populations of antibodies using 
beads coated with DENV antigens to determine the rela-
tive importance and neutralization capacity of these dif-
ferent populations. For example, a DENV2 immune sera 
containing polyclonal Abs (PAbs) can be depleted of all 
DENV cross-reactive antibodies by incubating with beads 

adsorbed with DENV1, DENV3, and DENV4 antigen, 
leaving only DENV2 serotype-specific antibodies remain-
ing (heterotypic depletion). Conversely, all DENV anti-
bodies can be depleted using DENV2 antigen (homotypic 
antigen). (b) To map the binding and neutralizing epitopes 
of these MAbs and PAbs, they can be evaluated for their 
ability to bind recombinant E domain III (rEDIII), recom-
binant E (rE), whole DENV, and chimeric viruses contain-
ing transplanted epitopes of multiple DENV serotypes 
(e.g. rDENV1/3 contains epitopes from both DENV1 and 
DENV3). These MAbs and PAbs can also be evaluated for 
their ability to neutralize these DENV and chimeric 
rDENV
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type-specific antibodies to neutralizing cross-reac-
tive antibodies (Fig. 5.3a). To remove cross-reactive 
Abs, primary infection sera can be incubated with 
beads coated with a heterologous serotype (e.g. a 
primary DENV2 sera can be incubated with 
DENV1/DENV3/DENV4-coated beads). Cross-
reactive Abs will bind to the virus on the beads and 
be pelleted out, leaving only DENV2 serotype-
specific Abs. Neutralization assays using depleted 
sera allow one to calculate the fraction of neutral-
ization due to serotype-specific Abs, relative to the 
total neutralization  coming from both serotype-
specific and cross-reactive Abs [30, 41, 43]. These 
depletion techniques, in addition to use of epitope 
transplant chimeric rDENVs described above, has 
allowed us to study the amount of polyclonal anti-
bodies targeting epitopes represented by individ-
ual MAbs [17, 41].

5.4  Molecular Specificity 
of Neutralizing MAbs 
from Primary Cases

The most striking feature of primary DENV 
infections is the rapid clearance of the virus and 
the maintenance of serotype-specific neutralizing 
Abs in the serum in most individuals for decades 
if not longer. Recent studies have only begun to 

define the molecular specificity of human B-cells 
and antibodies responsible for durable type- 
specific neutralization and protection. The enve-
lope protein is the major antigenic protein and the 
majority of DENV-specific antibodies target E 
[45]. Traditionally human monoclonal antibodies 
(MAbs) have been screened based on their ability 
to bind recombinant envelope monomeric protein 
(rE). This has biased our study of MAbs to those 
that recognize epitopes contained within a single 
E protein. Several groups have recently used 
intact dengue virions as antigens in MAb screens 
[8, 11]. These studies have identified antibodies 
from each serotype that recognize unique confor-
mations of the E monomer on the viral surface or 
quaternary structure epitopes that span different 
E proteins (dimers and rafts) on the viral enve-
lope (Fig.  5.4). Additionally, it has been found 
that while antibodies using simple epitopes can 
be neutralizing, it is the antibodies recognizing 
complex epitopes that are ultimately responsible 
for polyclonal neutralization [9, 17, 57]. 
Antibodies recognizing quaternary epitopes are 
not unique to DENV; West Nile Virus (WNV) 
and Zika Virus (ZIKV) infection have also been 
shown to generate human MAbs recognizing 
similar complex epitopes [28, 31, 52, 58].

Fig. 5.4 Epitopes 
recognized by DENV 
serotype-specific 
human neutralizing 
MAbs. Serotype- 
specific neutralizing 
human MAbs isolated 
from primary infections 
recognize different 
quaternary structure 
epitopes displayed on 
the viral envelope. Note 
that many MAb 
footprints span different 
E molecules
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5.5  Differences in Neutralizing 
MAb Epitopes 
Across Serotypes

While the E protein is structurally similar 
between DENV serotypes (~80% conservation of 
amino acids), the location of type-specific epit-
opes targeted by human antibodies appear to be 
different between serotypes (Fig.  5.4). Unlike 
anti-DENV mouse MAbs that predominantly tar-
get EDIII [19, 53], many human MAbs recognize 
EDI, EDII, and the EDI/II hinge region. For 
example, DENV1 type-specific human MAbs 
1F4 and 14C10 recognize epitopes centered on 
EDI [14, 54]. The 14C10 epitope includes amino 
acids on EDI and EDIII on the adjacent dimer. 
Interestingly, the DENV1 14C10 epitope is quite 
similar to an epitope on WNV recognized by 
human MAb CR4354 [31]. The DENV3 MAb 
5J7 targets an epitope centered around the EDI/II 
hinge region and the footprint of this epitope 
includes amino acids from three different E mol-
ecules within a single raft [16]. Recent work has 
identified human DENV4 MAbs that target epit-
opes near the EDI/II hinge although further stud-
ies are required to precisely map the DENV4 
epitopes [41]. Interestingly, DENV2 MAbs 
appear to use an epitope distinct to the EDI/EDII 
region, instead centering on EDIII [15, 17]. Our 
understanding of immunodominant epitopes for 
each serotype is informed by only a handful of 
monoclonal antibodies from a few immune indi-
viduals. To fully define the boundaries of the 
polyclonal neutralizing epitopes against each 
serotype, additional antibodies from more indi-
viduals will need to be studied.

5.6  Cryptic Epitopes

The majority of human epitopes studied are pres-
ent on the surface of the intact virion. Some stud-
ies have identified mouse MAbs that target 
cryptic epitopes not readily accessible on the sur-
face of the virus. However, at elevated tempera-
ture E proteins on the viral surface can flex/move 
and these cryptic epitopes are transiently dis-
played, allowing antibody binding and neutral-

ization [13]. Recent studies suggest that there are 
antibodies present in human immune sera that 
also target these cryptic epitopes, potentially 
allowing the virus to be neutralized when it is 
under specific conditions exposing these epitopes 
[13]. Further studies are needed to evaluate the 
importance of cryptic epitopes in human anti-
body neutralization and protective immunity.

5.7  Other Flaviviruses – Zika 
Virus MAbs

With the emergence of Zika virus (ZIKV), 
approaches developed for DENV have been 
extended to isolate MAbs and map the human anti-
body response to ZIKV [28, 52, 58]. Multiple 
groups have generated human ZIKV MAbs. 
Similarly to DENV, the strongest neutralizing 
MAbs target quaternary epitopes only present on 
the intact ZIKV virion. These quaternary ZIKV epi-
topes are similar to previously identified quaternary 
DENV epitopes that are centered around the EDI/II 
hinge region, span across E monomers within the 
dimer, or span across dimers [28, 52, 58].

5.8  Mapping the Molecular 
Specificity of the Polyclonal 
Serum Neutralizing 
Antibody Response

While MAbs are isolated or generated from mem-
ory B-cells, circulating polyclonal antibodies come 
from plasma cells [33]. The memory B-cell derived 
human MAbs can be used as tools to interrogate 
the properties and specificity of the more complex 
polyclonal serum antibody response (Fig.  5.5). 
Work by multiple groups have shown that individ-
ual MAbs can be representative of the anti-DENV 
B-cell repertoire, polyclonal Abs from the same 
individual, and polyclonal Abs across other natu-
rally infected and vaccinated individuals, confirm-
ing the importance of studying individual 
monoclonals [17, 22, 41]. Importantly, depletion 
assays have revealed that after primary DENV 
infections, the majority of polyclonal neutraliza-
tion comes from serotype-specific antibodies, not 

E. N. Gallichotte et al.



69

cross-reactive ones [30, 41, 43]. Additionally, we 
have found that epitopes defined by individual 
MAbs that are complex and quaternary, are repre-
sentative of the polyclonal epitopes targeted by 
neutralizing serotype- specific antibodies [9, 57]. 
With the rapid emergence of ZIKV, similar tech-
niques as described above were applied to dissect-
ing the antibody response to ZIKV infection. 
Multiple groups have found that strongly neutral-
izing ZIKV MAbs target complex quaternary epit-
opes [28, 52, 58]. Additional work using depletion 
assays, has identified that primary ZIKV infections 
can results in ZIKV specific Abs, despite popula-
tions of Abs that cross-neutralize DENV [5].

5.9  Molecular Specificity 
of Neutralizing Antibodies 
Following Secondary DENV 
Infection

Individuals experiencing secondary DENV infec-
tions with a new serotype develop a neutralizing 
and protective antibody response that is funda-
mentally different from a primary infection- 
induced response. People with known sequential 
infections with two different DENV serotypes 

have type-specific antibodies to serotypes of 
infection and a new population of durable 
serotype- cross neutralizing antibodies that are 
also effective against serotypes not encountered 
by the person [7]. Human cohort studies in 
dengue- endemic countries have also established 
that tertiary infections are nearly always mild or 
inapparent, implicating a protective role for these 
broadly cross-neutralizing antibodies that develop 
after a second DENV infection [42]. Figure 5.6 
presents a model to explain the evolving antibody 
response following sequential DENV infections 
with different serotypes. The model is based on 
the premise that low affinity DENV cross-reactive 
memory B-cells derived from primary infections 
undergo antibody somatic hypermutation and 
each subsequent DENV exposure selects and 
expands rare affinity matured clones with greater 
neutralization breadth and potency [43]. The 
model is supported by recent studies demonstrat-
ing that serotype cross-reactive antibodies derived 
from secondary infections had stronger neutral-
ization potencies and higher binding avidities 
than those derived from patients with primary 
infections [10, 37, 55, 56, 62].

While we know a lot about epitopes targeted 
by DENV serotype-specific neutralizing and pro-

DENV immune/vaccinated
population Polyclonal

DENV immunity 

PBMCs 

DENV MAbs

Fig. 5.5 From MAbs to polyclonal serum Abs. 
Complex host generic diversity, exposure history, and 
immune differences can make it challenging to study 
DENV polyclonal antibody responses across a popula-
tion. Studying DENV antibody immunity in a single indi-
vidual can simplify these analyses, however there is still 
the polyclonal nature of the adaptive immune response. 

Conversely, we can characterize the properties of indi-
vidual MAbs from DENV immune donors. Information 
learned from MAbs can then be used to inform study of 
the B-cell repertoire from that, and other donors. 
Additionally, it can be determined whether the individual 
MAbs represent the polyclonal antibodies in that donor, 
and in a larger DENV immune population
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Fig. 5.6 Model of B-cell maturation following sequen-
tial DENV infections. With each successive DENV infec-
tion, the ratio of serotype-specific (TS) and cross- reactive 
(CR) antibodies that contribute to DENV neutralization 
changes. During a primary infection (DENV2  in this 
example), dengue-specific naïve B-cells are activated and 
these cells give rise to both memory B-cells (MBCs) and 
antibody secreting long lived plasma cells (LLPCs). This 
primary response is dominated MBC and LLPCs clones 
producing low affinity, weakly neutralizing serotype CR 
antibodies. The primary response also contains rare MBC 
and LLPCs producing TS antibodies that strongly neutral-
ize DENV2. Following a secondary infection with a new 
serotype (DENV3  in this example), the overall DENV-
specific B-cell response will be dominated by the activa-
tion and expansion of DENV2 and 3 cross- reactive MBCs 
induced by the primary infection. MBCs producing CR 

antibodies that bind to the second infecting serotype with 
high affinity will be preferentially activated. These acti-
vated cells will reenter germinal centers and undergo fur-
ther rounds of somatic hypermutation. CR B-cells with 
high affinity for the second serotype will be selectively 
expanded to give rise to cross-reactive MBC and LLPCs 
that strongly cross-neutralize multiple serotypes. In 
Fig.  5.6., this increase in affinity and neutralization is 
depicted by an increase in the color gradient (light pink to 
bright pink) of CR B-cells. Following a tertiary infection 
(DENV4 in this example), this process is repeated again 
and results in a population of CR MBCs and LLPCs that 
dominate the neutralizing antibody response. While the 
B-cell clones producing TS strongly neutralizing antibod-
ies are also likely to be maintained through each successive 
round of infection, the TS response will account for only a 
small fraction of the total neutralizing response

tective antibodies, less is known about the targets 
of durable serotype-cross neutralizing antibod-
ies. Several cross-neutralizing human MAbs that 
bind to an epitope near the bc-loop on domain II 
of the E protein monomer have been recently 
described (Fig.  5.7) [50, 55]. Another class of 
serotype cross-reactive and strongly cross- 
neutralizing MAbs, which bind to quaternary 
epitopes on the E homodimer, was recently iso-
lated from acute-phase plasmablasts in the 
peripheral blood of secondary DENV cases [11, 
47]. These MAbs, which have been designated E 
dimer epitope (EDE) antibodies, bind to epitopes 
that span domains I or III of one monomer and 
domain II of the adjacent monomer (Fig. 5.7). It 
is unclear if the strongly cross-neutralizing MAbs 
isolated from acute-phase plasmablasts are main-

tained as MBCs and LLPCs and responsible for 
the durable cross-neutralizing antibodies 
observed in people after recovery from second-
ary infections. Additionally, there are still 
unknowns regarding if the order of infecting 
serotypes is important for the epitopes of strongly 
cross-neutralizing MAbs. The molecular mecha-
nisms leading to the evolution of cross-neutraliz-
ing antibodies from the memory B-cell pool from 
a primary infection are also unclear.

5.10  NS1 and prM MAbs

While E is the major antigenic protein of DENV, 
antibodies are also generated targeting the viral 
proteins NS1 and prM. The host sees prM protein 
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in several configurations. As mature viruses are 
released from infected cells, prM protein dissoci-
ates from the virus and is released as an antigen. 
Additionally, immature viruses have prM present 
on their surface, allowing the immune system to 
recognize them as part of the virus. prM antibod-
ies are predominantly non-neutralizing enhanc-
ing antibodies; they allow non-infectious 
immature viruses to be taken up into cells via 
FC-receptor-mediated endocytosis [51].

DENV NS1 protein has many roles depending 
on its interactions and location [1, 40]. NS1 can 
exist as a monomer, dimer or hexamer, and is 
important in viral RNA replication, viral assem-
bly and release, and immune evasion. NS1 is 
secreted from infected cells primarily as a hex-
amer, which can bind to endothelial cells, trigger-
ing hyperpermeability, suggesting a role in the 
vascular leakage seen in severe DENV disease 
[3]. Clinically, levels of circulating NS1 are cor-
related with disease severity [2, 35]. People 
infected with DENV make antibodies directed 
against NS1, but it is unclear if these are an 
important part of the protective immune response, 
or are merely a consequence of high levels of cir-
culating viral antigen [40].

5.11  Mechanisms 
of Neutralization

MAbs can neutralize viruses through a variety of 
mechanisms. MAbs have been shown to neutral-
ize DENV by blocking attachment to host cell 
receptors, binding directly to the fusion-loop, 
binding across E proteins preventing conforma-
tional changes required for fusion, as well as via 
opsonization. Anti-DENV MAbs have been 
shown to neutralize using many of these mecha-
nisms [15, 16, 29, 47]. DENV maturation state 
(amount of prM present) and virus breathing are 
important factors for virus neutralization. A fully 
immature virus (i.e. 180 copies of prM present) is 
non-infectious, and therefore cannot be neutral-
ized, but a partially mature virus, can still be 
infectious [12]. Alternatively, under certain tem-
perature conditions, some DENV strains can 
undergo reversible conformational changes 
where the E proteins expand and contract analo-
gous to “breathing”. These expansion and con-
traction changes can reveal or hide epitopes, 
limiting neutralization by antibodies recognizing 
these epitopes to specific conditions [13, 18, 32, 
63]. While DENV maturation and “breathing” 

Fig. 5.7 EDE and 
other cross-reactive 
epitopes. Envelope 
dimer epitope 1 (EDE1) 
targets EDIII of one 
monomer and spans over 
the fusion loop region of 
EDII of the neighboring 
monomer. EDE2 uses a 
similar epitope, but is 
shifted to also expand 
into EDI of the first 
monomer. Another class 
of cross-reactive 
antibodies targets the 
highly conserved 
bc-loop region of EDII
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have been studied in cell culture systems, the 
importance of these phenomenon in natural 
infection, and therefore the potential impact on 
antibody neutralization, is not well understood.

5.12  Implications for Evaluating 
Antibodies to DENV Live 
Attenuated Vaccines (LAVs)

Recently we have learned important lessons from 
DENV tetravalent vaccine clinical trials. The 
leading tetravalent vaccine had variable efficacy 
depending on DENV serotype and vaccinated 
population [20]. The vaccine had higher efficacy 
in DENV-primed individuals compared to DENV 
naïve individuals who received the vaccine, estab-
lishing the impact of immunological  memory on 
vaccine performance [21]. The population with 
the greatest need for a DENV vaccine is young 
children, the majority of whom will be DENV-
naïve at vaccination. As discussed above, in peo-
ple exposed to primary natural DENV infections, 
the neutralizing and protective antibody response 
is dominated by type-specific antibodies to qua-
ternary epitopes. Therefore, in this population the 
success of tetravalent vaccination is likely to 
require balanced replication of the four vaccine 
viruses leading to type-specific antibodies that 
target quaternary epitopes in each serotype.

As discussed above, secondary DENV infec-
tions result in activation of memory B-cells and 
development and expansion of cross-reactive 
antibodies that broadly neutralize multiple 
DENV serotypes, driven by the sequential infec-
tion and robust replication of two different sero-
types of DENV [43]. A similar mechanism is 
likely to be responsible for the superior perfor-
mance of tetravalent LAVs in DENV-primed 
individuals. In a subject with pre-existing DENV- 
specific MBCs, even unbalanced replication of 
one or two vaccine components is likely to acti-
vate MBCs and expand somatically mutated 
higher-affinity cross-reactive clones with capac-
ity to broadly neutralize multiple serotypes.

Immune correlates of protection and vaccine 
efficacy are urgently needed. For the leading 
DENV vaccine, the mere presence of in vitro 

neutralizing antibodies was not sufficient for pro-
tection because many individuals experienced 
breakthrough infections despite having neutral-
izing antibodies to the breakthrough serotype 
[21]. The lessons we have learned from natural 
infections studies about the molecular specificity 
of human antibodies to DENV infection may also 
lead to more robust correlates of vaccine efficacy 
than mere levels of total neutralizing antibodies 
[36]. Certainly, the reagents and tools are now 
available to interrogate vaccine responses in a 
manner similar to that we have described here for 
natural DENV infections.

 Discussion of Chapter 5  
in Dengue and Zika: Control and 
Antiviral Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Aravinda de Silva.

Félix Rey: So you will be calling to question the 
fact that antibodies against Dengue would 
neutralize Zika?

Aravinda de Silva: No. But what I am saying is 
that in people who have recovered from 
Dengue – when they are in the late convales-
cent stage – they do not have circulating anti-
bodies that neutralize Zika. I think in people 
who have secondary Dengue, when you iso-
late antibodies from their plasmablast, you 
can certainly find monoclonals that cross- 
neutralize Zika or even cross-protective 
against Zika, but it looks like they are not per-
sisting into memory.

Félix Rey: How do you know that?
Aravinda de Silva: So in those people who have 

repeated Dengue infections – when we bleed 
them 6 months out from their infection, there 
is no neutralizing antibody against Zika. And I 
think that even in some of the other studies 
that are coming out to say that Zika and 
Dengue cross-neutralize, many of these stud-
ies have been done with samples within the 
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first 3 or 4  weeks of an acute secondary 
Dengue infection. We know that one of the 
hallmarks of Dengue is that soon after they 
recover from Dengue during the convales-
cence period, there are very high levels of 
cross-neutralizing antibodies. This is even the 
case with primary Dengue infection, where 
we get a lot of cross- neutralizing antibodies 
during the convalescence period. But that is 
transient and it goes down and the response 
becomes more monotypic.

Paul Young: Can I just explore that further, 
because we have known that for a very long 
time. Why does the cross-neutralizing activity 
go down yet the serotype-specificity stays on. 
What is driving it?

Aravinda de Silva: So one of the obvious things 
is that IgM plays a role in cross-neutralization. 
But the second possibility is that there is an 
extrafollicular reaction. These cells are acti-
vated but they don’t get into the germinal cen-
ters and differenciate into plasmablast. They 
make a transcient antibody response but the 
cells do not persist. So a lot of the cross- 
neutralizing antibody is coming from extrafol-
licular reactions.

Paul Young: But why? I’m still a little confused. 
But I understand that’s why it happened. But 
why are those selectively lost?

Aravinda de Silva: Yes. That’s a good question. 
What is it about those epitopes that are getting 
lost, why are type-specific ones being 
maintained?

George Gao: Can we have a big picture for those 
three domains [of the envelope protein]? 
Which domain contributes the most to neutral-
izing antibodies? Can we say that now?

Aravinda de Silva: I think you have to really ask 
that question in the context of primary infec-
tion. In someone who has only had Dengue 
once or Zika once and no other flavivirus 
exposures, then what epitope is responsible 
for durable neutralization? We find in these 
cases there are defined epitopes responsible 
and they are the quaternary structure type- 
specific epitopes. But in someone with 
repeated infections – at least repeated Dengue 
infections  – it could be ADE antibodies, it 

could be other antibodies that we haven’t dis-
covered. But after natural infection, I don’t 
think that there is evidence that there are these 
long-lasting memory responses that are cross- 
neutralizing multiple flaviviruses.

Félix Rey: You would say that if it does not bind 
recombinant E protein, it has to bind some 
super-organization between dimers or some-
thing, but the recombinant E is monomeric 
unless you have it at a very high concentration.

Aravinda de Silva: Yes I agree that it could be 
binding dimers because the recombinant E 
protein test would not pick dimers.
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Abstract
Zika virus (ZIKV), first discovered in the Zika 
forest in Uganda in 1947 was understudied 
until the recent explosive epidemic in several 
South American countries where it has become 
strongly associated with congenital birth 
defects leading to severe cranial malforma-
tions and neurological conditions. The 
increase in number of case of microcephaly in 
newborn children associated with ZIKV infec-
tion triggered the World Health Organization 
to declare the epidemic as a Public Health 
Emergency of International Concern in 
February of 2016. ZIKV is a member of the 
flavivirus genus and is transmitted by Aedes 

aegypti mosquitoes, however in the current 
epidemic clear evidence is emerging to sug-
gest the virus can be sexually transmitted from 
human to human. The differences in epidemi-
ology and manifestations of ZIKV infection 
during these outbreaks have prompted 
researchers to investigate mechanisms of dis-
semination, pathogenesis, and host immune 
response which contributes significantly to the 
control of the virus infection. The E and NS1 
proteins of ZIKV are the major targets for 
neutralizing and protective antibodies. In this 
chapter, we mainly focus on recent research 
on the crystal structures of the ZIKV E and 
NS1 proteins, and their relations with virus 
infection and immune responses. These stud-
ies will be helpful to develop novel therapeu-
tics and vaccines for protection and control of 
ZIKV infection.

Keywords
Crystal structure · Zika virus · Neutralizing 
antibodies · NS1 · E protein

Zika virus (ZIKV), a Flaviviridae family member 
transmitted to humans by mosquitoes, has emerged 
as a major health concern during 2015 [12]. ZIKV 
infection of pregnant women can cause congenital 
malformations including fetal and newborn micro-
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cephaly and serious neurological complications, 
such as Guillain–Barré syndrome [13, 27, 40, 41, 
62]. In addition to transmission by mosquitoes, 
ZIKV may establish long-term persistent infec-
tions [38] and be transmitted by sexual activities 
[23, 24, 45] or vertically from mother to fetus [10, 
27]. Also, ZIKV was detected in human semen 
and spermatozoa [39], and ZIKV infections of 
male adult mice can cause testicular and epididy-
mal damage, leading to cell death and destruction 
of the seminiferous tubules [30, 37]. These facts 
pose new challenges for controlling outbreaks 
caused by this virus. Yet, currently there is no 
available drug approved to treat or prevent ZIKV 
infection. In order to develop specific medical 
countermeasures, more studies are needed to 
understand the pathogenesis of ZIKV.

Like other flaviviruses, such as dengue virus 
(DENV), Japanese encephalitis virus (JEV), yel-
low fever virus (YFV), West Nile virus (WNV) 
and tick-borne encephalitis virus (TBEV), ZIKV 
is an enveloped, single-stranded, positive-sense 
RNA virus. The RNA genome of ZIKV is directly 
translated into a long polyprotein in the cyto-
plasm of the infected cells. The polyprotein is 
further co-translationally and post-translationally 
cleaved and processed by host and viral proteases 
into three structural proteins (precursor mem-
brane (prM) protein, envelope (E) protein, capsid 
(C) protein), which form the virus particle, and 
seven non-structural proteins (NS1, NS2A, 
NS2B, NS3, NS4A, NS4B and NS5) that per-
form essential functions in genome replication, 

polyprotein processing and manipulation of cel-
lular processes for viral advantage.

Antibody-mediated humoral immunity con-
tributes significantly to the control of ZIKV 
infection. The E and NS1 proteins are the major 
targets for neutralizing and protective antibodies. 
In this chapter, we mainly focus on the structures 
of the E and NS1 proteins, and their relations 
with virus infection and immune responses.

6.1  ZIKV E Protein and Its Role 
in the Viral Life Cycle

The flavivirus E proteins belong to the class-II 
fusion proteins, which lie flat on the virus surface 
in the form of antiparallel homodimers [44]. 
Each E monomer basically consists of three 
domains with folds consisting mainly of β-sheets: 
the central β-barrel domain I (DI), the elongated 
finger-like domain II (DII) with a hydrophobic 
fusion loop (FL) at its tip, and the C-terminal 
IgC-like domain III (DIII) (Fig. 6.1a). The E pro-
tein of ZIKV shows a pre-fusion structure similar 
to all other flavivirus E proteins of known struc-
ture [21]. 90 E dimers pack tightly on the virus 
envelope with a ‘herringbone’ arrangement, sup-
porting the icosahedral symmetry [49]. During 
virus infection, the E-dimers bind to  – as yet 
unidentified – cellular receptors and are internal-
ized into the endosome of the target cell. There, 
the acidic-pH environment triggers a transition at 
the virus surface [43]: E-dimers are thought to 

Fig. 6.1 Schematic demonstration of eptiopes for dif-
ferent neutralizing antibodies on ZIKV E protein. The 
ZIKV E monomer (a) and dimer (b) are shown as the top 
view. DI, DII and DIII contained in each E subunit are 

colored as red, yellow and blue, respectively. Glycans in 
150-loops are shown as cyan sticks. The epitopes for their 
corresponding neutralizing antibodies are marked by 
green circles
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dissociate into monomers with structural rear-
rangement that permit the fusion loops to insert 
into the membrane of the target cell. Subsequently, 
the E-monomers reassociate into fusogenic tri-
mers and pull together the membranes of cell and 
virion to complete the virus fusion [3, 52, 53]. At 
a late stage of the viral life cycle, the newly 
assembled progenies enter the endoplasmic retic-
ulum (ER) lumen forming immature virions [61]. 
60 trimeric protrusions of the E and prM het-
erodimers are displayed as a spiky surface of the 
virus. The immature virions subsequently 
undergo maturation, where prM is cleaved by the 
host-cell protease furin in the Trans-Golgi net-
work (TGN) and the pr peptide of the prM pro-
tein dissociates from the virion upon release into 
the neutral-pH extracellular space. In the mature 
virus the E protein are further rearranged into E 
homodimer forming a smooth surface. However, 
the process of virus maturation is often incom-
plete, and the uncleaved prM will lead to the for-
mation of spiky prM-E protrusions on the virus 
surface, resulting in immature virions or partially 
immature virions (mosaic particles) [61].

6.2  Structural Basis 
of Neutralizing Antibodies 
against ZIKV

Protective antibodies prevent flavivirus infection 
by neutralization or Fcγ receptor and complement- 
mediated phagocytosis (ADCC, antibody- 
dependent cell-mediated cytotoxicity; CDC, 
complement-dependent cytotoxity) [56]. The 
neutralizing monoclonal antibodies (MAbs) 
function by blocking viral attachment or interfer-
ing with virus fusion [36] at post-attachment 
steps [32, 33]. Of note, flavivirus-reactive MAbs 
are known to cause antibody-dependent enhance-
ment (ADE) of virus infection when their neu-
tralization activities are weak or local 
concentrations are insufficient [9]. Consequently, 
a high concentration of MAbs with high neutral-
ization potency is required for antibody-mediated 
protection against flaviviruses.

To date, a number of neutralizing and protective 
MAbs against ZIKV infection have been reported 

[7, 21, 25, 47, 51, 57, 63]. Structural studies of 
MAbs bound to ZIKV-E protein by X-ray crystal-
lography or cryo-electron microscopy (cryo-EM) 
provide platforms to dissect the molecular basis of 
antibody-mediated virus protection [22].

The first MAb reported to react with ZIKV-E 
was 2A10G6, a broadly protective antibody of 
flaviviruses as previously identified [21, 26]. 
2A10G6 is a murine MAb and can neutralize all 
four serotypes of DENV as well as WNV and 
YFV with potency at nanomolar concentrations 
[26]. The epitope of this MAb is mapped to the 
98DRXW101 motif of the E protein, a region con-
served throughout the flaviviruses that is involved 
in the fusion of the cellular and viral membranes. 
Because of the conservation of this FL in 
sequence and structure, MAbs recognizing this 
region are usually cross-reactive. 2A10G6 binds 
to ZIKV soluble E protein (sE) with high affinity, 
but unexpectedly, shows weaker neutralization 
potency against ZIKV compared to DENV and 
other tested flaviviruses (100-fold lower neutral-
ization potency). Based on structural character-
ization, 2A10G6 engages the distal end of DII of 
ZIKV sE, covering key residues in the FL, includ-
ing W101 and F108 [21] (Fig. 6.1a). The binding 
sites in the FL for MAbs are usually occluded in 
the prefusion E-dimer of flaviviruses. Thereby, 
virion ‘breathing’ is required for the recognition 
of this epitope in the FL by 2A10G6. ‘Breathing’ 
describes the conformational fluctuation of E 
proteins of the virus particle which consequently 
alters the antigenic surface for MAb binding [29, 
34, 43]. Increasing the temperature has been 
demonstrated to enhance the exposure of the 
cryptic epitope of DENV by virus ‘breathing’. 
Interestingly, ZIKV has been shown to feature a 
thermally more stable structure compared to 
DENV [29, 34]. Accordingly, the FL- targeting 
MAbs, including 2A10G6, which efficiently neu-
tralize DENV, show low or no neutralizing activi-
ties against ZIKV [7, 21, 25]. Besides, FL-specific 
MAbs can recognize epitopes on immature or 
partly immature virions, also known as mosaic 
particles [16], in which the FL of the E protein is 
exposed on the protrusion of prM heterodimers. 
Despite weak neutralization activity, 2A10G6 
exerts a partially protective effect in vivo. This 
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protection is likely due to other effector func-
tional mechanisms, possibly involving Fcγ 
receptor- mediated or complement-dependent 
effectors [56]. In summary, the FL-targeting 
MAbs with weak neutralizing potency are con-
nected with a higher risk of ADE, especially for 
ZIKV treatment, which should be further studied 
in the near future.

Subsequently, two neutralizing antibodies, C8 
and A11, have been shown to be effective against 
ZIKV infection [7]. C8 and A11 are human 
MAbs that broadly neutralize all four serotypes 
of DENV and ZIKV, and they are defined as 
E-dimer-dependent (EDE) MAbs binding to the 
quaternary-structure-dependent epitopes in the 
conserved region of DENV and ZIKV, including 
the b strand, the ij loop and the FL in DII, the 
150-loop in DI, and the A strand in DIII [7, 46] 
(Fig. 6.1b). They are potent neutralizers for the 
DENV/ZIKV super-serogroup.

How about ZIKV-specific neutralizing anti-
bodies? Recently, our group [57] described three 
ZIKV-specific neutralizing antibodies, Z20, Z23 
and Z3L1, that were isolated from a ZIKV- 
infected patient. All three antibodies can provide 
complete protection against ZIKV infection in 
immunodeficient mice [57]. For the Z20-sE com-
plex, structural studies have revealed that its epi-
tope includes the a, b, d, i, and j strands, and the 
bc, hi and ij loops in DII of one sE, as well as the 
fg and aBI0 loops from DII of the adjacent sub-
unit (Fig.  6.1b). A cryo-EM structural study 
shows that Z23 mainly binds to DIII of one E 
monomer, and can cross-react with two E-dimers 
in the dimer-dimer interface (Fig. 6.1b). 120 Z23 
Fragments of antigen binding were observed to 
bind to the ZIKV particle, indicating that its epit-
ope overlaps with that of ZV-67 [57, 63]. As to 
Z3L1, it has been demonstrated to bind to the DI 
and DI-DII hinge region on the top surface of the 
sE dimer (Fig. 6.1b).

Meanwhile, four ZIKV-specific murine neu-
tralizing MAbs targeting DIII have been reported, 
including ZV-48, ZV-54, ZV-64 and ZV-67 [63]. 
ZV-54 and ZV-67 are more efficient in ZIKV 
neutralization with a broader spectrum, com-
pared to ZV-48 and ZV-64. Further structural and 
competition binding studies revealed that ZV-48 

and ZV-64 share an overlapping epitope in the 
C-C′ loop, while ZV-54 and ZV-67 bind to the 
lateral ridge (Fig. 6.1b). In vivo passive transfer 
studies revealed the protective activities of DIII- 
lateral ridge specific neutralizing MAbs (ZV-54 
and ZV-67) in a mouse model of ZIKV infection 
[63]. The idea that E-DIII-targeting antibodies 
are mainly ZIKV-specific was confirmed in a 
study that characterized memory lymphocytes 
from ZIKV-infected patients [51]. The structural 
basis of this observation needs to be studied in 
the future.

6.3  NS1 Structures 
and Functional Implications

Among the non-structural proteins, NS1, which 
possesses multiple functions in the viral life cycle 
including viral replication, immune evasion and 
pathogenesis, is the most enigmatic protein of the 
flaviviruses [4]. NS1 is a glycoprotein, and the 
glycosylation of NS1 is important for efficient 
secretion, virulence and viral replication. The 
glycosylated ~50-kDa NS1 exists as a membrane- 
associated homodimer after translocation into the 
endoplasmic reticulum (ER) lumen, and plays an 
essential role in viral genome replication. 
Infected cells also secrete NS1 into the extracel-
lular space as a hexameric lipoprotein particle 
(sNS1). The sNS1 lipoprotein is involved in 
immune evasion and pathogenesis by interacting 
with components from both the host innate and 
adaptive immune systems, as well as other host 
factors [6, 19]. NS1 also represents the major 
antigenic marker for viral infection [60]. The 
molecular mechanisms are relatively-well estab-
lished for DENV and WNV [1, 28], but little was 
known about the NS1 of ZIKV, until recent pub-
lications reported crystal structures of the ZIKV 
NS1 protein [11, 50, 58]. The structures show 
special properties of ZIKV NS1, and help learn 
more about this pathogenicity factor with its 
many faces [31]. The overall structure of the 
ZIKV NS1 protein is very similar to the DENV2 
and WNV NS1 structures, with the same protein 
fold and domain arrangement [11, 50, 58]. All of 
them form a homodimer, and each monomer has 
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three domains, the β-hairpin domain, the wing 
domain, and the β-ladder domain (Fig. 6.2a). For 
ZIKV NS1, the N-terminal β-hairpin domain 
(residues 1–30) undergoes a mini-domain-swap 
with the β-hairpin domain of the other protomer, 
yielding a β-roll dimerization domain. The wing 
domain (residues 31–181) consists of three sub-
domains: an α/β subdomain (residues 38–151), a 
long intertwined loop between the β5 and β6 
strands (residues 91–130) and a discontinuous 
connector subdomain (residues 31–37 and 152–
180) connecting the wing domain to the central 
β-roll and β-ladder domains. The C-terminal 
β-ladder domains (residues 182–352) from two 
NS1 monomers form a long β-sheet with 20 β 
strands arranged like the rungs of a ladder. On the 

opposite side of the ladder surface, an irregular 
surface is formed by a complex arrangement of 
loop structures including a long “spaghetti loop”. 
There are two potential N-linked glycosylation 
sites (N130 and N207) in NS1, which are highly 
conserved for different flavivirus.

The NS1 dimer has two faces: the inner face 
and the outer face. The β-ladder defines the inner 
face along with the β-roll domain and the second 
half of the intertwined loop of the wing domain, 
and on the other side, there is the loop surface 
formed by the “spaghetti loop” and the first half 
of the intertwined loop of the wing domain. On 
the inner face of the dimer, the β-roll, the connec-
tor subdomain, and the second half of the inter-
twined loop of the wing create a discontinuous 

Fig. 6.2 Structure of ZIKV NS1 protein and the newly-
identified ‘spike’ region. (a) Overall structure of the 
dimeric ZIKV NS1 protein. The NS1 monomer can be 
divided into three major domains, the β-roll domain, the 
wing domain and the β-ladder domain. N-linked glycosyl-
ation sites are shown as sticks. The newly-defined ‘spike’ 
region in the wing domain is colored in red. (b) Model of the 

NS1 hexamer. The ‘spike’ region is predicted to be involved 
in the formation of the NS1 hexamer. The hydrophobic hole 
is indicated by dotted lines. (c) Comparison of the ‘spike’ 
regions from DENV, WSV and ZIKV NS1 proteins. The 
hydrophobic ‘spike’ region is related to membrane associa-
tion. The disordered “spike” regions in the DENV2 and 
WNV NS1 structures are indicated by dashed lines
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linear hydrophobic protrusion with a markedly 
hydrophobic surface that is the prime candidate 
for membrane interaction. The dimer outer face 
is polar and contains the N130-glycosylation site. 
In the NS1 hexamer, three dimers assemble with 
the polar outer faces pointing outward and the 
hydrophobic inner faces pointing inward, so that 
they can interact with lipid molecules in the sNS1 
lipoprotein particle (Fig. 6.2b).

The ZIKV NS1 structures allow the first visu-
alization of the second half of the intertwined 
loop in the wing domain, which is disordered in 
previously-reported DENV2 and WNV NS1 
crystal structures. This long loop (containing 
hydrophobic residues Y122, F123, V124) forms 
an extended hydrophobic protrusion (“spike”) 
together with the β-roll and the connector subdo-
main, and is most likely involved in associating 
with the membrane surface. Especially, residues 
122–124 of the intertwined loop are always 
hydrophobic or positively charged in different 
flaviviruses, irrespective of amino-acid varia-
tions, which is beneficial for the membrane asso-
ciation (such as K122, M123, L124  in DENV2 
and I122, L123, F124 in WNV) (Fig. 6.2c).

From the conservation analysis of NS1 pro-
teins among different flaviviruses, the most con-
served surfaces are on the β-roll region and the 
C-terminal tip of the central β-ladder. The outer 
face of the wing domain is the most variable 
region. The ZIKV NS1 structure reveals unique 
electrostatic potentials compared with the avail-
able NS1 structures of DENV2 and WNV [1]. 
One predominant feature lies in the loop surface 
of the β-ladder domain [50]. The DENV2 NS1 
structure displays a positively charged surface in 
the central region of the loop surface, whereas the 
WNV NS1 structure has a negatively charged 
central region. For ZIKV, the loop surface exhib-
its a composite surface containing both a posi-
tively and negatively charged central region and 
displays negative charges toward the two distal 
ends. In addition, in the inner face with the β-roll 
domain, only ZIKV displays a negatively charged 
surface, whereas DENV2 and WNV display sur-
faces of neutral charge. Moreover, ZIKV NS1 
displays a positively charged surface in the tip 
region of the outer face of the wing domain, 

whereas the WNV NS1 structure has a negatively- 
charged region here, and the DENV2 NS1 struc-
ture contains both a positively- and a 
negatively-charged region.

The model of the ZIKV sNS1 hexamer, built 
on the basis of the previously reported DENV2 
NS1 hexamer [1], reveals a hydrophobic hole 
surrounded by the inner faces of three NS1 
dimers, containing the β-roll domain and the 
intertwined loop “spike”. By contrast, the outer 
faces can be easily bound by host factors and 
reactive antibodies.

The high level of secreted NS1 in the blood of 
flavivirus-infected individuals during early infec-
tion has made NS1 a primary biomarker in dis-
ease diagnosis [2]. More recently, a panel of 
monoclonal antibodies from ZIKV-infected 
patients was isolated, and most of the antibodies 
were ZIKV-specific, and memory T cells against 
NS1 proteins were poorly cross-reactive, even in 
donors pre-exposed to DENV, indicating that the 
ZIKV NS1 protein can induce a prominent ZIKV- 
specific immune response [51]. The results of 
these authors support our data showing that the 
ZIKV NS1 structure has unique surface charac-
teristics, and it will be instructional instructive 
for developing a serological diagnostic tool tar-
geting ZIKV NS1. Indeed Eroimmun AG has 
developed a Zik-NS1 specific detection test (see 
Chap. 3) that could become widely used in the 
clinical setting. In addition, NS1 is a potential 
vaccine candidate against flavivirus infection [4]. 
Immunization of mice with DENV NS1 protects 
them from lethal DENV challenge [48]. However, 
NS1 cannot only elicit protective antibodies, but 
also auto-antibodies. These auto-antibodies can 
induce severe forms of dengue known as dengue 
hemorrhagic fever (DHF) and dengue shock syn-
drome (DSS) [15, 17]. A wide range of host pro-
teins present on platelets and endothelial cells 
have been identified as cross-reactive targets by 
NS1-induced auto-antibodies [15, 17, 18, 35, 54, 
55, 59]. DENV2 sNS1 itself has also been shown 
to disrupt endothelial cell monolayer integrity 
and activate innate immune cells partially 
induced by interaction between sNS1 and Toll- 
like receptor 4 (TLR4) [8, 14, 42]. The outer face 
of the NS1 structure has been suggested to play a 
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crucial role in interactions of NS1 with host fac-
tors and antibodies [5, 19, 20, 28].

In summary, compared to other flavivirus NS1 
molecules, ZIKV NS1 displays a variable surface 
and divergent electrostatic potential that may 
result in altered binding properties to host factors 
and protective antibodies. The unique surface 
characteristics of ZIKV NS1 may be related to 
ZIKV neurotropism and may help the virus cross 
the blood-brain barrier, the blood-placenta bar-
rier, the blood-eye barrier and the blood-testis 
barrier. It could also be exploited in the develop-
ment of novel therapeutics and diagnostic tools 
for ZIKV infection [51].

 Discussion of Chapter 6  
in Dengue and Zika: Control and 
Antiviral Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Drs. Gao and Shi.

Félix Rey: When you selected the antibodies, 
were you using the Zika virus?

George Gao: We have had one imported case, 
which is the first imported case of Zika infec-
tion [in China]. We cannot label the whole 
virus so we only label the His-tagged E pro-
tein for antibody selection.

Félix Rey: You said that your E protein was 
monomeric. So why are you surprised that 
you got many fusion-loop antibodies, if it is 
monomeric?

George Gao: I agree that in the monomeric form 
you expose the fusion loop but it is possible 
based on the structure that it could be covered 
like you see in a dimer.

Félix Rey: But your selection process is not pick-
ing those, that are at the interface.

George Gao: If it is not that immunogenic as you 
are expecting, then they will not be selected 
and we persistently see only the fusion loop 
antibodies.

Félix Rey: In Gavin Screaton’s screen, he had 
seven patients and the response was binary: 

From some patients, he only got ADE (enhanc-
ing antibodies) and from others he only got 
fusion loop antibodies. But he used whole 
viruses for selection.

George Gao: I agree. Our selection processes 
may be biased.

Aravinda de Silva: I think, we have had a lot of 
discussion about fusion loop antibodies and 
protection. And I think we are all interpreting 
that data. So after primary Dengue virus infec-
tion, people make a lot of fusion loop antibod-
ies. And we know that they are not protective, 
because if they were protective, you would not 
get an infection with a different serotype, 
because fusion loop antibodies are broadly 
crossreacting. What that tells me is that in 
vivo, in people, when you have been exposed 
to a different serotype fusion loop, that anti-
bodies are not protective. And that might mean 
that in vivo, the fusion loop is not exposed in 
the viruses that go on to mediate infection. 
And I think one other thing that we need to 
think about is when we think about virus 
breathing and exposure of fusion loops, how 
the lab-adapted strains of viruses that we work 
with are compared with clinical strains. And 
we know very little about the maturation state 
flexibility of the virions that circulate in peo-
ple. So despite the abundance of fusion loop 
antibodies, there is no evidence in people that 
they are protective. That is different from the 
ADE-type antibodies, which clearly do. I do 
not think you can call those fusion loop anti-
bodies, even though they are binding next to 
the fusion loop, they are binding to domain II, 
but they are not really binding to the fusion 
loop.

George Gao: OK this could mean where the 
antibody actually binds is an important aspect 
but it may be minor. We use the soluble E pro-
tein of the virus for selection but end with an 
antibody that bind as if the protein is a dimer.

Félix Rey: You know that the Dengue virus sur-
face is very heterogeneous with immature 
patches. And you have like 60% uncleaved 
prM on the virion surface. So in all of those, 
when prM is in complex with the E protein, 
the fusion loop is on the side. Pr is not cover-
ing the fusion loop and it is accessible to the 
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antibodies. I think that gives rise to the immu-
nogenicity. I mean most of those fusion loop 
antibodies come from the partially immature 
virus.

George Gao: We isolated at least one antibody, 
targeting the inner side, not on the surface of 
the domain I. How can we get this type of anti-
body that binds very strongly, of course it is 
non-neutralizing, but the fact is that you can 
isolate from our selection procedure, a new 
antibody that cover the inner side. I don’t see 
the connection with immature conformation.

Félix Rey: That is probably because you always 
have some misfolded particles somewhere in 
the mix of your protein, even against internal 
proteins you can get antibodies.

Paul Young: Have you done any lipid membrane 
modeling studies yet, with the Zika NS1?

Yi Shi: No, we are working on it. We have just 
designed mutant proteins to see whether this 
region is important. We are now doing the 
lipid floating experiment which is a membrane- 
association technique.

Subhash Vasudevan: Have you compared your 
Brazilian strain with the MR766 strain in the 
region where you think the loop structures are 
different? Did you compare the sequences?

Yi Shi: You mean the sequence that is in the spike 
region?

Subhash Vasudevan: Yes. There must be some 
differences between the strains.

Yi Shi: No, not yet but there must be some 
differences.

Aravinda de Silva: So you have suggested that 
the protein must have a role in helping the 
virus to cross the placenta. For Dengue, it is 
really endothelial cells that are affected by 
NS1. And for the placenta, the barrier is not 
really the endothelial cells. Because the layer 
between maternal and fetal blood, is the tro-
phoblast and it forms the barrier between the 
mother and the baby. So if NS1 has an effect 
there, it has to be not on endothelial cells but 
on the cell that really separate the maternal 
and the fetal compartment in the placenta and 
that is the trophoblast.

Yi Shi: Maybe I think, our proposal of NS1 help-
ing the virus to get into the placenta is just a 

hypothesis. As you know, the NS1 has many 
effectors and there are a lot of factors that with 
which it can interact. It may have some func-
tion in the placenta.

Aravinda de Silva: I think, it is an interesting 
hypothesis. What I am suggesting is to look at 
the layers of trophoblast in the placenta and 
not in the endothelial cells.
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Abstract
Recent structural and functional advances pro-
vide fresh insight into the biology of the den-
gue virus non-structural protein, NS1 and 
suggest new avenues of research. The work of 
our lab and others have shown that the secreted, 
hexameric form of NS1 has a systemic toxic 
effect, inducing inflammatory cytokines and 
acting directly on endothelial cells to produce 
the hallmark of dengue disease, vascular leak. 
We also demonstrated that NS1 exerts its toxic 
activity through recognition by the innate 
immune receptor TLR4, mimicking the bacte-
rial endotoxin LPS.  This monograph covers 
the background underpinning these new find-
ings and discusses new avenues for antiviral 
and vaccine intervention.

Keywords
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7.1  Introduction

First described as a soluble complement fixing 
(SCF) antigen more than four decades ago [10, 90, 
102], the dengue NS1 protein remains a focus of 
both basic and translational research. A potential 
driving role for SCF (NS1) in disease pathogenesis 
was postulated early on, in light of the observed 
association between high levels of complement 
consumption and the more severe form of dengue 
disease, dengue shock syndrome (DSS) [9].

Subsequent investigation into the interplay 
between dengue virus (DENV) and complement 
yielded further evidence that immune complexes, 
whether virion or NS1 derived, potentiate disease 
severity [89, 103, 110]. Indeed, the extent and 
interactions between NS1 and the complement 
pathway have since been expanded considerably, 
however a clear paradigm of the role NS1 plays in 
disease progression is only now just emerging.

First observed at the protein level as a 46 kDa 
species [101], it is now known that NS1 comes in 
a variety of flavors, with distinct populations 
incorporating alternate post-translational modifi-
cations and quaternary structures that traffic to 
different locations in and from the infected cell. 
The much-anticipated recent elucidation of the 
crystal structure of NS1 has shed new light on 
these alternate NS1 species and opened new 
 avenues for diagnostic, antiviral and vaccine 
development [2, 30]. In parallel, our recent dem-
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onstration that the DENV NS1 engages TLR4, 
with the consequent induction of cytokine pro-
duction and vascular permeability, provides the 
first mechanistic explanation to link NS1 with 
disease severity [7, 69]. These findings place 
NS1 as a central player in DENV pathology and 
provide the blueprints for new treatment and pre-
vention strategies. We recently reviewed the 
extensive literature that describes NS1 biology 
[74, 123]. Building on these comprehensive 
reviews, this monograph will provide a brief 
overview of NS1 molecular biology, and give an 
update on the state of NS1 research in light of the 
recent functional and structural advancements.

7.1.1  NS1 Expression, Processing 
and Post-translational 
Modification

Early events in the flavivirus lifecycle, including 
viral entry, nucleocapsid uncoating and transla-
tion have been well documented [81]. Following 
nucleocapsid disassembly, the viral RNA is 
released into the cytoplasm and relocates to the 
ER.  Once engaged with the membrane-bound 
ribosomal machinery, the single open reading 
frame encoded by the positive sense flaviviral 
genome serves as a template for the first round of 
translation into the viral polyprotein which is co- 
translationally cleaved by viral and host prote-
ases. During translation, NS1 is translocated into 
the lumen of the ER via a signal peptide encoded 
by the C terminal residues within the upstream 
flavivirus envelope (E) gene [33]. Within the 
lumen, the N-terminus of NS1 is released after 
processing by resident host signal peptidase [77]. 
Cleavage of the NS1/NS2A junction also occurs 
within the ER lumen, however the identity of the 
protease responsible is not yet known and remains 
the topic of ongoing research.

The NS1 protomer contains 12 cysteines that 
pair to form 6 disulfide bonds that mediate intra- 
domain stabilization. Reflecting the importance 
of these residues, all 12 cysteines are conserved 
across the mammalian and avian flaviviurses, and 
10 of the 12 are also found in the insect only fla-
vivirus NS1 where sequence identity to NS1 

from avian or mammalian flaviviruses is mini-
mal. The inter-residue linkages were first assessed 
via mass spectrometry [117], and have been fur-
ther clarified in the resolved crystal structures for 
West Nile virus (WNV) and DENV NS1.

While still within the ER, the NS1 monomer 
dimerises and acquires a partially hydrophobic 
nature. Atomic structures of the DENV and WNV 
NS1 dimer have revealed a hydrophobic under-
carriage comprised of the N-terminal region of 
NS1. The first ~20 amino acids of each monomer 
within the dimer form an interlocking beta-roll 
domain, which contributes substantially to the 
dimeric interface. Together with a hydrophobic 
protrusion located approximately 150 amino 
acids downstream, these domains are proposed to 
insert into the lumenal membrane and account 
for the close association between NS1 and lipids. 
In addition to this hydrophobic interface we had 
earlier identified the incorporation of a glyco-
sylphosphatidylinositol (GPI) moiety within a 
sub-population of NS1 [48, 76]. The importance 
of the GPI addition remains unclear, and has been 
the subject of subsequent investigation [76].

Concurrent with protomer folding and proteo-
lytic processing within the lumen, N-linked gly-
can addition within NS1 is mediated by the 
oligosaccharyl transferase complex [122]. An 
atypical property for a non-structural viral pro-
tein, the presence of glycans was one of the first 
features of interest identified within NS1, draw-
ing the attention of early researchers [121]. 
Sequence analysis first revealed 2–3 putative 
N-linked glycosylation sites for the flavivirus 
NS1, depending on the virus analyzed [87, 113]. 
It is likely these differences represent variations 
on an immune evasion strategy, however they 
may also play a role in receptor binding and cel-
lular activation. After the addition of high- 
mannose carbohydrate moieties within the OTC, 
NS1 separates into three distinct populations; a 
significant fraction is incorporated in the viral 
replication complex and associated vesicle pack-
ets (VPs) [51, 62, 63, 67], a second minor popu-
lation is trafficked to the plasma membrane [96, 
124] and the third is secreted into the extracellu-
lar milieu (sNS1, Fig.  7.1b) [22, 23, 35]. The 
secreted form is first trafficked via the Golgi 
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where exposed carbohydrate moieties are 
trimmed and processed to more complex forms 
by resident glycotransferases and glycosidases.

It is of note that all known flaviviruses, includ-
ing insect only viruses, incorporate a glycosylation 
site at Asn 207, while there are additional sites at 
Asn 130 for DENV1–4, YFV, JEV; Asn 130 and 
Asn 175 for WNV, Saint Louis encephalitis virus 
(SLEV) and Murray Valley  encephalitis virus 
(MVEV); and Asn 85 and Asn 223 for the tick-
borne viruses Tick-bourne encepthalitis virus 
(TBEV) and Looping ill virus (LIV). These differ-
ences correlate with processing status, as Asn207 
remains unprocessed in mammalian cells [82] and 
although solvent exposed in the resolved crystal 
structures (Fig.  7.1a), the carbohydrate moiety 
points downward towards the proposed position of 
the lumenal membrane (or inwards towards the 
interface of the hexamer) potentially excluding the 
activity of the glycoprocessing machinery. Indeed, 
glycosylation abolishing mutations at this site dra-
matically affect NS1 oligomer assembly and 
secretion [21, 84, 104], highlighting a critical 
structural role for this modification. Conversely, 
sites at Asn 130 and Asn 175 are processed to a 
complex carbohydrate form within mammalian 
cells in both natural infection and recombinant 
expression settings [24].

7.1.2  The sNS1 Lipoparticle

Concomitant with glycan processing and entry 
into the secretory pathway, NS1 transitions from 
a membrane associated dimer into a hexameric 
lipo-particle (Fig.  7.1b). The exact mechanics 
involved in the transition between dimer to hex-
amer are still unknown, however the recent NS1 
crystal structures contain some tantalizing clues. 
An atomic structure for NS1 has been a long- 
sought goal of the flaviviral research community, 
however attempts to crystalize NS1 were met 
with significant difficulty. Progress towards a 
structural model for NS1 was made with the 
release of two low-resolution, single-particle 
based reconstructions of hexameric NS1 [39, 73]. 
Both studies revealed an open barrel like struc-
ture with three asymmetrically aligned densities 

likely to represent the NS1 dimer (Fig.  7.1a). 
Analysis of the secreted particle using mass spec-
trometry and thin layer chromatography revealed 
the particle contains a significant lipid compo-
nent, with triglycerides, mono- and diacylglycer-
ols, cholesterol esters and phospholipids among 
the various lipid species identified (Fig.  7.1b) 
[39]. This lipid cargo is thought to fill the interior 
of the barrel like structure, where tight packing 
would allow the estimated ~70 individual lipid 
molecules to fill the interior volume of the hex-
amer. Similar lipidic profiles were obtained for 
NS1 recovered from DENV1 infected vero cells 
and recombinant DENV2 NS1 produced in 
Drosophila Schneider 2 cells (S2). Taken together 
with the apparent stoichiometric quantities of 
lipid species within the NS1 hexamer it appears 
the NS1 cargo manifest is tightly regulated, and 
possibly mediated by structural interactions. The 
discrete nature of the cargo also suggests avenues 
for antiviral intervention, as alteration in the lip-
ids available to NS1 can be expected to alter both 
hexamer formation and downstream functions.

7.1.3  NS1 Structure

It is probable that the lipid component presented 
the major obstacle to the generation of high- 
quality NS1 crystals for X-ray diffraction studies. 
In their recent publication of the atomic structure 
of NS1, Akey and colleagues were able to over-
come these difficulties by obtaining lipid-free 
NS1 using detergent solubilization followed by 
reformation of soluble hexamers using sequential 
size exclusion chromatographic steps [2]. 
Utilizing this method for recombinant NS1 
derived from both WNV and DENV2 based con-
structs, crystal structures were resolved that 
revealed a striking similarity in fold between the 
dimeric form of the two viral proteins, a finding 
in marked contrast to their significant sequence 
divergence (ca. RMSD 0.845 Å, 54.7% sequence 
identity). Intriguingly, two forms of WNV NS1 
were resolved, assuming either perfect hexameric 
symmetry with a central cavity open on both ends 
(closed form), or with C3 symmetry and splayed 
open to reveal a single, much wider opening at 
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Fig. 7.1 NS1 protein structure and hexamer forma-
tion. (a) Domain arrangement within the NS1 dimer. 
Domains of only one NS1 subunit are colored for clarity. 
Indicated domains include the wing domain (yellow), the 
central β-ladder (red) and the hydrophobic β-roll and con-
necting domain (blue and orange). N-linked glycans that 
were resolved in the crystal structure are indicated. A 90° 
rotation reveals the proposed membrane topology, with 
the hydrophobic undercarriage inserting into the cellular 

membrane. Insets show newly resolved structure of the 
flexible wing domain loop in the ZIKV NS1 structures. 
(b) Within the golgi of the infected cell, NS1 dimers asso-
ciate on cholesterol lipid microdomains to form a hex-
amer. The assembled hexameric sNS1 progresses through 
the secretory pathway and is released into the blood-
stream. The ratio of lipid components (phospholipid, PL; 
Cholesterol, Chol; Di- and Tri-glycerides, DG and TG) to 
a single NS1 molecule are as indicated
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one end of the hexamer (open form). These forms 
may be analogous to the cryo-EM (D3 symme-
try) and negative stain reconstructions (C3 sym-
metry) previously reported [39, 73].

The two crystal conformations observed for 
WNV NS1 and the two distinct EM single- 
particle reconstructions, both suggest dynamic 
movement between the dimers, with the open 
form possibly representing a structural interme-
diate that is formed during the process of hex-
amer formation. The equimolar distribution of 
triglycerides to NS1 monomers within the 
secreted particle lead Gutsche et al. to suggest a 
model where NS1 dimers are able to specifically 
“pinch off” a subset of lipids from neutral lipid 
rich proto-lipid droplets (LDs) within the ER 
[39]. Thus, 3 dimers may rearrange into an orga-
nized array and interact with specific lipid sub- 
populations before lifting up and closing to 
encase their lipid cargo in the form of the mature 
hexameric lipo-particle (Fig. 7.1b). The elucida-
tion of bound detergent moieties within the open 
crystal form of WNV NS1 at the interdimeric 
boundary also supports this model. This process 
would be dependent on both the immediate NS1 
concentration and the local lipidic environment.

Within the quaternary organization of the hex-
amer, the atomic details revealed by the crystal 
structures identified motifs within the NS1 dimer 
that are likely to play key structural roles in lipid 
association and hexamer formation. NS1 is 
arranged into three distinct domains; a hydropho-
bic β-roll (aa 1–29) which, together with a down-
stream loop, appears as a hydrophobic protrusion 
from the cross-like structure of the dimer which is 
formed by a central β-ladder domain and a globu-
lar α/ β domain with a RIG-I like fold (Fig. 7.1A). 
Within the dimer, the two α/β domains project lat-
erally from either sides of the elongated central 
β-ladder and have been dubbed the “wing” domain. 
This organization imparts an amphipathic like 
overall structure to the dimer, with the inner hydro-
phobic face comprised of the β-roll and associated 
loop structure proposed to intercalate with the 
lumenal facing leaflet of the ER membrane.

Interestingly, NS1  in its lipid free state was 
observed to bind to and remodel cholesterol rich 
liposomes, in a process that might mimic the 

native insertion into the lumenal membrane. This 
property provides a potential avenue for investi-
gating NS1-lipid interactions, and was explored 
by Akey et al. in the first structure-based investi-
gation of NS1 function. Using site-directed muta-
genesis the researchers probed these potential 
interactions through the insertion of charged 
amino acids in place of conserved hydrophobic 
residues within the exposed loop (Fig.  7.1a, 
insets). Remarkably, no differences in liposome 
remodeling relative to wild-type protein were 
observed. Conversely, a reduction in viral replica-
tion efficiency was observed when these same 
mutations were incorporated into an infectious 
clone, leading the researchers to suggest that this 
loop may be involved in other roles within the 
viral life cycle such as interaction with the hydro-
phobic viral cofactors of the replication complex.

However, in a subsequent commentary [3] it 
was noted that these same mutations resulted in 
enhanced secretion of NS1, which could impact 
on replication efficiency through skewing the 
ratio of intracellular vs. extracellular NS1 levels. 
Of particular note, the enhanced secreted NS1 
derived from these mutant constructs was dimeric 
in nature, demonstrating that hexamerization is 
not a strict requirement for secretion, at least in a 
recombinant insect cell system. This result reiter-
ates the critical nature of this exposed loop, 
which although conserved, can adopt different 
conformations as was observed between the two 
crystal forms of WNV NS1. These subtle differ-
ences in orientation may underlie the lipid load-
ing of the NS1 hexamer, where the exposed 
hydrophobic residues potentiate incorporation of 
the lipidic cargo and repositioning of the loop 
facilitates the dimer to hexamer transitions.

Missing from the initial crystal structures was 
the exposed loop between the β5 and β6 strands 
within the wing domain, which was unresolved 
in both DENV and WNV structures. This loop is 
a major antigenic site and is well conserved 
between the mammalian and avian flaviviruses. 
Recent work has suggested this region may play 
an important role in mediating NS1 interaction 
with the envelope protein, thus tethering the rep-
lication complex with virion formation [92]. 
Interestingly, this loop was resolved in subse-
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quent reports of the ZIKV NS1 structure [11, 
126]. Here, two independent groups reported the 
crystallization of dimeric NS1 and although the 
secondary structure of the loop differs between 
the two structures, the overall orientation is simi-
lar and reveals that this region wraps almost 
underneath the wing domain (Fig.  7.1a, lower 
panels). This orientation has two potential impli-
cations for NS1 biology. First it suggests that this 
region may provide additional membrane con-
tacts for mNS1. Second, fitting of the ZIKV 
dimer structure to the hexameric DENV structure 
puts this region at the inter-dimer interface, 
where it may interact with the lipidic cargo and 
potentially stabilize the hexamer form.

The closed hexameric crystallographic form of 
DENV and WNV NS1 appears to match well with 
the reported cryo-EM reconstruction of native 
NS1, suggesting it is an accurate representation of 
the quaternary organization within the mature 
hexameric lipo-particle secreted from infected 
cells. Although the ZIKV NS1 was crystalized 
from a purified dimeric form, the authors also 
reported a hexameric form which failed to crystal-
ize [11]. However, negative TEM analysis sug-
gested that this hexamer adopted a similar open 
barrel form to that observed for DENV and WNV 
NS1. This is a surprising finding given the lack of 
lipid in the crystal structure form. Indeed, there is 
limited to no inter-dimer contact within the crys-
tallographic hexamer and it is expected that the 
lipid cargo contributes substantially to the struc-
tural integrity of the hexamer form. Despite the 
very similar dimeric architecture between DENV 
and WNV NS1, close comparison of the hexa-
meric structures reveals significant differences in 
the inter-dimer contacts. In fact, there are no 
resolved residues within bonding distance within 
the WNV hexamer (form 2 or closed) and only 
one residue (K11) within the resolved DENV 
hexameric structure that is within bond forming 
distance. However, the two residues at the tip of 
the DENV extended loop (F162 and G163) were 
not resolved and may contribute to inter-dimer 
contact, potentially through pi-pi interactions 
with the DENV specific W9 and F162. Although 
remarkable, these findings sit well with a previous 
study from Youn et al. [130] that suggested a role 

for an N-terminal motif in NS1 secretion [128]. 
Here the researchers demonstrated that the 
exchange of residues between WNV and DENV 
at this site (RQ10NK) resulted in an enhanced 
secretion within a WNV infectious clone, remi-
niscent of the native DENV phenotype. As dis-
cussed above, the newly resolved wing loop 
structure may provide hexamer stabilizing inter-
dimer contacts and account for the lack of interac-
tions observed in the WNV and DENV hexamers. 
However, the fact that this loop has only been 
resolved in the dimeric form does not accord with 
such a role. In addition, the loop is placed at the 
asymmetric unit interface in both structures and 
may be stabilized in a non-native form due to 
crystal packing. Thus, further structural and func-
tional work is required to reveal the role this loop 
plays in the native, lipid-filled sNS1 hexamer.

7.1.4  sNS1 Role in Pathology

Perhaps the most notable aspect of NS1 is the 
high level of secreted protein found circulating in 
the blood of flavivirus infected individuals. It 
appears that the levels of secreted NS1 differs 
significantly between flaviviruses, although there 
is limited reliable in vivo data to allow accurate 
sNS1 quantification outside of DENV infection. 
The levels of sNS1 in DENV are substantial, with 
levels in excess of 10  μg/ml reported [4]. The 
high level of NS1  in the bloodstream, which is 
present early during infection, has made NS1 a 
primary biomarker in disease diagnosis. The tim-
ing and level of sNS1 within DENV has also lead 
many researchers to propose a direct role for 
sNS1 in disease pathology.

Until recently, most evidence pointed towards 
a secondary role for NS1 in pathology, mediated 
through auto-immunity and complement interac-
tions. However, in two recent and complementary 
studies from our laboratory and that of Eva Harris, 
NS1 treatment alone was demonstrated to elicit 
the pathological hallmarks of dengue disease, 
endothelial leak and inflammatory cytokine acti-
vation [7, 69]. Using an animal model of disease, 
the work of Beatty et al. observed increased dis-
ease symptoms with the co-administration of 
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recombinant NS1 together with virus. Going fur-
ther, they revealed that the intravenous delivery of 
NS1 to naive animals produced observable mor-
bidity, and was accompanied by cytokine induc-
tion and endothelial barrier breakdown. Maximal 
effects were recorded 3 days post administration 
mirroring the lag in disease severity and viral rep-
lication kinetics that is observed in humans.

Complementing these findings, work in our 
laboratory revealed the molecular mechanisms 
underpinning the activity of sNS1. Using knock 
out cell lines and reconstituted in vitro receptor 
systems we established that sNS1 is recognized 
by the pathogen-associated molecular pattern 

(PAMP) receptor TLR4. TLR4 is required for 
both monocyte activation (Fig. 7.2, panel 1) and 
direct NS1-endothelial interactions (Fig.  7.2, 
panel 2). This activity mimics that of the endo-
toxin LPS and when examined from this perspec-
tive there are striking similarities between the 
manifestations of severe dengue disease and 
those of septic shock. Unlike sepsis however, the 
aforementioned lag time between disease onset 
and severe symptom development provides a 
window of opportunity for the application of 
NS1/TLR4 targeted therapeutics.

Interestingly, an alternative mechanistic 
hypothesis for NS1 activity was put forward in a 

Fig. 7.2 The many functions for extracellular sNS1. (1) 
sNS1 interacts with the cell surface receptor TLR4 on the 
surface of CD14+ monocytes, inducing cellular activation 
and the release of inflammatory cytokines. (2) sNS1 acti-

vates endothelial cells directly and causes loss of endothe-
lial barrier integrity through a TLR4 dependent pathway. 
Inflammatory cytokines released from sNS1 stimulated 
monocytes can also lead to endothelial damage and leak
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paper from Chen et  al. [14]. In this work, the 
authors proposed that NS1 triggers an inflamma-
tory response through a TLR2 and TLR6 depen-
dent pathway. In an effort to resolve the disparities 
with our findings we investigated both possibili-
ties through a direct comparison of the activity of 
recombinant hexameric NS1 derived from insect 
cells (as used in our previous work) and the 
Escherichia coli-derived recombinant NS1 prep-
aration used by Chen et  al. Using mouse gene 
knockout macrophages and antibodies blocking 
TLR function in human peripheral blood mono-
nuclear cells, we demonstrated that eukaryoti-
cally derived NS1 induces cytokine production 
via TLR4 but not TLR2/6, while the prokaryoti-
cally derived recombinant NS1 appeared highly 
contaminated by several microbial TLR ligands 
and activated cells through multiple pathways 
[70]. Furthermore, we showed that the prokary-
otically expressed NS1 was monomeric, and 
therefore present in a non-native conformation. 
This finding was not unexpected, as many studies 
of recombinant NS1 expression in E. coli sys-
tems report a misfolded NS1 product that is 
retained in inclusion bodies and extensive refold-
ing is required to obtain native-like protein. To 
date, only the C terminal domain has been con-
clusively validated to adopt a native-like confor-
mation after refolding [30, 105]. Notably, Chen 
et  al. also showed newborn Tlr6−/− mice had 
improved survival upon infection with high doses 
of DENV compared to wild type mice, thus 
TLR6 is a contributor in dengue pathology in this 
model. However, no direct association between 
TLR6 and NS1 can be made and the authors 
observations regarding TLR6 dependent toxicity 
of NS1 injected into newborn mice is rendered 
moot considering our findings regarding the pres-
ence of several inflammatory microbial contami-
nants in the NS1 preparations used.

In our original publication, we provided a 
range of different approaches aimed to exclude 
LPS as the source of TLR4-stimulating activity in 
our NS1 preparation [69]. However, the exact 
nature of the NS1-TLR4 interaction remains an 
open question. It is tempting to speculate that the 
lipidic cargo carried within the barrel-like sNS1 
hexamer plays a direct role in receptor engage-

ment and downstream signaling. Indeed, TLR4 
activation by a variety of lipidic agonists has now 
been established and is proposed to play a role in 
the activation of TLR4 in influenza pathogenesis 
[44, 100]. It is also conceivable that trace amounts 
of LPS within the bloodstream could be bound 
and concentrated on NS1, with NS1 becoming a 
delivery agent for LPS to the TLR4 receptor com-
plex. Indeed, it is worth noting that circulating 
LPS levels become further elevated in DENV 
infection, possibly via gut leakiness, and may 
play a role in pathology [114]. However, our 
observations of NS1 activity in vitro, including 
increased induction of human compared with 
mouse cytokine mRNAs relative to LPS, and the 
greater effectiveness of NS1 than LPS in the dis-
ruption of endothelial monolayers, support an 
LPS-independent mechanism. Importantly, TLR4 
antagonists are sufficient to completely abrogate 
NS1 function in both cellular activation and endo-
thelial permeability assays in vitro, and the TLR4 
antagonist LPS-RS prevented vascular leak in 
DENV-infected mice [69, 70]. Thus, irrespective 
of a direct role for LPS, the potential for therapeu-
tic reduction of pathology with TLR4 antagonists 
remains a promising avenue of research.

7.1.5  sNS1 and Endothelial Barrier 
Function

The recognition of NS1 as a direct mediator of 
endothelial permeability provides a new paradigm 
to view DENV induced vascular leak. Previously, 
a number of in vitro studies have reported direct 
viral infection of endothelial cells, leading to 
apoptosis [27, 56, 65, 115]. However, these in 
vitro findings did not correlate with in vivo obser-
vations. For example, although several histopath-
ological studies have observed viral particles 
within the endothelial cells of multiple organs [6, 
20, 50, 75, 83, 91], no evidence of active viral rep-
lication has been observed. These findings are 
therefore most likely due to endothelial cell medi-
ated antigen uptake, rather than productive infec-
tion of endothelial cells in vivo [50]. Furthermore, 
autopsy reports of fatal DENV infections have 
indicated increasing capillary permeability with 
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no distinct morphological damage to capillary 
endothelium [5, 8, 86]. With no substantial evi-
dence of direct infection or cell death of endothe-
lial cells in vivo, researchers turned their attention 
to DENV modulation of capillary permeability 
through alternative pathways; inter-endothelial 
junction and glycocalyx layer.

7.1.6  NS1 and the Glycocalyx

Under normal conditions, the vasculature system 
is tightly regulated by two semi-permeable barri-
ers consisting of endothelial cells and their asso-
ciated surface glycocalyx layer. The endothelial 
layer is highly associated with inter-endothelial 
junctions, with a complex network of cellular 
connections mediated by a set of junctional pro-
teins that form the adherens, tight, and gap junc-
tions. Early DENV studies proposed that 
vasoactive mediators are responsible for increas-
ing vascular permeability, a logical consequence 
of the elevated levels of pro-inflammatory cyto-
kines/chemokines consistently observed in severe 
dengue patients [43, 54]. Concordantly, in vitro 
analysis of endothelial layer function demon-
strated increasing permeability as well as loss of 
tight junction proteins in response to several of 
these pro-inflammatory mediators, in particular 
TNF-α [127, 129]. Prior to the recognition of 
NS1 activity, these factors were proposed to be a 
product of viral infection of monocyte/macro-
phages and endothelial cells [13], and T cell acti-
vation [71]. However, although some cytokines 
are observed at high levels in severe patients 
(DHF/DSS) when compared to dengue fever 
(DF), the levels do not correlate with disease 
kinetics [41]. In addition to cytokines, platelet 
activating factor (PAF), has recently been found 
to be associated with disease severity, and a pos-
sible mechanism proposed through the loss of 
junction protein, ZO-1 [49]. Nevertheless, these 
factors alone are insufficient to account for 
DENV specific vascular leak phenomenon, as 
they are also elevated in other viral infections 
[64]. The discovery of a direct role for NS1  in 
endothelial barrier dysfunction by ourselves and 
others therefore provided a solution to this miss-

ing piece of the DENV puzzle and revealed a new 
avenue for DENV research [7, 15, 69].

In a follow-up study, Puerta-Guardo et  al. 
probed the effects of DENV NS1 on the endothe-
lial glycocalyx. Interestingly, they noted a dose- 
dependent NS1-induced loss of sialic acid from 
endothelial cell surface. In addition, exposure to 
NS1 mediated shedding of heparin sulphate, pre-
sumably though activation of cathepsin L. These 
effects were shown to be mediated by NS1- 
induced expression of sialidase and heparanase 
[85]. These effects are in agreement with a TLR4 
dependent pathway, as bacterial LPS has been 
reported to cause glycocalyx degradation from 
lung endothelium by activation of heparanase in 
both a murine model of sepsis and acute respira-
tory syndrome [98, 120]. Given these findings it 
will be of interest to determine whether the 
effects are at play within the vasculature system 
of infected humans. However, detection of struc-
tural changes within the glycocalyx layer are 
technically challenging and may prevent detailed 
in vivo characterization.

Of note, inhibitors of neuraminidases and gly-
cocalyx remodelling protein were shown to com-
pletely abolish NS1-induced endothelial 
monolayer permeability [69, 85]. While these dis-
coveries open other avenues for therapeutic inter-
vention, it is not yet clear that these pathways 
represent an independent mechanism or are 
downstream effects of the NS1-TLR4 interaction. 
Interestingly, the cleaved product of heparin sul-
phate, a main component of glygocalyx, has been 
previously reported to trigger the release of pro-
inflammatory cytokines via a TLR4- dependent 
mechanism [38]. Further investigation into these 
intriguing phenomena at the molecular level will 
no doubt provide deeper understanding of disease 
pathogenesis.

7.1.7  NS1 as a Vaccine Target

The work of Beatty et al. illustrated the potential 
for rational vaccine design, using NS1 anti-serum 
and monoclonal antibodies to inhibit NS1 func-
tion in vitro and in vivo. Although there is prece-
dent within the literature for NS1 use in vaccine 
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design [17, 97], these findings, when combined 
with the recent NS1 structural data, provide the 
framework for novel vaccine approaches which 
could potentially block NS1 function without the 
off-target effects observed in the case of NS1 
auto-antibodies or the complications arising from 
virion specific antibody dependent enhancement 
(ADE) of infection. This potential is of particular 
relevance given the challenge of developing an 
effective DENV vaccine.

The first DENV vaccine (Dengvaxia, Sanofi 
Pasteur) was licensed in December 2015  in 
Mexico. It has since been licensed in several other 
countries, but in two human trials showed only 
60% efficacy [41]. Furthermore, during clinical 
trials it became apparent that prior exposure to 
dengue appeared to be necessary in order to prime 
an effective vaccine immune response. 
Consequently, use of this vaccine is restricted to 
individuals older than 9  years and to endemic 
countries where there is existing immunity. 
Relevant for future trials, the Dengvaxia clinical 
trials also showed that neutralizing antibody lev-
els did not provide a correlate for protection. 
These disappointing findings now prompt a 
rethink of current vaccine strategies. Recognizing 
the driving role of NS1 in disease pathology, vac-
cines with a focus on NS1 responses are among a 
range of new approaches now under 
development.

Although the mechanism underlying NS1 
mediated pathology has only recently been 
revealed, anti-NS1 mediated immunity was doc-
umented over three decades earlier. These semi-
nal studies demonstrated that the passive transfer 
of anti-NS1 monoclonal antibodies [38, 40, 93, 
94] or active NS1 vaccination resulted in solid 
protection from lethal virus challenge [34, 94]. 
These early experiments identified a correlation 
between complement consumption and protec-
tion [34, 93–95]. This suggested a mechanism of 
protection via complement-mediated lysis of 
cells displaying NS1 on the surface. Since these 
initial experiments it has been found that anti-
 NS1 antibodies can protect independent of com-
plement through phagocytosis and subsequent 
clearance of infected cells [17, 18, 28]. Given the 

potential for NS1 based vaccine strategies to 
avoid the potential risks of antibody dependent 
enhancement, they have been delivered as sub-
unit [7, 12, 37, 42, 55, 95, 118], live recombinant 
vaccinia virus [34], defective recombinant adeno-
virus [46, 47, 111], naked DNA [19, 57, 112, 
125] and peptide formulations [116]. While these 
approaches have been successful at generating 
anti-NS1 antibody mediated protection in multi-
ple model systems (mouse and monkey) and for 
many of the flaviviruses (DENV, WNV, ZIKV, 
TBEV, YFV, JEV) it has also been broadly 
observed that some anti-NS1 antibodies can actu-
ally enhance disease.

Antibodies targeting NS1 have also been 
identified as binding to a range of cellular com-
ponents such as extracellular matrix, blood clot-
ting and integrin/adhesion proteins, platelets as 
well as to ATP synthase B chain, protein disul-
phide isomerise, vimentin and heat shock pro-
tein on endothelial cells [16, 31, 32, 45, 58–61, 
107]. While these antibodies have been proposed 
to contribute to severe disease there has been 
little comment on disease recovery during con-
valescence in the presence of the on-going circu-
lation of these proposed damaging 
auto-antibodies [72]. Amino acid residues 311–
330 located within the β ladder of NS1 have been 
identified as sharing a sequence motif with a 
number of cellular components (ATP synthase B 
chain, PDI, vimentin and Heat shock protein 60) 
[16]. Given the problematic self-reactive anti-
bodies recognize the C-terminal half of NS1, an 
approach using a truncated NS1 recombinant 
lacking amino acids 271–352 has been trialed 
and was shown to produce antibodies capable of 
recognizing full length NS1 but without a host-
reactive antibody response [118]. This study 
found that passive transfer of antibodies abol-
ished dengue virus-induced macrophage skin 
infiltration and localised skin haemorrhage, in 
mice challenged intradermally. While these 
results are promising, the protective efficacy of 
truncated NS1 remains to be tested in a true 
infectious challenge model.

It is likely that NS1 vaccines will find eventual 
application in a multivalent approach that includes 
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the structural proteins of the virion. With the 
recent recognition of the highly neutralizing E 
dimer epitope (EDE) specific antibodies [26], 
researchers are now developing epitope focused E 
vaccines that promote EDE responses and negate 
non-neutralizing, ADE enhancing responses [88]. 
Likewise, with the newly available NS1 atomic 
structure and insights into NS1 driven pathology, 
researchers can now apply a rational approach to 
next generation NS1 vaccine design.

7.1.8  NS1-TLR4 Targeted 
Therapeutics

Beyond vaccination, mechanistic understanding 
of NS1 function provides a promising therapeutic 
strategy. Our work validated this approach using 
both TLR4 blocking antibodies and antagonists 
to inhibit NS1 activity within in vitro experimen-
tal models of monocyte activation and endothe-
lial leak. Encouragingly, we were able to translate 
these findings to an in vivo model, where a reduc-
tion in the levels of leak in dengue infected mice 
was observed following treatment with LPS-RS, 
a naturally occurring antagonist of TLR4 signal-
ing. Due to the pressing need for anti-sepsis strat-
egies, there exists a number of potential 
treatments that could be re-purposed for the den-
gue setting. These include compounds that have 
entered or completed phase III trials such as the 
Lipid A analogue E5564 and TAK-242, which 
block TLR4 signalling [99, 100]. Other candi-
dates that have progressed to phase II trials 
include another LPS analogue, E5531 [52], and 
AV411, a phosphodiesterase inhibitor [36]. 
Beyond these established examples there are also 
a range of inhibitors from various classes in pre-
clinical trials which may prove useful in dengue 
treatment [1, 25, 29, 53, 68, 78–80, 106, 119]. 
Successful translation of these will require a 
robust development pathway, using in vitro 
assessment of potential NS1 activity to facilitate 
QSAR before moving to animal models of dis-
ease and eventually human trials.

In contrast, many of the established TLR4 
antagonists have the potential to move directly to 
clinical trials. However, the previous trials of cel-
gosovir and the anti-inflammatory corticosteroid 
prednisolone provide a cautionary tale for DENV 
antiviral development [66, 108, 109]. Ideal mark-
ers of disease severity, in particular capillary 
leak, are not readily available for clinical assess-
ment. It will also be of great interest weather 
TLR4 antagonists can reduce overall disease 
symptoms, or are best suited to preventing severe 
DENV. Preclinical testing of such compounds in 
appropriate mouse models will be essential to 
guide human application.

7.2  Conclusions

The recent structural details revealed by crystal-
lographic and electron microscopy approaches 
have been complemented by the discovery of a 
key role that NS1 plays in disease development. 
Acting as a systemic toxin, secreted NS1 exerts 
its pathological activity through interaction with 
the innate immune receptor TLR4. This discov-
ery provides a mechanistic paradigm to comple-
ment the many decades of work within the field, 
which consistently hinted at a potential driving 
role for NS1 in DENV pathogenesis. Importantly, 
the finding that TLR4 antagonists block leak in 
vivo offers a promising new avenue for antiviral 
therapies. The next steps will be to explore the 
possibility of repurposing clinically tested TLR4 
inhibitors for DENV treatment. In parallel, rec-
ognition and mechanistic understanding of NS1 
induced pathology also offers new solutions for 
DENV vaccine development. However, despite 
the clear translational opportunities, NS1 medi-
ated pathology still remains poorly understood 
within the context of the viral lifecycle. Future 
work to clarify the role of the newly recognized 
systemic NS1 functions within the broader 
framework of virus replication and transmission 
lies ahead. The enigma that is NS1 remains, for 
now.
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 Discussion of Chapter 7  
in Dengue and Zika: Control and 
Antiviral Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique.
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Paul Young.

Subhash Vasudevan: Which Virus strains did 
you use for the mouse challenge experiment?

Paul Young: We have done two principle studies, 
multiple times. S221 which is the Shresta 
mouse-adapted strain in AG129. And also an 
East Timor clinical strain, not mouse-adapted 
for DENV1.

George Gao: Have you compared the dimer ver-
sus the hexamer in your experiment?

Paul Young: You can’t use the dimer form in tis-
sue culture experiments. The dimer in a non- 
detergent enviroment would aggregate. That 
was one of the biggest issues in terms of trying 
to crystallize it. It was crystallized in the end 
in the presence of detergent, so you can break 
down the hexamer into a dimer, but then it 
aggregates again when you put it into a normal 
detergent-free, in vivo enviroment.

George Gao: So then the question is that both 
Janet Smith and my group have published 
NS1 dimer structures. We think it is a dimer.

Paul Young: Yes, you got the Zika NS1 dimer but 
I would assume there is detergent in the crys-
tallization buffer.

George Gao: But can you purify it?
Paul Young: If you purify it in the context of 

detergent you get the dimer form. We rou-
tinely purify it as a hexamer in the absence of 
detergent. So what I am saying is: you can 
purify it in its dimer form, and can maintain it 
as a dimer when there is detergent present. But 
if you put it into an in vivo system, if you take 
away the detergent it aggregates because of 
the exposed hydrophobic domains.

Norbert Heinrich: This may be a naive question, 
but seeing as you showed that NS1 triggers 
IL6 release from PBMC, obviously the next 
step would be CRP (C-reactive protein) pro-

duction in the liver. Do you know whether that 
is clinically relevant following the conclusion 
that we can not use CRP to discriminate viral 
from bacterial infections in Dengue?

Paul Young: That could be true. Hepatomegaly 
is a significant clinical feature for Dengue 
patients. So we have seen that is happening 
and CRP is shown to be elevated in Dengue 
patients.

Norbert Heinrich: And likewise would you 
think the same is true for the other Flaviviruses 
and their NS1?

Paul Young: I never try to extrapolate from one 
flavivirus to another Aravinda. Hepatomegaly 
is a feature of other flaviviruses and maybe it 
is for yellow fever?

Aravinda de Silva: Yes. I do not know.
Paul Young: Yes I do not know either. It is 

possible.
Aravinda de Silva: So how do you explain the 

reduced viremia which is a very surprising 
result?

Paul Young: We were also surprised. What we do 
know – there has been some literature, and we 
have confirmed it ourselves – is that if you add 
NS1 to macrophages that have been infected 
you will increase viral infection. We think that 
it is simply because the activated profile of the 
macrophages are a much better enviroment for 
the virus to grow. So you can imagine that 
knocking down that effect might have some 
impact, but we didn’t expect to knock it back 
completely. I can imagine that some drop in 
viral load, but not completely. We are cur-
rently trying to investigate the mechanism.

Subhash Vasudevan: And you see this 48 hours 
post-infection which is spectacular.

Paul Young: Yes and also the fact that treatment 
at day zero would be exactly the wrong thing 
to be doing.

Shi Yi: Do you have any direct binding data for 
toll-like receptor 4 and NS1?

Paul Young: We have co-precipitation data. 
What we are obviously trying to do is to get a 
co-crystal structure. That is going to be a huge 
challenge, but we are doing the co- precipitation 
studies and have shown that it will co- 
precipitate when you combine them.
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Abstract

A general discussion on viral entry and NS1 
as potential drug targets was held at the Tofo 
Advanced Study Week (TASW) on Emerging 
Viral Diseases in September 2016. The oppor-
tunities and gaps for developing therapeutic 
countermeasures, to take advantage of the 
high-resolution cryo-electron microscopy 
structures of dengue and Zika viruses as well 
as the novel features of NS1 revealed by the 
3D structures, were deliberated.

Keywords
Flavivirus entry mechanism · Therapeutic 
antibodies · Entry inhibitors · NS1 pathoge-
nicity · NS1 delipidation

Subhash Vasudevan: To open up the general 
discussion on drug targets, perhaps a good 
place to start will be virus entry. The structure 
of the virus that Félix Rey presented and the 
assays and the functional tests for virus neu-
tralization that Aravinda de Silva presented set 
the stage for this discussion. What are the 
opportunities with entry as a potential target 
for inhibitors?

Aravinda de Silva: The process of the actual 
entry-mechanism of flaviviruses is still quite 
mysterious. We have the textbook view that 
the virus binds to a yet unknown entry recep-
tor. We know quite a bit about attachment fac-
tors but we still don’t know what is the entry 
receptor. And then, magically, it gets to the 
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endosome, where pH is low and the virus 
fuses with the host membrane. It is probably 
more complicated and people have started 
looking at other viruses in more detail. In the 
case of Ebola virus, there might actually be a 
fusion receptor in the endosome. One of the 
things, as Subhash said, is exploring the anti-
bodies used for vaccine development assays as 
tools for probing entry. And so let us get to the 
more fundamental question: We know that for 
many viruses the actual level of virus-specific 
antibody is predicitve of protection, presum-
ably, because antibodies coat the viral surface 
and block attachment. But as we know for 
dengue, overall levels of virus-binding anti-
bodies are not predicitve of protection. The 
sub-population of antibodies that have been 
implicated in potent neutralization and dura-
ble protection appear to block a step after viral 
attachment, perhaps fusion. Although it makes 
sense that quaternary epitopes recognized by 
human antibodies can block the fusogenic 
process where E protein dimers rearrange into 
trimers, there is little direct experimental evi-
dence to support this hypothesis. Targeting 
this quaternary switch would be a good entry 
target but I think there is a lot more to be done 
to get to this point, though I’m not an expert 
on viral entry; I think there are others here 
who have thought about it more. So this would 
be a good point to discuss. In any case, experi-
ments where we let the virus attach to the sur-
face of cells, and then add these quaternary 
antibodies demonstrate that these antibodies 
can block infection by targeting a step after 
attachment. What we observe is that there is 
equal effect whether you add the antibody 
before or after the virus binds to cells suggest-
ing that the main mechanism is not through 
blocking the attachment to the surface. There 
is additional data in this respect from the work 
of Mike Diamond and colleagues, with some 
of the mouse antibodies, where the neutraliz-
ing antibodies bind to virions and get taken 
into the endosomes with the neutralizing anti-
bodies. I think there is still a lot of work 
needed using biochemical and other 
approaches towards understanding this 
process.

Félix Rey: I think the topic of entry is very broad, 
as Aravinda said. What are the receptors? 
What are the receptors that bind to virion pro-
teins? There are receptors like DC-SIGN that 
bind to the glycans on the virion, and then 
there are papers showing that the TIM & TAM 
familiy of receptors that bind directly to the 
negatively charged phosphatidylserine (PS) 
lipids on the virion. What this is saying is that 
the membrane composition is important, as 
newly formed flavivirus particles initally bud 
into the ER lumen, so they acquire a piece of 
the ER membrane. PS lipids are present in the 
ER membrane, but not in the plasma mem-
brane, where the presence of PS signals apop-
tosis, and PS as an “eat me” signal for 
phagocytosis by specialized cells carrying 
“eat me” receptors such as TIM and TAM/
AxL. In the case of Ebola virus, which finds 
its way to the endosome there is a fusion 
receptor involved. In Ebola virus you cannot 
just lower the pH to get the particle to fuse 
with the liposomes. In flaviviruses, if you have 
the right anionic lipid the drop in pH will be 
enough to drive fusion with liposomes, for 
instance. But to enter a cell, it is not only the 
pH but also the compartment that has the right 
lipid. Jolanda Smit has done some nice track-
ing experiments with a very particular attenu-
ated dengue virus strain (PR159-S1), I think, 
because she was not allowed to use a low pas-
sage clinical isolate. But the caveat is that the 
attenuated virus she used may use a different 
pathway – different from the one used by clin-
ical strains for entry. But the other thing that 
we want to allude to is the mechanism by 
which the most potently neutralizing antibod-
ies neutralize the virus particle. There are sev-
eral aspects to consider: one of the most 
important is that if the stoichiometry threshold 
for neutralization is not reached, i.e., if there is 
not enough bound antibody per particle, the 
virus particle will still be endocytosed and 
will fuse in the endosome and infect the cells. 
And one problem is that the fusion loop anti-
bodies, which can bind only upon breathing of 
the E dimer, will require time to reach the neu-
tralizing threshold, and in the meantime, they 
may facilitate entry via FCγ-receptors, causing 
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ADE. Then if you have these mosaic particles 
that have prM on the one side and mature 
smooth particle on the other, the former are 
spiky because of these prM molecules, the 
antibodies against the fusion loop would bind 
on that side and would leave the other side 
free so that the virus can fuse through the 
smooth patch. This is one of the aspects that is 
not conducive to neutralizaion, but to enhance-
ment. This leads to the question of what 
should be used as an immunogen in order to 
develop a vaccine. There is the strategy of the 
tetravalent vaccine from Sanofi. They use a 
chimera with yellow fever virus background 
with prM/E from the four different dengue 
viruses. Some people say this is not a good 
vaccine, because they do not have the right 
T-cell epitopes that are mostly on the non- 
structural proteins. Possibly that is one thing 
that has not been fully explored. Another thing 
is that they noticed that it usually protects well 
against serotypes 3 and 4, but is less protective 
against serotype 1 and even more poorly pro-
tective against serotype 2. In the view of sev-
eral people  – we have not done this 
ourselves – this vaccine’s performance corre-
lates with virus breathing. There are signs that 
Dengue 2 is the one that has most breathing. 
Dengue 1 has less breathing than Dengue 2, 
but still quite significant. While Dengue 3 and 
Dengue 4 apparently, have least breathing. 
However this will depend on the strain and 
what cells were used to grow the virus strains 
etc. Also as Aravinda mentioned, there could 
be single mutations on the envelope, that can 
lead to very different properties of neutraliza-
tion by antibodies. In summary there are many 
things to master to really understand what you 
could do to elicit antibodies that will effi-
ciently block virus entry. Concerning entry, 
the other thing that could be used is small mol-
ecule antivirals. We know that the E protein 
has to be in a metastable conformation in 
order to induce fusion as it has to change from 
the dimer to a trimer. The dimer has to be 
metastable for it to be functional, and if we 
can find compounds that specifically bind to 
the E dimer and stabilize it, such that it will 
remain a dimer and will not change to trimer, 

and thereby block fusion. There are reports in 
the literature that researchers at Novartis had 
targeted the E protein, but I think that did not 
work out.

Paul Young: Just to extend that, not only can you 
find compounds that bind to the dimer and 
restrain it from transition to a fusogenic tri-
mer, but you could identify compounds that 
trigger fusion prematurely so that they are no 
longer infectious. One of the big differences 
between strains, let alone between subtypes, is 
the pH at which they transition. It is not just a 
single pH, but varies from just below 7 down 
to 5.5. As a consequence, the virus fuses in 
different compartments of the endosome. It 
could fuse in the early or the late endosome, 
depending on how low the pH needs to be 
before transition occurs. There is quite a lot of 
variation. Coming back to the point of viruses 
getting into the endosome in the presence of 
the antibody. James Porterfield published a 
paper in the early 80s in Nature that showed 
West Nile virus getting into cells and into the 
endosome with attached antibodies and 
showed that the neutralizing effect of the anti-
body was at that late fusion stage. So we have 
known this for some time. But I think those 
quaternary interacting antibodies is the key for 
neutralization. I also want to get back to some-
thing I mentioned in the earlier talk on the 
mechanism of NS1 protection. It is true, not 
just for non-structural proteins, but also for E 
that antibodies may introduce protection 
through ADCC [antibody-dependent cellular 
cytotoxicity] and not necessarily just 
neutralization.

Subhash Vasudevan: Félix, do you expect the 
monoclonal antibodies that you are develop-
ing, as therapeutic antibodies to coat the entire 
virus? How many antibodies should the virus 
bind?

Félix Rey: It was also shown by Ted Pearson that 
flavivirus neutralization works by a “multiple 
hit” mode, following the “antibody coating” 
model proposed earlier by Dennis Burton, 
which poses that you need a minimum stoichi-
ometry for neutralization. I think you need to 
have at least 30 antibodies bound to the parti-
cle for neutralization. So in principle, there 
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could be 180. But if you have 30 equally dis-
tributed antibodies it would perhaps suffice. 
There is a caveat here, because you could have 
90 copies only on one side of the particle. 
Because that is where the fusion loop is 
exposed. Then the other side is not blocked. 
What you need is an even blocking of the 
mosaic particle.

Aravinda de Silva: The number of 30 is shown 
for West Nile virus, but I think the number, in 
my opinion, will really depend on the actual 
antibodies and mechanisms by which it neu-
tralizes. What is clear is that you have to get 
above a certain threshold number. Only one 
antibody binding is not going to work. I guess 
there are examples, maybe, in the literature – 
some virus like polio where binding of anti-
body to the virus particle may destabilize the 
virus surface  – but that is not the case for 
Dengue. I think to determine the number of 
antibodies that is needed to neutralize and 
block fusion, we should consider how many E 
molecules are actually participating in the 
fusion reaction, in the fusion pore. I think that 
Steve Harrison has done some work and has 
come up with some idea about how many mol-
ecules are actually a part of the fusion pore, 
but I do not know that literature very well. The 
other important thing to touch upon is that the 
actual entry pathway and intracellular com-
partments may be different when the virus 
gets in via ADE versus a traditional cell sur-
face receptor. I think this is an area worth 
exploring further and people call it intrinsic 
ADE. The idea here is that a cell infected via 
the ADE pathway evade, cellular antiviral 
responses more efficiently than virions enter-
ing via a traditional receptor. So, antibody-
enhanced entry can lead to a greater number 
of infected cells as well as individual infected 
cells releasing more infectious virions. There 
is also the issue of mature versus immature 
virions. We always thought that immature 
virions are not infectious and Jolanda Smit has 
done some nice work to show that these imma-
ture virions can be infectious under some con-
ditions. Her data indicates that immature 
virions can get into the endosome. And that 

furin in the endosome can actually cleave prM 
and mature those virions. We have observed 
that furin inhibitors can block the entry of 
immature virions, whereas the entry of mature 
virions is not blocked by furin inhibitors. So 
we always talk about maturation on the way 
out of the cell, but we also need to consider 
how virus maturation state influences entry 
into the cell.

Subhash Vasudevan: I guess we can talk a lot 
more about the complexity of entry, but in the 
interest of time, we should perhaps move this 
discussion along to NS1. So over the past 
decade, a lot of work from several key players 
and also from Paul Young’s laboratory, as we 
heard in the presentation earlier, suggest that 
NS1 could be a direct antiviral target. So Paul, 
do you want to kick off and add something to 
what you already said?

Paul Young: Not really. I think I’ve said it all 
[sniggers from the audience]. There are a 
number of NS1-mediated effects we have 
already discussed but I think there will be 
more to talk about in the future, given that 
NS1 has been shown to engage with a wide 
range of host molecules. I think many of 
them are likely to be acting in synergy to 
exacerbate immune responses, sending some 
infected individuals down a pathogenic path-
way. The anamnestic antibody response dur-
ing the acute stage of secondary infections 
and the resulting early formation of immune 
complexes offers another activation path-
way. There are all these different layers that 
seem to be in play, adding complexity, syn-
ergizing with each other to enhance that acti-
vation effect. There have been many subtle 
differences discovered between the endothe-
lial membrane and the monocyte system 
regarding the effect that NS1 is having. 
Hopefully we can understand and tease out 
the pathway in the near future, but there are 
multiple pathways for aggrevating that 
activity.

Félix Rey: Also through the lipids that NS1 
transports within the core of the secreted hex-
americ form. So that is another factor that can 
contribute to the effect.
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Paul Young: Absolutely! We are delipidating 
NS1 at the moment. It is a challenging task to 
delipidate and keep it as a functional hexa-
meric unit but it can be done. The crystallog-
raphy of NS1 suggests that it is possible. We 
made a point to mention in our paper that we 
have not dismissed the possibility that the 
lipid component may be involved in activa-
tion. Early studies suggest otherwise but I 
think they are probably playing a role 
somewhere.

Siew Pheng Lim: So in terms of intervention 
with respect to NS1: Where do you think we 
should target? The partners of NS1? Or anti-
bodies with NS1?

Paul Young: This is a good question. It is not 
only what you target, but temporally, when 
you target, as animal experiments show. When 
we first tried the sepsis drug in the animal 
model on day zero, at the same time as virus 
infection, we saw a worse outcome. So clearly, 
the timing of treatment is critical and might 
prove challenging to achieve in clinical trials. 
A worse outcome at the time of infection sug-
gests that innate immune responses are impor-
tant in dampening down the early infection. 
But the fact that it had such a positive effect 
2 days post infection, indicates we may have a 
window of opportunity provided appropriate 
early diagnostic detection is done. Whether 
we use a TLR4 antagonist, such I have shown 
here or perhaps a blocker of a partner like 
CD14, or a blocker of NS1 itself all remain 
possible. We are also setting up screening 
assays to identify small compound inhibitor 
drugs of NS1 activation. As Eva Harris has 
shown, antibodies to NS1 can also block the 
activity. So an antibody response elicited to 
NS1 may be an important co-deliverable to 
any vaccine in the future. It’s worth noting that 
the Sanofi vaccine not only does not deliver a 
full array of dengue relevant T-cell epitopes 
but it also does not express dengue NS1. The 
absence of that specific protective immune 
response may have played a role in the vac-
cine’s poorer than expected performance. 
More than two decades ago, when we were all 
looking at NS1 as a putative vaccine, as an 

approach to get away from ADE, and the only 
observation of the NS1 antibodies delivering 
passive protection was in mice that NS1 gave 
protection that offered an opportunity to go 
forward. It was not pursued further because it 
was too difficult to actually tease apart how 
that protecion was actually working. So the 
ADCC was mentioned as a primary compo-
nent. But as Jack Schlezenger showed, there 
are clearly components outside of the ADCC 
pathway of protection that we could not 
understand. And if we look at this data now, 
maybe the additional component was simply 
the blocking of NS1 activation of cell popula-
tions within mice. So, multiple targets and you 
have to be very careful about timing of treat-
ment. Maybe one other thing to mention here. 
There is a focus in particular on disease at the 
severe end of the spectrum, shock and endo-
thelial leak. But if you think about the major 
symptoms of the milder dengue fever, includ-
ing severe joint pain it is possible that these 
may simply be the consequence of an over-
robust pro- inflammatory cytokine response. 
So I think that medication that dampens the 
inflammatory cytokine response, even in den-
gue fever infection, might have some benefi-
cial effects.

Anuja Mathew: Are there any parts of NS1 that 
are known to be more immunodominant and 
recognized by antibodies? Andrew Falconar 
has used peptides and found some antibodies 
that block.

Paul Young: Andrew was my PhD student and 
we worked together on this. So yes, we did 
look at mice, rabbits, and humans and saw dif-
ferent profiles, different epitopes. Many other 
groups have also subsequently examined this 
question and we now have a comprehensive 
picture of the epitope topography of NS1. 
There are common cross-reactive epitopes and 
there are a number of dominant epitopes. One 
of these is the loop structure at the end of the 
wing domain. Antibodies to this epitope cross- 
react with all four dengue virus serotypes and 
a number of other flaviviruses. We have repre-
sentative antibodies from the majority of iden-
tified epitopes and we have looked at their 
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ability to block this activation effect. In short, 
some do and some do not.

George Gao: So what is the correlation for the 
primary infection and the secondary infection 
for the NS1 antibody response curves? Do you 
have anything on that?

Paul Young: We have looked at serum samples 
from primary and secondary infected patients 
using immunoblotting, to examine the profile 
of antigen specificity. Serum from patients in 
the acute stage of primary infection recog-
nises E with some recognising both E and 
prM.  Very rarely do you see an anti-NS1 
response in primary infections except in late 
convalescence. But if you look at secondary 
infected patients, NS1 responses are strong, 
one assumes just like with ADE, it is the mem-
ory response to the NS1 seen in the primary 
infection (original antigenic sin). I would sug-
gest that those secondary anti-NS1 responses 
are low-affinity responses to the incoming 
acute NS1. And I think that has a role to play 
as well as low-affinity immune complexes.

George Gao: Because everybody is talking about 
using E antibody and NS1 antibody for thera-
peutics: Do you think that the NS1 antibody 
alone would work?

Paul Young: Probably not. But a combined 
approach with neutralizing antibodies may 
have some benefits. It should be noted that 
there have also been reports of anti-NS1 anti-
bodies enhancing disease, because of a mim-
icry with epitope domains present on 
endothelial cells. Those antibodies responsi-
ble have been identified as binding to the 
C-terminal end of NS1. It has been suggested 
that truncated NS1 could be used to induce 
protective antibodies without enhancing dis-
ease. Induction of a protective anti-E and NS1 
response, that supresses infection early, on is 
probably the path to go.

George Gao: So far, how many NS1-targeting 
antibodies and for how many flavivirus mem-
bers has protection been observed?

Paul Young: West Nile is one.
George Gao: What else?
Paul Young: Dengue, Japanese encephalitis 

virus. There are a number of studies that were 

done back in the 90s and all of them essen-
tially show that an NS1-induced response 
could protect.

Aravinda de Silva: I think this is the place 
where we should take a lesson from what we 
have learned about antibody responses to E 
protein. Nearly all of the mapping of NS1 
antibodies were done with mouse antibodies. 
And I think that it is critical that we start to 
map the human antibody responses to NS1 
from different flaviviruses. We need to define 
plasmablast and memory B-cell responses to 
dengue NS1 after primary and secondary 
infections. The current antibody screens that 
most groups use do not pick up NS1 antibod-
ies because the antigens used are E protein or 
virions. So I think, for all of us working in 
this area, it is time to start including NS1 anti-
gen in our screens to start to understand 
human response and how it varies across 
serotypes and between individuals and in pri-
mary versus secondary infection.

Paul Young: Agreed.
Subhash Vasudevan: To your question, Siew 

Pheng, I thought more to the replication com-
plex and the potential role of NS1 and its 
interaction with other proteins in the context 
of viral replication. Is there any merit in tar-
geting specifically NS1 through interrupting 
interactions in the replication complex?

Paul Young: We need to know how NS1 is actu-
ally engaged in the replication complex, and 
that is a long-standing task that we have not 
really been able to resolve. There is engage-
ment with a number of non-structural pro-
teins: NS4A and 4B, and 2A. But a number of 
mutagenesis studies have not made that really 
clear. But if we find out what those biophysi-
cal engagements are, we can potentially inter-
fere with them.

Suzanne Kaptein: I agree with you that NS1 for 
sure is a very interesting target. However it is 
rather curious to see that during all these 
screening campaigns that have been going 
on  – so I am only refering to antiviral cam-
paigns based on cell-based infection, not for 
NS1 as such – we find hits against NS3, NS5, 
E, NS4, but never against NS1.

A. M. de Silva et al.
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Paul Young: I think targeting the pathogenic role 
of NS1 in human infection may be more trac-
table. Targeting the replication role of NS1 is 
much more difficult, given where it is and the 
fact we still do not understand its functional 
role in the replication complex. It is buried 
under a number of membrane compartments, 
from the plasma cell membrane to the mem-
branes of the replication complex. The chal-
lenge is actually getting something to the site 
of activity. That is probably why nothing is 
showing up in the screens.

Subhash Vasudevan: The challenge may be get-
ting the right type of screening assay to ask 
that question. For yellow fever virus it was 
reported that NS1 and NS4A interaction is 
important for replication.

Katja Fink: Also Ralf Bartenschlager’s lab 
showed the interaction between NS1 and E 
protein. I mean that was kind of surprising, 
because I think he proposed NS1 might facili-
tate the packaging of the virus particles. Could 

that also have an impact, or explain how anti-
 NS1 treatment could be used or how anti-NS1 
antibodies would work? Because I still do not 
understand actually how anti-NS1 antibodies 
can be protective. You mentioned 
ADCC.  There is not much NS1 on infected 
cells?

Paul Young: There is actually quite a bit of NS1 
on infected cells, particularly macrophages. 
Its certainly on the surface and it is in a dimeric 
form, which you can show by crosslinking. 
That is the reason why Bartenschlager’s lab 
suggests that it might be the wing domain 
region of the NS1 protein that was engaged 
with E protein. They showed you can co- 
immunoprecipitate E and NS1 from infected 
cells. So inhibiting that particular interaction 
may have some beneficial effect. I am trying 
to remember the data. They did some muta-
tional work, where they abrogated infectivity 
substantially.

8 Viral Entry and NS1 as Potential Antiviral Drug Targets
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The Dengue Virus Replication 
Complex: From RNA Replication 
to Protein-Protein Interactions 
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Abstract
Viruses from the Flavivirus family are the 
causative agents of dengue fever, Zika, 
Japanese encephalitis, West Nile encephalitis 
or Yellow fever and constitute major or emerg-
ing public health problems. A better under-
standing of the flavivirus replication cycle is 
likely to offer new opportunities for the design 
of antiviral therapies to treat severe conditions 
provoked by these viruses, but it should also 
help reveal fundamental biological mecha-
nisms of the host cell. During virus replica-
tion, RNA synthesis is mediated by a dynamic 
and membrane-bound multi-protein assembly, 
named the replication complex (RC). The RC 

is composed of both viral and host-cell pro-
teins that assemble within vesicles composed 
of the endoplasmic reticulum membrane, near 
the nucleus. At the heart of the flavivirus RC 
lies NS4B, a viral integral membrane protein 
that plays a role in virulence and in down- 
regulating the innate immune response. NS4B 
binds to the NS2B-NS3 protease-helicase, 
which itself interacts with the NS5 methyl- 
transferase polymerase. We present an over-
view of recent structural and functional data 
that augment our understanding of how viral 
RNA is replicated by dengue virus. We focus 
on structural data that illuminate the various 
roles played by proteins NS2B-NS3, NS4B 
and NS5. By participating in viral RNA cap 
methylation, the NS5 methyltransferase 
enables the virus to escape the host cell innate 
immune response. We present the molecular 
basis for this activity. We summarize what we 
know about the network of interactions estab-
lished by NS2B-NS3, NS4B and NS5 (their 
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“interactome”). This leads to a working model 
that is captured in the form of a rather naïve 
“cartoon”, which we hope will be refined 
towards an atomic model in the near future.

Keywords
Flavivirus · Replication complex · Protein- 
protein interactions · Innate immunity evasion 
· Antiviral drug discovery

9.1  Introduction

Flaviviruses such as Yellow Fever Virus (YFV), 
Dengue virus (DENV), West-Nile virus (WNV), 
Japanese Encephalitis Virus (JEV) and the 
recently re-emerging Zika virus (ZIKV) repre-
sent significant public-health problems. The four 
DENV serotypes cause hundreds of thousands 
cases of the severe haemorrhagic form of the dis-
ease every year and a large and increasing pro-
portion of the world population is at risk (http://
www.who.int/topics/dengue/en/). The recently 
marketed Sanofi tetravalent vaccine (CYD-TDV) 
fails to confer good protection against serotype 2 
and is not recommended for children younger 
than 11 years old, which unfortunately represents 
a significant limitation of its applicability [15, 
56]. While vaccination remains in principle the 
best way to protect large populations against 
infectious diseases and has indeed been extremely 
successful to control YFV [63], specific antiviral 
drugs to treat the various conditions caused by 
flaviviruses, such as DENV, ZIKV, WNV, YFV 
and JEV would also be desirable, because they 
would significantly expand our prophylactic and 
therapeutic options [29, 43]. For instance despite 
the availability of a very efficient YFV vaccine 
[63] for almost 80  years, between 30,000 and 
60,000 deaths are caused every year by infections 
with this virus and an important outbreak was 
reported this year in in Angola, Uganda and 
Democratic Republic of the Congo, Africa. 
Outbreak management currently relies on con-
trolling the mosquito vector population via the 
release of mosquitoes infected by the bacterium 

Wolbachia (see Chapter by Scott O’Neill and col-
leagues). Plus-strand RNA virus replication 
occurs in association with cytoplasmic host-cell 
membranes, where viral and host-cell factors 
cooperate within an organelle-like factory called 
replication complex (RC) (see refs. [3, 13, 44, 49, 
64]). DENV is a well-studied enveloped virus 
with a positive-strand RNA genome that also 
serves as a prototype to understand the flavivirus 
structure and its replication cycle. Upon attach-
ment to a susceptible cell, DENV viral particles 
about 50 nm in diameter [26] are internalized in 
vesicles and transported to endosomes, where 
major conformational changes in the envelope 
protein E triggered by low pH [4], lead to the 
release of the ribonucleocapsid into the cyto-
plasm. The coding region of the capped single- 
strand RNA genome which contains also 
untranslated regions (UTR) both at its 5′ and 3′ 
ends, is then translated into a viral polypeptide 
and processed into ten proteins following matu-
ration by host proteases and also by the 
NS2B-NS3 viral protease (Fig.  9.1). The 
N-terminal part of the viral polyprotein contains 
three structural proteins C, prM and E and the 
C-terminal part seven non-structural (NS) pro-
teins: NS1, NS2A, NS2B, NS3, NS4A, NS4B, 
NS5 (Fig. 9.1). Viral NS proteins and host factors 
assemble to form a membrane-bound RC that 
functions like a molecular factory by orchestrat-
ing viral RNA replication [36, 37]. Following 
RNA synthesis, newly copied RNA molecules 
are either recycled for translation and replication 
or alternatively, extruded from the vesicle for 
packaging into nascent virions. Importantly, sev-
eral NS proteins of the flavivirus RC including 
NS2B-NS3, NS4B and NS5 constitute validated 
drug targets because they play crucial functions 
during viral replication. Today however, a major 
impediment in developing drugs targeting the fla-
vivirus RC is that both its morphology and exact 
composition, the interplay between its molecular 
constituents at various stages of the replication 
cycle, as well as the precise molecular mecha-
nisms for viral RNA replication are still largely 
elusive. One could say that the field in flavivirus 
research is lagging about 5–10 years behind the 
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field of HCV research. In this respect the emer-
gence of viruses like ZIKV is likely to provide 
the momentum and the level of investment 
needed to fill this gap.

9.2  The Flavivirus Replication 
Complex

Over the last decade, several individual protein 
components of the RC were characterized both at 
the functional and structural level and also as 
potential antiviral drug targets [36, 37, 50]. 
Moreover, several human and insect proteins 
putatively linked to DENV replication were 
recently identified using proteomics and RNAi 
approaches [23, 58]. An interesting –although 
ambitious- challenge ahead is to gain a better 
basic understanding of the flavivirus RC as a 
whole, in order to picture at the atomic level 

molecular interactions that orchestrate the vari-
ous steps of replication: The RC coordinates 
steps of viral cycle by spatial segregation of rep-
licating RNA from ribosomes and from capsids 
undergoing assembly. In this process, an intricate 
and dynamic network of various RNA-RNA, 
RNA-protein and RNA-protein interactions must 
be established in the context of the physical bar-
rier provided by ER membrane (Fig.  9.2). An 
immediate benefit for the replicating flavivirus is 
the protection that such ER perinuclear mem-
brane vesicles confer against host cell nucleases 
and also the avoidance of innate immunity sen-
sors such as RIG-I and IFIT family members, that 
can detect dsRNA molecules [12]. In addition, 
there is an increasing appreciation that intermo-
lecular interactions between members of the RC 
can regulate their enzymatic activities. Catalytic 
activities of multifunctional proteins like the 
NS2B-NS3 protease NTPase/helicase or the NS5 

Fig. 9.1 The flavivirus polyprotein. Shown here is a gal-
lery of structures determined for DENV, available from the 
PDB at www.rcsb.org. References to the original work 
(and respective authors) are either included in the text or 
can be found in the PDB. The polyprotein is depicted as 
blue rectangles for the three structural proteins C (capsid), 
Pr and M Membrane protein, E, envelope protein and as 

green rectangles for the seven non structural proteins NS1, 
NS2A, NS2B, NS3, NS4A, NS4B, NS5, expressed during 
the intracellular phase of the virus replication cycle. 
Question marks indicate NS proteins for which no high-
resolution structure is available, but NMR data detailing 
their secondary structures and topology is available for 
NS2A (25), NS2B (28) and NS4B (29–30, 32) (see text)
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methyltransferase-polymerase appear to be dif-
ferent in the context of the full-length proteins 
compared to isolated recombinant enzymatic 
domains [40–42]. Further modulation of enzy-
matic activities is expected in the context of the 
membrane bound RC.  This suggests the exis-
tence of an extensive network of “cross-talks” 
where both inter-domain and intermolecular 
interactions regulate the various enzymatic activ-
ities harbored by each protein domain. Today, we 
are just beginning to understand the molecular 
basis of these “cross-talks”, thanks to a combina-
tion of structural and functional studies and also 
by using infectious clones and replicon systems 
to perform site-directed mutagenesis informed by 
structural data.

Here we briefly describe ongoing work that 
used DENV RC as model. An interesting, yet still 
largely open question, pertains to whether the 
DENV RC is representative of all other flavivi-
ruses, or alternatively, whether divergence in evo-
lution has produced various answers in terms of 
the architecture and dynamics of say the RC from 
JEV, ZIKV or even between the various DENV 
serotypes. Initial indications given by recent 3D 

structures determination of the full-length NS5 
protein from JEV, DENV3 and ZIKV (see PDB 
code 5TFR) indeed suggest variations in the 
architecture of their respective RC introduced 
during evolution. However, some clustering dur-
ing the divergent evolution of flaviviruses appears 
likely as outlined below taking the example of the 
full-length NS5 protein. One immediate task 
therefore consists in identifying a common 
ancestral RC “core” shared between various fla-
viviruses. Another task is to check whether a 
simple phylogenetic analysis suffices to assign 
one particular RC to one group of closely related 
flaviviruses. In our lab, we have focused our 
efforts on DENV and on mapping the interac-
tions (“interactome”) of three proteins 
NS2B-NS3, NS4B and NS5. These proteins play 
either key enzymatic roles or act as “a hub” 
within the flavivirus RC like NS4B -an integral 
membrane protein with also a role in virulence 
and down-regulation of the host innate immune 
response. NS4B binds to the NS2B-NS3 protease- 
helicase which itself interacts with the NS5 
methyl-transferase-polymerase and we ask how 
are these molecular interfaces formed and what 
impact they have on the activities of the individ-
ual proteins?

Like other (+) strand RNA viruses such as 
HCV [53], DENV RNA replication is performed 
in close association with remodeled cell mem-
branes inside a vesicular like compartment 
(Fig.  9.2). The morphology and activity of the 
DENV RC and TBEV was studied by purifying 
membrane fractions from cells transfected with 
replicon RNA. Such isolated RCs are able to syn-
thesize RNA and the RdRp activity that produces 
dsRNA intermediates is protected from nuclease 
and protease digestion and also concealed from 
the innate immune system via vesicular struc-
tures that were recently described using elegant 
electron tomographic reconstructions [46, 68].

Our understanding of flavivirus NS proteins, 
particularly in their membrane-bound environ-
ment, has been hampered by the lack of robust in 
vitro expression systems and by the inherent dif-
ficulties associated with the study of integral 
membrane proteins. Thus, for many years, much 
of what was known in terms of atomic structures 

Fig. 9.2 The flavivirus replication complex. Schematic 
depiction of the membrane bound flavivirus replication 
complex inserted in a protective vesicle. The figure is not 
drawn to scale as many RCs are likely to be present in 
each vesicule, see for instance reference 6. Moreover, the 
multimerization proposed for several NS proteins such as 
NS4B (54) or NS5 (70) is ignored in this schematic repre-
sentation. (Adapted From Pei-Yong Shi Science. 2014 
Feb 21;343(6173):849–50)
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has made use of soluble fragments of viral repli-
cative enzymes expressed in E. coli [50] 
(Fig. 9.1). However, growing evidence suggests 
that it is the interplay between viral enzymes, 
host cofactors and viral RNA that orchestrates 
temporally and spatially the virus RNA genome 
replication [17]. Thus, despite their crucial roles 
for viral genome replication, relatively little 
structural information has been available for 
NS2A, NS2B, NS4A, NS4B, that are integral 
membrane proteins (Fig. 9.1). This has recently 
changed and we now have a clearer picture for 
the topology of membrane-associated proteins 
NS1 [1], NS2A [73], NS2B [8, 21, 31, 32] and 
NS4B [31–34] by various structural and bio-
chemical techniques including NMR and X-ray 
crystallography. We also have more information 
about how these integral membrane proteins 
interact with members of the RC, how they might 
affect membrane structure and also the assembly 
of new viral particles [27, 30]. In a recent study 
on NS2B from JEV [33, 34], the trans-membrane 
region of NS2B from JEV was suggested to con-
tribute both to viral RNA replication and to the 
formation of new virus particles. Moreover the 
interaction between NS2B and NS2A may par-
ticipate in modulating viral assembly [33, 34]. 
Remarkably, NMR structural studies performed 
on NS4B reconstituted in micelles [33, 34] have 
largely confirmed pioneering work on NS4B that 
was performed in the mid 2000s by the 
Bartenschlager group, using serial truncation and 
localization/labelling experiments (in order to 
detect ER vs cytoplasmic exposure) [45]. As said 
earlier, cell biology and electron tomography 
studies have provided in situ pictures of the com-
plete flavivirus RC highlighting membrane rear-
rangements into vesicles and spherules (Fig. 9.2). 
However, to understand the RC at the atomic 
level, one must now combine these relatively 
low-resolution images of the RC derived by 
tomography with higher resolution data derived 
from X-ray crystallography or NMR and this task 
remains a major challenge. Compound screening 
campaigns have identified potent DENV [67] and 
YFV [14] inhibitors targeting NS4B. How these 
inhibitors interact (eventually only through a 

“genetic interaction”) with NS4B remains elu-
sive in the absence of supporting biochemical 
and structural data. Thus structural studies of the 
integral membranes proteins from DENV and 
other flaviviruses will certainly provide crucial 
information required to understand their roles in 
membrane remodelling, in viral replication and 
viral particle assembly and also for the design of 
specific inhibitors with antiviral activity [36, 37].

9.3  NS2B and NS2B-NS3

NS2B-NS3 is one of the most conserved flavivi-
rus enzymes. For instance the ZIKV NS2B-NS3 
protease was found to bear high structural simi-
larity to the homologous enzymes from DENV 
and WNV [51]. NS2B-NS3 possesses protease, 
helicase and RNA triphosphatase activities stim-
ulated by ssRNA binding [40, 41]. The N-terminal 
domain of NS3 (NS3pro) is important for viral 
maturation because it cleaves the viral polyprot-
ein at the junctions between NS2A/2B, NS2B/3, 
NS3/4A and NS4B/5. NS2B is a small (14 kDa) 
protein with four hydrophobic transmembrane 
(TM) domains formed by helices α1 (G4 to L19), 
α2 (L25 to M41), α3 (N90-G105) and α4 
(P112-T125). A central hydrophilic region (resi-
dues 42–90), projects into the cytoplasm and acts 
as a necessary cofactor for the protease N-terminal 
domain of NS3 (NS3pro). In addition to its mem-
brane anchoring cofactor NS2B, NS3pro from 
DENV has an exposed hydrophobic turn formed 
by residues “G29LFG32”, which is also likely to 
contribute to membrane association of the pro-
tein [42]. The helicase domain of NS3 (NS3hel) 
is involved in viral RNA replication together with 
the RNA-dependent RNA polymerase-NS5 [28, 
76] with which it interacts [61, 80]. The linker 
between the NS3pro and NS3hel domains was 
reported to confer overall inter-domain flexibility 
and a switch between two conformational states 
was proposed to accompany the transition 
between polyprotein proteolysis and RNA repli-
cation [42]. However, the conformation of NS3 in 
the context of other RC proteins including the 
complete NS2B protein, NS4B and NS5 remains 

9 The Dengue Virus Replication Complex: From RNA Replication to Protein-Protein Interactions…



120

largely unknown. Likewise the exact role NS3 
itself plays in viral replication is not clearly 
defined: besides its role in cap synthesis through 
hydrolysis of the gamma phosphate of GTP, 
NS3hel could participate in viral genome replica-
tion by unwinding dsRNA replication intermedi-
ates. The interaction between NS3 and NS4B is 
essential for dissociating the helicase from 
single- stranded RNA, which modulates viral rep-
lication [65]. Interestingly Dengue virus non-
structural protein 3 was found to redistributes 
fatty acid synthase to sites of viral replication and 
increases fatty acid synthesis, a result in line with 
the requirement for lipid membrane reorganiza-
tion in the context of the RC [19].

9.4  The NS4B Protein

Both NS4A and NS4B have been implicated in 
membrane rearrangements and RNA replication. 
NS4A associates with the membrane via four TM 
domains and has a C-terminal “2  K fragment” 
that serves as a signal sequence for the transloca-
tion of the adjacent NS4B protein into the ER 
lumen. An N-terminal amphipathic helix in 
DENV NS4A mediates oligomerization and is 
essential for replication [60]. NS4B confers viru-
lence through enhancing viral synthesis in a 
mouse model of DENV infection [18]. Likewise, 
NS4B from WNV is involved in virulence and a 
mutation resulting in an attenuated virus was 
identified [69]. NS4B is also implicated in the 
inhibition of alpha/beta interferon signalling [47] 
and in the regulation of immune response media-
tors (cytokines) associated with haemorrhagic 
fever [22, 52, 70]. Remarkably, NS4B influences 
the helicase activity of NS3 presumably via a 
direct protein-protein interaction [65]. NS4B was 
found to colocalize with NS3 and with double 
stranded RNA, which is an intermediate in viral 
RNA replication [81, 82]. A topology model ini-
tially proposed for NS4B on the basis of trunca-
tion and cytoplasmic vs ER localization 
experiments [45] was later essentially confirmed 
by NMR studies, leading however to a more pre-
cise assignment of secondary structure elements 
[33, 34].

For crystallization trials and interaction stud-
ies, the NS4B protein was expressed in 
Escherichia coli, reconstituted in dodecyl malto-
side (DDM) detergent micelles, and purified to 
>95% homogeneity [33, 34]. Proper folding was 
initially checked via CD spectroscopy indicating 
the presence of a majority of alpha-helical struc-
tures as expected from secondary structure 
sequence prediction (Le Tian Lee et al., unpub-
lished data). In vitro, the recombinant NS4B pro-
tein forms dimers, as shown by gel filtration, 
chemical cross-linking, and multi-angle light 
scattering [81]. The dimeric form of NS4B could 
also be detected when the protein was expressed 
in cells as well as in cells infected with DENV2 
[81]. Mutagenesis showed that the cytosplasmic 
loop spanning amino acids 129–165 and the 
C-terminal region extending from amino acids 
166–248 are important contributors driving 
NS4B dimerization.

We raised two mouse mAbs against the recom-
binant NS4B protein from DENV2 [74]. These 
mAbs named 10-3-7 and 44-4-7 were character-
ized in terms of their cross-reactivity towards 
other DENV serotypes and their epitopes were 
mapped to the available topology model for 
NS4B.  While mAb 10-3-7 appears strictly spe-
cific for NS4B from DENV2, mAb 44-4-7 is par-
ticularly interesting as it cross-reacts with NS4B 
from the four DENV serotypes and also with 
ZIKV NS4B (Jia Huan et  al., unpublished 
results). Using overlapping peptides spanning the 
whole NS4B sequence, we found that mAb 
44-4-7 binds to the cytoplasmic loop of NS4B 
[74]). We expressed in E. coli a scFv construct 
containing the variable regions of mAb 44-4-7, 
that recapitulates binding of the parent mAb. 
Besides possible applications in pull-down 
experiments using RC extracted from infected 
cells, this scFv was used as a vehicle to promote 
the formation of well-ordered 3D crystals to 
increase hydrophilic surface and improve lattice 
order [20, 24]. However, a caveat is that the 
NS4B protein used for eliciting mAbs might have 
been presented to the mouse immune system in a 
partially denatured state. This could explain the 
lack of success in crystallizing the NS4B protein 
we have encountered so far. Therefore, the struc-
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tural study of NS4B from DENV3 was carried 
out using NMR in LMPG detergent micelles [33, 
34]. This work revealed the presence of a total of 
eleven helices with five potential TM regions 
(Fig. 9.3). This work has given the first detailed 
secondary structure assignment for this important 
viral protein: NS4B was found to be the site of 
escape mutations when DENV or YFV are grown 
in the presence of several antiviral inhibitors 
[72]. However, a direct molecular interaction 
between small molecule inhibitors and NS4B has 
not been clearly demonstrated so far and the 
observed evolutive pressure on NS4B brought 
about by incubating the virus with these drugs 
could be due to indirect interactions [72]. Rather 
surprisingly, some data suggesting a genetic and 
physical interaction between nonstructural pro-
teins NS1 and NS4B with a role in modulating 
replication of WNV was also presented [77]. This 
observation brings some alteration to the cur-
rently accepted topology model in which NS1 is 

exposed to the lumen side of the ER whilst NS4B 
is exposed to the cytoplasmic side (Fig. 9.2).

9.5  Mapping the Interactions 
Between NS2B-NS3 
and NS4B

Remarkably, NS4B regulates the helicase activity 
of NS3 by modulating NS4B affinity for 
RNA. We therefore attempted to detect a direct 
protein-protein interaction between these two 
proteins and to map their interactions on the 
respective proteins. Co-immuno-precipitation 
and in situ proximity ligation assay confirmed 
that NS3 co-localizes with NS4B in both DENV- 
infected cells and cells that co-expressed both 
proteins [82]. We then expressed the full-length 
NS3 protein and also its helicase and protease 
domains separately. Surface plasmon resonance 
showed that the helicase domain of NS3 alone 

Fig. 9.3 Membrane topology of NS4B. (a). The topol-
ogy of NS4B is represented sequence based on PRE and 
H–D exchange experiments. Water-soluble residues are 
highlighted in red, membrane interacting residues in 
green and residues protected from exposure to gadolinium 

are in blue. Residues highlighted in brown are protected 
from H–D exchanges. (b, c) The NS4B topology varies 
depending on the presence (b) or absence (c) of NS5 (that 
is before or after cleavage of the flavivirus polyprotein at 
the NS4B-NS5 junction. (Adapted from Ref. [ [30]])
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was able to bind NS4B with μM affinity whilst 
the protease domain of NS3 gave much weaker 
interactions. We then took advantage of the pos-
sibility of expressing subdomains of the helicase 
region of NS3 spanning its subdomains 1, 2 and 
2  +  3 respectively. Surface plasmon resonance 
demonstrated that subdomains 2 and 3 of the NS3 
helicase region had the highest affinity for 
NS4B. Remarkably, we found that the predicted 
cytoplasmic loop of NS4B could be expressed in 
E. coli as a soluble protein. This recombinant 
protein is flexible, with a tendency to form a 
three-turn α-helix and two short beta-strands. 
The cytoplasmic loop of NS4B was found to be 
required for binding NS3, giving support to the 
topology model that places this segment of the 
protein in the cytoplasm, and therefore accessible 
for interaction with other members of the flavivi-
rus RC such as NS3 and NS5. A weak interaction 
in the high micromolar range was shown between 
peptides spanning the NS4B cytoplasmic loop 
and the NS3 helicase domain. Using nuclear 
magnetic resonance (NMR), we found that upon 
binding to the NS3 helicase, 12 amino acids 
within the cytoplasmic loop of NS4B exhibited 
line broadening, suggesting a participation in the 
interaction with NS3. Sequence alignment 
showed that four of these twelve residues are 
strictly conserved across different flaviviruses. 
Individual mutation of these residues in the con-
text of a DENV infectious clone showed that 
three residues (Q134, G140, and N144) of the 
four evolutionarily conserved NS4B residues are 
essential for DENV replication. Interestingly, 
these results are in agreement with a genetic 
complementation studies of NS4B using a repli-
cation independent expression system: Q134 
from the cytosolic loop was found to be a critical 
determinant for NS4B-NS3 interaction and an 
Alanine substitution at this site completely abro-
gated the interaction between the two proteins 
and remarkably also DENV RNA replication [6]. 
Taken together, these results highlight the impor-
tance of some key protein-protein interactions 
within the RC for virus replication. In this respect, 
molecular interactions between both NS2B-NS3 
with NS4B and between NS2B-NS3 and NS5 
(via K330 from the NS5 polymerase domain) 

appear to play a crucial role for replication, 
despite a minimal impact on the individual enzy-
matic activities [80]. Thus, the mapping of the 
NS3/NS4B-interacting regions described in these 
two papers [6, 82] could be exploited for a 
compound- screening assay with the hope to 
design inhibitors that disrupt protein-protein 
interfaces for antiviral therapy [75].

9.6  RNA Recognition 
by the Methyltransferase 
Domain of NS5

Capping of the DENV RNA genome is an essen-
tial structural modification that protects the viral 
RNA from degradation by 5′ exoribonucleases. 
This modification ensures efficient expression of 
viral proteins and by disguising the viral RNA as 
a host cell mRNA, this “Trojan horse” strategy 
allows escape from the host innate immune 
response [12]. The flavivirus nonstructural pro-
tein 5 (NS5) (Mr = 105 kDa) possesses two RNA 
methyltransferase activities at its N-terminal 
region [35]. These activities are important for 
capping the virus RNA genome. The methyl-
transfer reactions are thought to occur sequen-
tially using the strictly conserved flavivirus 5′ 
RNA sequence starting with “5’AG” as substrate 
(GpppAG- RNA), leading to the formation of the 
5′ RNA cap: G0pppAG RNA →  m7G0pppAG-
RNA (“cap-0”)  →  m7G0pppAm2′-O-G-RNA 
(“cap-1”) [78, 79].

Using X-ray crystallography, we elucidated 
how viral RNA is specifically recognized and 
methylated by determining the crystal structure 
of a ternary complex comprising the full-length 
NS5 protein from DENV, an 8-mer cap-0 viral 
RNA substrate bearing the authentic DENV 
genomic sequence (5′-m7G0pppA1G2U3U-
4G5U6U7–3′), and S-adenosyl- L-homocysteine 
(SAH), the by-product of the methylation reac-
tion [9, 78, 79]. Interestingly, many attempts by 
several groups including ours using the isolated 
recombinant methyltransferase domain of NS5 
were unsuccessful in providing a complex rele-
vant to methylation. Only when using the full- 
length NS5 protein could a relevant complex with 
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RNA be obtained. This suggests important differ-
ences in the energetic of RNA binding between 
the full-length proteins and the isolated individ-
ual domains. The structure provided for the first 
time a molecular basis for specific adenosine 
2′-O-methylation in the flavivirus family. It also 
explained in molecular terms a wealth of muta-
genesis studies targeting the K61-D146- 
K180-E216 enzymatic tetrad used for 2’O meth-
ylation, as well as residues lining the RNA 
binding groove. Remarkably, the RNA substrate 
was found to be positioned such that the 2′-O 
atom of residue A1 lies next to the sulfur atom of 
SAH and adjacent to the K180 side chain from 
the “K61-D146-K180-E216” enzymatic motif, 
poised to accept a methyl group from a SAM 
methyl donor. Basically, the crystal structure 
explains the specific recognition of the flavivirus 
RNA 5′ cap by NS5 and the strict requirement for 
an adenosine at position 1 and the preference for 
a guanosine at position 2 for steric reasons.

9.7  The Full-Length NS5 Protein

NS5 is the largest protein component within the 
flavivirus RC.  NS5 plays key enzymatic roles 
through its N-terminal methyltransferase (MTase) 
and C-terminal RNA-dependent-RNA poly-
merase (RdRp) domains, and these two enzy-
matic activities constitute major targets for the 
design of antivirals. Crystal structures of the full 
length NS5 from JEV [39] and from DENV3 [78, 
79] have been determined using X-ray crystallog-
raphy. Moreover, small angle X-ray scattering 
(SAXS) solution studies have complemented 
these crystallographic studies [5, 7, 57]. We 
determined a crystal structure of the full-length 
NS5 protein from Dengue virus serotype 3 
(DENV3) at a resolution of 2.3 Å in the presence 
of bound SAH and GTP [78, 79]. Although the 
overall molecular shape of NS5 from DENV3 
resembles that of NS5 from Japanese Encephalitis 
Virus (JEV), the relative orientation between the 
MTase and RdRp domains differs between the 
two structures (Fig. 9.4). This observation (which 
was confirmed by another group who crystallized 

the DENV NS5 protein in a different crystal form 
where the protein forms crystallographic dimers, 
but where NS5 displays the same interdomain 
arrangement [25]) can be interpreted in essen-
tially two mutually non exclusive ways: (i) it 
could suggest the existence of a set of discrete 
stable molecular conformations that may be 
required for NS5 function and crystallization has 
trapped one of these discrete possible conforma-
tions. (ii) it could also suggest that the full-length 
NS5 proteins from various flaviviruses have 
diverged during evolution such that their interdo-
main interfaces are not identical, leading to a 
variety of “cross-talks” or allosteric interactions 
between their two enzymatic domains (Fig. 9.4). 
While the inter-domain region is mostly disor-
dered in NS5 from JEV, the NS5 structure from 
DENV3 reveals a well-ordered linker region 
comprising a short 310 helix that may act as a 
swivel. Solution Hydrogen/Deuterium Exchange 
Mass Spectrometry (HDX-MS) analysis revealed 
an increased mobility of the thumb subdomain of 
RdRp in the context of the full length NS5 pro-
tein. This observation correlated well with the 
analysis of the crystallographic temperature fac-
tors of DENV3 NS5. Site-directed mutagenesis 
targeting the mostly polar interface between the 
MTase and RdRp domains of DENV3 NS5 led to 
the identification of several evolutionarily con-
served residues that are important for viral repli-
cation. This suggested that inter-domain 
cross-talk in NS5 regulates virus replication. A 
possible evolutionary pathway for the full length 
NS5 protein is summarized in Fig. 9.4: the MTase 
domain and RdRp domain probably originally 
existed as two separate smaller proteins. These 
two proto-domains became linked together to 
form the NS5 protein from an ancestral Flavivirus 
through gene fusion. This fusion promoted co-
localization of both enzymatic activities and 
increased the effective concentration of the pro-
teins with respect to each other (middle panel of 
Fig. 9.4). Following further divergent evolution, 
NS5 acquired different adaptive mutations giving 
rise to the full length NS5 protein structures now 
observed for various viruses such as DENV, JEV 
and also ZIKV (see PDB code) (Fig. 9.4). Thus 
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NS5 proteins from DENV on one hand, and JEV 
and ZIKV on the other hand, appear to have dif-
ferent conformations and different allosteric 
mechanisms, in which the MTase and RdRp 
domain cross-talk to each other through unique 
interfaces specific to either DENV or JEV/
ZIKV.  Remarkably, a phylogenetic analysis of 
various flaviviruses correlates with the evolution-
ary hypothesis presented in this section: the four 
DENV serotypes cluster in a separate branch, 
whilst JEV, WNV and ZIKV originate from the 
same node suggesting a common NS5 full length 
structure for these three viruses.

9.8  A “Cartoon Model” 
of the Interactions 
between NS5, NS2B-NS3 
and NS4B

The NS3 protease-helicase plays a central role in 
viral replication by interacting both with the inte-
gral membrane protein NS4B and with NS5, a 
soluble protein consisting in two domains. 
Moreover, both NS2B-NS3 and NS5 interact 

with RNA. Interestingly, the RNA triphosphatase 
activity of NS3 implies that NS3 must interact 
with the 5′ end of the RNA genome before AND 
after RNA synthesis. This conundrum might be 
resolved by the presence of cyclization sequences 
identified in the genome. The interaction between 
NS3 and NS5 was mapped to the NLS region of 
the NS5 protein with residue K330 crucial for the 
interaction and to the helicase domain of NS3 
[65]. We summarize in Fig.  9.5 what we know 
about these interactions. Disrupting either NS3–
NS5, NS3–NS4B or NS3–NS2B interactions 
constitute possible approaches to identify com-
pounds with antiviral activity.

9.9  Conclusions

Work by several groups over more than 20 years 
have led to our current understanding of RNA 
replication by flaviviruses. While a vaccine 
against DENV has already reached the market, 
there is a consensus that this vaccine can be 
improved in terms of safety and the protection it 
provides to large populations affected by 

Fig. 9.4 A model for the divergent evolution of 
Flaviviridae and the flavivirus full length NS5 protein.
Methyltransferase (MTase) domain of NS5 is in yellow, 
the polymerase (RdRp) fingers in green, palm in blue, 
thumb in salmon. The linker region 310 helix (residues 

263–266) between the two domains is in orange. Active 
sites for MTase and RdRp are labelled with dotted tetragon 
and pentagon respectively. Linker residues and interface 
residues are labeled. (see text) Modified from reference 66
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DENV.  Other vaccines from Takeda and other 
manufacturers are also making their way to the 
market. Immunotherapeutic strategies have also 
been proposed [55] but it remains to be seen how 
practical these could be given the relatively 
small window available for intervention and the 
associated cost inherent to such strategies. 
Likewise, it also remains to be seen how effec-
tive will antiviral strategies be to treat such acute 
diseases. Target-based strategies have produced 
promising compounds against the NS5 poly-
merase domain that in our opinion should be 
developed further [38, 48]. Unfortunately, the 
financial investment to bring these compounds to 
the market is very high and is testing the patience 
of funding agencies, government bodies and pri-
vate pharmas alike, as shown recently by the clo-
sure of the Novartis Institute for Tropical 
Diseases in Singapore, who has pioneered this 
approach against DENV. In this respect it would 
be interesting to compare the funding invested in 
DENV research compared to the cost associated 
with the development of efficient drugs to treat 
HCV like sofosbuvir [59]. Aside from practical 

vaccinology and antiviral drug discovery aspects, 
one fascinating aspect of flaviviruses is their 
ability to down-regulate the innate immune 
response of the host [2, 11, 16] with only a very 
limited set of proteins, providing opportunities 
to dissect the set of interactions between viral 
and host immune proteins in more details. In this 
respect the many interactions established by 
NS5 including with the importin/exportin sys-
tem of the host cell appears also worth to study 
[62] (see Chapter by Subhash G. Vasudevan and 
colleagues), keeping in mind the existence of 
divergent groups that is started to be revealed 
between DENV on one hand and ZIKV, WNV, 
JEV on the other hand (Fig. 9.4). A further chal-
lenge remaining is to provide a more complete 
description of the interactome underlying the 
formation and functioning of the RC within 
membrane bilayers, a challenging “multi-scale” 
task that is likely to use a combination of struc-
tural and biochemical techniques ranging from 
Cryo-EM tomography to  nano- discs to mass 
spectrometry aided by replicon and infectious 
clones systems [10, 54, 66, 71].
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Abstract
In this chapter, we first briefly review the his-
tory of Zika virus (ZIKV) over the past 
70 years since its discovery. We then focus on 
the ZIKV NS2B/NS3 protease, a major 
potential target for anti-ZIKV therapeutics. 
We describe the structure of the complex 
between Zika virus NS2B-NS3 protease and 
a peptide boronic-acid inhibitor that we 
determined in early 2016. We then review 
other structural studies on the Zika virus pro-
tease, which have been published in the past 
few months. Three different types of con-
struct for the protease have been investigated 
by X-ray crystallography and NMR spectros-
copy: the traditional “linked” construct com-

prising the NS2B cofactor, a Gly4SerGly4 
linker, and the NS3pro chain; a construct 
where the linker has been replaced by Lys-
Thr-Gly-Lys-Arg, which leads to autocleav-
age; and the bimolecular “unlinked” protease 
consisting of the NS2B cofactor segment and 
NS3pro. In complex with an inhibitor, the pro-
tease adopts a closed, “active” conformation 
with the NS2B chain wrapped around the 
NS3pro and contributing to the S2 pocket. In 
the ligand-free state, the Gly4SerGly4-linked 
enzyme adopts an open or relaxed conforma-
tion, with the C-terminal half of the NS2B 
cofactor highly flexible and disordered. Very 
surprisingly, however, the “unlinked”, bimo-
lecular protease has been reported to adopt 
the closed conformation in the crystal, even 
though, apparently, no peptide was bound to 
the substrate-binding site. The Gly4SerGly4-
linked enzyme has been used successfully in 
drug discovery efforts.
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10.1  Introduction

10.1.1  History of Zika Virus 
Discoveries and Outbreaks

Zika virus (ZIKV) is a mosquito-borne flavivirus 
related to other members of the genus, such as 
Dengue virus (DENV), West Nile virus (WNV), 
yellow fever virus (YFV), and Japanese encepha-
litis virus (JEV). The virus was discovered in 
1947 in a sentinel monkey in the Zika forest of 
Uganda [10]. In these early studies, a pronounced 
neurotropism of the virus in mice was noted, and 
antibodies were found in monkeys and humans 
living near the area of first discovery of the virus 
[11]. Serological evidence for ZIKV infection of 
humans was obtained in the 1950s in Mozambique 
([19]; see Chap. 2 of this volume). The first 
human ZIKV infection was described by Simpson 
[49], who after a self-experiment (or a laboratory 
accident?) reported headache, maculopapular 
rash all over the body, low-grade fever, and slight 
malaise. Along with arthralgia and conjunctivitis, 
these symptoms remain common for ZIKV infec-
tions today. The majority of ZIKV cases are 
either asymptomatic or connected to relatively 
benign disease.

In 1953, Smithburn tested blood samples col-
lected in Malaysia for protective antibodies 
against ZIKV and concluded that “it seems likely 
that Zika virus occurs in both Malaya and 
Borneo, but there is a possibility that some of the 
instances of protection against this agent may be 
due to infection with a heterologous agent which 
is antigenically related” [51]. This was the first 
report on ZIKV in Asia. In 1967, ZIKV was iso-
lated from Aedes aegypti mosquitoes in Malaysia 
[32]. In subsequent years, serological evidence 
for human ZIKV infection was obtained in sev-
eral East, Central, and West African countries as 
well as in India and South-East Asia (see, e.g., 
[38, 39]). Further, ZIKV has been isolated from 
humans in Nigeria [12, 13, 33] and other West 
African countries; caution is advised with some 
of the earlier reports from this region, because the 
virus studied was probably the highly related 
Spondweni virus, which could easily be mistaken 
for ZIKV [1].

Whereas the number of reported human cases 
of ZIKV disease stayed very small (<20) until 
2006, the first outbreak that deserved this desig-
nation occurred in 2007 on Yap Island 
(Micronesia) in the Pacific Ocean, where 73% of 
the population was infected. This outbreak was 
characterized by rash, arthralgia, and conjuncti-
vitis [17]. Subsequently, the virus was introduced 
in other islands of the Pacific, in particular those 
of French Polynesia, where a major outbreak in 
2013−2014 affected 28,000 people (11% of the 
population) [34, 35]. Here again, patients pre-
sented with fever, maculopapular rash, arthralgia, 
and conjunctivitis [35]. Also, during and after the 
outbreak in French Polynesia, neurological 
symptoms such as Guillain–Barré syndrome 
(GBS) were reported for the first time to be a con-
sequence of ZIKV infection [4].

In 2014, ZIKV reached the Easter Islands 
(Chile) [44, 53]. Following this, many cases of 
ZIKV infections were reported from the 
Northeast of Brazil in early 2015 [5]. Several 
South American countries reported autochtho-
nous cases of ZIKV infection, which subse-
quently culminated in the massive 2015−2016 
outbreak in South and Central America. It is esti-
mated that the number of cases in Brazil 
amounted to at least 220,000 in 2015 [2]; other 
authors estimated the number of infected people 
in the Americas as 1–1.5 million [1]. At a time 
when the epidemic was declining in the Americas, 
at the end of August, 2016, more than 450 cases 
of ZIKV infection were recorded in an unrelated 
outbreak in Singapore [50].

10.1.2  Congenital Zika Syndrome 
and Zika Virus Transmission

Only during the recent outbreak in Latin America 
was a correlation between microcephaly of new-
borns and ZIKV infection of pregnant women 
observed [42], and retrospective analysis of the 
ZIKV outbreak in French Polynesia (2013−2014) 
retrieved the same phenomenon [6]. Along with 
microcephaly, additional neonatal malformations 
caused by ZIKV infection of the mother and 
detected during and after the outbreak in the 
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Americas, such as ocular abnormalities, deaf-
ness, central nervous system lesions (e.g., calcifi-
cations), and developmental retardation, are now 
collectively called “congenital Zika virus syn-
drome” (CZS; [1]).

Mosquitoes of Aedes spp. were identified as a 
vector of ZIKV early on [15]. The main vector is 
Aedes aegypti, the mosquito that also transmits 
dengue virus, Chikungunya virus, and − in urban 
settings − yellow fever virus, so that it is no sur-
prise that ZIKV is commonly found in regions 
where at least the two former are present as well. 
However, different from other flaviviruses, ZIKV 
has also been shown to spread by mother-to-fetus 
transmission, by blood transfusion, and by sexual 
activities (see [1], for a review). Long-term per-
sistence of ZIKV in the male and female genito-
urinary tract has been demonstrated; thus, high 
levels of virus can be found in sperm months 
after the resolution of symptoms [36]. It has been 
shown in male mice that the presence of ZIKV 
can lead to damage of the testes and infertility 
[30]; so far, it is unclear whether this observation 
is of relevance for humans.

10.1.3  Genomics and Proteomics 
of Zika Virus

Two major lineages of ZIKV have been described: 
an African strain and an Asian strain. The out-
break strains in French Polynesia and in the 

Americas were closely related to the Asian lin-
eage. The ZIKV strain involved in the 2016 
Singapore outbreak corresponded to a distinct 
branch from the traditional Asian strains and was 
clearly different from the strains causing the epi-
demic in the Americas [50].

The ~11-kb RNA genome of flaviviruses is 
directly translated into a single large polyprotein 
(with >3000 amino-acid residues) that is cotrans-
lationally incorporated into the membrane of the 
endoplasmic reticulum (ER; Fig. 10.1). Here, the 
polyprotein is processed to yield three structural 
proteins − capsid (C), pre-membrane (prM), and 
envelope (E) − that form the new virus particle, 
and 7 non-structural proteins − NS1, NS2A, 
NS2B, NS3, NS4A, NS4B, and NS5 − that are 
mainly involved in RNA replication but also in 
counteracting the innate immune system of the 
host cell and in virus-particle formation. 
Polyprotein processing is performed by the host-
cell signalase on the lumenal side of the ER mem-
brane and by the viral NS2B/NS3 protease on its 
cytoplasmic side (Fig. 10.1). Subsequently, the pr 
peptide is cleaved off the prM protein in the trans-
Golgi network by the host-cell protease furin.

Non-structural protein 3 (NS3) of ZIKV is a 
multifunctional enzyme; it has protease, helicase, 
nucleoside triphosphatase (NTPase), and RNA 
triphosphatase activities. The protease domain 
(NS3pro) comprises residues 1–170, i.e. it resides 
in the N-terminal third of the NS3 protein, 
whereas the remaining activities are connected 
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Fig. 10.1 Topology diagram of the ZIKV polyprotein 
incorporated into the ER membrane. The cleavage sites 
for viral and host-cell proteases are indicated. C capsid 

protein, prM pre-membrane protein, E envelope protein, 
NS non-structural protein, Pro protease, MT methyltrans-
ferase, RdRp RNA-dependent RNA polymerase
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with the helicase domain (residues 180–617). 
The NS3pro is a serine protease of the chymotryp-
sin type, with the classical catalytic triad Ser135 
− His51 − Asp75. Proper folding and catalytic 
activity of the NS3pro domain require NS2B as a 
cofactor. Similar to other flaviviruses [9], ZIKV 
NS2B is tightly associated with the ER mem-
brane and thus provides the membrane anchor for 
NS3 (Fig. 10.1). It features three domains, among 
which the N- and C-terminal ones comprise sev-
eral transmembrane helices, whereas the central 
segment (residues 45–96) is hydrophilic. It is this 
latter region that acts as the cofactor for the NS3pro.

Previous studies have revealed that the  
flavivirus NS2B/NS3pro cleaves the polyprotein 
C-terminal to dibasic sites such as Arg-Arg and 
Lys-Arg [24, 43, 55]. ZIKV NS3pro exhibits a 
similar cleavage preference ([14, 46]; see below).

10.2  Structure of the Zika Virus 
NS2B-NS3pro in Complex 
with a Boronate Inhibitor

Leung et  al. [23] showed for DENV2 NS2B/
NS3pro that the hydrophilic segment of NS2B 
comprising residues 49–95 is sufficient to acti-
vate the NS3 protease, when it is linked to the 
NS3pro N-terminus via an artificial Gly4SerGly4 
linker. Over the years, this design very much 
facilitated functional and structural studies on the 
flavivirus proteases; the linker itself is highly 

flexible and does not show up in the electron-
density map for any flavivirus protease. It is this 
“linked form” what we used in our studies of the 
ZIKV NS2B-NS3pro (of a Brazilian outbreak 
strain). In July, 2016, we reported the first crystal 
structure of this enzyme ([22], PDB entry 5LC0). 
We had cocrystallized the enzyme with a capped 
dipeptide boronic-acid inhibitor (cn-716; ben-
zoyl-4-aminomethylphenylalanyl-arginyl 
boronic acid; see Fig.  10.2) synthesized by the 
group of C.D. Klein ([37]; see also Chap. 13 of 
this volume). This inhibitor reversibly deactivates 
the recombinant ZIKV NS2B-NS3 protease with 
IC50  =  0.25  ±  0.02 μM and inhibition constant 
(Ki) = 0.040 ± 0.006 μM (in the presence of 20% 
glycerol; [22]).

The structure reveals the canonical chymo-
trypsin fold for NS3pro, with the β-strand 52*-57* 
of NS2B (the asterisk, *, indicates a residue from 
NS2B) inserted into the N-terminal β-barrel of 
the protease domain (Fig. 10.3a). The structure is 
in the closed conformation, with residues 74*–
86* of the C-terminal part of NS2B49*-95* forming 
a β-hairpin involved in shaping the S2 subsite of 
the protease. The electrophilic boron atom in the 
warhead of the inhibitor accepts a 1.60-Å cova-
lent bond from the Oγ of Ser135, the catalytic 
nucleophile of the NS3 protease (Fig.  10.3b). 
Moreover, the boronic acid moiety forms a six-
membered cyclic diester with glycerol (which we 
had present in all steps of enzyme preparation 
and crystallization) (Fig. 10.4). The formation of 

Fig. 10.2 Structural 
formula of the boronic- 
acid compound cn-716 
[37]
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Fig. 10.3 (a) Structure (cartoon presentation) of the 
ZIKV NS2B-NS3pro in complex with the boronic-acid 
inhibitor, cn-716. The NS2B chain is depicted in purple, 
the NS3 chain in light blue. N- and C-termini are labelled 
(in italics for NS2B). The inhibitor is shown in the space- 
filling mode, with carbon atoms in wheat, oxygen in red, 
nitrogen in blue, boron in yellow. Residues of the catalytic 
triad, Ser135, His51, and Asp75 are indicated, as is 
Asp83* of NS2B. (b) Interactions between the boronic- 
acid inhibitor cn-716 and the ZIKV NS2B-NS3 protease. 
Hydrogen bonds are indicated by dashed lines. Carbon 

atoms of NS2B and NS3 are yellow and light blue, resp., 
nitrogen atoms are blue, and oxygen atoms are red. 
Carbon atoms of the inhibitor are orange, and the boron is 
yellow. The Fo-Fc electron density for the inhibitor is 
shown (contoured at 2.5σ). Lys54 from the other mono-
mer in the dimer interacts with cn-716 and is indicated by 
underlined “Lys54”.
Images adapted from Lei et  al., Science 353, 503–505 
(2016). Image (a) prepared by using Chimera [40], 
whereas image (b) was prepared with Pymol (Schrödinger; 
http://www.pymol.org/)

Fig. 10.4 The 6-membered boronate created by ester for-
mation between the OH groups of the boronic acid and the 
terminal hydroxyl groups of glycerol. (a) Structural for-
mula. (b, c) Fo−Fc difference electron density (contoured 
at 2.5σ) for the cyclic diester in molecule A (b) and mol-
ecule B (c) The boron atom is yellow, carbon atoms of the 

inhibitor and of the protein are light blue and orange, resp. 
Oxygen atoms are red and nitrogens are dark blue. 
Hydrogen bonds are indicated by dashed red lines. (Figure 
adapted from Lei et  al., Science 353, 503–505 (2016). 
Images (b) and (c) prepared by using Pymol (Schrödinger; 
http://www.pymol.org/))
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5- or 6-membered cyclic diesters between boronic 
acid and diols or triols is a well-established reac-
tion; in case of the ZIKV NS2B-NS3pro structure, 
a 6-membered ring is formed via reaction with 
the terminal hydroxyl groups of glycerol, whereas 
in our structure of the same inhibitor (cn-716) 
with the WNV protease [37], we observe a 
5-membered ring formed as a result of reaction 
between the boronic-acid OH groups and a termi-
nal as well as the central hydroxyl group of glyc-
erol. In the complex with the ZIKV protease, the 
6-membered boronate ring is either in a boat-like 
(molecule A in the asymmetric unit) or in a some-
what twisted half-chair conformation (molecule 
B) and neatly occupies the S1′ pocket of the 
enzyme, a site so far rarely addressed by syn-
thetic inhibitors of flavivirus proteases. While the 
potency of the inhibitor is nearly unchanged 
(IC50 = 0.20 ± 0.02 μM) in the absence of glyc-
erol [22], we note that boronic ester formation 
with larger, more hydrophobic diols or triols will 
likely lead to increased membrane permeability 
of this type of compound. In the cytosol, the dies-
ter would be hydrolyzed, releasing the boronic 
acid; thus, the cyclic boronates can be considered 
prodrugs. The remaining free central hydroxyl 
group of glycerol is in an axial position relative to 
the 6-membered ring; it makes a hydrogen bond 
with the carbonyl oxygen of the P2 residue of the 
inhibitor in molecule A, but interacts with the 
carbonyl oxygen of Val36  in molecule B 
(Fig. 10.4b, c).

The Arg residue in the P1 position of the inhib-
itor forms a salt-bridge with Asp129 and its gua-
nidinium group stacks against Tyr161 of the 
protease (Fig. 10.3b), interactions similarly seen 
in inhibitor complexes of other flaviviral prote-
ases (see, e.g., [16]). Importantly, the amino group 

of the 4-aminomethylphenylalanine moiety in the 
P2 position of cn-716 is involved in a salt-bridge 
with Asp83* of the NS2B chain. The latter resi-
due is Ser or Thr in the proteases of DENV sero-
types 1–4, and Asn in WNV, i.e. unable to form an 
ion-pair interaction with the positively charged P2 
residues of substrates or inhibitors. As we have 
shown by changing Asp83* of ZIKV NS2B for 
Asn, the ion-pair interaction is partially responsi-
ble for the high catalytic activity of ZIKV NS2B-
NS3pro towards the fluorogenic substrate 
Bz-Nle-Lys-Lys-Arg-AMC, compared to other 
flavivirus proteases [22]. The N-cap of cn-716, 
benzoyl (Bz), which can be considered the P3 
residue, does not occupy a specific pocket. It 
weakly interacts with NS3 residue Lys54 of mol-
ecule B (Fig.  10.3b) in the NS2B-NS3pro dimer 
that has been crystallized (see below).

In this structure, an unusual tight dimer was 
observed, with a head-to-tail organization of the 
monomers, i.e. the N-terminal β-barrel of mole-
cule A interacts with the C-terminal β-barrel of 
molecule B, and vice versa (Fig. 10.5a). This is 
facilitated by a high surface complementarity 
between these domains (Fig. 10.5b). In the dimer, 
the substrate-binding pockets as well as the 
inhibitors from the two monomers are facing 
each other. Although there are some weak con-
tacts between the two inhibitor molecules in the 
dimer (Fig. 10.5c), its formation is not induced 
by the inhibitor. In our structure of the West Nile 
virus NS2B-NS3 protease in complex with the 
same inhibitor, cn-716, we only found a mono-
mer in the crystal [37]. In fact, such a tight dimer 
has not been reported for other flavivirus prote-
ases, as they appear to lack the high surface com-
plementarity between the N-terminal domain and 
the C-terminal domain.

Fig. 10.5 (continued) electron density. The putative 
NS2B helices inserted into the ER membrane are shown 
in dark blue and green for molecule A and B, resp. The 
hydrophobic segments (Val101*–Val125* of each mono-
mer) are probably too short to form two transmembrane 
helices each; hence, we have sketched an α-helix for each 
protomer that is embedded in the ER membrane

Images (a, b, and d) prepared by using Pymol (Schrödinger; 
http://www.pymol.org/). Images (a), (b) adapted from Lei 
et al., Science 353, 503–505 (2016). Image (c) incl. legend 
taken from the online supplementary material to Lei et al., 
Science 353, 503–505 (2017) (www.sciencemag.org/con-
tent/353/6298/503/suppl/ DC1)
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Fig. 10.5 The “tight” dimer observed in the crystal struc-
ture of the ZIKV NS2B-NS3pro in complex with the boro-
nate inhibitor [22]. (a) Front view and back view. The 
surfaces of NS2B and NS3 are yellow and dark blue, 
resp., in molecule A, and light blue and purple, resp., in 
molecule B.  Note the surface complementarity of the 
monomers in this non-crystallographic dimer with quasi 
twofold symmetry. (b) A slice through the interior of the 
dimer, showing the catalytic Ser135 side-chains cova-
lently bound to the inhibitor molecules. The color code is 
the same as in (a). The inhibitor molecules are colored red 
and green. (c) Schematic drawing of the interactions 
across the monomer − monomer interface. Amino-acid 
residues from the NS2B chains are labeled with an aster-
isk (*). Residues of molecule B (left) have their labels 
underlined. The dimerization interface comprises a total 
of 9 hydrogen bonds (dashed lines) between the two 
monomers and a few hydrophobic interactions (red dashed 
arcs with radiating spokes). The inhibitor molecules are 
indicated by blue arrows, with the warhead symbolized as 
a dark ball. A water molecule located close to the non- 
crystallographic axis of symmetry is indicated by a light- 
blue sphere. This water is part of a hydrogen-bonding 
network connecting across the interface the side-chains of 
Asp79*, Ser81*, and Asp83* of each of the NS2B poly-
peptides, with the Ser81* side-chains of molecules A and 
B approaching each other closely. The NS2B-NS3 prote-
ases of WNV and DENV-2 both carry an aspartate residue 
in this position, which would give rise to repulsion at 
physiological pH and probably prevent formation of the 
dimer. The dipeptide boronate inhibitor molecules also 

contribute to dimer formation via a hydrophobic contact 
between the benzoyl cap and the methylene groups (Cγ 
and Cδ atoms) of Lys54 of the opposing protomer. (d). 
The dimer of the ZIKV NS2B-NS3pro seen in the crystal 
[22] would be compatible with the helicase part of NS3 
and with the interaction with the ER membrane. The 
model of full-length ZIKV NS3 has been composed of the 
crystal structures of the ZIKV NS3 protease ([22]; PDB 
entry 5LC0) and the ZIKV helicase ([52]; PDB entry 
5JMT) superimposed onto the structure of the full-length 
DENV4 NS3 ([29]; PDB entry 2WHX). In this hypotheti-
cal dimer, NS2B and NS3 of molecule A are shown in 
purple and light blue, resp., whereas NS2B and NS3 of 
molecule B are displayed in green and red, resp.. Leu 30 
and Leu31 (“Leu30-31”) of NS3pro (in italics for molecule 
B) interact with the ER membrane. They are shown in 
light-blue and red spheres for the two molecules. The 
C-terminus of each NS3 molecule is marked (in italics for 
molecule B). Black dashed lines: 7 residues between 
NS3pro and NS3hel of each monomer missing in this hypo-
thetical model; blue dashed lines indicate the total of 32 
residues (molecule A) missing in this model between 
NS2B residue Val87* and the putative α-helix located to 
the membrane as well as the residues between this helix 
and the first residue (Lys15) from the N-terminus of 
NS3pro that is defined by electron density; green dashed 
lines indicate the total of 35 residues (molecule B) miss-
ing in this model between NS2B residue Leu86* and the 
putative α-helix located to the membrane as well as the 
residues between this helix and the first residue (Glu17) 
from the N-terminus of NS3pro that is defined by  
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The tight dimer of the ZIKV protease has 
openings at both sides, allowing the access of 
substrates or inhibitors to the active center upon 
some “breathing”. We did not detect this dimer in 
solutions of the enzyme:boronic-acid inhibitor 
complex up to a concentration of 133 μM 
(although we recently observed indications for its 
existence in solutions of the Cys80Ser/Cys143Ser 
double mutant of the ligand-free protease). In any 
case, the large buried surface (~1240 Å2, inhibi-
tor not included) and the high shape complemen-
tarity imply that this dimer possibly has biological 
relevance. It is conceivable that it is a good model 
for protease assemblies existing at the high local 
concentrations of the enzyme at the ER mem-
brane. In fact, our crystallographic model of the 
dimer offers space for the helicase domain of 
each monomer and is also compatible with the 
association of NS2B with the ER membrane 
(Fig. 10.5d).

In the crystal, the tight dimers are loosely con-
nected with each other via a disulfide bond 
between Cys143 of molecule A and the same 
residue of molecule B of a neighboring dimer, 
and vice versa. This way, the tight dimers form 
disulfide-linked polymers in the crystal lattice 
(Fig.  10.6). Interestingly, while this disulfide 
bond is necessary for crystallization (the 
Cys80Ser/Cys143Ser mutant does not form crys-
tals), it is broken within a few seconds of diffrac-
tion data collection due to the X-irradiation. This 
does not affect the structure of the tight dimer.

10.3  Other Crystal Structures 
of the Zika Virus Protease

Later in 2016, Luo and colleagues reported a 
1.8-Å crystal structure of ZIKV NS2B-NS3pro 
using a novel construct (designated “eZiPro”), in 
which the NS2B45*-96* chain is connected to the 
NS3pro via the five C-terminal residues (Lys-Thr-
Gly-Lys-Arg) of the full-length NS2B protein 
([41]; PDB entry 5GJ4). During overexpression 
and purification of this protein, the NS2B-NS3pro 
junction is subject to autocleavage, giving rise to 
separated NS2B and NS3pro chains. Different 
from the Gly4SerGly4-linked NS2B-NS3pro ([22]; 

designated “gZiPro” by [41]), two pairs of NS2B/
NS3pro homodimers were observed per asymmet-
ric unit of the crystal. The structure adopts a 
closed conformation as found in the boronate 
inhibitor complex, with the NS2B fragment 
wrapping around the NS3pro. Binding of the 
L-shaped Thr-Gly-Lys-Arg C-terminal tetrapep-
tide of NS2B in the substrate-binding site, with 
Arg in the S1 subsite and Lys in S2, induces the 
closed conformation of the protease. The cata-
lytic activity is relatively low towards the sub-
strate Bz-Nle-Lys-Arg-Arg-AMC because of 
competition with the Thr-Gly-Lys-Arg tetrapep-
tide of the NS2B C-terminus in the substrate-
binding site.

Subsequently, the crystal structure of an 
unlinked ZIKV NS2B/NS3pro lacking the 
C-terminal tetrapeptide of NS2B (designated 
“bZiPro”) was reported at 1.58 Å resolution by 
the same group ([57]; PDB entry 5GPI). Although 
the enzyme is described as being devoid of bound 
substrate or product peptides, all four of the 
unlinked ZIKV NS2B/NS3pro molecules in the 
asymmetric unit surprisingly adopt the closed 
conformation, with the NS2B fragment fully 
wrapped around NS3pro. In the “linked” flavivirus 
protease, this form is normally only present in 
structures of complexes with substrates or inhibi-
tors. In the Zhang et al. [57] structure, three of the 
four NS2B/NS3pro molecules in the asymmetric 
unit are described as ligand-free enzyme, whereas 
one NS2B/NS3pro is bound to the N-terminal 
Lys14-Lys15-Gly16-Glu17 tetrapeptide segment 
of a neighboring NS3pro, with the peptide located 
in the substrate-binding site in a reverse orienta-
tion, compared to common peptidic inhibitors. 
According to the authors, the crystal structure is 
highly similar to the structure of the Gly4SerGly4-
linked ZIKV NS2B-NS3pro in complex with the 
boronate inhibitor [22] and the cleaved Lys-Thr-
Gly-Lys-Arg-linked NS2B-NS3pro [41], with 
RMSD values of 0.52 Å and 0.45 Å, respectively, 
for Cα atoms. In addition, a crystal structure of 
unlinked ZIKV NS2B/NS3pro in complex with a 
dipeptide aldehyde (Ac-Lys-Arg-CHO) was 
determined by Li et al. ([26]; PDB entry 5H6V). 
The structure adopts the closed conformation, 
which is similar to other structures determined 
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earlier, with RMSD values for Cα atoms of 
0.50  Å ([22]; PDB entry 5LC0), 0.20  Å ([57]; 
PDB entry 5H4I), and 0.39 Å ([41]; PDB entry 
5GJ4), respectively. The inhibitor forms a cova-
lent bond with Ser135 of the catalytic triad, and 
the Arg in P1 and Lys in P2 interact with the tar-
get protein via several hydrogen bonds. 
Interestingly, a dimer was not observed in this 
complex structure. 1H-15N HSQC (heteronuclear 
single-quantum coherence) NMR spectra indi-
cate that in solution, the aldehyde inhibitor also 
binds to the active site and can stabilize the pro-
tein structure in the closed conformation.

Usually, flavivirus NS2B-NS3 proteases adopt 
an open conformation in the absence of inhibitors 
or substrates. In this conformation, the N-terminal 
β-strand of the hydrophilic NS2B segment still 
integrates into the N-terminal β-barrel of NS3pro, 
but much of the NS2B chain beyond residue 60* 
is highly flexible and often not defined by elec-
tron density in the crystal structures. This feature 
was also reported by Yang and colleagues ([8]; 
PDB entry 5GXJ) for the unliganded Gly4SerGly4- 
linked ZIKV NS2B-NS3pro at a resolution of 
2.6  Å. In stark contrast to the structure of the 
unlinked free enzyme reported by Zhang et  al. 
[57], the C-terminal part of the NS2B chain is 
largely invisible in the electron density map. 
Subsequently, Lee et  al. [21] also determined a 
crystal structure of the free “linked” ZIKV 
NS2B-NS3pro enzyme at 3.1 Å resolution (PDB 
entry 5T1V). In both the Chen et al. [8] and Lee 
et  al. [21] structures, the C-terminal portion of 

the NS3pro polypeptide (beyond residue 152) is 
oriented away from the substrate-binding site and 
instead makes hydrophobic interactions with the 
linker between the two NS3pro β-barrels 
(Fig. 10.7a). In the closed conformation, this seg-
ment forms the β-hairpin β-EIIb/β-FII, which 
participates through hydrophobic and π...π inter-
actions in shaping the S1 subsite for accommo-
dating the P1-Arg residue of the inhibitor 
(Fig. 10.7b) [22]. Chen et al. [8] call the confor-
mation of the ligand-free ZIKV NS2B-NS3pro 
“relaxed” and Lee et  al. [21] “pre-open” (the 
RMSD between the two structures is 0.33 Å for 
the Cα atoms; [21]). Possibly, the C-terminal 
region of NS3pro acts as a switch between the 
“active-closed conformation” and the “inactive-
relaxed conformation” of the ZIKV NS2B-
NS3pro. Such a switch has not been described for 
the NS2B-NS3 proteases of DENV or WNV, but 
in the JEV enzyme, a similar observation ([54]; 
PDB entry 4R8T) can be made. Potentially, this 
feature may offer novel opportunities for discov-
ering inhibitors that block the transition between 
the open and the closed conformation of the 
enzyme.

Coincidentally, a dimer is found in the asym-
metric unit in both of the ligand-free “linked” 
protease structures, with the catalytic sites of the 
two monomers facing each other [8, 21], similar 
to the “tight dimer” found by us in the boronate 
inhibitor complex [22]. However, the surface bur-
ied upon dimerization is considerably smaller 
(~800 Å2) compared to the structure of the boronate 

Fig. 10.6 Structure of the disulfide-linked polymer of 
tight dimers in crystals of the ZIKV NS2B-NS3pro com-
plex with the boronate inhibitor. In each tight dimer, mol-
ecules A and B are shown in light blue and purple, resp.. 

The corresponding inhibitors are displayed as red and 
dark blue spheres. Residues Cys143 forming the disulfide 
bonds are shown in yellow spheres. (Figure prepared by 
using Pymol (Schrödinger; http://www.pymol.org/))
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complex dimer. Nevertheless, this observation is 
another indication that the unique dimer observed 
by us for the ZIKV NS2B-NS3pro is not induced 
by inhibitor binding.

10.4  NMR Studies of the Zika 
Virus Protease

In addition to the extensive studies of the ZIKV 
NS2B-/NS3pro by X-ray crystallography, several 
groups also investigated the conformations of dif-
ferent constructs in solution by nuclear magnetic 
resonance (NMR). Phoo et al. [41] recorded 1H-
15N spectra for the three different constructs of 
the inhibitor-free protease mentioned above,  
i.e. eZiPro (NS2B45*-96*-Lys-Thr-Gly-Lys-Arg-
NS3pro), gZiPro (NS2B45*-96*-Gly4SerGly4-
NS3pro), and bZiPro, “unlinked” NS2B/NS3pro). 
These three constructs share a similar overall 
fold, but with many chemical shifts differing 
between the eZiPro and bZiPro proteases. 
Residues near the active site display sharper sig-

nals in the eZiPro, indicating that the C-terminal 
Thr-Gly-Lys-Arg tetrapeptide of NS2B predomi-
nantly occupies the substrate-binding site as seen 
in the crystal structure. In the absence of sub-
strate or inhibitor in the binding site, line-broad-
ening of the residues located in the protease 
active site is caused by exchanges with the envi-
ronment in the “unlinked” bZiPro.

A remarkable difference between the ZIKV 
NS2B-NS3pro and the proteases of DENV and 
WNV concerns the affinity for the bovine pancre-
atic trypsin inhibitor (BPTI, aprotinin). In NMR 
studies with the three different ZIKV constructs 
mentioned above [41], only bZiPro shows obvi-
ous chemical shift changes upon addition of 
BPTI.  Therefore, the C-terminal Thr-Gly-Lys-
Arg of eZiPro or the Gly4SerGly4 linker in gZiPro 
may compete with the binding of BPTI to the 
substrate-binding site of the protease. Similar 
observations were made by Roy et al. [45]. The 
dispersed cross peaks in the 1H-15N HSQC spec-
tra for bZiPro [57] demonstrate that this 
“unlinked” protease construct is well-folded and 

Fig. 10.7 Structure of free “linked” ZIKV NS2B-NS3pro 
[8] (a) in comparison with the closed “linked” structure 
[22] (b): The NS2B chain is shown in red, the NS3 chain 
in green, except for its C-terminal region (beyond residue 

152), which is colored dark blue to highlight the different 
conformation in the open, ligand-free form (a) and the 
closed, ligand-bound form (b) of the protease. Figure pre-
pared by Chimera [40]
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features a secondary structure similar to that of 
the crystal structure presented by the same group. 
On the other hand, Roy et al. [45] reported com-
plete disorder for the C-terminal region of NS2B 
(residues 73*-100*) in the solution structure of 
the ligand-free, unlinked protease, supporting the 
predominance of the open conformation in the 
free two-chain ZIKV NS2B-NS3pro. Mahawaththa 
et al. [31] studied the conformation in solution of 
a Gly4SerGly4-linked ZIKV NS2B-NS3pro con-
struct highly similar to the one we used for our 
crystallographic work [22]. The authors showed 
that upon titration of the enzyme with the 
boronic-acid compound cn-716 [37], new cross-
peaks of the NS2B chain appear that exhibit simi-
lar chemical shifts as observed for eZiPro [41], 
implying that the Gly4SerGly4-linked construct 
adopts the closed conformation in solution upon 
binding the high-affinity inhibitor. Li et al. [25] 
also assigned the cross-peaks in the 1H-15N HSQC 
spectrum of the Gly4SerGly4-linked ZIKV NS2B-
NS3pro in the absence of inhibitor and found the 
peaks corresponding to the β-hairpin of NS2B 
(residues 74*–86*) missing, revealing the open 
conformation, in agreement with the crystallo-
graphic results of Chen et al. [8] and Lee et al. 
[21]. Furthermore, the 1H-15N HSQC and NOE 
data suggested that the peptide Ac-Lys-Arg binds 
to the substrate-binding site and helps the prote-
ase adopt the closed conformation. As the chemi-
cal shifts of residues close to the active site (e.g., 
His51) show distinct differences between the 
Gly4SerGly4-linked (gZiPro) and unlinked 
(bZiPro) ZIKV NS2B-/NS3pro constructs, these 
authors proposed that the flexible linker may 
influence the substrate-binding site in solution.

10.5  Design of and Screening 
for Inhibitors of the ZIKV 
Protease

With the ZIKV NS2B-NS3 protease being an 
attractive drug target, several groups engaged in 
inhibitor discovery efforts against this enzyme [3, 
7, 20, 21, 27, 28, 37, 45–48, 56]. For example, 
Yuan et  al. [56] employed virtual screening 
against the crystal structure of the Gly4SerGly4-

linked protease [22] and identified the FDA- 
approved drug novobiocin as an inhibitor. The 
survival rate of novobiocin-treated ZIKV-infected 
mice was 100%, vs. 0% among untreated mice. 
Novobiocin-treated mice exhibited lower mean 
viral loads in blood and tissue and less histopath-
ological damage than the control group. Notably, 
novobiocin has been approved for usage in preg-
nant women.

Investigation of the cleavage preference of 
ZIKV NS2B-NS3pro can generate valuable infor-
mation for the design and improvement of pepti-
domimetic inhibitors against this drug target. 
Gruba et  al. [14] and Rut et  al. [46] presented 
extensive studies of the cleavage preferences of 
the ZIKV NS2B-NS3pro by using peptide libraries 
with natural (Gruba et al.) and natural as well as 
non-natural (Rut et  al.) amino acids. Rut et  al. 
[46] showed that the S1 pocket of the enzyme has 
a strong preference for L-Arg(Me) and L-Arg, 
whereas the most preferred amino-acid residue 
for the P2 position is ornithine (L-Orn). Among 
the proteinogenic amino acids, L-Lys or L-Arg 
were also found to be suitable, but substantially 
less so [46]. The most preferred P3 residue is L- 
Lys, but less dominantly so compared to P1 and 
P2. The S4 site exhibits very broad specificity 
according to Rut et  al., whereas Gruba et  al. 
claimed that it has a strong preference towards 
Val. The bulky hydrophobic N-terminal 
2- aminobenzoic acid cap used in the latter study 
might influence the binding specificity at the P4 
position. Based on their extensive study of the 
substrate specificity of ZIKV NS2B-NS3pro, Rut 
et al. designed a peptidomimetic inhibitor with a 
phosphonate warhead, D-Arg−Lys−Orn−
Argp(OPh)2, that exhibits superb inhibitory activ-
ity in vitro.

10.6  Conclusions

In summary, structures for multiple constructs of 
the ZIKV NS2B/NS3 protease, in either the 
“open” or the “closed” conformation, were 
reported within 1 year since the WHO declared 
the association of ZIKV with microcephaly a 
Public Health Emergency of International 
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Concern (PHEIC) [18]. The swift response of 
structural biologists to this emergency estab-
lished the ZIKV protease as an attractive target 
for the discovery of antiviral drugs. It is to be 
hoped that the efforts towards this goal that are 
now underway in many research laboratories, 
may eventually yield efficient and safe anti-Zika 
virus drugs or, even better, pan-flavivirus 
therapeutics.

 Discussion of Chapter 10 in Dengue 
and Zika: Control and Antiviral 
Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique.
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Rolf Hilgenfeld.

Christoph Nitsche: I have just one comment: 
you showed this nice cartoon that the protease 
upon inhibitor or substrate binding goes from 
the apo or the open form to the closed form; 
however, I think that is not totally clear yet. 
From the crystallographers, we see open 
forms if there is no inhibitor, and we see 
closed forms if there is an inhibitor present. 
However, in NMR studies we see, regardless 
whether there is an inhibitor present or not, 
that the majority is in the closed form and 
there is only some in the open form as a minor-
ity conformer; so we do not know this yet.

Rolf Hilgenfeld: I completely agree with that. 
And there is an ongoing debate on the rele-
vance of the open conformation. I only know 
that we find the same open conformation in 
different crystal forms, even with different fla-
vivirus proteases. Although we also find, for 
instance with Dengue-1, another type of open 
conformation. But some of these open forms 
can be superimposed quite well, also for the 
NS2B part. I don’t know, but I realize that in 
the NMR-studies, you mostly see the closed 
conformation.

Paul Young: Just a brief comment on the open 
and the closed structures. We actually looked 
at the closed structure of a complex with an 
inhibitor or a substrate. That structure 
implies, that given the overhanging nature of 
the co- factor, upon engagement with the sub-
strate, it actually might be there. So whether 
it is completely overhanging and flexible 
with those hydrophobic parts on the other 
side that you see in the crystal structure or 
not, is a moot point. I think there has to be 
flexibility to some degree to allow substrate 
in. There is no other way of imagining that. 
But the subtlety of that movement is a matter 
of debate.

What I wanted to ask you about that dimer, 
however, is whether you have done any modeling 
of the full-length NS3 structure. Would the heli-
case be in the way?

Rolf Hilgenfeld: The helicase would not be in 
the way. The helicase would be compatible 
with that dimer. Full-length flavivirus NS3 
probably exists in more than one conforma-
tion, and these may represent different func-
tional states. We modelled dimeric full-length 
ZIKV NS3  in both the conformation seen in 
DENV-4 NS3 ([29]; as shown in Fig. 10.5d) 
and the one found in Murray Valley 
Encephalitis virus NS3 (work by Assenberg 
et al., 2009), and in either, the helicase domain 
would be compatible with the quasi-symmet-
ric protease dimer that we see in our crystal 
structure.

Paul Young: So is there any evidence in the lit-
erature for dimeric NS3 in the cell?

Rolf Hilgenfeld: Not really, but don’t forget that 
we work with quite an artificial system. We 
are lacking the membrane and we are lacking 
the hydrophobic portions of NS2B as you 
know all too well. It could well be that in the 
cellular situation, these hydrophobic parts 
even promote the dimerization, of which we 
only see a glimpse here.

Paul Young: Sure.
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Subhash Vasudevan: Could you break this 
dimer by introducing single mutations? Is 
there any contribution in the dimer interface 
that you could interupt?

Rolf Hilgenfeld: Yes, I think there is a lot of 
opportunity to do that. We haven’t done it yet, 
but there is quite pronounced contacts, for 
instance that hydrophobic hook which, as has 
been pointed out by Julien Lescar before, 
maybe involved in membrane binding by 
NS3; in case of Zika virus, these residues are 
Leu30 and Leu31. These residues really fit 
into a hole on the opposing monomer, but they 
still offer enough exposed hydrophobic sur-
face for interaction with the ER membrane. 
We have a head-to-tail arrangement of this 
dimer – the head of monomer 1 interacts with 
the tail of monomer 2, and vice versa. There is 
also a total of nine hydrogen bonds across the 
monomer – monomer interface. So yes, there 
is an opportunity to play with this interface. 
We also had to investigate whether this dimer 
is only formed in the presence of this type of 
inhibitor, since it looks as if the inhibitor kind 
of contributes to dimer formation. But we 
determined the crystal structure of West Nile 
virus NS2B-NS3pro with the same inhibitor, 
cn-716, and there, we only see a monomer in 
the crystal.

Subhash Vasudevan: Your inhibitor is a very 
interesting inhibitor, a dipeptide but then you 
have the contribution of the glycerol that prob-
ably enhances the interaction. Have you made 
a mimic?

Rolf Hilgenfeld: Not yet, but we are of course 
thinking of reacting the boronic acid with lon-
ger and more hydrophobic triols and diols that 
form the same type of boronic ester. And then 
we would have a vehicle for getting the drug 
as a prodrug into the cell, through the mem-
brane. The membrane permeability of these 
boronic acids themselves is not very good. But 
the modification with longer-chain triols or 
diols may help to get the product through the 
membrane, and then the diester would be 
hydrolyzed inside the cell. Of course, we still 
have a specificity problem, the specificity of 
these compounds for the flavivirus proteases 
has to be improved.
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Abstract
Dengue virus (DENV) replication occurs in 
virus-induced vesicles that contain the repli-
cation complex (RC) where viral RNA, viral 
proteins and host proteins participate in RNA- 
RNA, RNA-protein and protein-protein inter-
actions to ensure viral genome synthesis. 
However, the details of the multitude of inter-
actions involved in the biogenesis of the infec-
tious virion are not fully understood. In this 
review, we will focus on the interaction 
between non-structural (NS) proteins NS3 and 
NS5, as well as their interactions with viral 
RNA and briefly also the interaction of NS5 
with the host nuclear transport receptor pro-
tein importin-α. The multifunctional NS3 pro-
tease/helicase and NS5 methyltransferase 
(MTase)/RNA-dependent RNA polymerase 

(RdRp) contain all the enzymatic activities 
required to synthesize the viral RNA genome. 
The success stories of drug discovery and 
development with Hepatitis C virus (HCV), a 
member of the Flaviviridae family, has led to 
the view that DENV NS3 and NS5 may be 
attractive antiviral drug targets. However, 
more than 10 years of intensive research effort 
by Novatis has revealed that they are not “low 
hanging fruits” and therefore, the search for 
potent directly acting antivirals (DAAs) 
remains a pipeline goal for several medium to 
large drug discovery enterprises. The effort to 
discover DAAs for DENV has been boosted 
by the epidemic outbreak of the closely related 
flavivirus member  – Zika virus (ZIKV). 
Because the viral RNA replication occurs 
within a molecular machine that is composed 
several viral and host proteins, much interest 
has turned to characterising functionally 
essential protein-protein interactions in order 
to identify potential allosteric inhibitor bind-
ing sites within the RC.
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11.1  Introduction

11.1.1  Flavivirus RNA Replication 
by Multifunctional Enzymes 
NS3 and NS5

The ~11 kb positive-sense single-stranded RNA 
genome of the four Dengue virus (DENV) sero-
types share around 70% sequence identity and 
contain a 5’type-1 cap, as well as 5′- and 
3′-untranslated regions (UTR) that flank a single 
open reading frame (ORF) [40]. The ORF is 
translated by host machinery into polyprotein 
consisting of ~3300 amino acids, which is pro-
cessed by host and viral encoded protease into 
three structural proteins (capsid (C), premem-
brane protein (prM) and envelope protein (E)) 
and seven nonstructural proteins (NS; NS1, 
NS2A, NS2B, NS3, NS4A, NS4B and NS5). 
DENV replication occurs within virus-induced 
vesicles in the perinuclear region of infected cells 
in a replication complex (RC) which is composed 
of viral RNA, viral proteins and host proteins. 
The efficient replication of viral RNA within the 
RC molecular machine is crucially dependent on 
many important RNA-RNA, RNA-protein and 
protein-protein interactions [13, 73]. By electron 
microscopy and tomography, virus-induced vesi-
cles have been shown to be derived from the 
invagination of ER membrane [78] and contain 
all NS proteins and double-stranded RNA 
(dsRNA) [13, 73, 78]. The newly synthesized 
viral genomic RNA (gRNA) is encapsulated by 
the capsid protein and surrounded by a host 
derived lipid bilayer containing the membrane 
and envelop proteins [40].

Protein-protein interaction between several 
viral NS proteins of RC have been described, 
including that of DENV NS2B and NS3 [57]; 
NS4A and NS4B [95]; NS1 and NS4B [1, 94]; 
NS3 and NS4B [74, 93]; as well as NS3 and NS5 
[9, 29, 46, 51]. In vitro binding studies on Kunjin 
virus proteins showed that NS2A could bind to 
NS3, NS5 and 3’UTR, while NS4A could bind 
strongly to itself. NS3 and NS5 were also shown 
to bind to 3’UTR [45]. Studies on Yellow Fever 
virus (YFV) and DENV proteins demonstrated a 
genetic interaction between NS4A with NS1 and 

NS4B, respectively [39, 67]. By using confocal 
microscopy, fluorescence resonance energy 
transfer assay and biological fluorescence com-
plementation in conjunction with ectopically 
expressed WNV proteins, it was shown that 
NS2A, NS2B, NS4A and NS4B co-localized 
with ER membrane protein calnexin, but not 
NS1, NS3 or NS5 [84]. These studies also showed 
interactions between (1) NS2A and NS4A, (2) 
NS2B and NS2A, NS4A or NS4B, (3) NS2B and 
NS3, as well as (4) NS3 and NS5. Interestingly, 
they showed that the interactions between NS2A, 
NS4A and NS4B with NS3 only occurred when 
NS2B was present [84]. No protein-protein inter-
action was found between NS1 and the other NS 
protein, but fluorescence resonance energy trans-
fer data suggested the formation of NS1 homodi-
mer [84], which is the consistent with the 
observation that intracellular NS1 is predomi-
nately dimeric [1, 23, 53, 54]. Further functional 
evidence that supports interaction between NS 
proteins has been demonstrated by the modula-
tion of NS3 enzymatic/functional activity by 
NS4A [65], NS4B [74] and NS5 [15, 83]. Recent 
structural studies have shown that DENV NS5 
can form dimers [31] and also a yeast three- 
hybrid study points to interaction of DENV 
3’UTR with the RdRp [25]. Collectively, these 
studies have led to the proposed model of interac-
tion between the NS proteins in the RC (Fig. 11.1) 
and this review will focus on the transactions of 

Fig. 11.1 Proposed model of flavivirus replication com-
plex [54, 64]
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NS3 and NS5, as well as the potential biological 
implications of NS5 dimerization and 3’UTR 
binding to RdRp domain [71].

11.1.2  NS3

NS3 is a multifunctional protein and it is the sec-
ond largest (69 kDa, 618 amino acids) viral pro-
tein [40]. It contains a N-terminal protease 
domain [36], and a C-terminal domain that has 
helicase, RNA-stimulated nucleoside triphospha-
tase (NTPase), and RNA 5′-triphosphatase 
(RTPase) activities [8, 15, 60, 79, 80]. The DENV 
NS3 protease, works in concert with its NS2B 
cofactor and is responsible for cleaving the viral 
polyprotein at NS2A/NS2B, NS2B/NS3, NS3/
NS4A, NS4A/NS4B and NS4B/NS5 junctions 
[5, 10–12, 59, 60, 85, 86]. The NS2B- NS3 prote-
ase also cleaves the ER anchored form of C 
(anchC) at the cytoplasmic side [3, 4, 41]. The 
NS3 helicase domain, together with NS5 RNA- 
dependent RNA polymerase (RdRp) and methyl-
transferase (MTase) activities, is involved in viral 
RNA replication and type 1 cap formation, 
respectively. During viral RNA replication, the 
helicase activity is thought to be required for 
unwinding of dsRNA and/or secondary structure 
of single-stranded RNA, whereas the NTPase 
activity provides the energy for helicase unwind-
ing activity. The first committed step in type 1 
RNA cap structure formation, involves the NS3 
RTPase activity that is responsible for removing 
the γ-phosphate from 5’triphosphorylated RNA 
(also see later for details on subsequent steps by 
NS5) [77, 80]. In infected cells, NS3 co-localises 
with dsRNA and NS4B proteins in the perinu-
clear region [78] and it was shown to interact 
with both NS4B [74] and hypophorylated NS5 
[29]; these findings are consistent with the role of 
NS3 in viral RNA replication in RC. Apart from 
its interaction with viral proteins, NS3 has also 
been shown to interact with the host fatty acid 
synthase (FAS); this interaction is mediated by 
the protease domain and through this interaction, 
it enhances the activity of FAS at sites of viral 
replication to possibly establish or expand the 
membranous network for viral replication [24].

The N-terminal domain of NS3 (residues 
1–168) resembles a trypsin-like serine protease 
that contains the catalytic triad composed of His- 
53, Asp-77 and Ser-138 at its active site. For it to 
be a functional protease, NS3 has to interact with 
the hydrophilic region of NS2B, residues 49–95 
[35]. Without NS2B49–95, NS3 expresses as an 
insoluble protein. Soluble active form of NS3 
protease for enzymatic characterization, inhibitor 
screening and structural studies was expressed as 
a bifunctional fusion construct with NS2B49–95 
that was connected by flexible glycine linker 
(G4SG4) to the protease domain [35, 37]. The 
crystal structure of DENV protease revealed a 
chymotrypsin- like fold with two β-barrels and 
each barrel is formed by six β-strands; the barrel 
interface contains the catalytic triad. The 
N-terminal part of NS2B from residues 49–66 
contribute a β-strand to the N-terminal β-barrel of 
NS3 protease domain. In the presence of inhibi-
tor, the C-terminal region of NS2B (residues 
67–95) form a conserved β-turn hairpin that 
wraps around the C-terminal β-barrel of NS3 to 
form a “closed” conformation and this allows the 
β-turn hairpin to form part of the S2 and S3 pock-
ets in the substrate binding site to interact directly 
with substrate/inhibitor [2, 20, 56]. Hence, this 
collectively implies that NS2B residues 49–95 
are needed for proper folding and catalytic activ-
ity of NS3. One vexing issue that has attracted 
much commentary in several publications is the 
question of the “open” and “closed” conforma-
tions of NS2B’s interaction with NS3 protease. 
This question was directly addressed in WNV 
NS2B-NS3 protease that is known to be more 
stable than other flavivirus proteases, by nuclear 
magnetic resonance (NMR) spectroscopy studies 
that used specific isotope labels and nuclear 
“spin” labels and it was shown that the “closed” 
conformations forms the predominant species in 
solution [66]. The “closed” conformation of 
NS2B-NS3 protease is critical for structure- 
directed drug discovery and this is discussed in 
more detail in Chaps. 10 and 13 in this mono-
graph and the ZIKV protease is proving to be an 
interesting target and may provide the pathway 
for the development of a pan-flaviviral inhibitor 
[87].
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The C-terminal domain of NS3 is a multifunc-
tional protein (residues 180–618) belonging to 
superfamily 2 (SF2) class of helicases that con-
tains the DEAH sequence motif [22]. NS3 heli-
case (NS3H) contains three subdomains and the 
crystal structure revealed the RecA-like fold of 
subdomain I and II [80]. The ATPase and RTPase 
activities are found in domains I and II while the 
single-stranded RNA binding tunnel is formed by 
the base of subdomain III, which separates it 
from subdomains I and II. NS3 helicase activity 
was shown to be ATP- and Mg2+-dependent [8] 
and its interaction with NS4B promotes its dis-
sociation from single-stranded RNA, which sub-
sequently enhances its helicase activity [74]. Its 
NTPase and RTPase activities were also found to 
be Mg2+-dependent and both activities could be 
stimulated by NS5 [15, 83]. Biochemical and 
mutagenesis studies suggest that NTPase and 
RTPase may share a common active site [7]. 
Similarly, mutations affecting helicase activity 
also reduced RTPase activity [8], suggesting that 
the helicase, NTPase and RTPase activities may 
be linked.

By linking NS2B residues 49–66 via G4SG4 to 
NS3 (also known as NS2B18NS3), a soluble full- 
length protein was expressed, purified and crys-
tallized. Using this strategy, the structure of 
DENV4 full-length NS3 revealed an elongated 
conformation with the protease domain con-
nected by a natural linker spanning residues to 
169–179 to the helicase domain [44]. The NS3 
protein structures showed that the protease 
domain can adopt a different orientation relative 
to the helicase (protease domain rotated by ~161° 
with reference to the helicase domain) owing to 
flexibility of the natural linker that has evolved to 
an optimum length to confer flexibility to full- 
length NS3 protein [43]. The two conformations 
of NS3 protein probably reflects the different 
conformations that may be adopted for it to 
engage in the various protein-protein and protein- 
RNA interactions during polyprotein processing 
and RNA replication.

11.1.3  NS5

NS5 is the largest (103  kDa, 900 amino acids) 
and most conserved protein among all viral pro-
teins [40]. Its N-terminal domain contains MTase 
[17, 18, 33] and putative GTase activities [27] 
that are involved in type 1 cap formation, whereas 
its C-terminal harbours RdRp activity that is 
responsible for viral RNA replication with NS3 
[81]. In the infected cell, DENV2 NS5 is known 
to interact with NS3 [29] and also to shuttle 
between the cytoplasm and nucleus [9, 34, 61, 
62]. NS5 was shown to be a potent TNF-α, IL-6 
and IL-8 inducer [30, 50], and its IL-8 inducing 
ability may correlate with NS5 nuclear localiza-
tion and infectious virus production [61, 62]. It 
was demonstrated that DENV2 NS5 can bind to 
STAT2 to promote UBR4-mediated STAT2 deg-
radation by bridging STAT2 and UBR4, an E3 
ligase that recognizes and degrades proteins, to 
collectively lead to inhibition of type I interferon 
signalling [6, 49, 52].

NS5 MTase has two binding sites: an 
S-adenosyl-L-methionine (SAM) binding site 
and a RNA cap site for binding to guanosine of 
the cap structure [18]. Its MTase domain pos-
sesses two methylation activities: guanine-N7 
[33] and nucleoside 2′-O methylation [17]. The 
current model for the formation of type 1 cap 
structure assumes four sequential steps: [1] the 
RTPase activity of NS3 removes 5′ γ-phosphate 
from newly synthesized RNA [8, 80], [2] the 
newly identified GTPase activity of NS5 may cap 
the RNA 5′-diphosphate end with guanosine 
monophosphate (GMP) through a 5′ to 5′ phos-
phodiester bond [27], [3] the guanine-N7 meth-
ylation activity of NS5 transfers a methyl group 
to the N7 position of the guanine moiety to  
form a cap 0 structure (7meGpppA-RNA) [91] and 
lastly, [4] the 2′-O methylation activity of NS5 
catalyses methylation at the ribose 2′-O position 
of adenosine to form type 1 cap structure 
(7meGpppA2′-O-me-RNA) [17]. Time course experi-
ment showed that N7-methylation occurs before 
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2’O-methylation [63] and both use SAM as 
methyl donor for methylation [55]. Through 
mutagenesis study, the N7-methyaltion was 
found to be important for virus replication [91]. 
Recently, a 2’-O MTase mutant virus (216E➔A in 
DENV1 and 217E➔A in DENV2) was shown to 
replicate like wildtype (WT) in cell culture but 
poorly in mice and rhesus monkeys, and able to 
induce protection in rhesus monkeys during 
homologous challenge. These studies show the 
potential value of using 2’-O MTase mutant virus 
as a rationally designed vaccine [94].

The RdRp domain of DENV3 has the classical 
“cupped right hand” architecture with fingers, 
palm and thumb subdomains that have been 
described for various flaviviruses [38, 42, 47, 81]. 
The βNLS and α/βNLS (reside in residues 320–
405), which were originally thought to be an 
interdomain linker region between MTase and 
RdRp [17], were found to be an integral part of 
the RdRp domain and are distributed between the 
fingers and thumb subdomains. The highly con-
served palm domain contains four out of the six 
conserved sequence motifs that are important for 
NTP binding and catalysis, including the GDD 
catalytic active site. Its active site is encircled by 
several loops to form a tunnel that can direct the 
RNA template strand to the active site [81]. The 
thumb subdomain contains the most structurally 
variable elements among the known polymerase 
structures that help to shape the RNA template 
tunnel and possibly regulate the entry and exit of 
template into active site, and also the priming 
loop that is involved in de novo initiation [81]. 
Functional mutagenesis study of two conserved 
cavities of thumb subdomain led to the identifica-
tion of residues K328, Y859 and I863 that are 
crucial for de novo initiation but not elongation, 
and also residue K330 that is involved in 
NS3-NS5 interaction [92].

Recently, the structure of DENV3 full-length 
NS5 was solved and it revealed a compact struc-
ture with extensive interaction between the 
MTase and RdRp domains [89], in agreement 
with the comprehensive biochemical studies car-
ried out by Potisopon and colleagues [58]. The 
structure also revealed for the first time the 
molecular basis for specific viral RNA recogni-

tion of the conserved 5′-AG dinucleotide found 
in all flaviviruses and also the mechanism for 2’O 
ribose methylation [90]. The DENV3 NS5 struc-
ture differed in relative orientation of the MTase 
and RdRp (MTase domain rotated by 105° with 
reference to the RdRp domain) when compared 
to extended conformation of Japanese 
Encephalitis virus (JEV) full-length NS5 [42], 
despite the overall similarity in shape. The differ-
ences in the length, sequence and structure of 
linker, as well as the molecular nature of MTase- 
RdRp interaction interface between DENV3 and 
JEV NS5s may reflect the different conforma-
tions that are being adopted by the protein with 
regard to its various functional roles during virus 
life cycle (see also Chaps. 9 and 14 in this 
monograph).

11.1.4  NS3-NS5 Interaction Is 
Required for Coordinated 
Positive- and Negative-Strand 
RNA Synthesis

Previous biochemical studies using yeast two- 
hybrid assays have narrowed down the region of 
interaction between NS3 and NS5 to residues 
303–618 and residues 320–368, respectively [9, 
28, 75]. Mutation in NS5 residue K330 to alanine 
in an infectious clone abolished viral replication 
through disruption of NS3-NS5 interaction. 
However, biochemical studies showed that the in 
vitro RdRp activity of NS5 in the K330A mutant 
remained intact [92]. The interaction region on 
NS3 that is involved in NS3-NS5 interaction was 
fine-mapped to residues 566–585 by competitive 
NS3-NS5 interaction ELISA, peptide-phage 
ELISA and truncated NS3 protein using novel 
anti-NS3 antibodies [70]. Specifically, the over-
lapping peptides spanning residues 566–580 and 
571–585 of NS3 inhibited the NS2B18NS3 inter-
action with RdRp in the ELISA-based interaction 
assay. Sequence alignment of residues 566–585 
of NS3 show a high degree of conservation 
amongst flaviviruses (Fig.  11.2). Competition 
ELISA with truncated NS3 proteins showed that 
wild-type NS3566–585 inhibited NS2B18NS3-NS5 
interaction in a concentration dependent manner. 
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On the other hand, NS3566–585(N570A) peptide carry-
ing a single mutation or unrelated peptides did 
not show any reduction in NS2B18NS3-NS5 
interaction. The NTPase activity of NS3566–

585(N570A) was identical to the wild-type protein.
Virological support for the importance of the 

NS3 N570 through introducing the NS3:N570A 
mutation into a DENV2 infectious complemen-
tary DNA (cDNA) clone and comparing it to one 
carrying the NS5:K330A mutation [70]. Similar 
to NS5:K330A mutant, NS3:N570A mutant did 
not produce any infectious virus [92], however it 
was able to synthesize low amount of viral RNA 
and viral proteins. This lends further weight to 
the critical role of NS3 N570 interaction between 
NS3 and NS5. Robust biochemical assays that 
can screen for compounds that block the interac-
tion may be valuable for the discovery of potent 
inhibitors [51, 68, 70].

Interestingly, the WT and mutant infectious 
clones also provided insights into the viral RNA 
replication process through real-time RT-PCR 
investigation of negative- and positive-strand 
RNA synthesis. The WT RNA transfected cells 
show synchronized synthesis of negative- and 
positive-strand RNA, with an excess of positive- 

to negative-strand RNA as seen with DENV 
infected cells [72]. The NS5:K330A mutant was 
completely inactive since the transfected positive- 
strand RNA degraded over time and the negative- 
strand RNA that was detected corresponded to 
background levels. Strikingly, the NS3:N570A 
mutant virus showed fairly robust negative-strand 
synthesis from transfected RNA template, some-
what analogous to early events during DENV 
RNA replication in an infected cell. The weak-
ened or abolished interaction between NS3 and 
NS5 in NS3:N570A mutant does not support the 
replication of new positive-strand RNA from 6 to 
24 h when compared to WT virus. Although the 
NS5:K330A mutant was enzymatically active in 
vitro, it was not able to produce any negative- 
strand RNA when compared to NS3:N570A 
mutant. This indicates that the coordinated syn-
thesis of negative- and positive-strand RNA 
requires a functional RC with optimum protein 
interaction affinities between NS3 and NS5. The 
interaction region is conserved in almost all flavi-
viruses except that in YFV NS3 which has a his-
tidine in place of asparagine at position 570 
(Fig. 11.2). Interestingly, in YFV NS5 the posi-
tion 330 is occupied by a tyrosine residue instead 
of lysine [70]. The development of a pan- flaviviral 
NS3-NS5 interaction inhibitor will need to take 
this into account (Fig. 11.2).

11.1.5  Proof of Concept 
for Developing Inhibitors 
of NS3-NS5 Interaction

To further validate the protein-protein interaction 
(PPI) target, the peptide sequences of the interac-
tion region between NS3 and NS5 were either 
synthesized as a fusion product with cell pene-
trating peptide (penetratin) or supplied as a com-
plex with penetratin in conjunction with 
scrambled peptide to show that the disruption of 
PPI decreases viral RNA synthesis. This paves 
the way to examine stapled-peptides approach 
[76] to inhibit NS3-NS5 PPI, as well as other 
small molecule screening approaches. Another 

Fig. 11.2 Sequence conservation of NS3 around residue 
N570. Sequence alignment of NS3 residues 566–585 of 
DENV and other flaviviruses show N570 is conserved 
(highlighted and bold. The GenBank accession numbers 
are as follows: DENV2 (AF038403), DENV1 (U88535), 
DENV3 (M93130), DENV4 (AF326573), Yellow Fever 
virus (YFV; X15062), Japanese Encephalitis virus (JEV; 
M55506), Murray Valley Encephalitis virus (MVEV; 
AF161266) and West Nile virus (WNV; M12294). The 
numbering of residues is based on DENV2 protein 
sequence [70]
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attractive proposition from this study is that 
mutants such as NS3:N570 may serve as poten-
tial mRNA-mediated vaccine since our study 
shows that low level translation of viral proteins 
can be achieved with residues that are selected on 
the basis of structure and function.

11.1.6  NS5 Interaction 
with the Nuclear Import 
Receptor Importin-α and Its 
Implication for Dengue Virus 2 
RNA Synthesis

Hyperphosphorylation and transport to the 
nucleus is an unexpected feature of DENV2 NS5, 
which catalyses viral RNA synthesis in the cyto-
plasm of infected cells [29]. Inspection of the 
NS5 sequence suggested a bipartite nuclear 
localization signal (NLS) existed between resi-
dues 369–405. This sequence was sufficient to 
target bacterial β-galactosidase, a normally 
nuclear excluded reporter protein, to the nuclear 

compartment [21]. Further studies suggested that 
NS5 shuttles between the cytoplasm and nucleus 
[9, 34, 61, 62], while contradicting data was 
reported by Kumar et al. [34] on the relevance of 
nuclear localization to viral RNA replication. 
Furthermore, the elucidation of the 3D structure 
of the RdRp showed that the NLS was not a sepa-
rate domain and the cellular role of NS5 targeting 
to the nucleus needed further studies. To address 
the question of NS5 sub- cellular localization of 
the four serotypes in the context of DENV infec-
tion, a naïve human Fab- phage library was 
screened to identify a serotype cross-reactive, 
NS5 specific antibody fragment (5R3). This frag-
ment was converted into a full- length human IgG 
and expressed in HEK293T cells [88]. The cross-
reactive 5R3 antibody detected NS5 from 
DENV2, 3 and 4  in the nucleus while DENV1 
NS5, which shares more than 70% sequence 
identity is distributed mostly in the cytoplasm 
(Fig.  11.4). The same sub- cellular distribution 
pattern detected with 5R3 antibody following 
DENV infection was also observed for recombi-

Fig. 11.3 Dynamics of viral RNA replication in BHK-21 
cells transfected with DENV2 WT, NS5:K330A or 
NS3:N570A RNAs monitored over the course of 5-days. 
BHK-21 cells were electroporated with 10 mg of genomic- 
length RNA and infected cells were harvested daily, for 
5 days. Extracted RNA from infected cells was used to 
quantify the amount of negative and positive-strand syn-

thesis by real-time RT-PCR.  Absolute copy numbers of 
both strands in log scale per μg of RNA used for real-time 
RT-PCR were plotted; data are shown as the mean ± SD of 
duplicate from one independent experiment. The grey line 
indicates the limit of detection of the negative-strand from 
transfected RNA. (Adapted from [70])
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nant GFP-NS5 of DENV1 and 2. These con-
structs permitted comprehensive domain and 
motif shuffling to identify the sequence element 
responsible for the cytoplasmic localization of 
DENV1 NS5 since the protein contained an 
almost identical NLS to DENV2 NS5  in the 
region between 369 and 405 [71].

Surprisingly the extensive swapping of 
GFP-NS5 gene fragments of DENV1 and 2 [71] 
showed for the first time that a functional 
monopartite NLS was present within C-terminal 
18 residues (Cter18) of DENV2 NS5, residues 

883–900 that was sufficient to direct the protein 
to the nucleus [71]. This finding is in general 
agreement with the observation that classical 
NLS is usually found at either at N- or C-terminal 
end of nuclear cargo proteins so that they are 
accessible to nuclear transport factors [48] and it 
is also predicted by the cNLSMapper program 
[32]. The available crystal structures of various 
flavivirus NS5 did not include the Cter18 [38, 42, 
47, 81, 89], probably due to the dynamics of the 
region. Indeed, the high quality crystals that 
resulted in the resolution of the first full-length 

Fig. 11.4 Subcellular localization of NS5  in DENV1-4 
infected cells and sequence alignment of DENV1 and 2 
NS5. (A) Huh-7 cells were infected with DENV1-4 at 
MOI 10 and the infected cells (>90%) were analysed for 
presence of NS5 (green) and dsRNA (red) by IFA at 24 h 
post-infection. Digitized images were captured by Zeiss 

LSM 710 upright confocal microscope by 63× oil immer-
sion lens. Image analysis was performed on digitized 
images of NS5 staining with ImageJ software [14] to 
determine nuclear to cytoplasmic fluorescence ratio (Fn/c) 
as done previously [34, 61, 62, 69]
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structure of DENV3 NS5 [89] was only obtained 
upon the truncation of the last 5 amino acids of 
DENV3 NS5.

Although DENV2 NS5 is targeted to the 
nucleus by the NLS within Cter18, it was still 
unclear why the same region of DENV1 NS5, 
which also contains a Cter18 sequence that resem-
bles a NLS was localised predominantly in the 
cytoplasm. The GST-NS5 Cter18 of DENV1–4 
proteins binding studies with recombinant 
importin-α (Impα) showed that the tightest bind-
ing was observed for DENV2 and 3 followed by 
DENV1, and DENV4 NS5 Cter18 was the poorest 
binder. Crystal structures of Cter18-Impα com-
plex for DENV2 and 3 were solved to 2.2 Å reso-
lution. In the case of DENV4 Cter18, although the 
cNLSmapper [32] program predicts an NLS 
sequence, it is probably regulated by phosphory-
lation and therefore, only observable in the con-
text of infection that DENV4 NS5 is 
nuclear-localised [71]. The DENV1 Cter18 has 
almost identical Impα binding determinants but it 
is predominant in the cytoplasm. Comparison of 
residues immediately N-terminal to NLS binding 
determinants suggested that the proline residue at 
position 884 for DENV2 and 3 is required for 
presenting the NLS to Impα (Table 11.1) for effi-
cient nuclear transport [71].

Biochemical assays with DENV3 NS5 carry-
ing mutations in the C-terminal NLS (K887A/
R888A; R890A/R891A; R888A, R888E or 
R888K) or Cter18 truncations did not impact on 
the RdRp activity [71]. It was therefore expected 
that introduction of these mutations into a 
DENV2 cDNA clone should not impact viral 
RNA replication. However, the transfection of 
mutant RNA in comparison to WT showed that 
the K887A/R888A double mutant and the 
R888A, E or K single mutant showed no plaques. 

Strikingly, the P884T mutant replicated to similar 
level as WT but its NS5 was predominantly in the 
cytoplasm. Since the mutation of a single residue 
(P884T) redirected DENV2 NS5 mostly to the 
cytoplasm without impacting its cellular infectiv-
ity, it may be assumed that nuclear localization of 
NS5 may not be required for viral RNA replica-
tion but the abolished or diminished replication 
of the Cter18 monopartite NLS mutants implies 
the opposite.

The confocal microscopy images of immuno-
fluorescence assay (IFA) shows that >90% of 
NS5 is in the nucleus and only a small fraction 
that is needed for dsRNA synthesis is detected in 
the perinuclear region. The NS5 P884T mutant 
shows that the mislocalised NS5 is distributed 
throughout the cytoplasm, however the level and 
pattern of distribution of dsRNA is similar to 
WT.  The double-mutant R890A/R891A was 
attenuated, showing lower infectivity and pre-
dominantly cytoplasmic NS5. Remarkably, the 
R888A or R888E mutants were not viable but 
R888K showed a small-plaque phenotype, and in 
the cells that were infected it was shown to be 
predominantly in the nucleus and dsRNA was 
detected in the perinuclear region as with 
WT. The impact of mislocalisation of NS5 on the 
modulation of host pathways has not been stud-
ied with these mutants. One possible interpreta-
tion from the reverse genetics studies and images 
in Fig. 11.5 is that in order for viral RNA replica-
tion to occur in a coordinated fashion within the 
RC, it may be necessary to limit the level of NS5 
the perinuclear region where it is detected. It is 
conceivable that the Cter18 of DENV1–4 NS5s 
may have undergone adaptive evolution [89] to 
engage specific cellular proteins to shuttle the 
excess NS5s away from the replication factories. 
Another peculiarity is that R888, which is within 

Table 11.1 Alignment of DENV1-4 Cter18 region containing the monopartite NLS

NS5 NLS region Residues
NLS binding determinants

ResiduesP1 P2 P3 P4 P5
Dengue 1a 880-DYMTS M K R F K NES-892
Dengue 2 881-DYMPS M K R F R REE-893
Dengue 3 881-DYMPS M K R F R KEE-893
Dengue 4a 882-DYMPV M K R Y S APS-894

aStructures not determined. Alignment based on crystal structures for DENV2 and 3 with Impα
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the NLS region, appears to play a seminal role in 
viral RNA replication in the infected cell that is 
not revealed by its in vitro enzyme activity. The 
replication of R888K mutant virus is attenuated 
but the NS5 is in the nucleus. Residue R888 is 
conserved in NS5 of all four DENV serotypes 
and also completely conserved in all flaviviruses, 
including ZIKA. Together, these imply that R888 
could have a previously unknown function in 
RNA replication and it was postulated that it may 
have a role in de novo RNA initiation (Fig. 11.6).

Support for this notion is indirect and it is 
based on the studies by Klema and colleagues 
who reported DENV3 NS5 structure carrying a 
six-residue priming loop deletion (795WSIHAH800) 
that crystallized as two different types of dimers 
within a single unit cell [31]. The so-called “type 
2 dimers” could resolve the C-terminal region 

because residues R890 to G897 from one mono-
mer formed an α-helix that interacted with the 
MTase domain of second NS5 molecule. In these 
“type 2 dimer” R888 interacts with the hydroxyl 
group of Y838 within the same monomer, which 
is also completely conserved in all flaviviruses. It 
is likely that critical interactions for de novo 
priming are correctly positioned when R888 
forms a hydrogen bond with Y838 when NS5 
oligomerizes during early stages of the infection. 
The survival of the virus is dependent on success-
ful translation of the genomic RNA that is 
released from the infecting virion and on the 
copying of the genomic RNA to form a negative- 
strand RNA that is used as template for new 
genomic RNA synthesis. It is possible that once 
sufficient negative-strand RNA is made, NS5 
interacts with NS3 to carry out further co- 

Fig. 11.5 BHK-21 cells transfected with (a) DENV2 WT, 
(b) DENV2 R890A/R891A (c) DENV2 P884T and (d) 
DENV2 R888K analysed for presence of NS5 (green) and 
dsRNA (red) by IFA on day 3 post-transfection. The % 

infectivity is indicated for WT and mutant viruses. The 
nuclear to cytoplasmic fluorescence ratio (Fn/c) of NS5 was 
obtained using Image J software as done previously [34, 61, 
62, 69]. Insets: zoom-in views of the dotted boxed regions
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ordinated synthesis of genomic RNA for packag-
ing. As shown in Fig. 11.3 the N570A mutation 
in NS3 permits negative-strand RNA synthesis in 
the early stages of infection but the NS3-NS5 
interaction is weakened and this prevents further 
new synthesis of positive-strand genomic RNA 
required for packaging the infectious virion [70]. 
Based on this, it can be hypothesized that the 
accumulation of negative-strand RNA in the first 
3–12 h post infection requires NS5 oligomeriza-
tion. At the later stages, the increased NS5 con-
centration may be a liability for concerted RNA 
synthesis and different strategies may be used by 
flaviviruses to shunt the excess NS5 away from 
the RC to different subcellular locations using 

sequence features on the exposed C-terminal 
region to either the nucleus or throughout the 
cytoplasm, away from the RC (Fig.  11.4). The 
crucial role of Y838 in replication initiation was 
independently verified by Hodge and colleagues 
[25] through yeast three hybrid study that 
explored all possible interactions between RNA 
genome and DENV RdRp, as well as site directed 
mutagenesis studies in a DENV replicon to show 
that the 3’UTR panhandle structure interacts near 
the thumb subdomain of RdRp in a region that 
contains several positively charged residues and 
also including the conserved Y838. Based on 
RNA binding and mutational studies, the authors 
suggested that the stacking interaction between 

Fig. 11.6 Structure of DENV3 RdRp. Ribbon representa-
tion of DENV3 NS5 RdRp (residues 273–900, PDB: 
2J7U, [81]) and full-length (in inset, residues 6–895, PDB: 
4V0Q [89]) structures. The fingers, palm and thumb sub-
domains and residues 320–405 are coloured blue, yellow, 
green and red, respectively. The MTase is shaded in light 
green. The secondary structures (α-helix and β-strand) and 
protein termini (N and C) are labelled as described in [81]. 
The region that is missing in the structure is also defined by 
the boundary numbers. The template entry tunnel is 
arrowed. The priming looing is circled in grey. The α/
βNLS and C-terminal NLS are circled in purple and green, 
respectively; C-terminal NLS is missing in the structure 

and the position is to denote its location in the structure. 
NS5 K330 that is important for NS3-NS5 interaction 
reside in α3 and it is circled in blue. The regions on NS5 
RdRp that were shown [89] by Hydrogen/Deuterium 
Exchange Mass Spectrometry to be more flexible as com-
pared to other parts of the protein are circled in orange, 
which include residues 735–748, 781–809, 812–850 and 
853–895 from thumb subdomain and residues 311–340 
from fingers subdomain. Inset: The different regions are 
coloured as per described above, with the following excep-
tion: the MTase is coloured in grey and an arrow is used to 
indicate the position of K330. (This figure is adapted from 
Yap et al. [81] and Zhao et al. [89])

11 The Transactions of NS3 and NS5 in Flaviviral RNA Replication



158

the sidechain of Y838 and the RNA base may be 
required for replication initiation.

11.1.7  Summary

In the crystal structure of full-length DENV3 
NS5, the MTase is placed above the fingers sub-
domian, and the MTase and RdRp domains inter-
act at two contact areas via residues from the 
MTase domain (residues 63–69, 95–96 and 252–
256), the linker region (residues 262–273) and 
the fingers subdomain from the RdRp domain to 
create an interaction interface that is unique to 
DENV [89]. The interaction of NS5 with NS3 or 
importin-α has been shown to be near the thumb 
subdomain of the RdRp domain of NS5, which 
was shown to be more flexible by hydrogen/deu-
terium exchange mass spectrometry [89]. The 
flexibility of the thumb subdomain may enable it 
to adopt different conformations to interact with 
different viral proteins and host proteins during 
the course of RNA replication. The DENV3 NS5 
RdRp structure showed that NS5 residues 320–
405, which includes the α/βNLS are an integral 
part of the RdRp domain, and are distributed 
within α2-α7 helices (βNLS in α2-α5 and α/
βNLS in α6-α7 (circled in purple)) [81]. The 
α2-α4 helices (residues 323–341) are part of the 
thumb subdomain (coloured in red); α5 and α7 
helices (residues 349–355 and 397–405) are 
found at the finger tips, between the fingers 
(coloured in blue) and thumb subdomains and α6 
helix (residues 367–386) is close to the palm 
subdomain (coloured in green). Given the 
involvement and/or close proximity of these heli-
ces to the three subdomains, it may not be sur-
prising if mutations [26, 34, 61] or truncations 
[62, 81] in residues 320–405 destabilize NS5 
protein structure. This can conceivably result in a 
pleiotropic effect on NS5 activity, nuclear local-
ization and RNA replication. Interestingly, the 
C-terminal NLS within Cter18 is also within the 
thumb subdomain (not visible in the structure, 
circled in green) and is believed to make a crucial 
interaction with Y838 to inaugurate de novo 
RNA synthesis. Mutational studies by Gamarnik 
and coworkers [26] on basic residues of NS5 
showed that dibasic residues 840KR (located 

within helix α26) on thumb subdomain were 
lethal to virus when mutated to alanine, despite 
an intact polymerase activity [26]. Similarly 
887KR (especially R888) may have the ability to 
bind RNA and may have a key role in de novo 
initiation. Coincidentally, several viral proteins 
have been reported to have their functional NLS 
sequence overlapping with RNA binding domain 
[16, 19, 82]. Based on the importance of the 
K887/R888  in this study and its location in 
thumb subdomain, it is tempting to hypothesize 
that K887/R888 may be involved in binding to 
both RNA and importin-α/β1 and it is likely that 
the loss of binding to RNA resulted in absence of 
virus replication. Taken together, the thumb sub-
domain may hold the key to controlling the local-
ization of NS5 through interacting with either 
NS3 and/or viral RNA, and possibly host factors 
to stay in the cytoplasm for viral RNA replication 
or importin-α/β1 to enter the nucleus for it elu-
sive and yet intriguing role. The thumb subdo-
main of NS5 is a hotspot for viral and viral-host 
protein interactions as well as protein- RNA 
interactions, making it an ideal target for drug 
development.
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Félix Rey: Very nice story! What did you make 
of the other NLSs that were postulated before? 
I’m referring to the NLS in the folded part of 
RdRp domain.

Subhash Vasudevan: Right! You’re talking 
about what we call the conventional α/βNLS 
between residues 369 and 405. These are 
sequences that were actually idenified based 
on work that was carried out with peptide 
fragments fused to β-galactosidase or to GFP. 
However, for DENV, these do not appear to be 
functional in the context of the full-length 
NS5 in the cell-based assesments. I think the 
caveat is that one really has to look at localiza-
tion in the context of full-length NS5. 
Presentation of the NLS is very important as 
we show in our current work with the P884T 
mutation. But having said that, I still believe 
that the thumb subdomain region of NS5 
where the α/βNLS in the folded part occurs is 
very dynamic and it’s possible that in the con-
text of some viruses like ZIKV NS5 for 
instance, it may be important. What I haven´t 
discussed here is that ZIKV NS5 is also local-
ized to the nucleus much more strongly than 
some of the DENVs – and moreover the NS5 
forms distinct nuclear structures. Why these 
structures form is not known but the C-terminal 
part of Zika virus NS5 does not contain a NLS 
like what we have described for DENV NS5. 
And there also doesn’t appear to be any kind 
of potential phosphorylation regulation as we 
have suggested for DENV 4 C-terminal NLS. 
I should add that this suggestion still needs to 
be verified experimentally.

Paul Young: I know you don’t know the answer, 
but can you speculate on why at least the vast 
majority of NS5 actually shows up in the 
nucleus? And what’s the chronology of that? 
How early in an infection does NS5 transfer? 
Is it late in infection? Is it during when you are 
expecting most replication?

Subhash Vasudevan: DENV2 NS5 and ZIKV 
NS5 start to go into the nucleus as early as 
about 12 hours post infection. And what is the 
role? While the NS5 P884T mutant virus (in 
DENV) suggested that it is replicating like a 
wild-type even though it is mostly localized to 

the cytoplasm. We have not clearly investi-
gated what the downstream effect could be of 
the mislocalization – I think, as Julien Lescar 
pointed out in his talk, these NS5s may have 
evolved to engage different host factors a spart 
of their pathogenesis mechanism. It is evident 
when you compare JEV NS5 structure with 
our DENV 3 NS5. The DENV 3 NS5 seems to 
form this very nice compact structure that 
shows extensive interaction between the meth-
yltransferase and the RdRp domains, whereas 
in the JEV NS5, there is not much of that. It is 
possible that these might interact with host 
proteins that could modulate events that 
results in the varying pathogenesis mecha-
nisms but more work needs to be done in this 
area. {Note: Two publications since the meet-
ing have shown that NS5 can cause splice 
variations that could modulate genes involved 
in innate immune pathway or sequester host 
nuclear transport receptors so that cellular 
transport required for normal host innate 
immune response is affected.}

David Jans: So if I can also add a little bit. I 
think the simplest model at the moment would 
be that clearly the C-terminus plays a big role 
in localization, but also I think the conven-
tional α/βNLS in the folded part does as well. 
All the evidence would suggest that both are 
important.

Félix Rey: So you think that the folded NLS of 
NS5 is exposed?

David Jans: I think that is quite possible and if 
you have the situation between dimers and 
monomers of NS5, a lot of things can happen. 
Don’t forget, and this is something that even I 
hardly mention in talks, that there is also an 
export signal present in DENV NS5. And if 
you inhibit nuclear export, NS5 level is 
increased in the nucleus by a lot. So we think 
that this is true for all of the DENV serotypes 
– even DENV1 NS5. Clearly NS5 is cycling 
all the time in a cell. And if you inhibit one or 
the other you can change where it goes. So it’s 
dyamic. And so i think probably we should be 
thinking that the dynamics may be the key 
thing anyway for what it does in the nucleus or 
in the cytosol for that matter.
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 Ok the reverse genetics experiments are quite 
crystalline and the P884T has some in the 
cytoplasm and the virus still grow and so on. 
But I just want to raise a potential caveat to 
something that we hadn’t thought about – the 
dynamics of the nuclear import/export pro-
cess. So the reverse genetics is done in 
DENV2?

Subhash Vasudevan: Yes.
David Jans: So not in DENV1 or DENV3. The 

crystal structures of full-length NS5 were 
from DENV3, right?

Subhash Vasudevan: But DENV2 NS5 is the 
one that is in the nucleus and so is DENV3 
NS5.

David Jans: We also have to admit that we’re 
limited by the crystal structures. So that’s 
DENV3 we have the full-length NS5 structure 
of. We have the reverse genetic side of 
DENV2. And maybe we should do some 
reverse genetics in DENV1? I think that the 
884 mutation to convert threonine into proline 
would be quite interesting to do. Also what we 
want really is the crystal structure of the full-
length NS5 bound to importin-α. If we had the 
full-length, we’d all be happy and Félix would 
know what’s going on.

Subhash Vasudevan: Agree that the mutation 
should be done in DENV1 infectious clone 
and also in DENV4.
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Establishment and Application 
of Flavivirus Replicons

Beate M. Kümmerer

Abstract
Dengue virus (DENV) and Zika virus (ZIKV) 
are enveloped, positive-strand RNA viruses 
belonging to the genus Flavivirus in the family 
Flaviviridae. The genome of ~11  kb length 
encodes one long open reading frame flanked 
by a 5′ and a 3′ untranslated region (UTR). The 
5′ end is capped and the 3′ end lacks a poly(A) 
tail. The encoded single polyprotein is cleaved 
co-and posttranslationally by cellular and viral 
proteases. The first one-third of the genome 
encodes the structural proteins (C-prM-E), 
whereas the nonstructural (NS) proteins NS1-
NS2A-NS3-NS4A-2K- NS4B-NS5 are encoded 
by the remaining two-thirds of the genome.

Research on flaviviruses was driven for-
ward by the ability to produce recombinant 
viruses using reverse genetics technology. It is 
known that the purified RNA of flaviviruses is 
per se infectious, which allows initiation of a 
complete viral life cycle by transfecting the 
genomic RNA into susceptible cells. In 1989, 
the first infectious flavivirus RNA was tran-
scribed from full-length cDNA templates of 

yellow fever virus (YFV) facilitating molecu-
lar genetic analyses of this virus. In addition to 
the production of infectious recombinant 
viruses, reverse genetics can also be used to 
establish non-infectious replicons. Replicons 
contain an in-frame deletion in the structural 
protein genes but still encode all nonstructural 
proteins and contain the UTRs necessary to 
mediate efficient replication, a factor that 
enables their analyses under Biosafety Level 
(BSL) 1 conditions. This is particularly impor-
tant since many flaviviruses are BSL3 agents.

The review will cover strategies for generat-
ing flavivirus replicons, including the establish-
ment of bacteriophage (T7 or SP6) 
promoter-driven constructs as well as cytomega-
lovirus (CMV) promoter-driven constructs. 
Furthermore, different reporter replicons or rep-
licons expressing selectable marker proteins will 
be outlined using examples of their application 
to answer basic questions of the flavivirus repli-
cation cycle, to select and test antiviral com-
pounds or to produce virus replicon particles. 
The establishment and application of flavivirus 
replicons will further be exemplified by my own 
data using an established YFV reporter replicon 
to study the role of YFV NS2A in the viral life 
cycle. In addition, we established a reporter rep-
licon of a novel insect-specific flavivirus, namely 
Niénokoué virus (NIEV), to define the barrier(s) 
involved in host range restriction.
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12.1  Introduction

The genus Flavivirus in the family Flaviviridae 
comprises over 50 species including medically 
important viruses like yellow fever virus (YFV), 
dengue virus (DENV), West Nile virus (WNV) or 
Japanese encephalitis virus (JEV). Also Zika 
virus (ZIKV), which recently emerged in the 
South Americas belongs to the genus flavivirus.

The ability to reconstruct and modify flavivi-
ral genomes opens up a variety of applications in 
the field of these important RNA viruses. Many 
of these viruses cause important human diseases 
like dengue fever, yellow fever, Zika virus dis-
ease or Japanese encephalitis. Hence, reverse 
genetic tools like flavivirus replicons are of 
utmost importance to better understand the flavi-
virus life cycle, but also in terms of applied sci-
ence like antiviral screening, development of 
vaccines or diagnostic assays.

The genome of flaviviruses is a positive-
sense RNA of about 11  kb in length that is 
capped at the 5′ end but lacks a poly(A) tail. The 
RNA contains one open reading frame (ORF) 
which is flanked by a 5′ and a 3′ untranslated 
region (UTR). The ORF encodes one large poly-
protein, which is cleaved by host cell and viral 
proteases to release the mature viral proteins. 
The structural proteins (capsid, C; precursor 
membrane protein, prM; envelope, E) are 
encoded from the 5′-terminal part of the 
genome, whereas the remaining two- thirds 
encode the nonstructural proteins. The order of 
the proteins in the polyprotein is NH2-C- 
prM(M)-E-NS1-NS2A-NS2B-NS3-NS4A-2K- 
NS4B- NS5-COOH. Whereas most cleavages in 
the structural protein region are mediated by 
cell- derived signalases, the majority of cleav-
ages in the nonstructural protein region are 
mediated by the virus encoded NS2B-3 serine 

protease. The central role in viral RNA replica-
tion is played by the RNA-dependent RNA 
polymerase NS5 (see Lindenbach et al. [17] for 
detailed description of polyprotein processing 
and functions of flaviviral proteins).

12.2  Establishment of Flavivirus 
Replicons

Reverse genetics encompasses the introduction 
of mutations into the genome of an organism and 
the subsequent analyses of the impact of the 
mutations on the phenotype. Since mutations can 
only be introduced on the level of DNA, the 
genomes of RNA viruses need to be first reverse 
transcribed. The resulting complementary DNA 
(cDNA), which can be mutagenized, is cloned 
into a plasmid e.g. under control of a bacterio-
phage T7 or SP6 RNA polymerase promoter [14, 
30]. The latter permits the generation of RNA via 
in vitro transcription from the mutagenized 
cDNA using T7 or SP6 RNA polymerase, respec-
tively. In the case of positive strand RNA viruses 
the viral genome is per se infectious, hence, elec-
troporation of RNA transcribed in vitro from a 
flavivirus cDNA clone can initiate a viral life 
cycle resulting in the production of recombinant 
virus. In contrast, subgenomic replicons possess 
all genetic elements necessary for self- replication, 
but lack the structural genes necessary for the 
production of progeny virus (Fig. 12.1). In gen-
eral, flavivirus replicons mostly exhibit a large in 
frame deletion encompassing the C-prM-E 
region. However, at least the first 20 codons of 
the C protein are necessary since they contain 
important elements necessary for efficient RNA 
replication (cis-acting elements) [4, 13]. 
Furthermore, the 3′ terminal sequence of the E 
gene (24–30 codons) needs to be retained, since 
it encodes the signal sequence for the down-
stream NS1 protein [10, 13].

As mentioned, the viral replicon sequence can 
be cloned into a plasmid under control of a bacte-
riophage promoter like the T7 or SP6 RNA poly-
merase promoter [10, 13, 29]. These promoters 
mediate the start of the in vitro transcribed 
RNA. To obtain the authentic 3′ terminus of the 
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viral genome, a singular restriction enzyme site is 
inserted into the plasmid just downstream of the 
3′ end of the viral genome. The plasmid linear-
ized at this site is then used for in vitro run-off 
transcription, in which the T7 or SP6 RNA poly-
merase falls off the template at the linearized site. 
This results in in vitro transcribed RNA ending 
with the 3′ end of the viral genome, which upon 
transfection into eukaryotic cells results in repli-
cation of the subgenomic RNA (Fig. 12.1).

Alternatively, the viral sequence can be cloned 
under control of an eukaryotic promoter like the 
cytomegalovirus (CMV) promoter [12]. In this 

case transcription of the viral subgenomic RNA 
occurs in the nucleus of the cell and production of 
the authentic 3′ end of the viral genome has to be 
mediated by a hepatitis delta virus ribozyme 
cloned downstream of the viral genome. The 
establishment of CMV promoter-driven replicon 
constructs allows direct transfection of plasmid 
DNA (Fig. 12.1). However, one needs to be aware 
that flaviviruses replicate in the cytoplasm and the 
viral genomes might contain splice sites that inter-
fere with the production of transcripts when using 
the CMV promoter-driven approach. Nevertheless, 
both strategies have been pursued successfully for 

Fig. 12.1 Schematic presentation of the sequences 
encoded by a flavivirus full-length cDNA clone and a fla-
vivirus subgenomic replicon construct. While the full- 
length clone allows recovering infectious virus, the 
subgenomic replicon only mediates replication of the sub-
genomic RNA without virus production. The replicon 
sequences can either be cloned under control of a T7 or 
SP6 bacteriophage promoter or a eukaryotic cytomegalo-
virus (CMV) promoter. In the first case, linearization at 
the 3′ end of the viral genome with a unique restriction 
enzyme mediates production of the viral 3′ end after run- 

off in vitro transcription. Transfection of the obtained 
RNA into eukaryotic cells results in replication of the fla-
vivirus subgenomic replicon. In contrast, the CMV-driven 
construct allows transfection of the DNA plasmid. In this 
case, the viral 3′ end is generated by a hepatitis delta virus 
ribozyme inserted directly after the viral 3′ end upon tran-
scription of the viral sequence in the nucleus. Light 
orange: structural proteins; dark orange: nonstructural 
proteins NS1–NS5. UTR, untranslated region; C, capsid; 
prM, precursor membrane protein; E, envelope protein
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several flaviviruses, including WNV and its close 
relative Kunjin virus (KUNV), the YFV, DENV, 
JEV, tick-borne encephalitis virus (TBEV) and 
ZIKV [2, 5, 10, 12, 16, 21, 22, 29, 35].

12.3  Applications of Flavivirus 
Replicons

Subgenomic flavivirus replicons find their appli-
cation in several research fields. Besides analyses 
of flavivirus replication, testing of antiviral com-
pounds, heterologous gene expression, chimeric 
vaccine production or the production of virus 
replicon particles (VRPs) are described. 
Furthermore, subgenomic replicons have recently 
been used for host range restriction studies.

12.3.1  Analyses of RNA Replication

Many flaviviruses, like WNV, JEV and DENV 
are classified as BSL3 agents. Hence, working 
with these viruses require a BSL3 facility, which 
can be a costly undertaking. In contrast, flavivi-
rus replicons do not produce infectious particles 
and therefore can be handled under BSL1 and 
BSL2 conditions making them a convenient tool 
to analyse flavivirus RNA replication.

To be able to easily follow the replication of 
subgenomic flavivirus replicons, reporter protein 
genes can be introduced. Common reporter pro-
teins that are used allow either luminometric 
detection (e.g. Renilla, Firefly or Gaussia lucifer-
ase) or fluorescent detection (e.g. green fluores-
cent protein (GFP) or mCherry) of RNA 
replication. In many cases the reporter protein 
gene is introduced in place of the deleted struc-
tural protein region. An ubiquitin coding sequence 
can be fused upstream of the reporter gene [11, 
34]. This allows production of the N-terminus of 
the reporter protein via cleavage of cellular ubiq-
uitin hydrolases. To release the reporter protein at 
its C-terminus from the polyprotein, a foot-and- 
mouth disease virus (FMDV) 2A autoprotease is 
inserted downstream of the reporter [10, 34]. The 
FMDV 2A autoprotease mediates cleavage at the 
fusion site to the C-terminal E protein domain, 

which serves as a signal sequence for the subse-
quent NS1 protein (Fig.  12.2a). Alternatively, 
introduction of the reporter gene has been 
described via construction of bicistronic repli-
cons that allow introduction of a stop codon at the 
3′ terminus of the reporter gene [10]. The reporter 
protein is still expressed from the 5′ terminal 
region of the genome and translation initiation of 
the nonstructural proteins is then mediated by an 
internal ribosomal entry site (IRES) derived from 
the encephalomyocarditis virus (Fig.  12.2a). 
Alternatively, an IRES-driven reporter gene cas-
sette can be introduced after the ORF in the 3′ 
UTR of the viral genome [10, 31] (Fig. 12.2a). 
The transfection of such flavivirus reporter repli-
cons enables transient expression of the reporter 
proteins. Since the level of reporter gene expres-
sion correlates with the levels of accumulated 
replicon RNA, measurement of the reporter pro-
tein allows the follow up of the replication effi-
ciency of the replicon. Therefore, such 
subgenomic reporter replicons represent a great 
tool to answer basic questions of the flavivirus 
replication cycle. This includes the functional 
analysis of single flavivirus nonstructural pro-
teins by determining the impact of specific muta-
tions on the replication efficacy. Using a YFV 
reporter replicon, comparative replication analy-
ses have, for example, been performed for a set of 
NS2A charged-to-alanine scanning mutants, 
which were also analysed based on an infectious 
full-length clone [34]. Those studies demon-
strated that certain NS2A mutants which affect 
the production of infectious particles are still able 
to replicate to wild type levels while other NS2A 
mutations also affect RNA replication. This indi-
cates a role of NS2A both in infectious particle 
production as well as RNA replication. However, 
for certain studies the use of self-limiting repli-
cons might also be disadvantageous, e.g. when 
second-site mutations shall be selected that are 
able to compensate a defect in infectious particle 
production as was the case in our NS2A charged-
to-alanine scanning analyses [34].

Besides mutations in nonstructural proteins, 
determinants of the UTRs important for RNA 
translation and replication were analysed using 
flavivirus replicons. For example a DENV 
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 replicon was used to determine the role of RNA 
structures in the 3′ UTR on DENV translation, 
RNA synthesis and viral replication [1].

12.3.2  Testing of Antiviral 
Compounds

Although transient replication of subgenomic 
reporter replicons can be used to test antiviral 
compounds affecting RNA replication, establish-
ment of a cell line stably harbouring the replicon 
largely facilitates high-throughput antiviral 
screening. To this end, insertions of resistance 
genes into the flavivirus replicons have been 
described. Commonly used resistance genes are 

the puromycin N-acetyl-transferase (pac) or a 
neomycin phosphotransferase (neo) gene. Both 
monocistronic as well as bicistronic replicons 
have been described that combine the expression 
of a reporter and a resistance gene allowing sta-
ble expression of the reporter protein by the flavi-
virus replicon (Fig.  12.2b). Dependent on the 
cytopathic nature of the flavivirus replicon in the 
cell type used, selection under the drug might be 
accompanied by accumulation of mutations 
mediating a noncytopathic phenotype. Antiviral 
screening has been performed using a pool of the 
selected cell clones. Alternatively, individual cell 
clones can be characterized and expanded. The 
use of stable cell lines that contain persistently 
replicating reporter replicons for high- throughput 

Fig. 12.2 Schematic presentation of constructs for (a) 
transient or (b) stable expression of subgenomic flavivirus 
reporter replicons. Flavivirus replicons can either be 
established as mono- or bicistronic variants. In case of 
bicistronic variants translation of the second open reading 

frame is mediated by an internal ribosomal entry side 
(IRES). Vectors for the generation of stable flavivirus rep-
licon cell lines express a resistance gene for selection. Ub, 
ubiquitin; FMDV2A, foot-and-mouth disease virus 2A; 
UTR, untranslated region
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antiviral screening has been described for several 
flaviviruses including WNV, DENV and ZIKV 
[15, 18, 35, 37]. However, stable subgenomic 
replicon cell lines only allow the discovery of 
drugs affecting RNA replication but not viral 
entry or assembly/release.

12.3.3  Heterologous Gene 
Expression

Besides insertion of reporter proteins and selec-
tion markers as already mentioned above, flavivi-
rus replicons have also been used to express other 
foreign genes of interest. This is especially so for 
the noncytophatic KUNV replicon, which was 
used as a vector for gene expression using both 
the T7 and CMV-promoter driven approaches. 
The foreign proteins are C-terminally fused to an 
FMDV-2A protease sequence to allow release of 
the viral polyprotein [33]. Cleavage at the 
N-terminus of the foreign protein was either also 
mediated by an FMDV-2A protease or by intro-
duction of an ubiquitin sequence, which allows 
cleavage by cellular ubiquitin hydrolases [2, 6, 
26]. Alternatively, the foreign proteins have been 
produced as fusion products retaining the 
N-terminal 20 amino acids of the flavivirus C 
protein [33]. Expressed foreign proteins of inter-
est included for example the glycoprotein G of 
vesicular stomatitis virus, the Core and NS3 pro-
teins of hepatitis C virus, the HIV-1 Gag antigen 
or the Ebolavirus glycoprotein GP [6, 24, 26, 33]. 
In the initial analyses, protein expression served 
as proof of principle for the use of replicons as a 
vector. Subsequent studies expressed specific 
viral proteins or epitopes as potential vaccine 
candidates. In the latter case, the replicons were 
often packaged into virus replicon particles 
(VRPs) to allow better delivery by providing the 
structural proteins in trans. This will be outlaid in 
more detail below.

12.3.4  Virus Replicon Particles

As mentioned, flavivirus replicons can be pack-
aged to yield VRPs by providing the structural 
proteins in trans. In contrast to replicons, virus 
replicon particles allow performing studies that 
involve viral entry. Furthermore, VRPs represent 
single round infectious particles (SRPs), which 
are especially advantageous for studies on flavi-
viruses that are classified as BSL3 agents.

Different ways have been described to medi-
ate expression of the structural proteins in trans. 
Among those are the establishment of tetracy-
cline inducible cell lines, alphavirus replicons or 
lentiviral expression vectors expressing C, prM 
and E [7, 10, 27, 28]. The structural proteins can 
either be expressed from one template as 
C-prM-E expressing cassette [7, 10] or divided 
among two constructs, one expressing the mature 
capsid protein and the other expressing prM-E 
proceeded by the capsid anchor, which also func-
tions as signal sequence of prM [27]. As men-
tioned, VRPs are often used for vaccine studies, 
either against the respective flavivirus itself [3, 8, 
32] or against members of other virus families for 
which they express specific antigens. Examples 
for the latter case include vaccine studies against 
HIV, Ebola virus or enterovirus-71 [9, 24, 26]. 
Using the packaged flavivirus replicons allows 
delivery of the gene of interest via an infection 
process rather than a transfection process without 
resulting in a spread of infection.

In addition, VRPs allow screening of antiviral 
compounds that interfere with viral entry and/or 
RNA replication where inhibition of entry or RNA 
replication will result in reduced levels of the 
reporter protein. Use of VRPs in antiviral screen-
ing has been applied to different flaviviruses 
including JEV, WNV, and DENV [19, 23, 25].

Since the envelope proteins are primary targets 
for the generation of neutralizing antibodies, VRPs 
find their application also in neutralization assays. 
In case of reporter replicon containing VRPs, the 
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level of neutralization can be determined as a func-
tion of reporter gene expression with neutralizing 
antibodies reducing the level of the reporter pro-
tein. VRP based neutralization assays have been 
described for several flaviviruses including ZIKV, 
DENV, and TBE [20, 36, 38].

12.3.5  Host Restriction Studies

The genus Flavivirus contains arthropod-borne 
viruses infecting vertebrates as well as insect- 
specific viruses whose host range is restricted to 
insects. These different host ranges raised the 
question at which level(s) the insect-specific 
viruses are blocked with regard to infection of 
vertebrates. As flavivirus replicons are delivered 
into cells by transfection, the entry step is cir-
cumvented. This allows direct analysis of the 
level of RNA translation and replication indepen-
dent of the entry step. In the case of Niénokoué 
virus (NIEV), an insect-specific virus isolated 
from mosquitoes in Côte d’Ivoire, a reporter rep-
licon expressing Renilla luciferase was estab-
lished to analyse RNA translation and replication 
in vertebrate cells [11]. While efficient RNA rep-
lication of the NIEV replicon was observed in 
insect cells, electroporation into vertebrate cells 
did not result in RNA replication. In contrast, ini-
tial translation of the incoming RNA also 
occurred in vertebrate cells as proven by the 
increasing Renilla levels early after electropora-
tion. Flavivirus replicons therefore represent a 
useful tool to dissect different steps of the viral 
life cycle in different hosts.

12.3.6  Conclusion

As reverse genetic tools, flavivirus replicons rep-
resent a major breakthrough. Their applications 
are widespread, spanning from vaccine and diag-
nostic development to antiviral research and can 
be transferred to other new and re-emerging 
flaviviruses.

 Discussion of Chapter 12  
in Dengue and Zika: Control and 
Antiviral Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Beate Mareike Kümmerer.

Rolf Hilgenfeld: I would like to know, why it is 
important to be able to cleave out your reporter 
protein by proteases. Is it really necessary to 
do this? And the second question would be: 
Do you make sure in every case that the lucif-
erase activity from your reporter protein is 
proportional to RNA synthesis?

Beate Kümmerer: Actually, at the N-terminal 
part, some people do not include the ubiquitin 
signal sequence for cleavage and they just 
have a certain number of codons from the cap-
sid protein attached to the reporter. This is not 
a problem, you can always try it and it may 
also depend on what reporter you are using. I 
think for FMDV-2A after the reporter gene, 
this is necessary, because it is important to 
mediate cleavage before the signal sequence 
of NS1. But at the N-terminus, some people 
leave out the ubiquitin and just make this 
fusion. The second question was whether it is 
always proportional. That is basically the case, 
because each RNA that is produced also gets 
translated and then the more RNA you have, 
the more translation you have. This is known 
and you can measure this.

David Jans: When you do the second-site muta-
tion selection experiment in cell culture you 
wait a long time. Do you get the mutation in 
other genes?

Beate Kümmerer: Sometimes no, sometimes 
yes. For one NS2A mutant we did get one in 
NS3 actually.

David Jans: In that sort of experiments do you 
analyze them further to characterize the dou-
ble mutants?
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Beate Kümmerer: So actually, for the 
NS2A- NS3 story that has already been pub-
lished, we did some co-immunoprecipitation 
studies and cloned these genes and their 
mutants to see whether they interact.

Aravinda de Silva: I have a question about the 
rescue system. When you express the struc-
tural proteins in trans, and when you recover 
those single-round infectious virions, how 
efficient is that rescue compared to the wild- 
type virus? In other words: Is assembly the 
same, when you express the structural genes 
in trans, compared to when everything is 
expressed off one large RNA molecule?

Beate Kümmerer: The things that I have cov-
ered in my talk are from the published litera-
ture that I have reviewed. So we have not done 
too much in this area ourself. However we 
have done one construct where we actually 
have the capsid until the NS3 protease in one 
open reading frame for expression in trans. 
Thereby we have the protease that cleaves also 
the capsid protein, because you need to get rid 
of the anchor region to get good packaging. I 
know from publications that people say it is 
difficult to get VLPs. If you express it, you 
have the transmembrane-domain in the E pro-
tein that may misfold and it is not so efficient 
and you have to play around with conditions 
to express it. But these were not things that we 
did in the lab, but more like a review of what 
people did from the literature.

Aravinda de Silva: I understand that at least for 
dengue, the systems are very inefficient and I 
am also concerned that when the structure has 
been done on those virions, then it is actually 
based on the rescue, thus, how similar are they 
to the wild-type virus?

Beate Kümmerer: This is probably what Félix 
Rey knows better: The structures of the VRPs.

Félix Rey: I do not think anyone has done this. 
VLPs, just prM and E-protein, were studied in 
tick-borne encephalitis virus. And they were 
extremely heterogeneous and not a good sys-
tem to start with.

Aravinda de Silva: Those were VLPs, just con-
sisting of prM and E protein?

Félix Rey: Just recombinant [proteins], exactly, 
but those virus replicon particles (VRPs) that 
you mentioned would probably have 
RNA. What we studied did not have RNA.
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Strategies Towards Protease 
Inhibitors for Emerging 
Flaviviruses

Christoph Nitsche

Abstract
Infections with flaviviruses are a continuing 
public health threat. In addition to vaccine 
development and vector control, the search 
for antiviral agents that alleviate symptoms 
in patients are of considerable interest. 
Among others, the flaviviral protease 
NS2B-NS3 is a promising drug target to 
inhibit viral replication. Flaviviral proteases 
share a high degree of structural similarity 
and substrate-recognition profile, which may 
facilitate a strategy towards development of 
pan-flaviviral protease inhibitors. However, 
the success of various drug discovery 
attempts during the last decade has been lim-
ited by the nature of the viral enzyme as well 
as a lack of robust structural templates. 
Small-molecular, structurally diverse prote-
ase inhibitors have been reported to reach 
affinities in the lower micromolar range. 
Peptide-based, substrate- derived compounds 
are often nanomolar inhibitors, however, 
with highly compromised drug-likeness. 
With some exceptions, the antiviral cellular 
activity of most of the reported compounds 
have been patchy and insufficient for further 
development. Recent progress has been 

made in the elucidation of inhibitor binding 
using different structural methods. This will 
hopefully lead to more rational attempts for 
the identification of various lead compounds 
that may be successful in cellular assays, 
animal models and ultimately translated to 
patients.

Keywords
Protease · Inhibitor · Peptides · Small- 
molecular · Flavivirus · Dengue · West Nile · 
Zika

13.1  The Need for Antivirals 
Against Flaviviruses

The inhibition of viral enzymes plays an outstand-
ing role in antiviral therapy, especially in cases 
where vaccines and vector control are not suff-
ieciently robust. Recent progress in flaviviral vac-
cine development faces crucial challenges with 
unpredictable outcomes. Four dengue virus 
(DENV) where there are four serotypes, the 
serotype- related cross reactivity with human anti-
bodies has been one of the main difficulties. 
DENV serotypes, are widely spread over the trop-
ical and subtropical countries around the world 
and have become endemic in more than 100 coun-
tries within the last five decades. Antibody depen-
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dent enhancement (ADE) during secondary 
infection after a previous infection with a differ-
ent serotype can cause severe life-threatening 
symptoms, such as dengue haemorrhagic fever or 
shock syndrome. For this reason vaccines that 
simultaneously create pronounced immunity 
against all four serotypes are needed. Since late 
2015, the first vaccine CYD (Dengvaxia), with 
significantly varying efficiency among the four 
dengue serotypes, has been approved in several 
countries. However, recent studies have demon-
strated that the effect of cross reactivity is not lim-
ited to the four known dengue serotypes. Immunity 
to dengue can cause antibody-dependent enhance-
ment of Zika virus infections and potentially 
increases viremia and severity of the disease [7, 
13, 39]. Consequently, it cannot be ruled out that 
treatment with dengue vaccine may increase the 
chance of a later enhanced Zika virus infection. 
Due to such unexpected phenomena, the exten-
sive search for effective antiviral drugs should be 
promoted in addition to vaccine development. 
One important approach aims to inhibit viral pro-
tease activity, as successfully demonstrated for 
chronic diseases such as hepatitis C or AIDS, 
where, among others, inhibitors of HCV and HIV 
proteases are established in modern combination 
therapy.

13.2  Flaviviral Proteases as Drug 
Targets

Due to limited druggability, all campaigns 
towards clinically relevant protease inhibitors for 
emerging flaviviruses have so far been unsuc-
cessful. However, since the flaviviral proteases 
share a high degree of similarity in shape, sub-
strate recognition and catalytic function, a suc-
cessful drug development process may lead to 
pan-flaviviral protease inhibitors, which could be 
used against several globally challenging infec-
tious diseases, such as dengue, West Nile or Zika. 
Therefore, the present chapter aims to briefly 
summarize the progress that has been made and 
tries to derive strategies for future attempts focus-
ing on the protease. Within the last decade, a par-
ticular focus has been on the proteases of dengue 

and West Nile viruses. The highlights for these 
two most prominent examples will be discussed 
in this chapter. For a more comprehensive and 
detailed analysis regarding anti-infectives for 
these two viruses the interested reader is kindly 
referred to recent reviews [4, 27, 28, 33]. The 
chapter will also highlight recent campaigns for 
the identification of suitable inhibitors for Zika 
virus protease. Outcomes from all these attempts 
will inform general perspectives for a more effi-
cient and hopefully successful search for drug- 
like protease inhibitors for flaviviruses.

13.3  Function and Structure 
of Flaviviral Proteases

Flaviviruses consist of a single-stranded positive- 
sense RNA genome, which is translated into a 
single polyprotein by the host cell’s ribosomal 
system. The polyprotein comprises three struc-
tural (C, prM, E) and eight non-structural (NS) 
proteins, which have to be released from the 
polyprotein after selective protease cleavage [9, 
26, 33]. This essential posttranslational proces-
sion is executed by host and flaviviral proteases 
at the membrane of the endoplasmatic reticulum. 
The viral protease complex comprises a protease 
unit, located at the N-terminal part of NS3 and 
requires a hydrophilic core fragment of the 
membrane- associated protein NS2B as cofactor 
for catalytic activity. Highly conserved residues 
S135, His51 and Asp75 assemble the catalytic 
triad. The flaviviral serine NS2B-NS3 endoprote-
ases show a common tendency to cleave peptidic 
backbones after two basic residues. However, 
detailed substrate preferences as well as catalytic 
efficiency vary among different flaviviruses.

Several crystal structures of dengue and West 
Nile proteases have been reported during the last 
decade. The main deviations are related to the 
role of the cofactor NS2B.  Some structures 
reported NS2B to be disordered (referred as open 
or inactive form) whereas others resolved the 
cofactor domain wrapped around the active site 
of NS3 (referred as closed or active form). NMR 
studies indicate that, regardless of the presence or 
absence of ligands, the closed conformation is 
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predominant [12, 47]. The importance of NS2B 
towards correct folding of the disordered NS3 
domain has also been demonstrated [16]. 
Unfortunately, only a limited number of co- 
crystal structures with ligands or inhibitors are 
available (as a reliable basis for rational drug 
design). None of those comprise a small- 
molecular drug-like inhibitor. The first X-ray 
crystal structures of dengue and West Nile virus 
proteases became available in 2006 [14]. In case 
of West Nile virus this structure showed the cata-
lytically active closed conformation with a 
substrate- derived tetrapeptidic aldehyde inhibitor 
covalently bound to Ser135 (pdb code: 2FP7). In 
case of dengue serotype 2 only an inactive open 
protease form without ligand could be crystal-
lized (pdb code: 2FOM). Although inadequate, 
the latter structure was used as basis for several 
drug discovery campaigns until a closed and 
active form of dengue protease serotype 3 with 
the same tetrapeptidic aldehyde inhibitor became 
available in 2012 (pdb code: 3U1I) [37].

Recently, the first crystal structure of Zika 
virus protease in the active form with a boronate 
inhibitor, which suits a reasonable model for 
rational drug discovery campaigns, could be 
solved (pdb code: 5LC0) [25]. A second crystal 
structure without inhibitor revealed the open form 
(apo) of the enzyme with missing resolution for 
the C-terminal part of NS2B (pdb code: 5GXJ) 
[11]. A significantly divergent conformation was 
also obtained for an NS3 loop region between 
residues 152 and 167, which contributes to the S1 
shape. The obvious deviations between these ini-
tial crystal structures suggested a conformational 
activation upon substrate or inhibitor binding. 
Additional crystallographic and in- solution 
experiments were necessary to analyse these 
results in more detail. Since, several new crystal 
structures and NMR studies in presence and 
absence of ligands, covering ‘pre-open’ (pdb 
code: 5T1V), open and closed conformations 
have been reported [24, 30, 38, 56]. They discov-
ered, in contrast to previous studies with dengue 
and West Nile protease, a more delicate depen-
dence of open and closed conformations from the 
construct that was used to fuse NS2B and NS3. 
The artificial covalently linked construct gZiPro 

only adopts the closed conformation in presence 
of substrate-like ligands, but can also bind inhibi-
tors in the open conformation [30]. A construct 
with an autocleavage site between NS2B and NS3 
(eZiPro) showed the closed conformation in the 
crystal structure (pdb code: 5GJ4), but NMR 
relaxation data indicated high mobility of NS2B 
in solution [38]. Apparently, a C-terminal tetra-
peptide of NS2B that was found to occupy the 
active site could not maintain the closed state in 
solution. A construct without covalent linkage 
(bZiPro) displayed the closed conformation in 
solution and in the single crystal (pdb code: 5GPI) 
[56]. This construct could even be used to capture 
the structure of a fragment hit in the closed state 
after being soaked into the crystal (pdb code: 
5H4I) [56]. Consequently, bZiPro represents the 
most suitable construct for compound screening 
in addition to gZiPro, which may be superior to 
identify compounds that are able to bind to the 
open conformation or supposedly perturb the 
interaction between NS2B and NS3.

13.4  Inhibitors of Flaviviral 
Proteases

In case of dengue protease, which by far has been 
the most prominent and extensively studied 
example, several screening campaigns and 
related inhibitor development approaches were 
not able to identify promising lead compounds 
during the last decade [33]. The main reasons for 
failure have been a lack of structural basis, a rela-
tively flat binding site and a particular focus on 
often not rationally designed small-molecular 
compounds. Although viral proteases recognize 
peptidic substrates, only the minority of studies 
dealt with peptide-based inhibitors, which have 
shown to be the only class of compounds that can 
reach sufficient inhibition in the nanomolar con-
centration range. However, in contrast to the HIV 
and HCV success stories, the preference for two 
permanently charged basic side chains in flavivi-
ral substrates complicates the development of 
drug-like peptide-derived inhibitors with 
 sufficient bioavailability and antiviral activity in 
cell culture and animal models (Table 13.1).
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13.5  Small-Molecular Dengue 
Virus Protease Inhibitors

Approximately 40 approaches towards small- 
molecular non-peptide-derived inhibitors have 
been reported in the literature during the last 
decade. Unfortunately, only a minority of them 
provided cellular data to confirm that the com-
pounds also achieve proper antiviral activity in 
cells and are not cytotoxic. A remarkable number 
of compounds with broad structural variety that 
are able to inhibit dengue (and West Nile) prote-
ase in the concentration range between 25 and 

100  μM have been identified. Further ligand 
derivatizations often only led to limited improve-
ments (maximal affinities in the one-digit micro-
molar range). Examples are rare where a small 
structural change causes a pronounced impact on 
affinity (activity cliff). Consequently, no studies 
could provide small-molecular non-peptidic 
compounds that are able to bind to dengue prote-
ase in the desirable lower nanomolar range.

Compound 1 resulted from a campaign includ-
ing high-throughput screening, scaffold optimi-
zation and subsequent derivatization [6]. This 
compound has an IC50 of 1.1 μM against dengue 

Table 13.1 Biochemical and cellular activities of selected flaviviral protease inhibitors discussed in this chapter

Compound
Dengue virus [μM]a West Nile virus [μM] Zika virus [μM]
Biochemicalb Cellular Biochemicalb Cellular Biochemicalb Cellular

1 IC50 = 1.1 Inactive
2 Ki = 2.0 Ki = 4.6
3 IC50 = 2.0 EC50 = 59.5 

CC50 = 135
IC50 = 8.7 EC50 = 42.4 

CC50 = 135
4 IC50 = 2.2
5 IC50 = 1.0 EC50 = 0.8 

CC50 > 10
6 IC50 = 0.5
7 IC50 = 15.4 EC50 = 0.17 

CC50 = 29.3
8 IC50 = 1.2 EC50 = 39.4 

CC50 > 100
9 IC50 = 8.5 IC50 = 0.11
10 IC50 = 2.8 EC50 = 40 

CC50 = 213
IC50 = 0.26 EC50 = 42.3 

CC50 = 213
IC50 = 1.1

11 IC50 > 10 EC50 = 81.5 
CC50 = 236

IC50 = 0.44 EC50 = 17 
CC50 = 236

IC50 > 10

12 IC50 = 1.1
13 Ki = 9.5
14 Inactive EC50 = 0.8 

CC50 = 54
IC50 = 21.6 EC50 = 13.0 

CC50 > 40
15 IC50 > 10 EC50 > 100 

CC50 = 257
IC50 = 0.74 EC50 = 107 

CC50 = 257
IC50 = 0.82 EC50 ~ 50 

CC50 = 257
16 Ki = 0.051 EC50 = 30 

CC50 > 100
Ki = 0.082 EC50 = 38 

CC50 > 100
Ki = 0.040

17 Ki = 0.078 EC50 = 19 
CC50 > 100

Ki = 0.16 EC50 > 50 
CC50 > 100

IC50 = 2.1

18 Ki = 0.012 EC50 = 20 
CC50 > 100

Ki = 0.039 EC50 = 23 
CC50 > 100

19 IC50 = 0.028 EC50 = 7.1 
CC50 > 100

IC50 = 0.12 IC50 = 1.0

20 IC50 = 0.18 EC50 = 3.4 
CC50 = 100

IC50 = 0.56 EC50 = 15.6 
CC50 > 100

aActivities have been reported for various serotypes. The serotype with the best activity results is reported here
bIf reported activities vary by method or report, the lowest (best) value is shown
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serotype 2 and decreased potency towards the 
other serotypes. Specific competitive binding 
was confirmed by several orthogonal methods; 
however, despite strong efforts no further optimi-
zation of this compound class, which also lacked 
antiviral activity in cell culture, could be achieved 
[28]. Compound 2 was identified from a compu-
tational screening approach [20] with a Ki value 
of 2.0  μM (serotype 2). Guanidine groups are 
crucial for sufficient activity, indicating a likely 
electrostatic interaction with residues in the S1 or 
S2 pocket of the protease. A covalent interaction 
of the activated ester bond with Ser135 is possi-
bly, but has not yet been confirmed experimen-
tally. Compound 3 is supposedly an allosteric 
inhibitor, identified from a virtual screening of 
compounds, actually aiming at West Nile virus 
protease, which may inhibit the interactions 
between NS3 and NS2B [42]. It shows an IC50 
value of 2.0 μM, some basic antiviral activity in 
cells and limited cytotoxicity. A structurally simi-
lar but larger derivative 10 (Fig. 13.2) identified 
from the same campaign showed only slightly 
lower affinity (IC50 = 2.8 μM), but improved cel-
lular data (EC50 = 40 μM). From a series of thia-
diazoloacrylamides, compound 4 showed best 
activity with an IC50 of 2.2 μM (Kd  =  2.1 μM) 
[29]. In correlation with various previously stud-
ied compound series the SAR between deriva-
tives remained remarkably flat.

For compound 5, IC50 values of up to 1.0 μM 
(serotype 3) from a biochemical and 3.2 μM from 
a cell-based protease assay have been reported 
[51]. The compound shows cellular antiviral 
activity in the same range (EC50 = 0.8 μM) but 
also cytotoxic effects at concentrations above 
10  μM.  The most active small-molecular non- 
peptidic inhibitor reported so far for dengue pro-
tease is compound 6. It is one of the few examples 
with affinity significantly lower than 1 μM with 
an IC50 value of 0.5 μM for serotype 2 [22]. It is 
also one of the few examples that aim at targeting 
the catalytically active serine by a covalent inter-
action. This could be proven by mass spectrom-
etry and may be the key towards small ligands of 
high affinity. After reaction, the biphenyl-3- 
carboxylate remains bound to the protease and 
blocks all further substrate procession until ester 
hydrolysis may restore the protease activity 
again.

Another high-throughput screen identified 
amphiphilic compound 7 with only moderate 
activity in the biochemical assay (IC50 = 15.4 μM) 
[52]. However, cellular assays revealed one of the 
highest reported antiviral activities in cells for 
any discovered small-molecular dengue protease 
inhibitor (EC50 = 0.17 μM). Resistance breeding 
experiments suggested an inhibition of interac-
tions between the NS2B and NS3 domains. The 
remarkable discrepancy between biochemical 
and cellular activity may, however, indicate that 

Fig. 13.1 Small-molecular inhibitors of dengue virus protease, which either reached highest affinity in biochemical or 
phenotypic assays
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the protease is not the only target of this com-
pound. An independent screening campaign 
based on a dengue replicon assay identified a 
structurally similar compound with related bio-
chemical and virological results [53].

Recently, further derivatizations (including 
rigidification) of previously published 
methionine- proline anilides [57] towards non- 
peptidic analogues revealed compound 8 as 
small-molecular dengue protease inhibitor with 
pronounced affinity (IC50  =  1.2  μM) [50]. 
Selective interaction with the protease is sup-
ported by the inactivity of a stereoisomer of 8. In 
combination, both SARs indicate that the two 
aromatic nitro substituents are necessary for 
proper affinity. Although this functional group is 
highly questionable in terms of drug-likeness, the 
compound showed no cytotoxic effects at the 
highest assayed concentration of 100  μM and 
was proven to inhibit viral replication in cell cul-
ture (EC50 = 39.4 μM).

Tolcapone, tannic acid and suramin have been 
reported as hits from a high-throughput screening 
with Ki values significantly below 1  μM [1]. 
Tannic acid (Ki = 0.34 μM) showed also excep-
tional activity in a viral plaque assay with an EC50 
value of 0.084  μM and only limited cytotoxic 
effects. However, with a molecular mass of 
1700 Da and a polyphenolic structure, this com-
pound would usually not be considered as a suit-
able lead in drug discovery.

13.6  Small-Molecular West Nile 
Virus Protease Inhibitors

Most of the remarks and conclusions that have 
been made for the development of dengue virus 
protease inhibitors can be transferred to the 
closely related West Nile virus protease. In fact, 
only a limited number of studies directly aimed at 
identifying West Nile virus protease inhibitors. 
However, often West Nile protease activity was 
additionally assessed within dengue protease 
inhibitor campaigns. Compound 2 (Fig. 13.1) for 
example was found to be notably active against 
West Nile virus protease (Ki = 4.6 μM), although 
the computational screening approach based on a 
homology model of dengue protease. The highest 
affinities that could be reached with small- 
molecular compounds were often up to one order 
of magnitude better compared to dengue 
protease.

Analogues of compound 6 (Fig.  13.1) have 
been studied for West Nile virus protease before 
they were evaluated for dengue protease [18, 45]. 
For derivate 9 promising IC50 values between 
0.11 and 0.16  μM have been reported (only 
8.5  μM for dengue protease) [18, 22]. These 
covalently binding pyrazole esters can be consid-
ered as the class of small-molecular compounds 
with the highest reported affinities and ligand 
efficiencies for dengue and West Nile virus prote-
ases. However, due to general high reactivity, 

Fig. 13.2 Selected examples of small-molecular compounds that reached highest inhibition activities against West 
Nile virus protease
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their chemical stability even in the usual assay 
buffer is limited [45]. Compounds 10 and 11 
were identified from the same virtual screening 
campaign as compound 3 with IC50 values of 0.26 
and 0.44 μM as well as moderate antiviral activ-
ity in cells with EC50 values of 42 and 17 μM, 
respectively [42]. From a high-throughput 
screening a compound comprising an 
8- hydroxyquinoline scaffold was identified as a 
West Nile virus protease inhibitor with promising 
activity in cell culture (EC50  =  1.4  μM) [31]. 
Further derivatizations of this compound class 
produced 12 with an IC50 value of 1.1 μM [15].

13.7  Small-Molecular Zika Virus 
Protease Inhibitors

Inspired by previous campaigns, initial progress 
has been made in the discovery of the first small- 
molecular inhibitors of Zika virus protease. 
Several compounds that emerged from dengue or 
West Nile virus protease screenings, such as 10 
and 11, also showed inhibition against Zika virus 
protease [43]. Compound 13 (Ki = 9.5 μM) is an 
example of a series of lead compounds that have 
been recycled from an HCV protease high- 
throughput screening campaign [24]. The dopa-
mine antagonist bromocriptine (14), which has 
previously been reported to inhibit viral replica-
tion for all four dengue serotypes [19], also 
reduces Zika virus replication in cell culture [8]. 
In contrast to dengue, the Zika virus protease 
could be confirmed as potential target of bro-
mocriptine (IC50  =  21.6  μM). Compound 15, 
which was previously reported to be active 
against West Nile (IC50 = 0.74 μM) but inactive 
against dengue protease (at concentrations lower 

than 10 μM), was found to be also a promising 
Zika protease inhibitor (IC50 = 0.82 μM), espe-
cially from the perspective of ligand efficiency 
(molecular weight  =  190  Da). It inhibited viral 
replication in cell culture (EC50 ~ 50  μM) and 
could reduce the level of circulating Zika viruses 
in mice [43]. Although these data are promising, 
apart from docking studies, which suggest bind-
ing close to the active site and interference with 
NS2B, structural data that would facilitate a hit- 
to- lead campaign are missing (Fig. 13.3).

13.8  Peptide-Derived Inhibitors 
of Dengue, West Nile 
and Zika Virus Proteases

Substrate-based peptidic inhibitors of dengue and 
West Nile virus proteases have been studied quite 
extensively during the earlier attempts. They usu-
ally consist of a substrate segment comprising at 
least two basic side chain residues and may addi-
tionally be featured with a C-terminal electro-
philic warhead, most often an aldehyde moiety, 
for covalent binding to Ser135. They often can-
not be considered as drug-like leads due to their 
unsuitable pharmacokinetic and physiochemical 
properties, such as bioavailability, specificity and 
plasma stability. Notably, these peptides could 
reach higher affinity towards West Nile than den-
gue virus protease. For oligo-d-arginines affini-
ties up to 1  nM have been reported in case of 
West Nile virus [44]. Peptidomimetics with 
N-terminal dichloro-substituted phenylacetyl 
groups and C-terminal arginine mimetics reached 
IC50 values of up to 0.12 μM [17]. Peptides with 
an additional possibility for covalent interaction 
with Ser135 were able to generate affinities of up 

Fig. 13.3 Small-molecular inhibitors of Zika virus protease that resulted from previous campaigns for related viruses
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to 9  nM (Ki) for the tripeptidic aldehyde 
phenacetyl- Lys-Lys-Arg-H [21, 41, 46]. Although 
this compound showed serum stability, cell per-
meability and antiviral activity (EC50 = 1.6 μM) 
no further studies towards more drug-like deriva-
tives have been reported [46].

In case of dengue virus protease, studies with 
simple substrate-derived peptides reached Ki val-
ues of only up to 0.3 μM [40]. Recently, cyclic 
peptides comprising unnatural amino acids were 
found to be active in cell culture (EC50 = 2.0 μM) 
[48]. Substrate-like peptides containing 
C-terminal aldehydes were less active in case of 
dengue protease with a Ki of 1.5 μM for the most 
active derivative Bz-Lys-Arg-Arg-H [54]. 
However, alternatively studied electrophiles such 
as the trifluoromethylketone in Bz-Nle-Lys-Arg-
Arg- CF3 (Ki = 0.85 μM) or a boronic acid function 
in a similar analogue Bz-Nle-Lys-Arg-Arg-
B(OH)2 (Ki  =  0.043  μM) showed increased 
 activity [55].

Recent studies have shown that even very 
small peptide-derived compounds can exhibit 
extraordinary binding affinities, if they are 
combined with such a boronic acid moiety, 
which forms a boronate with the catalytically 
active residue S135 [36]. These compounds 
may not only offer a route towards more drug-
like small- molecular derivatives, they have also 
become valuable tools in structural biology to 
elucidate inhibitor-protease interactions, which 
will hopefully illuminate the way towards a 
more structure- based drug design. Although, 
the drug-likeness of this compound class is lim-
ited, a significant reduction of viral titers for 
West Nile and dengue viruses in cell culture 
could be observed. Compound 16 showed pro-
nounced pan-flaviviral protease affinity with Ki 
values of 51, 82 and 40 nM for dengue, West 
Nile and Zika virus proteases, respectively. 
This derivative was co- crystalized with the pro-
teases of Zika [25] and West Nile [36] viruses. 
Derivative 17 was used to demonstrate a novel 
NMR-based approach to identify the binding 

mode of tightly binding inhibitor molecules 
towards dengue virus protease from sertotype 2 
[10]. The tert-butyl moiety in 17 appears as a 
sharp and isolated signal in proton NMR spec-
tra. Using the power of paramagnetic NMR 
spectroscopy [34] combined with NOEs, the 
positions of the tert-butyl group and aromatic 
protons in close proximity could be predicted in 
relation to the 3D structure of the protein. Very 
recently, compounds 16 and 17 have been used 
to study the conformational flexibility of the 
NS2B cofactor of Zika protease in solution [30] 
(Fig. 13.4).

Finally, over the last 5 years the stepwise elab-
oration of non-covalently binding tripeptidic 
inhibitors, comprising two basic side chains, has 
been reported regularly [2, 3, 5, 32, 35, 49]. The 
optimization focused so far only on enzymatic 
inhibition in biochemical assays, limiting the 
drug-likeness and pharmacokinetic properties of 
this compound class. However, with a Ki value of 
12  nM, 18 is the compound of highest affinity 
towards dengue serotype 2 protease reported so 
far [3]. It also shows remarkable affinity against 
West Nile virus protease with a Ki of 39 nM. Due 
to limited permeability, the antiviral cellular 
activity is only moderate with EC50 values of 20 
and 23  μM for dengue and West Nile viruses, 
respectively. Recently, the highly related deriva-
tive 19 was analysed against Zika protease [23]. 
It showed reduced inhibition potential for Zika 
(IC50 = 1.0 μM) compared to previous reported 
results for dengue (IC50  =  0.028 μM) and West 
Nile proteases (IC50 = 0.12 μM) [3, 23]. Increased 
cellular activity was found for analogue 20 with 
slightly improved permeability (dengue: 
EC50 = 3.4 μM; West Nile: EC50 = 15.6 μM) [3]. 
However, the affinity of 20 towards the proteases 
dropped significantly compared to 18 or 19 with 
IC50 values of 176 and 557 nM for dengue and 
West Nile proteases, respectively. Structural evi-
dences, such as NMR or crystallographic data, 
for the binding mode of this compound class are 
unfortunately missing. This information would 
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be very valuable to rationalize the pronounced 
SAR.

13.9  Perspectives Towards Zika 
Virus Protease Inhibitors

All compounds that have recently been described 
to inhibit Zika protease, either small molecules or 
peptides, originated from previous drug discov-
ery campaigns for related viruses. The co-crystal 
structures of compound 16 [25] and the fragment 
benzimidazol-1-ylmethanol [56] in the active 
form present a unique chance for rationality in 
the upcoming drug discovery attempts. This 
opportunity was not available during a long 
period of early dengue protease inhibitor investi-
gations. The main lessons for Zika learned from a 
decade of challenging dengue protease research 
are: to balance the focus between small- molecular 
and substrate-derived inhibitors; to take advan-
tage of the virtue of covalence in enzyme inhibi-
tion; and to generate as much structural 
information as possible.

The latter aspect becomes obvious by taking a 
closer look into the co-crystal structure of Zika 
virus protease with compound 16. In contrast to 
other flaviviral proteases, such as those from den-
gue or West Nile viruses, Zika comprises a nega-
tively charged aspartate residue in position 83 of 
the cofactor domain NS2B. The West Nile prote-
ase contains a structurally very similar, although 
uncharged, asparagine residue in that position. 
Dengue protease serotypes have either a serine or 
threonine in that position. Without any structural 
information this situation may not have led to any 
special attention for drug development purposes 
with Zika virus protease. However, from the 
crystal structure it turned out that this NS2B 

aspartate residue is responsible for a salt-bridge 
formation with the aminomethyl-phenyl moiety 
(P2) of compound 16 leading to an extra tight 
binding of inhibitors and substrates. As the pos-
sibilities for tight interactions of inhibitors with 
flaviviral proteases are usually limited, this infor-
mation is highly relevant for further drug design 
campaigns.

13.10  Conclusion

Although alternative flaviviral proteins (e.g. NS1 
and NS5) as well as virus-host interactions have 
become attractive drug targets, the NS2B-NS3 
protease is still of considerable interest. However, 
the progress towards drug-like compounds with 
promising intracellular activity was limited. It 
may take another decade until the first selective 
flaviviral protease inhibitor that convincingly 
works in an animal model will become available. 
The main challenges are the rather flat binding 
sites, the absence of product inhibition (in con-
trast to HCV) and the strong recognition prefer-
ence for basic moieties, which highly complicates 
the development of compounds with high affinity 
and a desirable ADME profile.

As new methods and technologies have also 
become available during the last decade of strug-
gling inhibitor development, they may open the 
way for alternative strategies. Many of the earlier 
attempts (especially with small-molecular com-
pounds) were pursued without any reasonable 
structural basis. Co-crystal structures of flaviviral 
proteases with small-molecular ligands are still 
remarkably rare compared to other drug discov-
ery campaigns. Technologies that do not rely on 
protease crystals, such as modern NMR, can help 
to elucidate the binding mode of inhibitor candi-

Fig. 13.4 Recently published high-affinity peptide-derived inhibitors of flaviviral proteases
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dates. In this context, recently emerging 
fragment- based screening approaches in combi-
nation with NMR, which have so far been 
neglected for flaviviral proteases, may also 
 revitalise the drug discovery process. The identi-
fication of new small scaffolds with only weak 
affinity and their consequent rational elaboration 
into drug-like inhibitors may be superior com-
pared to previous approaches.

In addition to new strategies regarding the 
identification and optimization of lead com-
pounds, new approaches regarding cellular assays 
will be required to address the present delay or 
total lack of cellular data. Some initial progress 
on intracellular protease assays has been made, 
but further advance in this area, also concerning 
imaging techniques to track potential drug candi-
dates within the cell, is necessary.

Note
Since the ‘Tofo Advanced Study Week on 
Arboviruses’ significant progress has been 
achieved particularly in the field of Zika virus 
protease. These recent results are reflected in this 
chapter, although they were not content of the 
conference presentation and discussion.
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Humboldt Foundation is gratefully acknowledged.

References

 1. Balasubramanian A, Manzano M, Teramoto 
T, Pilankatta R, Padmanabhan R (2016) High- 
throughput screening for the identification of small- 
molecule inhibitors of the flaviviral protease. Antivir 
Res 134:6–16

 2. Bastos Lima A, Behnam MA, El Sherif Y, Nitsche 
C, Vechi SM, Klein CD (2015) Dual inhibitors of 
the dengue and West Nile virus NS2B-NS3 prote-
ases: synthesis, biological evaluation and docking 
studies of novel peptide-hybrids. Bioorg Med Chem 
23(17):5748–5755

 3. Behnam MA, Graf D, Bartenschlager R, Zlotos DP, 
Klein CD (2015) Discovery of nanomolar dengue 
and West Nile virus protease inhibitors containing 
a 4-benzyloxyphenylglycine residue. J  Med Chem 
58(23):9354–9370

 4. Behnam MA, Nitsche C, Boldescu V, Klein CD 
(2016) The medicinal chemistry of dengue virus. 
J Med Chem 59(12):5622–5649

 5. Behnam MA, Nitsche C, Vechi SM, Klein CD 
(2014) C-terminal residue optimization and frag-
ment merging: discovery of a potent peptide-hybrid 
inhibitor of dengue protease. ACS Med Chem Lett 
5(9):1037–1042

 6. Bodenreider C, Beer D, Keller TH, Sonntag S, Wen 
D, Yap L, Yau YH, Shochat SG, Huang D, Zhou T, 
Caflisch A, Su X-C, Ozawa K, Otting G, Vasudevan 
SG, Lescar J, Lim SP (2009) A fluorescence quench-
ing assay to discriminate between specific and non-
specific inhibitors of dengue virus protease. Anal 
Biochem 395(2):195–204

 7. Castanha PMS, Nascimento EJM, Braga C, Cordeiro 
MT, de Carvalho OV, de Mendonça LR, Azevedo 
EAN, França RFO, Dhalia R, Marques ETA (2017) 
Dengue virus–specific antibodies enhance Brazilian 
Zika virus infection. J Infect Dis 215(5):781–785

 8. Chan JF-W, Chik KK-H, Yuan S, Yip CC-Y, Zhu Z, 
Tee K-M, Tsang JO-L, Chan CC-S, Poon VK-M, Lu 
G, Zhang AJ, Lai K-K, Chan K-H, Kao RY-T, Yuen 
K-Y (2017) Novel antiviral activity and mechanism 
of bromocriptine as a Zika virus NS2B-NS3 protease 
inhibitor. Antivir Res 141:29–37

 9. Chappell KJ, Stoermer MJ, Fairlie DP, Young PR 
(2008) West Nile virus NS2B/NS3 protease as an anti-
viral target. Curr Med Chem 15(27):2771–2784

 10. Chen WN, Nitsche C, Pilla KB, Graham B, Huber T, 
Klein CD, Otting G (2016) Sensitive NMR approach 
for determining the binding mode of tightly binding 
ligand molecules to protein targets. J Am Chem Soc 
138(13):4539–4546

 11. Chen X, Yang K, Wu C, Chen C, Hu C, Buzovetsky O, 
Wang Z, Ji X, Xiong Y, Yang H (2016) Mechanisms 
of activation and inhibition of Zika virus NS2B-NS3 
protease. Cell Res 26(11):1260–1263

 12. de la Cruz L, Chen WN, Graham B, Otting G (2014) 
Binding mode of the activity-modulating C-terminal 
segment of NS2B to NS3  in the dengue virus 
NS2B-NS3 protease. FEBS J 281(6):1517–1533

 13. Dejnirattisai W, Supasa P, Wongwiwat W, 
Rouvinski A, Barba-Spaeth G, Duangchinda T, 
Sakuntabhai A, Cao-Lormeau VM, Malasit P, Rey 
FA, Mongkolsapaya J, Screaton GR (2016) Dengue 
virus sero-cross- reactivity drives antibody- dependent 
enhancement of infection with Zika virus. Nat 
Immunol 17(9):1102–1108

 14. Erbel P, Schiering N, D’Arcy A, Renatus M, Kroemer 
M, Lim SP, Yin Z, Keller TH, Vasudevan SG, Hommel 
U (2006) Structural basis for the activation of flavivi-
ral NS3 proteases from dengue and West Nile virus. 
Nat Struct Mol Biol 13(4):372–373

 15. Ezgimen M, Lai H, Mueller NH, Lee K, Cuny G, 
Ostrov DA, Padmanabhan R (2012) Characterization 
of the 8-hydroxyquinoline scaffold for inhibi-
tors of West Nile virus serine protease. Antivir Res 
94(1):18–24

 16. Gupta G, Lim L, Song J (2015) NMR and MD stud-
ies reveal that the isolated dengue NS3 protease is 
an intrinsically disordered chymotrypsin fold which 

C. Nitsche



185

absolutely requests NS2B for correct folding and 
functional dynamics. PLoS One 10(8):e0134823

 17. Hammamy MZ, Haase C, Hammami M, Hilgenfeld 
R, Steinmetzer T (2013) Development and character-
ization of new peptidomimetic inhibitors of the West 
Nile virus NS2B-NS3 protease. ChemMedChem 
8(2):231–241

 18. Johnston PA, Phillips J, Shun TY, Shinde S, Lazo JS, 
Huryn DM, Myers MC, Ratnikov BI, Smith JW, Su 
Y, Dahl R, Cosford ND, Shiryaev SA, Strongin AY 
(2007) HTS identifies novel and specific uncompeti-
tive inhibitors of the two-component NS2B-NS3 pro-
teinase of West Nile virus. Assay Drug Dev Technol 
5(6):737–750

 19. Kato F, Ishida Y, Oishi S, Fujii N, Watanabe S, 
Vasudevan SG, Tajima S, Takasaki T, Suzuki Y, 
Ichiyama K, Yamamoto N, Yoshii K, Takashima I, 
Kobayashi T, Miura T, Igarashi T, Hishiki T (2016) 
Novel antiviral activity of bromocriptine against den-
gue virus replication. Antivir Res 131:141–147

 20. Knehans T, Schuller A, Doan DN, Nacro K, Hill J, 
Guntert P, Madhusudhan MS, Weil T, Vasudevan SG 
(2011) Structure-guided fragment-based in silico drug 
design of dengue protease inhibitors. J Comput Aided 
Mol Des 25(3):263–274

 21. Knox JE, Ma NL, Yin Z, Patel SJ, Wang WL, Chan 
WL, Ranga Rao KR, Wang G, Ngew X, Patel V, Beer 
D, Lim SP, Vasudevan SG, Keller TH (2006) Peptide 
inhibitors of West Nile NS3 protease: SAR study 
of tetrapeptide aldehyde inhibitors. J  Med Chem 
49(22):6585–6590

 22. Koh-Stenta X, Joy J, Wang SF, Kwek PZ, Wee JL, Wan 
KF, Gayen S, Chen AS, Kang C, Lee MA, Poulsen A, 
Vasudevan SG, Hill J, Nacro K (2015) Identification 
of covalent active site inhibitors of dengue virus pro-
tease. Drug Des Devel Ther 9:6389–6399

 23. Kuiper BD, Slater K, Spellmon N, Holcomb J, 
Medapureddy P, Muzzarelli KM, Yang Z, Ovadia R, 
Amblard F, Kovari IA, Schinazi RF, Kovari LC (2017) 
Increased activity of unlinked Zika virus NS2B/NS3 
protease compared to linked Zika virus protease. 
Biochem Biophys Res Commun 492:668–673.

 24. Lee H, Ren J, Nocadello S, Rice AJ, Ojeda I, Light 
S, Minasov G, Vargas J, Nagarathnam D, Anderson 
WF, Johnson ME (2017) Identification of novel small 
molecule inhibitors against NS2B/NS3 serine prote-
ase from Zika virus. Antivir Res 139:49–58

 25. Lei J, Hansen G, Nitsche C, Klein CD, Zhang L, 
Hilgenfeld R (2016) Crystal structure of Zika virus 
NS2B-NS3 protease in complex with a boronate 
inhibitor. Science 353(6298):503–505

 26. Lescar J, Luo D, Xu T, Sampath A, Lim SP, Canard B, 
Vasudevan SG (2008) Towards the design of antiviral 
inhibitors against flaviviruses: the case for the multi-
functional NS3 protein from dengue virus as a target. 
Antivir Res 80(2):94–101

 27. Lim SP, Shi PY (2013) West Nile virus drug discov-
ery. Virus 5(12):2977–3006

 28. Lim SP, Wang QY, Noble CG, Chen YL, Dong H, Zou 
B, Yokokawa F, Nilar S, Smith P, Beer D, Lescar J, 

Shi PY (2013) Ten years of dengue drug discovery: 
progress and prospects. Antivir Res 100(2):500–519

 29. Liu H, Wu R, Sun Y, Ye Y, Chen J, Luo X, Shen X, Liu 
H (2014) Identification of novel thiadiazoloacrylamide 
analogues as inhibitors of dengue-2 virus NS2B/NS3 
protease. Bioorg Med Chem 22(22):6344–6352

 30. Mahawaththa MC, Pearce BJG, Szabo M, Graham 
B, Klein CD, Nitsche C, Otting G (2017) Solution 
conformations of a linked construct of the Zika virus 
NS2B-NS3 protease. Antivir Res 142:141–147

 31. Mueller NH, Pattabiraman N, Ansarah-Sobrinho C, 
Viswanathan P, Pierson TC, Padmanabhan R (2008) 
Identification and biochemical characterization of 
small-molecule inhibitors of West Nile virus serine 
protease by a high-throughput screen. Antimicrob 
Agents Chemother 52(9):3385–3393

 32. Nitsche C, Behnam MA, Steuer C, Klein CD (2012) 
Retro peptide-hybrids as selective inhibitors of 
the dengue virus NS2B-NS3 protease. Antivir Res 
94(1):72–79

 33. Nitsche C, Holloway S, Schirmeister T, Klein 
CD (2014) Biochemistry and medicinal chem-
istry of the dengue virus protease. Chem Rev 
114(22):11348–11381

 34. Nitsche C, Otting G (2017) Pseudocontact shifts in 
biomolecular NMR using paramagnetic metal tags. 
Prog Nucl Magn Reson Spectrosc 98–99:20–49

 35. Nitsche C, Schreier VN, Behnam MA, Kumar A, 
Bartenschlager R, Klein CD (2013) Thiazolidinone- 
peptide hybrids as dengue virus protease inhibitors 
with antiviral activity in cell culture. J  Med Chem 
56(21):8389–8403

 36. Nitsche C, Zhang L, Weigel LF, Schilz J, Graf D, 
Bartenschlager R, Hilgenfeld R, Klein CD (2017) 
Peptide–boronic acid inhibitors of flaviviral prote-
ases: medicinal chemistry and structural biology. 
J Med Chem 60(1):511–516

 37. Noble CG, Seh CC, Chao AT, Shi PY (2012) Ligand- 
bound structures of the dengue virus protease reveal 
the active conformation. J Virol 86(1):438–446

 38. Phoo WW, Li Y, Zhang Z, Lee MY, Loh YR, Tan YB, 
Ng EY, Lescar J, Kang C, Luo D (2016) Structure of 
the NS2B-NS3 protease from Zika virus after self- 
cleavage. Nat Commun 7:13410

 39. Priyamvada L, Quicke KM, Hudson WH, Onlamoon 
N, Sewatanon J, Edupuganti S, Pattanapanyasat K, 
Chokephaibulkit K, Mulligan MJ, Wilson PC, Ahmed 
R, Suthar MS, Wrammert J (2016) Human antibody 
responses after dengue virus infection are highly 
cross-reactive to Zika virus. Proc Natl Acad Sci U S A 
113(28):7852–7857

 40. Prusis P, Junaid M, Petrovska R, Yahorava S, Yahorau 
A, Katzenmeier G, Lapins M, Wikberg JES (2013) 
Design and evaluation of substrate-based octapep-
tide and non substrate-based tetrapeptide inhibitors 
of dengue virus NS2B–NS3 proteases. Biochem 
Biophys Res Commun 434(4):767–772

 41. Schüller A, Yin Z, Brian Chia CS, Doan DN, Kim 
HK, Shang L, Loh TP, Hill J, Vasudevan SG (2011) 

13 Strategies Towards Protease Inhibitors for Emerging Flaviviruses



186

Tripeptide inhibitors of dengue and West Nile virus 
NS2B-NS3 protease. Antivir Res 92(1):96–101

 42. Shiryaev SA, Cheltsov AV, Gawlik K, Ratnikov BI, 
Strongin AY (2011) Virtual ligand screening of the 
National Cancer Institute (NCI) compound library 
leads to the allosteric inhibitory scaffolds of the West 
Nile virus NS3 proteinase. Assay Drug Dev Technol 
9(1):69–78

 43. Shiryaev SA, Farhy C, Pinto A, Huang CT, Simonetti 
N, Ngono AE, Dewing A, Shresta S, Pinkerton 
AB, Cieplak P, Strongin AY, Terskikh AV (2017) 
Characterization of the Zika virus two-component 
NS2B-NS3 protease and structure-assisted identifica-
tion of allosteric small-molecule antagonists. Antivir 
Res 143:218–229

 44. Shiryaev SA, Ratnikov BI, Chekanov AV, Sikora S, 
Rozanov DV, Godzik A, Wang J, Smith JW, Huang 
Z, Lindberg I, Samuel MA, Diamond MS, Strongin 
AY (2006) Cleavage targets and the D-arginine-based 
inhibitors of the West Nile virus NS3 processing pro-
teinase. Biochem J 393(Pt 2):503–511

 45. Sidique S, Shiryaev SA, Ratnikov BI, Herath A, Su 
Y, Strongin AY, Cosford ND (2009) Structure-activity 
relationship and improved hydrolytic stability of pyr-
azole derivatives that are allosteric inhibitors of West 
Nile virus NS2B-NS3 proteinase. Bioorg Med Chem 
Lett 19(19):5773–5777

 46. Stoermer MJ, Chappell KJ, Liebscher S, Jensen 
CM, Gan CH, Gupta PK, Xu WJ, Young PR, Fairlie 
DP (2008) Potent cationic inhibitors of West Nile 
virus NS2B/NS3 protease with serum stability, cell 
permeability and antiviral activity. J  Med Chem 
51(18):5714–5721

 47. Su XC, Ozawa K, Qi R, Vasudevan SG, Lim SP, Otting 
G (2009) NMR analysis of the dynamic exchange of 
the NS2B cofactor between open and closed confor-
mations of the West Nile virus NS2B-NS3 protease. 
PLoS Negl Trop Dis 3(12):e561

 48. Takagi Y, Matsui K, Nobori H, Maeda H, Sato A, 
Kurosu T, Orba Y, Sawa H, Hattori K, Higashino 
K, Numata Y, Yoshida Y (2017) Discovery of novel 
cyclic peptide inhibitors of dengue virus NS2B-NS3 
protease with antiviral activity. Bioorg Med Chem 
Lett 27:3586–3590.

 49. Weigel LF, Nitsche C, Graf D, Bartenschlager R, 
Klein CD (2015) Phenylalanine and phenylglycine 

analogues as arginine mimetics in dengue protease 
inhibitors. J Med Chem 58(19):7719–7733

 50. Weng Z, Shao X, Graf D, Wang C, Klein CD, Wang 
J, Zhou GC (2016) Identification of fused bicyclic 
derivatives of pyrrolidine and imidazolidinone as den-
gue virus-2 NS2B-NS3 protease inhibitors. Eur J Med 
Chem 125:751–759

 51. Wu H, Bock S, Snitko M, Berger T, Weidner T, 
Holloway S, Kanitz M, Diederich WE, Steuber H, 
Walter C, Hofmann D, Weissbrich B, Spannaus R, 
Acosta EG, Bartenschlager R, Engels B, Schirmeister 
T, Bodem J  (2015) Novel dengue virus NS2B/NS3 
protease inhibitors. Antimicrob Agents Chemother 
59(2):1100–1109

 52. Yang CC, Hsieh YC, Lee SJ, Wu SH, Liao CL, Tsao 
CH, Chao YS, Chern JH, Wu CP, Yueh A (2011) Novel 
dengue virus-specific NS2B/NS3 protease inhibitor, 
BP2109, discovered by a high-throughput screening 
assay. Antimicrob Agents Chemother 55(1):229–238

 53. Yang CC, Hu HS, Wu RH, Wu SH, Lee SJ, Jiaang 
WT, Chern JH, Huang ZS, Wu HN, Chang CM, Yueh 
A (2014) A novel dengue virus inhibitor, BP13944, 
discovered by high-throughput screening with dengue 
virus replicon cells selects for resistance in the viral 
NS2B/NS3 protease. Antimicrob Agents Chemother 
58(1):110–119

 54. Yin Z, Patel SJ, Wang W-L, Chan W-L, Ranga Rao 
KR, Wang G, Ngew X, Patel V, Beer D, Knox JE, 
Ma NL, Ehrhardt C, Lim SP, Vasudevan SG, Keller 
TH (2006) Peptide inhibitors of dengue virus NS3 
protease. Part 2: SAR study of tetrapeptide aldehyde 
inhibitors. Bioorg Med Chem Lett 16(1):40–43

 55. Yin Z, Patel SJ, Wang W-L, Wang G, Chan W-L, Rao 
KRR, Alam J, Jeyaraj DA, Ngew X, Patel V, Beer D, 
Lim SP, Vasudevan SG, Keller TH (2006) Peptide 
inhibitors of dengue virus NS3 protease. Part 1: war-
head. Bioorg Med Chem Lett 16(1):36–39

 56. Zhang Z, Li Y, Loh YR, Phoo WW, Hung AW, 
Kang C, Luo D (2016) Crystal structure of unlinked 
NS2B-NS3 protease from Zika virus. Science 
354(6319):1597–1600

 57. Zhou GC, Weng Z, Shao X, Liu F, Nie X, Liu J, Wang 
D, Wang C, Guo K (2013) Discovery and SAR stud-
ies of methionine-proline anilides as dengue virus 
NS2B-NS3 protease inhibitors. Bioorg Med Chem 
Lett 23(24):6549–6554

C. Nitsche



187© Springer Nature Singapore Pte Ltd. 2018 
R. Hilgenfeld, S. G. Vasudevan (eds.), Dengue and Zika: Control and Antiviral Treatment 
Strategies, Advances in Experimental Medicine and Biology 1062, 
https://doi.org/10.1007/978-981-10-8727-1_14

Discovery of Potent Non- 
nucleoside Inhibitors of Dengue 
Viral RNA-Dependent RNA 
Polymerase from Fragment 
Screening and Structure-Guided 
Design

Siew Pheng Lim, Christian G. Noble, Shahul Nilar, 
Pei-Yong Shi, and Fumiaki Yokokawa

Abstract

Flavivirus NS5 RNA-dependent RNA poly-
merase (RdRp) is an important drug target. 
Whilst a number of allosteric inhibitors have 
been described for Hepatitis C virus RdRp, 
few have been described for DENV RdRp. In 
addition, compound screening campaigns 
have not yielded suitable leads for this enzyme. 
Using fragment-based screening via X-ray 
crystallography, we identified a biphenyl ace-
tic acid fragment that binds to a novel pocket 
of the dengue virus (DENV) RdRp, in the 
thumb/palm interface, close to its active site 
(termed “N pocket”). Structure-guided opti-
mization yielded nanomolar inhibitors of the 
RdRp de novo initiation activity, with low 
micromolar EC50 in DENV cell-based assays. 
Compound-resistant DENV replicons exhib-

ited amino acid mutations that mapped to the 
N pocket. This is the first report of a class of 
pan-serotype and cell-active DENV RdRp 
inhibitors and provides a significant opportu-
nity for rational design of novel therapeutics 
against this proven antiviral target.
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14.1  Introduction

Flavivirus non-structural protein 5 (NS5) is the 
largest protein encoded by the viral genome. It is 
also the most highly conserved, with approxi-
mately 67-82% amino-acid sequence identity 
between the four serotypes of dengue virus 
(DENV-1 to -4). The N-terminal region com-
prises an RNA methyltransferase (MTase) 
domain [9] that has both N7 and 2′-O methyl- 
transferase activities [4, 6, 12, 22]. Together, 
they are responsible for type 1 cap structure 
(m7GpppAm) formation at the 5′ end of the viral 
genome. The C-terminal two-thirds of NS5 har-
bors an RNA-dependent RNA polymerase 
domain (RdRp; [8]) which performs de novo 
RNA synthesis from the 3′ end of the viral tem-
plate [3]. These two domains are linked via a 
short amino acid sequence of low conservation 
and may play a role in regulating RdRp activity 
[13, 21].

Crystal structures of the DENV and other fla-
vivirus MTase and RdRp domains and the full 
length NS5 protein, have been solved. The over-
all architecture of the polymerase resembles a 
right hand with fingers, palm, and thumb sub- 
domains, with a fully-encircled active site. In 
addition, they are well-characterized, structurally 
and functionally. For more detailed information 
on these aspects, the readers are encouraged to 
refer to excellent reviews [1, 3, 5, 14, 21] as well 
as Chaps. 8, 9, and 19 in this monograph.

Recently, a class of pyridobenzothiazole 
compounds that inhibit DENV RdRp and 
DENV infection at low micromolar potencies 
was reported [23]. This class of compounds 
binds in a similar site as NITD107, in the 
DENV RdRp a RNA tunnel [19]. Herein, we 
describe a class of acyl sulfonamide-thiophene 
compounds that has nanomolar inhibitory 
potency against the de novo initiation activities 
of DENV1-4 RdRp [18] and also exhibit EC50 
values of 1–2 micromolar in DENV-infected 
cells [15, 20, 26].

14.2  Identification of N-Pocket 
Binding Fragment by DENV 
RdRp Fragment-Based 
Screening

14.2.1  Fragment-Based Screening 
Via DENV RdRp 
Crystallography

A total of 1408 compounds obtained from the 
Novartis in-house fragment library were screened 
with DENV3 RdRp, in pools of 8, totaling 176 
separate pools. DENV3 RdRp crystals were first 
crystallized in conditions as previously described 
[19] and soaked for 4–6  h in drops containing 
compound mixtures in crystallization buffer and 
10% DMSO, giving a final concentration per 
compound of 625  μM.  The crystals were then 
frozen in liquid nitrogen after cryo-protection in 
the same crystallization solution supplemented 
with 10% glycerol and 10% compound/
DMSO.  The X-ray diffraction data were col-
lected on beam-line X10SA (PXII) at the Swiss 
Light Source, integrated using MOSFLM [11] 
and scaled using SCALA, part of the CCP4 suite 
[24]. The structures were refined using 
REFMAC5 [17] starting from the deposited 
DENV-3 RdRp structure (PDB code 4HHJ) [19]. 
Useful X-ray diffraction data was collected for 
145 out of 176 pools (with resolution better than 
2.5  Å). Only one dataset, which was solved to 
2.0 Å resolution, showed difference density that 
could be interpreted as a single contiguous com-
pound. Models for the eight possible fragments 
from the pool were built into the density and only 
compound JF-31-MG46 fitted the data satisfacto-
rily. To confirm that the single compound bound 
in the pocket, the DENV-3 RdRp was co- 
crystallized with the pure compound and the 
structure was solved to 2.05 Å (Fig. 14.1a; PDB 
5F3T). The co-crystal structure showed that the 
single compound bound at the same site and ori-
entation with full occupancy. Specifically, it 
bound in a novel pocket between the thumb and 
palm sub-domains of the RdRp and the priming 
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loop. This site is designed the “N” pocket and is 
similar to the Site III (Palm I) in HCV ([3]; See 
also Summary and Conclusions).

Additional information on this Section can be 
found in [20].

14.2.2  Compound JF-31-MG46 
and DENV RdRp N Pocket

Compound JF-31-MG46, 3 is a biphenyl acetic 
acid fragment, and forms interactions with sev-

eral amino acid residues in the DENV RdRp N 
pocket which are highly conserved across the 
four DENV serotypes, and in other flaviviruses 
such as WNV, YFV, and JEV (Fig.14.1a; PDB 
5F3T). Its outer phenyl is sandwiched between 
Ser796 on one side and Tyr766 and His711 on the 
other. The carboxyl group on this ring, interacts 
with the side chain OH of Thr794, and also forms 
a water-mediated interaction with Arg737. The 
other substituent on the ring, the methoxy group, 
is surrounded by residues Cys709, Leu514, 
His798, and Leu511. The inner phenyl occupies 

Fig. 14.1 Crystal structure of N pocket inhibitors and the 
DENV-3 RdRp. Binding of JF-31-MG46 (orange, a), 
compounds 10 (grey, b) and 15 (cyan, b) and compound 
29 (yellow, c) in the N pocket of DENV-3 RdRp domain 
are shown as sticks. Amino acid residues lining the N 

pocket are colored in purple (a), cyan (c), or green (palm 
and thumb subdomains, b) and yellow (priming loop, b). 
Individual residues are labelled according to their num-
bering in the DENV3 polymerase and H-bond interactions 
are indicated with dashed lines

14 Discovery of Potent Non-nucleoside Inhibitors of Dengue Viral RNA-Dependent RNA Polymerase…
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the back of the pocket lined with several hydro-
phobic residues, including Trp803, Met761, 
Met765, Ala799, and Leu511, with Ser710 
located at the mouth of the pocket. Surface- 
plasmon resonance (SPR) analyses indicated that 
JF-31-MG46 binds to DENV-3 RdRp with Kd of 
209 μM and with threefold lower binding affinity 
for DENV-4 RdRp (Kd = 610 μM). No binding 
was detected by isothermal calorimetry, presum-
ably due to the lack of sufficient sensitivity at the 
maximum compound solubility. Compound 
JF-31-MG46 inhibited the de novo initiation 
activities of DENV-1-4 with IC50 values ranging 
from 734 to 796 μM and is consistent with the 
affinities measured by SPR. The calculated ligand 
efficiency [10] for compound JF-31-MG46 is 
0.24.

Additional information on this Section can be 
found in Lim et al. [15] and [20].

14.3  Structure-Guided Inhibitor 
Optimization of N-Pocket 
Inhibitors

14.3.1  Improving Inhibitory Property 
of N-pocket Inhibitors

Based on the X-ray crystallography finding that a 
related analog, 4 (IC50  =  769  μM, SPR- 
Kd > 200 μM, LE 0.26; PDB 5HNO) also bound 
in the same pocket but in the opposite orientation 
of the carboxylic acid moiety compared to com-
pound JF-31-MG, the two fragments were 
merged, to generate the bis-acid, 5. This resulted 
in stronger binding in the N-pocket and better 
inhibition (IC50  =  177  μM, ITC-Kd  =  154  μM; 
LE = 0.26; PDB 5HMW). The initial optimiza-
tion efforts focused on exploring the SAR of the 
inner benzene ring of 5. Substitution with 2′-thio-
phene ring, 10, provided a tenfold increase in 
potency (IC50 = 15 μM, ITC-Kd = 28 μM). This 
higher affinity is likely due to non-covalent inter-
action of the sulfur of the thiophene with the oxy-
gen of the OH side-chain of Ser796 (PDB 
5HMX). Computational studies detected a water 
molecule in the back of the DENV N pocket, 
which forms H-bond interactions with residues 

Gln802 and His800. Design strategies to improve 
inhibitor potency by contacting this water mole-
cule were not fruitful. An alternate approach was 
conducted to displace the water molecule. A 
propargyl alcohol extension from the 2-thiophene 
ring provided 15 (IC50  =  1.7  μM, ITC- 
Kd = 1.4 μM; LE = 0.35), with a 100-fold increase 
in potency as compared to 5. Co-crystallization 
of 15 with the NS5 RdRp domain confirmed that 
the propargyl alcohol filled the narrow cavity and 
displaced the water molecule to form the H-bond 
interactions with the side chain of Gln802 and the 
backbone of His800 as predicted (Fig.  14.1b; 
PDB 5HMY). Compound 15 displayed inhibi-
tory activity against all four serotypes with IC50 
values of 0.3 to 2.2 μM.

Additional information on this Section can be 
found in Lim et al. [15] and [26].

14.3.2  Improving Cellular 
Permeability of N-Pocket 
Inhibitors

Poor membrane permeability rendered com-
pound 15 to be inactive in DENV-infected cells, 
mostly due to the presence of the negatively 
charged bis-carboxylic acids. Efforts to identify 
carboxylic bioisoteres lead to the acylsulfon-
amide moiety which dramatically improved their 
potencies and binding affinities in the biochemi-
cal and biophysical analyses (compounds 23–29i; 
Fig.  14.1c; Table  14.1). Crystal structure of 
DENV-3 RdRp with 23 revealed that the acylsul-
fonamide formed H-bond interactions with the 
side chains of Thr794 and Arg729 and the back-
bone of Trp795 (PDB 5HMZ). The methyl group 
of the acylsulfonamide moiety was exposed to 
the solvent space, providing the opportunity to 
modify the overall physicochemical property of 
inhibitor without interfering with its affinity to 
the enzyme. Changing the methyl to benzene sul-
fonamide 25 (which increased its lipophilicity, 
whilst retaining similar acidity (pKa) and perme-
ability as 23), provided weak cellular activity 
(EC50 18-41 μM). Replacing the 6-methyl group 
of the methoxy benzene ring of 25 with another 
electron-donating methoxy group, improved cell 
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permeability of 26 (by reducing ionization of the 
acylsulfonamide) and led to modest improve-
ment in cellular potency (EC50  =  7.2–36  μM). 
The most potent anti-dengue activity was 
obtained with the 3-methoxyphenyl sulfonamide 
derivative, 27, which displayed EC50 values of 
low micromolar against all four serotypes (EC50 
1.8–2.3 μM). The exact cause of the significant 
improvement in the cellular potency of 27 is not 
known, as it has poorer permeability compared to 
26. A related analog, 26i, which contains a single 
methyoxy group on the central benzene ring, 
compared to two methoxy substituents on 27, 
exhibited significantly poorer cellular activity 
than the latter (EC50 = 15-27 μM). The additional 
methoxy group in 27 may allow the formation of 
an intra-hydrogen bond with the N-atom of the 
sulfonamide linker to facilitate better cell perme-
ability. The same observation applies to the 
8-quinolyl sulfonamide derivatives 29 and 29i 
(EC50  =  4–14  μM and 2–6  μM respectively). 
Inhibitors 26–29i were inactive against HCV rep-
licon and human rhinoviruses (EC50 values 
>25 μM and >50 μM, respectively). No cytotox-
icity was observed in five different cell lines 
tested (EC50 > 50 μM).

Additional information on this Section can be 
found in Lim et al. [15] and [26].

14.4  Profiling Mechanism 
of Action of N-Pocket 
Inhibitors

14.4.1  Mechanism Studies 
of Inhibitors in Biochemical 
Assays

In the standard assay format for DENV dnI FAPA 
assay, N pocket compounds 15, 27 and 29 were 
first exposed to enzyme alone followed by reac-
tion initiations with ssRNA template and NTPs. 
Order-of-reagent addition experiments in which 
compounds were exposed to pre-formed enzyme- 
ssRNA complexes, followed by reaction initia-
tion with NTPs, did not result in significant 
changes in their IC50 values (Table  14.2). 
Compounds exposed to elongated enzyme- 

dsRNA complexes, in which the active site was 
occupied by the ssRNA template and newly syn-
thesized short RNA products AGAA or AGAACC 
reduced their inhibitory potencies by 8–15-fold. 
These findings suggest that the N-pocket under-
went conformational changes when the DENV 
polymerase entered into the elongation phase, 
which reduced the binding affinities of the com-
pounds. Compounds also demonstrated 10–23- 
folds weaker inhibitory properties in the DENV 
elongation FAPA assay compared to the standard 
dnI assay. Overall, the data indicate that N pocket 
inhibitors primarily inhibit DENV polymerase de 
novo initiation activity. Kinetics studies using 
Lineweaver-Burk plots further revealed that both 
15 and 29 have uncompetitive inhibition profiles 
with respect to the viral ssRNA template. On the 
other hand, they display mixed non/uncompeti-
tive inhibition with respect to GTP.

Additional information on this Section can be 
found in Lim et al. [15].

14.4.2  Biological Relevance 
of N-pocket for DENV 
Replication

Alanine mutations of RdRp residues interacting 
with 27 (PDB 5K5M, 5I3P and 5JJS) or 29 (PDB 
5I3Q and 5JJR) and as well as residues lining the 
N-pocket were generated in the recombinant NS5 
protein and the DENV replicon. Alanine muta-
tions mostly negatively impacted DENV poly-
merase de novo initiation (particularly for 
residues S710 and R737), and have less influence 
on elongation activity. In agreement with the bio-
chemical data, N pocket mutant DENV replicon 
R737A (as well as R729A mutant replicon) was 
non-replicative. R729A RdRp exhibited about 
30–40% of both dnI and elongation activities 
whilst dnI activity of R737A was completely 
abolished. Mutant replicons Y766A, and W803A 
were also non-replicative, despite showing 
55-98% de novo initiation and elongation activi-
ties in vitro. Mutant replicons with T794A and 
S796A with comparable levels of in vitro poly-
merase activities as WT NS5 polymerase, were 
weakly replicative. Overall, the N pocket confor-
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mation observed in the inhibitor-bound crystal 
structures is likely to correspond to the structural 
state adopted by the DENV RdRp during de novo 
initiation and they play important functions for 
virus replication.

Additional information on this Section can be 
found in Lim et al. [15] and [20].

14.4.3  Resistant DENV Replicons 
Raised to N-Pocket Inhibitors

We propagated stable DENV-2-NGC EGFP rep-
licon cells in 20 μM of 29 (≈1X EC90 value) for 
5 weeks, and then increased the compound con-
centration to 25  μM.  Two separate compound- 
resistant replicon clones harbored the same 
nucleotide change in NS5 (GAA → GAC), result-
ing in Glu802Asp mutation (note that residue 
802 is Glu in DENV2-NGC and Gln in DENV3 
RdRp). A third clone contained another nucleo-
tide change in NS5 (CTG → GTG), resulting in 
Leu511Val mutation. A fourth clone contained a 
mixed profile in NS5, in the same position, with 
both the WT nucleotide (G) as well as mutation 
to C nucleotide present (GTG → G/CTG), giving 
rise to partial Leu511Val mutation. Similar 
efforts to raise resistant cells by exposure to high 
concentrations of 27 (14–20  μM; ≈2X EC90 
value) were not successful. Stable DENV-2-NGC 
replicon cells were exposed to increasing con-
centrations of 27, starting from 1.5 μM (≈0.5X 
EC50), with media change every 2–3 days. After 
about 6 weeks, cells kept in 28 μM of 27 propa-
gated robustly, at similar rates to WT DENV-2 
replicon cells. RNA sequenced from the cells 
contained a partial Glu802Asp mutation profile 
(GAA  →  GAA/T). The crystal structures of 
DENV-3-RdRp bound to 29 (PDB 5I3Q, 5JJR) 
shows that the polar side chain of residue Gln802 
(Glu802  in DENV2) hydrogens bond with the 
hydroxyl group of the propargyl alcohol of 29. 
E802D mutation results in the shortening of the 
amino acid side-chain by one methyl group and is 
likely to disrupt this H-bond formation. Residue 
Leu511 (in DENV-2 and -3) forms van der Waals 
interactions with the thiophene ring of 29. The 
loss of a methyl group from Val511 mutation, 

would weaken the interaction with the thiophene 
ring. Overall, these mutations lower the binding 
affinity of 29 in the N-pocket and verify that 27 
and 29 inhibit DENV replication in cells by bind-
ing to the N-pocket in the DENV polymerase.

Additional information on this Section can be 
found in Lim et al. [15].

14.4.4  Impact of Resistance 
Mutations on Compound 
Inhibition

We generated recombinant NS5 mutant proteins 
with N-pocket amino acid changes in DENV-2 
(L511V and E802D) and DENV-4 (L512V and 
Q803N) and tested them against 27 and 29 
(Table 14.3). Both compounds were significantly 
less active against mutant enzymes than WT pro-
tein in the dnI FAPA assay. Compared WT pro-
tein, IC50 values of 29 declined by 4–12-folds in 
DENV-2 and DENV-4, single mutants, and by 
52–133-folds in double mutant enzymes. 
Likewise for 27, inhibitory potency fell by 5–14- 
folds in DENV-2 single mutants and by 88-folds 
in the double mutant. A complete loss of inhibi-
tory activity (IC50  >  20  μM) was observed in 
DENV-4 single and double mutants. Furthermore, 
these compounds were less effective in stabiliz-
ing the mutant enzymes compared to the corre-
sponding WT proteins [15]. Similar single and 
double (L511V and E802D) amino acid changes 
were also introduced into the DENV-2 (strain 
NGC) replicon and its infectious full length virus 
genome to examine their effects on the potencies 
of N pocket inhibitors (Table 14.3). Compared to 
WT replicon and virus, EC50 value of 29 was 
reduced by 3–6-folds in single and double mutant 
DENV-2 replicons and by 5–6-folds in virus 
mutants. On the other hand, EC50 values of 27 
were reduced only by 2–4-folds in mutant 
DENV-2 replicons and viruses. The observed 
weaker EC50 shifts for 27 are puzzling as its bind-
ing mode is similar to 29 and involves non-cova-
lent interaction of the thiophene ring with L511 
and H-bond formation between the propargyl 
alcohol and E802D.  Additional 27-resistant 
DENV-2 EGFP- replicons shifted the EC50 values 
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of 27 and 29 shifted by 17- and 10-folds, respec-
tively, in these cells, compared to control cells 
raised in DMSO. Full replicon genome sequence 
analyses revealed secondary mutations present in 
NS5 methyl-transferase and NS4B in the 
27-resistant replicon cells, suggesting that N 
pocket inhibitors also affected the replication 
complex formation.

Additional information on this Section can be 
found in Lim et al. [15].

14.5  Summary and Conclusions

From fragment-based screening by X-ray crys-
tallography with the DENV-3 apo-RdRp protein 
[19, 25], we identified a novel allosteric pocket 
at the DENV-3 RdRp thumb and palm interface 
[15, 20, 26]. This pocket which we term the “N 
pocket” is located near the priming loop (aa782-
809) and is lined by residues highly conserved 
across DENV-1-4, as well as in other flavivi-
ruses. Alanine mutagenesis studies indicate that 
this pocket is important for NS5 polymerase de 

novo initiation activity and virus replication. 
N-pocket inhibitors generated by rational design 
potently inhibited DENV-1-4 polymerase de 
novo initiation activities and virus replication in 
various cell types. They have a mixed non−/
uncompetitive inhibition profile and bind with 
strong affinity to recombinant apo- enzyme as 
well as FL NS5 from DENV replicon cell lysates 
[15].

Resistant DENV raised against N pocket 
inhibitors harbored amino acid mutations 
(L511 V and E802D; DENV-2 numbering) that 
mapped to the N-pocket and reduced compound 
potencies in DENV RdRp enzyme and DENV 
cell-based assays. Based on results from order- 
of- reagent addition experiments, N pocket inhibi-
tors block the enzyme de novo initiation activity 
better than the elongation activity. Compound 
potencies are reduced when the enzyme is pre- 
occupied with newly synthesized duplex RNA, 
and not by single-stranded viral RNA. Presumably, 
retraction of the priming loop (aa782-809) from 
the active site during enzyme elongation alters 
the conformation of the N-pocket, leading to 

Table 14.3 Inhibitory profiles of N-pocket compounds in DENV polymerase and DENV2 replicon and infectious 
virus harboring resistant phenotype amino acid changes

IC50 (fold change 
compared to WT), μM

DENV2 NGC

EC50 (μM) (fold increase compared  
to WT)

27 29 Replicon Virus
DENV2- 
NGC FL 
NS5

WT 0.173 0.036 27 29 27 29
L511V 2.548 (14.7X) 0.352 

(9.9X)
E802D 0.936 (5.4X) 0.148 

(4.2X)
Wild type 7.83 6.70 0.87 1.11

L511V/ 
E802D

15.21 (88X) 1.85 
(52X)

L512V 25.86 
(3.3X)

32.32 
(4.8X)

2.2 
(2.5X)

6 (5.4X)

DENV4 
FL NS5

WT 0.134 0.033 E802D 12.77 
(1.6X)

21.39 
(3.2X)

1.42 
(1.6X)

5.8 
(5.2X)

L512V >20 (>100X) 0.28 
(8.7X)

L512V/E802D 28.42 
(3.6X)

38.76 
(5.8X)

2.32 
(2.6X)

7.01 
(6.4X)

Q803N >20 (>100X) 0.38 
(11.7X)

Wild type 
passaged in 
DMSO

2.46 3.55 nd nd

L512V/
Q803N

>20 (>100X) 4.37 
(133X)

Compound 
29-resistant

41.7 
(17X)

34 
(9.6X)

nd nd

n.d= not done
IC50 values from DENV-2 and DENV-4 de novo initiation FAPA assays were obtained from dose response testing as 
described in Lim et al. [15]. EC50 values were obtained from BHK-21 cells electroporated with WT and mutant DENV-2 
replicons or infected with WT and mutant DENV2 viruses as described in Lim et  al. [15]. DV2  =  DENV-2, 
DV4 = DENV-4
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weaker binding affinities of the RdRp for the 
compounds.

DENV N-pocket compounds resemble HCV 
polymerase Site III (palm 1) non-nucleoside 
inhibitors [2]. The latter inhibitors bind at the 
interface of the HCV polymerase thumb and 
palm subdomains, with one side comprising the 
“primer grip” and the opposite side formed by the 
β-hairpin loop (equivalent to the priming loop in 
DENV RdRp). Inhibitor binding is promoted by 
interactions with both sides, in particular, with 
Y448 from the β-loop. This locks the HCV RdRp 
thumb subdomain in a conformation that pre-
vents de novo initiation. Dasabuvir (ABT 333), a 
Site III inhibitor, has recently been approved for 
HCV therapy in combination with NS3/4A prote-
ase and NS5 inhibitors [7].

There is, however, no equivalent of the HCV 
RdRp primer grip wall for DENV N-pocket. In 
addition, unlike HCV RdRp where the C-terminal 
loop penetrates the active site and participates in 
enzyme activity, the C-terminal end of flavivirus 
RdRp is disordered in most reported crystal 
structures. We speculate that the absence of both 
regions prevent formation of additional contacts 
with inhibitors, and is the reason for the weaker 
binding affinities of N-pocket compounds, com-
pared to HCV site III inhibitors. The availability 
of a co-crystal structure of DENV RdRp with 
RNA would hopefully, facilitate new design 
strategies to further enhance inhibitor binding 
affinity and block elongation activity.

High clearance was observed for acyl- 
sulfonamide propargyl alcohol compounds in 
vitro which rendered them unsuitable for mouse 
efficacy studies. To develop N-pocket inhibitors, 
more stable functionalities with better pharmaco- 
kinetic properties, that retain key hydrogen bond 
interactions, are required.

Finally, compounds 27 and 29 were inactive 
when tested on the WNV replicon cell-based 
assay. Previous comparisons revealed that the 
WNV RdRp priming loop is closer to the i-1 site, 
and prevents formation of a similar N-pocket 
[16]. Whilst DENV N-pocket residues are mostly 
conserved across the flavivirus family, residues 
799-802, which accommodate the propargyl 
alcohol arm, are more divergent. This may 

explain the lack of activity of 27 and 29 on 
WNV.  Interestingly, residues 799-802 are more 
similar amongst JEV, MVEV WNV, YFV and 
ZIKV compared to DENV-1-4. In this light, it 
may not be plausible to develop pan-active 
N-pocket inhibitors that work on all flaviviruses. 
Rather, designing N-pocket inhibitors that spe-
cifically target different subgroups of the flavivi-
rus family may be a more attainable goal.

 Discussion of Chapter 14  
in Dengue and Zika: Control and 
Antiviral Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Siew Pheng Lim.

Paul Young: Great work! A perfect example of a 
great collaboration between biology and 
chemistry. The work you describe seems to 
have hit a little bit the end of the road. You 
have identified and derived reasonably active 
sompounds but they do not appear to be effec-
tively bioavailable. So what’s the next step?

Siew Pheng Lim: So this is only one part of the 
story. Our goal is to design compounds that 
extend out of the pocket. In the parlance of 
chemists in the team these extension from the 
pocket are done to find the so-called sweet spot 
to further improve the potency.  But despite a 
lot of effort, we did not find another sweet 
spot. I also talked a little about some similarity 
the N-pocket shares with HCV palm 1 site. 
However HCV palm 1 pocket has a another 
wall contributed by the C-terminal part of the 
protein which allows those inhibitors to bindto 
both sides. In the case of Dengue virus poly-
merase we appear to have only one wall, we 
are trying to find a way to reach a second wall 
and that has not been successful so far.

David Jans: I just wanted to know what EC50 you 
have been happy with. Several of the com-
pounds have EC50 of around 3 micromolar.  
Do you think that would be potent enough?  

S. P. Lim et al.
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In other words what should be the target for an 
effective drug?

Siew Pheng Lim: If I compare against the phe-
notypic screens that my colleagues do, they 
typically find inhibitors that are double-digit 
nanomolar in EC50. There they have a different 
challenge because they have issues with solu-
bility and clearance as the compounds are too 
greasy. So I think for us if we can hit below 
one micromolar, We set ourselves a bench-
mark of less than one micromolar which we 
consider a good threshold. So you can see we 
have not quite reach that point yet.

Subhash Vasudevan: In the case of HCV palm 
1, the compound that targeted a similar pocket 
actually got to the clinic implying that it is 
possible to develop a non-nucleosidic inhibi-
tor. The pocket that you are looking is also 
truly a hotspot for Dengue and other flavivi-
ruses. So the question I guess is do we give up 
on that area based on your experience so far?

Siew Pheng Lim: For now, this work has been 
put on hold, and we published the work so that 
other researchers in the field can expand on 
the effort and take a fresh look at approaches 
to target this important pocket. The search 
may include using other flaviviruses and find 
something we have not yet found to extend the 
chemistry. As David Jans alluded yesterday, 
we primarily work with DENV3 NS5 RdRp 
for which we have structural data. So it would 
be nice to have structural studies on other 
serotypes and other flaviviruses to see if some-
thing maybe different.

Subhash Vasudevan: But your data clearly 
shows that Dengue 2 and Dengue 4 give 
broadly similar results. In the discovery pro-
cess if you are trying to do DENV1 to 4 sepa-
rately then that would be a huge challenge. 
But NS5 is a really important target and since 
the non-nucleoside approach is not quite ready 
yet for pan-serotype inhibitor, what about the 
nucleoside aproach?

Siew Pheng Lim: Nucleoside approach is still 
ongoing. We started with KAB-344, the ade-
nine analog (also known as NITD008) that 
eventually failed in the two-week animal tox-
icity studies and could not be progressed fur-

ther. Since then we are working on other 
scaffolds. I think the issue with nucleosides is 
the unpredictable toxicity. To mitigate this we 
have implemented additional cytotoxicity 
assays trying to weed out toxicity early in the 
flowchart, such as mitochondrial assays –lon-
ger cytotoxicity assays – to capture those 
compounds that are potentially cytotoxic 
before we go into two-week toxicity studies 
in rats and dogs. Through this process, we 
have a few candidates that we are evaluating. 
The challenge with nucleoside inhibitors is 
the potentially lengthy scale up synthesis 
which can be expensive – so the way forward 
remains to be seen.
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Nucleocytoplasmic Trafficking 
of Dengue Non-structural Protein 
5 as a Target for Antivirals

David A. Jans and Alexander J. Martin

Abstract
Signal-dependent movement of proteins into 
and out of the nucleus through the importin 
superfamily of transporters is central to the 
replication of many viruses in infected cells, 
including RNA viruses such as the flavivirus 
Dengue virus (DENV). DENV non-structural 
protein 5 (NS5) traffics into and out of the host 
cell nucleus/nucleolus, being observed in the 
nucleus, although to differing extents, very 
early in infection in the case of all 4 DENV 
serotypes; with results from both reverse 
genetics and inhibitor studies indicating that 
this trafficking is critical to DENV infection. 
Knowledge of the transporters and targeting 
signals responsible for nuclear trafficking of 
NS5 has enabled inhibitors of DENV NS5 
nuclear import to be identified using a novel 
screening/counterscreen approach. N-(4- 
hydroxyphenyl) retinamide (4-HPR) is of par-
ticular interest as a specific, non-toxic inhibitor 
able to protect against infection by all four 
serotypes of DENV, as well as the severe, 
antibody- enhanced form of DENV infection, 
in a lethal mouse model. Since 4-HPR can 

also inhibit DENV-related flaviviruses of 
medical significance such as West Nile Virus 
and Zika virus, it is of great interest for future 
commercialisation. Targeting nucleocytoplas-
mic trafficking of flavivirus proteins promises 
to be a powerful strategy to counter flavivi-
ruses, for which the development of protective 
vaccines has thus far proven problematic.

Keywords
Dengue virus ⋅ DENV ⋅ Nucleus ⋅ Nuclear 
trafficking ⋅ Nucleocytoplasmic trafficking ⋅ 
Antiviral ⋅ 4-HPR

15.1  Dengue Virus; Key Role 
of Non-structural Protein 5

15.1.1  The Threat of Dengue Virus

Dengue virus (DENV), of which there are four 
immunologically distinct serotypes (DENV 1–4), 
is the causative agent of dengue fever and its 
more severe, antibody-dependent enhanced 
(ADE), dengue haemorrhagic fever (DHF) form 
[2, 52, 54]. Dengue fever is a mosquito-borne 
infection, and with the success of the Aedes 
aegypti vector in colonising urban environments, 
two thirds of the world population are at risk. 
Although there are approximately 96  million 
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Fig. 15.1 Schematic of the DENV infectious cycle and 
NS5 nucleocytoplasmic trafficking. (Top). Similar to 
most flaviviruses, the E protein of DENV facilitates virion 
binding to cell-surface receptors (1), followed by virion 
entry via clathrin-mediated endocytosis (2). Endosomal 
acidification (denoted by H+ in the schematic) subse-
quently results in viral fusion and release of the viral 
nucleocapsid (3). Translation and genome replication are 
tightly linked, where the positive-sense viral RNA is 

translated by ribosomes at the rough ER (4), forming a 
viral polyprotein with sections embedded within the ER 
membrane, cleaved by host and viral proteases into 3 
structural and 7 non-structural (NS) proteins [35, 36]. 
The NS proteins, and NS3 (helicase) and NS5 (replicase) 
in particular, bind the +-sense viral RNA and form the 
replication complex, which synthesises the negative-
sense strand RNA, which is in turn used to synthesise 
more +-sense RNA (5); replication largely occurs in  
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symptomatic cases leading to 500,000 hospital-
izations and >20,000 deaths annually, there is no 
approved antiviral agent currently available to 
treat DENV infection [14, 21, 22, 52, 54, 67]. 
Additionally, the shortcomings of the recently 
approved polyvalent DENV vaccine [7, 9, 61] 
raise concerns regarding the viability of a 
vaccine- led eradication strategy [11].

The development of inhibitors and vaccines to 
DENV is complicated by the fact that previous 
infection with one DENV serotype can predis-
pose an individual to severe infection with the 
other serotypes through ADE [11, 21, 22]. Thus, 
although 75% or more of the estimated incidence 
of 400 million DENV infections per year world-
wide are not symptomatic, each case is of poten-
tial importance in terms of predisposing to severe 
ADE infection in the future. ADE is a particular 
concern for vaccine approaches, since immunity 
against one but not all serotypes could, rather 
than protect against infection, lead to increased 
likelihood of severe, life-threatening infection, 
depending on the DENV serotype carried by the 
mosquito vector. Clearly in this context, new 
therapeutics for treatment and prevention of 
DENV infection in all its forms are urgently 
required.

15.1.2  DENV Life Cycle

DENV is a member of the Flavivirus genus, 
related to other viruses of medical significance, 
including West Nile Virus (WNV), Zika Virus 
(ZIKV), Yellow Fever Virus (YFV) and Japanese 

Encephalitis Virus (JEV). It possesses a single- 
stranded, positive (+)-sense RNA genome that is 
translated as a single polyprotein prior to cleav-
age/processing into three structural and seven 
non-structural (NS) proteins [46]. Figure  15.1 
(top) shows the main steps of the infectious cycle 
of DENV, which is typical for most flaviviruses. 
Upon envelope protein (E) conferring binding to 
host cell-surface receptors, virion entry occurs via 
clathrin-mediated endocytosis. Endosomal acidi-
fication follows to effect viral fusion and release 
of the viral nucleocapsid. The free +-sense viral 
RNA is then translated by ribosomes at the rough 
ER, resulting in a viral polyprotein, which is sub-
sequently cleaved by host and viral proteases into 
three structural and seven non-structural (NS) 
proteins [35, 36]. The NS proteins, including NS3 
(helicase) and NS5 (RNA polymerase), bind the 
+-sense viral RNA and form the key components 
of the replication complex, which synthesises the 
negative (−)-sense RNA, which is in turn used to 
synthesise more +-sense RNA, replication occur-
ring in virus-induced membrane vesicles (“vesicle 
packets” – VPs) derived from the ER and Golgi 
[10, 40, 58]. The +-sense RNA is exported from 
the VPs to bind the C protein and form the nucleo-
capsid, which localises to the rough ER and binds 
viral E and prM proteins. The resulting immature 
virion buds off the ER, acquiring its lipid enve-
lope, and is transported through the trans-Golgi 
network, where the virion matures, and prM is 
cleaved into pr and M. The mature virion is then 
released from the host cell by exocytosis to spread 
to and infect other cells of the host and/or be 
ingested by the mosquito vector.

Fig. 15.1 (continued) virus-induced membrane vesicles 
(“vesicle packets” – VPs – not shown) derived from the 
ER and Golgi [10, 40, 58]. The +-sense RNA is exported 
from the VPs to bind the C protein and form the nucleo-
capsid (6), which localises to the rough ER and binds viral 
E and prM proteins. The resulting immature virion buds 
off the ER, acquiring its lipid envelope (7), and being 
transported through the trans-Golgi network (8), where 
the virion matures, and prM is cleaved into pr and M. The 
mature virion is then released from the host cell by exocy-
tosis (9). Non-phosphorylated NS5 is found together with 

NS3  in the cytoplasm in the viral replication complex, 
where it performs its canonical replicative functions, but 
is also found in the nucleus and nucleolus (enhanced by 
low pH conditions) in the infected cell [15, 28], where its 
role is to suppress the host cell antiviral response (e.g. [43, 
51, 55]). The enlargement highlights NS5 nucleocyto-
plasmic trafficking, where NS5 transport into and out of 
the nucleus through the nuclear pore complex (NPC) is 
largely mediated by the Importin (Imp) α/β1 heterodimer 
and Exp1, respectively [51, 55], and likely to be modu-
lated by NS5 hyperphosphorylation [28]
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15.1.3  DENV Non-structural Protein 
5 Trafficks into the Nucleus 
and Nucleolus of Infected 
Cells

The most conserved coding sequence across fla-
viviruses is that of the replicase NS5, spanning 
RNA polymerase (RdRp) and methyltransferase 
(MTase) domains. Together with the NS3 heli-
case, NS5 is primarily responsible for DENV 
replication, which, as for most RNA viruses, 
takes place entirely in the cytoplasm [3], in virus- 
induced Golgi- and endoplasmic reticulum- 
derived- membrane vesicles (see Fig.  15.1 top). 
Despite its critical role in replication in the cyto-
plasm, NS5 is known to be predominantly located 
inside the nucleus throughout infection (Fig. 15.1 
enlargement; see Fig. 15.2), where it is thought to 
play a role in suppression of the host anti-viral 
response [28, 43, 51, 54, 55]. Suppression of 
interleukin 8 production, for example, has been 
shown to be dependent on NS5 nuclear localisa-
tion in infected cells [43, 51, 55], with other tran-
scriptional effects noted for cell cycle regulators 
(unpublished), which presumably relates to arrest 
of the infected cell in the stage of the cell cycle 
which is optimal for virus replication (see [25, 
27]). Kapoor et  al. [28] showed that non- 
phosphorylated NS5 is predominantly the form 
of NS5 found together with NS3 in the cytoplasm 
in the viral replication complex, whereas NS5 in 
the nucleus in the infected cell is in a hyperphos-
phorylated state, the clear implication being that 
post-translational modification regulates NS5 
nucleocytoplasmic trafficking, with phosphoryla-
tion favouring nuclear accumulation.

Initial localisation studies were focussed 
largely on DENV2 NS5 [13, 28], but it has more 
recently become clear that NS5 from all 4 DENV 
serotypes can localise in the nucleus, although to 
differing extents [24, 56], with comparable obser-
vations for WNV, Zika Virus (manuscript in prep-
aration), YFV [5] and JEV [12]. NS5 from 
DENV3 is strongly nuclear, in similar fashion to 
NS5 from DENV2 (see Fig.  15.2), whilst NS5 
from DENV1 and 4 is more cytoplasmic (see 
Fig. 15.2; not shown) [24, 56]. Treatment of cells 
with a specific inhibitor of nuclear export (lepto-

mycin B  – LMB) increases the localisation of 
NS5 from all DENV serotypes significantly [55, 
56], demonstrating that NS5 cycles between 
nucleus and cytoplasm (see Figs. 15.1 and 15.2). 
That NS5 alone has the intrinsic trafficking abil-
ity (targeting signals) to move between cyto-
plasm and nucleus is indicated by the fact that, 
out of the context of infection, ectopically 
expressed NS5 is nuclear and sensitive to LMB 
(see Fig. 15.2).

Finally, nuclear NS5 appears to be able to 
localise dynamically in the nucleolus, a subcom-
partment of the nucleus in infected cells, as well 
as when ectopically expressed ([15]  – see 
Fig.  15.2). Low pH appears to drive nucleolar 
localisation, which may be relevant to acidosis in 
the severe DHF form of DENV disease. That 
NS5 nucleolar localisation is of physiological 
significance is implied by the fact that a reverse 
genetics-derived mutant DENV that is impaired 
in NS5 nucleolar trafficking is not viable; 
although the precise functional role in the nucle-
olus of NS5 is not yet clear, modulation of ribo-
some assembly, a key function of the nucleolus, 
and hence host cell translation appears a possibil-
ity. Significantly, this is consistent with the fact 
that ribosomal protein subunits can be identified 
in the NS5 interactome, as determined using 
unbiased screening approaches such as the yeast 
2-hybrid system (unpublished).

15.2  Nucleocytoplasmic 
Trafficking of NS5

15.2.1  The Host Cell Nuclear 
Trafficking Machinery

Transport into and out of the eukaryotic cell 
nucleus of molecules >45 kDa requires posses-
sion of a specific targeting signal (nuclear local-
ization signal  – NLS  – and nuclear export 
sequence – NES – for nuclear import and export 
respectively) which is recognised by members of 
the importin (IMP) superfamily of nuclear trans-
port receptors, of which multiple α and β types 
exist [33, 49]. Nuclear import occurs when an 
NLS is recognized by either the IMPα/β1  
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heterodimer or IMPβ1 alone or one of the many 
homologues thereof, followed by translocation 
through the nuclear envelope-embedded nuclear 
pore complexes. Once inside the nucleus, binding 
of RanGTP to the IMPβ dissociates the complex 
to release the cargo within the nucleoplasm to 
play its nuclear role [33, 47]. Nuclear protein 
export occurs analogously, whereby a NES in the 
cargo protein is recognized in the nucleus by spe-
cific members of the IMPβ family called expor-
tins (EXPs) (of which CRM-1/XPO1/EXP1 is 
the best characterized) bound to RanGTP, prior to 
export to the cytoplasm and dissociation of the 
complex [50, 63].

15.2.2  Targeting Signals Mediating 
Nucleocytoplasmic Trafficking 
of NS5

Nucleocytoplasmic transport of DENV NS5 is 
regulated, at least in part, by multiple targeting 
signals within the “interdomain” region between 
the N-terminal MTase domain and the C-terminal 
RdRp (see Fig. 15.1, enlargement) [4]. The NS5 
interdomain region contains two NLS signals; 
the aNLS (recognized by IMPα/β1) and the 
bNLS (recognized by IMPβ1 alone) [4], of which 
the aNLS appears to be dominant (see [51]). 
Further, the aNLS has been shown to be neces-

Fig. 15.2 DENV NS5 nuclear/nucleolar localisation in 
infected or transfected cells. Confocal miscroscopic 
images are shown for DENV1- or 2-infected cells fixed 
and stained for NS5 at the indicated time point post infec-
tion (p.i.) (left), GFP-tagged DENV1 or 2 NS5 16 hours 
post-transfection, in the absence or presence of treatment 

with the Exp1 inhibitor LMB for 3 hours prior to imaging 
(right) (see [52, 55, 56]). Lower panels highlight NS5 
nucleolar localisation in immunostained DENV2 infected 
cells (left), or colocalisation of GFP-DENV2-NS5  in 
transfected cells that are costained for the nucleolar 
marker fibrillarin (see Ref. [15])
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sary and sufficient for DENV2 NS5 nuclear accu-
mulation; i.e. it has been shown to be able to 
target a large, normally non-nuclear reporter pro-
tein into the nucleus out of the context of NS5 
(see [4, 13]; see however [57]). The interdomain 
region also contains a CRM-1 recognised NES 
[55] and the binding site for NS5 interaction with 
NS3 [34], an essential part of the viral replication 
complex [2, 35, 36, 46]. Mutation of any of these 
signals has dramatic effects on the viability of the 
virus [51, 55]. In particular, mutation of 5 lysine 
(K) residues within the aNLS to alanine (A) 
results in such severe effects on viral replication 
that the virus is unable to be recovered. Partial 
mutation of this region (DENV A2 mutant; 
KKK387-389AAA) produces a severely impaired 
virus with dramatically reduced virus growth 
kinetics ([51]; see also [23]).

Finally, recent work [57] implicates the addi-
tional contribution to NS5 nuclear localisation of 
the C-terminal resides of NS5 (C-NLS  – see 
Fig.  15.3), which can be crystallised as a syn-
thetic peptide with a truncated form of IMPα that 
is unable to bind IMPβ1; mutation of this C-NLS 
also appears to impact NS5 nuclear localisation 
in infected cells and the production of infectious 
virus, although this C-terminal region of NS5 
also appears to be important for dimerisation, 
which may be important to DENV replication 
(see [57, 69]). Importantly, while the C-NLS is 
exposed in crystal structures of full length NS5, 
in contrast to parts of the interdomain region (e.g. 
the NES region – see [29]), the possibility of NS5 
hyperphosphorylation changing NS5 conforma-
tion/masking or unmasking targeting sequences 
has not been considered experimentally thus far. 
It should also be remembered that a crystal struc-
ture of IMPα bound to a peptide NLS is some-
what distant from the physiologically relevant 
situation of a full length protein being recognised 
by the transport competent IMPα/β1 heterodimer 
in the context of a cell. Clearly, the field would 
greatly benefit from crystal structures of full 
length NS5 bound to IMPα (and preferably the 
IMPα/β1 heterodimer); this would resolve the 
important question of the nuclear transport 
competent complex that is relevant to flavivirus 

biology and cell biology in general. It is certainly 
striking that the basic residues of the C-NLS are 
not conserved throughout DENV1–4, or in 
related flavivirus NS5 sequences, in contrast to 
the bNLS/aNLS and NES of the interdomain 
region (see Fig. 15.3).

Taken together, it seems likely that the subcel-
lular localisation/nucleocytoplamic trafficking 
ability of NS5 is a product of the combined 
activities of the various contributing NLS and 
NES sequences. Importantly, these targeting 
sequences themselves would appear likely to be 
regulated by phosphorylation (e.g. [28]; see [16, 
17, 33]) or potentially other post-translational 
modifications (e.g. [16, 18]). Our recent work 
(manuscript in preparation) suggests that phos-
phorylation within the interdomain region may 
well be key to switching between nuclear import 
and export (see also [13]), and hence the driver of 
cycling between the nucleus and the cytoplasm.

15.2.3  Nucleocytoplasmic Trafficking 
of NS5 as a Therapeutic Target

15.2.3.1  Reverse Genetics Studies
There is a body of evidence that shows that NS5 
nuclear trafficking is essential to DENV infec-
tion. Firstly, as indicated above, reverse genetics 
approaches, where key mutations are incorpo-
rated into a DENV infectious clone to test for 
their effect on viral infection, indicate that muta-
tion of the interdomain NLSs as well as NES, 
result in attenuation or lethality for DENV ([51, 
55]; see also [23]), with comparable results for a 
mutant virus impairing NS5 nucleolar targeting 
[15]. Clearly, where viable mutant virus cannot 
be recovered, it is not possible to conclude that 
the impact of impaired nucleocytoplasmic traf-
ficking, as opposed to additional functions of 
NS5, is the basis of lethality in vivo. In the case 
of the DENV A2 mutant (KKK387-389AAA), 
alluded to above, however, there is a correlation 
between NS5 nuclear import kinetics and DENV 
virus production, where the A2 mutant NS5 
does accumulate in the nucleus in infected cells, 
but much more slowly that wild type, and has 
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concomitantly reduced virus growth kinetics [51]. 
Clearly, the fact that the A2 virus can replicate 
in vivo implies that effects of the mutation on 
replicative functions of NS5/protein stability etc. 
are unlikely; in short, all results thus far from in 
vitro studies, transfected cell studies and infected 
cell studies give no hint whatsoever that there 
could be an impact of the A2 mutation on NS5 
protein stability, interaction with NS3 or repli-
case activity ([51]; see however [57]).

Several other studies suggest that the situation 
may be more complex, with mutations in the 
interdomain region (“mutant 397–398”) reducing 
NS5 nuclear accumulation, but not impacting 
virus growth kinetics significantly, according to 
Kumar et al. [31]. Comparable results have been 

reported for various C-NLS region mutations 
([57], and not shown). In all cases, it is difficult to 
conclude definitively that a low but functionally 
important level of NS5 nucleocytoplasmic traf-
ficking may not be not occurring; analysis in the 
presence of LMB has not been performed for 
these mutated derivatives. As evident for DENV1 
and 4, NS5 is largely cytoplasmic at steady state, 
but LMB treatment elevates the degree of nuclear 
accumulation (e.g. see Fig.  15.2; [56]), clearly 
demonstrating that NS5 is trafficking dynami-
cally between nucleus and cytoplasm. That the 
low levels of DENV1/4 NS5 nuclear trafficking 
are functionally significant is implied by the fact 
that the growth of DENV1/4, like that of 
DENV2/3, is impacted significantly by nuclear 

Fig. 15.3 Schematic diagram of the key domains for 
nuclear trafficking within DENV NS5 aligned to related 
Flaviviruses. Sequences of the interdomain (left) and 
C-terminus (right) are shown in the single amino acid letter 
code. Sequence alignments are for the NS5 proteins from 
DENV1–4 (GenBank IDs AIU47321.1, AAK67712.1, 
AHN50411.1, AMP43484.1 respectively) and related fla-
viviruses including Yellow fever virus (YFV, GenBank 
NP_041726.1), Zika virus (ZIKV, GenBank 
YP_002790881.1), Japanese encephalitis virus (JEV, 
GenBank NP_059434.1), Kunjin virus (KUNV, GenBank 
AAP78941.1) and West Nile virus (WNV, GenBank 
ALF00101.1). The symbol ‘*’ below a position indicates 
identical residues, while ‘:’ indicates conservation of highly 
similar residues (roughly equal to a score of >0.5  in the 
Gonnet PAM 250 matrix), and ‘.’ indicates conservation of 
only somewhat-similar residues (roughly equal to a score of 
between 0.5 and 0 in the Gonnet PAM 250 matrix). A high 

degree of sequence identity is observed within the NS5 
interdomain regions of the viruses, while the C-terminal 
NLS is less-well conservation between viruses. The sche-
matic below shows the NS5 domains, with the 
S-adenosylmethyltransferase (MTase) domain within the 
N-terminal end, separated from the C-terminal RNA-
dependent RNA polymerase (RdRp) by the interdomain 
region. The interdomain region contains two nuclear locali-
sation sequences (NLS) and one nuclear export sequence 
(NES), and their proposed importin (IMP) and exportin 
(Exp) binding partners shown [51, 55]. The recently 
described C-terminal NLS [57] is also shown. The viral 
NS3 protein is thought to bind within the NS5 bNLS region 
[34], with K330 absolutely required [70]. Although the key 
residues for nucleolar targeting are known to include L165/
L167/ V168 [15], the minimal nucleolar targeting element of 
DENV2 NS5 has not yet been defined, and so homology 
alignment around this region of NS5 is not presented
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import inhibitors (e.g. the NS5-specific nuclear 
import inhibitor N(4-hydroxyphenyl) retinamide 
or 4-HPR – see Sect. 15.2.3.2 below) ([14, 56]; 
manuscript in preparation). Thus, testing reverse 
genetics-generated mutant DENV virus for sus-
ceptibility to 4-HPR may well be a definitive 
method to demonstrating that NS5 nucleocyto-
plasmic trafficking is not required for efficient 
DENV infection. Taken together, the results from 
reverse genetics studies are consistent with 
nucleocytoplasmic trafficking of NS5 being inte-
gral to efficient infection/virus production.

15.2.3.2  Host Gene Screens
Several studies have performed genome-wide 
screens using siRNAs to assess which host genes 
impact flavivirus production (e.g. [30], for WNV 
as well as DENV). Such studies are limited in 
terms of the extent of the gene knockdown and its 
potential cell toxicity, and the lack of validation 
of given targets, and hence are rather inconclu-
sive in terms of whether they implicate host cell 
factors such as IMPs/EXPs as contributors to 
infection. Hanneman et  al. [24] used targeted 
siRNAs to assess the role of specific IMPs in 
DENV infection, with results clearly implicating 
IMPβ1 (KPNB1 gene) as a host cell factor con-
tributing to DENV infection. Knockdown of 
IMPα1 (KPNA2 gene) was not found to impact 
DENV infection, but since there are multiple dis-
tinct IMPα isoforms that work with IMPβ1 to 
mediate nuclear import of classical NLS (aNLS)-
containing cargoes such as NS5), it cannot be 
excluded that one of the other IMPαs can com-
plement the absence of normal levels of IMPα1. 
CRISPR knockout screens in cell culture systems 
(e.g [41, 68].) have revealed some effect of 
KPNA2 or KPNB1 knockout in assay systems for 
multiple flavivirus members, including DENV, 
but the caveats of IMPα redundancy overcoming 
effects of KPNA2 knockout complicate the inter-
pretation of results, and cytotoxicity due to 
knockout can also be a confounding factor in 
CRISPR/Cas9 screens (e.g. KPNB1 knockout is 
also known to be embryonic lethal in mouse  – 
[45]); we have indeed found various host cells to 
be highly sensitive to even IMPβ1 knockdown 
using siRNA (e.g. [6, 26, 32]).

15.2.3.3  IMP-Targeting Small 
Molecule Inhibitors

The first nuclear transport inhibitor to be shown 
to have effects on DENV replication was the 
EXP1-specific inhibitor LMB [55]. Strikingly, 
LMB treatment, which inhibits NS5 nuclear 
export and hence increases NS5 nuclear accumu-
lation, resulted in significantly increased rather 
than decreased virus production [55]; experi-
ments using Karyopharm new generation EXP1 
inhibitors (e.g. [44]; unpublished), or small 
inhibitory RNAs (siRNAs) to EXP1 resulted in 
similar effects (data not shown). This strong cor-
relation of the efficiency of virus production with 
the extent of NS5 nuclear accumulation is further 
consistent with NS5 nuclear accumulation being 
an important contributing factor to the DENV 
infectious cycle/virus production.

The first nuclear import inhibitor to inhibit 
DENV replication was ivermectin, derived using 
the approach depicted in Figure 15.4a [64, 65]. 
Briefly, a chemical library was tested in a high 
throughput format for the ability to inhibit recog-
nition by IMPα/β1 of a viral protein (in this case, 
the IMPα/β1-recognised integrase protein from 
human immunodeficiency virus-1  – HIV-1). As 
shown in Fig. 15.4a, a counterscreen to identify 
inhibitors interfering with the screening readout 
reaction (ALPHAScreen  – see [62, 64]), fol-
lowed by a crossscreen to identify inhibitors that 
are specific to integrase (by testing for the ability 
to inhibit binding of IMPα/β1 to another viral 
protein  – in this case, simian virus SV40 large 
tumor antigen – T-ag), enables rapid differentia-
tion of hit compounds which are either specific to 
the viral protein in question (see [14, 64]), or 
“broad spectrum” inhibitors that likely target the 
host IMPs. Ivermectin was identified in such a 
screen, and subsequently shown to be able to 
inhibit a range of viruses that rely on IMPα/β1 for 
nuclear import of a particular protein that is criti-
cal for the infectious cycle; these include 
DENV1–4 [56, 65], and ZIKV (unpublished). 
More recently, we were successful in identifying 
a distinct IMPα interacting small molecule from 
an analogous screen where DENV2 NS5-IMPα/
β1 binding was the target (manuscript in prepara-
tion); again, the inhibitor (“GSP”) inhibited 
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infection by DENV1–4. The results both impli-
cate the key role of NS5 nucleocytoplasmic traf-
ficking in the DENV infectious cycle, and 
confirm that nuclear import of NS5 is a viable 
target for the development of antivirals.

15.3  Specific Antivirals for DENV 
and Related Viruses

15.3.1  N-(4-Hydroxyphenyl) 
Retinamide (4-HPR), a Specific 
Inhibitor for DENV Targeting 
the Host-Pathogen Interface

An important step forward in developing new 
strategies to identifying antivirals has been to tar-
get the host-virus interface. As outlined above 
(Sect. 15.2.3.3; see Fig. 15.4a), screening for spe-

cific inhibitors can be fast-tracked using this 
streamlined screen-counter screen-cross screen 
approach, used for the first time to identify a spe-
cific inhibitor of HIV-1 integrase nuclear import 
for the first time [64], and subsequently shown to 
inhibit HIV-1 infection [65]. As indicated, broad 
spectrum inhibitors that target IMPs and have 
strong activity as antivirals (such as ivermectin) 
can be easily identified ([20, 38, 56, 65]; manu-
script in preparation), but specific inhibitors 
that truly target the host-virus interface (see 
Fig.  15.4a) are highly desirable, to avoid the 
potentially cytotoxic effects of host-targeted 
inhibitors such as ivermectin and LMB/
Karyopharm EXP1 inhibitors. Agents specifi-
cally targeting host enzymes/properties such as 
celgosovir (host α-glucosidase I inhibitor) and 
lovastatin (a lipid lowering statin which improves 
endothelial function) have thus far have proven 

Fig. 15.4 4-HPR as a specific inhibitor of DENV 
infection. (a) The high-throughput screening methodol-
ogy used to identify inhibitors targeting the host-pathogen 
interface, including counter- and cross-screening steps. 
Screening for inhibitors of DENV2 NS5-IMPα/β1 is an 
example, leading to 4-HPR as potent specific inhibitor 
(and ivermectin as a broad spectrum inhibitor targeting 

IMPα). (b, c) Efficacy of 4-HPR in models of antibody- 
dependent enhanced (ADE) DENV infection using the 
THP-1 monocyte cell line and peripheral blood mononu-
clear cells (PBMCs), respectively. (d) 4-HPR protects 
against lethal ADE-infection in Sv/129 mice (see [14]). 
QD, daily administration; BID, twice daily 
administration
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ineffective in clinical trials as anti-DENV agents 
[37, 66], further underlining the low likelihood of 
success in treating DENV infection with host–
acting agents. Strikingly, identifying inhibitors 
that target the host-pathogen interface, as opposed 
to the viral component specifically ensures a 
reduced selective pressure for mutated deriva-
tives of viral pathogens that can circumvent the 
antiviral agent (e.g. see [39]); as long as the host- 
pathogen interface that is targeted is absolutely 
essential for efficient infection, the selection to 
maintain the integrity of the interface is likely to 
be strong.

Fraser et  al. [14] succeeded in applying the 
strategy outlined in Figure  15.4a to the NS5- 
IMPα/β1 interface, identifying N-(4- 
hydroxyphenyl) retinamide (4-HPR) as a specific 
inhibitor for DENV. 4-HPR was shown to inhibit 
various forms of DENV disease, including 
DENV1–4 and DENV-ADE infection, in various 
cell models, human peripheral blood mononu-
cleocyte culture (PBMCs), which represent a rea-
sonable model of human infection, and in a lethal 
animal model [14]. 4-HPR had activity both as a 
prophylactic, providing some protection when 
added before infection, as well as a treatment 
agent, having efficacy even when added up to 
24 hours post-infection ([14]; not shown). Finally, 
4-HPR was also efficacious in protecting against 
WNV [14] and ZIKV (unpublished). Excitingly, 
4-HPR has an established safety profile, having 
been used extensively in an oral formulation in 
humans for various forms of cancer in Phase I-III 
trials, including oral administration of high doses 
to children for long periods [8, 19, 42, 53, 59, 
60]. Using tablet or lipid-based granular formula-
tions at a dose of 1700 mg/m2/day, plasma levels 
as high as 21 μM have been achieved indicating 
that high levels of 4-HPR can be maintained for 
long periods in humans without toxic indications, 
thus meaning that clinically-effective concentra-
tions of 4-HPR are likely to be realistically 
achieved to combat DENV infection in humans. 
Clearly, 4-HPR is a very exciting prospect for 
further development as an anti-DENV agent.

15.3.2  Future Antiviral Development; 
New Targets and Host- 
Pathogen Interfaces

As indicated in Sect. 15.3.1, 4-HPR is an exciting 
prospect for combating DENV infection, with the 
potential to combat WNV and ZIKV. New deriv-
atives of 4-HPR generated by medicinal chemis-
try indicate potential improvements in 
structure-activity relationship testing (unpub-
lished) and suggest that future medicinal chemis-
try approaches may well yield an even better, 
potentially more stable/longer-acting antiviral, 
with more efficacious prophylactic properties, 
that will of course need testing in clinical trials 
for safety and efficacy. New screens along the 
lines of the strategy illustrated in Figure  15.4a 
could be conducted for other host-pathogen 
 interfaces relevant to DENV such as the 
NS5:EXP1 interface; even though LMB increases 
rather than reduces virus production, it is clear 
that preventing NS5 nuclear export function leads 
to lethality [55], implying that this could still be a 
good target, e.g. for agents that stabilize the inter-
action. Along similar lines, enhancing the bind-
ing of host proteins that can act to inhibit nuclear 
import (negative regulators of nuclear import or 
NRNIs, such as BRCA1-binding protein 2  – 
BRAP2 – in the case of SV40 large T-antigen and 
cytomegalovirus ppUL44 processivity factor  – 
[17]) could be a novel approach, although it has 
not yet been formally established that NS5 is a 
target of NRNIs such as BRAP2.

Since phosphorylation of NS5 is known to 
enhance NS5 nuclear accumulation strongly 
[28], agents that inhibit specific phosphorylation 
of NS5 (or enhance phosphatase activity specifi-
cally directed at key sites in NS5) could have 
antiviral effects (manuscript in preparation). 
Various studies have used inhibitors to limit 
DENV infection (e.g. [1]). Noppakunmongkolchai 
et al. [48] used protein kinase C (PKC) inhibi-
tors/activators to monitor alterations to NS5 
RdRp phosphorylation, with PKC concluded to 
be an antiviral agent; phosphorylation of NS5 by 

D. A. Jans and A. J. Martin



209

PKC seemed to reduce DENV infection. How 
exactly these results relate to the observation of 
nuclear (non-replication complex active) NS5 
being hyperphosphorylated [28] is unclear, but 
certainly of interest for future study. Agents that 
target host kinases (or phosphatases) directly are 
likely to lead to cytotoxicity, so using these as 
therapeutics in the case of flavivirus may not be 
advisable, but the idea of finding specific inhibi-
tors that can mask particular key phosphoryla-
tion sites on NS5 could well be an exciting 
possibility. A screen of the type shown in 
Figure  15.4a for compounds targeting recogni-
tion of NS5 by a particular kinase at a key site 
for nuclear targeting could well prove viable as a 
means to identify new agents with antiviral 
activity that target the host-NS5 nuclear localisa-
tion interface.

Finally, a target that until now seems to have 
attracted little attention is to try to target the inter-
actions of NS5 with its viral binding partners. In 
particular, NS3-NS5 binding, clearly essential to 
DENV replication, would appear to be a virus- 
virus interface well worthy of high-throughput 
screening approaches; as for the host-pathogen 
interface, selection for resistance to inhibitors of 
NS3-NS5 binding would be unlikely, since the 
NS3-NS5 interface is so critical to viral 
replication.

15.4  Conclusion

Although nuclear targeting by DENV NS5 was 
reported over 22  years ago, and its molecular 
basis in terms of the host factors responsible 
10 years ago, it has only been the last 6 years that 
have seen this information used to identify inhib-
itors of the process that have antiviral action. It is 
to be hoped that this work progresses towards 
efficacious therapeutics in the clinic, with the 
novel strategies used to target NS5 nuclear traf-
ficking able to be applied to develop antivirals to 
tackle the other viruses of global medical signifi-
cance that have no vaccine or antiviral agent 
available. It seems likely that agents found to be 
efficacious towards DENV will be easily trans-
ferrable to ZIKV, WNV and related viruses; the 

extent to which the agents themselves will be 
transferable to other more distantly related 
viruses cannot be estimated at this stage, but 
there seems every reason to believe that nucleo-
cytoplasmic targeting of viral proteins will prove 
a viable target in almost every case. With a con-
sidered focus on strategies to target the host-virus 
interface, the coming years should prove a fruit-
ful and exciting time in the antiviral field.
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 Discussion of Chapter 15 at Dengue 
and Zika: Control and Antiviral 
Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. David Jans.

Katja Fink: So at least for the mouse model 
studies with 4-HPR, was that prophylactic 
treatment or post-infection?

David Jans: It was co-treatment.
Katja Fink: So the next step will be to see 

whether it works post-infection.
David Jans: Yes, we still need to do all those 

experiments in mice.
Laura Rivino: So just a thought: If you block 

NS5 entry in the nucleus, you will have accu-
mulation in the cytoplasm, right? And also, 
there will be rapid degradation. So would this 
lead to increased presentation of NS5 peptides 
and could this lead to excessive T-cell activa-
tion? NS5 is one of the main targets of T-cells, 
but you may not see this in the AG129 mouse 
model, because it is more impaired in T-cell 
responses.
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David Jans: Yes, we can speculate about that. 
The way I think about it is at least in the first 
line, that you will not have the effects on T-cell 
activation, and that the antiviral response will 
be much more robust.

Siew Pheng Lim: Does the 4-HPR affect the 
polymerase activity?

David Jans: No.
Siew Pheng Lim: Have you tried to crystallize 

this compound with importin-alpha?
David Jans: We have tried that, but failed. It does 

not crystallize and I don’t think it binds 
4-HPR.  I suppose, it may seem counter- 
intuitive, but it looks like most of the 4-HPR 
binding is on NS5 and of course we would like 
to get a co-crystal of this.

Félix Rey: I am not a specialist in this localization- 
by- fluorescence assay. So I was wondering 
what would you expect if NS5 was localized 
at the outer nuclear membrane, in invagina-
tions where there is replication.

David Jans: So you mean the nuclear envelope?
Félix Rey: Yes, the outer nuclear membrane 

which is continuous between the ER and the 
nucleus. If you have invaginations containing 
replication complexes all around the nuclear 
membrane, what would you expect to see by 
fluorescence?

David Jans: You saw the images that we get in an 
infected cell and I do not see very much fluo-
rescence. But we would be able to see differ-
ences for sure depending on how much 
proteins is there, I suppose. So we are limited 
always by the amount of protein in the infected 
cell. If we use the GFP protein, then we can 
visualize it much better, may be because of the 
dynamics etc.

Félix Rey: I would expect it to be localized in the 
cytoplasm, right, where NS5 is supposed to be 
located for replication.

David Jans: You saw the pictures: There are 
huge amounts of NS5 in the nucleus.

Félix Rey: You mean in the nucleus and not in 
the nuclear membrane?

David Jans: Correct. And in the nucleolus as well.
Aruna Sampath: So this is focused on NS5. I 

just want to make a comment that in one of the 
screens where you look at the importance of 

alpha/beta inhibitor, there is potential for 
broad-spectrum activity. The exportins are 
actually more prominent, there are molecules 
with broad-spectrum activity. There are mole-
cules that are actually in clinical trials right 
now.

David Jans: We are working on them. They cer-
tainly seem to work for flu.

Subhash Vasudevan: David, one comment that 
has to be made is that, as you pointed out in 
your response to Siew Pheng’s question, 
4-HPR does not affect RdRp activity. There is 
still a lot to be learned about how 4-HPR 
works. One possible scenario is that if you 
replace NS5 with a host protein that is required 
in the replication process and that is probably 
shuttling in and out of the nucleus, you will 
get the same antiviral response. Two papers 
have been published for Zika recently, where 
they picked up the molecule that you discov-
ered, ivermectin, through cell-based infection 
assays. I guess it is the same probably for most 
of the flaviviruses – they require this critical 
unknown host factor that is cycling in and out 
the nucleus.

David Jans: I don’t think we need to go there. 
These are repurposed drugs, so 4-HPR has 
been used before for other indications and 
Ivermectin is the same. But clearly, host fac-
tors are required in replication and there is no 
question about that. Is it that the key thing in 
the replication complex that is being blocked 
or is it something else? I think we can specu-
late on it, but I don’t think there is any evi-
dence for it. What is clear is that 4-HPR binds 
NS5 directly.
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Animal Models for Dengue 
and Zika Vaccine Development

Eduardo Alves dos Santos and Katja Fink

Abstract
The current status of animal models in the 
study of dengue and Zika are covered in this 
review. Mouse models deficient in IFN signal-
ing are used to overcome the natural resistance 
of mice to non-encephalitic flaviviruses. 
Conditional IFNAR mice and non-human pri-
mates (NHP) are useful immuno-competent 
models. Sterile immunity after dengue vacci-
nation is not observed in NHPs. Placental and 
fetal development in NHPs is similar to 
humans, facilitating studies on infection- 
mediated fetal impairment.

Keywords
Dengue animal models · Zika non-human 
primate model · Conditional knockout 
IFNAR mouse model · Non-IFN-receptor- 
based immuno-compromised mouse models · 
Humanized mice for dengue and Zika 
vaccine testing

16.1  Introduction

Flaviviruses are the cause of major arthropod- 
transmitted diseases that affect millions of people 
globally each year. Clinically most relevant are 
dengue virus (DENV), yellow fever virus (YFV), 
west nile virus (WNV), Japanese encephalitis 
virus (JEV), tick-borne encephalitis virus 
(TBEV) and, more recently, Zika virus. An effi-
cacious vaccine is available for yellow fever. 
However, since yellow fever vaccine YFV-17D is 
a live-attenuated virus it is not suitable for chil-
dren, the elderly and immuno-compromised. The 
disease is currently re-emerging in Africa, a situ-
ation that has led to renewed efforts in vaccine 
development for YFV [132]. For JEV and TBEV 
at least two efficacious vaccines are available 
[35, 137]. A WNV vaccine is licensed for veteri-
nary use only, while candidates for humans are in 
phase I or II clinical trials [3]. Major gaps remain 
for DENV and Zika virus. While Sanofi-Pasteur’s 
Dengvaxia® is available for licensing since 2016 
the vaccine is only suitable for highly endemic 
countries due to its low efficacy in sero-negative 
individuals [43, 56]. The vaccine is currently also 
limited to those aged between 9 and 45  years. 
Vaccines for Zika are in development and the first 
candidate, a DNA vaccine developed by NIAID, 
has entered phase I clinical testing [71] 
(ClinicalTrials.gov, identifier NCT02840487).

E. Alves dos Santos · K. Fink (*) 
Singapore Immunology Network, Agency for 
Science, Technology and Research A*STAR, 
Singapore, Singapore
e-mail: katja_fink@immunol.a-star.edu.sg

16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8727-1_16&domain=pdf
https://clinicaltrials.gov/ct2/show/NCT02840487
mailto:katja_fink@immunol.a-star.edu.sg


216

A major hurdle for vaccine development of 
the non-encephalitic flavivirus DENV has been 
the absence of relevant animal models. The same 
caveat now applies to Zika virus. YFV, DENV 
and Zika virus have evolved to replicate effi-
ciently in mosquitoes and humans, but not in 
other species. The mechanistic explanation is the 
capacity of these viruses to specifically block the 
human interferon response. When mice, and 
other non-natural hosts are infected, the inter-
feron response is activated effectively and stops 
virus replication early, resulting in very limited 
local infection that does not cause disease. In the 
absence of an animal model it is difficult to pre-
dict protection of vaccines, in particular if in vitro 
readouts such as neutralization assays are not 
established as correlates of protection, and are 
not standardized across laboratories.

Various animal models for dengue have been 
tested and they all have advantages and disadvan-
tages. In this review, we will focus on animal 
models for vaccine development. The models 
that are established for dengue also seem to be 
useful for Zika, and a discussion about vaccine 
development for this recently emerging flavivirus 
is included.

16.2  Non-human Primate Models

16.2.1  Non-human Primate Models 
for Dengue Vaccine Testing

Non-human primates (NHP) are natural hosts 
and reservoirs for YFV, DENV and Zika virus 
[117, 136]. While YFV causes severe disease in 
Rhesus macaques [42], DENV infection in NHPs 
is asymptomatic and NHPs are therefore only of 
limited use for vaccine development. 
Nevertheless, viremia can be detected in NHPs 
and the model has been employed for the testing 
of all vaccine candidates in advanced develop-
ment. Green monkeys, rhesus macaques and 
cynomolgus macaques were most commonly 
used (reviewed in [113]). All dengue vaccine 
candidates in phase I-III development have been 
tested in either Rhesus and/or cynomolgus 
macaques (Table  16.1). Marmosets have more 

recently been described as animal models for 
dengue infection but no advanced vaccine candi-
dates have been tested in marmosets yet [92].

A limitation of NHP models is the availability 
of reagents to assess the immune response after 
vaccination. While reagents to assess antibody 
(Ab) responses are easily available  – antibody 
responses can be quantified by neutralization 
assay and by ELISA – the detection of specific T 
cell responses is less established. Few T cell epi-
topes are described for NHPs [87, 133] and tetra-
mers are not easily available. In fact, surprisingly 
few NHP studies assessed the T cell response, 
given that NHPs are immuno-competent and 
superior to IFN-receptor-deficient mice in this 
respect. Amongst the reports listed in Table 16.1, 
Raviprakash et al.’ study mentions a low or unde-
tectable T cell response by ELISPOT [106, 108]. 
Koraka et al. found low and very variable num-
bers of mostly CD8-CD3+ T cell-mediated IFN-γ 
secretion using bead-sorted cells in ELISPOT 
[69]. Several groups report ELISA assays to mea-
sure IFN-γ, but this approach cannot distinguish 
whether the measured cytokines were secreted by 
T cells, NK cells or monocytes (Table  16.1). 
Other groups might have attempted to measure T 
cell responses but failed to do so and did not 
report negative results.

In almost all NHP studies that measured neu-
tralizing antibodies after challenge the animals 
showed a more or less significant anamnestic 
antibody response. This means that none of vac-
cine candidates listed in Table 16.1 induced ster-
ile immunity, defined as complete neutralization 
of the inoculated virus by antibodies and conse-
quently no priming of pre-existing specific 
immune memory. In addition to challenges after 
vaccination, similar anamnestic antibody 
responses were also observed after infection with 
wild-type viruses and subsequent homologous 
challenge [14]. In fact, in a scenario of booster 
immunization 1 year after the initial vaccination, 
anamnestic neutralizing antibody responses and 
the ensuing amplification of specific immune 
cells can be an advantage [54]. It remains to be 
established to which extent the generation and 
maintenance of immune memory can be com-
pared between humans and NHPs. However, 
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Table 16.1 Reports using NHPs for dengue vaccine testing

Model Vaccines tested Readouts Company/Institute References
Rhesus 
macaquesa

EDIII protein/DNA vaccine Abs by ELISA, NT50, 
viremia after challenge

Oregon Health & 
Science University

[83]

DEN-80E NT50 (LiCor- 
microneutralization) [49] 
or PRNT50 [31], viremia 
after challenge

Merck [31, 49]

2×EDIII linked to Flagellin FRNT, Abs by ELISA, 
viremia after challenge

Merck [49]

Purified inactivated DENV 
(TDEN-PIV) i.m.

MN50, viremia after 
challenge

GSK [44]

Chimeric DENV-JEV SA14-14-2 
s.c.

PRNT, viremia after 
challenge

Beijing Institute of 
Microbiology and 
Epidemiology

[75]

2′O-Methyltransferase mutant 
DENV

PRNT, viremia after 
challenge

A*STAR, Novartis 
Institute of 
Tropical Diseases

[150]

Vaxfectin-adjuvanted DNA 
vaccine

PRNT, T cell ELISPOT 
after re-stimulation with 
virus particles, viremia 
after challenge

Naval Medical 
Research Center, 
Silver Spring, MD
USA

[102]

Prime with recE or DNA vaccine, 
boost with live-attenuated 
(PDK-passaged)

PRNT, viremia after 
challenge

Naval Medical 
Research Center, 
Silver Spring, MD
USA

[122]

Evaluation of three non- 
replicating dengue virus type 2 
(DENV-2) vaccines: (i) a DNA 
vaccine containing the prM-E, (ii) 
a recombinant fusion protein 
consisting of E protein domain III 
and maltose-binding protein and 
(iii) a purified inactivated virus 
vaccine. DNA vaccine was given 
i.d., proteins i.m.

Abs by ELISA, PRNT, 
viremia after challenge

Naval Medical 
Research Center, 
Silver Spring, MD
USA

[123]

EDIII fused to P64k from 
Neisseria Meningitidis

Abs by ELISA, PRNT, 
viremia after challenge

Pedro Kourí 
Tropical Medicine 
Institute and 
Center for Geneti 
Engineeering and 
Biotechnology 
(CGEB), Cuba

[13]

prM-E-expressing adenovirus Abs by ELISA, PRNT, no 
T cell response could be 
detected 4 and 8 weeks 
after second vaccination 
and all vaccinated animals 
showed a moderate T cell 
response when measured 4 
weeks after virus challenge

Naval Medical 
Research Center, 
Silver Spring, MD
USA

[108]

Chimeric DNA vaccines Abs by ELISA, PRNT, 
viremia after challenge

Naval Medical 
Research Center, 
Silver Spring, MD
USA

[106]

(continued)
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Table 16.1 (continued)

Model Vaccines tested Readouts Company/Institute References
PDK- and fetal rhesus monkey 
lung cell-attenuated DENV-1 to 4

PRNT, viremia after 
challenge

Walter Reed Army 
Institute of 
Research WRAIR; 
same vaccine lot 
later used in 
clinical trials

[128]

17D-D2 yellow fever DENV-2 
chimeric virus

PRNT, viremia after 
challenge

Fiocruz [47]

Comparison of various vaccine 
candidates (PIV, DENV-80E, 
PDK-passaged live-attenuated 
virus), all s.c.

PRNT, viremia after 
challenge; interesting: no 
sterile immunity for all 
candidates tested

WRAIR, Hawaii 
Biotech, GSK

[109]

Chimeric DENV3/4, DENV-2 
and DENV-4 delta30 viruses

Viremia after immunization 
s.c. and challenge s.c. (for 
DENV-3/4 only), PRNT

NIH [15, 16, 
57]

DEN2/4delta 30 chimeric virus Viremia after immunization 
s.c., PRNT50

NIH [139]

ChimeriVax-DENV1 Attenuation tested after s.c. 
and i.c. infection

Acambis [53]

DENV-1 to 4 passaged in PDK, 
vaccine lots produced in fetal 
rhesus monkey diploid cell 
cultures

Attenuation tested after s.c. 
immunization, PRNT

WRAIR [40]

DENV-2 DNA vaccine PRNT, viremia after 
challenge

WRAIR [105]

DENV-1 delta30 PRNT, attenuation after 
immunization s.c.

NIH [138]

Chimerivax DENV-1 to -4 Attenuation after 
immunization, PRNT

Acambis Inc. [50]

DEN2mutF with a 3′ mutation 
that attenuates the virus highly in 
mosquitoe cells

Attenuation after 
immunization, PRNT, 
viremia after challenge

FDA [82]

DENV-1 DNA vaccine, i.m. 
versus i.d.

PRNT, Abs by ELISA, 
viremia after challenge, 
PBL stimulation with 
DENV and IFN-γ ELISA 
as a readout for T cell 
activation

Naval Medical 
Research Center

[107]

Modified Vaccinia Ankara 
expressing DENV E protein

PRNT, viremia after 
challenge

NIAID [85]

Chimerivax DENV-2 s.c. AttenuationPRNT, viremia 
after challenge

OraVax [52]

DENV-2 PIV PRNT, viremia after 
challenge

WRAIR [104]

Chimeras DEN1/DEN4 and 
DEN2/DEN4

Attenuation, PRNT, 
viremia after challenge

NIAID [20]

3′mutated DENV-4 Attenuation, PRNT NIAID [84]

baculovirus-dengue type-4 
(DEN-4) recombinant-infected 
cell extracts

PRNT, Viremia after 
challenge

WRAIR [41]

(continued)
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Table 16.1 (continued)

Model Vaccines tested Readouts Company/Institute References
Primary Canine Kidney 
(PDK)-cell passaged DENV-4

Hemagglutination 
inhibition antibodies, 
PRNT, attenuation, viremia 
after challenge

University of 
Hawaii

[80]

Cynomolgous 
Macaquesb

Tetravalent live-attenuated DENV 
vaccine on DENV-2 backbone 
(TDV) s.c. versus i.d. comparison

Peripheral blood 
transcriptome analysis, MN 
titers, viremia after 
challenge

Stanford, Takeda [126]

DENV-2 virus-like particles from 
stably transfected mosquito cells 
and boost after prime with LAV

PRNT, EDIII ELISA National Center for 
Genetic 
Engineering and 
Biotechnology, 
National Science 
and Technology 
Development 
Agency, Bangkok

[129]

TDV s.c. Cellular Immune response: 
IFN-γ and IL-2 by 
ELISPOT with DENV- 
stimulated PBMCs, PRNT, 
viremia after immunization 
and after challenge

Inviragen [94]

DEN 1 or DEN 2 E proteins 
fused to the P64k protein from 
Neisseria meningitidis

PRNT against different 
genotypes of DENV-1  
and -2

Pedro Kourí 
Tropical Medicine 
Institute and 
CGEB

[11]

ChimeriVax; assess competition 
between serotypes in tetravalent 
formulation s.c., injections in the 
same or two arms, YF naïve or 
pre-immune

Liquid 50% 
seroneutralization assay 
(SN50), viremia after 
immunization

Sanofi-Pasteur [54]

DEN 1 to 4 E proteins fused to 
the P64k protein from Neisseria 
meningitidis

Serotype-specific ELISA 
and HAI titer

Pedro Kourí 
Tropical Medicine 
Institute and 
CGEB

[63]

DENV-1 P64k protein from 
Neisseria meningitidis

Serotype-specific ELISA, 
PRNT, viremia after 
DENV-1 challenge

Pedro Kourí 
Tropical Medicine 
Institute and 
CGEB

[13]

Fusion protein of DENV-2 EDIII 
and P64k protein from Neisseria 
meningitidis

Anamnestic Abs after 
challenge by ELISA (IgM 
and IgG), HAI, PRNT

Pedro Kourí 
Tropical Medicine 
Institute and 
CGEB

[12]

DENV-1 DNA vaccine priming, 
DENV-1 prM expressed in 
Venezuelan equine encephalitis 
(VEE) virus replicon particles 
(VRP) for boosting

IgM and IgG by virus 
particle ELISA, PRNT, T 
cell ELISPOT after 
restimulation with purified 
DENV-1, viremia after 
challenge

Naval Medical 
Center

[29]

(continued)
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induction of sterile immunity in NHP studies as a 
criterium for vaccine efficacy seems not realistic 
since not even natural dengue infection induces 
sterile immunity in NHPs.

16.2.2  Non-human Primate Models 
for Zika

The mouse models described for Zika have the 
same limitations as those for dengue for vaccine 
development: they are genetically immuno- 

compromised or are rendered immuno- 
compromised temporarily by the administration 
of anti-IFN-α-receptor (IFNAR) antibodies. 
Moreover, mouse models only display some of 
the disease symptoms observed in humans. In 
contrast to dengue, animal models for Zika 
should be able to replicate maternofetal infection 
and the potential virus-induced fetal malforma-
tions. This is very challenging in a mouse model 
since human and mouse fetal development are 
substantially different [9]. Important to note in 
the context of a potential antibody-dependent 

Table 16.1 (continued)

Model Vaccines tested Readouts Company/Institute References
PDK-passaged, live-attenuated 
strains tested in naive and primed 
monkeys

IgM and IgG ELISA, 
PRNT, T cell ELISPOT 
after restimlation with 
infected, autologous 
transformed B cells, 
ELISPOT with 
magnetically sorted T cells

Erasmus Medical 
Center, Rotterdam

[69]

Fusion protein of DENV-2 EDIII 
and P64k protein from Neisseria 
meningitidis

IgG by ELISA, PRNT, 
viremia after challenge

CGEB, Cuba [58]

ChimeriVax DENV-1 with one 
amino acid constitution

Viremia after i.c and s.c. 
infection, histopathology of 
brain and spinal cord, 
PRNT

Acambis Inc. [53]

Tetravalent ChimeriVax Viremia after i.c and s.c. 
infection, histopathology of 
brain and spinal cord, 
PRNT, viremia post 
challenge

Acambis Inc. [51]

DENV-4 recombinant E protein 
(E4rec) expressed in Pichia 
pastoris

IgM and IgG ELISA, HAI 
titer, PRNT, viremia after 
challenge; Anamnestic Abs 
after challenge by ELISA 
(IgM and IgG), HAI, 
PRNT

Pedro Kourí 
Tropical Medicine 
Institute and 
CGEB,

[55]

Chimeric DEN2/1, live- 
attenuated DEN2-PDK53 as 
backbone

IgM by ELISA, PRNT, 
viremia after challenge

Mahidol University [23]

Live-attenuated DENV-2 and 
recombinant E protein

PRNT, viremia after 
challenge

Erasmus Medical 
Center, Rotterdam

[134]

DEN-3 PGMK 33 
intrathalamically, intraspinally 
and intramuscularly

PRNT, histopathology Mahidol University [5]

i.c. intracranial, i.d. intradermal, i.m. intramuscular, s.c. subcutaneous, FRNT focus forming neutralizing titer, MN50 
50% neutralizing titer measured in a micro-neutralization assay, PRNT plaque reduction neutralizing titer, recE recom-
binant E protein
aSearch-criteria: rhesus macaques AND dengue AND vaccine in Pubmed, 82 hits from 1990 to mid August 2016
bSearch criteria: cynomolgous macaques AND dengue AND vaccine in Pubmed, 25 hits considering studies from 1990 
to mid August 2016
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enhancement is the difference in the transmission 
of maternal antibodies: while in humans the 
majority of maternal antibodies is acquired by 
the fetus via the placenta and only small amounts 
are absorbed by newborns via breastmilk through 
intestinal uptake after birth, the transport in 
rodents (mice and rats) occurs mostly post-natal 
during lactation [97].

To study maternofetal transmission of virus 
and a potential impact of infection on fetal devel-
opment Rhesus macaques are a better model than 
mice due to their similar physiology with human 
fetal development [39] (Table 16.2). Dudley et al. 
report a study in which they infected Rhesus 
macaques with Asian Zika virus to establish a 
model for Zika virus pathology. Peak virus loads 
in plasma and saliva were similar for animals 
infected with 106, 105 or 104 pfu of virus, yet peak 
viremia occurred later for lower infection doses. 
Pregnant macaques were infected and evidence 
of virus in the developing fetuses was tested by 
amniocenteses. No virus could be detected by the 
time of the first publication [39]. Interestingly, 
however, both pregnant monkeys, showed a con-
sistent viremia up to day 29 and 57 after infec-
tion, respectively. In a follow-up report, viral 
RNA was detected in tissues of four out of four 
macaques delivered by cesarean section at term, 
indicating that maternofetal virus transmission 
seems prevalent [90]. Fetuses grew normally 
apart from showing a below average head cir-
cumference during the last month of pregnancy 
as assessed by ultrasound [90]. None of the new-
born macaques had microcephaly. In humans, 

prolonged viremia has been described for a preg-
nant woman whose fetus had a high virus load 
and brain malformations [38]. It remains to be 
studied whether this is a general phenomenon 
observed in a majority of infected pregnant 
women and whether vaccines should be tested for 
their efficacy in protecting from prolonged vire-
mia in pregnant non-human primates.

16.3  Rodent Models

16.3.1  Genetically Modified Mice 
for Dengue Vaccine Testing

16.3.1.1  AG129 Mice
Rodents are not natural host for DENV.  While 
DENV infection has been reported in wild type 
(WT) mice after virus inoculation through the 
intracerebral (i.c) [73, 74], intravenous (i.v) [28, 
61, 118], intradermal (i.d) [27] and intraperito-
neal (i.p) [7, 95, 125] route, those mice failed to 
show clinical signs observed in humans. The lack 
of a laboratory animal capable to naturally 
develop the severe forms of DENV infection not 
only compromises the understanding of the 
pathogenicity and the development of therapeutic 
interventions but also hampers the screening and 
prediction of vaccines efficacy.

In an attempt to overcome the natural resis-
tance of mice against DENV infection is 11 
immune-compromised mouse strains have been 
investigated (Table 16.3). It is known that DENV 
can inhibit the IFN signal during human  infection. 

Table 16.2 NHP models for Zika infection and vaccine testing

Model Vaccines tested Readouts Company/Institute References
Rhesus 
macaquesa

N/A Virus RT-PCR in plasma, saliva, urine, 
vaginal fluid, CSF; increase in 
proliferating NK and T cells, 
plasmablast quantification, PRNT

University of 
Wisconsin-Madison

[39]

N/A Virus RT-PCR in serum, urine, saliva, 
lacrimal fluid and in various organs; 
histology; IgM and IgG ELISA, 
PRNT, IFN-g and IL-10 ELISPOT of 
ex-vivo PMBCs

State Key Laboratory of 
Pathogen and Biosecurity, 
Beijing Institute of 
Microbiology and 
Epidemiology, Beijing

[76]

DNA vaccine 
VRC5283 and 
VRC5288

Virus RT-PCR after challenge, ELISA, 
PRNT

NIH [37]

Search criteriaa: animal model AND Zika AND vaccine: 10 hits by end Oct 2016
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Table 16.3 DENV infection in immune-compromised and wildtype mice and vaccine testing

Mouse model Deficiency
DENV & 
inoculation Features/outcome Vaccine testing References

A/J Lack the 
complement 
component C5

M-A DENV-2 
PL046
1 × 108 
p.f.u/i.v

Thrombocytopenia; 
Paraplegia. Survive

N/A [61]

M-A DENV-2 
PL046
1 × 108 
p.f.u/i.v

Virus in CNS, 
Neurodisease, 
Leukopenia, Elevate 
Haematocrit.

N/A [118]

AG129 Lack of Type I 
and II IFN 
receptors (129 
background)

M-A DENV-2 
16681
1 × 106 
p.f.u/i.p

Paralysis; Virus in 
serum, spleen and brain; 
Death

PDK-53 
(attenuated 
DENV-2). 
Protective with 2 
doses

[66]

Non M-A 
DENV-2 
PL046
1 × 108 
p.f.u/i.v

Neurodisease; Virus in 
spleen, liver, lymph node 
and CNS. Death

N/A [119]

M-A DENV-2 
D2S10
1 × 107 
p.f.u/i.v

Vascular leakage; 
systemic infection. 
Death

N/A [120]

Non M-A 
DENV-2 
TSV01
Up to 1 × 108 
p.f.u/i.p

Splenomegaly. Survived N/A [115]

Non M-A 
DENV-2 
D2Y98P
1 × 107 
p.f.u/i.p

Systemic infection, 
vascular leakage, liver 
and intestinal damage, 
lymphopenia. Death

N/A [130]

M-A DENV1 
Mochizuki
1 × 107 
p.f.u/i.p

Death. Multiple chimera 
vaccines for 
DENV1, 3 and 4 
on DENV-2 
PDK53 backbone. 
(1 dose). 
Protective.

[60]

M-A DENV-2 
NGC
1 × 103 
p.f.u/i.p

Death DENV-2/
WN-E1-112 and 
DENV-2-WN-P1 
chimeric virus. (2 
doses). Limit 
protection

[24]

Non M-A 
DENV4 
TVP-376
1 × 107 
p.f.u/i.p

Limited mobility; weight 
loss; leukopenia; liver 
and spleen damage. 
Death

N/A [111]

(continued)
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Table 16.3 (continued)

Mouse model Deficiency
DENV & 
inoculation Features/outcome Vaccine testing References
M-A DENV-2 
NGC or 
DENV1 
Mochizuki
1 × 106 
p.f.u/i.p

Morbidity. Paralysis. 
Death

Chimeric 
DENV1, 2,3 and 
4 of (E) and (prM) 
protein on 
DENV-2 PDK-53 
backbone. 2 
doses. Protective.

[22]

M-A DENV4 
703
1.5 × 107 
p.f.u/i.p

Morbidity. Weight loss. 
Death

Live attenuated 
tetravalent vaccine 
(TDV on DENV-2 
or 4 backbone). 1 
dose. Protective.

[46]

Non M-A 
DENV-2 
D2Y98P 
1 × 107 
p.f.u/i.p or 
Non M-A 
DENV1 
05K31226
1 × 106 
p.f.u/i.p

Death. Attenuated 
DENV1 or 2 
lacking 
2′-O-Mtase. 1 
dose. Protectived.

[149]

Non M-A 
DENV-2 S221
5 × 108 GE/i.p

Virus in organs and 
serum. Death.

UV inactivated 
DENV-2 S221 in 
Alum. 2 doses. 
Not protective.

[145]

Non M-A 
DENV3 
C0360/94
Up to 1 × 107.5 
f.f.u/i.p

Virus in spleen, liver and 
large intestine; 
leukopenia, 
thrombocytopenia, 
vascular leakage. Death

N/A [112]

A129 Lack of type I 
IFN receptor (129 
background)

M-A DENV-2 
D221
Up to 2 × 1012 
GE/i.v

Systemic infection. 
Death

N/A [103]

Non M-A 
DENV4 
TVP-376 
1 × 107 
p.f.u/i.p

Weight loss; virus in 
serum. Survived

N/A [111]

IFNAR−/− Lack of type I 
IFN receptor 
(C57BL/6 
background)

M-A DENV-2 
D221
1 × 107 
p.f.u/i.v

Virus in liver, small 
intestine, bone marrow. 
Death

N/A [93]

M-A DENV-2 
D221
Up to 1 × 104 
GE/i.v

Acute infection. Virus in 
spleen and kidney. 
Survived.

N/A [141]

Non M-A 
DENV-2 
D2Y98P 
5 × 106 
p.f.u/i.p

Weight loss. Systemic 
infection; virus in brain. 
Death

DENV-2 
EDIII-capsid 
[131]
(3 doses). Non 
protective.

[151]

(continued)
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Table 16.3 (continued)

Mouse model Deficiency
DENV & 
inoculation Features/outcome Vaccine testing References

Cardif−/− Lack of Cardif 
(also known as 
IPS-1; MAVS or 
VISA) protein.
(129 background)

Non M-A 
DENV-2 S221 
1 × 1012 GE/i.v

Virus in serum, spleen, 
bone narrow, mesenteric 
and peripheral lymph 
nodes. Survived.

N/A [99]

STAT1−/− Lack of STAT1 
protein (129 
background)

M-A DENV-2 
221
≅2 × 105 
p.f.u/i.v

Virus in liver, kidney and 
small intestine. Survived

N/A [98]

Non M-A 
DENV-2 
PL046
1 × 108 
p.f.u/i.v

Temporal Viral load in 
spleen, liver, lymph node 
and CNS. Survived.

N/A [121]

M-A DENV1 
Mochizuki
1 × 108 
p.f.u/i.v
Non M-A 
DENV-2 
NGC-N
1 × 105 
p.f.u/i.p

Subcutaneous and 
intestinal haemorrhage; 
vascular leakage; 
paralyses. Death.

N/A [30]

STAT2−/− Lack of STAT2 
protein (129 
background)

M-A DENV-2 
221
≅2 × 105 
p.f.u/i.v

Virus in spleen, kidney, 
liver and small intestine. 
Survival

N/A [98]

STAT1−/−2−/− Lack of both 
STAT1 and STAT 
2 proteins (129 
background)

High virus load in 
serum, spleen, kidney, 
liver and small intestine. 
Non-neurodisease 
symptoms. Death

N/A

STAT1−/−/
IFNAR−/−

Lack of STAT1 
and Type I IFN 
receptor (129 
background)

High virus load in 
serum, spleen, kidney, 
liver and small intestine. 
Non-neurodisease 
symptoms. Death

N/A

STAT1−/−/
IFNGR−/−

Lack of STAT1 
and Type II IFN 
receptor (129 
background)

Survived N/A

LysM-Cre+/−  
IFNAR−/−

Lack of Type I 
IFN receptor only 
in macrophages 
(129 background)

Non M-A 
DENV-2 
D2Y98P
5 × 106 
p.f.u/i.p

Morbidity with some 
mortality. Virus in 
kidney, blood, spleen, 
liver, brain, lung and 
inguinal lymph nodes.

DENV-2 
EDIII-capsid (3 
doses). Limit 
protection.

[151]

M-A DENV-2 
D2S20
1 × 106 
p.f.u/i.v

Morbidity. Virus in 
serum, liver, spleen and 
kidney. Survived

N/A [100]

(continued)
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However, this inhibition is species-specific and 
not observed in mice [1, 6, 144]. The activation 
of the IFN signaling pathway (Fig.  16.1) is an 
important event for the host inflammatory and 

antiviral response [62, 101]. Accordingly, mice 
deficient for the IFN-α/β –receptor (A129 mice) 
and IFN- α/β and γ-receptors (AG129 mice) on 
the 129/SV background succumb to 

Table 16.3 (continued)

Mouse model Deficiency
DENV & 
inoculation Features/outcome Vaccine testing References

CD11c-Cre+/−  
IFNAR−/−

Lack of Type I 
IFN receptor only 
in dendritic cells 
(129 background)

Non M-A 
DENV-2 
D2Y98P
5 × 106 
p.f.u/i.p

Morbidity with some 
mortality. Virus in 
kidney, blood, spleen, 
liver, brain, lung and 
inguinal lymph nodes.

DENV-2 
EDIII-capsid (3 
doses). Limit 
protection.

[151]

CD11c+/−LysM−  
Cre+/− IFNAR−/−

Lack of Type I 
IFN receptor only 
in macrophages 
and dendritic cell 
(129 background)

Non M-A 
DENV-2 
D2Y98P
5 × 106 
p.f.u/i.p

Virus in kidney, blood, 
spleen, liver, brain, lung 
and inguinal lymph 
nodes. Death

N/A

Abbreviations: M-A mouse adapted, N/A Not applicable, CNS Central Nervous System (brain and spinal cord), p.f.u 
plaque-forming unit, f.f.u focus-forming unit, GE genomic equivalent, (E) envelop protein, (prM) pre-membrane, 
2′-O-Mtase 2′-O-methyltransferase. Virus inoculation route: i.p intraperitoneal and i.v intravenous

Fig. 16.1 Overview of the canonical type I and II interferon receptor signaling pathways and interferon regulatory 
factors 3, 5, 7 and 9
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 mouse- adapted DENV-strain DENV-2 16681 
after i.p challenge regardless of their age [66]. A 
similar outcome was observed when the i.v route 
was used to inoculate mouse-adapted DENV-2 
PL046 strain [119]. The robust level of DENV 
replication observed in AG129 mice [66] allows 
this model to be used for the testing of antiviral 
drugs [115, 142]. Moreover, depending on the 
inoculation route and the mouse-adapted 
DENV-2 strain used, AG129 mice can also pres-
ent vascular permeability, low platelet count, 
cytokine storm, increased hematocrit and intesti-
nal hemorrhage [8, 120, 146], which are all signs 
of severe dengue disease. The use of mouse-
adapted DENV-2 strains that are not naturally 
found in humans for the testing of vaccines can 
be a controversial issue. AG129 mice are suscep-
tible to DENV-2 clinical isolates injected through 
the i.p. route, inducing viremia and potentially 
symptoms similar to the human acute dengue 
fever with non- lethal outcome [115]. An excep-
tion is non-mouse adapted DENV-2 strain 
D2Y98P, which induces lethal systemic infection 
in AG129 [130]. As models for the other DENV 
serotypes, a DENV-3 Thai human isolate 
C0360/94 [112], non-mouse adapted DENV-4 
strains 703-4 [86] and TVP- 376 [111] infection 
were recently successfully established in the 
AG129 model, resulting in non- neurological 
lethal disease. The susceptibility of an animal 
model to all four serotypes of DENV is particu-
larly relevant to prove serotype-specific immu-
nity induced by vaccines and to investigate 
ADE. AG129 mice, so far, are the most popular 
animal models for DENV pathogenesis and for 
the evaluation of therapeutics [26, 147]. However, 
AG129 is not an ideal model for vaccine studies 
due their lack of IFN-signal-dependent compo-
nents of the antiviral immune response. This 
explains the few published data for DENV vac-
cine testing in AG129 (Table  16.3): wild-type 
DENV-2 and chimeric DENV-2/1 vaccines 
induced humoral responses that protected all 
mice against subsequent i.p. challenge with 
DENV-2 NGC or DENV-1 Mochizuki virus [60, 
66]; a cDNA vaccine based on non-structural 
proteins of DENV-2 16681 strain and inactivated 
DENV failed to protect AG129 despite the gen-

eration of antibodies [24, 145], indicating a role 
for IFN response in DENV vaccine protection. 
However, live-attenuated chimeric or non- 
chimeric vaccines were protective in AG129 
mice [21, 46, 150].

16.3.1.2  A129 and IFNAR Mice
Contrary to AG129 mice which lack both the 
Type I and II IFN receptors, A129 (129/Sv back-
ground) mice are deficient for IFN Type I recep-
tor. These mice support mouse-adapted DENV-2 
replication after i.v. challenge but restrict sys-
temic infection by eliciting a CD8+ T-cell 
response preventing neurological abnormalities 
like paralysis [103]. Mice with the same genetic 
modification on a C57BL/6 background 
(IFNAR−/−) also support mouse-adapted DENV-2 
strain S221 (a variant of PL046) replication after 
i.v. inoculation, yet with non-lethal outcome and, 
similar to A129, induce a robust CD8+ T-cell 
response [141]. Non-neuro-pathogenic lethality 
induced by i.v. inoculation of mouse-adapted 
DENV-2 strain 220  in IFNAR−/− mice was 
reported [93], demonstrating the possibility of 
inducing systemic infection preceding lethality in 
IFNAR−/− mice. The fact that those models retain 
an intact IFN-γ signal but are still vulnerable to 
mouse-adapted DENV infection could be consid-
ered an improvement for DENV vaccine mice 
model over the AG129. However, also the IFN 
Type 1 receptor has an important role in the host 
antiviral response (reviewed in [62]). Thus, a 
global lack of the IFN Type 1 receptor can com-
promise the evaluation of DENV vaccine 
efficiency.

Non-IFN-Receptor-Based Immuno- 
Compromised Models
STAT (Signal Transducer and Activator of 
Transcription) 1 and STAT2 proteins are down-
stream components of IFN signaling pathway 
[77]. STAT1−/− mice infected with DENV-2 NGC 
strain via i.p. plus i.c. infection exhibited mild 
paralysis, intestinal hemorrhage and vascular 
leakage [30], an i.v. challenge with mouse- 
adapted DENV-2 PL046 resulted in virus replica-
tion in multiple tissues in this model [121]. 
Mouse-adapted DENV-2 S221 injected via the 
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i.v. route in single deficient mice lacking 
STAT1−/− or STAT2−/− presented a robust DENV 
replication but did not succumb to infection while 
double deficient mice exhibited an early non- 
neuropathology- related lethality [98]. Caspase 
Recruitment Domain (CARD) is a protein also 
known as Cardif, MAVS, VISA or IPS-1 that 
mediates the early induction of type I IFN in 
response to RNA virus infection [143]. Cardif- 
deficient mice present non-lethal systemic infec-
tion to DENV-2 S221 after i.v. challenge [99].

Considering the importance of IFNs for vac-
cine responses, one option for vaccine testing 
could be different immunocompromised mouse 
model with a functional IFN signaling. A/J mice, 
which lack the complement component C5, pre-
sented a viremia with lethal outcome when inoc-
ulated i.v. with mouse-adapted DENV-2 PL046 
[61, 118]. The major disadvantage of this model 
is the DENV-induced encephalitis as the main 
cardinal symptom. The involvement of central 
nervous system (CNS) is a rare condition in 
human DENV infection [79, 96].

16.3.1.3  Conditional IFNAR Mice
A different approach to overcome the global 
immunodeficiency presented in mouse models is 
to selectively delete IFN type 1 receptor in spe-
cific individual immune cell types. C57BL/6 
mice lacking the IFN type 1 receptor only on 
CD11c+ dendritic cells (CD11c-Cre+/−IFNAR−/−) 
or on lysosome M+ macrophages and granulo-
cytes (LysM-Cre+/−IFNAR−/−) were susceptible 
to non-mouse adapted DENV-2 D2Y98P infec-
tion by i.p. route while maintaining global 
immune competence [151]: a DENV-2 EDIII- 
capsid subunit vaccine was protective in the con-
ditional models but not in IFNAR mice [81, 131]. 
Single knock-out conditional IFNAR mice pre-
sented systemic infection but were less suscepti-
ble than double knock-out 
CD11c-Cre+/−LysM-Cre+/−IFNAR−/− mice. 
LysM-Cre+/− IFNAR−/− also proved to be a suit-
able model to study ADE using mouse-adapted 
DENV-2 D2S20 and a non-mouse adapted 
DENV-3 Thai human isolate through the i.v. 
route [100]. Conditional mouse models generate 
a more immuno-competent response compared to 

global knockout mice, providing a better 
approach particularly for vaccine testing.

16.4  Genetically Modified Mice 
as Zika Models

The first attempt to develop a mouse model for 
Zika virus (ZIKV) infection was conducted in the 
1950s. After multiple passages in murine brains, 
ZIKV induced clinical manifestation in Swiss 
albino mice resulting in death [33, 34]. The iden-
tification of a suitable mouse model to assess 
vaccine candidates and treatments for ZIKV 
became urgent after severe complications associ-
ated with ZIKV infection were reported in epi-
demic outbreaks in French Polynesia [25, 91] and 
Latin America [19, 114, 135]. Following the 
example of DENV, mice with different deficien-
cies for IFN signaling have meanwhile been 
tested to investigate the susceptibility for ZIKV 
(Table  16.4). Adult AG129 and A129 mice 
infected with 1  ×  105 pfu of the Asian lineage 
Zika virus strain FSS13025 via the i.p or intra-
dermal (i.d.) route developed viremia and showed 
weight loss, neurological symptoms and death 
[110]. A similar outcome was observed when 
adults A129 were inoculated with 1 × 106 pfu via 
subcutaneous route with the African lineage 
MP1751 strain [36]. Lethal models for ZIKV 
infection were described for AG129 [2, 72] and 
IFNAR−/− [72] mice below 5 weeks old. The use 
of young animals with not fully developed 
immune systems may represent a limitation for 
vaccine testing. Lethality can be achieved in 
adult mice with different ZIKV strains in 
Interferon Regulatory Factor (Irf) 3−/− Irf5−/− 
Irf7−/− triple knockout mice [72] and AG129 (8 
weeks old, i.p. infection with strain H/PF/2013) 
[2]. Those model are important for the testing of 
antiviral drugs [148] and to investigate the patho-
physiology of ZIKV infection [140].

As at October 2016 only two study reported 
Zika vaccine testing in mouse models [37, 68]. 
Meanwhile, several additional studies have been 
published, notably studies using mouse models 
to test efficacy. These are a purified inactivated 
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Table 16.4 Zika virus (ZIKV) infection in immunocompromised mice and vaccine testing

Mouse 
model Deficiency

ZIKV/inoculation & 
mice age Features/outcome Vaccination trial References

AG129 Lack of Type I and 
II IFN receptors 
(129 background)

Zika (Asian lineage 
FSS13025)
1 × 105 p.f.u/i.p or 
i.d on 3 weeks old 
mice

Virus in heart, liver, 
kidney, brain, lung, 
spleen, muscle and testis. 
Weight loss, neurologic 
disease. Death

N/A [110]

Zika Dakar strain 
41519
1 × 104 p.f.u/s.c on 
4 weeks old mice

Weight loss. Morbidity. 
Death

N/A [72]

Zika strain (H/
PF/2013)
1 × 105 p.f.u/hind 
foot or 2 × 105 p.f.u 
/i.p 3–4 or weeks 
old mice

Weight loss, lethargy, and 
neurologic disease. Virus 
in serum. Death

N/A [2]

A129 Lack of type I IFN 
receptor (129 
background)

Zika strain MP1751
1 × 106 p.f.u/s.c on 
5-6 weeks old mice

Virus in blood, brain, 
spleen and ovaries. Weight 
loss. Brain lesions. Death

N/A [36]

Zika (Asian lineage 
FSS13025)
1 × 105 p.f.u/i.p on 
3 weeks old mice

Virus in kidney, lung, 
spleen and muscle. 
Eventual virus detection 
on heart, lung, brain and 
testis. Weight loss, 
neurologic disease. Death

N/A [110]

1 × 105 IFU of 
FSS13025 or 1 × 
106 IFU of 
PRVABC59 ZIKV, 
i.p. route

Viremia, survival 10-del, 
live-attenuated

[116]

MR 766 and the 
FSS 13025 ZIKV 
strains 104 PFU s.c.

Viremia, survival Purified 
inactivated 
virus

[127]

IFNAR−/− Lack of type I IFN 
receptor (C57BL/6 
background)

Zika Dakar strains: 
41519, 41667 and 
41671
1 × 103 p.f.u/s.c on 
4 weeks old mice

Weight loss. Neurologic 
symptoms. Death

N/A [72]

1 × 106 plaque- 
forming units 
(p.f.u.) of ZIKV 
PRVABC59 strain 
by a s.c. route

Viral RNA presence and 
damage to testes and 
sperm

DNA vaccine 
encoding prME

[48]

Irf3−/−  
Irf5−/−  
Irf7−/−

Lack the Interferon 
Regulatory Factor 
3, 5 and 7 
(C57BL/6 
background)

Zika strain (H/
PF/2013) or (MR 
766)
1 × 102 p.f.u/s.c 5-6 
weeks old mice

Weight loss; neurologic 
symptoms. Death

N/A [72]

C57BL/6 None; wildtype 7 day old mice; 
Zika strain Dakar 
41542 105 pfu i.p

Weight loss, death Adenovirus 
construct 
expressing Zika 
E protein

[68]

C57BL/6 
and balb/c

None; wildtype Adult mice Antibodies by ELISA and 
PRNT

DNA vaccine [37]

Abbreviations: N/A Not applicable, p.f.u plaque-forming unit, f.f.u focus-forming unit. Virus inoculation route, i.p intra-
peritoneal and s.c subcutaneous
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virus [127], a DNA vaccine [48] and a live- 
attenuated Zika vaccine [116].

16.4.1  Humanized Mice for Dengue 
and Zika Vaccine Testing

The concept of using severe combined immuno-
deficient (SCID) mice capable to sustain human 
engraftments that allow DENV infection has 
been extensively reported [4, 10, 32, 45, 64, 65, 
70, 78, 88, 89, 124]. These models are known as 
“humanized” mice and the nature of their immu-
nodeficiency and the type of human cell trans-
planted has provided a variety of models 
displaying different degrees of DENV pathology. 
Nevertheless, they all failed to induce symptoms 
associated with severe dengue such as hemor-
rhage and vascular leakage. Humanized mice 
have been used for dengue antiviral drug testing 
[45], and have revealed interesting aspects of the 
humoral response like antibodies class switching 
after DENV infection [45, 70] and provide inter-
esting models to study the interaction of DENV 
and human cells in vivo. However, there are no 
reports of DENV vaccine testing in humanized 
mice, likely due to substantial variation observed 
in the degree of reconstitution in the mice (batch 
effect) [10]. Moreover, the murine environment 
does not correctly mimic the molecular and cel-
lular interactions required by the grafted human 
cells, resulting in impaired immune functions, in 
particular in the antibody response [65]. No 
humanized mice model has been described for 
ZIKV so far.

16.5  Conclusions

For dengue vaccine testing the following animal 
model features are required: (i) robust, reproduc-
ible viremia, (ii) immuno-competent, (iii) vire-
mia for all four serotypes. It is also desirable that 
the model shows clinical symptoms that are simi-
lar to those observed in dengue patients. 

Unfortunately, there is no model that fulfills all 
these criteria (Table 16.5) and the use of a combi-
nation of several models is likely the best 
approach to test and validate potential vaccine 
candidates.

The same animal model limitations discussed 
for dengue also apply for Zika. However, Zika 
vaccines might have to be tested for their capac-
ity to block infection of the placenta and the 
fetus, which likely requires models that are phys-
iologically similar to the human morphology. 
Importantly, more clinical studies are needed to 
establish the effect of Zika on the developing 
fetus in infected humans. Only once more com-
prehensive data are available from patients the 
potential usefulness of mouse models can be 
confirmed.

Recognition of viral genomic material in the 
cytoplasm triggering the Cardif signaling path-
way and recognition in endosome culminates in 
the activation of Interferon Regulatory Factors 
(IRF) 3, 5 and 7, which induces transcription of 
IFNs and pro-inflammatory cytokines. On 
engagement, the type I IFN binding to interferon- -
α/β receptor (IFNAR, composed by IFNAR1 and 
IFNAR2 subunit) and type II IFN binding to 
interferon-γ receptor (IFNGR, composed by 
IFNGR1 and IFNGR2 subunit) activates Janus 
Kinases 1 (JAK1) and tyrosine kinase 2 (TYK2) 
for IFNAR and JAK1 and JAK2 for 
IFNGR. Phosphorylation of the receptor by these 
kinases recruits the Signal Transducer and 
Activator of Transcription protein (STAT). The 
STAT1-STAT1 complexes are formed in response 
to type I and/or type II IFN, this homo-dimers 
binds to gamma-activated sequences (GAS) 
inducing pro-inflammatory genes. The STAT1- 
STAT2 complexes are formed in response to type 
I IFN, this heterodimers associate with a third 
protein: IRF9. The complexes STAT1-STAT2- 
IRF9 also denominated Interferon-Stimulated 
Gene Factor 3 (ISFG3) binds to Interferon- 
Stimulated Response Element (ISRE) sequences 
to activated classical antiviral genes [18, 59, 62, 
67, 101].
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 Discussion of Chapter 16  
in Dengue and Zika: Control and 
Antiviral Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Katja Fink for the presen-
tation of the topic on “Measuring antibody-medi-
ated protection after dengue vaccination with 
in  vitro assays and animal models”. However, 
because animal models are widely used in the 
study of Dengue and Zika and wanted to present 
the current status in the monograph we invited 
Dr. Fink to prepare a review of the topic and pro-
vide comprehensive references for the various 
animal models used by researchers. We however 
not that the discussion touched on some impor-
tant points on antibody neutralization that are rel-
evant and have decided to present Dr. Fink’s 
abstract and the discussion.

 Measuring Antibody-Mediated 
Protection After Dengue Vaccination 
with In Vitro Assays and Animal 
Models

Katja Fink
Dengue vaccine development and related 
research has brought a wealth of new knowl-
edge about the relevance of innate and adaptive 
components of the immune response after den-
gue virus infection. There is evidence from 
human challenge studies that dengue neutraliz-
ing antibody titers correlate with protection. 
However, this rule does not seem to be true for 
prospective natural infection studies, and one 
reason for conflicting results may be the usage 
of different assays to measure neutralizing anti-
bodies. In fact, a standard readout to measure a 
protective immune response is still not defined 
for dengue. Using examples from our vaccine 
development and therapeutic antibody studies I 
will provide an overview of dengue and zika 

Table 16.5 Summary of desirable features for the most commonly used animal models for flavivirus vaccine testing

Model
Adaptive 
response

Test 
live- 
attenuated 
viruses

Test 
recombinant 
vaccines Viremia Pathology

Fc expression 
to assess ADE, 
effector 
functions

Study fetal 
development

AG129 limited + − DENV- 
1,2,3,4, 
Zika

+ +/− (no 
FcgRIIa [17])

+/−

A129, 
IFNAR

limited + − DENV-2
(DENV- 
1,3,4), Zika

+ +/− (no 
FcgRIIa)

+/−

Conditinal 
IFNAR

yes + + DENV-2, 
(DENV- 
1,3,4), Zika 
(?)

+ (less severe 
phenotype 
compared to 
IFNAR)

+/− (no 
FcgRIIa)

+/−

NHP (CM 
and RM)

yes + + DENV- 
1,2,3,4, 
Zika

− + [17] +

+: Present in the model
−: Not present in the model
+/−: Not representative of human biology
?: Not tested yet
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animal models that are useful to measure pro-
tective immune -, and in particular, protective 
antibody responses.

Joanna Miller: Your skin-derived macrophages 
were a really nice model to analyze antibody 
ADE and neutralization. Have you tried 
maturing monocytes from blood and using 
them as a model as well?

Katja Fink: No, and the reason for that is first 
because we had the skin assay already set up 
and the skin is a really a good source of mac-
rophages and DCs. We also know that in the in 
vitro differentiation setting, surface markers 
get down-regulated or upregulated and it is 
quite difficult to compare this to primary cells. 
We want to have an assay that closely reflects 
the situation in vivo.

Vijay Dhanasekaran: This is more of a general 
question in terms of understanding the differ-
ences between animal models. Particularly 
referring to the studies carried out by a 
Cambridge group (Smith DJ & colleagues) 
trying to understand the antigenic variation of 
Dengue viruses, which was published in 
Science last year [2015 Sep 18;349(6254): 
1338–43]. They showed a huge difference in 
polyclonal responses to the same Dengue 
serotype. And this was much lesser than that 
exhibited between Dengue serotypes. I was 
wondering if you had any insight into why 
they exhibited such a difference and I think 
that study was done in macaques.

Katja Fink: Did you say that the antigenic varia-
tions were studied in macaques? I’m not fami-
lar with that work.

Vijay Dhanasekaran: The actual response there 
was a huge antigenic variation between differ-
ent strains of the same type. But when com-
pared between types, the differences are much 
lesser.

Aravinda de Silva: Maybe I can comment on 
this. The point of the study is that certain 
strains of Dengue within a serotype are very 
different from one another with respect to 
neutralization and that they are closer to 
another serotype. So that study is looking at 
the viruses that were outliers. I think we have 

to be very cautious about how we interpret 
that study, some of these outlier strains are 
heavily cell-type passaged strains. As Félix 
Rey mentioned yesterday, a single mutation 
within the E protein can change the breathing 
structure of the viruses and just make them 
more broadly susceptible to neutralization. So 
I think, I would’nt draw a conclusion from the 
published study that in nature serotypes will 
behave that way. The authors of the study may 
disagree with me.
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Understanding the Human T Cell 
Response to Dengue Virus
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Abstract
Our understanding of how T cells respond to 
dengue virus has greatly advanced in the last 
decade but important questions still remain 
unanswered. Dengue virus infection elicits a 
broad anti-viral T cell response with NS3, 
NS4b and NS5 being the main targets for 
CD8+ T cells, which dominate the response 
while the structural proteins capsid, envelope 
and the secreted protein NS1 are the preferen-
tial targets for CD4+ T cells. Upon T cell acti-
vation during acute dengue infection, 
dengue-specific T cells acquire expression of 
the skin-homing marker cutaneous associated 
antigen (CLA) and they can be found at high 
frequencies in the skin of infected patients. 
This suggests that the skin represents an 
important site for the immuno surveillance of 
dengue virus. The immunoprotective role of 
skin-homing dengue-specific T cells, their 
potential involvement in pathological skin 
manifestations and their long- term persistence 
as tissue resident T cells to provide immediate 
onsite protection are open questions that we 
are currently investigating. The contribution 
of pre-existing dengue-specific T cells towards 
protective immunity and/or immunopathology 

during secondary dengue infection remains a 
major knowledge gap. The evidence support-
ing these opposing outcomes and our current 
understanding of the characteristics of the 
human T cell response to dengue virus will be 
discussed.

Keywords
CD4+ and CD8+ T cells · Original antigenic 
sin · Skin homing marker · Dengue T cells · 
Tissue-resident T cells

17.1  Role of T Cell Immunity 
and “Original Antigenic Sin”

CD4+ and CD8+ T cells are an essential compo-
nent of protective immunity against viral infec-
tions and understanding their role and how they 
develop is critical for the design of optimal 
vaccines.

Acute viral infections resulting in viral clear-
ance generally elicit effective anti-viral T cell 
responses that progress through three phases: a 
period of activation and expansion of virus- 
specific T cells, a contraction phase where the 
majority of effector cells undergo death followed 
by the establishment and maintenance of a pool 
of virus-specific memory T cells [35]. These 
memory T cells, together with other components 
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of the immune system, will confer protection 
upon re-infection with the same virus. In particu-
lar, CD8+ T cells are important for viral clear-
ance as they can directly lyse virus-infected cells 
through the production of IFN-γ and cytotoxic 
molecules such as perforin and granzymes. These 
processes involve the recognition through the T 
cell receptor (TCR) of viral peptides of 9–10 
aminoacids in length, that are presented on the 
cell surface of antigen presenting cells and virus- 
infected cells in association with molecules of 
the human leukocyte antigen (HLA) system. 
CD4+ T cells recognize longer peptides of 12–15 
aminoacids in length and have a more diverse 
function as they are required to develop a broad 
and efficient antibody response and they are criti-
cal for the generation of both B cell and CD8+ T 
cell memory responses. In addition, CD4+ T cells 
can also directly kill virus-infected cells through 
production of IFN-γ and cytotoxic effector func-
tions in a similar manner to CD8+ T cells.

Successful vaccines such as the vaccinia virus 
vaccine (which led to the eradication of small 
pox) and the yellow fever vaccine are known to 
elicit strong and long-lasting antibody and T cell 
responses [17, 23]. We believe that the induction 
of both components of the immune system is key 
to a successful vaccine. However, designing a 
vaccine for dengue virus has proved to be partic-
ularly challenging because of the co- circulation 
of four distinct serotypes that share approxi-
mately 70% of sequence homology. Thus, indi-
viduals living in a dengue-endemic region will be 
exposed to multiple dengue serotypes during 
their lifetime. Infection with one dengue serotype 
will confer life-long protective immunity towards 
the same serotype but evidence shows that that it 
increases the risk of DHF/DSS upon secondary 
infection with another serotype [11]. An explana-
tion for these observations was provided by a 
mechanism called “antibody dependant enhance-
ment” (ADE) whereby anti- DENV antibodies 
that are generated during a primary dengue infec-
tion will bind to – but poorly neutralize – the sec-
ondary infecting serotype due to variations in the 
peptide sequence between the two viruses. 

Suboptimal neutralization results in increased 
uptake of virus-antibody complexes through the 
FcγR present on antigen presenting cells with 
subsequent increased viral load and antigen-pre-
sentation and enhanced immune activation. In 
2003 the group of Gavin Screaton proposed a 
similar mechanism for T cells whereby during 
secondary dengue infections the T cell response 
is dominated by weakly cross-reactive memory T 
cells specific for the primary infecting virus that 
have suboptimal anti-viral capacity towards the 
secondary infecting serotype but secrete pro-
inflammatory cytokines such as TNF-α, which 
contribute to plasma leakage [18]. This process 
known as “original antigenic sin” was first 
described in a mice to impair CD8+ T cell recog-
nition and clearance of a secondary- infecting 
Lymphocytic Choriomeningitis Virus (LCMV) 
bearing mutations in T cell epitopes [13]. 
However, subsequent mouse models showed that 
the presence of cross-reactive T cells could in 
some cases be beneficial. For example, pre- 
existing memory cells that are cross-reactive with 
vaccinia virus can protect mice from an other-
wise lethal dose of vaccinia virus [4]. Different 
mouse models of secondary virus infection have 
shown that pre-existing cross-reactive T cell 
immunity can alter the hierarchy of the T cell 
response to a secondary-infecting virus leading 
to enhanced or diminished protective immunity 
and altered immunopathology. There is also evi-
dence of a strong skewing of the T cell repertoire 
in individuals with secondary DENV infections 
compared to those with primary infection or in 
vaccinees receiving a tetravalent live-attenuated 
dengue vaccine as opposed to the monovalent 
vaccine [32, 33]. However, the implications of 
the skewed T cell repertoire for T cell functional-
ity remain unclear (Fig. 17.1).

At a molecular level, because the TCR inter-
acts with only few aminoacids within the 9–10 
mer peptide, it can accommodate aminoacid vari-
ations providing they do not disrupt the peptide- 
TCR or the peptide-HLA interactions. However, 
the result of this variation in terms of avidity of 
the T cell for the peptide and level of T cell 
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 activation is highly variable and difficult to pre-
dict. We believe that the complexity of T cell 
 cross- reactivity is at the basis of the contrasting 
findings reported over the last decade that point 
to either a protective or a pathologic role of 
dengue- specific T cells during secondary dengue 
virus infections [22]. Several studies support the 
hypotheses proposed in the 2003 study [18], for 
example dengue-specific T cells are found to be 
present at higher frequencies in patients with 

DHF as compared to those with DF [6] and 
in vitro stimulation of T cells with homologous 
versus heterologous dengue peptides results in 
cytokine profiles that are both qualitatively and 
quantitatively distinct [9, 16, 19]. However, a 
number of other studies do not confirm these 
findings [8, 10, 14, 29, 30] and there is now accu-
mulating evidence supporting a protective role of 
T cell immunity during DENV infection, includ-
ing data from immune- deficient mouse models 
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Fig. 17.1 Schematic depicting the process of “original 
antigenic sin” for T cells during dengue infection and its 
possible implications for protective immunity and/or 
immunopathology. (a) During a primary infection for 
example with DENV 3, naïve T cells with high avidity 
for DENV 3-derived peptides undergo expansion. The 
resulting dengue- specific T cell pool will comprise of T 
cells specific for peptides that are unique to DENV 3 
(serotype-specific) and those that are shared amongst 2 
or more serotypes (conserved). T cells that have high 
avidity for their cognate antigen undergo optimal TCR 
triggering which mainly leads to production of IFN-γ 
and efficient anti- viral function. (b) Upon secondary 
infection for example with DENV 2, pre-existing T cells 
generated during the primary DENV 3 infection that are 
cross-reactive to DENV 2 peptides will preferentially 
expand compared to their naïve counterpart. This occurs 
because dengue-specific memory cells are present in 

higher frequencies and have a lower activation threshold 
compared to their naïve counterparts. As a result, the 
responding T cell pool will be dominated by cross-reac-
tive T cells specific for conserved epitopes. Some cross-
reactive T cells may have a lower avidity for DENV 2 
antigens which results in suboptimal TCR triggering and 
subsequent production of high levels of TNF-α and poor 
anti-viral efficacy with a possible contribution to immu-
nopathology. However, variable proportions of cross-
reactive memory T cells may have high avidity for 
DENV 2 antigens, will undergo optimal TCR triggering 
resulting in high levels of IFN-γ and anti-viral capacity. 
The outcome of the activation of cross-reactive T cells is 
therefore difficult to predict and could lead to faster and 
more efficient protective responses or to different 
degrees of immunopathology. Both scenarios however 
should result in skewing of the T cell response towards 
more conserved epitopes
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[21, 36, 37]. A prospective study in school chil-
dren shows that asymptomatic secondary dengue 
infections correlate with increased levels of 
DENV-specific T cells compared to symptomatic 
infection22. In healthy adults from dengue 
endemic regions HLA class I and II molecules 
associated with decreased susceptibility to severe 
dengue disease were shown to support memory T 
cell responses of higher magnitude, suggesting a 
protective rather than a detrimental role of T cells 
[31, 34]. Further studies that directly compare the 
primary versus secondary T cell response to indi-
vidual DENV serotypes are urgently needed to 
clarify the role of these cells during infection and 
to reconcile the contrasting findings reported in 
the literature. The complex scenario that emerges 
from the above studies further highlights that it is 
mandatory for a dengue vaccine to elicit a bal-
anced T cell (as well as antibody) response 
towards all four DENV serotypes.

17.2  T Cell Responses 
during Dengue Virus 
Infection

To better understand the role of T cells during 
dengue infection we sought to characterize the 
nature of the T cell response during the course of 
dengue infection, from acute infection to conva-
lescence. Dengue patients were recruited by the 
team of Prof Leo Yee Sin at CDC Tan Tock Seng 
Hospital in Singapore and blood was drawn from 
the patients at three different time points after 
diagnosis of dengue infection (days from fever 
onset: acute day 6–9, post-febrile day 14–21 and 
convalescent day 60–120). Peripheral blood 
mononuclear cells (PBMCs) were analyzed at all 
time points. The first striking observation that we 
made was that acute dengue infection induces a 
massive activation and proliferation of CD8+ T 
cells and a significant but more modest activation 
and expansion of CD4+ T cells. Activated 
(HLA-DR+ CD38+) and proliferating (Ki67+ 
Bcl2-) T cells are found at highest frequencies 
during acute dengue and represent in some 
patients up to 70% of all CD8+ T cells (high-

lighted with a red box in Fig. 17.2a). The propor-
tion of activated and proliferating T cells 
decreases in the post-febrile and convalescent 
phases of disease reaching levels comparable to 
those found in healthy individuals. Representative 
flow cytometry profiles of the activation and pro-
liferation of CD4+ and CD8+ T cells from a den-
gue patient are shown in Fig.  17.2a and results 
from 18 patients are summarized in Fig. 17.2b. 
Given the large numbers of activated CD8+ T 
cells observed in the blood of acute dengue 
patients, it is likely that a proportion of these cells 
will be bystander-activated and will thus not be 
specific for DENV.  We and others have shown 
that acute dengue infection is accompanied by 
the activation and proliferation of CD8+ T cells 
that are specific for persistent viruses such as 
human cytomegalovirus or Epstein-Barr virus 
[25, 26]. These cells may be activated in vivo in a 
TCR-independent manner through the action of 
cytokines such as IL-15 that are abundantly pro-
duced upon viral infection [26]. However the 
exact enumeration of dengue- specific T cells is 
challenging as we rely on functional assays such 
as IFN-γ production after DENV peptide stimu-
lation which are unable to detect T cells with 
impaired cytokine-producing capacities and are 
thus likely to underestimate the number of den-
gue-specific T cells.

Our knowledge of the kinetics and the protein 
targets of the dengue-specific T cell response 
during acute dengue infection has greatly 
advanced over the last decade. We know that 
dengue infection elicits a DENV-specific T cell 
response that peaks around days 8–10 from 
fever onset [6, 24, 29]. The T cell response is 
broad as it targets all viral proteins to some 
extent, with a preferential recognition of the 
non-structural proteins NS3, NS4b and NS5. 
Similarly to what occurs in other acute viral 
infections dengue- specific CD8+ T cells are 
present at higher frequencies compared to CD4+ 
T cells. While CD8+ T cell responses preferen-
tially target the non-structural proteins NS3 and 
NS5, CD4+ T cells mainly target the structural 
proteins capsid and envelope and the secreted 
proteins NS1, consistent with virions being the 
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main source of antigen for CD4+ T cells [24]. 
More recent studies have reported that these pat-
terns of immunodominance vary as a function of 
the infecting serotype with DENV 3 eliciting 
CD8+ T cells that target both structural and non-
structural proteins while DENV 1, 2 and 4 elicit 
CD8+ T cells targeting mainly NS3, NS4b and 
NS5 [32, 33].

17.3  Phenotype and Tissue-Homing 
of Dengue- Specific T Cells

The identification of a large number of T cell epi-
topes, the majority of which are CD8+ T cell epi-
topes, has provided us with tools to better 
characterize T cells during dengue infection or 
vaccination. As of September 2017 1613 immu-

Fig. 17.2 High frequencies of activated and proliferating 
T cells during acute dengue infection. PBMC samples 
from dengue patients are analyzed during the acute (A), 
post-febrile and (PF) convalescent (C) phases of disease. 
Live cells are surface stained with antibodies against 
CD3, CD4, CD8, CD38 and HLA-DR followed by intra-
cellular staining for Ki67 and Bcl2. Isotype controls are 
used to define negativity for CD38, HLA-DR, Ki67 and 
Bcl2. (a) Activation and proliferation profiles of CD8+ 

(top panel) and CD4+ T cells (bottom panel) for one rep-
resentative patient. Activated and proliferating T cells are 
defined as CD38+ HLA-DR+ and Ki67+ Bcl2- cells, 
respectively (see red box for CD8+ T cells). (b) Results 
from 18 patients are summarized for CD8+ (top panel) 
and CD4+ T cells (bottom panel). Statistics are calculated 
by Mann-Whitney non-parametric test. Values are consid-
ered significant when p < 0.05
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nogenic peptides have been deposited in the 
Immune Epitope Database (http://www.iedb.
org/). In particular, the study of CD8+ T cells has 
been facilitated by the use of peptide-HLA tetra-
mers which are streptavidin-labelled MHC multi-
mers bound to the peptide of interest. These tools 
have revolutionized the way we can look at T cell 
immunity as peptide-specific CD8+ T cells can 
be enumerated and characterized phenotypically 
directly ex vivo by flow cytometry without rely-
ing on a functional read-out [1]. However, the 
definition of immunodominant epitopes restricted 
to HLA molecules that are commonly expressed 
in populations from dengue-endemic regions 
remains elusive and the selection of T cell epit-
opes to use for peptide-HLA tetramer analyses of 
dengue-infected individuals can still be a difficult 
task.

By using peptide-HLA tetramers for the previ-
ously described HLA-A*1101-restricted dengue 
NS3 27 epitope [18] we addressed the functional 
and phenotypic characteristics of dengue-specific 
T cells during the course of dengue infection. We 
show that during secondary acute dengue infec-
tion NS3–27-specific T cells are highly activated 
and proliferating, produce IFN-γ but not TNF-γ 
and are able to lyse dengue-infected cells, sug-
gesting that at least in vitro their anti-viral func-
tion does not appear to be impaired [25]. To 
address the capacity of dengue-specific T cells to 
migrate to different organs and to potentially 
contribute to immunopathology, we studied the 
homing receptors present on the surface of these 
cells. During acute dengue infection NS3 27-spe-
cific CD8+ T cells express the skin homing mol-
ecule cutaneous lymphocyte-associated antigen 
(CLA), the chemokine receptors CXCR3 and 
CCR5 which allow migration to inflamed tissues, 
but not the gut-homing receptor CCR9. 
Expression of CLA but not of CCR9 was con-
firmed for the total population of CD4+ and 
CD8+ T cells specific for NS3 and NS5 
(Fig. 17.3a, b). We show that expression of the 
skin-homing marker CLA by dengue-specific T 
cells correlates with their presence in the skin tis-
sue where they could be detected at higher fre-
quencies as compared to peripheral blood [25] 
(Fig. 17.3c). The exact role of dengue-specific T 

cells in the skin during acute infection, whether 
they persist long-term in this site as tissue-resi-
dent memory T cells upon resolution of the infec-
tion and their possible protective role upon 
secondary infections is currently under investiga-
tion. The expression of CLA on dengue-specific 
T cells during acute dengue is consistent with 
their initial activation by skin- derived dendritric 
cells. Dengue virus enters the body through the 
skin during the blood meal of an infected mos-
quito, infects local dendritic cells [3, 28] and 
travels to skin-draining lymph-nodes where it 
interacts with virus-specific T cells. Studies have 
shown that during activation T cells acquire the 
capacity to migrate to certain tissues by express-
ing different sets of receptors that serve as 
“address-codes”, the expression of which is 
determined by the antigen presenting cell and by 
the local microenvironment [7]. It was shown for 
example that during T cell priming, tissue- 
derived antigen presenting cells within cutaneous 
versus intestinal secondary lymphoid organs 
imprint the corresponding tissue-specific homing 
phenotype to the T cell, such that the primed T 
cells have a predisposition to home back to the 
skin or gut, respectively [2, 20]. More recently, 
studies have shown that the route of immuniza-
tion strongly impacts the migratory capacity and 
consequently the protective efficacy of T cells 
upon re-infection, as T cells need to localize to 
the sites of virus replication in order to exert their 
function [15, 27]. For example, vaccination with 
live vaccinia virus was 105 times more effective 
in protecting against viral re-infection if deliv-
ered by skin scarification as compared to subcu-
taneous, intradermal, and intramuscular 
vaccination [12]. The authors show that immuni-
zation by skin scarification was associated with 
local keratinocyte infection and generation of a 
long-lived tissue resident CD8+ T cell memory 
populations. The presence of tissue resident 
CD8+ T cells was sufficient to protect against re- 
infection with vaccinia virus and did not require 
antibodies or recruitment of circulating blood T 
cells [15]. These considerations highlight an 
important aspect of T cell immunity that is often 
not considered in the context of vaccination.  
We now know that pathogen infection generates 
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populations of non-recirculating tissue-resident 
memory T cells that persist long-term within tis-
sues such as the skin, lung, gastro-intestinal tract 
and reproductive tract. These cells have potent 
effector functions and provide rapid on-site pro-
tection in peripheral tissues upon re-infection 
with previously- encountered pathogens [5]. A 
better understanding of the localization of 
dengue- specific memory T cells in dengue-

immune individuals and how these cells can be 
generated in the context of vaccination would 
greatly aid the design of dengue vaccines with 
improved protective efficacy.
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Fig. 17.3 Dengue-specific T cells have skin-tissue 
migratory properties during acute dengue infection. 
Expression of the skin-homing receptor CLA (a) and the 
gut-homing receptor CCR9 (b) is assessed by flow 
cytometry on dengue-specific T cells from the peripheral 
blood of acute dengue patients. PBMCs are briefly stim-
ulated with or without NS3 and NS5 peptides and live 
cells are stained for expression of CD3, CD4, CD8, CLA 
and CCR9 followed by intracellular cytokine staining for 
IFN-γ and TNF-α. Expression of CLA and CCR9 is ana-
lysed on cytokine-producing CD4+ and CD8+ T cells 
(defined as “DENV-specific”) or on those that lack cyto-
kine production (defined “non-DENV specific”). The 
percentage of CLA+ or CCR9+ cells is shown for CD4+ 

(white circles) and CD8+ T cells (black circles). Isotype 
controls are used to define negativity for CLA and CCR9 
expression. (c) The presence of dengue-specific T cells 
in the skin was investigated by raising skin suction blis-
ters on the forearm of dengue patients. PBMCs or cells 
obtained from skin suction blisters are stimulated with or 
without NS3 and NS5 peptides and analysed for produc-
tion of IFN-γ by ELISPOT. Results obtained from cells 
derived from the skin (white bar) or the peripheral blood 
(black bar) are expressed as Spot Forming Cells relative 
to 105 cells (SFC/105). Statistics were calculated using a 
Kruskal- Wallis test, followed by a non-parametric 
Mann-Whitney test. (Adapted from Rivino et  al. Sci 
Trans Med [25])
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 Discussion of Chapter 17 in Dengue 
and Zika: Control and Antiviral 
Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Laura Rivino.

Anuja Mathew: So you found higher frequen-
cies of CD8+ T cells in the skin. Do you have 
an hypothesis of why you would see a prefer-
ence for CD8+ or CD4+ T cells?

Laura Rivino: We have preliminary data show-
ing that the dengue-specific T cells that we 
find in the skin are mostly CD8+ T cells, so we 
think these cells could account in part for the 
increase of total CD8+ T cells that we find 
during acute dengue in the skin. We do not 
expect this influx of CD8+ T cells to comprise 
of only dengue-specific T cells. We know, for 
example from studies performed by us and 
others that in the blood of acute dengue 
patients there is also “bystander-activation” of 
CD8+ T cells that are specific for non-related, 
persistent viruses such as HCMV and EBV. So 
the influx of CD8+ T cells that occurs in the 
skin of acute dengue patients could comprise 
of both dengue-specific and “bystander- 
activated” T cells.

This higher frequncies of CD8+ T cells that we 
observe in the skin of acute dengue patients 
was not surprising to us since for other skin 
viral infections, such as Herpex simplex virus, 
the anti-viral response at the skin level is 
mainly a CD8+ T cell response.

Katja Fink: The cytokines that you find in the 
blister fluid are more or less the same as what 
is observed in the plasma or in the skin?

Laura Rivino: No. So the increase in pro- 
inflammtory cytokines is more pronounced in 
the skin compared to the blood. We have done 
quite a lot of cytokine profiling from the 
plasma of dengue patents and the increase in 
pro-inflammatory cytokines at the time points 
we look at are obvious only for the more 
severe dengue cases. We generally do not see 

significant increases of these cytokines in the 
blood, especially of TNF-α.

Katja Fink: So you compared skin and blood 
samples from the same patients?

Laura Rivino: Yes.
Aravinda da Silva: Were these cases primary 

infections?
Laura Rivino: Most of our patients are experi-

encing secondary infections. We had few pri-
mary infections so it’s difficult to really make 
a statement, but when I looked seperately at 
patients with primary and secondary infection 
I didn’t see a very big difference in terms of 
immunodominance of the different dengue 
proteins. The immunodominance was similar 
in primary and secondary cases and also for 
different dengue serotypes as well.

Aravinda da Silva: Right, but in terms of seeing 
the cells so early in the skin by day four of 
onset of symptoms, it seems very fast for a pri-
mary response. Do you see it that fast and in 
those numbers even in primary infection?

Laura Rivino: We don’t have the data yet of 
which patients were experiencing primary or 
secondary infection for the skin samples.
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Regulation and Function of NK 
and T Cells During Dengue Virus 
Infection and Vaccination

Anuja Mathew

Abstract
The focus of this review is to discuss findings 
in the last 10  years that have advanced our 
understanding of human NK cell responses to 
dengue virus. We will review recently identi-
fied interactions of activating and inhibitory 
receptors on NK cells with dengue virus, 
human NK responses to natural dengue infec-
tion and highlight possible interactions by 
which NK cells may shape adaptive immune 
responses. T cell responses to natural dengue 
infection will be reviewed by Laura Rivino in 
Chap. 17. With the advent of numerous den-
gue vaccine clinical trials, we will also review 
T and NK cell immune responses to dengue 
virus vaccination. As our understanding of the 
diverse functions of NK cell has advanced, it 
has become increasingly clear that human NK 
cell responses to viral infections are more 
complicated than initially recognized.

Keywords
Innate immune system · KIR peptide-MHC 
interactions · Inhibitory receptors on NK cells 
· Activationg receptors on NK cells · T-cell 
response to dengue vaccine

18.1  Introduction

NK cells are large granular lymphocytes that are 
a component of the innate immune system. NK 
cells kill target cells spontaneously without the 
requirement of priming or the expression of 
major histocompatibility antigens (MHC) on the 
target cell. NK cells lack the receptor diversity 
generated by DNA rearrangement found in proto-
type members of the adaptive immune response, 
T and B cells. However, similar to T cells, NK 
cells are able to distinguish healthy cells from 
virally infected cells. NK cells produce abundant 
antiviral cytokines, release cytotoxic granules 
such as granzyme B and trigger the FAS/TRAIL 
pathway to induce apoptosis of infected cells 
[35]. In order to mount a response, NK cells have 
to integrate signals received from many inhibi-
tory and activating receptors to sense the environ-
ment and respond. Regulation of NK cell activity 
is achieved by a balance between these inhibitory 
and activating signals although signals received 
by inhibitory receptors tend to be dominant [21]. 
Many of the initial insights on NK cell function 
came from studying chronic viral infections in 
mice such as LCMV and MCMV [7]. The clear-
est demonstration that NK cells are important to 
humans stem from the findings that patients with 
NK cell deficiencies develop severe, recurrent 
viral infections [6, 54]. Our knowledge of select 
receptors on human NK cells modulated by viral 
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infection and viral peptides that can modulate 
NK cell function has significantly advanced in 
the last decade in the context of human viral 
infections such as HMCV, HIV and HCV [7, 19]. 
Some of the findings seen in these human chronic 
viral infections are beginning to be observed for 
viral infections such as Influenza and Dengue 
thus opening up new areas of research that will 
enhance our understanding of how these innate 
effector cells can control acute viral infections [1, 
4, 57, 58, 72]

18.2  Early and Current 
Observations on NK Cell 
Responses to Dengue 
Infections Using Samples 
from Clinical Cohorts

Human NK cells were shown to lyse dengue 
virus (DENV)-infected cells to a greater degree 
compared to uninfected cells over 30 years ago 
[38]. Antibodies to DENV further augmented the 
lysis of DENV-infected cells by NK cells. The 
traditional phenotype used to define human NK 
cells is based on the absence of CD3 (to exclude 
T cells) and relative expression of CD56 (neural 
cell adhesion molecule) and CD16 (low-affinity 
receptor for the Fc portion of immunoglobulin 
G). It is now appreciated that CD56 “bright” cells 
can produce cytokines abundantly but are poorly 
cytolytic while CD56 “dim” cells (which repre-
sent 90% of circulating NK cells) produce mod-
erate cytokines when stimulated but are strongly 
cytolytic [60]. Using PBMC samples obtained 
from children in Thailand undergoing severe 
dengue infection nearly 20 years ago, Green et al. 
observed increased frequencies of activated NK 
cells (CD56+ CD69+ cells) in PBMC from 
patients with severe dengue disease compared to 
patients with milder disease suggesting that that 
NK cells are actively involved in the defense 
against dengue virus [26]. Homchampa et  al. 
found evidence of NK cell cytotoxicity in fresh 
cells from children with acute dengue and the 

level of cytotoxicity was related to disease sever-
ity [31]. At the time, many of the activating and 
inhibitory receptors present on NK cells were not 
identified and the technologies to assess markers 
on individual NK cells using multiparametric 
flow cytometry and CyTOF were not available.

In a study published in 2008, frequencies of 
CD56+ CD69+ NK cells were found to be more 
activated in hospitalized Vietnamese infants with 
more severe dengue disease [15]. Recently 
Petitdemange et al. evaluated NK cell activation 
in patients from Gabon undergoing acute dengue 
infection [59]. They examined frequencies of 
subsets of NK cells and included a number of NK 
cell receptors NKp30, NKG2A, NKp44 and 
CD161 which was a significant advance from the 
early studies where only CD56 expression was 
used to identify NK cells. Compared to healthy 
donors, NK cells from patients who had DENV-2 
infections expressed significantly less NKp30, 
NKG2A, and CD161, whereas expression of 
ILT-2 was increased at the early acute and conva-
lescent time point. Interestingly, frequencies of 
NKp44+ NK cells were elevated at the early 
acute time point. Principal component analysis 
highlighted an association between NKp44 and 
DENV-2 infections. NKp44 has previously been 
shown to directly interact with the envelope pro-
tein of DENV and WNV and this subset of NK 
cells and its ligand in target cells is worthy of 
study in other cohorts [30]. While there have 
been only a few studies that have looked at NK 
cell responses in clinical cohorts, the data indi-
cate that subsets of NK cells are involved in the 
immune responses to natural dengue infection 
thus warranting further study. NK cell responses 
in individuals receiving live attenuated tetrava-
lent dengue vaccines have not been examined in 
any detail. Whether different subsets of NK cells 
respond to vaccination with live attenuated den-
gue vaccines versus subunit vaccines and inacti-
vated vaccine antigens are currently unknown. 
Furthermore, whether the magnitude of NK cell 
responses is different between vaccination and 
natural infection has not been explored.
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18.3  Activating Receptors on NK 
Cells

NK cells have a number of receptors that can 
activate NK cell reactivity (activating receptors) 
or dampen reactivity (inhibitory receptors). 
Activating receptors expressed on human NK 
cells include the C-type lectin receptors NKG2D 
and NKG2C/E, natural cytotoxicity receptors 
(NCR) NKp44, NKp30, NKp46, and CD16 
(FC-γ-RIII), the low-affinity Fc receptor which 
mediates antibody dependent cytotoxicity 
(ADCC) (Fig. 18.1 and Table 18.1). Of the many 
activating receptors on NK cells and ligands on 
target cells, there is evidence for interaction of 
DENV with NKp44, the low-affinity FcR recep-

tor CD16 and ligands for the NKG2D ligand 
MICB (Fig. 18.1).

In a large genome-wide association study 
(GWAS) performed in 2011, a single nucleotide 
polymorphism in MICB (ligand for NKG2D) 
was found to be a susceptibility locus for severe 
dengue disease dengue shock syndrome in over 
2000 Vietnamese children [37]. In a subsequent 
study by the same group, MICB was also associ-
ated with the less severe form of dengue DF in 
both children and adults in Vietnam [77]. This 
genetic susceptibility of a SNP in MICB was 
confirmed in another study in the Thai popula-
tion. In Cuban individuals (Guzman), a strong 
association of DF and DHF with MICA 008 and 
MICB 008 compared to asymptomatic individu-
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Fig. 18.1 Model of NK cell interaction with virus- 
infected cells. NK cells can interact with DENV infected 
target cells through direct and indirect mechanisms. To 
date, only NKp44 has been shown to directly interact with 
the E protein of DENV. NK cells can interact with DENV 
infected APCs by responding to cytokines, interacting 
with yet to be identified ligands on virus-infected cells 
and upregulating inhibitory or activating receptors on its 

surface. This may lead to degranulation and abundant 
cytokine secretion by NK cells and lysis of virus-infected 
cells. Alternatively, dominant interaction of inhibitory 
receptors on NK cells with viral proteins and peptides 
could dampen responses and represent an immune eva-
sion strategy by DENV. NK cells can also be directed to 
DENV infected APCs through engagement of CD16 with 
the Fc receptor of DENV-specific Abs and target cells are 
lysed through ADCC
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als [24]. Interestingly soluble MICB levels were 
increased in the sera between pre-infection and 
acute illness among infants with symptomatic 
primary DENV infections in the Philippines and 
suggest an immune evasion strategy in dengue 
viral infection [43]. The data suggest that ligands 
for the activating receptor NKG2D, MICB may 
be involved in the immune response against 
DENV.

A direct interaction has been shown between 
the NK-activating receptor NKp44 and the 
DENV and WNV envelope protein [30]. 

Recombinant NKp44 directly bound purified 
DENV and WNV envelope proteins. The results 
suggest that NKp44 expressing NK cells are able 
to interact directly with the E protein on flavivirus- 
infected cells.

NK cells express the FcγRIIIA receptor 
(CD16) that binds the constant (Fc) domain of 
IgG antibodies. CD16 engagement is a strong 
activator of NK cell function and allows antigen- 
specific recruitment of NK responses. Very early 
on, NK cell-mediated lysis of DENV-2-infected 
Raji cells was significantly higher when these 

Table 18.1 NK cell receptors and ligands

Receptora Ligandb Functionc DENV Reference
CD16 IgG Activating [40]
CD94-NKG2C HLA-E Activating [8, 36],
CD94-NKG2E HLA-E Activating [36]
NKG2D MICA, MICB, ULBP Activating GWAS [37] [2]
NKp30 Unknown Activating [55]
NKp44 Viral hemagglutinins Activating DENV protein E [30] [11, 30]
NKp46 Unknown Activating [56]
CD161 LLT1 Activating and inhibitory [46, 61]
CD38 CD31 Activating [20, 49, 

67]
KIR2DS1 HLA-C Activating [52]
KIR2DS2 HLA-C Activating [52]
KIR2DS3 HLA-C Activating
KIR2DS4 HLA-Cw4 Activating [25]
KIR2DS5 Unknown Activating
KIR3DS1 HLA-Bw4? Activating
Cytokine 
receptors

Type 1 IFN, 
IL-1,2,12,15,18

Activating

Cytokine 
receptors

TGF-β Inhibitory

KIR2DL1 HLA-Cw4 Inhibitory [17, 48]
KIR2DL2 HLA-Cw3 Inhibitory [17, 48]
KIR2DL3 HLA-Cw3 Inhibitory [17, 48]
KIR2DL4 HLA-G Activating? Inhibitory? [23, 62]
KIR2DL5A/B Unknown Inhibitory
KIR3DL1 HLA-Bw4 Inhibitory KIR3DL1 and HLA B57 

interaction [72]
[73])

KIR3DL2 HLA-B27, HLA-A3, 
HLA-A11

Inhibitory [28, 78]

KIR3DL3 HLA-Cw4 Inhibitory
CD94-NKG2A HLA-E Inhibitory [8]
2B4 CD48 Activating or inhibitory, 

coreceptor
[42, 9]

LILRB1 HLA class I Inhibitory Dengue and ADE [14] [10]
aReceptor present on the surface of NK cells
bLigand(s) bound by the NK cell receptor
cFunctional effect of receptor signaling in NK cells
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cells were pre-incubated with DENV immune 
serum through antibody dependent cell-mediated 
cytotoxicity (ADCC) [38]. More recently efforts 

have been made to understand in a prospective 
cohort whether ADCC activity in sera obtained 
pre-illness in a prospective cohort correlated with 
subsequent dengue disease severity and viremia 
levels. A higher level of ADCC activity measured 
in immune sera before secondary DENV-3 but 
not secondary DENV-2 infection was associated 
with lower subsequent viremia levels [41]. These 
results suggest a protective role for ADCC anti-
bodies in sera obtained from in some children 
with secondary infection. In vivo, characteristics 
of both the Abs and NK cells in each individual 
are likely to impact the function of these Abs. 
Future studies should compare the contribution 
of functionally distinct Abs (those that mediate 
neutralization versus Abs that mediate ADCC) in 
the sera of individuals who subsequently develop 
clinical versus subclinical disease.

In order to understand soluble and membrane 
found factors important for activating NK cells, 
Lim et al. used DENV-infected monocyte-derived 
dendritic cells in co-culture with autologous NK 
cells from healthy donors [44]. The results sug-
gest that a combination of cytokines type I IFNs, 
TNF-☐ secreted by DCs and cell surface recep-
tor–ligand interactions all play some part trigger-
ing the anti-dengue response of primary human 
NK cells while each of these in isolation has a 
low to minimal response on the activation of 
human NK cells.

18.4  Inhibitory Receptors on NK 
Cells

18.4.1  KIRs

A major set of inhibitory receptors important for 
NK cell licensing is the killer cell 
immunoglobulin- like receptors (KIRs). The KIR 
receptors are expressed stochastically, leading to 
the generation of subpopulations of NK cells 
within each individual [50]. While only some 
KIR ligands are known, all are thought to be 
class I MHC molecules (Table  18.1). 
Epidemiological studies of immunological 
events, including responses to infectious dis-
eases, autoimmune diseases, complications with 

KIR3DL1 NK cellAPC
HLA-B57

Self peptide
NK cell inhibition

-

During steady stateA

DENV
Infected 
APC

HLA-B57

DENV NS1 
peptide

KIR3DL1
NK cell-

Strong NK cell inhibition

During DENV infectionC

B

Virus
Infected 
APC

During virus infection or transformation

NK cell activation

+NK cell

IFN-g
MIP-1b

+KIR3DL1

D
Disease Severity

Viral RNA

fever day
-4 -3 -2 -1 0 1 2 3 4 5

KIR3DL1+ 
NK cells

Inhibition of 
3DL1+NK cells by 
NS1 peptide + 
self-peptide 

ACTIVATION of
3DL1+ NK cells

Inhibition of 3DL1+ 
NK cells by self 

peptide 

HLA 

Fig. 18.2 A model of NK-cell inhibition during DENV 
infection. Specific amino acid changes in the peptides 
presented by major histocompatibility complex (MHC) 
class I can impact KIR recognition of peptide/MHC com-
plexes. We hypothesize that the DENV NS1 peptide gen-
erated during infection presented by HLA B57 alters the 
affinity of the inhibitory KIR3DL1 receptor expressed on 
NK cells for its putative ligand, resulting in the inhibition 
of NK cells early during viral infection while MHC class 
I is upregulated. Following the clearance of viremia, 
HLA-B57 levels return to normal which decreases the 
inhibitory signal received by KIR3DL1+ NK cells. This 
release of inhibition allows KIR3DL1+ NK cells to be 
activated at fever day 0, coincident with the activation of 
CD8+ T cells
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pregnancy, and tumor responses, have implicated 
KIR/MHC interactions in  protective or patho-
logical roles [5, 34, 32, 39, 53, 63, 68].

In contrast to the T-cell receptor, which recog-
nizes a given viral peptide-MHC complex, KIRs 
typically recognize subsets of MHC class I mole-
cules with common amino acid motifs in their α1 
domains ([13, 33]). However, several studies have 
shown that inhibitory KIRs are also sensitive to 
the specific peptides bound by the HLA molecules 
[12]. In particular, residues 7 and 8 of endoge-
nously derived peptides bound to MHC class I can 
promote or abrogate binding of KIR. During viral 
infection, the peptide repertoire changes and a 
number of viral peptides are presented on MHC 
molecules for recognition by cytotoxic T lympho-
cytes. Changes in the endogenous repertoire of 
peptides can perturb or continue to maintain inhi-
bition of NK cells (Fig. 18.2) depending on how 
strongly the viral peptide is able to bind and 
replace the endogenous peptide. Several viral 
peptides (HIV, HCV, SIV) have been shown to 
modulate KIR-MHC interactions thus providing a 
mechanism for the virus to modulate the interac-
tion of the inhibitory KIR with its MHC ligand 
thus preventing the activation of subsets of NK 
cells [22, 47]. How changes in the peptide reper-
toire following viral infection alter NK cell recog-
nition in vivo will depend on the relative amounts 
of viral peptides being presented, the nature of the 
peptides produced by infection and the frequency 
of NK cells expressing the relevant KIR.

18.5  KIR Peptide-MHC 
Interactions During Dengue 
Infection

During a study of HLA B57 restricted T cells in 
acute dengue infection, Townsley et al. found that 
a T cell tetramer for a CD8+ T cell epitope in the 
NS1 protein of DENV bound CD56dim NK cells 
[72]. Using depletion studies and KIR-transfected 
cell lines, the HLA B57 restricted dengue NS1 
tetramer was found to bind the inhibitory recep-
tor KIR3DL1 on NK cells clearly demonstrating 
an interaction with an inhibitory KIR. Using clin-
ical samples from a long-standing cohort in 

Thailand the authors further found late activation 
of NK cells in HLA B57+ individuals. The peak 
of NK cell activation occurred at the critical time 
point in people with severe dengue disease which 
supported the hypothesis that the HLA B57 
restricted NS1 peptide can modulate the function 
of KIR3DL1+ NK cells. The data strongly sug-
gest that subpopulations of NK cells may contrib-
ute to disease pathogenesis and enabled the 
authors to speculate how the NS1 peptide may 
modulate function during acute dengue infection. 
At steady state (Fig. 18.1a), the interaction of an 
HLA B57 presenting endogenous peptides on an 
antigen presenting cell (APC) with KIR3DL1 
maintains an inhibitory signal in NK cells thus 
preventing lysis of healthy target APCs. During 
many viral infections, HLA molecules are down-
regulated which allows NK cells to get activated 
and lyse virus-infected APCs (Fig.  18.1b). 
However it is well known that in DENV infection 
HLA class I molecules are upregulated [79]. We 
hypothesize that presentation of the NS1 peptide 
on HLA B57 during the viremic phase in infected 
individuals maintains the inhibitory interaction 
with KIR3DL1 (since the tetramer has been 
shown to bind KIR3DL1) thus delaying the acti-
vation of this important subset of NK cells 
(Fig.  18.1c, d). As viremia decreases, Class I 
expression decreases and NK cells are able to 
sense the change in Class I expression, triggering 
their activation during the critical phase of illness 
(around fever day 0) (Fig.  18.1d). Our clinical 
data support our hypothesis but we are yet to 
show functional alteration of NK cell responses 
by the NS1 peptide.

We are currently using NK cell sensitive TAP- 
impaired and TAP-blocked target cells (721.221) 
transfected with HLA alleles in functional assays. 
Since self-peptide is able to maintain inhibition, 
the use of TAP blocked and TAP impaired cell 
lines HLA transfected cell lines are essential to 
evaluate whether viral peptides added exoge-
nously such as the DENV NS1 peptide can mod-
ulate the function of KIR3DL1+ NK cells. We 
anticipate that additional KIR/HLA interactions 
occur which are likely to be modulated by viral 
peptides during acute dengue.
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Petitdemange et  al. performed the genotypic 
analysis of KIR in the combination with their 
cognate HLA-class I ligands in 73 CHIKV and 
55 DENV2 adult cases, compared with 54 healthy 
individuals [57]. Petitdemange et  al. found no 
evidence of a role for KIR genotypes in patients 
infected with DENV-2. In contrast, Beltrame 
et  al. detected an association between certain 
KIR genes and their cognate HLA ligands in the 
context of infection with DENV-3  in Southern 
Brazil [3, 57]. Differences in population origin 
and the infecting DENV serotype may explain 
these disparate results. Petitdemange et  al. in a 
subsequent paper assessed NK cell activation by 
multiparametric flow cytometry in patients with 
DENV-2, CHIKV or in a few subjects with co- 
infections [59]. They found different signatures 
of NK cell responses between the two infections. 
NK cells in CHIKV infection were activated 
early and expressed a terminal differentiation 
pattern with prolonged persistence of 
NKG2C + CD57+ cells which the authors specu-
late may contribute to the chronic arthralgia seen 
in CHIKV infection. DENV-2 infections were 
associated with an increase in KIR2DL1+ NK 
cells which recognize HLA-C2. Together, these 
studies suggest that KIR-MHC interactions are 
likely to be important during acute dengue 
infection.

18.6  LILRB

LILRB is an inhibitory receptor present on mono-
cytes, dendritic cells, and NK cells. It interacts 
with a wide range of MHC Class I molecules and 
maintains a negative feedback loop to prevent 
autoimmunity [70]. THE UL-18 protein of 
HCMV has been shown to bind with higher affin-
ity to LILRB and protect against NK cell recog-
nition in the context of HCMV infection. 
Recently using dengue-specific antibodies at 
neutralizing and sub-neutralizing concentrations, 
mechanisms of antibody-dependent enhance-
ment (ADE) were further characterized in a resis-
tant (THP-1R) and susceptible (THP-1S) 
subclone of THP-1 cells [14]. In this context, 
DENV was shown to interact with the inhibitory 

receptor LILRB.  This inhibitory interaction 
blocked FcγRII signaling and dampened the 
expression of IFN stimulated genes and enhances 
DENV replication.

HLA-E is a non-classical MHC molecule that 
interacts with both activating (CD94C, D, and E) 
and inhibitory receptors (CD94A). Interaction of 
HLA-E with the inhibitory receptor NKG2A is of 
higher affinity compared to the interaction with 
most known HLA-E/peptide complexes than 
those transmitting activating signals. A related 
flavivirus, Japanese Encephalitis virus has been 
shown to upregulate HLA-E but no work has 
been published yet for DENV [69].

18.7  The Role of NK Cells 
in Modulating Adaptive 
Immune Responses

NK cells have also been implicated in shaping 
the adaptive response to viral infections in a num-
ber of ways including promoting maturation or 
elimination of DCs, perforin-dependent elimina-
tion of CD8+ T cells, and cytokine production 
[64]. Waggoner et al. used the model of lympho-
cytic choriomeningitis virus (LCMV), to show 
that NK cells can regulate CD4 T-cell-mediated 
support for the antiviral CD8 T cells [74, 76]. NK 
cells have also been shown to be important for 
long-term CD4+ T cell memory and subsequent 
antibody responses [18]. The data suggest that 
NK cells continue to participate in immune mod-
ulation well after initial infection when NK cells 
are traditionally thought to be active. In a previ-
ous study of CD8+ T cells by Townsley et al. fre-
quencies of the HLA-B57-restricted epitope, 
were assessed over the course of acute DENV 
infection [71]. Given the highly conserved nature 
of this epitope, we predicted that PBMC from 
donors with secondary dengue infection would 
have significantly higher frequencies of 
B57-NS126–34 CD8+ T cells compared to PBMC 
from donors with primary dengue infection. 
While we detected tetramer-positive T cells in all 
subjects tested, the frequencies in subjects with 
secondary infections were not higher than in sub-
jects with primary infections, with one exception. 
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We speculated that an unidentified factor may 
dampen activation of CD8+ T cells directed at 
this epitope but had not yet identified that the 
NS1 peptide presented on HLA-B57 could bind 
KIR3DL1 an inhibitory receptor on NK cells. 
Our new findings suggest that NK cells could 
shape CD8+ T cell responses but given the lack 
of an authentic animal model that mimics human 
dengue infection it will be challenging to provide 
definite proof that inhibitory NK cells can modu-
late adaptive responses at the epitope level 
in vivo.

The varying combinations of inhibitory and 
activating receptors on NK cells and the number 
of unknown ligands make it difficult to assess 
changes in absolute frequencies of subsets of NK 
cells between subjects with mild or severe den-
gue illness. Furthermore, for meaningful com-
parisons to be made samples must be collected at 
multiple points and compared in subjects with 
mild and severe dengue disease rather than com-
pare responses in all subjects with dengue dis-
ease and responses in healthy subjects. Since the 
hallmark of dengue hemorrhagic fever DHF 
(severe disease) is plasma leakage, if NK cells 
are hypothesized to contribute to DHF, then 
changes in the frequency or function of subsets of 
NK cells during or prior to defervescence the 
critical phase of illness must be demonstrated. In 
vitro assays will need to be performed in order to 
understand which receptors and ligands interact 
with virus-infected cells and are important for 
cytokine production and cytolytic activity in sub-
sets of NK cells following DENV infection as 
little information exists to date. Basic biological 
studies of NK cells and multiple studies using 
clinical samples in chronic viral infections sug-
gest that subsets of NK cells are an important 
contributor to the overall immune response. We 
have a partial understanding of how NK cells can 
regulate dengue immune responses but these 
findings point to multiple avenues whereby NK 
cells may control DENV infection and shape 
adaptive immune responses.

18.8  T-Cell Responses to Dengue 
Vaccination

T cell immune responses to natural dengue infec-
tion will be reviewed by Rivino et al. in Chap. 15. 
With the advent of a number of dengue tetrava-
lent vaccine trials, T cell responses are being 
evaluated in vaccinated individuals [66]. These 
studies indicate that CD4 and CD8 T cells are 
directed against a number of epitopes across the 
entire DENV genome. In support of smaller stud-
ies performed in individuals receiving monova-
lent DENV vaccines, the data indicate that 
non-structural proteins are dominant targets of T 
cell responses following tetravalent vaccination 
as well [51]. There are significant differences in 
the composition of dengue antigens included in 
each vaccine which are likely to impact the 
immune response elicited [66]. Prior flavivirus 
immunity in many volunteers who received den-
gue vaccines in endemic countries will also influ-
ence the magnitude and quality of T cell immune 
responses. Here, published work to characterize 
CD4+ and CD8+ T-cell responses to dengue 
virus antigens and peptides will be reviewed.

The Sanofi Pasteur vaccine is a chimeric 
Yellow fever virus that expresses the structural 
components (prM and E) of each of the four sero-
types of dengue [65, 66]. In three independent 
phase 1 clinical trials conducted in Australia and 
in the USA, Dengue 1–4 and Yellow Fever 17D 
(YF 17D)-specific CD4 and CD8 cellular 
responses induced by tetravalent chimeric den-
gue vaccines (CYD) were analyzed in flavivirus- 
naive or immune individuals [27]. Significant YF 
17D NS3- specific CD8 responses and dengue 
serotype-specific T helper responses were 
detected. These responses were dominated by 
serotype 4 in naive individuals, but a booster vac-
cination broadened serotype-specific responses. 
A similar, broader response was seen after pri-
mary tetravalent immunization in subjects with 
pre-existing dengue 1 or 2 immunity caused by 
prior monovalent live- attenuated dengue vacci-
nation. There was an absence of a Th2 response, 
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and a more dominant response to IFN-☐ com-
pared to TNF-α, for both CD4 and CD8 responses.

CD4 and CD8 T cell responses were assessed 
before and 28 days after a first and third injection 
of Sanofi Pasteur live attenuated CYD-TDV and 
1 year after the third injection in 80 adolescents 
and adults enrolled in a phase II trial in Singapore 
[29]. CD4/IFN-γ and TNF-α responses specific 
to dengue NS3 were detected before vaccination. 
Vaccination induced YF-17D-NS3-specific CD8 
IFN-γ responses. Using a multiplex analysis of 
peripheral blood mononuclear cells (PBMC) 
supernatants after restimulation with each the 
CYD vaccine viruses, higher levels of IFN-γ 
were detected compared with TNF-α, and low- 
level IL-13 levels.

The Takeda vaccine is a live-attenuated tetra-
valent dengue vaccine (TDV) candidate that con-
sists of an attenuated DENV-2 strain (TDV-2), 
and 3 chimeric viruses containing the premem-
brane (prM) and envelope (E) genes of DENV-1, 
-3, and -4 expressed in the context of the TDV-2 
genome (TDV-1, TDV-3, TDV-4, respectively). 
CD8+ T-cell responses in flavivirus-naive human 
volunteers vaccinated with 2 doses of the Takeda 
vaccine 90 days apart via two routes (subcutane-
ous or intradermal) were assessed using overlap-
ping peptide pools against the NSl, NS3 and NS5 
proteins [16]. The TDV vaccine-elicited CD8+ T 
cell TNF-☐ and IFN-☐ responses against the 
nonstructural NS l, NS3, and NS5 proteins of 
DENV- 2. Responses were highest on day 90 after 
the first dose and were still detectable on 180 days 
after the second dose. In addition, CD8+ T cells 
were multifunctional, producing 2 cytokines 
simultaneously, and cross-reactive to NS proteins 
of the other 3 DENV serotypes.

For the NIH vaccine, attenuation was achieved 
by deleting a portion of the 31 untranslated region 
(UTR) of the dengue genome. Longitudinal spec-
imens were collected in flavivirus-naive volun-
teers and tested for T cell responses against 
inactivated DENV antigen preparations made in 
Vero cells following low dose vaccination with a 
live attenuated DENV-1 candidate vaccine 

(DEN1L130) from the NIH. CD4+ T cells were 
found to secrete IFN-γ, TNF-α and IL-2, 3 weeks 
following exposure to DENV-1 and were detected 
upto 6  weeks. T cells produced 2 cytokines 
simultaneously [45]. There was little cross- 
reactivity in T cell responses.

Weiskopf et al analyzed CD8+ T cell responses 
in PBMC from healthy naïve volunteers in 
Vermont who received either monovalent or tet-
ravalent live attenuated DENV vaccine from the 
NIH [75]. Using peptide pools (9- and 10-mer 
peptides that were predicted for their binding 
affinity to 27 major histocompatibility complex 
(MHC) class I molecules to monovalent and tet-
ravalent DENV vaccines from the NIH.  They 
found broad responses (IFN-☐ and TNF-☐ 
responses) to both structural and non-structural 
proteins were elicited in response to a monova-
lent vaccine (up to 47 months post-vaccination) 
while responses to a tetravalent vaccine (up to 
12  months post-vaccination) were directed 
against the non-structural proteins.

Immune responses in vaccinated individuals 
are continuing to be monitored. How durable T 
cell responses to any of the attenuated vaccines in 
clinical trials is of interest as waning immunity to 
dengue is proposed to increase the risk of severe 
illness.

Questions

• Are distinct subsets of NK cells elevated in 
natural DENV infection and do they differ 
between mild and severe disease, primary or 
secondary dengue infection?

• Can viral peptides modulate NK cell function 
by interacting with inhibitory and activating 
KIRs?

• Can distinct subsets of NK cells be induced 
following vaccination and how do they differ 
from natural infection?

• Do preexisting dengue antibodies modulate 
NK cell responses?

• Are there new ligands on target cells that are 
important for flavivirus infections?
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 Discussion of Chapter 18 at Dengue 
and Zika: Control and Antiviral 
Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Anuja Mathew.

Siew Pheng Lim: Do you see sequence homol-
ogy of your NS1 peptide with the self derived 
peptide and also within the sequence of the 
protein for Dengue?

Anuja Mathew: Definitely, there is some homol-
ogy between the NS1 peptide and self peptide. 
There is no strong motif for peptide binding to 
KIRs, even for self peptides although posi-
tions 7 and 8 of bound peptides have been 
shown to bind KIRs. Our dengue virus peptide 
does match reasonably. Since self peptide can 
mediate inhibition, we still have to proove that 
the dengue peptide can modulate function 
in vivo.

Katja Fink: Is this a dominant peptide? Do all 
patients display this dominant NS1 peptide?

Anuja Mathew: So all of the HLA-B57 people 
that we have tested do. But we have only 
tested a few. B57 is unfortunately an uncom-
mon allele in Thailand, so our access to sam-
ples were limited. If it was on HLA-A11 we 
had hundreds of samples to test.

Laura Rivino: I just have a question on the first 
part: when you tested the two tetramers, the 
A11 and the B57, you tested them in a second-
ary Dengue-2 patient. So when you tested the 
different Dengue-2 peptide did you also test 
the other serotypes?

Anuja Mathew: We have done studies, where 
we had all three tetramers, three variants 
together, and then single variants of each of 
the peptides. Specifically for secondary infec-
tion we would test with whatever they had 
currently. But for this particular donor, I know 
we have tested the individual variants.

Laura Rivino: Do you see a very different 
response?

Anuja Mathew: No, not a striking difference. 
You would expect that maybe you would see 
one, but no. In some instances, and I do not 
know if it is something unique about the sero-
type, but for Dengue-1, we see a dominant 
binding of Dengue-1 variant peptide tetramer. 
There may be something about Dengue-1 that 
we still have to figure out.

Laura Rivino: I want to make a comment on 
B57. So in ARDS, this is published very well. 
HLA Bs seem to be better at presenting, but I 
think they are just better at inducing T-cell 
responses in general.

Anuja Mathew: I think that is true. We have had 
that experience, too. I think all of the B57 
donors we tested are responders. But in gen-
eral, the frequencies are not as high as we 
expected to see given how conserved the B57 
epitope is. You know, frequencies are similar 
to what we see in A11+ donors. It is fairly low.

Laura Rivino: And have you tested other HLAs, 
apart from the A11-NS3 peptide?

Anuja Mathew: We have tested A2, A11, B7, 
B57.

Laura Rivino: And you find A11 is partcularly 
low?

Anuja Mathew: We detect low responses to 
many HLA restricted epitopes. Every now and 
then, you’ll get one or two donors that have a 
high frequency of TET+ T cells. We have 
mutiple time points during acute infection, 
and that is the strength of our studies. It is easy 
to miss peak frequencies when you use only 
one or two time points. We have about five 
time points in each individual during acute 
infection. That is our strength of our studies, I 
think.

George Gao: Regarding your NS1 peptide which 
might be the B57. If they are binding to the 
KIR, is that peptide detected?

Anuja Mathew: We really hope, it is. We show 
binding of NK cells to B57 NS1 tetramers. We 
show binding of the B57 NS1 tetramers with 
KIR3DL1 transfectants. But the question 
really is: can it alter NK cell functional 
responses? We have been struggling to find 
proof for that. This is a challenge in the field 

A. Mathew



261

including those working more actively on 
HIV viral peptides.

Subhash Vasudevan: What does it mean for 
severe dengue? Because you are saying that 
the NK cell response is during the  defervesence 
period and in secondary dengue at least that is 
the period where you can get severe disease. 
So how does it fit the observed T-cell response 
in that period?

Anuja Mathew: What is new about this study is 
the unexpected NK cell regulation for a CD8+ 
T cell peptide. We were looking at frequencies 
of B57 NS1 CD8 T cells to determine whether 
frequencies of these T cells correlate with 
severe disease. Here we find an interaction 
with an inhibitory receptor on NK cells, which 
is something to consider if you do not see 
what you expect.

Subhash Vasudevan: So are the cytokines down-
stream of any importance?

Anuja Mathew: That is what we hope. Our 
expectation is that during the viremic phase 
this peptide is able to inibit NK cells. When 
the viremia ends, there is no longer presenta-
tion of the NS1 peptide, and that leads to NK- 
cell inhibition being released. So now 
suddenly the NK cells get activated and 
release the cytokines which may contribute to 
the cytokine storm seen during end of viremia 
and the critical phase of illness. That is our 
thinking, but that is still to proven.
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Abstract

Targeting the host-cell endoplasmic reticulum 
quality control (ERQC) pathway is an effec-
tive broad-spectrum antiviral strategy. The 
two ER resident α-glucosidases whose 
sequential action permits entry in this pathway 
are the targets of glucomimetic inhibitors. 
Knowledge of the molecular details of the ER 
α-glucosidase II (α-Glu II) structure was lim-
ited. We determined crystal structures of a 
trypsinolytic fragment of murine α-Glu II, 
alone and in complex with key catalytic cycle 
ligands, and four different broad-spectrum 
antiviral iminosugar inhibitors, two of which 
are currently in clinical trials against dengue 
fever. The structures highlight novel portions 
of the enzyme outside its catalytic pocket 

which contribute to its activity and substrate 
specificity. These crystal structures and 
hydrogen- deuterium exchange mass spec-
trometry of the murine ER alpha glucosidase 
II heterodimer uncover the quaternary arrange-
ment of the enzyme’s α- and β-subunits, and 
suggest a conformational rearrangement of 
ER α-Glu II upon association of the enzyme 
with client glycoproteins.

Keywords
Endplasmic reticulum quality control · Broad 
spectrum antiviral · Glucomimetic inhibitors · 
Hydrogen-deuterium exchange mass spec-
trometry · Antiviral iminosugar

19.1  Introduction

Endoplasmic reticulum (ER) α-glucosidase II 
(α-Glu II) is the central glycosyl hydrolase of 
the eukaryotic ER glycoprotein folding quality 
control (ERQC) machinery [8]. This enzyme 
removes a glucose residue from 
Glc2Man9GlcNAc2 N-linked glycans attached 
to a nascent glycoprotein, after α-Glu I removes 
the first terminal glucose of the tri- glucosylated 
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glycan. The  resulting Glc1Man9GlcNAc2 gly-
can enables glycoprotein binding to the ER 
lectins calnexin and calreticulin and the associ-
ated chaperones and refolding isomerases [6]. 
After a second α-Glu II-mediated glucose 
cleavage, the glycoprotein is left with a 
Man9GlcNAc2 glycan, and loses binding affin-
ity for the ER lectins and refolding machinery: 
if folded correctly, the α-Glu II substrate gly-
coprotein is then free to proceed towards the 
Golgi apparatus and secretion. Thus, α-Glu II 
effectively acts as the eukaryotic N-linked gly-
coprotein secretion usher, admitting folding 
client glycoproteins into ERQC and releasing 
them from it [6, 13]. Importantly, most envel-
oped viruses also utilise α-Glu II-mediated 
ERQC for the correct folding of their surface 
glycoproteins [13]. Inhibition of α-Glu II 
causes viral glycoproteins to misfold and 
reduces virion secretion and/or infectivity [16]. 
The centrality of α-Glu II to viral glycoprotein 
folding and secretion makes it an appealing 
target with clinical relevance for broad-spec-
trum antiviral therapy. Iminosugars, a class of 
glycomimetics, are antiviral α-Glu II inhibitors 
that are well tolerated in mammals [7], with 
two clinical trials of α-glucosidase iminosugar 
inhibitors as antivirals currently in progress 
against dengue virus (see NCT01619969 and 
NCT02061358 at www.clinicaltrials.gov).

α-Glu II is a heterodimer composed of a cata-
lytic α-subunit (104–116 kDa) and a β accessory 
subunit (58–80 kDa) [6, 23], and is a challenging 
target for biochemical and structural studies 
(Fig. 19.1a). The β-subunit carries a C-terminal 
ER-retention signal which mediates ER retention 
of the α-Glu II heterodimer [1], and a mannose 
6-phosphate receptor homology (M6PRH) 
domain that binds mannose, and is thought to 
recruit the substrate N-glycan to the α-subunit 
active site [11] via interaction with a terminal 
α(1,2)-linked mannose [22]. In the absence of the 
β-subunit, α-Glu II activity is reduced in vivo [1] 
and in vitro [10] to about 5–10% of wild-type 
(wt) levels and the recombinant α-subunit is 
unstable unless associated with the β-subunit 
[13]. However, the α/β interface is not defini-

tively known [1], nor has the role of the β-subunit 
been fully characterised. The catalytic α-subunit 
is a member of the GH31 family of glycosyl 
hydrolases, which includes a number of intestinal 
α-glucosidases. Both glycosidic bonds specifi-
cally cleaved by α-Glu II have α(1,3) linkages 
and therefore differ from the α(1,4) maltose- like 
bonds in the polysaccharides digested by intesti-
nal GH31 α-glucosidases. Yet, cross- reactivity of 
α-Glu II inhibitors to intestinal α-glucosidases of 
the same fold gives rise to unwanted side effects 
in the clinic [9] and highlights the need for more 
selective α-Glu II inhibitors [4].

Towards this goal, and in order to acquire 
insight into the molecular determinants of α-Glu 
II activity and substrate specificity, we set out to 
functionally and structurally characterise a mam-
malian α-Glu II enzyme. We describe here pro-
duction of recombinant murine heterodimeric 
α-GluI II (Mm α-Glu II), and its characterisation 
by enzyme kinetics, spectroscopy, single crystal 
X-ray crystallography, and hydrogen deuterium 
exchange mass spectrometry (HDX). Four crys-
tal structures of the 107 kDa trypsinised fragment 
of murine α-Glu II (Mm α- Glu IITryps), alone and 
in complex with ligands, comprise an almost 
intact α-subunit and the associated N-terminal 
domain of the β-subunit, reveal the details of α/β 
association and rationalise the enzyme substrate 
specificity and the molecular basis of ligand 
binding [2].

19.2  Architecture  
of Mm α-Glu IITryps

We cloned, expressed and purified wt recombi-
nant Mm α-Glu II and treated it with trypsin to 
generate the stable proteolytic fragment Mm 
α-Glu IITryps [24]. Size-exclusion chromatography 
multi-angle laser light scattering (SEC-MALLS) 
confirmed folded molecules of 166  kDa and 
107 kDa, respectively for Mm α-Glu II and Mm 
α-Glu IITryps, assembling as α/β heterodimers in 
solution. Electrospray ionisation mass spectrom-
etry (ESI-MS) confirmed the boundaries of the 

A. T. Caputo et al.

http://www.clinicaltrials.gov


267

LDLRa

N 

C 

GH31 domainGH31 insert

N-terminal domain
Proximal

C-terminal
domain

Distal
C-terminal

domain

B

A
N-terminal Domain GH31 DomainN C Proximal C-terminal

Domain Distal C-terminal Domain

2 X LDLRa H/KDELN C M6PRHAcidic Stretch2 X EF-Hand

α-subunit

β-subunit

C

Fig. 19.1 Architecture of the Mm α-Glu IITryps crystal 
structure. (a) Schematic of the domain arrangement of 
both subunits of α-Glu II. The two loops removed by tryp-
sin in the α-subunit are represented by cartoon scissors 
and similarly the portion of the β-subunit remaining are in 
blue between the cartoon scissors. (b) Three- dimensional 
structure of Mm α-Glu IITryps (PDB ID: 5F0E) in cartoon 

representation coloured according to (a) and labelled by 
domain. Overlay of disaccharide bound Mm α-Glu IITryps 
(in dark purple, PDB ID 5HJR) with the Chaetomium 
thermophilum α-subunit crystal structure (in light purple, 
PDB ID 5DKZ) both containing the bound carbohydrates 
sitting in their active sites (Figure adapted from [2])
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resulting polypeptides of the Mm α-Glu IITryps 
species.

Mm α-Glu IITryps yielded diffracting crystals 
that enabled structure solution by molecular 
replacement at a resolution of 1.74 Å (Fig. 19.1b). 
The crystal structure of Mm α-Glu IITryps also 
reveals two tandem low-density-lipoprotein 
receptor class A (LDLRa) subdomains, corre-
sponding to the N-terminal portion of the 
β-subunit (in blue in Fig. 19.1b). This is the only 
portion of the β-subunit to survive trypsinolysis, 
because of its close association with the α-subunit. 
Each LDLRa module contains an octahedrally 
coordinated calcium ion, explaining the known 
S.pombe β-subunit mutants E73A and E114A, 
inactive against Glc1Man9 [21], which corre-
spond to Mm α-Glu II β-subunit E64 and E105: 
both residues are part of a calcium ion coordina-
tion sphere in one of the β-subunit LDLRa sub-
domains. The recent structure of the α-subunit 
from Chaetomium thermophilum (Ct), a thermo-
philic fungus, shows a similar domain architec-
ture and agreement with our murine structures 
(Fig.  19.1c) [15]. The two α-subunits have an 
RMSD of 0.68  Å and the bound disaccharide 
poses match well. A second structure with a 
bound glucose-α(1,3)-mannose indicates how 
substrate discrimination may occur in the active 
site.

The interface between the α- and β-subunits in 
the crystals spans 700  Å2 of solvent accessible 
area, and is organised around salt bridges between 
aspartic acid residues coordinating the two cal-
cium ions in the β-subunit (D53, D54, D57, D94 
and D98) and four arginines and one lysine in the 
α-subunit (R837, R839, R840, R951 and K952 in 
Mm α-Glu II), see Fig. 19.2a. The acidic residues 
in the β-subunit and the basic residues in the 
α-subunit at this interface are conserved across 
sequences of eukaryotic α-Glu II enzyme sub-
units (Fig. 19.2b, c). As expected on the basis of 
the crystal structure, the Mm α-Glu II α-subunit 
single mutant R840E loses binding capacity for 
the β-subunit in vitro: the β-subunit no longer co- 
purifies with the 6xHis-tagged α-subunit R840E 
mutant by immobilised metal affinity chromatog-
raphy (Fig. 19.2d). The observations form this set 
of crystal structures has been recently confirmed 

with a similar crystal structure of the Chaetomium 
thermophilum α-subunit with a tandem LDLRa 
construct [14].

The α/β interface was further studied by 
hydrogen deuterium exchange mass spectrome-
try experiments (HDX) conducted on the full- 
length Mm α-Glu II heterodimer. Following 
pepsinolysis a total of 158 peptides were detected 
(101 α-subunit and 57 β-subunit) and support the 
observed α/β interface. Peptides including resi-
dues α 837-840 and β 94-98 were not detected, 
however good coverage was measured for resi-
dues α 951-952 and β 50-61, which were pro-
tected from deuterium uptake for up to 60  min 
(Fig. 19.3a, b), consistent with the α/β interface 
in the crystals. Interestingly, the helices α 427- 
441 and α 470-482, which contact each other on 
the surface of the α-subunit, also seem to be pro-
tected from H/D exchange (Fig. 19.3c).

19.3  Snapshots of the Catalytic 
Cycle of ER α-Glu II

For the first time, all key stages of the catalytic 
cycle of a single member of the GH31 family 
have been trapped in crystal structures by soak-
ing of ligands (Fig.  19.4). All ligands displace 
most of the water molecules in the −1 catalytic 
pocket of the apo enzyme (Fig.  19.4a). 
α-Glycosidases can catalyse transglucosylation 
reactions at high substrate concentration [19], 
and Mm α-Glu II proves no exception: soaking 
the Mm α-Glu IITryps crystals with the 
1,2- unsaturated glucose analogue d-glucal we 
obtained a complex with a bound α(1,3)-linked 
pseudo-disaccharide, illustrating the binding 
mode of substrate α(1,3) disaccharides in the 
enzyme’s catalytic pocket: in particular, the 
hydroxyl moieties at C4 and C6 on the ring at the 
+1 site form H-bonds to the conserved R624 and 
D305, respectively (Fig.  19.4b). The complex 
obtained by soaking the crystals with 5-fluoro-α- 
d-glucopyranosyl fluoride traps the reaction 
intermediate after the first nucleophilic attack 
(Fig. 19.4c), confirming that D564 is the nucleo-
phile. The complex with d-glucose shows the 
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Fig. 19.2 The interface between the α- and β-subunits is 
comprised of a highly conserved, charged interface. (a) 
Molecular detail of the interaction between the two sub-
units (α-subunit in green and β-subunit in blue) highlight-
ing a number of salt bridges and hydrogen bonds that form 
the interface. (b) Electrostatic potential on the surface of 
the dimer and the individualised subunits calculated by 
Adaptive Poisson-Boltzmann Solver plugin of PyMOL. 

(c) Sequence conservation over 30 sequences of both sub-
units painted onto the surface of the subunits produced 
with the Consurf server. (d) Abrogation of the dimerisa-
tion interaction in vitro is possible by mutation of one of 
the key arginines (R840) to a glutamate when co-expressed 
with the β-subunit. Purification using the hexahistidine tag 
on the α-subunit causes the β-subunit to flow through 
affinity resin (Figure adapted from [2])
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Fig. 19.3 Characterisation of the α-Glu II interface by 
hydrogen-deuterium exchange mass spectrometry. 
Pepsinolysis of a time course of deuterated full-length 
Mm α-Glu II over 1 h. (a) and (b) Heat maps for the iden-
tified peptides with the shaded domains present in the Mm 
α-Glu IITryps crystal structure. (c) Surface representation of 
Mm α-Glu IITryps coloured by rate of hydrogen-deuterium 

exchange obtained from the wt Mm α-Glu II.  The α/β 
interface residues α -951-952 and β -50-61 are boxed by a 
dashed red line and marked by white “+” signs. The heli-
ces α 427-441 and α 470-482, protected by the β-subunit 
in the context of the heterodimer are marked by a white 
asterisk (Figure taken from [2])
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product bound to the −1 pocket of the enzyme 
after glycosidic bond hydrolysis (Fig. 19.4d).

19.4  Novel Features of ER α-Glu II

The structure of the Mm α-Glu II α-subunit 
reveals two novel structural features correspond-
ing to stretches of amino acid sequence that are 
both unique to eukaryotic α-Glu II enzymes as 
well as conserved across them (Fig. 19.5). Firstly, 
the N-terminus of the α-subunit contains a helical 
turn (residues 41–43) connected to a short alpha 

helix (residues 45–52) by a disulfide bond 
(between C41 and C47). This conserved 
N-terminal portion reaches the rim of the cata-
lytic pocket (in red in Fig.  19.5). Secondly, all 
eukaryotic α-Glu II sequences possess a two- 
residue insertion, which is absent in other GH31 
family members, in an N-terminal domain loop 
that flanks the active site. This loop corresponds 
to residues 306–313 (and the insertion residues 
are F307 and Q308) in Mm α-Glu II (Fig. 19.5b). 
We overlayed our structure of the Mm α-Glu II 
α-subunit onto the structure (PDB ID 2QMJ) of 
the N-terminal domain of human maltase- 

Fig. 19.4 Details of the Mm α-Glu II active site at key 
stages during its catalytic cycle (with corresponding 
chemical schemes in the corners). (a) Apo enzyme, the 
pocket is filled with ordered water molecules (red 
spheres). (b) Complex with the d-glucal transglucosyl-
ation product, an analogue of a α(1,3) disaccharide sub-
strate. The −1 and +1 sites are marked. (c) Covalent 

complex after nucleophilic attack from D564 to 1, form-
ing a reaction intermediate analogue. (d) Complex with 
d-glucose, one of the products of the enzyme’s reactions. 
The C atoms of the catalytic nucleophile D564 and the 
ligands are coloured purple. The C atoms of the catalytic 
acid/base D640 are coloured orange (Figure taken from 
[2])
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glucoamylase (Fig. 19.5c) in complex with acar-
bose, a non-cleavable α(1,4) tetrasaccharide 
mimic and a well-known inhibitor of intestinal 
α-glucosidases. We observed that acarbose 
 cannot fit into the substrate binding pocket of the 
Mm α-Glu II α-subunit because of steric hin-
drance by the insertion loop residues F307 and 
Q308 (Fig. 19.5d). As it is this loop which pre-
vents acarbose from binding and inhibiting α-Glu 
II, we name this part of the α-Glu II enzyme the 
exclusion loop.

19.5  The Binding Mode 
of the Broad-Spectrum 
Iminosugar Antiviral 
Compounds

We went on to determine the crystal structures of 
Mm α-Glu IITryps in complex with four antiviral 
iminosugars: castanospermine, 1-deoxynojirimycin 

(DNJ), and its alkylated derivatives N-butyl-1-
deoxynojirimycin (NB- DNJ, aka miglustat) and 
N-9′-methoxynonyl-1- deoxynojirimycin (MON-
DNJ, aka UV-4) (Fig. 19.6a–d) [3]. The iminosug-
ars all occupy the −1 subsite and their hydroxyl 
moieties interact with the enzyme similarly to what 
is observed for glucose, 5F-glucose and d-glucal 
disaccharide. DNJ orients itself with the endocyclic 
nitrogen atom in close proximity to the catalytic 
D564, compatible with the idea that the molecule 
acts as a transition state mimic of the first step of 
glycosidic bond hydrolysis (Fig.  19.6a) [5]. The 
castanospermine hydrophobic five-membered ring 
fits in a pocket formed by the conserved W423, 
I448 and W525 (Fig. 19.6b). The alkyl tail of NB-
DNJ displaces the side chain of W525, disordering 
it (Fig.  19.6c). In the crystal structure of the 
N-terminal domain of human maltase-glucoamy-
lase in complex with the iminosugar miglitol (PDB 
ID 3L4W) [18], a similar movement of the side 
chain of W406 (equivalent to Mm α-Glu II W525) 

Fig. 19.5 The N-terminus extension and exclusion loops 
are novel α-Glu II-specific determinants of enzyme activ-
ity. Structural alignment of Mm α-Glu IITryps (green) with 
its bound disaccharide analogue (purple) against the malt-
ase domain of H. sapiens maltase-glucoamylase (grey, 
PDB ID 2QMJ). (a) Red: highlight of the position of the 
N-terminus in relation to the exclusion loop only present 

in Mm α-Glu IITryps. (b) Detail of acarbose (grey) binding 
in 2QMJ, again overlayed with the Mm α-Glu IITryps and 
bound disaccharide analogue (purple). The mode of bind-
ing for acarbose observed in H. sapiens maltase-glucoam-
ylase is not possible in Mm α-Glu IITryps, due to steric 
hindrance from the exclusion loop residues F307 and 
Q308 (Figure adapted from [2])
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was caused by the N-hydroxyethyl group of the 
ligand. The alkyl chain of NB-DNJ is longer than 
that of miglitol and stretches towards the side chains 
of the conserved residues F307 and F571, suggest-
ing that N-alkylated iminosugar derivatives act by 
blocking access to the +1 subsite as well as occupy-
ing the −1 subsite with the iminosugar ring. This is 
confirmed by the structure with MON-DNJ 
(Fig. 19.4d), which has a longer alkyl chain, and is 

the most potent of the N-alkylated iminosugars 
tested (MON-DNJ has an IC50 of about 1.8 ± 0.3 μM 
[22] vs. 5.2 ± 1.0 μM for NB- DNJ and 11.4 ± 4.3 μM 
for DNJ [17]). MON- DNJ displaces the whole loop 
α 523-528, which changes conformation, and 
whose terminal hairpin α 525-527 is disordered in 
the crystal after soaking. MON-DNJ’s alkyl chain is 
in two main conformations (of refined occupancies 
0.61 and 0.39), the major conformer docking 

Fig. 19.6 Crystal structures of Mm α-Glu IITryps in com-
plex with iminosugar inhibitors. Active site of complexes 
with (a) castanospermine, (b) DNJ, (c) NB-DNJ, and (d) 
MON-DNJ. Upon alkylation of the endocyclic nitrogen, 
the W525 side chain in the NB-DNJ complex is disor-

dered (asterisk in c), while the longer chain of MON-DNJ 
causes complete disordering of the α 525-527 hairpin 
loop. The side chain of MON-DNJ adopts two main con-
formations, which interact with F307 and F571. (Figure 
taken from [2])
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against the exclusion loop F307 and the minor one 
against the hydrophobic side chain of F571 
(Fig. 19.6d).

Taken together, these crystal structures show 
that the DNJ moiety and castanospermine bind in 
a manner similar to that observed for the imino-
sugar miglitol in the active site of the intestinal 
maltase-glucoamylase and sucrase-isomaltase. 
Further away from the catalytic pocket, an inser-
tion in a loop at the edge of the +1 subsite of 
α-GluII explains the lack of α-GluII inhibition by 
the non-cleavable α(1,4) tetrasaccharide mimic 
acarbose, a well-known inhibitor of intestinal 
α-glucosidases. MON-DNJ so far is the best 
known inhibitor of α-GluII in vivo [12], active 
against dengue and influenza [20, 25] and cur-
rently in clinical trials for dengue fever. The 
alkyl-chains of NB-DNJ and MON-DNJ displace 
and induce disorder in a surface loop. Both the 
disordering of portions of the protein and the 
multiple conformations of the alkyl chain make 
favorable entropic contributions to the free 
energy of binding. Based on these observations, 
the conserved ring of hydrophobic residues 
between the α-Glu II +1 and +2 subsites could be 
a good target for inhibitors with the potential to 
achieve increased potency and selectivity for 
α-Glu II.

19.6  Conclusions

In our recent work we have identified α-Glu II in 
particular as a suitable target for the develop-
ment of a broad-spectrum antiviral agent. 
Inhibition of α-Glu II was necessary and suffi-
cient to inhibit e.g. dengue virus in vitro and in 
dengue disease mouse models [12]. The crystal 
structures reported here suggest that the pharma-
cological search for α-Glu II inhibitors selective 
over GH31 intestinal glucosidases should be 
extended to a much broader drug epitope space, 
aiming at regions of the enzyme that this work 
has uncovered as specific to α-Glu II and not 
shared by other GH31-family α-glucosidases, 
such as the exclusion loop, the α-subunit 
N-terminus and the α/β interface. These struc-
tural features may constitute druggable targets, 

and Mm α-GluIITryps crystals may assist in drug 
candidate discovery.

 Discussion of Chapter 19 in Dengue 
and Zika: Control and Antiviral 
Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Nicole Zitzmann.

Aravinda de Silva: I guess this is more of a basic 
question about how the quality control system 
works. So you said that you have the sugar 
with one glucose and then, when it is strained, 
it is released and calnexin binds. Or am not i 
getting it?“.

Nicole Zitzmann: Slightly. It is not possible [to 
happen at the same time; ie for calnexin and 
gluII to bind to the monoglucosylated sub-
strate]. The ER alpha-glucosidase II has two 
substrates, the diglucosylated and the mono-
glucosylated [N-linked glycan]. And then [the 
question is] does calnexin get there first [i.e. to 
the monoglucosylated glycan], and calnexin is 
obviously also going on-off, on- off. And so 
eventually, you can’t have alpha-glucosidase 
cleaving the last glucose off with calnexin still 
bound to it, it’s physically impossible. So the 
glucosidase II will have to come in there at 
some point when calnexin is not bound.

Aravinda de Silva: So the question is: How does 
the quality control work? Is it the glucosidase 
that actually does that?

Nicole Zitzmann: No. The real player here is 
UGGT, the UDP-glucose-glucosyl transfer-
ase, the one on the other end of the calnexin 
cycle. That is the real quality controller that 
scans the protein that is trying to fold and sees 
wether it is folded or not. Nobody knows 
exactly how that works, so we wanted the 
structure. Now that we have the structure we 
can address some of these questions.

Aravinda de Silva: So it mysteriously scans pro-
teins in the act of folding...
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Nicole Zitzmann: Well, it possibly samples for 
disulfide bridges and you know that the text-
books always say that exposed hydrophobic 
patches can’t be there. It has a lot of 
thioredoxin- like domains doing all sorts of 
jobs.

Aravinda de Silva: Do you know the fate of the 
viral proteins? What happens to them?

Nicole Zitzmann: That entirely depends on the 
virus and that’s sadly, although it is broad 
spectrum, or at least in  vitro it is antiviral 
against all of these viruses, why it totally 
depends on the virus. Say, in HIV, you’ll get a 
slight misfolding of the gp120 and the virus 
can still get secreted, but you have a slight 
misfolding in the V1 and V2 loop. The virus 
can still bind to the next cell and it can bind to 
CD4, but it cannot make the conformational 
change to bind to the coreceptors. So in HIV 
you get virus out, so if you just measure the 
RNA, you wouldn’t know any better, but you 
have a totally non-infectious virus. Other 
viruses see gross misfolding. For dengue, I 
think Joanna [Miller] will show some data. It 
looks like we actually retain them. And if you 
retain things inside the cell, they eventually 
will be degraded by the ERAD pathway. And 
for most other viruses, you’ll get grossly mis-
folded [viral envelope glyco] proteins inside 
the cell and they get degraded inside the cell.

George Gao: Are there any evidences for quality 
control factors or putative factors such as your 
enzyme being upregulated in the ER during 
virus infection like HIV or Ebola?

Nicole Zitzmann: The enzymes of the calnexin 
cycle? Yes they are. So when you have a viral 
infection, there are thousands of viral proteins 
trying to fold in addition to the normal host 
proteins that are trying to fold. So yes, the cell 
senses this extra burden and triggers the 
unfolded protein response, the UPR response. 
This can lead to the upregulation of the main 
players I mentioned.

George Gao: So what happens for a chronic 
infection like HIV? Is it also upregulated?

Nicole Zitzmann: It depends on wether you have 
active viral replication in the cell. So if you 
have active viral replication it will be upregu-
lated. But HIV is often latent.

Laura Rivino: So you are inhibiting an enzyme 
that is a host enzyme. And so what is the effect 
on the host?

Nicole Zitzmann: It is actually not very dra-
matic. We have a large therapeutic window 
with alpha glucosidases and we hit the viruses 
much earlier, before we hit the host proteins. 
The reason for this is so far only speculative, 
but we have a paper hopefully coming out 
soon where we have proven that for HIV. Most 
viruses need to oligomerize their envelope 
glycoproteins. For instance, gp120 in HIV is a 
trimer. So even if you only slightly misfold 
one of them, the whole trimer cannot work 
anymore and for HIV, we know that actually 
for viral fusion, you’ll need several, about 
seven, of these to come together. So you can 
actually have a massive amplification effect 
with only a little bit of misfolding and that is 
why we hit the viruses before we hit the host. 
Most host enzymes can also use endomonosi-
dases in the Golgi to get around these prob-
lems but viruses can’t. So you could speculate 
if it has something to do with the fact that viral 
proteins have not necessarily, at least initially, 
co-evolved with our cells. They really need a 
lot of help to fold their proteins in the ER.

Siew Pheng Lim: So you mentioned the alpha- 
glucosidase inhibitors have been repeatedly 
looked at for HIV, HBV, HCV etc. What are 
your thoughts in terms of what makes a better 
inhibitor and which angle are you are aiming 
at?

Nicole Zitzmann: So personally, my group is 
after an allosteric inhibitor at the moment for 
this enzyme, but there are a lot of approaches 
in this field and we are not the only players in 
this. There is a lot of medicinal chemistry 
going on and having determined the structure 
you know there are some very obvious things 
that one would be able to do.
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Mechanisms of Antiviral Activity 
of Iminosugars Against Dengue 
Virus

Joanna L. Miller, Beatrice E. Tyrrell, 
and Nicole Zitzmann

Abstract
The antiviral mechanism of action of imino-
sugars against many enveloped viruses, 
including dengue virus (DENV), HIV, influ-
enza and hepatitis C virus, is believed to be 
mediated by inducing misfolding of viral 
N-linked glycoproteins through inhibition of 
host endoplasmic reticulum-resident 
α-glucosidase enzymes. This leads to reduced 
secretion and/or infectivity of virions and 
hence lower viral titres, both in vitro and in 
vivo. Free oligosaccharide analysis from 
iminosugar-treated cells shows that antiviral 
activity correlates with production of mono- 
and tri-glucosylated sugars, indicative of inhi-
bition of ER α-glucosidases. We demonstrate 
that glucose-mimicking iminosugars inhibit 
isolated glycoprotein and glycolipid process-
ing enzymes and that this inhibition also 
occurs in primary cells treated with these 
drugs. Galactose-mimicking iminosugars that 
have been tested do not inhibit glycoprotein 
processing but do inhibit glycolipid process-
ing, and are not antiviral against DENV.  By 
comparison, the antiviral activity of glucose- 
mimetic iminosugars that inhibit endoplasmic 

reticulum-resident α-glucosidases, but not 
glycolipid processing, demonstrates that inhi-
bition of α-glucosidases is responsible for 
iminosugar antiviral activity against 
DENV. This monograph will review the inves-
tigations of many researchers into the mecha-
nisms of action of iminosugars and the 
contribution of our current understanding of 
these mechanisms for optimising clinical 
delivery of iminosugars. The effects of imino-
sugars on enzymes other than glucosidases, 
the induction of ER stress and viral receptors 
will be also put into context. Data suggest that 
inhibition of α-glucosidases results in inhib-
ited release of virus and is the primary antivi-
ral mechanism of action of iminosugars 
against DENV.

Keywords
N-linked glycoproteins · ER α-glucosidases · 
Glucose-mimicking iminosugars · Galactose- 
mimicking iminosugars · ER-associated 
degradation · Dengue virus

20.1  Introduction

Transmitted by female Aedes mosquitoes, den-
gue virus (DENV) infects almost 400  million 
people each year [5], and is a growing global 
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health problem. Despite the licensure of the first 
dengue vaccine, Dengvaxia® (CYD-TDV) in 
2015, the development and clinical testing of 
novel antiviral therapies against dengue virus 
remains imperative. Dengvaxia® displays differ-
ential efficacy against the four dengue serotypes 
and it is not licenced for people in non- or low- 
endemicity areas (e.g. travellers and military per-
sonnel), due to reduced efficacy in seronegative 
recipients and an increased risk of antibody-
dependent enchantment (ADE). A licenced anti-
viral therapy to treat dengue disease is thus still 
of vital importance for reducing morbidity and 
mortality.

20.1.1  N-Linked Glycoprotein 
Production and Processing

Inhibition of biosynthesis of N-linked oligosac-
charides, involving both glycosylation and gly-
coprotein processing, has been targeted as an 
antiviral approach for a number of decades. 
N-linked glycans are added to proteins at spe-
cific amino acid sequences, initially by addition 
of Glc3Man9GlcNAc2, where Glc is glucose, 
Man is mannose and GlcNAc is N-acetyl glucos-
amine (Fig. 20.1). Once this precursor oligosac-
charide is transferred to a glycoprotein, the 
carbohydrate chain is subjected to a variety of 
processing reactions, including both removal 

Fig. 20.1 Trimming of N-linked glycans in the ER and 
production of FOS. Following translocation of a newly 
transcribed peptide into the ER, a preassembled precursor 
oligosaccharide, consisting of 3 glucose (Glc), 9 mannose 
(Man) and 2  N-acetylglucosamine (GlcNAc) residues 
(Glc3Man9GLcNAc2) is transferred to the nascent poly-
peptide. Stepwise removal of first the outer α1,2-linked 
glucose residue by α-glucosidase I (GluI), then the next 
two α1,3-linked glucose residues by α-glucosidase II 
(GluII) occurs. The lectin chaperones calnexin and calre-
ticulin can bind to the monoglucosylated oligosaccharide 
intermediate (Glc1Man9GLcNAc2) to slow glycoprotein 
progression through the ER and allow for correct folding. 
UDP-glucose glycoprotein:glycoslytransferase (UGGT) 
detects misfolded proteins and reglucosylates the oligo-
saccharides to allow for repeated interaction with calnexin 

and other folding chaperones and enzymes (calnexin 
cycle). Correctly folded proteins can bud from the ER for 
transport to the Golgi and further processing, or alterna-
tively undergo additional processing by ER degradation- 
enhancing α-mannosidase I–like protein (EDEM) and 
other ER mannosidases to be targeted for degradation. 
Free oligosaccharides (FOS) are generated during protein 
N-glycosylation in mammalian cells and specific species 
can be detected by HPLC in cell lysates. For example, 
inhibition of GluII results in a monoglucosylated glyco-
protein. After trimming of the glycan precursor by man-
nosidases and recognition of the glycoprotein as terminally 
misfolded, a Glc1Man4GlcNAc1 FOS species is cleaved 
from the peptide during ER-associated degradation 
(ERAD). In the case of inhibition of GluI, (not shown) the 
Glc3Man5GlcNAc1 FOS species can be detected (Adapted 
from [67])

J. L. Miller et al.
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and addition of sugar residues in the endoplas-
mic reticulum (ER) and Golgi to produce the 
typical high- mannose, hybrid, and complex 
types of oligosaccharides. Glycans play a spe-
cific role in glycoprotein folding through the cal-
nexin/calreticulin cycle. α-glucosidase I (GluI) 
and α-glucosidase II (GluII) sequentially trim 
the terminal glucoses from the precursor oligo-
saccharide, resulting in the monoglucosylated 
Glc1Man9GlcNAc2 which is bound by calnexin 
[81]. Through interactions with various protein 
disulphide isomerases and other chaperones, the 
glycoprotein has the chance to fold correctly 
while being held in the ER, before progressing to 
the Golgi. The glycoprotein eventually plays a 
role in the viral life cycle or is incorporated into 
a new virion. These host cell glycosylation pro-
cesses are required by viruses expressing glyco-
proteins as no virus has been identified to encode 
the enzymes required for biosynthesis of 
N-linked oligosaccharides. DENV possesses 
four N-linked glycoproteins: envelope, pre-
membrane, non- structural protein 1 (NS1), and 
non-structural protein 4B.

20.1.2  Iminosugars

Iminosugars are so named due to their resem-
blance to monosaccharides, differing where the 
ring oxygen has been replaced with a nitrogen 
atom. Replacement of the oxygen reduces imino-
sugar susceptibility to cleavage by glucosidases 
and allows derivatization at the nitrogen atom. 
Several iminosugars are inhibitors of cellular gly-
cosidase enzymes in the N-linked glycan pro-
cessing pathway. In 1982 deoxynojirimycin 
(DNJ) was first shown to inhibit the formation of 
complex glycans in Saccharomyces cerevisiae 
[66] by inhibiting the action of the ER GluI and 
GluII, the earliest enzymes in the N-glycan pro-
cessing pathway (Fig. 20.1). Subsequently, their 
antiviral potential was realised when castano-
spermine and N-alkyl derivatives of DNJ were 
shown to inhibit HIV [28, 84].

20.1.3  Iminosugars as Anti-Dengue 
Compounds

ER chaperones such as BiP and heat shock pro-
tein 90 (HSP90) can assist protein folding in a 
carbohydrate-independent manner, unlike cal-
nexin/calreticulin. DENV E protein binds to BiP 
in infected cells and knockdown of BiP, calnexin 
or calreticulin resulted in reduced production of 
infectious virus, indicating that these chaperones 
all play a role in folding and assembly of dengue 
proteins [39]. Interestingly, both HSP90 [61] and 
BiP [34] have been proposed to act as attachment 
or entry receptors for DENV in certain cells. 
Despite this chaperone redundancy, ER 
α-glucosidase inhibitors were first shown to have 
antiviral effects on DENV by Courageot et  al. 
[17] via a mechanism that did not affect viral pro-
tein synthesis, but appeared to reduce prME het-
erodimer formation and stability. They concluded 
that the formation of properly folded DENV 
envelope complexes requires a lectin chaperone 
pathway.

Since then many studies have shown that 
iminosugars are antiviral against DENV [67]. 
Here we summarise the published antiviral data 
of iminosugars against DENV in vitro 
(Table 20.1) and in vivo (Table 20.2), to highlight 
the progress in this field. Many different DNJ- 
derivative and bicyclic iminosugars have now 
demonstrated antiviral effects against DENV. The 
number of studies since we last reviewed the field 
in 2010 has more than tripled, with particular 
progress in in vivo studies, an important step for 
progression to clinical trials.

20.1.4  Clinical Trials of Iminosugars 
Against Dengue

Two lead therapeutic candidate iminosugars, 
methoxy-N-nonyl deoxynojirimycin (MON- 
DNJ, UV-4B) and celgosivir (the prodrug of cas-
tanospermine) have progressed to Phase I and Ib 
clinical trials, respectively. Both appear very safe 
with no serious adverse events reported.

20 Mechanisms of Antiviral Activity of Iminosugars Against Dengue Virus
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Table 20.1 Antiviral efficacy of six-membered ring iminosugars against DENV in in vitro experiments

Iminosugar

DENV 
serotype 
(strain)

Cell type 
(MOI)

Effect on

Reference
Viral 
glycoproteins Viral replication

Infectious virus 
secretion

DNJ-derivative iminosugars
DNJ 1 (FGA/89) Neuro 2a 

(400)
prME dimer 
formation 
impaired

ND Reduced to 20% 
control at 500 μM

[17]

2 (16681) MDMΦ 
(1)

ND ND EC50 308 μM [68]

NB-DNJ 2 (16681) MDMΦ 
(1)

ND ND IC50 6 ± 7.31 μM; IC90 
62.1 ± 60.7 μM

[45]

2 (NGC) Vero ND ND IC50 162 μM [51]

2 (16681) MDMΦ 
(1)

ND Secreted DENV 
reduced in 1:1 
ratio with 
infectious 
DENV

EC50 10.6 μM [68]

NN-DNJ 2 (PL046) BHK-21 
(0.1)

Dose-dependent 
reduced 
intracellular E 
and NS1, and 
reduced 
secretion

Reduced RNA 
replication 
(16-fold at 
100 μM)

Reduced to plaque 
assay limit of 
detection with 5 μM; 
only significantly 
antiviral when drug 
added post-infection

[94]

2 BHK-21 
(0.05)

ND ND EC50 1.1 μM; EC90 
3.3 μM

[13]

ND ND IC50 1 μM [29]

2 (16681) MDMΦ 
(1)

ND ND IC50 0.91 ± 0.40 μM; 
IC90 8.02 ± 4.14 μM

[45]

2 (NGC) Vero ND ND IC50 9 μM [14]

2 (16681) MDMΦ 
(1)

ND ND EC50 1.25 μM [68]

N-7- 
oxadecyl- 
DNJ

2 (NGC) Vero ND ND IC50 41 μM [51]

MON-DNJ 
(UV-4)

1 (779,172) Vero 
(0.01)

ND ND IC50 5.15 ± 3.85 μM [89]

1 (SH 
29177)

Vero 
(0.01)

ND ND IC50 2.10 ± 2.50 μM [89]

1 (PRS 
41393)

Vero 
(0.01)

ND ND IC50 
37.69 ± 10.95 μM

[89]

2 (16681) MDMΦ 
(1)

ND ND IC50 3.09 ± 3.93 μM; 
IC90 7.74 ± 3.63 μM

[45]

ND 1:1 ratio in reduction of secreted total and 
infectious virus

[89]

2 (NGC) Vero ND ND IC50 17 μM [51]

Vero 
(0.01)

ND ND IC50 6.49 ± 1.65 μM [89]

2 (SL 
5–17-04)

Vero 
(0.01)

ND ND IC50 
22.34 ± 16.36 μM

[89]

2 (UIS 
1288)

Vero 
(0.01)

ND ND IC50 18.69 ± 7.21 μM [89]

3 (SL 
5–29-04)

Vero 
(0.01)

ND ND IC50 3.64 ± 1.39 μM [89]

(continued)
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Table 20.1 (continued)

Iminosugar

DENV 
serotype 
(strain)

Cell type 
(MOI)

Effect on

Reference
Viral 
glycoproteins Viral replication

Infectious virus 
secretion

3 (UIS 776) Vero 
(0.01)

ND ND IC50 6.56 ± 2.80 μM [89]

3 (H87) Vero 
(0.01)

ND ND IC50 86.49 ± 1.58 μM [89]

4 (779,157) Vero 
(0.01)

ND ND IC50 
18.18 ± 24.44 μM

[89]

4 (C258/97) Vero 
(0.01)

ND ND IC50 8.95 ± 1.25 μM [89]

4 (H241) Vero 
(0.01)

ND ND IC50 2.78 ± 1.42 μM [89]

NAP-DNJ 2 (16681) MDMΦ 
(1)

ND ND IC50 0.04 ± 0.01 μM; 
IC90 0.28 ± 0.14 μM

[45]

2 (NGC) Vero ND ND IC50 2 μM [14]

2THO-DNJ 
(UV-12)

2 (NGC) Vero 
(0.01)

ND ND IC50 21.71 μM [87]

CM-9-78 2 (TSV01) A549 
(0.3)

ND EC50 1.5 μM ND [14]

2 BHK-21 
(0.05)

ND ND EC50 6.75 μM; EC90 
13 μM

[13]

CM-10-18 2 (TSV01) A549 
(0.3)

ND EC50 1.1 μM ND [14]

2 (NGC) BHK-21 
(0.01)

ND ND EC50 4.5 ± 2.0 μM; 
EC90 47.2 ± 27.6 μM

[16]

CM-10-18 
plus 
ribavirin

2 (TSV01) A549 ND Synergistic 
antiviral effect

ND [14]

IVHR11029 2 (NGC) BHK-21 
(0.01)

ND ND EC50 0.75 ± 0.06 μM; 
EC90 6.3 ± 3.5 μM

[16]

IVHR17028 2 (NGC) BHK-21 
(0.01)

ND ND EC50 0.3 ± 0.03 μM; 
EC90 1.7 ± 0.8 μM

[16]

IVHR19029 2 (NGC) BHK-21 
(0.01)

ND ND EC50 1.25 ± 1.1 μM; 
EC90 22.5 ± 10.6 μM

[16]

OSL95-ii 2 BHK-21 
(0.05)

ND ND EC50 4 μM; EC90 
8.7 μM

[13]

2 BHK-21 
(0.05)

ND ND IC50 2 μM [29]

PBDNJ0801 2 BHK-21 
(0.05)

ND ND EC50 0.1 μM; EC90 
0.2 μM

[13]

PBDNJ0803 2 BHK-21 
(0.05)

ND ND EC50 0.1 μM; EC90 
0.6 μM

[13]

PBDNJ0804 2 BHK-21 
(0.05)

ND ND EC50 0.075 μM; EC90 
0.6 μM

[13]

N-butyl- 
cyclohexyl- 
DNJ

2 BHK-21 
(0.05)

ND ND IC50 3 μM [29]

N-propyl- 
cyclohexyl- 
DNJ

2 BHK-21 
(0.05)

ND ND IC50 1.5 μM [29]

Bicyclic iminosugars
CAST 1 (Brazil) BHK-21 

(0.01)
ND ND IC90 < 50 μM [92]

(continued)
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Table 20.1 (continued)

Iminosugar

DENV 
serotype 
(strain)

Cell type 
(MOI)

Effect on

Reference
Viral 
glycoproteins Viral replication

Infectious virus 
secretion

1 (FGA/89) Neuro 2a 
(400)

E protein 
misfolded; 
prME dimer 
formation 
impaired

ND Reduced to 5% 
control at 500 μM

[17]

2 BHK-21 
(0.05)

ND ND IC50 6 μM [29]

2 (16681) BHK-21 
(0.1–10)

prM 
glycosylation 
affected

Replicon 
expression 
reduced by 
<40%

IC50 1 μM; 
IC90 < 50 μM

[92]

Huh-7 
(0.1–10)

ND ND IC50 85.7 μM [92]

MDMΦ 
(1)

ND ND EC50 36.4 μM [68]

2 (N1042) BHK-21 ND ND IC90 < 50 μM [92]

3 (Sri 
Lanka)

BHK-21 ND ND IC90 < 50 μM [92]

4 (Tahiti) BHK-21 ND ND IC90 < 50 μM [92]

Celgosivir 1 (2402) BHK-21 
(0.3)

ND EC50 
0.65 ± 0.16 μM

ND [58]

ND ND EC50 
0.105 ± 0.059 μM

[91]

BHK-21 
(0.01)

ND ND EC50 
0.066 ± 0.019 μM

[91]

Huh-7 
(0.3)

ND ND EC50 
17.430 ± 4.921 μM

[91]

Huh-7 
(0.01)

ND ND EC50 
5.961 ± 1.258 μM

[91]

Vero 
(0.3)

ND ND EC50 
51.035 ± 14.47 μM

[91]

Vero 
(0.01)

ND ND EC50 
13.805 ± 1.902 μM

[91]

THP-1 
(2)

ND ND EC50 3.236 μM [91]

2 (3295) BHK-21 
(0.3)

E transport to 
Golgi blocked. 
NS1 in cells 
reduced 
(immuno- 
fluorescence) 
and colocalises 
with ER not 
Golgi.

EC50 
0.22 ± 0.01 μM

ND [58]

ND ND EC50 
0.061 ± 0.003 μM

[91]

Huh-7 
(0.3)

ND ND EC50 
0.824 ± 0.109 μM

[91]

Vero 
(0.3)

ND ND EC50 
2.434 ± 0.773 μM

[91]

THP-1 
(50)

ND ND EC50 0.756 μM [91]

(continued)
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Celgosivir (BuCAST) is the butylated prodrug 
cleaved in cells to produce castanospermine, a 
bicyclic iminosugar. It has submicromolar activ-
ity against DENV in vitro and in an in vivo mouse 
model [58, 90]. These results, combined with 
encouraging pre-clinical pharmacology results 
and human safety data obtained from clinical tri-
als of celgosivir against HIV and hepatitis C virus 
(HCV) [20, 35], where it had modest antiviral 
effects, supported a Phase 1b randomised, 
double- blind, placebo-controlled clinical trial in 
50 adult dengue patients (CELADEN, 
NCT01619969). This trial recruited patients with 
a fever (≥38 °C) for less than 48 h and dosed cel-
gosivir at an initial 400  mg loading dose, fol-
lowed by 200 mg every 12 h for a total of nine 

doses. While this study failed to show a decrease 
in fever duration or viral load [40, 76], the authors 
have subsequently investigated optimisation of 
dosing to give higher minimum concentrations 
[91] and will perform a Phase IIa clinical trial 
with four-times daily treatment (NCT02569827). 
In the first trial, a more rapid clearance of NS1 
antigen was observed in patients treated with cel-
gosivir compared to the placebo: an effect that 
was more prominent in patients with secondary 
dengue infection. They also highlighted the pos-
sibility of a therapeutic difference between 
patients with primary or secondary infections, 
indicating that future trials should be powered to 
investigate this.

Table 20.1 (continued)

Iminosugar

DENV 
serotype 
(strain)

Cell type 
(MOI)

Effect on

Reference
Viral 
glycoproteins Viral replication

Infectious virus 
secretion

2 (S221) BHK-21 
(0.3)

ND ND EC50 
0.119 ± 0.000 μM

[91]

Huh-7 
(0.3)

ND ND EC50 
5.093 ± 1.036 μM

[91]

Vero 
(0.3)

ND ND EC50 
8.336 ± 0.773 μM

[91]

THP-1 
(2)

ND ND EC50 2.135 μM [91]

16 DENV-1 
and −2 
isolates from 
CELADEN 
trial

Huh-7 
(various)

ND ND Only one strain less 
sensitive to 3 μM 
celgosivir than 
DENV-1 (2402)

[91]

2 (16681) MDMΦ 
(1)

ND Secreted DENV 
reduced in 1:1 
ratio with 
infectious 
DENV

EC50 5.17 μM [68]

3 (863) BHK-21 
(0.3)

ND EC50 
0.68 ± 0.02 μM

ND [58]

4 (2270) BHK-21 
(0.3)

ND EC50 
0.31 ± 0.12 μM

ND [58]

DGJ-derivative iminosugars
NB-DGJ 2 (16681) MDMΦ 

(1)
ND ND No inhibition [68]

NN-DGJ 2 (16681) MDMΦ 
(1)

ND ND No inhibition [68]

MON-6d-
DGJ

2 (16681) MDMΦ 
(1)

ND ND No inhibition [89]

Abbreviations: DNJ deoxynojirimycin, DGJ deoxygalactonojirimycin MON-DNJ methoxy-nonyl-DNJ, MON-6d-DGJ 
methoxy-nonyl-6-deoxy-DGJ, NAP-DNJ N-(6’-4”- azido-2”-nitrophenylamino) hexyl-1-DNJ, 2THO-DNJ N-8’-(2’’-
tetrahydrofuranyl)-octyl-DNJ, CAST castanospermine, NB- N-butyl-, NN- N-nonyl-
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MON-DNJ was developed to be a more potent 
yet similarly non-toxic derivative of N-butyl-DNJ 
(NB-DNJ) through alkyl chain elongation and 
oxygenation [44, 45] and has demonstrated more 
potent in vivo antiviral effects than NB-DNJ 
against dengue virus. MON-DNJ has antiviral 
activity against a range of viruses in vitro, and in 
vivo efficacy in animal models against dengue 
[51, 89] and influenza virus [74, 88]. A Phase I 
single-ascending dose clinical trial of MON-DNJ 
in humans (NCT02061358) has recently been 
completed, in which 64 volunteers received a 
single oral dose ranging from 3–1000 mg, with 
no serious adverse events reported. Even the 
highest dose of 1000 mg was overall well toler-
ated. Multiple-ascending dose studies are cur-
rently underway in preparation for efficacy 
testing against DENV in humans.

20.1.5  Iminosugars Are Broad 
Spectrum Antivirals

Several members of the class of small molecules 
known as iminosugars have broad-spectrum anti-
viral activity in vitro against both DNA and RNA 
viruses and against viruses that bud from either 
the ER or the plasma membrane (Table  20.3). 
Furthermore, iminosugars have demonstrated 
promising in vivo results against influenza, Ebola, 
Marburg, dengue and woodchuck hepatitis (a 
model for hepatitis B) [8] viruses (Table  20.3). 
With respect to understanding mechanism of 
action, it is informative to ask what susceptible 
viruses have in common, and of equal interest to 
define what determines lack of susceptibility to 
iminosugars. Theoretically any virus that depends 
non-redundantly upon the calnexin/calreticulin 
pathway for glycoprotein folding would be sensi-
tive to glucosidase inhibitors. This requires at 
least one N-linked glycan on a (viral, but in some 
cases host [98]) glycoprotein essential for viral 
infectivity. Interestingly, a single glycan can be 
sufficient to confer susceptibility to glucosidase 
inhibition, as is demonstrated in the case of the 
glycosylation sequon in the pre-S2 domain of M 
protein of hepatitis B [43]. However, currently it 
is not possible to predict which if any N-glycan 

may be utilized to engage with the calnexin cycle, 
and which proteins may depend on it for proper 
folding. The degree of N-glycosylation and num-
ber of disulphide bonds, the complexity of fold-
ing required for oligomerisation and 
co-translational cleavage events, amongst other 
factors, have been proposed to contribute to sen-
sitivity to iminosugars. Ongoing and future stud-
ies will continue to elucidate the relationship 
between glucosidase inhibition and antiviral 
action.

The formative paper by Hammond, Braakman 
and Helenius [30] over 20 years ago on the role 
the calnexin cycle, and specifically the monoglu-
cosylated glycan, played in correct glycoprotein 
folding was critical in the development of our 
perception of how iminosugars are antiviral. 
While research in the last decade has signifi-
cantly progressed our understanding, the mecha-
nism is not fully elucidated. Iminosugars are 
known to inhibit α-glucosidases, enzymes that 
trim terminal glucose residues from nascent gly-
coproteins in the ER, controlling interaction with 
the calnexin cycle and hence proper glycoprotein 
folding and transport. Evidence suggests that by 
preventing the appropriate folding of viral glyco-
proteins, iminosugars prevent the formation of 
infectious viral particles. How has our under-
standing of the mechanism/s of antiviral action of 
iminosugars progressed in the last decade? We 
shall put new findings into context within the 
field.

20.2  Investigations 
into Mechanism of Action 
of Iminosugars against DENV

20.2.1  Reduced Virus Secretion

Experiments published in 2015 have clarified that 
treatment of DENV-infected cells with a range of 
iminosugars results in reduced secretion of 
DENV, rather than a reduction in virion infectiv-
ity [68, 89]. Iminosugars have demonstrated anti-
viral activity against all four serotypes of DENV 
[92] (Table 20.1) with IC50 values falling within a 
 tenfold range across the four serotypes [51]. 
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Table 20.3 Iminosugar antiviral efficacy against viruses relevant for human health

Virus (N-linked glycoproteins, 
where known)

Efficacious iminosugars in 
vitro

Efficacious iminosugars 
in vivo References

Flaviviridae
Dengue (E, prM, NS1, NS4b) See Tables 20.1 and 20.2
Japanese encephalitis (E, prM, 
NS1)

NN-DNJ NN-DNJ [94]

West Nile (E, prM, NS1) NN-DNJ, SP169, SP173 
OSL-1, OSL-3, OSL95-II, 
CAST, PBDNJ0801, 
PBDNJ0803, PBDNJ0804

ND [13, 29, 92]

Kunjin (E) NN-DNJ ND [41]
Hepatitis C (E1, E2, NS4B) DNJ, NB-DNJ, NN-DNJ, 

NN-DGJ, OSL-95II, 
CM-10-18, CM-9-78, 
PBDNJ0802, PBDNJ0803, 
PBDNJ0804

ND [56, 75]

Yellow fever (prM, E, NS1) CAST ND [92]
Bunyaviridae
Rift valley fever (Gn, Gc, LGp) NB-DNJ, NN-DNJ, 

N-7-oxadecyl-DNJ, 
MON-DNJ, NAP-DNJ, 
IHVR11029, IHVR17028, 
IHVR19029

ND [16, 57]

Filoviridae
Ebola (GP, sGP) ND IHVR11029, 

IHVR17028, 
IHVR19029, NB-DNJ, 
MON-DNJ

[16, 46]

Marburg (GP) ND IHVR11029, 
IHVR17028, 
IHVR19029

[16]

Togaviridae
Sindbis (E1, PE2) DNJ, NM-DNJ, DMJ, 

CAST
ND [42, 70]

Semliki forest (E1, E2, E3) NM-DNJ ND [36]
Chikungunya (E1, E3E2) NB-DNJ, NN-DNJ, 

N-7-oxadecyl-DNJ, 
MON-DNJ, NAP-DNJ

ND [57]

Orthomyxoviridae
Influenza A (HA, NA) DNJ, NB-DNJ, NN-DNJ, 

MON-DNJ, 2THO-DNJ, 
NN-DGJ, CAST, celgosivir, 
HNJ, DMJ, N-benzyl-1,5- 
dideoxy- 1,5-imino-D- 
glucitol, 
N,2-O-dibenzyl-1,5- 
dideoxy- 1,5-imino-d- 
glucitol, 
N-benzyl-1,5-dideoxy-1,5- 
imino- d-mannitol, 
N-benzyl-1,5-dideoxy-1,5- 
imino- 4,6-O- 
isopropylidene-d-mannitol, 
3-episiastatin B

MON-DNJ, 2THO- 
DNJ, celgosivir, HNJ

[11, 31, 32, 48, 65, 
74, 83, 88, 87, 96, 97]

(continued)
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When supernatant from iminosugar-treated 
DENV- infected primary human macrophages is 
assayed for both infectious virus (by plaque assay) 
and total virus production (by qRT-PCR for 
DENV RNA), the levels of virus decrease con-
comitantly. This is consistent with ER 
α-glucosidase inhibition resulting in sufficient 
misfolding of viral glycoproteins such that they 
are targeted for degradation and there is reduced 
secretion of virus. However, reduced secretion is 
not the outcome of iminosugar treatment of all 

viruses. In the case of HIV, iminosugars affect 
infectivity to a greater degree than secretion: 
iminosugar treatment alters the glycosylation of 
gp120 resulting in only modest reductions in virus 
released from infected cells, but strongly impaired 
viral entry at a stage post CD4-binding [22, 23]. It 
is not possible to predict whether iminosugar 
treatment will result in reduced virion infectivity 
alone, or also in reduced secretion, and as such 
this has to be determined on a virus-by-virus basis 
[38]. The differential effects of iminosugars on 

Table 20.3 (continued)

Virus (N-linked glycoproteins, 
where known)

Efficacious iminosugars in 
vitro

Efficacious iminosugars 
in vivo References

Influenza B (HA, NA) MON-DNJ MON-DNJ [88]
Paramyxoviridae
Measles (F, H) NAP-DNJ, CAST, DMJ ND [9, 57]
Newcastle disease (F, HANA) DNJ, CAST ND [82]
Herpesviridae
Herpes simplex type 1 (gB, gC, 
gD, gE, gG, gH, gI, gJ, gK, gL)

Celgosivir Celgosivir [10]

Herpes simplex type 2 (gB, gC, 
gD, gE, gG, gH, gI, gJ, gK, gL)

NM-DNJ, NB-DNJ, 
NH-DNJ, CAST, celgosivir

ND [33, 1]

Cytomegalavirus (gN) DNJ, NB-DNJ, CAST, 
fagomine

ND [27, 33, 78]

Retroviridae
Human immunodeficiency 1 
(gp160 → gp120)

DNJ, DNJ derivatives 1–8 
& 10–11 [[73]], NM-DNJ, 
NE-DNJ, NB-DNJ, CAST, 
celgosivir, MDL 43305, 
MDL 28653, MDL 29435, 
MDL 29204, MDL 44370, 
MDL 29270, DMJ, 
NM-DMJ, L-fuconic-1,5- 
lactam, N-methyl-FT, 
N-acetyl-FT, N-(5-carboxy 
methyl-1-pentyl)-FT, 
DMDP

ND [4, 18, 25, 28, 38, 47, 
49, 53, 59, 60, 72, 73, 
77, 79, 84, 86]

Human immunodeficiency 2 
(gp160  → gp120)

NB-DNJ ND [53]

Hepadnaviridae
Hepatitis B (S, M, L) NB-DNJ ND [7]
Rhabdoviridae
Vesicular stomatitis (G) DNJ, CAST, Miglitol ND [6, 69]
Coronaviridae
Severe acute respiratory 
syndrome (M, S)

Compound 7 & 15 ND [95]

Iminosugars with six-membered rings have broad-spectrum antiviral activity against viruses infecting humans. 
Investigations using only native virions are included (pseudotyped viruses and replicon systems are not included). 
Abbreviations: DMDP 2R,5R-dihydroxymethyl-3R,4R-dihydroxypyrrolidin, FT 1,5-dideoxy-1,5-imino-L-fucitol, 
Miglitol (2R,3R,4R,5S)-1-(2-hydroxyethyl)-2-(hydroxymethyl) piperidine-3,4,5-triol, DNJ deoxynojirimycin, DGJ 
deoxygalactonojirimycin, HNJ homonojirimycin, DMJ deoxymannojirimycin, MON-DNJ methoxy-nonyl-DNJ, NAP-
DNJ N-(6’-4”- azido-2”-nitrophenylamino) hexyl-1-DNJ, 2THO-DNJ N-8’-(2’’-tetrahydrofuranyl)-octyl-DNJ, CAST 
castanospermine, NM- N-methyl-, NB- N-butyl-, NN- N-nonyl-, NH- N-hexyl, NE- N-ethyl-, NN- N-nonyl.
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secretion and infectivity seen with different 
viruses may also be compound or cell type spe-
cific, as in baby hamster kidney (BHK)-21 cells 
N-nonyl-DNJ (NN-DNJ) reduced DENV RNA 
replication in addition to effects on the DENV 
glycoproteins [94]. This is unlike observations for 
other, and related viruses, such as bovine viral 
diarrhoea virus (BVDV) [21] and HCV [75] 
where an absence of direct effect on RNA replica-
tion was shown. Additional research monitoring 
effects of iminosugars on DENV replication in 
relevant primary cells would be valuable to clarify 
the relative contributions of inhibition of viral 
RNA replication and glycoprotein folding on the 
overall antiviral effect observed.

20.2.2  Inhibition of ER 
α-Glucosidases

Findings from the only two documented living 
individuals with a genetic deficiency in GluI 
provide support for the treatment of viral infec-
tions with α-glucosidase inhibitors as the two 
children seem to be resistant to infection with 
enveloped viruses [64]. These children have no 
history of viral disease and despite substantial 
hypogammaglobulinemia, did not produce 
immune responses to live viral vaccines while 
still producing a normal response to protein, 
polysaccharide and conjugated protein-polysac-
charide immunogens. Cells cultured from these 
children (shown to express GluII) were equally 
susceptible to infection with HIV in comparison 
to control cells; however virions produced were 
less infectious than those produced when the 
GluI gene was re-complemented back in. 
Displaying a similarly antiviral phenotype, but 
manifesting at the initial stage of cell infection, 
monocyte-derived macrophage cultures from 
each patient were either only very weakly or not 
productively infected with influenza virus (and 
less infectious virus was produced from these 
cells). These phenotypes are consistent with the 
hypothesis that inhibition of GluI is sufficient 
for antiviral activity.

There is convincing evidence to show that 
inhibition of α-glucosidases correlates with anti-
viral activity against DENV, much of which 
depends on quantification of mono- and tri- 

glucosylated free oligosaccharide (FOS) species. 
Generation of these specific FOS as the end prod-
ucts of protein misfolding gives a measure of 
both accessibility of iminosugars to the ER com-
bined with their ER α-glucosidase inhibition 
activity. As a consequence of inhibition of ER 
GluII, a monoglucosylated glycoprotein is pro-
duced (Fig. 20.1). After trimming of the glycan 
precursor by mannosidases and recognition of 
the glycoprotein as terminally misfolded, 
Glc1Man4GlcNAc1 and Glc1Man6GlcNAc1 FOS 
species are cleaved from the peptide during 
ER-associated degradation (ERAD). In the case 
of inhibition of ER GluI, a similar process pro-
duces a Glc3Man5GlcNAc1 species. Thus, the 
presence of each species of FOS can be corre-
lated with successful inhibition of the respective 
cellular α-glucosidase. Addition of 100 μM NB- 
DNJ, NN-DNJ, MON-DNJ or celgosivir to mac-
rophages led to the generation of both mono- and 
tri-glucosylated FOS species, demonstrating 
inhibition of both α-glucosidases [68, 89]. When 
the degree of inhibition of just GluII (ie. 
 generation of Glc1Man4GlcNAc1 FOS) is plotted 
against the antiviral activity for a range of imino-
sugar concentrations a clear correlation is 
observed between these two parameters 
(Fig. 20.2), consistent with GluII inhibition being 
sufficient to achieve an antiviral effect.

20.2.3  Inhibition of Glycoprotein 
Folding

Interaction of dengue E with ER chaperones 
facilitates DENV production [39]. Ideally, to 
confirm that blocking viral glycoprotein entry to 
the ER calnexin quality control cycle results in 
the formation of misfolded viral glycoproteins 
with subsequent antiviral effect, a demonstration 
that iminosugar treatment of DENV-infected 
cells results in misfolded DENV glycoprotein(s) 
would be important. The three studies that moni-
tored the effects of iminosugars on DENV glyco-
protein folding and secretion [17, 58, 94] are 
documented in Table  20.1. Castanospermine 
treatment of DENV-infected cells reduced levels 
of immunoprecipitated E to 15–30% compared to 
that from untreated cells, when a conformation-
sensitive monoclonal antibody was used, and the 
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amount of E co-precipitated with prM was about 
25% of that from untreated cells, demonstrating 
that the iminosugar decreased formation of the 
prME heterodimer, and that inhibition of glucosi-
dases affects the correct folding of DENV E in 
this system [17]. Such a study monitoring the 
effects of iminosugars on folding of DENV gly-
coproteins could be expanded utilizing larger 
panels of monoclonal antibodies which recognise 
both conformation-dependent and -independent 
epitopes to all four DENV glycoproteins. This 
has been performed for the heavily studied HIV 
gp120, for which many more validated reagents 
are available. Studies on the effects of NB-DNJ 
on gp120 folding demonstrated that interaction 
with the calnexin/calreticulin pathway was criti-
cal for correct folding of the V2 loop of HIV 
gp120, as blocked entry into this folding pathway 
resulted in conformation defects in this region 
[23]. A recent study took this observation a step 
further, assessing regional folding using mono-
clonal antibodies against conformational epit-
opes in combination with mathematical 
modelling, which showed that misfolding of only 
a portion of the gp120 was sufficient to produce 
an amplified effect on infectivity (S.G.  Spiro, 
2016, unpublished results). Additional studies 
that compare both the level of expression of 

DENV glycoproteins and their state of folding in 
the presence and absence of iminosugars, will 
clarify whether iminosugars can induce misfold-
ing and degradation of DENV glycoproteins.

20.2.4  Consequences 
of α-Glucosidase Inhibition 
for Glycans

There are at least two outcomes of α-glucosidase 
inhibition. By preventing the production of the 
monoglucosylated glycan it blocks glycoprotein 
binding to calnexin/calreticulin as has been 
described above and in Wu et al. [94]. Secondly, 
the retained terminal glucoses block access of 
α-mannosidase enzymes to the D1 arm of the 
glycan, theoretically preventing the formation of 
complex glycans. The hypothesis that glucosi-
dase inhibitors may be antiviral due to the 
absence of complex sugars was the basis of the 
original studies on iminosugars and viruses in the 
1980s. In cells with an active Golgi endomanno-
sidase, this can be partially salvaged; however, 
the activity of endomannosidase is highly cell 
line dependent [21, 50, 75]. For example, BHK- 
21 cells and the human hepatoma cell line HepG2 
express high levels of endomannosidase [37] 
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Fig. 20.2 Correlation between the antiviral activity of 
iminosugars and inhibition of GluII. Infectious titre (% 
untreated) of DENV is plotted against Glc1Man4GlcNAc1 
FOS (% maximum) (as a measure of inhibition of α-GluII) 

for titrations of NB-DNJ and MON-DNJ. The viral titres 
and FOS are means +/− SD of samples generated in at 
least duplicate from at least 2 donors, at equal concentra-
tions of iminosugar, originally published in [68, 89]

20 Mechanisms of Antiviral Activity of Iminosugars Against Dengue Virus



294

while Chinese hamster ovary (CHO) and Madin- 
Darby canine kidney (MDCK) cells have no 
detectable endomannosidase activity [63]. 
Production of DENV prM and NS1 with hyper-
glycosylated glycans has been demonstrated by 
mobility shift of the viral glycoprotein in electro-
phoresis [58, 92]. This has been confirmed by 
analysing glycan structures attached to specific 
glycoproteins for SARS coronavirus [62] and 
influenza virus [32] though not yet for DENV 
glycoproteins. Human cells have active endo-
mannosidases so it is important that in vitro 
experiments into the effects of glucosidase inhi-
bition use cell lines that express endomannosi-
dase for relevance. It will be interesting to 
ascertain whether DENV glycoproteins produced 
in the presence of iminosugars bear triglucosyl-
ated glycans.

20.2.5  Off-Target Effects

Being glucose mimetics, it is not surprising that 
iminosugars inhibit more than just ER 
α-glucosidases. Iminosugars also target intestinal 
digestive enzymes including sucrases and iso-
maltases, and this interaction is consistent with 
the mild/moderate, reversible, gastrointestinal 
symptoms (including flatulence and diarrhoea) 
seen in some participants in celgosivir and NB- 
DNJ clinical trials. Combinations of low sucrose/
starch, high glucose diets and anti-diarrhoea 
agents can control these symptoms. Of interest, 
iminosugar inhibition of intestinal α-glucosidases 
can be used for benefit in patients with non- insulin 
dependent diabetes. N-2′-hydroxyethyl- DNJ is 
marketed as Miglitol®, and through preventing 
digestion of carbohydrates lowers the degree of 
postprandial hyperglycemia to establish greater 
glycemic control in diabetes mellitus type 2.

Long alkyl chain iminosugars such as NN-
DNJ and the galactose mimetic NN- deoxygalac-
tonojirimycin (NN-DGJ) mediate an antiviral 
effect on BVDV and HCV via inhibiting viral p7 
ion channel activity, in a manner independent of 
inhibiting glucose-recognising host cell enzymes 
[21, 50, 75]. For the same antiviral mechanism of 
action to be evoked for DENV, the existence of a 

dengue ion channel needs to be postulated, as 
well as its inhibition by long alkyl chain imino-
sugars. Although some controversy exists in the 
literature [55, 93], studies by Wong et  al. [93] 
suggesting that neither DENV1 nor DENV2 prM 
or M proteins show pH-activated ion channel 
activity when expressed on the surface of 
Xenopus oocytes, in combination with the obser-
vation that NN-DGJ is not antiviral against 
DENV in vitro at up to 100 μM [68], would indi-
cate that this is an unlikely mechanism of action 
in the case of DENV.

NB-DNJ, as well as other DNJ- and DGJ- 
derivative iminosugars with longer alkyl tails, 
also inhibits glucosyl-ceramide synthase (GCS), 
a glucosyltransferase: an effect that is not depen-
dent on mimicking glucose stereochemistry, but 
on mimicking the other substrate of GCS, 
ceramide. Through a comparison of antiviral 
activity with inhibition of glycolipid processing 
using glucose and galactose analogues of imino-
sugars, we have recently shown that antiviral 
activity of iminosugars against DENV is a func-
tion of inhibition of glycoprotein processing 
rather than due to any effects on GCS [68, 89].

20.2.6  Induction of ER Stress

Blocking productive folding of viral glycoproteins 
can alter retention times in the ER lumen followed 
by accumulation and/or increased 
ERAD. Accumulation of misfolded DENV glyco-
proteins induces the unfolded protein response 
(UPR) as the cell attempts to redress the imbalance 
in homeostasis. While DENV infection alone 
induces and regulates UPR pathways in human 
monocytic cells [85], stimulating BiP and XBP-1 
mRNA transcription, addition of celgosivir 
appeared to reduce downstream effector mecha-
nisms of UPR pathways, as demonstrated by 
reduced phosphorylation of EIF2α [58]. Celgosivir 
treatment, alone or in the presence of DENV, 
upregulated transcription of EDEM-1, an ER 
chaperone that promotes degradation of unfolded 
proteins, clearing the ER to reduce stress. Taken 
together, Vasudevan and colleagues suggest that 
DENV infection in the presence of celgosivir is 
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characterised by reduced ER stress and enhanced 
survival. Modulation of the UPR induced in 
response to increased viral protein levels in the ER 
has been proposed as a therapeutic target [19, 26].

20.2.7  Iminosugar Effects on Viral 
Receptors

Modulation of receptors important in the DENV 
lifecycle and pathogenesis is an additional poten-
tial pathway by which iminosugars may exert 
their antiviral effect. Many host proteins vital for 
DENV attachment, uptake, signalling and the 
immune response are themselves N-linked glyco-
proteins and thus perturbations in their expression 
and function could have implications for virus 
growth. As with the effects of iminosugars on 
secretion of different viruses, their effects on host 
glycoproteins are predicted to be protein specific. 
Treatment with IHVR-17028, a DNJ- derivative, 
altered the N-linked glycan structure of angioten-
sin I-converting enzyme 2 (ACE2) in a manner 
that did not affect its expression or binding to 
SARS-CoV spike glycoprotein but disrupted its 
ability to participate in virus envelope- triggered 
membrane fusion [98]. Very few host glycopro-
teins have been examined specifically for effects 
of iminosugars on expression and function.

20.3  Iminosugars 
As Pharmaceuticals

A number of challenges lie ahead to optimise clin-
ical delivery of iminosugars for pharmaceutical 
use. One of the specific difficulties of using imino-
sugars to treat dengue disease, which is more 
broadly applicable to its use against any acute viral 
infection, is the short window available for treat-
ment. By the time a dengue patient presents to the 
healthcare system, they typically may have had a 
fever for 2–4  days, at which stage there is only 
24–48  h before viral load drops as the immune 
system controls viral replication. The task for an 
antiviral to reduce viral load in such a window will 
require a safe, fast acting, highly potent drug. In 
considering whether an iminosugar could be 

administered to people living in an endemic set-
ting who present with fever, independent of the 
differential diagnosis, a dengue therapeutic would 
need to have an excellent safety profile. Phase I 
single-ascending dose trial results recently 
released for MON-DNJ are promising in this 
respect (NCT02061358), however recruitment for 
the clinical trial testing the safety and pharmacoki-
netics of MON-DNJ administered as multiple 
ascending doses (NCT02696291) was terminated 
for business reasons in March 2018. All these chal-
lenges will be relevant for the use of iminosugars 
therapeutically against a number of acute viruses, 
while treating chronic viral disease will present 
different challenges.

The rapid clearance of iminosugars in vivo 
makes reaching sufficient concentrations to medi-
ate antiviral effects a specific challenge for these 
compounds. Following oral administration celgo-
sivir had a plasma half-life of 2.5 h in patients [76], 
which is similar to 5.14 h in mice given a single 
dose of MON-DNJ orally at 200 mg/kg [51]. In 
addition, iminosugars are generally excreted rap-
idly in the urine [2]. The clinical trial testing NB-
DNJ against HIV concluded that sufficient plasma 
concentrations could not be achieved to obtain a 
convincing antiviral effect [24, 80]. In efforts to 
maximise the mean trough concentrations, and 
increase the chance of success in testing celgosivir 
efficacy against DENV, coordinators of the next 
celgosivir trial performed pharmacokinetic model-
ling and propose increasing the number of doses 
per day [76]. An alternate approach, previously 
shown to enhance antiviral activity of iminosugars 
against HIV >100,000-fold in vitro [53, 54], is 
encapsulation of the compounds in liposomes, a 
system used clinically to mediate intracellular 
delivery of anti-cancer and anti-fungal treatments. 
When tested in vivo against DENV in an ADE 
mouse model, liposome-mediated delivery of NB-
DNJ, in comparison with free NB-DNJ, resulted in 
a 3-log10 reduction in the dose of drug required to 
enhance animal survival [45]. Although a promis-
ing approach, the specific formulation of lipo-
somes tested in this study was costly and not 
sufficiently stable for liposome-mediated delivery 
to be investigated further. The availability of 
iminosugars with generally low toxicity makes the 
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optimisation of pharmacokinetics and dosing regi-
mens currently a more promising approach to opti-
mising clinical iminosugar delivery.

20.3.1  Selectivity

Because ER glucosidases control glycan process-
ing of both viral and host cellular glycoproteins, 
it would not necessarily be predicted that inhibi-
tion of ER glucosidases selectively suppresses 
viral replication, and yet, in animals at least, a 
therapeutic window clearly exists where imino-
sugars are antiviral and well tolerated, at least for 
acute treatment. A number of possible explana-
tions exist for this dichotomy but further experi-
ments will need to be performed to determine 
their relative contributions. When viruses infect 
cells, their proteins are the predominant proteins 
being synthesised and hence may be more sus-
ceptible to inhibition of ER glucosidases. In addi-
tion, the DENV virion is comprised of a closely 
packed, repetitive and coordinated interaction of 
E and prM proteins which may increase virion 
susceptibility to any perturbation. Interestingly, 
in the case of HIV, very little protein misfolding 
is required to affect virion infectivity (S.G. Spiro, 
2016, unpublished results). When the proportions 
of misfolded gp120 in the presence of NB-DNJ 
were modelled, HIV infectivity was shown to be 
highly sensitive to the misfolding of only a small 
proportion of total gp120, suggesting an amplifi-
cation effect that may contribute to the selectivity 
of iminosugars against viruses over the host.

20.4  Conclusions

Against the background of historical findings, we 
highlight advances made in the last decade in 
understanding the mechanisms of antiviral activ-
ity of iminosugars against DENV. The generally 
accepted antiviral mechanism of ER glucosidase 
inhibitors, that inhibition of GluI and/or GluII 
prevents the removal of the terminal glucose moi-
eties on N-linked glycans and results in misfold-
ing and retention of glycoproteins in the ER and 
ultimate degradation via ERAD is supported by a 

number of pieces of evidence. These include the 
observations that iminosugars induce the electro-
phoretic mobility shift of viral glycoproteins, as 
well as structural changes of N-linked glycans 
and measurement of FOS consistent with GluI 
and GluII inhibition correlating with antiviral 
effect. Substrate flux along the N-linked glyco-
sylation pathway makes the correlation between 
key enzymes and an antiviral effect complex [3]. 
Though both GluI and GluII are targets of imino-
sugars, the slower removal of the third glucose 
residue by GluII, even though iminosugars bind 
approximately tenfold more avidly to GluI [2], is 
more sensitive to inhibition by iminosugars. As a 
result of inhibiting these enzymes, viral envelope 
glycoproteins cannot interact with ER chaper-
ones such as calnexin and calreticulin, preventing 
correct glycoprotein folding, oligomerization and 
assembly of infectious virions.

Uniting the conclusions from these multiple 
studies also allows us to highlight areas where 
the mechanism of action of iminosugars against 
DENV could be understood in greater molecu-
lar detail. The use of panels of anti-DENV gly-
coprotein monoclonal antibodies with known 
specificity binding to DENV glycoproteins pro-
duced in the presence of iminosugars has the 
potential to enable mapping of regional imino-
sugar-induced misfolding, which may inform 
our understanding of, for example, E dimeriza-
tion. The degree or location of misfolding may 
be protein dependent, potentially even down to 
strain-dependent differences. Use of iminosug-
ars with galactose stereochemistry (DGJ com-
pounds) has allowed the conclusion that the 
antiviral effect of piperidine iminosugars 
(monocylic iminosugars with an iminopyranose 
structure) against DENV observed in macro-
phages is not mediated by effects on enzymes of 
the glycolipid pathway. Development of selec-
tive ER α-glucosidase inhibitors would allow 
both confirmation that ER α-glucosidase inhibi-
tion (and not other enzymes) is responsible for 
the antiviral effect of iminosugars and avoid-
ance of gastrointestinal side effects due to inhi-
bition of intestinal glucosidases. Recently 
published structures of GluII [12], alone and in 
complex with MON-DNJ and castanospermine 
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(see Chap. 19), provide the opportunity for 
rational drug design and greater understanding 
of the biochemical detail underlying the inhibi-
tion of this host enzyme.
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Abstract
The United States Army Medical Research 
Institute of Infectious Diseases (USAMRIID) 
possesses an array of expertise in diverse 
capabilities for the characterization of emerg-
ing infectious diseases from the pathogen 
itself to human or animal infection models. 
The recent Zika virus (ZIKV) outbreak was a 
challenge and an opportunity to put these 
capabilities to work as a cohesive unit to 
quickly respond to a rapidly developing threat. 
Next-generation sequencing was used to char-
acterize virus stocks and to understand the 
introduction and spread of ZIKV in the United 
States. High Content Imaging was used to 
establish a High Content Screening process to 
evaluate antiviral therapies. Functional 

genomics was used to identify critical host 
factors for ZIKV infection. An animal model 
using the temporal blockade of IFN-I in 
immunocompetent laboratory mice was inves-
tigated in conjunction with Positron Emission 
Tomography to study ZIKV. Correlative light 
and electron microscopy was used to examine 
ZIKV interaction with host cells in culture and 
infected animals. A quantitative mass spec-
trometry approach was used to examine the 
protein and metabolite type or concentration 
changes that occur during ZIKV infection in 
blood, cells, and tissues. Multiplex fluores-
cence in situ hybridization was used to con-
firm ZIKV replication in mouse and NHP 
tissues. The integrated rapid response 
approach developed at USAMRIID presented 
in this review was successfully applied and 
provides a new template pathway to follow if 
a new biological threat emerges. This stream-
lined approach will increase the likelihood 
that novel medical countermeasures could be 
rapidly developed, evaluated, and translated 
into the clinic.
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21.1  Introduction

The United States Army Medical Research 
Institute of Infectious Diseases (USAMRIID) is a 
research organization located on at Fort Detrick, 
Maryland. USAMRIID is a subordinate labora-
tory of the US Army Medical Research and 
Materiel Command. Broadly stated, our mission 
is to provide leading edge medical capabilities to 
deter and defend against current and emerging 
biological threat agents. While our core mission 
is to protect the warfighter from biological 
threats, we also investigate disease outbreaks and 
threats to public health.

Emerging and reemerging infectious diseases 
pose a continuing threat to public health. In fact, 
infectious diseases are responsible for nearly 
20% of global mortality [28]. Our increasingly 
globalized world has the ability to accelerate both 
the emergence and spread of diseases. For exam-
ple, Zika virus (ZIKV) has emerged explosively 
since 2007 to cause frequent epidemics, recently 
with millions of human infections in the 
Americas. ZIKV is expected to continue to 
spread and numerous locally acquired mosquito- 
borne cases have recently been reported in the 
United States (Florida and Texas).

While our modernized world continues to 
facilitate the emergence and spread of infectious 
diseases, it also serves to advance the technology 
used to study them. New biomedical research 
technologies are available for genomic sequenc-
ing, drug discovery, and experimental pathology 
studies to help scientists better respond to these 
threats. In addition to the technological advances, 
a concerted response effort is needed to acceler-
ate infectious disease research and the develop-
ment of medical countermeasures.

Here we will highlight how USAMRIID 
pooled its resources and technologies to address 
important knowledge gaps during the ZIKV out-
break (Fig. 21.1). Researchers openly communi-
cated to avoid duplicative work and test materials 
were shared between laboratories to get the max-
imum amount of data from every experiment. 
This has helped our organization to further 
develop our toolkit to more rapidly respond to 
emerging disease threats.

21.2  Next-Generation Sequencing 
for Tracking Pathogens

Genome characterization via next-generation 
sequencing (NGS) has quickly become a stan-
dard and integral part of the public-health 
response to emerging infectious diseases. In 
response to the ZIKV disease outbreak in the 
Americas, the Center for Genome Sciences 
(CGS) at USAMRIID used NGS approaches to 
a) rapidly characterize virus stocks that were 
later used for in vitro and in vivo experiments 
(see below) and b) assemble complete ZIKV 
genomes from clinical samples.

Using an approach that combines Rapid 
Amplification of cDNA Ends (RACE) with the 
SISPA random amplification protocol and NGS 
[26], USAMRIID-CGS was able to rapidly 
assemble complete genomes, including the 5′ 
and 3′ termini, of seven ZIKV isolates [22]. Not 
only were these sequences used to verify the 
integrity of ZIKV stocks prior to further charac-
terization, but they also served as templates for 
the development of ZIKV reverse genetics sys-
tems within USAMRIID and at several other 
institutions around the world [2, 12, 48]. 
Additionally, USAMRIID-CGS utilized a probe-
based targeted enrichment approach to sequence 
and assemble ZIKV genomes directly from clini-
cal samples. These sequences were used to 
understand the introduction and spread of ZIKV 
in the United States [15].

21.3  In Vitro Cell-Based Infection 
for Antiviral Drug 
and Genetic Screening

 (a) HCI Infection Assay & Antiviral Drug 
Screening

High Content Imaging (HCI) is a popular and 
basic tool of early drug discovery in multiple dis-
ease research areas. HCl is most applicable in 
areas of infectious diseases. The USAMRIID 
Molecular and Translational Sciences (MTS) 
division developed a HCI assay as a high through-
put process and is actively using it to characterize 
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host-viral interactions for pathogens at all bio-
safety levels. High content screening (HCS) was 
established to quantify ZIKV infection in any 
cell-culture model as measured by signal inten-
sity of the staining with a pan-flavivirus envelope 
protein-specific antibody. The HCS process for 
the ZIKV infection assay is shown in Fig. 21.2.

The flexibility of the HCS platform enables 
testing using traditional immortalized cell lines 
and primary cells. Figure 21.3 shows examples of 
images obtained from ZIKV infections con-
ducted in 384- or 96-well plates using an African 
ZIKV strain (DAK ArD 41,525) in immortalized 
grivet (Chlorocebus aethiops) Vero E6, primary 
human astrocyte, and primary human foreskin 
fibroblast (HFF-1) cells.

The ZIKV HCI assay is a quantitative immu-
noassay with a distinct endpoint. The dose 
response curves for control inhibition measured 

using the HCl assay are similar to those of more 
traditional ZIKV infection testing methods, such 
as plaque assays or real-time PCR (Fig.  21.4). 
However, the HCI platform offers significantly 
higher throughput, precision, and cost- 
effectiveness for in vitro testing of potential 
ZIKV inhibitors compared to the other two meth-
ods. This advantage makes the HCl assay attrac-
tive as a high content screening tool. Its flexibility 
enabled the detailed and reproducible character-
ization of the potency and selectivity of subsets 
of chemical molecules and biological reagents. 
The results were complemented by the ability of 
HCS to simultaneously evaluate the potential 
cytotoxic effects of chemical molecules simulta-
neously and the efficacy of the antiviral activity 
of tested compounds in the same wells of the 
same experiment (Fig. 21.5).

Sample Acquisition 

Genomics

In Vitro 
• HCI Infection Assay
• Antiviral drug

screening
• Antiviral genetic

screening

In Vivo 

• Temporal immunity
blockade

• Positron emission
tomography

Light & EM
Microscopy

Proteomics 
& 

Metabolomic

IHC, ISH &
Histological

staining

Animal Model

Fig. 21.1 USAMRIID integrated rapid response system
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This HCI platform enables us to conduct com-
binatory studies for modulation of the known 
antiviral effects specifically crucial in the area of 
antiviral therapies (Fig. 21.6). In addition to the 
evaluation of these therapies, ZIKV HCI enables 
fast and precise detection of neutralization prop-
erties of anti-ZIKV antibodies.

 (b) Antiviral Genetic Screening

Functional genomics, including loss-of- 
function and gain-of-function screens, have pro-
duced a wealth of data and discovered numerous 
host factors and cellular process that play a vital 

role in virus infections. Four types of genetic 
screens are used: random retroviral insertional 
mutagenesis using haploid cells (haploid cell 
screening), cDNA overexpression, RNA interfer-
ence (RNAi), and more recently CRIPSR/Cas9. 
Among these screens, the latter two are at the 
forefront. RNAi involves targeted mRNA degra-
dation by small double-stranded (19–21 nt-long) 
RNA, via complementary base pairing of one of 
the strands of the dsRNA to a target 
mRNA. Arrayed siRNA libraries targeting indi-
vidual genes have been instrumental in the dis-
covery of hundreds of host factors that play a 
critical role in infections caused by important 

Fig. 21.2 The High Content Screening assay design. The 
primary antibody specific for Flavi-virus common epitope 
of the envelop glycoprotein followed by the secondary 
detection antibody IgG conjugated with Dylight488 
allows detection and localization of any strain of Zika 
virus after it infects cells. The Opera PE confocal plate 
reader takes high quality, high resolution images of cells 
infected or not infected with virus in the 96, 384 or 1536 
well plates. The image analysis software quantifies the 
signal of different fluorophores by segregating nuclei 
measured  at 405 nm emission wavelength for Hoechst 
33342 nuclei dye and cellular cytoplasm at 650 nm for 
CellMask Deep Red dye. The virus-specific antigen can 

be quantified by measuring fluorescence emission at a 
488  nm wavelength for Dylight488. The ratio of virus-
positive cells to total number of analyzed cells is used to 
determine the percentage of infection for each well on the 
assay plates. Data normalization uses GeneData analytical 
software for evaluation of tested compounds on viral 
infection as a percentage of inhibition of infection in com-
parison to control notinfected or infected but not treated 
wells. GeneData software helps analyses of dose–
responses and applying the best curve- fitting strategy 
applying multi-parameter non-linear regression curve by 
applying the Levenberg–Marquardt algorithm
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Fig. 21.3 An example 
of Zika infection in 
different cell types from 
the high content 
anti-viral screen. Zika 
(DAK ArD 41525) 
infection was conducted 
in 384-or 96-well plates 
using in Vero E6, human 
primary Astrocyte, and 
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Fig. 21.5 Assessment of efficacy and selectivity for the 
anti-Zika compounds simultaneously on the same assay 
plate. The schematic image of 384 well plate represents 
the combined staining of cells in wells for 8-point dose 
responses. The heat maps are generated by GeneData soft-
ware using the meta-data from a single 384 well plate 

done for 13 compounds tested in 8-point dose responses 
that are shown as fitted curves aside of each heat map. 
Only two parameters, the % inhibition of infection and % 
cell count, are exported for the data set. The clear cytotox-
icity can be observed for cmd 5 by the down- word trend of 
the % Viability curve

Fig. 21.6 Evaluation of the combination of two drugs in 
Zika HCI assay. (a) Heat map of % inhibition obtained 
from the test of the combination of two drugs artesunate 
and amodiaquine as potential anti-Zika therapy. (b) The 
HAS model is showing the zone in the doses of two drugs 

that show additive effect if compare to each drug alone. 
(c) The heat map for the % Viability results. The combina-
tion of two drugs shows the additional advantage in the 
increased viability of cells at the selected doses
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human disease-causing viruses (reviewed in 
[40]). In the arrayed platform, siRNA transfec-
tions are performed in a high-throughput manner 
in a 96- or 384-well plate format, and require the 
optimization of siRNA transfection and infection 
conditions.

At USAMRIID, image-based high-throughput 
conditions have been optimized for many viruses, 
including ZIKV, in 384-well format [34, 39]. 
Virus infections were scored by enumerating the 
percentage of viral antigen-expressing cells after 
collecting images of immunofluorescent virus- 
infected cells. We also optimized high- throughput 
siRNA transfection conditions in the 96-well 
plate format to screen several small focused 
siRNA libraries targeting kinases, the ubiquitin 
pathway, or endosome or viral trafficking factors 
thought to be used or bunyaviruses [35, 42, 43]. 
Currently we have optimized the same protocols 
for ZIKV infection in HCT116 cells in 384-well 
plates (data not shown) and are poised to screen 
siRNA libraries at the genomic scale.

One of the shortcomings of siRNA screens is 
the high rate of siRNA off-target effects that lead 
to false positive hits or ineffective siRNAs that 
gives rise to false negative hits. To overcome this 
shortcoming, siRNA libraries are used that are 
established by two to three different vendors. This 
approach improves the cumulative comprehensive 
sequence coverage and reduces the number of 
false negative hits. For example, siRNA libraries 
constructed by Dharmacon and Ambion are largely 
orthologous with very small overlap (<5%) due to 
their proprietary siRNA design algorithms. Hits 
from all performed screens are then statistically 
evaluated using the established RNAi gene enrich-
ment ranking (RIGER) tool to assign a p value, 
which predicts the likelihood of an identified gene 
playing a vital role in virus infection. These 
approaches successfully helped identify over 150 
high-confidence candidate host factors for DENV 
infection (e.g., host factors regulating endocytosis, 
transmembrane processing, including the endo-
plasmic reticulum membrane complex (EMC) 
[47]). Similar approaches will be used to identify 
critical host factors for ZIKV infection.

21.4  Animal Models and Tracking 
Infection by Imaging

 (a) Temporal Immunity Blockade

Animal and in vitro models have helped pro-
vide a better understanding of the pathogenic 
mechanisms induced by ZIKV infection. 
Laboratory mice deficient in type I or type II 
interferon responses were found to be highly sus-
ceptible to ZIKV infection and these mice devel-
oped severe neurological disease [1, 10, 25, 45, 
57]. In an attempt to produce infection models 
that do not rely on knockout laboratory mice, 
several groups explored the temporal blockade of 
IFN-I in immunocompetent laboratory mice 
using polyclonal and monoclonal antibodies tar-
geting either IFN-Is directly or the IFN-I recep-
tor. A murine non-cell depleting monoclonal 
antibody (MAb) that efficiently targets the 
IFNAR-1 subunit of the laboratory mouse IFN- -
α/β receptor (MAb-5A3) was developed. This 
antibody prevents type I IFN-induced intracellu-
lar signaling in vitro and inhibits antiviral, anti-
microbial, and antitumor responses in laboratory 
mice [49]. C57BL/6 mice treated with MAb-5A3 
are now being used to study ZIKV pathogenesis 
[51]. We observed 40% lethality in antibody- 
treated laboratory mice exposed to ZIKV subcu-
taneously whereas all laboratory mice exposed 
intraperitoneally died. Laboratory mice infected 
by either exposure routes experienced weight 
loss, viremia, hind-limb paralysis, and severe 
neuropathology (Fig. 21.7). The most significant 
histopathological changes occurred in the CNS, 
where neuronal death, astrogliosis, microgliosis, 
scattered necrotic cellular debris, and inflamma-
tory cell infiltrates were indicative of acute to 
subacute encephalitis/encephalomyelitis [51]. 
The laboratory mouse model of ZIKV encephali-
tis will be valuable for evaluating medical coun-
termeasures and characterizing pathogenesis in a 
more relevant model because the interferon 
blockade occurs only at the time of infection.
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 (b) Positron Emission Tomography

Medical/molecular imaging has been used to 
characterize disease progression and evaluate 
drugs against neurological, cardiovascular, 
inflammatory and cancer research. However, 
using medical/molecular imaging techniques in 
infectious disease research is still limited [5]. 
Establishing individual stages of an infection 
helps to define the appropriate pharmacologic 
regimen to treat the infection. For instance, a 
well-characterized disease course will inform the 
decision on whether to use a specific antiviral or 
an anti-inflammatory agent and to select cohorts 
of animals based on the same stage of the disease 
to study disease mechanisms and reduce variabil-
ity upon pharmacologic treatment. Current 
approaches to the evaluation of infectious dis-
eases in the presence of drug therapies involve 
reduced lethality or extended time to death as the 
efficacy endpoint, plasma viremia as an index of 
infection, and serial necropsies to establish the 
consequences of infection.

Medical/molecular imaging approaches for 
the assessment of tissue metabolism and inflam-
mation exist (Fig. 21.8) and can be applied to the 
characterization of infectious diseases. The meta-
bolic tracer [18F]-FDG has routinely been used 
to assess tissue metabolism. Hypometabolism is 
believed to be associated with reduced neuronal 
activity and neuronal loss [19, 31]. In cases of 

ZIKV infection, one could use [18F]-FDG to 
demonstrate overall changes in brain metabolism 
and depending on the animal model being used, 
one could be able to map regional differences in 
brain metabolic activity over the course of infec-
tion and potentially before development of overt 
clinical signs. Inflammation and positron emis-
sion tomography (PET) tracers for the assess-
ment of macrophage accumulation and microglia/
astrocyte activation in the brain have focused on 
monitoring the 18  kDa translocator protein 
(TSPO), which is upregulated in activated 
microglia and inflammatory cells relative to nor-
mal cells. The TSPO radiotracer [18F]-DPA714 
has been used in animal models of epilepsy, 
stroke [16], quinolinic acid-induced striatal 
inflammation [24], inflammatory bowel disease 
[3], and rheumatoid arthritis [41] to assess the 
degree of inflammation and specificity of binding 
of the tracer to inflammatory cells.

Thus, medical/molecular imaging has the 
potential, when applied preclinically, to inform 
the development of medical countermeasures 
against biological threat agents by providing data 
on 1) presence, biodistribution, and time course 
of infection in the presence or absence of a thera-
peutic; 2) binding of the therapeutic to the target; 
and 3) expression of a pharmacologic effect 
either related to drug mechanism, efficacy, or 
safety. Preclinical medical/molecular imaging 
could potentially be a real-time, dynamic tool to 

Fig. 21.7 Wild-type Mice Treated with an IFNAR1- 
Blocking MAb are Susceptible to ZIKV and Significant 
Pathology Occurs in the CNS. Five week old wild-type 
mice were treated with an IFNAR1-blocking MAb or PBS 
by IP injection and then exposed to 6 log10 of ZIKV 

strain DAK AR D 41525 SC or IP and monitored for (a) 
survival. (b) ISH findings in the hippocampus of mice 
succumbing to ZIKV infection demonstrating massive 
ZIKV infection of the brain; scale bar represents 500 μm 
(inset picture scale bar represents 100 μm)
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characterize a pathogen and animal model, and 
for developing medical countermeasures under 
the US FDA Animal Rule.

21.5  Light and Electron 
Microscopy in Infectious 
Diseases

Microscopy is an important diagnostic and 
research tool in infectious disease [18, 44, 53]. 
The electron microscope (EM) was first used to 
observe viral particles in 1937 [21], and today is 
still considered an essential tool to study virus 
particles with a resolution below 5 nanometers. 
Negative staining is a typical and routine EM 
technique to characterize virus particle structures 
and is therefore useful to study the ultrastructure of 
ZIKV particles and nano-particles [6, 11, 27, 33]. 

Currently, with cryo-EM methods, atomic-level 
imaging can be achieved revealing virus ultra-
structural details [20, 50]. EM is also applied 
extensively to detect ZIKV particles in cell cul-
ture and infected animals [9, 32]. For instance, 
EM has been used to study ZIKV interaction with 
and replication in host cells (Fig. 21.9). Focused 
ion beam electron microscopy (FIB-SEM) was 
used to generate 3D-volume data to study whole- 
cell ZIKV particle distribution at different condi-
tions. By combining EM ultrastructural data and 
FIB-SEM 3D volume data, a ZIKV trafficking 
model for the entire virus replication cycle could 
be established (data in submission).

Nearly all EM studies have some degree of 
correlation to light microscopy (LM). Various 
approaches for the correlation of microscopy 
techniques have existed since the early 60’s [9, 
36]. For many decades, correlative light and  

Fig. 21.8 Schematic on the use of in vivo imaging to assess neurological changes associated with infections

Fig. 21.9 TEM of Zika 
virus replication within 
fibroblast cells. (a) Low 
magnification image of 
zika virus aligning well 
with actin filaments. (b) 
High magnification 
image of the square 
zoom-in area of (a)
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electron microscopy (CLEM) studies used an 
approach that requires samples to be prepared in 
different ways: formalin fixation and paraffin 
embedding for LM versus aldehyde fixation, 
osmium tetroxide staining, and epoxy resin 
embedding for EM [37]. The sample was then 
investigated using both types of microscopy but 
correlation to the cellular level remained impos-
sible. Recently, several techniques and tools have 
been developed that improve the accuracy of 
CLEM correlations by enabling imaging of cel-
lular events with both modalities. These improve-
ments allow for correlation at the single cell level 
and the inclusion of time-resolved images to 
enhancing the study of virus replication and pro-
duction [17, 23, 30, 52]. This improved CLEM 
method is now being applied to study ZIKV infec-
tion in cell culture as well as in animal tissues.

21.6  Proteomics 
and Metabolomics

The examination of protein and metabolite con-
centration changes that occur during ZIKV infec-
tion in blood, cells, and tissues in vitro or in vivo 
will provide insight into pathogenesis. Potentially, 
the identification of host proteins and metabolites 
involved in the ZIKV infection process may lead 
to the discovery of druggable targets for medical 
countermeasure development. Mass spectrome-
try-based proteomics and metabolomics tech-
niques are therefore now applied to characterize 
ZIKV-induced host responses.

A quantitative mass spectrometry approach is 
now being taken for the examination of host 
response proteins in body fluids (plasma, CSF, 
urine) collected during the course of ZIKV infec-
tion. Samples are processed using filter-assisted 
sample processing (FASP), which captures all 
proteins from a body fluid sample onto a mem-
brane on which they are then digested by trypsin. 
The resulting peptides are then labelled with tan-
dem mass tags (TMT) for relative quantitation of 
protein expression differences between samples 
[54]. The use of 6-or 10-plex TMT tags makes it 
possible to simultaneously measure protein 
expression in 6–10 consecutive post-exposure 

time points from an individual host animal in a 
single high-resolution LC-MS/MS run. The data 
are then analyzed for protein abundance changes 
over the course of infection using pre-exposure 
sample data as the baseline, thus providing a rela-
tive quantitation of the temporal host proteomic 
response.

An established proteomic profile is then com-
pared to the profile observed in vaccinated ani-
mals before and after exposure to ZIKV to 
provide a detailed characterization of the pro-
teomic host response. Since most of the host 
response proteins previously associated with 
ZIKV infection in NHPs have human homo-
logues, it should be straightforward to bridge 
studies using human samples from individuals 
vaccinated against ZIKV with candidate vac-
cines. An identical strategy is used to study the 
temporal proteomic alterations that occur in mos-
quito- and mammalian-derived cell lines in vitro 
during ZIKV infection. Unlike infection in mam-
malian cell lines, ZIKV infection in mosquito- 
derived cells often results in high viral titers with 
little to no observable CPE [8]. Therefore, the 
examination of temporal proteomic profiles dur-
ing ZIKV infection may aid in the identification 
of mammalian cellular targets that can limit or 
reduce ZIKV virulence.

The visualization of proteins, peptides, lipids, 
and other metabolites directly in tissues is a rap-
idly growing area in clinical chemistry. Mass 
spectrometry imaging (MSI) techniques are at 
the forefront to achieve such visualization [7]. 
MSI is a label-free technique that allows the 
direct collection of mass spectra from tissue sec-
tions and adds another dimension of information 
to proteomic and metabolite profiling by provid-
ing in-situ snapshots of the spatial distribution of 
biologically relevant proteins and metabolites in 
intact tissue samples. Whereas homogenization- 
based sample preparation and extraction methods 
result in a loss of spatial information, MSI pro-
vides the in situ distribution profiles of metabo-
lites within tissues. Recent improvements in 
matrix assisted laser desorption ionization 
(MALDI) imaging mass spectrometry tissue 
imaging (IMS) instrumentation platforms related 
to higher mass accuracy (MALDI-FTICR-MS) 
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and spatial resolution improvement (specialized 
lasers and optics) have facilitated the detection of 
protein and metabolite molecules directly from 
the pathogen-host interface of infected tissues, 
thus enabling the characterization of metabolic 
networks that are typical for pathogenesis [13, 
29]. Using a relevant mouse-model of ZIKV 
infection developed at USAMRIID [51] MALDI- 
FTICR MSI methods were established to detect 
lipid and small-molecule metabolites directly 
from ZIKV-infected mouse brain tissue sections. 
MSI canvassing of ZIKV infected brain tissue 
provides the spatial localization and abundance 
of dysregulated metabolites to be pinpointed to 
specific brain regions. In a recent study, MALDI- 
FTICR MSI was performed on ZIKV infected 
mouse mid-brain sections, demonstrating a dra-
matic increase in abundance of long-chain acyl-
carnitines in comparison to uninfected control 
samples. These acylcarntines were often detected 
in the same brain regions where ZIKV RNA was 

detected by ISH (see Fig. 21.10). Acylcarnitines 
are important lipid biomarkers that possess bio-
active and inflammatory properties. A compre-
hensive comparison of the MSI data with PET 
imaging data, FISH and IHC will provide insight 
based on the appearance of metabolites and pro-
teins in the context of inflammation and dissemi-
nation of ZIKV in the CNS.

21.7  New Developments 
in Immunological Staining 
of Cells and Tissues

Immunohistochemistry (IHC), in situ hybridiza-
tion (ISH), and histological staining have been 
widely used to detect infectious pathogens and 
evaluate pathologic changes in infected animals 
and human. ISH is used to detect nucleic acids of 
infectious agents within conserved tissue archi-
tectures especially when pathogen-specific 

Fig. 21.10 MALDI-FTICR Mass Spectrometry Imaging 
(MSI) to detect metabolite changes in mouse brain tissue 
during ZIKV infection. (Top panel) Mid-brain tissue from 
a mouse model of ZIKV infection and uninfected control 
was sectioned and prepared for ISH for the detection of 
ZIKV RNA.  Serial sections were prepared for MSI by 
coating the tissue with 2,5 dihydroxybenzoic acid (DHB) 

and reading in a SolariX XR 7 T FTICR using a spatial 
resolution of 50 microns for each laser pulse. (Bottom 
panels) Spectra were collected across the tissue sections 
and imaged using FlexImaging 4.1 (Bruker Daltonics) to 
visualize metabolite abundances (intensity scale pro-
vided). Masses reported for each carnitine identified are 
within a 1 ppm mass error
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 antibodies have not been available. A newly 
developed ISH technique, RNAscope, has 
extremely high sensitivity and specificity in 
detection of RNA in tissues or cultured cells due 

to its unique double Z probe design and branched 
DNA amplification technique [56]. RNAscope 
ISH has been extensively used to detect ZIKV 
RNA in human and animal (murine and NHP) 

Fig. 21.11 Detection of Zika virus replication in tissue 
using Multiplex fluorescence in situ hybridization. (a–c) 
Negative sense RI (b, green) RNA were highly detected in 
hippocampus of ZIKV infected mouse brain in addition to 
positive sense ZIKV RNA (a, red), which indicates active 

ZIKV replication. (d–g) Detection of ZIKV replication (a, 
positive sense RNA; b, negative sense RNA) in a NeuN- 
labeled neuron (f, magenta; arrow) of ZIKV infected 
mouse brain. Blue, nuclear stain by DAPI.  Scale bar, 
500 um in A–C and 20 um in d–g
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tissues [4, 14, 38, 46, 51, 55]. ZIKV has a posi-
tive sense single-stranded RNA genome consist-
ing of one single open reading frame 
approximately 11  kb in length. ZIKV genome 
replication involves synthesis of a negative-sense 
RNA replication intermediate (RI), which in turn 
serves as a template to generate progeny (positive- 
sense RNA) genomes. Detection of ZIKV nega-
tive sense RI is considered evidence of viral 
replication. Multiplex fluorescence in situ hybrid-
ization (mFISH) was developed to detect both 
ZIKV positive-sense and negative-sense RI RNA 
in formalin-fixed, paraffin-embedded (FFPE) tis-
sue using RNAscope ISH techniques. mFISH has 
been successfully used to confirm ZIKV replica-
tion in ZIKV-infected mouse and NHP FFPE tis-
sues. As shown in Fig. 21.11a–c, negative sense 
RI (green) RNAs were highly detected in hippo-
campi of ZIKV-infected laboratory mouse brains 
in addition to positive-sense ZIKV RNAs (red). 
Furthermore, ZIKV replication could be detected 
in a cell type-specific manner by using three 
probes: one probe targeting cell-type specific 
markers and the other two probes targeting ZIKV 
positive- and negative-sense RNAs, respectively 
(Fig. 21.11d–g). By measuring the ratio between 
the fluorescence intensity of ZIKV negative- 
sense RI and positive-sense RNA, it is easy to 
identify ZIKV target cells with the most active 
viral replication.

21.8  Summary

USAMRIID possesses an array of expertise in 
diverse capabilities for the characterization of 
emerging infectious diseases from the pathogen 
itself to human or animal infection models. The 
recent ZIKV outbreak was a challenge and an 
opportunity to work as a cohesive unit to quickly 
respond to a rapidly developing threat. The inte-
grated rapid response approach developed at 
USAMRIID (Fig.  21.1) was successful and 
should be taken again if a new biological threat 

emerges. This approach will increase the likeli-
hood that novel medical countermeasures could 
be rapidly developed, evaluated, and translated 
into the clinic.

21.9  Disclaimer

Opinions, interpretations, conclusions, and rec-
ommendations are those of the authors and are 
not necessarily endorsed by the U.S. Army.
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 Discussion of Chapter 21 at Dengue 
and Zika: Control and Antiviral 
Treatment Strategies

This discussion was held at the 2nd Advanced 
Study Week on Emerging Viral Diseases at Praia 
do Tofo, Mozambique. 
Transcribed by Hilgenfeld R and Vasudevan SG 
(Eds); approved by Dr. Robert Lowen.

Anuja Mathew: I just had a quick question: in 
the antibody suppression model, is the anti-
body that you are using, against type-1 inter-
feron or is it something else?

Robert Lowen: I believe, yes, it is against type-1 
interferon.

Anuja Mathew: Thank you!
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Dengue Antiviral Development: 
A Continuing Journey
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Abstract
Dengue fever is a leading cause of illness and 
mortality in the tropics and subtropics. There 
are no therapeutics currently available and a 
recently approved vaccine is not very effica-
cious demanding an urgent need to develop 
an effective antiviral. The path to successful 
dengue drug development depends on avail-
ability of relevant preclinical testing models 
and better understanding of dengue pathogen-
esis. In recent years, efforts to develop den-
gue therapeutics have focused on both 
repurposing approved drugs as well as dis-
covery of new chemical entities that act via 
virus or host targeted mechanisms. Here, we 
discuss the various innovative approaches, 
their outcome, and the lessons gleaned from 
the development efforts.

Keywords
Drug repurposing · Alpha glucosidase 
inhibitors · Host targets · FDG imaging · 
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22.1  Introduction

Dengue fever is the most prevalent mosquito- 
borne viral disease globally. It is endemic in more 
than 100 countries, and causes an estimated 
400  million infections and 25,000 deaths every 
year [5]. As these numbers have been rising 
steadily over the past decades, developing effica-
cious antiviral agents and vaccine is imperative to 
control the disease burden. Current treatment 
guidelines rely entirely on supportive care and 
aggressive monitoring [23]. Recently, a tetrava-
lent vaccine was licensed in several dengue- 
endemic countries, which is a considerable 
breakthrough [63]. Its efficacy, however, varies 
widely hence there remains a strong need to 
develop effective therapeutic modalities for den-
gue virus (DENV) infections [27].

Since the early 2000s, several compounds 
have been tested in early proof-of-concept trials 
but, none was able to demonstrate clinical effi-
cacy. In this chapter, we discuss the progress that 
has been made and the main challenges faced in 
dengue therapeutics research and attempt to draw 
a parallel to the development of other antivirals 
like oseltamivir.
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22.2  Candidate Drugs

Consideration of the nature of the disease and the 
impacted demographics is essential for drug 
development  – and defining a Target Product 
Profile (TPP) is a key step [30]. Dengue fever 
(DF) results in an acute self-limiting disease, 
with a small proportion of patients, mostly chil-
dren, developing constellations of life threaten-
ing complications referred to as dengue 
hemorrhagic fever (DHF) and dengue shock syn-
drome (DSS). DF mostly affects low-income, 
tropical countries. Consequently, the ideal drug 
should have an excellent safety profile not to sur-
pass the low risk posed by uncomplicated DF. In 
addition, it should be an oral drug, require mini-
mum frequency dosing with total course of ther-
apy not to exceed 5 days duration given the acute 
nature of the disease, and produce measurable 
clinical benefits. It should be easily manufactured 
and distributed at affordable cost, and be able to 
withstand temperatures and high humidity preva-
lent in tropical regions. These general TPP goals 
should be kept in mind but they should not stand 
in the way of new innovations such as prophylac-
tic drugs or biologics in the form of potent thera-
peutic antibodies that target the viral envelope 
protein to block its infectivity.

22.2.1  Repurposed Agents

Starting from scratch, drug development is a long 
and expensive process, and for dengue the expe-
riences of Novartis pharmaceutical company 
which formed the first major industrial effort to 
develop a drug that could be used as defined in 
the TPP has been reviewed [34]. The lack of any 
compounds from these ventures and the urgent 
need for affordable anti-dengue drugs has 
resulted in several attempts at repurposing drugs 
that were developed for other indications. The 
main advantage of this approach is that it has a 
relatively short development path as the initial 
safety data in animals and humans are already 
established. In fact, all seven compounds evalu-

ated in dengue clinical trials to date were repur-
posed. These agents were either already approved 
for different indications or were discontinued for 
further development due to reasons other than 
acute safety and tolerability. There have been 5 
completed and published and 2 ongoing random-
ized clinical trials for anti-dengue agents since 
the early 2000s.

22.2.1.1  Chloroquine
Tested by the Oxford University Clinical 
Research Unit in Vietnam (OUCRU), chloro-
quine is a 4-amino-quinoline derivative with 
lysosomotropic and weak base properties (Trial 
Identifier: ISRCTN38002730). It has evidence of 
in  vitro and in  vivo (aotus monkey) anti-viral 
activity that is thought to be mediated by disrupt-
ing endosomal fusion and viral maturation [21]. 
This oral drug is cheap and widely available, with 
a strong safety profile. The clinical trial for this 
drug monitored time to resolution of viremia and 
NS1 antigenemia as primary measures of drug 
efficacy. There was no observed difference in 
efficacy between the drug and placebo, but chlo-
roquine was associated with a higher incidence of 
adverse events [61].

22.2.1.2  Prednisolone
Prednisolone is a corticosteroid with potent anti- 
inflammatory activity. Some non-randomized tri-
als have reported possible benefits of 
corticosteroids as a rescue treatment for severe 
DF, but this remains controversial [47]. It is, 
however, universally accepted that inflammatory 
factors play a crucial role in the pathogenesis of 
DSS.  On this ground, the OUCRU in Vietnam 
conducted a Randomized Controlled Trial (RCT) 
to assess the safety of corticosteroids and out-
come in viremia but was not powered to measure 
its therapeutic efficacy, although clinical out-
comes such as DSS, ICU admission, and bleed-
ing were measured (Trial Identifier: 
ISRCTN39575233). The safety profiles were 
similar in both groups but no clinical benefit was 
detected [57].
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22.2.1.3  Balapiravir
A prodrug of nucleoside analogue 4′-azidocyti-
dine, balapiravir was originally developed as a 
therapeutic agent against hepatitis C virus (HCV), 
another flavivirus. Balapiravir development 
against HCV was halted after evidence of exces-
sive toxicity upon prolonged exposure. Due to 
the known similarities between DENV and HCV 
RNA-dependent RNA polymerases, this drug 
was evaluated as an anti-dengue agent by 
OUCRU in Vietnam (Trial identifier: 
NCT01096576). The phase II study monitored 
time to fever clearance, viremia and NS1 antigen-
emia to measure the drug efficacy. The results 
showed no significant difference between control 
and treated arms [14, 41].

22.2.1.4  Ribavirin
Ribavirin is a drug commonly used to treat HCV 
and also sometimes used as a broad-spectrum 
antiviral for RNA viruses. It has RNA-dependent 
RNA polymerase inhibitory activity, but its anti- 
flaviviral activity is believed to be mediated by 
intracellular GTP depletion. Ribavirin is used in 
conjunction with interferon-α against HCV as 
they show synergistic effect. Ribavirin was eval-
uated against DENV infection in combination 
with traditional Chinese medicine by the 
Guangzhou 8th People’s Hospital, but the results 
have not been made publicly available yet (Trial 
identifier: NCT01973855).

22.2.1.5  Celgosivir
Celgosivir is another drug that was originally 
developed for HCV.  It is an inhibitor of 
α-glucosidase, a host enzyme necessary for gly-
cosylation of viral coat proteins that aids in 
proper protein folding. It was tested in a RCT as 
an anti-dengue agent by Duke-National 
University of Singapore (Duke-NUS)/Singapore 
General Hospital (SGH) in Singapore using fever 
and viremia reduction as measures of drug effi-
cacy. No statistically significant difference was 
seen between control and treatment groups, but 
celgosivir was found to have a good safety profile 

in dengue patients [36]. Extended pharmacoki-
netics studies and alternative regimen testing in 
mouse models of dengue infection predicted that 
increased exposure may impact efficacy [55, 70]. 
To test this possibility a small pharmaceutical 
company 60° Pharma has partnered with 
Singapore General Hospital to test an altered 
regimen that will result in an almost 300% 
increase in exposure with only a modest increase 
in dose. The clinical trial is scheduled to start 
recruiting in 2017 (Trial Identifier: 
NCT02569827).

22.2.1.6  Lovastatin
Lovastatin is a 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase inhibitor, 
widely used for its lipid lowering properties. 
Among their other properties, statin drugs 
improve endothelial function and stabilize lipid 
membranes, two mechanisms known to be dis-
rupted in DF pathogenesis. On this ground, a 
clinical trial was conducted in Vietnam by 
OUCRU to assess the safety of lovastatin as an 
anti-DENV agent. The safety outcome was mea-
sured clinically by trending liver and muscle 
injury serum markers, two commonly encoun-
tered side effects of lovastatin. Lovastatin was 
reported to be a safe and tolerable treatment in 
dengue patients, but there was no evidence of 
beneficial effect in terms of clinical progress or 
viremia reduction [71].

22.2.1.7  Ivermectin
This anti-parasitic agent commonly used to treat 
nematode infections, scabies, and lice has been 
shown to have anti-viral activities by inhibiting 
host nuclear import receptors importin-α and 
importin-β [64]. These receptors are necessary 
for DENV nonstructural protein 5 (NS5) migra-
tion to the nucleus for efficient replication. 
Nevertheless the precise mechanism by which 
ivermectin inhibits dengue is still unclear because 
the nuclear localization of NS5 is not required for 
viral RNA replication [59]. On the positive side, 
the drug has been identified as a potent inhibitor 
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of the related flavivirus, zika virus in recent 
screens with FDA approved drugs [2, 74]. A clin-
ical trial as a treatment for dengue fever with 
ivermectin is being carried out by the Mahidol 
University in collaboration with the Ministry of 
Health of Thailand (clinical identifier: 
NCT02045069). Preliminary results suggest 
reduction in serum NS1 antigenemia and body 
temperature despite the lack of detectable differ-
ence in viremia levels [1].

22.2.1.8  Ketotifen
Ketotifen is a non-competitive anti-histamine and 
a mast cell stabilizer generally used to treat atopic 
conditions like asthma and allergic rhinitis. It is 
being evaluated as an anti-dengue agent based on 
preclinical data suggesting that mast cell degran-
ulation is an important mediator of DF pathogen-
esis [16, 22]. A clinical trial (NCT026773840) is 
currently being conducted by Duke-NUS, SGH, 
and the National University Hospital in Singapore 
to assess its clinical safety and efficacy.

22.3  DENV Specific Drug 
Development

Typically, new drug discovery involves identify-
ing a target; developing an assay to assess activ-
ity against the target; high-throughput screening 
of potential candidate compounds; and chemi-
cally modifying the successful candidates to opti-
mize activity, pharmacokinetics and toxicology 
in in  vitro and in animal models of infection. 
Once a lead candidate is identified, manufactur-
ing methods are adapted to produce the drug can-
didate in sufficient quantities to be tested in 
clinical trials [54].

Usually, the target is either a viral or host pro-
tein required for entry, proteolytic processing of 
the newly translated polyprotein, RNA replica-
tion, viral genome packaging and virion release 
from infected cells. DENV proteome comprises 
of 3 structural proteins: Capsid (C), premem-
brane (prM), and envelope (E) proteins; and 7 

nonstructural (NS) proteins involved in protein 
processing and viral replication: NS1, NS2A, 
NS2B, NS3, NS4A, NS4B, and NS5. The repli-
cation apparatus, especially NS3 and NS5 have 
been the most intensively investigated targets in 
dengue drug development [37]. Commonly stud-
ied host targets include α-glucosidase, inosine 
monophosphate dehydrogenase, and dihydrooro-
tate dehydrogenase among others [7].

These endeavors require large amounts of 
investments and carry high financial risks. Like 
many other neglected tropical diseases, dengue 
has been understudied consequently. To date, no 
candidate drug developed specifically for dengue 
has had positive results in a phase II human trial. 
This section highlights the considerable mile-
stones achieved in this field and the promising 
projects underway.

NITD-008, a nucleoside inhibitor that targets 
viral RNA-dependent RNA polymerase (RdRp) 
is a potent antiviral developed by the Novartis 
Institute of Tropical Diseases in Singapore. It has 
remarkable nanomolar efficacy against all four 
DENV serotypes and other Flaviviruses in vitro 
and in vivo [76]. Toxicology studies conducted in 
animals revealed significant renal toxicity hence 
further development of this candidate was halted. 
Nonetheless, NITD-008 is still considered the 
standard of preclinical efficacy in dengue drug 
development and widely used to benchmark new 
drug development.

Recently, Emergent BioSolutions Inc. devel-
oped UV-4B, an antiviral agent that shows in vitro 
and in vivo activity against DENV. The proposed 
mechanism of action is through the inhibition of 
the enzymatic activities of host endoplasmic retic-
ulum α-glucosidases. Viruses require these cellu-
lar enzymes for proper processing of their proteins. 
Since this is a host targeted mechanism of action, 
it is anticipated that development of viral resis-
tance to UV-4B is less likely to occur than with 
directly acting antiviral agents [44, 66, 67]. This 
hypothesis was tested in  vitro where DENV-
infected cells treated with 38 cycles of UV-4B 
showed no drug-induced resistance. In vivo, 
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UV-4B efficacy was maintained through 5 DENV 
passages in a mouse model [45].

An investigational new drug application has 
been opened for UV-4B based on preclinical 
safety and efficacy data. A phase 1 clinical trial 
completed in 2016 documented good tolerability 
and no serious adverse events after administration 
of single doses of UV-4B ranging between 3 and 
1000 mg (NCT02061358). The pharmacokinetics 
data showed low inter-individual variability and 
linearity over a broad dose range. Another phase 1 
clinical study has been initiated to determine the 
safety and pharmacokinetics of UV-4B adminis-
tered orally as multiple ascending doses to healthy 
volunteers (NCT02696291). UV-4B is also being 
evaluated in preclinical studies for the treatment 
of influenza as an additional indication [66, 67].

Siga Technologies reported the development 
of the inhibitor ST-148, which acts by inducing 
structural rigidity. In a nonlethal model of DENV 
infection in AG129 mice, ST-148 reduced vire-
mia and viral load and lowered cytokine levels in 
the plasma [6].

In recent years several groups have reported the 
discovery and development of NS4B inhibitors. 
NITD reported the activity of spiropyrazolopyri-
done compound NITD-618. Although, the com-
pound showed reduced virema against DENV-2 in 
AG129 model of infection they were unable to 
identify a candidate that could show pan serotypic 
activity. In another screening effort, van Cleef 
et  al. reported a new inhibitor, SDM25N, from 
screening the NIH Clinical Collection (NCC); a 
library of drug-like small molecules a stably repli-
cating DENV serotype 2 (DENV2) subgenomic 
replicon. SDM25N, which restricts genomic RNA 
replication by – directly or indirectly – targeting 
the viral NS4B protein [62, 65, 72]. Janssen is also 
currently developing a NS4B inhibitor [43].

22.3.1  Recent Structural Discoveries

Recent advances in immunological, molecular, 
and structural virology have offered new ways to 
develop drugs more efficiently. Nuclear magnetic 
resonance spectrometry, X-ray crystallography, 
and cryo-electron microscopy have provided 
detailed structural data of DENV proteins. This 
information can be combined with molecular 
tools such as in silico approaches and infectious 
clone technology to discover new drug targets 
against DENV and potentially other flaviviridae 
[6, 33, 35, 73]. The viral processes that can be 
targeted include entry/fusion (E protein), transla-
tion/polyprotein processing of nonstructural 
(NS) proteins (NS3, NS2B-NS3 complex), repli-
cation (NS1, NS2A, NS2B, NS3, NS4A, NS4B, 
and NS5), and viral packaging (Capsid) [54]. 
Being essential to replication and infectivity and 
highly conserved among flaviviruses, NS3 and 
NS5 have been the most popular targets of DENV 
antiviral development.

Most notably, this structural information has 
been used in studies of human antibodies isolated 
from convalescent patients and yielded greater 
understanding of the epitopes that need to be tar-
geted for effective virus neutralization [48]. 
Serotype-specific and cross-reactive neutralizing 
monoclonal antibodies are both being explored 
[60]. Ab513, a monoclonal antibody that binds 
domain III of the E protein of all 4 DENV sero-
types was engineered by Visterra (Cambridge, 
MA). This agent has shown promising preclinical 
results with the ability to lower viremia and con-
trol DHS/DSS features in humanized mouse 
models without enhancing infection despite the 
presence of cross-reactive antibodies. It is poised 
to enter clinical trial by early 2018.
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Compound and 
structure Mechanism of action Study site Preclinical results Clinical results
1. 

Chloroquine

Lysosomal fusion 
inhibitor

OUCRU, Ho Chi 
Minh City, 
Vietnam

Cell-based assay 
(U937): EC50: 50 μM

No change in viremia or 
NS1 antigenemia

Aotus monkey: 
significant reduction 
in viremia [21]

2. Prednisolone Anti-inflammatory 
activity

OUCRU, Ho Chi 
Minh City, 
Vietnam

NA No change in 
hematological 
virological or clinical 
endpoints

3. Balapiravir Polymerase 
inhibitor

OUCRU, Ho Chi 
Minh City, 
Vietnam

Cell based (Huh-7) No change in virological 
and immunological 
endpoints [40]

EC50;1.9–11 μM [41]

4. Ribavirin Nucleoside 
analogue

Guangzhou 8th 
People’s Hospital

Cell-based 
(LLC-MK2): IC50: 
50.9 μM [56]

Pending

5. Lovastatin Improving 
endothelial function 
and stabilizing lipid 
membranes

OUCRU, Ho Chi 
Minh City, 
Vietnam

AG129 mouse model: 
Increased survival at 
dose of 200 mg/kg/
day [71]

No evidence of 
beneficial effect on 
clinical progress or 
DENV viremia [71]

6. Ivermectin Helicase inhibitor Mahidol 
University/Siriraj 
Hospital, 
Thailand

Enzyme assay: IC50: 
0.5 μM [1]

NS1 antigenemia and 
fever reduction 
(preliminary)

7. Celgosivir Alpha glucosidase 
inhibitor

SGH/Duke-NUS, 
Singapore

Cell-based assay: 
EC50: 0.2 μM

No statistically 
significant reduction of 
viral load or fever [36]AG129 mouse model: 

100% survival at dose 
of 50 mg/kg BD for 
5 days [68–70]

8. Ketotifen Mast cell stabilizer SGH/Duke-NUS, 
Singapore

Mouse model: 
significant reduction 
of severe dengue 
features [51]

Pending

9. UV4B Alpha glucosidase 
inhibitor

Emergent 
BioSolutions, 
Maryland USA

AG129 mouse model: 
100-fold viremia 
reduction at 100 mg/
kg PO dosing

Phase 1a Single 
Ascending Dose Study 
in healthy volunteers 
showed UV-4B is well 
tolerated up to 1000 mg 
single dose

Minimum effective 
dose: 10 mg/kg PO 
[44, 66, 67]

10. NITD008 Nucleoside 
analogue- 
polymerase 
inhibitor

NITD, Singapore Cell based assay 
(PBMC) EC50: 
0.16–0.85 μM

Excessive 
nephrotoxicity, 
development halted

AG129 mouse model: 
100% survival at dose 
>10 mg/kg PO [76]
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22.4  The Clinical – Preclinical Gap

As discussed above, many compounds have 
shown good efficacy in preclinical studies. 
However, none was proven to be superior to 
placebo in clinical setting. The disparity 
between preclinical and clinical results is an 
inherent entity of therapeutics research. 
Common reasons include the nonspecific and 
wide spectrum of disease manifestations, the 
limitations of existing model organisms, and 
the lack of a biological marker that correlates 
with clinical results. A factor that makes this 
even more pertinent for dengue therapeutics, 
specifically, is the limited financial resources 
available for research. The recent clinical and 
preclinical progress achieved gives an insight-
ful perspective on what should be future 
research directions.

22.4.1  Clinical Manifestation

Dengue fever has extremely nonspecific manifes-
tations making it difficult to study in clinical set-
tings. Contrary to preclinical setting where the 
time of infection is controlled, patients are 
recruited into clinical trials when they experience 
symptoms and present to their healthcare pro-
vider. Fever is virtually the only symptom clini-
cians base they suspicion on when screening for 
dengue. As with most other febrile illnesses, den-
gue patients do not present until later in the 
course of disease. Unless there is an ongoing out-
break, dengue might not be the first impression of 
the healthcare provider. This presents an addi-
tional challenge to clinical trial design and 
recruitment as administering treatment later in 
the course of illness when the viremia level has 
already past the peak can dilute any potential 
benefit of the therapeutic agent under 
investigation.

Moreover, the vagueness of early symptoms is 
a source of inaccuracy based on patient-reported 
onset of illness/fever. This is a known unreliable 
measure, but there is usually no better 
alternative.

22.4.2  Representative Model 
Organism

DENV is not known to be naturally pathogenic in 
any species other than humans. This makes it 
very challenging to obtain representative animal 
models for research. Efforts have been made to 
identify the specific characteristics that make us 
vulnerable to DENV.  Multiple animals and 
DENV strains have been genetically engineered 
to replicate the identified characteristics, but, to 
this day, none of the models are able to accurately 
mimic a human DENV infection.

22.4.3  Nonhuman Primates

Nonhuman primates develop viremia and neu-
tralizing antibody response to DENV infection 
but do not develop symptoms of DF [75]. They 
have been used to study antibody-dependent 
enhancement of infection (ADE) and to test can-
didate vaccines and antivirals efficacy by assess-
ing viremia levels [12, 13, 24, 25]. As we discuss 
below, viremia is a suboptimal measure of treat-
ment response. Some nonhuman primate models 
that express features of human DF have been 
identified; but their use is hindered by the pro-
hibitive cost and accessibility.

22.4.4  Mouse Models

DENV does not replicate well in rodent cells. To 
overcome this, extensive work has been done to 
develop DENV mouse models. The first success-
ful suckling mouse, was developed by serial pas-
sage DENV in mice brain, increasing the virus 
adaptability to mice cells [50]. Intracranial inoc-
ulation resulted in DENV encephalitis and paral-
ysis. This model has been used by to evaluate 
antivirals and vaccines but the altered tropism of 
the virus makes the relevance to humans ques-
tionable [9].

Inoculation with high DENV titers in immu-
nocompetent mice can induce disease compara-
ble to human DF. Different groups have reported 
hepatic T cell invasion, localized hemorrhage, 
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thrombocytopenia and detectable viral load in 
serum, spleen, liver, and brain, vascular leakage; 
all of which are characteristic of human DF/
DHS/DSS [9, 10, 12, 13, 52]. This model is use-
ful to gain insight on the pathogenesis of DF but 
the high viral titer required to induce symptoms 
is not representative of the infection process in 
humans; making it inadequate for antiviral devel-
opment studies.

Humanized mice developed by transplanting 
human hematopoietic stem cells into severe com-
bined immunodeficient mice have been shown to 
be susceptible to low passage DENV.  They 
exhibit DF-like feature such as fever, rash and 
thrombocytopenia, but not DHS/DSS [4]. 
Kuruvilla and colleagues reported that human-
ized mice can develop fever and viremia for up to 
21  days and produce human anti-DENV Ig-M 
and Ig-G capable of neutralizing DENV.  There 
was, however, no significant cellular immune 
response induced [32]. Several groups have tried 
to replicate a human like T-cell response in 
humanized mice, but there still has not been any 
model capable of mimicking severe dengue 
symptoms, or human-like immune response; lim-
iting their use in therapeutics research [9].

Immunocompromised mice have been the 
most widely used model thus far. By knocking 
out key genes involved in immune response, 
infectible mice models have been engineered. 
The most established in therapeutics research is 
the type I and II interferon receptors deficient 
AG129. This model is susceptible to both mouse- 
adapted and clinical DENV infection. 
Concurrently, efforts were also being put into 
identifying a DENV strain that could success-
fully infect mice. D2S10 was developed by alter-
nate passaging of PL046, a clinical isolate, 
between AG129 mice and C3/C6 mosquito cells. 
This DENV strain was able to cause lethal infec-
tion in mice without neurological deficits and; 
most importantly, D2S10 caused vascular leak-
age making it very pertinent to study human 
DF.  Of note, celgosivir and lovastatin were 
proven to be efficacious in AG129 mice, with 
increased survival and decreased viremia. In clin-

ical trials, however, no significant effect was 
observed [36, 68, 69, 71].

22.4.5  Need for Human Infection 
Model

Although there has been reports of certain DENV 
strains causing some features of DHS and DSS in 
certain mouse models, the pathogenesis remains 
substantially different from that in humans [58]. 
The ideal way around this obstacle is the use of a 
human infection model (HIM). HIM was an 
important contributor to the development of osel-
tamivir. The illness caused by influenza virus 
infection in healthy young adults is short lived 
and of mild severity; the use of a HIM was hence 
accessible to the developers of oseltamivir [28]. 
That enabled them to control the timing between 
infection and initiation of therapy, one of the 
most critical challenges in anti-dengue clinical 
trials [37]. Perhaps more importantly, it also 
allowed them to quickly down-select candidate 
compounds [19]. This was crucial to a remark-
ably fast drug development; oseltamivir was 
approved for treatment of influenza only 7 years 
after the search for an orally available neuramini-
dase inhibitor was initiated [54].

HIM has been used to study several aspects of 
dengue before. For instance, Startler and col-
leagues studied the process of DENV induced 
plasma leakage in healthy individuals [53]. In 
2011, Gunther et  al. used HIM to study the 
immune response to DENV in previously vacci-
nated people [26]. More recently, Kirkpatrick 
and colleagues proposed HIM to validate vac-
cines before moving onto large scale clinical tri-
als [31]. Even though HIM would revolutionize 
dengue research, there are still strong reserva-
tions about its use. DF is typically not associated 
with mortality in healthy adults, but has a poten-
tial for high morbidity requiring hospitalization 
[19]. Another limitation of HIM is the fact that 
there is no possibility to access tissue samples for 
pathological analysis, limiting HIM studies to a 
descriptive nature [9].

J. G. Low et al.



327

22.5  Objectively Measurable 
Endpoints

22.5.1  Viremia

Since the earliest dengue studies, viremia as a 
biomarker for dengue disease has been a univer-
sally accepted paradigm [49, 54]. This concept 
was popularized by the availability of sensitive 
methods to detect and quantify viral particles in 
clinical samples. In fact, all trials for candidate 
antiviral drugs and vaccines have reduction of 
viremia as one of their primary clinical end-
points, if not the only endpoint. However, it has 
become evident that measured viremia does not 
always correlate with clinical outcome. For 
instance, during secondary infections, measured 
viremia is often markedly lower than primary 
despite the higher likelihood of developing severe 
disease. One of the possible explanations for this 
phenomenon is intrinsic to the viremia assay 
methodology itself.

22.5.1.1  qPCR
In the 7 clinical trials mentioned above, viremia 
was measured using quantitative polymerase 
chain reaction assay (qPCR). This method detects 
and quantifies viral RNA in serum, but it does not 
reflect the amount infective viruses present. RNA 
copies can exceed infectious viral units by 2–5 
logs. This effect has been described for other viral 
infections as well and was attributed to a probable 
large quantity of cells infected by defective provi-
ruses, masking the absolute viremia [20].

22.5.1.2  Plaque Assay
A more representative assay would be direct cul-
turing of the clinical samples. However, this is 
extremely challenging because clinical isolates 
have widely varying abilities to grow in  vitro. 
Unpassaged viruses, for instance, are known to 
be less able to infect consistently in vitro despite 
their potential infectivity in vivo. This makes cul-
ture and plaque assays inherently inaccurate. 
Mosquito inoculation can be used to account for 

unpassaged DENV, but this technique requires an 
insectary and highly skilled personnel making it 
inaccessible to most diagnostic virology labora-
tories [15].

22.5.2  NS1 Antigenemia

Serum NS1 levels rise early in the infection 
course making it a good diagnostic tool. However, 
NS1 antigenemia varies considerably by DENV 
serotypes and primary versus secondary infection 
[18, 68, 69]. There is also evidence that it may be 
involved in DF pathogenesis [3, 39]. Structural 
and in  vivo mice studies suggest that, if com-
bined with a host dependent biomarker, NS1 
could be a reliable biomarker and clinical end-
point measure for therapeutic trials [40]. Further 
work is needed to confirm this.

22.5.3  Host Biomarkers: Cytokine, 
Endothelial Activation 
Markers, Cells, Biochemical 
Markers

It is believed that patients with DHS/DSS experi-
ence a “cytokine storm,” causing their clinical 
symptoms. Trending these cytokines may, conse-
quently, serve as a good prognostic biomarker. 
Identified markers that correlate with disease 
progress include interleukin-10, complements 
C3a and C5a, and macrophage migration inhibi-
tory factor [11, 29, 38].

The correlation between blood cellular com-
ponents and dengue severity has been extensively 
studied, platelet and red blood cell counts in par-
ticular. Thrombocytopenia is an established hall-
mark of severe dengue disease [17, 23]. A study 
conducted in Thailand was able to predict more 
than 97% subsequent severe disease development 
using an algorithm based on white blood cell 
counts, percent monocytes, platelet count, and 
hematocrit information obtained in the first 72 h 
of disease [46]. A similar study conducted in 
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Vietnam proposed a prognostic scoring system 
based on the platelet count, history of vomiting, 
blood aspartate aminotransferase level, and NS1 
rapid test status [42]. This scoring system had a 
sensitivity of 87% and specificity of 88%; with a 
negative predictive value of 99% amongst their 
study participants.

Biochemical markers like liver enzymes, 
nitric oxide, and lipids are also known to be 
deranged in severe disease, and have been stud-
ied as biomarkers and potential clinical end-
points. Several endothelial activation markers, 
including angiopoietin, von Willebrand factor, 
and VEGF, have also been associated with dis-
ease severity [29].

All these host biomarkers are used at varying 
degrees in dengue research. They all have a com-
mon short coming, however; poor specificity. 
There are many factors that can be responsible 
for host biomarkers changes and over-relying on 
them can result in false interpretations [29]. 
Nonetheless, cautiously combining them with 
DENV biomarkers greatly improves their prog-
nostic power, making a case for their use in thera-
peutics trials [37].

22.5.4  18F-Fluorodeoxyglucose 
Imaging

In addition to developing optimal infection mod-
els, identifying new measurable endpoints that 
are consistent and comparable between animal 
models and humans would greatly help narrow 
the aforementioned preclinical-clinical gap. A 
team of researchers in Singapore is working on 
identifying new and more representative DF bio-
markers by building upon the known pathogene-
sis. DENV particles preferentially replicate and 
accumulate in tissues that are not readily acces-
sible. The ability to monitor tissues specifically 
instead of relying on systemic circulating mark-
ers offers a novel way to make early and robust 
inferences about the course of illness. 

18F-Fluorodeoxyglucose uptake monitoring in 
dengue-infected mice has identified specific 
inflammation patterns in the intestines that 
strongly correlate with progression of disease 
and treatment response [8]. A human proof-of- 
concept trial is currently recruiting dengue 
infected subjects in Singapore to validate these 
findings in human.

22.6  Conclusion

Dengue fever imposes a significant global burden 
and low-income tropical countries are more 
heavily impacted. Efforts to develop vaccines and 
treatment modalities have been very slow until 
the 2000s. For the most part, this was due to the 
lack of available resources allocated to the cause. 
Over the past two decades, more governmental, 
academic, and private agencies have devoted 
funds to dengue research; which resulted in con-
siderable advances, most notably a tetravalent 
vaccine licensed in most endemic countries. 
Nonetheless, the road to relieving the dengue 
burden is still long. The available vaccine’s effi-
cacy is not ideal, making it imperative to have 
effective therapeutic options. Dengue antiviral 
drug development endeavors with both repur-
posed and de novo agents have not yet yielded 
effective products in clinical trials but have bol-
stered the understanding of dengue pathogenesis 
and laid up the ground for further projects. Recent 
technological advances and innovative 
approaches may be offering faster, targeted, and 
more cost-efficient models to develop and assess 
new drugs.
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Abstract
Dengue is the most important mosquito-borne 
viral disease in the world, representing a major 
unmet medical need and a growing public 
health concern. The disease imposes a heavy 
burden to the affected individuals, to the 
health care systems, and to the economies of 
endemic countries. Vector control is the most 
widespread tool to curb dengue epidemics, but 
has been insufficient. Therefore, additional 
means such as vaccines and antivirals are 
required to aid in a coordinated response. The 
discovery and development of small molecule 
dengue virus inhibitors as a tool to prevent 
and/or treat dengue disease faces major hur-
dles in combining pan-serotypic efficacy, 
safety, and optimal drug-like properties. 
Moreover, the financial return of dengue drug 
projects may not compensate for the initial 

investment in research and development. This 
review article addresses the efforts undertaken 
to face the dengue epidemics, focusing on 
antiviral drug development. The dengue drug 
research and development process is described 
in detail and a dengue antiviral target product 
profile is proposed. The article discusses col-
laborations between the different players in 
the research field: government and govern-
ment-sponsored organizations, pharmaceuti-
cal and biotechnology companies, academia, 
and non-profit and philanthropic organiza-
tions. Public-private partnerships are proposed 
as a model to boost dengue research and 
development towards an approved antiviral 
drug in the near future.
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23.1  Dengue: From a Neglected 
Tropical Disease to a Global 
Health Concern

Dengue disease is caused by dengue virus 
(DENV), which belongs to the Flavivirus genus 
in the family of the Flaviviridae. The virus is 
transmitted by mosquitoes of the genus Aedes, 
with Aedes aegypti being the primary and Aedes 
albopictus the secondary vector [14]. In 2009, the 
World Health Organization (WHO) ranked den-
gue as the most important mosquito-borne viral 
disease in the world [104]. In the last 50 years, 
the incidence of DENV increased 30-fold [103]; 
not only the number of cases and outbreaks 
increased, but the virus distribution expanded to 
new regions making dengue disease a major pub-
lic health concern.

DENVs encompass four antigenically and 
phylogenetically distinct genotypes, DENV-1 to 
DENV-4 [12]. The first reports on DENV 
occurred in French Polynesia and Japan for 
DENV-1 (1943), Papua New Guinea and 
Indonesia for DENV-2 (1944), and the Philippines 
and Thailand for DENV-3 and DENV-4 (1953). 
Currently, the four serotypes have a global distri-
bution, co-circulate in the dengue-endemic tropic 
and sub-tropic regions of the world and each can 
induce the full spectrum of disease [61].

Four billion people, living in more than 128 
countries, are at risk of becoming infected with 
DENV [8, 104]. Globally, there are approxi-
mately 390 million DENV infections each year 
(95% confidence interval [CI]: 284–528 million) 
[8]. The majority of these DENV infections are 
asymptomatic (~75%), yet the exact incidence of 
symptomatic dengue is uncertain due to underre-
porting and lack of specific diagnostics in 
resource-poor settings [104]. Bhatt et  al. esti-
mated a total of 96 million of dengue clinical 
cases in 2010 (95% CI: 67–136 million) [8]. 
More recently, based on an analysis of data from 

141 endemic countries, Shepard et al. [87] esti-
mated that 58.4 million symptomatic cases 
occurred in 2013 (95% CI: 23·6 –121·9 million) 
[87]. Both estimates illustrate the high incidence 
of dengue disease and reflect the need to improve 
epidemiological surveillance systems. During 
2015, the WHO member regions of the Americas, 
South-East Asia, and Western Pacific reported 
3.2 million dengue disease cases, which is 1 mil-
lion more than reported in 2010 [105]. The expo-
nential growth in the number of dengue disease 
cases reflects the global spread of the mosquito 
vectors to new regions, driven by climate change, 
human population growth, rapid urbanization, 
and increased international trade and travel [39]. 
For instance, during the last decade, autochtho-
nous transmission of DENV occurred for the first 
time in France and Croatia (2010) [37, 90], and 
on the island of Madeira (2012) [56]. In addition, 
dengue disease has re- emerged after many years 
of absence in regions like Japan and Florida 
(USA) [79, 91].

The first clinical symptoms of a DENV infec-
tion, usually an abrupt onset of high fever, appear 
between 3 and 8  days after a DENV-positive 
mosquito bite. Most patients develop dengue 
fever (DF), an acute, self-limiting, debilitating, 
febrile illness that resolves within 4–7 days due 
to a robust innate and adaptive immune response 
[101]. However, a small number of the DENV 
infections (<1%) results in life-threatening den-
gue haemorrhagic fever (DHF) and dengue shock 
syndrome (DSS), characterized by vascular leak-
age [59]. These severe dengue disease cases are 
accountable for approximately 500,000 hospitali-
sations every year [89]. The case fatality rate for 
DF cases is <1% [103], but for severe dengue 
disease (DHF/DSS) it can reach up to 5% [69]. 
Children are more susceptible to severe dengue 
disease and in some Asian countries (i.e., 
Indonesia, Myanmar, Thailand, and Timor-Leste) 
it represents the leading cause of death among 
patients <15 years of age [103, 105]. The risk of 
developing DHF/DSS increases upon a second-
ary DENV infection with a serotype different 
from the primary infection, due to a process 
called antibody-dependent enhancement (ADE) 
(reviewed in [62]). Therefore, it is critical that 
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vaccines or antivirals are equipotent against all 
four serotypes of DENV.

Dengue disease outbreaks represent a heavy 
burden not only to the affected individuals, but 
also on the health care systems and economies of 
endemic countries. The years lost due to disabil-
ity caused by dengue disease account for 1.9 mil-
lion disability-adjusted life-years (DALYs) in 
2015 [17]. Based on morbidity, Dengue is the 
tenth most important neglected tropical disease, 
above African trypanosomiasis and Chagas dis-
ease [17, 43]. In addition, Dengue is the tenth 
cause of mortality from the neglected tropical 
diseases, above helminth infections [17]. In terms 
of expenses due to hospitalization and mainte-
nance treatment, Shepard et  al. [87] estimated 
that in 2013, when approximately 58.4 million 
symptomatic cases occurred, the global cost 
raised to US$ 8.9 billion (95% CI: US$ 3.7 bil-
lion  – US$ 19.7 billion). The estimated costs 
related to specific disease outcomes were: US$ 
4093 million for hospitalized nonfatal cases, US$ 
2987 million for ambulatory cases, US$ 1055 
million for fatal cases, and US$ 752 million non- 
medical cases. In total, the cost for dengue dis-
ease is higher than the cost for other infectious 
diseases such as Chagas (US$ 7 billion), cholera 
(US$ 3 billion), and rotavirus gastroenteritis 
(US$ 2 billion) [87]. Several studies estimated 
the cost of dengue illness per region or country 
and accounted for ambulatory cases, hospitalized 
cases, and deaths. “For instance” in the Americas, 
the annual average cost estimated due to dengue 
illness was US$ 2.1 billion, from 2000 to 2007 
(ranging from US$ 1 to 4 billion with substantial 
year-to-year variation), for which 73.7% of the 
cost corresponded to ambulatory cases, 23.6% to 
hospitalized cases, and 2.7% to deaths [84]. 
Estimates for South East Asia account for an 
annual average economic burden of US$ 950 
million (95% CI: US$ 610 million – US$ 1384 
million) between 2001 and 2010 [86]. However, 
India alone reported that the cost of dengue dis-
ease raised up to US$ 1.11 billion from 2006 to 
2012 [85]. For the Western Pacific region, studies 
in the Philippines estimate an annual average of 
US$ 345 million from 2008 to 2012 [29], an 
annual average of US$ 41,5 million in Singapore 

[13], and US$ 3–14 million in Cambodia during 
2007 and 2008 (the highest cost was recorded 
during a large epidemic in 2007) [6]. The major-
ity of dengue outbreaks affect low- or middle-
income countries. In addition, the costs related to 
vector control increase the total economic burden 
[5]. Reducing the number of dengue disease 
cases and potentially halting dengue outbreaks 
would reduce significantly the associated health, 
social, and economic burden.

Both the expansion of dengue epidemics and 
the impact of the disease triggered a response of 
the international community, coordinated by the 
WHO, promoting the development, establishment, 
and improvement of effective tools to face the epi-
demics. Several approaches were part of this ini-
tiative including vaccine development, vector 
control, and funding for research and development 
(R&D). In 2002, the World Health Assembly reso-
lution WHA55.17 urged the WHO and the mem-
ber states to increase the response to DENV. Later 
on, the 2005 World Health Assembly resolution 
WHA58.3 included dengue as ‘a disease that 
would constitute a public health emergency of 
international concern’ [75]. The WHO recom-
mended vector control and vaccine development 
to diminish DENV epidemics. Mosquito-control 
measures are still the primary method for the pre-
vention and control of DENV infections, but have 
not yet proven to be effective in preventing and 
controlling dengue disease outbreaks [11]. In 
December 2015, the first vaccine against DENV 
was licensed. CYD-TDV (Dengvaxia®) is a tetra-
valent live-attenuated vaccine developed by Sanofi 
Pasteur. However, the immediate widespread use 
of the vaccine is not foreseen according to the 
WHO working group for immunization, as a num-
ber of factors need further consideration [106].

The increased awareness of dengue epidemics 
has been accompanied by a steady investment in 
R&D in the past decade (Fig. 23.1). During 2016 
the total spending in DENV R&D reached US$ 
113 million (excluding funding for dengue vac-
cine R&D). The dengue investment accounted 
for 4% of the global funding for neglected tropi-
cal diseases in 2016 [17]. Nearly half of the fund-
ing has been allocated to basic research since 
2007, followed by drug development, and vector 
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control (Fig.  23.2) [17]. The funding for basic 
research has been decreasing, whereas the fund-
ing for drug research and development has been 
variable but with an overall decreasing trend in 
the last years.

Overall, DENV is recognized as a global pub-
lic health concern and despite the increased 

awareness and investments during the past 
decade, dengue epidemics are increasing and the 
disease is expanding to new geographical regions 
[42]. Consequently, an integrated approach of 
vaccines, small molecule antivirals, vector con-
trol, and diagnostics is required to prevent, cure, 
and even eradicate dengue.
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Fig. 23.1 Global 
funding for DENV R&D 
from 2007 to 2016. Data 
collected from G-Finder 
[17], adjusted for 
inflation and expressed 
in 2015 US$
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23.2  Dengue Vaccines 
and Antivirals

Until now, vector control is the most widespread 
tool for restraining dengue epidemics. However, 
vector control campaigns are not sufficient to 
completely curb outbreaks of the disease [11]. 
Therefore, other means such as vaccines and anti-
virals are needed to aid in a coordinated response.

During the last two decades, vaccine develop-
ment received the majority of dengue R&D fund-
ing (71% in 2012) [63]. This effort resulted in the 
first marketed dengue vaccine, Dengvaxia®, devel-
oped by Sanofi-Pasteur, while several other vac-
cine candidates are in clinical development [27, 
71, 81]. The FDA approved Dengvaxia® in 
December 2015 and since then, 11 countries 
licensed the vaccine. Currently, the Strategic 
Advisory Group of Experts (SAGE) recommended 
countries to consider introduction of Dengvaxia® 
only in geographic settings (national or subna-
tional) with high endemicity, as indicated by sero-
prevalence of approximately 70% or greater in the 
age group targeted for vaccination [76, 106].

Dengue drug R&D progressed during the last 
decade, where several antiviral targets showed 
potential for antiviral intervention [52, 55, 77]. 
Although there are no approved small molecule 
inhibitors yet, the landscape of drugs at various 
stages of development is growing [55]. Currently, 
there are five small molecules – all targeting host 
proteins – in clinical development for the treat-
ment of dengue disease: modipafant, ketotifen, 
ivermectin, celgosivir, and UV4. Modipafant and 
ketotifen are disease-modifying agents whose 
therapeutic target is preventing or diminishing 
severe dengue disease [20, 21, 88]. Ivermectin is 
an antiparasitic drug with demonstrated antiviral 
activity against DENV [18]. Celgosivir and UV4 
are α-glucosidase inhibitors that target host- 
mediated post-translational modifications needed 
for viral assembly or secretion [16, 19, 20, 57, 73, 
95]. The outcome of the ongoing clinical trials 

might bring us closer to a solution for the unmet 
medical need, or will at least define the direction 
of dengue drug R&D in terms of future clinical 
trials to assess the antiviral molecules currently 
in pre-clinical development [47, 98].

The pre-clinical pipeline of dengue small mol-
ecule inhibitors is diverse and includes both viral 
targets (reviewed in Lim et al. [55]) and host tar-
gets (reviewed in Krishnan and Garcia-Blanco 
[52]). DENV proteins for which small molecule 
inhibitors have been identified include: the cap-
sid, the envelope, the NS2B-NS3 protease, the 
NS3 helicase, the NS5 methyl-transferase, the 
NS5 RNA-dependent RNA polymerase (reviewed 
in Lim et al. [55]), and NS4B (reviewed in Xie 
et al. [110] and Zmurko et al. [112]). In addition, 
several host proteins or enzymes participating in 
different cellular processes have demonstrated 
target potential for antiviral intervention 
(reviewed in Krishnan and Garcia-Blanco [52]). 
The further development of the pre-clinical can-
didates faces important hurdles such as potential 
lack of in vivo antiviral activity or toxicity in pre- 
clinical animal models [55]. However, screening 
campaigns and medicinal chemistry efforts are 
ongoing, and promising compounds targeting the 
capsid, NS4B, and polymerase are likely to enter 
clinical development in the coming years [66].

During recent years, prophylaxis with a small 
molecule has gained increased attention as a 
complementary approach to vaccines [100]. A 
prophylactic dengue antiviral would be beneficial 
for travellers to dengue-endemic regions (e.g., 
aid workers, tourists, business and military per-
sonnel, and those visiting friends and family) as 
well as for vulnerable populations living in 
dengue- endemic areas. The concept relies on the 
premise that the compound would be present in 
the body prior to the peak viral load. By inhibit-
ing viral replication, the small molecule DENV 
inhibitor would inhibit completely or at least 
blunt viral load, and therefore dengue-associated 
morbidity and mortality could potentially be 
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reduced or even prevented [100]. An ideal den-
gue antiviral molecule should encompass effi-
cacy, safety, and availability in resource-poor 
settings and should show prophylactic and thera-
peutic value (Box 23.1).

Boosting DENV inhibitor discovery will posi-
tion more drug candidates into clinical develop-
ment, hence increasing the probabilities to obtain 
approved dengue antiviral drugs [55, 67]. It is the 
aim of the following two sections to give an over-
view of the dengue R&D process and the impor-
tance of public-private partnerships (PPPs) to 
increase scientific innovation and decrease attri-
tion rates during compound development.

23.3  The Roadmap of Dengue 
Drug Discovery 
and Development

The R&D roadmap towards new antiviral drugs 
follows a long and expensive process (Fig. 23.3), 
which, in the case of dengue, might result in anti-
virals for prophylactic and/or therapeutic inter-
vention. In general, this process consist of three 

major steps: (i) basic research to increase the 
insight into the DENV biology and the pathogen-
esis of the disease, resulting in the potential iden-
tification of novel druggable targets, (ii) drug 
discovery to find or design new molecules that 
could lead to drug candidates, and (iii) drug 
development during which these drug candidates 
undergo rigorous testing to assess the safety and 
clinical proof of concept regarding efficacy [9, 
44]. In this review, we will focus on drug discov-
ery as an approach to increase the number of drug 
candidates entering clinical development.

Basic research aims at increasing the under-
standing of DENV biology regarding the replica-
tion cycle, pathogen-host interactions, and 
pathogenesis, and may be part of early discovery 
programs within pharmaceutical companies or 
academic institutions. This information is impor-
tant to identify novel antiviral targets and to 
develop assays for target validation, drug screen-
ing, and mechanism of action studies. Druggable 
antiviral targets are viral or host components that 
can be modulated by a small molecule, which con-
sequently interferes with viral replication [65, 70]. 
Upon the identification of a potential druggable 
target, thorough validation occurs in cell- based 
assays, enzymatic assays, structure-based in silico 
assays, and potentially in vivo assays [9, 44, 65]. 
During this phase of dengue drug discovery, aca-
demic research may contribute to the identification 
and validation of druggable targets as well as the 
development of appropriate in vitro assays and in 
vivo models. Likewise, academic teams may 
assemble viral panels of relevant clinical isolates 
that are to be used during the hit-to- lead and lead-
optimization phase. Currently, validated viral tar-
gets include the non-structural (NS) proteins 
NS2B-NS3 protease, NS3 helicase, NS5 methyl-
transferase, NS5 RNA-dependent RNA poly-
merase [7, 55], and NS4B [110, 112], and the 
structural envelope and capsid proteins [55]. As 
mentioned above, also host components have been 
validated as druggable targets interfering with 
dengue replication [16, 18–21, 57, 73, 88, 95].

During the early discovery process, compound 
libraries are screened to identify hit compounds 
exhibiting antiviral activity. This process occurs 

Box 23.1: Profile of an Ideal Dengue 
Antiviral Product

Description Small-molecule inhibitor of DENV.
Efficacy Potent, tetravalent antiviral activity.
Indications Prophylactic and/or treatment 

indication for residents or travelers 
to endemic areas.

Safety and 
tolerability

Safe for adults and children, 
well-tolerated without  
significant side effects. Suitable  
to combine with supportive care 
drugs.

Dose Oral, once daily dosing.
Formulation Long-term stability for stockpiling 

and distribution.
Payer value Reduced health care costs, 

hospitalization frequency and 
duration.

Adapted from Whitehorn et al. [100]
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mainly via two approaches: (i) target-based 
screening and (ii) phenotypic screening.

In general, target-based drug discovery starts 
from a potential druggable target in a biochemical 
assay in which chemical libraries, computer or 
laboratory based, are evaluated to select hit com-
pounds (Fig. 23.3) [9]. In this approach a target is 
any protein, e.g., enzymes or receptors, whose 
activity can be measured quantitatively [9, 44]. For 
DENV, druggable enzymatic targets include the 
NS2B-NS3 protease, the NS3 helicase, the NS5 
methyl-transferase, and the NS5 RNA-dependent 
RNA polymerase [7, 55]. Recombinantly 
expressed enzymes can be used for such screen-
ings. As such, a target-based screening requires a 

specific in vitro assay that enables medium- to 
high-throughput screening [45]. In addition, 
screening for molecules active against a known 
target enables computational structure-based 
design and in silico screening [30, 45]. Another 
advantage is that structure- activity relationship 
(SAR) optimization can be directly performed 
using the in vitro assay used for screening. Finally, 
a known target facilitates the deconvolution of a 
compound’s mechanism of action. A downside 
from this approach is that a biochemical assay, 
using recombinant proteins, does not take into 
account aspects such as the fact that compounds 
need to enter the host cell at sufficiently high con-
centrations and should, at the same time, not be 

Basic research

Target based screening

Phenotypic screening

Target ID 

Drug discovery

Drug development

HTS

Hit 
compounds

Lead 
compound

Drug 
 candidate

Pre-clinical development Clinical development

Medicinal chemistry 

DENV antiviral drug 
in de market

Safety and 
dosage

Efficacy and
side effects

Efficacy and 
adverse reactions

Phase I Phase II Phase IIISafety: mutagenicity, 
pharmacokinetics, ADME, 
sub-accute dose toxicity.
GMP, GLP, formulation.

virus biology
pathogenesis

target ID
assay development

Hit
compounds

Target ID HTS Hit
compounds

optimization process 

Fig. 23.3 The roadmap of dengue drug discovery and 
development
The dengue drug discovery and development roadmap 
encompasses three major steps. First, basic research 
increases the knowledge of the pathogen and the associ-
ated disease, enabling the identification of novel antiviral 
targets and the development of in vitro assays for drug 
discovery. Second, in an early discovery phase, screening 
of compound libraries takes place using either target-
based or phenotypic screening, to identify initial, antivi-
rally active hits. Next, the hit- to- lead phase includes 
optimization of hit compounds via structure-activity rela-
tionship (SAR) using an iterative process between medici-
nal chemistry and antiviral testing to identify a drug 

candidate. Prior to entering the clinical development, the 
drug candidate is extensively tested at the pre-clinical 
stage to address compound safety. In parallel, capacity is 
built to produce the compound at large scale, with optimal 
production standards. The clinical development phase 
constitutes the most time consuming and expensive part of 
the process where the drug candidate undergoes three 
phases of clinical testing. Finally, after approval by regu-
latory agencies, the process results in a drug available for 
the patients in need
HTS: high-throughput screening; target ID: target identi-
fication; ADME: absorption, distribution, metabolism, 
and excretion; GMP: good manufacturing practices; GLP: 
good laboratory practices
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toxic to the host cell. As a consequence, many 
compounds identified in target- based screens do 
not elicit activity when their effect is explored in 
cellular assays. In addition, target-based screening 
often reduces the chemical diversity of the com-
pound series, compromising the discovery process 
success [45, 111].

In the phenotypic screening approach, chemi-
cal compounds are evaluated, without prior 
knowledge of a specific target, for their antiviral 
activity in cell-based assays during high- 
throughput screening campaigns (Fig. 23.3) [44, 
65]; such approaches were facilitated by the 
development of dengue reporter replicons and 
reporter viruses [34, 113]. The cell-based assays 
are mostly viral-replication-based and provide a 
holistic approach to identify novel compounds 
and targets [65]. For instance, the DENV NS4B 
protein is a target identified from phenotypic 
screening [110, 112]. Phenotypic screenings con-
stitute a more physiologically relevant environ-
ment where the compound interacts with cellular 
membranes and cellular components to exert its 
function. Therefore, these assays produce impor-
tant information on the in vitro absorption, solu-
bility, and toxicity of the compounds, as compared 
to enzymatic assays. However, screening exer-
cises for DENV typically utilize Vero (green 
African monkey kidney cells), A549 (human 
lung carcinoma cells), BHK (baby hamster kid-
ney cells), and Huh7 (human hepatoma cells) 
cells, which are not the primary cell target for 
DENV infection. Primary human cell cultures of 
mononuclear cells (monocytes, dendritic cells, 
and macrophages) represent a more relevant in 
vitro model of disease [78, 82], the throughput in 
assay systems based on these cells is too low for 
screening purposes. Nevertheless, during the 
development of a certain class of DENV inhibi-
tors, the activity of molecules should be assessed 
in these more relevant cultures as well. Downsides 
of phenotypic screening may be the cost, and the 
need to develop more specific assays during the 
compound profiling stage to identify the target, to 
elucidate the mechanism of action, and to opti-
mize the SAR [111].

Regardless of the screening approach, com-
pound libraries represent the starting point and 

the composition of the library is a critical factor 
to select hit compounds during the screening pro-
cess. Compound libraries incorporate so-called 
“drug-like molecules” that are low molecular 
weight molecules (<500 Dalton) that (typically) 
fulfill the five principles of Lipinski [44, 54]. 
Libraries are either commercially available or, 
often, pharmaceutical companies have built inter-
nal libraries [9]. These libraries can also exist vir-
tually, where chemical entities are designed and 
screened in silico [30].

Hit compounds must show antiviral activity 
(single-digit micromolar activity or less), low 
cellular toxicity, and belong to different chemical 
clusters to allow further SAR improvement [44].

The hit compounds then advance into the hit- 
to- lead optimization phase, where they undergo 
structural modifications to create analogues that 
are subsequently tested for improved antiviral 
activity in the absence of cytotoxicity (Fig. 23.3). 
This is an iterative process to achieve a suitable 
SAR. When the structure of the target and if pos-
sible the structure of the target in complex with 
the inhibitor are available, computational medici-
nal chemistry may aid the optimization of hit 
compounds.

Finally, from thousands or even millions of 
initial chemical compounds one or a few lead 
compounds are selected as drug candidates that 
will advance into the development process. The 
lead compound(s) must show: efficacy in vitro 
and in vivo, high antiviral potency (ideally <1 μM 
activity in cellular assays), no apparent toxicity, 
high selectivity for the target, desirable physico-
chemical properties that support good absorp-
tion, distribution, metabolism, and excretion 
(ADME), and suitable pharmacokinetics (PK) 
and pharmacodynamics (PD) [41, 48]. 
Specifically for dengue, the lead compound 
should also show pan-serotypic coverage against 
a panel of clinical isolates.

The lead compound advances to pre-clinical 
development where further evaluations will gen-
erate detailed information about toxicity, dosing, 
mutagenicity, ADME profile, PK, and PD [68].

Next, approval for registration of a drug candi-
date to further clinical trials in humans is required. 
In order to register an investigational new drug 
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(IND), the candidate must fulfil the following 
requirements: acceptable stability and formula-
tion, optimal ADME profile, no systemic and 
organ toxicity evaluated in at least two different 
animal species, no observed adverse effects 
(within the therapeutic dose), initial data on lack 
of cardiotoxicity and genotoxicity, proven mech-
anism of action, and initial plan for conducting 
clinical trials [33, 41].

The approved drug candidate then undergoes 
clinical testing in human subjects, which encom-
passes three phases: (i) evaluation of safety and 
dosage in healthy individuals, (ii) evaluation of 
efficacy and potential side effects in infected 
patients, and (iii) large-scale evaluation of effi-
cacy and potential adverse reactions in infected 
patients [33]. The latter clinical phases are the 
most time consuming and expensive of the entire 
development process [72].

The drug discovery and development process 
is costly, the development of one drug is esti-
mated to be US$ 2.6 billion [3, 25]. The time 
from discovery to final approval of one drug may 
take from 8 up to 20  years with an average of 
13.5 years [24, 72]. Moreover, the probability of 
technical and regulatory success is only 4.1% 
[72]. For neglected tropical diseases, the scenario 
is even more challenging because the financial 
return may not compensate for the initial invest-
ment in R&D programs [92]. However, certain 
mechanisms offer incentives to the industry to 
register new treatments for neglected tropical dis-
eases –including dengue; for instance the FDA 
grants, upon approval, a priority review voucher 
that allows a fast-track revision for approval of a 
new molecular entity [32].

In addition, there are specific challenges to 
position a dengue antiviral drug in the market. 
During early drug discovery it is important to 
select compounds, from different chemical series, 
showing tetravalent serotype coverage [7, 100]. 
Compounds active against all four DENV geno-
types are challenging to obtain, as the four sero-
types have only 70% sequence homology; the 
challenge is comparable to developing an antivi-
ral compound active against all six HCV geno-
types [55]. Though more relevant in vitro cell 
cultures for compound screening may increase 

the possibility to select potent compounds with 
tetravalent serotype coverage [26].

Furthermore, despite the currently available 
knowledge of dengue disease, it is important to 
better understand its pathogenesis. Gaining 
insight in the factors which may drive the patho-
genesis to severe dengue can improve predict-
ability in clinical trials [47]. In vivo models, 
mostly mice studies, have greatly contributed to 
the study of dengue pathogenesis and have 
enabled the assessment of the potential efficacy 
of antiviral compounds. Yet, there is still a need 
for an animal model that encompasses all the 
aspects of the disease in humans [15].

Ultimately the therapeutic efficacy in patients 
must be evaluated in humans [38, 99], as failed 
clinical trials with, e.g., balapiravir and lovas-
tatin, have shown that there is currently little 
understanding of the predictive power of pre-
clinical models towards the human situation [47]. 
Improving viral kinetic modelling will increase 
the understanding of the therapeutic window and 
assess the feasibility to intervene successfully 
with dengue antivirals [60].

Equally important is the modelling of epidemio-
logical data to support the understanding on how 
the virus circulates and persists in different popula-
tions and regions [40, 50]. In addition, a strongly 
reliable diagnostic platform enabling early-on 
detection of DENV infection is essential to control 
dengue outbreaks and determine the timely imple-
mentation of an antiviral intervention [104].

These challenges may be covered with dedi-
cated PPPs that reinforce different aspects of 
dengue drug R&D, as exemplified by the malaria 
partnerships [67].

23.4  Public-Private Partnership 
Initiatives for Dengue: 
Progress, Challenges, 
and Opportunities

After decades of intense dengue research, there is 
still no DENV-specific small molecule antiviral 
medicine on the market. The handful of drugs 
that did advance to clinical development were 
repurposed from other medical indications, e.g., 
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boceprevir, lovastatin, or prednisolone [38, 74]. 
Yet, these compounds failed to show efficacy in 
DENV-infected patients. Therefore, it is crucial 
to fuel the drug development pipeline by boost-
ing the discovery of new drug candidates [2, 4, 
22, 23, 68].

From a pharmaceutical industry perspective, 
development of dengue antivirals is hampered by 
two main challenges. On one hand there are the 
limited incentives of investing in drugs that do 
not offer sufficient financial returns [92]; on the 
other hand there are the high attrition rates, trans-
lating into low efficiency and lack of innovation 
[80, 83]. To address these issues, an orchestrated 
response from different stakeholders in the public 
and private sector is required. A popular model to 
organize such collaborative responses is a PPP.

PPPs were developed to establish collabora-
tions between the public and private sector to 
implement projects or provide social services, 
and are wide spread across many sectors such as 
infrastructure, car industry, health care, etc. [4]. 
PPPs for health care are especially important to 
combat neglected tropical diseases and rare dis-
eases, which do not offer enough economic 
incentives to big private investors [68, 92]. Such 
PPPs bring together expertise and resources of 
the participants at different R&D stages to move 
medicines from the ‘bench to the bedside’ [4, 36 
23, 108]. Three sectors participate in health care 
PPPs: (i) public: government and government- 
sponsored organizations such as the WHO; (ii) 
for-profit: pharmaceutical industry, biotechnol-
ogy companies, etc.; (iii) civil society: academia, 
non-profit and philanthropic organizations [108]. 
The characteristics, benefits, and risks of PPPs 
for health care are listed in Box 23.2.

PPPs dedicated to solve health-related issues 
do so in different ventures: product development, 
improvement of product distribution and acces-
sibility, strengthening health care services, public 
health education, improvement of product quality 
or regulation, and coordination of multifaceted 
efforts [46, 107, 108]. In this review we will 
focus on product development PPPs, which are 
the majority of currently active PPPs in the 
healthcare field [22, 108].

Box 23.2: PPPs for Health Care

Characteristics for successful partnerships:

• Share a mission
• Establish clear and realistic objectives
• Define clear roles and responsibilities
• Allow equal power for decision 

making
• Promote mutual, but distinct benefits for 

each partner
• Shared risk associated to the project
• Accomplish timelines for deliverables.
• Promote equal participation among the 

partners
• Maintain an active collaboration
• Ensure transparency and accountability
• Bound by a clear legal and regulatory 

framework

Potential benefits:

• Introduce state of the art technology and 
research

• Stimulate participation of pharmaceuti-
cal industry in neglected tropical 
diseases

• Enhance the development of local capa-
bilities in endemic, developing 
countries

• Attract investment and funding for 
neglected tropical diseases

Potential risks:

• Conflict of interest for intellectual 
property

• Exceed allocated budget
• Unforeseen situations not covered in the 

legal agreement

Source: Widdus [107, 108], Austin [2], 
Bagley [4], Croft [22], and Demotes- 
Mainard [23]
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Product development PPPs, aiming at bring-
ing novel solutions to patients, apply the so- 
called ‘portfolio’ approach (adopted from the 
industry), which relies on the development of 
several candidates in parallel to manage the risk 
of failure associated with individual products 
[22]. A specific example for dengue disease is the 
Dengue Vaccine Initiative (DVI) that has several 
vaccine candidates in its portfolio, and which 
recently resulted in the licensing of the first den-
gue vaccine [27, 71, 81]. The DVI works in asso-
ciation with governments, industries, and 
scientific and medical communities to consoli-
date concrete actions for vaccine development. 
For instance, it accelerates the progression of 
vaccine candidates, evaluates the degree of 
underreporting in endemic areas and, together 
with the WHO, develops criteria for the clinical 
evaluation of vaccine candidates [27].

For dengue drug development, there is no PPP 
as broadly organized as the DVI.  In 2013, the 
Partnership for Dengue Control (PDC) was 
established to ‘create synergies among the many 
new and innovative tools in the development 
pipeline to ensure the most effective control strat-
egies’ for dengue (www.controldengue.org). The 
PDC includes dengue antiviral drugs in its tool-
box for effective control, however, its focus is on 
vector control, vaccine development, and epide-
miological surveillance [35].

Drug development PPPs have in common that 
they have to move drug candidates towards the 
market in an efficient and timely manner. In the 
field of neglected tropical diseases, the Medicines 
for Malaria Venture (MMV) is the largest PPP 
dedicated to develop products, including new 
medicines (www.mmv.org). MMV has success-
fully advanced into a first of a kind, open-source 
drug discovery campaign where 400 compounds 
with reported activity against malaria were dis-
tributed free of charge to research laboratories for 
their evaluation. The results suggested the mech-
anism of action for 135 compounds and helped to 
prioritize the most promising drug candidates 
against malaria for further development. In addi-
tion, the screening campaign identified com-
pounds active against other medical indications, 
e.g., infectious diseases and even cancer. As a 

result, more than 30 new drug follow-on pro-
grams for different indications were initiated 
(reviewed in [94]).

MMV has embraced an open environment of 
collaboration based on four pillars: open science, 
open source, open innovation, and open access 
[97].

Open science refers to making primary data 
publicly available, which may include DNA and 
protein sequences, crystallography structures, 
and should include cross-validated data from bio-
logical assays [94, 97]. For dengue specifically, 
differences in laboratory procedures and 
resources, such as cell types and DENV strains, 
may vary considerably among labs. Therefore, an 
open cross validation of in vitro and in vivo 
assays, conducted within the scope of open sci-
ence, would provide reliable information for 
clear decision-making. Moreover, harmonization 
in testing protocols offers opportunities for pre- 
competitive collaborations. Examples of open 
science include the various drug-like small mol-
ecule databases, such as Drug Bank, GDB-13 
[10, 109], and the TDR targets database [58].

Open innovation involves a higher degree of 
coordination where partners share information 
under confidentially agreements. This is the case 
for MMV that shares validated assays to new 
partners that want to engage in screening cam-
paigns. Other examples include the (Eli) Lilly 
Phenotypic Drug Discovery Initiative (https://
openinnovation.lilly.com), the GlaxoSmithKline 
clinical trial data platform (www.gsk-clinical-
studyregister.com), the Structural Genomics 
Consortium (www.thesgc.org), and the Single 
Nucleotide Polymorphism Database (dbSNP) 
(http://www.ncbi.nlm.nih.gov/projects/SNP/) 
[97].

Open access refers to making scientific publi-
cations available to the public. In drug discovery, 
this involves exchanging information regarding 
novel targets, novel compounds, and phenotypic 
screenings, as such attempting to boost R&D 
capabilities in endemic countries. In 2015, an 
WHO consultation of international stakeholders 
signed a consensus statement to enhance and 
engage in a timely and transparent open access 
(pre) publication of research findings during pub-
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lic health emergencies [96]. For instance, during 
the Zika outbreak, open access facilitated the 
rapid understanding of the virus pathogenesis 
and accelerated decision making [28, 51].

Open source is a model where the wider com-
munity is invited to participate, and where each 
partner offers its particular expertise and/or 
resources. This participation could include 
advice, work force (e.g., student internships), 
chemical synthesis, and screening. Such an effort 
needs continuing financial support, good com-
munications for example via easy to use online 
interfaces, and strong leadership and guidance 
[97]. The Open Source Malaria (http://open-
sourcemalaria.org/) platform is an example of 
this type of open collaboration.

Existing dengue partnerships integrate some 
principles of these four models to promote open 
collaboration projects. Current dengue partner-
ships, not related to vaccines, and their collabora-
tors are enlisted in Table 23.1.

Pharmaceutical companies have established 
several initiatives to provide medical solutions to 
neglected tropical diseases. The Global Public 
Health (GPH) initiative from Johnson & Johnson 
was created in late 2015 to generate healthier 
futures for the most vulnerable populations in the 
developing world (www.jnj.com/global-public-
health). The growing GPH R&D portfolio is 
focusing on HIV/AIDS, tuberculosis, vaccines 
development (HIV, Ebola), and other neglected 
tropical diseases such as soil-transmitted helmin-
thiasis, leprosy, chagas, malaria, and dengue. In 
addition, GPH is focussing on novel technology 
platforms, e.g., long acting. Through this global 
strategy, Johnson & Johnson will mobilize its 
global public health capabilities and resources 
behind a unified, multidisciplinary effort to deliver 
a sustainable, measurable impact. This model is 
based on innovation, collaboration, and local 
empowerment. The project includes partnerships 
with governments, donors, non-profits, and multi-
lateral institutions to develop and deliver inte-
grated, evidence-based solutions for public health.

Another initiative is the Novartis Institute of 
Tropical Diseases (NITD) that is dedicated to 
small-molecule drug discovery research for the 
treatment of infectious tropical diseases such as 

dengue, human African trypanosomiasis, and 
malaria (https://www.nibr.com/our-research/
institutes/novartis-institute-tropical-diseases). 
Regarding dengue antiviral drug research NITD 
has worked on characterizing the NS4B target, 
establishing animal models, defining structure 
and function of viral proteins, and developing 
screening assays [55]. NITD funding partners are 
Novartis and the Singapore Economic 
Development board.

In 2016, the investment in DENV R&D origi-
nated from public sector (60%) from high-income 
countries (academia, government programs, and 
grants), followed by philanthropic associations 
(18%), mostly form the Gated Foundation, and 
industry (13%), e.g., multinational pharmaceuti-
cal companies [17]. In general, for drug discov-
ery, the majority of biology- related knowledge 
comes from academia, whereas most of the 
chemistry technology and resources come from 
the industry. Unfortunately, the interaction 
between academia and the industry is precarious 
due to the competitive intellectual property envi-
ronment, which dominates both sides [94]. Hence 
to ensure open- science collaborations, it is 
imperative to understand the benefits associated 
with it and to accept the intellectual property 
responsibilities.

The top five funders of dengue R&D in 2016 
were, in order of the highest investment to the 
lowest: (i) the US NIH, (ii) the pharmaceutical 
industry, (iii) the Gates Foundation, (iv) the 
Welcome Trust, and (v) the Indian Council of 
Medical Research (ICMR) (the complete list can 
be retrieved in G-Finder) [17]. These organiza-
tions are actively supporting dengue projects and 
offer funding opportunities.

The US NIH is currently funding nearly .60 
dengue research projects encompassing: commu-
nity-based prevention programs, surveillance 
programs based on laboratory- confirmed cases, 
the development of better and faster diagnostic 
tools, antiviral therapies, and vaccine develop-
ment [64].

The Gates foundation and Wellcome Trust are 
the major philanthropic organizations supporting 
R&D for neglected tropical diseases. The Gates 
Foundations has its major focus on vector control 
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and vaccine development (Bill-&-Melinda- 
Gates- Foundation 2017). The Wellcome Trust 
has engaged in dengue drug development and 
granted a Seeding Drug Discovery award to the 
University of Leuven (KU Leuven) in Belgium. 
The KU Leuven identified a series of compounds 
that are highly potent against DENV and entered 
in a collaboration with Johnson & Johnson for 
further drug development [53].

The EU launched the program ‘Comprehensive 
control of Dengue fever under changing climatic 
conditions’ in 2011. This program granted €18 
million to three consortia: IDAMS, DENFREE, 
and DengueTools (Table 23.1). Another consor-
tium interested in antiviral research was the 
European Training Network on (+) RNA Virus 
Replication and Antiviral Drug Development 
[31]. This consortium was an EU FP7 funded 
project that included dengue antiviral R&D, e.g., 
target identification, target validation, in silico 
design, and evaluation of in vitro antiviral 
activity.

Several partnerships happen at the level of 
academic-industry collaborations. Both parts are 
actively seeking collaborations and funding to 
carry on dengue antiviral research. We, as the 
industrial counterpart, encourage active collabo-
rations across different sectors to optimize drug 
discovery processes and ultimately, be beneficial 
to the patients. Specific aspects of dengue drug 
discovery can be explored to maximize innova-
tion and discovery of drug candidates (Fig. 23.4). 
Our recommendations include creating a reposi-
tory of dengue compound libraries, strengthening 
in silico design and screening capabilities, sup-
porting target validation and identification in 
dedicated academic labs, committing mechanism 
of action studies to academic research, delegating 
PK/PD and ADME evaluations to the industrial 
partners, and ensuring optimal communication 
among the participants.

23.5  Conclusions and Future 
Perspectives

The increasing global burden of dengue disease 
evidences the need to implement a comprehen-
sive approach to control and prevent future den-
gue outbreaks [104]. Vector control has been, for 
many years, the sole measure to restrain dengue; 
unfortunately it has been insufficient [1]. The first 
approved dengue vaccine (Dengvaxia® by Sanofi- 
Pasteur) is now licensed in more than 11 coun-
tries but is only recommended for people from 9 
to 45 years of age living in endemic areas, yet not 
recommended for individuals who have not been 
previously infected with dengue virus [76, 106]. 
Taking into account that over 40% of the global 
population is at risk of becoming infected with 
dengue [104], it is clear that antiviral  treatments 
are required to prevent and cure dengue. However, 
there is not yet any dengue-specific drug treat-
ment available on the market [100].

The major challenges for an antiviral dengue 
drug are to encompass efficacy against the four 
DENV serotypes and the need for an excellent 
safety profile [55]. It is evident that a coordinated 
response is required to develop potent, effective, 
and safe dengue antivirals. Existing dengue PPPs 
and initiatives could benefit from the lessons 
learned from malaria (see MMV) and should 
catalyse the development of wider collaborations 
for dengue drug discovery. The development of a 
PPP solely dedicated to dengue antiviral drug 
R&D has a potential to deliver results, as has 
been the case for the MMV initiative and the den-
gue vaccine initiative (DVI). Collaborations 
between academia and industry are limited but 
have been increasing over the last years. These 
PPPs may benefit maximally when the tasks are 
assigned, based on the resources and expertise of 
the different members; with the overall goal to 
optimize the dengue drug discovery process.

23 An Industry Perspective on Dengue Drug Discovery and Development
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We propose to boost such PPPs dedicated to 
dengue drug discovery to build a sustainable and 
diverse pre-clinical antiviral drugs pipeline for 
clinical development. Specifically, we propose a 
model, where different tasks can be conducted 
either in the industry or in an academic setting 
according to the skills and capabilities of each 
one (Fig. 23.4).

Although better vector control strategies as 
well as the development of improved diagnostics 
and vaccines will remain much needed in the 
battle against dengue, having a potent, tetrava-
lent, and safe dengue antiviral drug at hand for 
the treatment and/or prophylaxis of DENV  

infections will be of utmost importance to control 
the impact of this ever-expanding pathogen.
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Transmission of Aedes aegypti 
Transmitted Viruses
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Abstract
The biological control of mosquito transmis-
sion by the use of the naturally occurring 
insect-specific bacterial endosymbiont 
Wolbachia has been successfully tested in 
small field trials. The approach has been trans-
lated successfully to larger field sites in 
Townsville, Australia and expanded to more 
than 10 countries through the Eliminate 
Dengue Program. The broader application of 
the program beyond limiting the transmission 
of dengue and including other Aedes aegypti 
borne mosquitoes has seen the program grow-
ing into a global not-for-profit initiative to be 
known as the World Mosquito Program.
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Wolbachia is a naturally occurring bacterial 
endosymbiont of insects that is estimated to 
occur in up to 40–60% of all insect species [6, 

14]. It has been of interest to basic biologists for 
many years due to the unusual ways it manipu-
lates host insect reproduction to ensure its effi-
cient transmission into populations. Wolbachia is 
not infectious but instead is maternally inherited 
through the insect egg cytoplasm. It has evolved 
mechanisms to transmit itself very efficiently 
into host populations by either directly or indi-
rectly favouring female insects that carry 
Wolbachia to leave behind more offspring than 
uninfected counterparts [12]. One of the best 
studied of these mechanisms is cytoplasmic 
incompatibility (CI) in which embryonic devel-
opment is arrested in Wolbachia uninfected 
embryos that are fertilised by sperm that have 
matured in the presence of Wolbachia (Fig. 24.1), 
or in embryos fertilized by sperm matured in the 
presence of a different strain of Wolbachia than 
in the female egg.

The World Mosquito Program (WMP), far-
merly known as the Eliminate Dengue Program is 
a non-profit research consortium operating in a 
number of countries www.worldmosquitopro-
gram.org (Fig. 24.2). It aims to develop Wolbachia 
as an intervention to control mosquito-transmitted 
viruses such as dengue, zika and chikungunya. 
The key feature of the Eliminate Dengue Program 
is the intentional release of Wolbachia-infected 
mosquitoes into target areas that will then trans-
mit Wolbachia into wild Aedes mosquito popula-
tions [7]. CI provides the mechanism by which 
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Fig. 24.1 Wolbachia infections induce a phenomenon 
known as cytoplasmic incompatibility in infected hosts 
that acts as a drive mechanism to push Wolbachia into the 
host populations by indirectly favouring Wolbachia 

infected females. This is done by reducing the reproduc-
tive output of Wolbachia uninfected females in a popula-
tion which benefits the maternally transmitted Wolbachia

Fig. 24.2 Locations where Eliminate Dengue release activities are being undertaken as of 2016. A number of new sites 
will be added in 2017
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Wolbachia will establish and maintain itself in 
wild mosquito populations over a number of mos-
quito generations once released, even if the 
Wolbachia strain places a mild genetic load on the 
mosquito it infects [8]. Given that Wolbachia is 
quite ubiquitous in the natural environment it is 
somewhat intuitive that environmental or human 
health risks associated with its introduction into 
urban areas should be minimal. This is supported 
by independent risk analysis [10].

The key attribute of Wolbachia that the World 
Mosquito Program is basing its intervention on is 
its demonstrated ability to interfere with the rep-
lication of human pathogens in Wolbachia 
infected Aedes mosquitoes. This includes 
Flaviviruses like dengue, West Nile and Zika [1, 
3, 5, 9, 11], Alphaviruses like chikungunya [2] as 
well as a range of other viruses and parasites. 
Analysis of dengue blocking data where mosqui-
toes have been fed on bloods from dengue 
patients indicates that the establishment of 
Wolbachia in Aedes aegypti populations can be 
predicted to reduce R0 for dengue by more than 
70%, which in most epidemiological settings 
should completely stop local dengue transmis-
sion [4].

To implement a World Mosquito Program 
intervention it is necessary to release Wolbachia 
infected mosquitoes, both male and female, until 
the local frequency of Wolbachia in wild Aedes 
aegypti mosquitoes surpasses an unstable equi-
librium point estimated to be less than 0.3 for the 
wMel strain of  Wolbachia. Once this unstable 
equilibrium point is surpassed it is expected that 
Wolbachia will locally establish and if the estab-
lishment area is sufficiently large then start to 
slowly spread out from the release area. This 
theory has now been tested in five countries 
where establishment of wMel has been achieved 
according to these principles. Typically, quite 
small numbers of mosquitoes need to be released 
to surpass the unstable equilibrium point. In 
Northern Australia in the first release experi-
ments undertaken 10 mosquitoes (both male and 
female) were released per house per week for 
10 weeks and this was sufficient to achieve estab-
lishment [7]. In other countries longer release 

periods have been required if target mosquito 
populations are larger. Despite the need to release 
females the experience to date has been that most 
members of a community undergoing releases do 
not complain of increased biting pressure, pre-
sumably because nuisance biting by other species 
dominates the personal experience of residents.

Once a series of releases has been undertaken 
Wolbachia is expected to then maintain itself in 
the local population indefinitely under the action 
of CI. The deployment is predicted to be robust if 
it becomes successfully established initially and 
is demonstrated from data from our earliest 
release sites in Northern Australia where 
Wolbachia has sustained itself in local mosquito 
populations at frequencies above 80–90% since 
establishment from 10 weeks of releases in 2011 
(Fig. 24.3). This is an extremely important attri-
bute of the interventions that WMP is undertak-
ing as costs for implementing the intervention are 
essentially front loaded during releases and then 
restricted to periodic monitoring. This avoids the 
need for ongoing expenditure as is the case for 
other interventions such as vector suppression 
technologies or vaccines and makes the WMP 
approach both sustainable and highly 
cost-effective.

It can be noted from Fig.  24.3 that while 
Wolbachia maintains itself at a very high fre-
quency in the wild mosquito population it is 
rarely at complete fixation. We presume that this 
is a result of some leakiness in maternal transmis-
sion rates of Wolbachia, possibly through the 
action of environmental heat in some breeding 
sites. Of particular note though is that frequen-
cies of Wolbachia of around 80–90% may be 
more optimal for disease reduction than complete 
fixation. At lower infection levels we can expect 
incompatible crosses generated from Wolbachia 
via the CI mechanism to put downward pressure 
on mosquito population sizes that should act in 
concert with the transmission blocking properties 
of Wolbachia to enhance the effects of pathogen 
blocking. Even at frequencies of around 80% in 
populations the effects of reduced vector compe-
tence should still have very large impacts on 
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transmission, consistent with the observational 
data gathered so far.

Pilot releases have now been successfully 
undertaken in five countries including Australia, 
Indonesia, Vietnam, Brazil and Colombia and 
indicate that the wMel strain can be deployed 
successfully in diverse settings both ecologically 
and culturally. Observational data from these 
deployments supports large impacts on disease 
transmission as predicted by modelling. In all 
areas where Wolbachia has now established in 
these five countries we have not detected any 
examples of local transmission of dengue to date, 
defined as clustering of dengue cases in time and 
space, despite local transmission occurring in 
neighbouring areas. A key feature of all these 
deployments is that they have all occurred with 
strong community support and virtually no oppo-
sition. Similarly, there have been no adverse 
impacts identified in any of these deployments 
either human related or environmental.

In 2014 the WMP undertook its first scaled 
release over the entire city of Townsville using a 
mixture of egg and adult deployments. This scale 
up required a new form of community engage-

ment requiring community consent rather than 
individual informed consent. The deployment in 
Townsville also successfully used community 
deployments to augment programmatic deploy-
ments. Community deployments featured the use 
of small mosquito release containers supplied 
with Wolbachia mosquito eggs and fish food and 
required only the addition of water and place-
ment of the container in a suitable shady location 
for 2–3 weeks until all mosquitoes had emerged. 
As part of the community release program a tar-
geted program also ran in schools where school 
students undertook the releases in a citizen sci-
ence experiment. An area of 95 km2 was targeted 
in the city of Townsville (almost the entire city) 
and the intervention was successfully deployed 
over three stages in 2.5 years providing the first 
indications that the method could be scaled effec-
tively over small cities. As per earlier pilot 
releases there have been no examples of locally 
transmitted dengue cases in Townsville in any 
areas where Wolbachia has been established at 
the time of writing.

Within the last 2 years there has been consid-
erable alarm in the international community of 

Fig. 24.3 Results of Wolbachia monitoring in the first 
two sites in Northern Australia where wMel releases were 
undertaken showing the frequency of Wolbachia in the 

sampled wild mosquito population in both sites. 
Wolbachia has maintained itself at high frequency since 
introduction in 2011
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the enormity and difficulty in controlling the 
South American outbreaks of Zika virus which 
have now spread to nearly all the countries where 
dengue transmission occurs. Given the similarity 
in the ecology of dengue and Zika we can expect 
ultimately that Zika transmission should co-exist 
with dengue transmission in the same geogra-
phies that have the main transmission vector, 
Aedes aegypti. Since Zika virus is quite closely 
related to dengue viruses there was an expecta-
tion that  Wolbachia  should block Zika transmis-
sion in much the same way as dengue viruses and 
these assumptions have since demonstrated 
empirically [1, 3]. Indeed the degree of blocking 
that has been demonstrated for Zika in the labora-
tory appears stronger if not similar to dengue, 
which bodes well for using the WMP Wolbachia 
approach to block Zika transmission in the field.

In March 2016 a special advisory group to the 
WHO made a public recommendation that the 
Wolbachia interventions being undertaken by 
WMP should move to pilot deployments over 
larger scales than previously attempted given the 
encouraging preliminary evidence for potential 
impact against Zika [13]. Based on this recom-
mendation two large pilot deployments have 
commenced in Rio de Janeiro/Niteroi in Brazil 
and Medellin/Bello in Colombia targeting popu-
lations of around 2–2.5 M in each deployment.

At the same time a randomised controlled 
cluster trial is underway in the city of Yogyakarta 
which is expected to complete in late 2019 and 
another randomised trial planned to start in 
Vietnam by 2018. Together these approaches will 
provide a basket of evidence to understand the 
impact of the WMP intervention on arbovirus 
transmission. The measures include: (1) 
Laboratory studies showing impaired vector 
competence, (2) Mathematical modelling pre-
dicting large impacts on transmission, (3) 
Observational time series data capturing before 
and after impact on dengue cases measured 
through the existing health surveillance system, 
(4) Randomised cluster trials and (5) Large pilot 
deployments over large populations centres.

Over the next 2 years these deployments and 
measurements of impact will accumulate so that 
we will have accurate measures of effectiveness. 

At the same time, we will have learned how to 
deploy at the scale of very large cities and reduced 
our costs with a goal of reaching a target of US$1/
person protected. If the results on these studies 
continue to be positive then it will be our goal to 
collaborate with governments in disease affected 
areas to make this technology and best practice 
methods for its deployment available to countries 
in need.
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Abstract
The literature on sero-epidemiological stud-
ies of flaviviral infections in the African con-
tinent is quite scarce. Much of the viral 
epidemiology studies have been focussing on 
diseases such as HIV/AIDS because of their 

sheer magnitude and impact on the lives of 
people in the various affected countries. 
Increasingly disease outbreaks caused by 
arboviruses such as the recent cases of chi-
kungunya virus, dengue virus and yellow 
fever virus have prompted renewed interest 
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in studying these viruses. International agen-
cies from the US, several EU nations and 
China are starting to build collaborations to 
build capacity in many African countries 
together with established institutions to con-
duct these studies. The Tofo Advanced Study 
Week (TASW) was established to bring the 
best scientists from the world to the tiny sea-
side town of Praia do Tofo to rub shoulders 
with African virologists and discuss cutting-
edge science and listen to the work of 
researchers in the field. In 2015 the 1st TASW 
focussed on Ebola virus. The collections of 
abstracts from participants at the 2nd TASW 
which focused on Dengue and Zika virus as 
well as presentations on other arboviruses are 
collated in this chapter.

Keywords
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25.1  Seroepidemiology of West 
Nile Virus in Caia, 
Mozambique, 2015/2016
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25.1.1  Introduction

West Nile virus (WNV) is a vector-borne flavivi-
rus that is transmitted in an enzootic cycle between 
birds and by mosquitoes. Although the majority of 
the human infections are asymptomatic, WNV 
may also cause febrile and neuro- invasive dis-
eases. However, approximately 80% of people 
who are infected will not show any symptoms. 
Infection with WNV is dependent on many factors 
including climate, mosquito habitats and immuno-
logically-naïve bird populations. The objective of 
this study was to investigate seroprevalence of 
WNV among febrile patients in Caia, Mozambique.
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25.1.2  Methods

We conduct a retrospective study among 313 
paired human sera (acute- and convalescent- phase) 
from febrile patients collected from December 
2014 to September 2016  in Caia, a rural area of 
Sofala Province in the Centre of Mozambique, as 
part of the sentinel surveillance systems for emerg-
ing infectious diseases. Samples were tested by 
enzyme-linked immunosorbent assay (ELISA) for 
IgM and IgG antibodies against WNV.

25.1.3  Results

The median age of study participants was 
22.1 yers, of which 60.1% (188/313) were female 
A total of 149 (47.6%) of 313 patients had posi-
tive serology result for acute- or convalescent 
serum samples. All acute serum samples were 
screened by using 1-Step real-time reverse tran-
scription PCR for WNV.  Results were negative 
for viral RNA.

25.1.4  Discussion and Conclusion

Data from our study provide evidence that WNV 
occurs in Caia, Mozambique. Investigations 
should be conducted in order to confirm serologi-
cal evidence and determine the genotype of the 
circulating virus. Altogether, our data suggests 
that establishment of animal and human surveil-
lance systems for WNV is urgently needed in 
Mozambique.

25.2  Seroepidemiology 
of Chikungunya in Measles 
and Rubella Negative 
Samples, 2009–2014

V.  S.  António · N.  Amade · A.  F.  Muianga · 

V. Monteiro · F. Mula · I. R. Chelene · I. Chongo · 
S. Ali · J. Oludele · K. Falk · Eduardo Samo Gudo

Keywords Chikungunya, Misdiagnosis

25.2.1  Introdution

Chikungunya virus (CHIKV) is a rapidly spread-
ing arbovirus transmitted by the bites of Aedes 
mosquitoes that belongs to the genus Alphavirus. 
However, because of lack of diagnostics as well 
as low level of clinical awareness, most of 
CHIKV cases remain unsuspected and the vast 
majority are misdiagnosed and treated as malaria. 
The main symptoms of CHIKV infection are 
rash, arthralgia, fever, myalgia and arthritis that 
are similar to other viral diseases such as Measles 
and Rubella. The objective of this study was to 
investigate the frequency of CHIKV in patients 
with suspected infection by measles and rubella 
in Mozambique during 2009–2014.

25.2.2  Methodology

A total of 372 samples that were negative for 
measles and rubella collected between 2009–
2014 in Mozambique were included in this study. 
All samples were screened for IgG antibodies 
against CHIKV using commercially available 
ELISA (Euroimmun).

25.2.3  Results

The mean age of participants was 7 years (IQR: 
0–38 years) Of the 372 samples, 19.6% (73/372) 
were positive for IgG anti-CHIKV. Positive sam-
ples were reported in the following districts: 
Funhaloro, Mabote, Inhassoro, Xai-xai, Namuno, 
Mueda, Manhiça, Lugela, Pebane, Namakura, 
Mocuba, Alto Molócue, Ile, Namarroi, 
Quelimane, Morrumbala, Gorongosa Barue,

25.2.4  Conclusion

Our results suggest that CHIKV is endemic in 
Mozambique for several years and most of cases 
occurs unsuspected. Lack of diagnostics and 
lower level of clinical awareness are considered 
main challenges and barriers for diagnostics of 
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CHIKV. Altogether, we recommend that training 
of clinicians, incorporation of CHIKV diagnos-
tics into the laboratory network, as well as estab-
lishment of surveillance of CHIKV are urgently 
needed in Mozambique.

25.3  Seroepidemiology of Zika 
Virus in Sarampo 
and Rubella Negative 
Samples

I. R. Chelene · A. F. Muianga · N. Amade · F. Mula 
· I. Chongo · V. S. António · S. Ali · J. Oludele · 
V. Monteiro · A. Tivane · Eduardo Samo Gudo

Keywords Zika, Measles, Rubella

25.3.1  Introduction

Zika virus is an arbovirus belonging to the 
Flavivirus genus of the family Flaviridade. Zika 
virus is transmitted by mosquitoes of the Aedes 
genus, especifically Aedes aegypti and Aedes 
albopictus. Most common symptoms of the 
infection are fever, rash, arthralgias and non- 
purulent conjunctivitis. Because symptoms of 
zika infection are similar to dengue and chikun-
gunya, patients should be evaluated for these 
infections. Other considerations in the diagnosis 
include malaria and rubella, especially because 
of rash. In Mozambique, there are no recent data 
on the epidemiology of zika virus. The aim of the 
study was to investigate the seroepidemiology of 
Zika in patients with suspected infection by mea-
sles and rubella.

25.3.2  Methodology

Overall, 638 samples collected between 2009 and 
2014, from throughout the country as part of the 
national measles and rubella surveillance, were 
included in this study. Negative samples for mea-
sles and rubella were tested for Zika virus using 
commercial ELISA reagents for Zika IgM and 
IgG antibodies (EUROIMMUN).

25.3.3  Results

Of the 638 enrolled samples, 4.9% (29/589) pre-
sented positive results for IgM and 1.0% (6/591) 
presented positive results for IgG.  IgM positive 
samples were from Nampula (9), Niassa (6), 
Sofala (5), Zambézia (4), Manica (2), Gaza (2) 
and Maputo City (1). IgG positive samples were 
from Niassa (2), Nampula (1) Sofala (1), 
Zambézia (1) and Cabo Delgado (1).

25.3.4  Conclusion

Our data provide preliminary evidence that Zika 
virus maybe causing unsuspected outbreaks or dis-
ease throughout the country for many years and 
should be considered in differential diagnosis of 
sarampo and rubella, especially those without 
other apparent cause of rash. Further testing should 
be performed to confirm this preliminary data.

25.4  Antibodies 
Against Arboviruses in Non-
febrile Patients in Northern 
Mozambique, Pemba, 2014

I. Chongo · K. Falk · N. Lagerqvist · I. Chelene · 
F.  Inalda · A.  Muianga · G.  Pinto · S.  Ali · 

J.  Oludele · V.  S.  António · Z.  Chimbuinhe · 

G. Galano · Eduardo Samo Gudo

Keywords Dengue, Chikungunya, West Nile 
Virus, Rift Valley Fever, Arbovirus

25.4.1  Introduction

Arboviruses are a group of rapidly spreading 
mosquito borne virus, of which dengue virus 
(DENV), chikungunya virus (CHIKV), West 
Nile Virus (WNV) and Rift Valley Fever (RVFV) 
have been reported to circulate in Sub-Saharan 
Africa. Those viruses are mostly transmitted by 
mosquitoes from Aedes genus. In Mozambique, 
arboviruses have been heavily neglected and for 
this reason, they are not considered in the differ-
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ential diagnosis of acute non-febrile illness. Past 
and recent evidence indicates that Pemba city, 
situated in northern Mozambique represents a 
hotspot for arbovirus in the country. The aim of 
the study was to investigate the presence of anti-
bodies against DENV, CHIKV, WNV and RVFV 
in non-febrile patients in Pemba, after the out-
break of dengue in 2014.

25.4.2  Methodology

Non-febrile people residing in Pemba city were 
enrolled in this study between March and April 
2014. Blood samples were collected from 243 indi-
viduals and shipped to the Virus Isolation Laboratory 
at National Institute of Health in Maputo. Serum 
samples were tested for IgG and IgM antibodies 
against DENV by an ELISA (Panbio). Then they 
were tested for IgG antibodies against CHIKV and 
RVFV by immunofluorescence. IgM and IgG anti-
bodies against WNV were tested using commer-
cially available ELISA reagents (EUROIMMUN).

25.4.3  Results

Of the 243 non-febrile participants, 24% (58/243) 
were positive for dengue IgG, 21% (50/243) for 
dengue IgM, 49% (118/243) for CHIKV IgG, 1% 
(3/243) for RVF IgG, 87% (212/243) for WNV 
IgG and 7% (17/243) for WNV IgM.

25.4.4  Conclusion

Our data provide evidence that DENV, WNV, 
CHIKV and RVFV circulate in Pemba, situated 
in northern Mozambique, suggesting that not 
only dengue but also other arboviruses such as 
chikungunya, West Nile and Rift Valley Fever, 
should be considered in the differential diagnosis 
of acute in non-febrile patients.

25.5  Serological Evidence 
of Flavivirus Infections 
Among Pygmy Populations 
in Cameroon

I.  Jala · M. Mazelier · R. Njouom · E. Betsem · 

A. Gessain · M. Demanou

25.5.1  Introduction

Arboviruses are the causative agents of significant 
morbidity and mortality among humans and 
domestic animals globally. Although there are sev-
eral types of life cycles, many arboviruses have 
basically a sylvatic cycle. Pygmies are known to be 
the first inhabitants of the forest. In Cameroon, lit-
tle is known about arboviruses prevalence among 
these populations [1]. Since 2004, Centre Pasteur 
of Cameroon (CPC) is the reference center for the 
yellow fever case-based surveillance. In 2013, CPC 
launched the first sentinel surveillance project of 
arboviruses [2]. All these monitoring activities 
however do not involve the Pygmy populations, 
who seldom visit hospitals and whose lifestyle 
increases the risk of exposure to arboviruses.

AIM: To assess the endemicity of Flaviviruses 
such as yellow fever virus (YFV), dengue virus 
(DENV) and West Nile virus (WNV) in the Baka 
Pygmy population of Cameroon.

25.5.2  Materials and Methods

A cross-sectional study was carried out in differ-
ent pygmy camps in Cameroon between 2005 and 
2010. Serum samples from volunteers were col-
lected and processed. A total of 242 samples 
obtained from the Baka pygmies were included in 
this study. These sera were tested for the detection 
of Immunoglobulin M antibodies (IgM) to three 
most common Flaviviruses such as YFV, DENV 
and WNV; using in-house M Antibody Capture 
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Enzyme Link ImmunoSorbent Assay (MAC-
ELISA) technique adapted from CDC (Center for 
Disease Control and Prevention, Atlanta, USA) 
and World Health Organization (WHO) proto-
cols. Antigens used were either produced by the 
CPC arbovirus laboratory (DENV and WNV anti-
gens) or provided by WHO (YFV antigens).

25.5.3  Results

Of the 242 serum samples tested, 9 (4%) were 
IgM positive for Flavivrus antibodies, synonym 
of recent or ongoing arbovirus infections. IgM 
ELISA was positive in 8 (3.3%) and 1 (0.4%) 
samples respectively for YFV and WNV.  One 
sample was IgM positive for both YFV and 
DENV suggesting Flavivirus-induced antibody 
cross-reactivity.

25.5.4  Conclusion

Flaviviruses are prevalent in pygmy camps in 
Cameroon and remind us to pay attention to these 
populations when implementing public health 
activities. Therefore, further clinical and virolog-
ical surveillance of arbovirus infections among 
Pygmies should be consider, and could lead to 
their isolation and characterization.

25.6  Chikungunya-Where Can 
We Find the Virus?

K. Falk

Chikungunya fever is an acute febrile illness asso-
ciated with severe, often debilitating polyarthral-
gias. The disease is caused by Chikungunya virus 
(CHIKV), an arthropod-borne virus that is trans-
mitted to humans primarily via the bite of an 
infected mosquito. Chikungunya virus is a member 
of the genus Alphavirus and the family Togaviridae.

The global expansion of CHIKV, the clinical 
features of the disease, laboratory diagnostics 

European perspective, and the spread on the 
African continent will be discussed.

25.7  Preliminary Results 
of an Investigation 
of Chikungunya Fever 
Among Acute Febrile 
Patients Attending 4 Medical 
Centers in Quelimane, 
Mozambique

O. C. Guiliche · A. J Cristovam · A. F. Muianga · 
E. Jaszi · Eduardo Samo Gudo

25.7.1  Introduction

Quelimane city in central Mozambique has a large 
burden of non-malaria undifferentiated illness, rep-
resenting 63% of all acute febrile illnesses regis-
tered in public health facilities in 2015. In January 
2016, a surveillance system for acute febrile illness 
was established at the Coalane Health Center in 
Quelimane to investigate the etiology of undiffer-
entiated fever and a high rate of positivity was 
observed. Health officials suspected of a potential 
outbreak of CHIKV and an outbreak investigation 
team was deployed from the National Institute of 
Health to conduct a preliminary investigation of the 
magnitude of the disease in the city.

25.7.2  Methods

A cross-sectional investigation was conducted 
between May 21st and June 3rd at 4 medical cen-
ters. Acute febrile patients were consecutively 
enrolled at the medical centers. Patients who tested 
positive for malaria using routine clinic testing 
were included to assess the rate of  co- infection. 
Acute samples were screened using rapid testing 
(SD BIOLINE immunochromatografic lateral-
flow test for CHIKV (IgM) and dengue (NS1, IgM 
and IgG). Samples were transported to INS for 
future confirmatory testing. A questionnaire was 
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used to collect socio- demographic and clinical 
information from all participants.

25.7.3  Results

A total of 66 patients were enrolled at 4 health 
centers. Of these, 60 (90.9%) had a history of 
fever for less than 5  days. The median age of 
study participants was 28 years (IQR: 6–62 years). 
Headache, cold and arthralgia were the most fre-
quent symptoms reported in 59 (89.4%), 51 
(77.3%) and 48 (72.7%) patients, respectively. A 
total of 29 (43.9%) tested positive for IgM anti- 
CHIKV antibodies; 21 (31.8%) tested positive 
for malaria; and 3 had positive NS1 results for 
dengue. Twenty seven (40.9%) patients had nega-
tive results for all three diseases. Among patients 
suspected of CHIKV, 11 (37.9%) were co- 
infected with malaria, 1 (3.4%) co-infected with 
suspected dengue, and 2 (6.9%) co-infected with 
both malaria and dengue. Among patients posi-
tive for anti-CHIKV antibodies 11 (37.9%) 
received antibiotics.

25.7.4  Conclusion

This investigation provides serological evidence 
that CHIKV is a highly prevalent in Quelimane 
city and that co-infection with malaria is com-
mon. Confirmatory testing of samples using 
ELISA and PCR is planned. CHIKV as well as 
dengue should be considered in the differential 
diagnosis of fever in Mozambique, and there is a 
need to train health professionals in the diagnosis 
and management of these diseases. Interventions 
for Aedes mosquito vector control are also 
urgently needed. Additional research and 
strengthening of surveillance systems is required 
to better understand the burden and etiology of 
non-malarial febrile illnesses throughout 
Mozambique.

25.8  Cross-Sectional 
Seropepidemiology of Rift 
Valley Fever and Alphavirus 
in South- Western Tanzania, 
and a Prospective Fever 
Study

N. Heinrich

Background: the contributions of arthropod- 
borne disease to febrile disease etiology are 
unknown for most sub-saharan African settings. 
Rift Valley fever (RVf) and Chikungunya (CHIK) 
are important viral diseases with a potential for 
large outbreaks, but are also encountered in low 
intensity endemic transmission.

Methods: we conducted a seroprevalence 
study on 1228 patients from South-Western 
Tanzania, stratified by age, elevation of resi-
dence, and ownership of domestic mammals. The 
findings of this seroprevalence study were used 
to design a study on acutely febrile outpatients in 
two centers. The target sample size of more than 
1000 patients was thought necessary to detect 
endemic cycling of RVf and CHIKV.

Results: we found an overall seroprevalence of 
5,2% for RVf, with a local maximum of 29,3% at 
the shore of Lake Malawi. Seroprevalence for 
Alphavirus, with CHIKV as the most probably 
causative agent, was 18% overall. Distribution of 
Alphavirus seropositivity across the study area 
was more even than for RVf, mostly influenced by 
elevation of residence. Geographical distribution 
and associated covariates allow some conclusions 
on virus cycling in the area, e.g. a dependence of 
RVfV on seasonal flooding, and on the presence 
of cattle. A near-linear increase of seroprevalence 
with participant age suggested endemic, rather 
than epidemic cycling of both viruses.

Results on acutely febrile patients are cur-
rently being generated and will be presented.

Conclusion: seroprevalence findings suggest 
that RVf and CHIK circulate in South-Western 
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Tanzania, an area with no previous report of these 
infectious agents. These assumptions suggest 
that a high sample size is necessary to detect 
these diseases in an outpatient population.

25.9  Seroepidemiology of CHIKV 
in Maputo, Mozambique, 
March–April 2016

V.  Monteiro · A.  F.  Muianga · F.  Mula · 

I. R. Chelene · V. S. António · I. Chongo · G. Pinto 
· S.  Ali · J.  Oludele · A.  Tivane · G.  Malai · 

O. C. Guiliche · Eduardo Samo Gudo

Keywords Dengue, Chikungunya, Co-circulation

25.9.1  Introduction

Chikungunya virus (CHIKV) is a rapidly emerg-
ing vector borne virus transmitted by the bites of 
Aedes mosquitoes. Spread of CHIKV has been 
mostly attributed to global warming, rapid urban-
ization and globalization. However, the disease is 
seriously neglected in settings where Malaria is 
endemic. In these settings, most of chikungunya 
infections go undetected because of similarity of 
clinical presentation with malaria, lack of diag-
nostic capacity for CHIKV and low level of 
awareness. Although Aedes has been shown to be 
endemic in Mozambique, few studies have been 
conducted to investigate the circulation of 
CHIKV.

25.9.2  Methodology

A total of 82 patients with fever of unknown eti-
ology for less than 7  days being attended at 
Polana Caniço Hospital, in Maputo Mozambique 
were enrolled and screened for CHIKV using 
commercially available ELISA to measure IgG 
antibodies against CHIKV (EUROIMMUN).

25.9.3  Results

The mean age of the enrolled participants was 
33 years old (IQR: 21–45 years old) and 51.2% 
(42/82) were female. Of the 82 enrolled patients, 
26,8% (22/82) presented positive results for 
malaria, 36.6% (30/82) for CHIKV IgG, and 
6,1% (5/82) were dual positive for malaria and 
CHIKV IgG. All samples were negative for den-
gue IgG and NS1.

25.9.4  Conclusion

This study shows that CHIKV is prevalent in 
Maputo city and might be causing several unsus-
pected outbreaks. Altogether, we recommend 
that CHIKV should be considered in the differen-
tial diagnostics of febrile diseases in Maputo city 
and also recommend that training of clinicians 
accompanied by strengthening of surveillance 
systems are urgently needed.

25.10  Preliminary Results 
of Neutralizing Anti-
Chikungunya Antibody 
in Central and Northern 
Mozambique, 2015–2016

A. F. Muianga · B. M. Kümmerer · V. Monteiro · 
F. Mula · I. R. Chelene · I. Chongo · G. Pinto · 

S.  Ali · J.  Oludele · V.  Antonio · Eduardo 
Samo Gudo

Keywords Chikungunya, Neutralization assay

25.10.1  Introduction

Chikungunya fever (CHIKV) is an emerging 
arbovirus that have been overlooked and under 
diagnosed in most of the countries including 
Mozambique, despite its rapid spread worldwide. 
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CHIKV is transmitted by Aedes aegytpi and 
Aedes albopictus mosquitoes. Main signs and 
symptoms are arthralgia, fever, headache, diffuse 
back pain, myalgia, nausea and rash. In 
Mozambique, most of the cases of CHIKV are 
misdiagnosed and treated as malaria. The aim of 
the study is to investigate the frequency of anti- 
chikungunya neutralizing antibodies in provinces 
situated central and northern Mozambique in 
2015–2016.

25.10.2  Methodology

Overall, 573 acute febrile patients with undiffer-
entiated fever were enrolled from the outpatient 
appointment visit at health facilities in Pemba, 
Lichinga, Nampula, Quelimane, Tete and Caia 
cities, between 2015 and 2016. Blood sample 
was collected from each participant. Samples 
were tested on site using rapid immunochro-
matograhpic test for IgM anti-CHIKV (SD 
Bioline), ELISA for IgM and IgG anti-CHIKV 
(EUROIMMUN) and neutralization assay (NT) 
using Virus Replicon Particles (VRP).

25.10.3  Results

Of the 573 enrolled patients, 6.9% (40/573) pre-
sented positive results for both IgM and IgG anti- 
CHIKV from ELISA test; all positive samples 
(40/573) from ELISA test were tested using NT 
of which 62.5% (25/40) showed neutralization 
activity against CHIKV.

25.10.4  Conclusion

Our data provide evidence that Chikungunya cir-
culates in central and northern Mozambique, sug-
gesting that CHIKV represents an important yet 
neglected cause of acute febrile syndrome in the 
country. Our results also suggest that strengthen-
ing of surveillance systems for arbovirus, train-

ing of clinicians and implementation of 
interventions to control Aedes mosquitoes are 
urgently needed in Mozambique.

25.11  Sero-Prevalence of Dengue 
in Patients with Suspected 
Infections by Measles 
and Rubella in Mozambique: 
2009–2014

F. Mula · A. Muianga · I. Chelene · N. Amade · 

V. S. António · I. R. Chongo · S. Ali · J. Oludele · 
A. Tivane · V. Monteiro · Eduardo Samo Gudo

Keywords Dengue, Measles, Rubella, 
Co-infection

25.11.1  Introduction

Dengue (DENV) is a febrile viral infection and 
the most important arboviral disease worldwide. 
This virus is transmitted by Aedes aegypti and 
Aedes albopictus. Despite the difference in the 
mode of transmission between DENV, measles 
and rubella, they have similar clinical presenta-
tion such as presence of fever and rash, and for 
this reason most of time is difficult to differenti-
ate the diseases based on clinical presentation. 
However, no data exist in Mozambique on the 
burden of DENV among patients with suspicion 
of measles and rubella whose laboratory results 
are negative for both. The aim of the study was to 
determine the sero- prevalence of Dengue in 
patients with suspected infection by measles and 
rubella between 2009 and 2014, Mozambique.

25.11.2  Methodology

Samples were collected from individuals sus-
pected of measles and rubella infection from 
throughout the country between 2009 and 2014. 
This samples were sent in a cold chain to the 
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Serology Laboratory at National Institute of 
Health (INS) in Maputo, and were all tested for 
both IgM anti-measles and anti- rubella using 
ELISA.  All negative samples were further 
screened for DENV infection using commer-
cially available ELISA to detect DENV NSI anti-
gen and IgG and IgM anti-DENV antibodies (all 
from Panbio).

25.11.3  Results

Of 638 samples with measles and rubella nega-
tive results, 2,8% (16/566) and 29% (40/136) 
samples were positive for NS1 antigen and for 
IgM respectively, however of the 234 samples 
tested for IgG, all were negative.

25.11.4  Conclusion

Our data suggest that DENV is circulating in 
Mozambique since several decades and may be 
endemic in several parts of the country. In addi-
tion, DENV represents an important proportion of 
febrile patients with rash in Mozambique should 
be considered in the differential diagnosis of mea-
sles and rubella which highlight that DENV sur-
veillance might be integrated into existing case 
based surveillance for measles and rubella.

25.12  Evidence of Transmission 
of Dengue and Chikungunya 
Viruses in Coastal 
and Western Kenya

F. Mutuku · D. M. Vu · B. Ndenga · E. Harris · 

M.  Heise · D.  Mukoko · J.  Vulule · U.  Kitron · 

C. King · A. D. LaBeaud

Dengue virus (DENV) and chikungunya virus 
(CHIKV) are important re-emerging mosquito- 
borne pathogens that have been spreading rap-
idly, causing endemic and epidemic disease in 

tropical and sub-tropical regions. For many 
African countries, limited resources and lack of 
national surveillance systems make evaluating 
the true burden of DENV and CHIKV disease 
difficult. In 2014, we initiated a prospective study 
to measure DENV and CHIKV prevalence and 
incidence in children who develop febrile ill-
nesses, and seroprevalence among healthy chil-
dren in western and coastal Kenya. Testing of 
serum samples for IgG and IgM to DENV and 
CHIKV by ELISA is ongoing, and neutralizing 
antibodies will be measured in a subset of samples. 
Preliminary results from IgG assays of samples 
from children residing in coastal and western 
Kenya confirm active transmission of both DENV 
and CHIKV.  Specifically, among children who 
presented at the local health center with undeter-
mined febrile illness from whom paired acute 
and 1-month convalescent serum samples were 
obtained. Out of 1526 paired serum samples 
tested, 69 (4.5%, 95% CI 3.5–5.7%) subjects 
were DENV IgG positive and 11 (0.7%, 95% CI 
0.4–1.3%) seroconverted. The incidence of 
DENV infection was 452 per 10,000 cases of 
febrile illness in Kenyan children. Chikungunya 
seroincidence was estimated at 0.6% (95% CI: 
0.271% – 1.475%), and chikungunya seropreva-
lence was significantly higher in western Kenya 
than on the coast. Further, IgG seroprevalence in 
healthy children from Ukunda was 1.7% for 
CHIKV (CI95 0.008–0.029) and 1.4% for DENV 
(CI95 0.006–0.26). PCR testing for DENV for the 
acutely ill children from western Kenya indicated 
a prevalence of 10.7% (44/410) in Chulaimbo 
health centre and 7.2%, (34/470) in Obama  
children hospital. These data will need to be  
confirmed by plaque reduction neutralization 
testing, as DENV and CHIKV can cross react 
with closely related flaviviruses and alphaviruses, 
respectively, on ELISA.  However, our finding 
suggest that DENV and CHIKV transmission are 
presently occurring in coastal Kenya and under-
score the need for surveillance of these rapidly 
re-emerging infections to monitor developing 
outbreaks and allocate limited public health 
resources.

E. S. Gudo et al.
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25.13.1  Introduction

A Dengue outbreak was reported in two cities in 
northern Mozambique in 2014, namely, Nampula 
and Pemba cities. The National Institute of Health 
established in 2014 a surveillance system of 
Dengue in these cities. The objective of post out-
break surveillance of Dengue was to monitor the 
trend in the prevalence of Dengue and provide 
evidence for definition of interventions for con-
trolling Dengue in Mozambique.

25.13.2  Method

Case based surveillance of Dengue was estab-
lished in 2014 in ambulatory patients attended in 
Pemba Provincial Hospital and Nampula Central 
Hospital. From patients who met the case defini-
tion, a 5 mL whole blood sample was collected 
and sent to the Virus Isolation Laboratory at 
National Institute of Health in Maputo. All sam-
ples were tested using ELISA commercial 
reagents to detect IgM and IgG antibodies against 
Dengue as well as Dengue NS1 antigen (http://
www.who.int/csr/resources/publications/den-
gue/034–47.pdf). PCR was performed using 

samples from both cities to confirm and identify 
dengue virus serotype (http://www.cdc.gov/den-
gue/clinicalLab/realTime.html).

25.13.3  Results

Between January 2015 and March 2016, a total 
of 235 samples were collected, of which 130 
were from Pemba and 105 from Nampula. 
Positivity rate for IgM anti-Dengue, IgG anti- 
Dengue and Dengue NS1 antigen were 65 
(27.6%), 27 (11.4%), and 60 (25.5%). Positivity 
rate for IgM anti-Dengue and Dengue NS1antigen 
from Pemba and Nampula samples are 25 
(19.2%), 7(5.3%), 40(38%), and 53(50.4%) 
respectively. PCR results of a total of 38 samples 
of which 22 is from Pemba and 16 from Nampula 
indicates 11(28.9%) were positive for DENV2 as 
the only serotype in circulation in both cities.

25.13.4  Conclusion

Preliminary finding from surveillance of Dengue 
shows that the virus has become endemic in 
northern Mozambique with probability of further 
spread to other regions in Mozambique, demand-
ing the implementation of urgent public health 
interventions to control the disease. We also dem-
onstrated that the establishment of permanent 
surveillance of Dengue plays an important role in 
monitoring the burden of Dengue as well as the 
prevailing serotypes.
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