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Preface

Mosquito-borne diseases, as many other infectious diseases, have shaped the history of soci‐
eties. For centuries, these diseases have taken their toll on human health and still stand to‐
day as a formidable threat to public health. Terms such as Chikungunya, Mayaro, Rift
Valley Fever, West Nile, among others, have claimed their place in the collective fear, be‐
coming omnipresent reminders that epidemics of little known diseases can occur unexpect‐
edly and with serious consequences.

As we witness the progress in the reversing trends of Malaria, the nimble mosquito remains
today as the most lethal animal on this planet, evolving and adapting to new environments,
populations, and pathogenic agents. As a result, the threat evolves, showing its new face in the
form of emerging viral mosquito-borne diseases, which in the last three decades have exposed
the weaknesses in our health systems for adapting in a similar fashion. Our reliance on stand‐
ard approaches for vector control, lack of innovation, and the slow incorporation of technology
have translated, as a predictable consequence, in our failure in preventing the appearance of
seasonal epidemics in regions where nearly two thirds of the human population inhabit.

Since its recognition as a potentially lethal disease in the 1950s, dengue fever has been the
model for designing prevention and control strategies that are applicable to other mosquito-
borne diseases, especially those transmitted by Aedes ssp. mosquitoes. As a disease, dengue
fever has challenged scientists by neutralizing most attempts to bring it into control. From
denial of natural niches to insecticides, each and every new strategy has proven ineffective
to sustain long-term trends in the number of cases. Nonetheless, groundbreaking disciplines
such as biotechnology and computing have, in the last decade, brought promising tools that
add to the current arsenal, creating a potential critical mass that might finally solve the puz‐
zle posed by dengue fever control.

Dengue Fever - a Resilient Threat in the Face of Innovation was born with the premise of reviewing
the latest updates on dengue fever and other mosquito-borne diseases. The first part of the
book covers basic aspects of dengue fever such as the general overview of dengue fever as a
public health problem, burden of disease, vector ecology, and the diagnostic tools currently
available. The second part of the book focuses on new tools and approaches for surveillance
and vector control, which have surpassed the phase of design and are being evaluated on the
field, hopefully to be incorporated in the short term as part of the Integrated Vector Manage‐
ment.

In our increasingly globalized world, which hosts the most digitally connected population
in history, collaborative work is more important than ever to achieve success. Consequently,
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Abstract

Dengue Fever or commonly known as Dengue, a mosquito-borne arboviral infection has
emerged as havoc around the globe. Annually, about 50 million infections are reported,
resulting in 22,000 deaths and almost 2.5 billion people are reported living at risk. Dengue
infection is caused by Dengue Virus (DENV), which is a member of genus Flavivirus and
comprised of ten proteins; three proteins, capsid (C), membrane (M), and envelope (E),
play structural role and seven are identified as non-structural that direct DENV replica-
tion. Four distinct serotypes: DENV-1, DENV-2, DENV-3 and DENV-4 are transmitted via
Aedes mosquitoes. Clinically, Dengue patients can be categorized into three groups accord-
ing to WHO 2009 revised classification. Typical symptoms of dengue include: extreme
fatigue; sudden fever (from 3-7 days), headache, joint, muscle, and back pain; vomiting
and diarrhea, appetite loss; skin rash along minor bleeding. Aedes aegypti is geographically
distributed in tropical areas and breeds in artificially filled water containers i.e. drums,
tyres, flower vases plastic food containers, tin cans, etc. Due to four viral serotypes and
non-availability of the model animal for dengue, producing vaccines is a challenging task.
Thus, Dengue can be managed using various vector control strategies through physical,
chemical and biological means.

Keywords: dengue fever, dengue hemorrhagic fever, dengue shock syndrome, 
Aedes aegypti, DEN virus
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Figure 1. Distribution of dengue worldwide (taken from www.who.int/denguecontrol/ epidemiology/).

1. Historical background

The word “dengue” is known to be derived from Swahili language “ki denga pepo”, which 
illustrates the meaning as “sudden cramp like seizure”. The signs and indications that are sug-
gestive of this viral disease can be tracked back to Chinese Chin Dynasty (265–420 AD) where 
this infection was believed to be a type of water poison and reported to be linked with insects and 
water [1]. Some of the historical accounts for dengue fever states that about 500–600 years ago, it 
appeared from Africa while the first and foremost outbreak of this deadly disease reached other 
parts of world in 1780s [2]. The detection and isolation of dengue virus date backed to the World 
War II and it was documented in Japan for the first time in 1942 [3]. Dengue-like symptoms 
have been reported in early Chinese manuscripts which can be traced back to 992 and to 1600s 
in the West Indies [4]. In another report, Benjamin Rush observed the first detailed symptoms of 
dengue shock syndrome (now severe dengue) in 1780 during an outbreak in Philadelphia near 
Delaware River [5]. Similar disease symptoms were observed in North America along Atlantic 
coast during eighteenth–nineteenth centuries, on the Caribbean Islands and the Mississippi 
basin [6]. Bancroft reported for the first time that Aedes aegypti mosquito is vector of dengue 
virus [7]. However, modern research about dengue virus was not started until 1943–1944. For 
the first time culturing and isolation of this virus was performed from suckling mice brain [8].

2. Geographic distribution

It is scientifically accepted that dengue viruses originated in monkeys and jumped to humans in 
Africa or Southeast Asia between 100 and 800 years ago. Dengue fever remained geographically 
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restricted till 1950s. But due to the Second World War, transport of Aedes mosquitoes happened 
around the world which played a crucial role in the dissemination of the viruses. Now, approx-
imately 2.5 billion people live in areas where there is a risk of dengue transmission [9–12].

During 1850s, first case of dengue was documented in the Philippines and Thailand. Later, 
after 1980s large number of cases began to appear in the Caribbean and Latin America. Today, 
Dengue is endemic in at least 100 countries in Asia, the Pacific, the Americas, Africa, and 
the Caribbean. Dengue fever is reported to prevail in 26 states [13–15]. DENV-2 was the 
predominant serotype in dengue outbreaks that occurred before 2000 but DENV-3 was the 
predominant serotype between 2000 and 2009. After 2010, DENV-1 dominated global dengue 
outbreaks, and DENV-4 was the least frequently identified serotype [16, 17]. The geographical 
distribution of dengue with respect to countries has been shown in Figure 1 which explains 
the current prevalence of this disease around the world [11].

3. The vector

Dengue virus spreads due to infected females of genus Aedes, significantly form Aedes aegypti 
and Aedes albopictus. There has been a serious concern amid public health departments. In 
newly invaded countries, Aedes albopictus would cause severe epidemics of arbovirus diseases 
(it is considered as a competent vector transmitting about 22 arboviruses), especially all four 
serotypes of dengue; however generally it is transmitted by Aedes aegypti. Aedes albopictus 
persists to spread, taking the place of Aedes aegypti in some areas. [18] Aedes albopictus might 
serve as a maintenance vector of dengue in non-urban areas of Pacific islands and South-
east Asia. Aedes albopictus is not considered an imperative urban dengue vector, but in a few 
countries where Aedes aegypti is not present, that is, the Seychelles, parts of China, Japan and 
Hawaii [18]. The biting females of Aedes albopictus were discovered firstly in 1999, in Southern 
Cameroon; it provoked survey in 2000 and then adults as well as breeding populations were 
identified in five major cities of the country mainly breeding in old tires imported from 
Nigeria and USA which were infested with the mosquitoes [19].

Aedes is best known vectors of dengue fever and yellow fever. Some species of Aedes are also 
vectors of viral disease and filariasis [20]. Several serotypes of the dengue virus are carried 
to human beings via the bites of Aedes mosquitoes infected with dengue virus. Aedes aegypti 
is considered one of the most crucial vector whereas Aedes niveus, Aedes albopictus and Aedes 
polynesiensis have been reported as secondary vectors in most of the regions of the world [9]. 
Aedes aegypti and Aedes albopictus are known as the two primary vectors for transmitting the 
dengue in most parts of South Asia, including India. As the distribution of this affliction is 
concerned in respect to geographically, it is characteristically parallel to that of the principal 
vector species, Aedes aegypti [21]. Dengue mosquito is a subtropical and tropical species hav-
ing distribution throughout the world [22]. Dengue virus spreads due to infected females of 
genus Aedes, specifically through Aedes aegypti in urban settings and Aedes albopictus in syl-
vatic areas [18]. Aedes albopictus (Diptera: Culicidae), is basically endemic to Pacific and Indian 
Oceanic islands, and from South-east Asia, it spread to America, Europe and Africa in recent 
decades dormant eggs in the tires. Venereal and possibly vertical transmission of dengue 
virus takes place by infected female of Aedes aegypti to its progeny (transovarian) and also 
from infected male to the female during the process of copulation, respectively [23].
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Dengue Fever - a Resilient Threat in the Face of Innovation4

restricted till 1950s. But due to the Second World War, transport of Aedes mosquitoes happened 
around the world which played a crucial role in the dissemination of the viruses. Now, approx-
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predominant serotype between 2000 and 2009. After 2010, DENV-1 dominated global dengue 
outbreaks, and DENV-4 was the least frequently identified serotype [16, 17]. The geographical 
distribution of dengue with respect to countries has been shown in Figure 1 which explains 
the current prevalence of this disease around the world [11].

3. The vector

Dengue virus spreads due to infected females of genus Aedes, significantly form Aedes aegypti 
and Aedes albopictus. There has been a serious concern amid public health departments. In 
newly invaded countries, Aedes albopictus would cause severe epidemics of arbovirus diseases 
(it is considered as a competent vector transmitting about 22 arboviruses), especially all four 
serotypes of dengue; however generally it is transmitted by Aedes aegypti. Aedes albopictus 
persists to spread, taking the place of Aedes aegypti in some areas. [18] Aedes albopictus might 
serve as a maintenance vector of dengue in non-urban areas of Pacific islands and South-
east Asia. Aedes albopictus is not considered an imperative urban dengue vector, but in a few 
countries where Aedes aegypti is not present, that is, the Seychelles, parts of China, Japan and 
Hawaii [18]. The biting females of Aedes albopictus were discovered firstly in 1999, in Southern 
Cameroon; it provoked survey in 2000 and then adults as well as breeding populations were 
identified in five major cities of the country mainly breeding in old tires imported from 
Nigeria and USA which were infested with the mosquitoes [19].

Aedes is best known vectors of dengue fever and yellow fever. Some species of Aedes are also 
vectors of viral disease and filariasis [20]. Several serotypes of the dengue virus are carried 
to human beings via the bites of Aedes mosquitoes infected with dengue virus. Aedes aegypti 
is considered one of the most crucial vector whereas Aedes niveus, Aedes albopictus and Aedes 
polynesiensis have been reported as secondary vectors in most of the regions of the world [9]. 
Aedes aegypti and Aedes albopictus are known as the two primary vectors for transmitting the 
dengue in most parts of South Asia, including India. As the distribution of this affliction is 
concerned in respect to geographically, it is characteristically parallel to that of the principal 
vector species, Aedes aegypti [21]. Dengue mosquito is a subtropical and tropical species hav-
ing distribution throughout the world [22]. Dengue virus spreads due to infected females of 
genus Aedes, specifically through Aedes aegypti in urban settings and Aedes albopictus in syl-
vatic areas [18]. Aedes albopictus (Diptera: Culicidae), is basically endemic to Pacific and Indian 
Oceanic islands, and from South-east Asia, it spread to America, Europe and Africa in recent 
decades dormant eggs in the tires. Venereal and possibly vertical transmission of dengue 
virus takes place by infected female of Aedes aegypti to its progeny (transovarian) and also 
from infected male to the female during the process of copulation, respectively [23].
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Figure 3. Aedes aegypti with its taxonomic characteristics. (a) Aedes aegypti; (b) Lyrix at thorax; (c) Clypeus; (d) Proboscis; 
(e) silvery scales on wing; (f) white stripes on leg.

Figure 2. Difference between Aedes aegypti and Aedes albopictus (Source: http://www.mdsaude.com/wp-content/uploads/ 
2012/04/aedes-aegypti-e-aedes-albopictus.jpg).
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The adult of yellow fever mosquito have approximately 4–7 mm size and it range from small 
to medium-sized mosquito. To the human eye, these mosquitoes are similar to the Asian tiger 
mosquito with a minor dissimilarity in thorax patterns and size. Adults of Aedes aegypti have 
white scales that form the shape of a violin or lyre, on the dorsal side of the thorax while the 
adults of Aedes albopictus is characterized by a white stripe to the middle at the top of the tho-
rax region. Every tarsal portion of the hind legs exhibit white bands, this is what appear to be 
stripes. Abdomen is usually dark brown to black in color, but also exhibit white scales. Males 
are smaller than females, and can be discriminated by small palps tipped with white or silver 
scales. Males are characterized by plumose type of antennae; however, females possess sparse 
short hairs. Under a microscope, male mouthparts are viewed as modified structure for nectar 
feeding, and mouthparts of female are modified for feeding f blood. The proboscis from both 
sexes is darkly colored, and the segment above the proboscis which is known as clypeus has 
two clusters of white scales. A characteristic feature of all Aedes species is the pointed tip of 
the abdomen (Figures 2 and 3) [24].

4. Life cycle of Aedes aegypti

Aedes aegypti is geographically distributed in tropical areas and it breeds in artificially filled 
water containers such as drums, tyres, flower vases such as plastic food containers, tin cans 
and old motor parts [4]. Aedes aegypti is a holometabolous type of insect, going through com-
plete metamorphosis meaning four developmental stages from egg to adult stage. Life span of 
adult can range from 2 weeks to about 4 weeks but it depends on conditions of environment. 
A female mosquito lay eggs for about 4–5 times during her entire life span and average num-
ber of eggs in single spawn ranges from 10 to 100 eggs. Aedes aegypti are found in three differ-
ent polytypic forms: sylvan, domestic, and peridomestic. The domestic type usually breeds in 
urban habitats, mostly inside or around houses. The sylvan type is rural form which breeds in 
tree holes, normally in forests, and the peridomestic form generally lives in environmentally-
modified regions as coconut farms and groves (Figure 4) [24].

As the spread of mosquitoes is concerned, it occurs by active flight (adult) and passive trans-
portation (immature stages) through international trades. Successive waves of invasion of 
Aedes aegypti and Culex pipiens have been aided by commercial passages also from fifteenth 
century to onward. Aedes aegypti substituted Aedes albopictus in Asian countries during the 
twentieth century [25, 26].

5. The virus

Dengue infection is transmitted by dengue virus (DV) which is a member of genus Flavivirus. 
This Arbovirus group of viruses is specifically transmitted via insect vectors. Mature viral par-
ticles have diameter of 40–50 nm, spherical shape and 11 kb, having positive single stranded 
RNA which has a 5′-methyl cap with a single open reading frame. Genus Flavivirus has 4 
antigenically associated but four distinct serotypes known as DENV-1, DENV-2, DENV-3 and 
DENV-4 [27, 28]. The serotypes are evolved from a common ancestor and all are considered 
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urban habitats, mostly inside or around houses. The sylvan type is rural form which breeds in 
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modified regions as coconut farms and groves (Figure 4) [24].
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portation (immature stages) through international trades. Successive waves of invasion of 
Aedes aegypti and Culex pipiens have been aided by commercial passages also from fifteenth 
century to onward. Aedes aegypti substituted Aedes albopictus in Asian countries during the 
twentieth century [25, 26].

5. The virus

Dengue infection is transmitted by dengue virus (DV) which is a member of genus Flavivirus. 
This Arbovirus group of viruses is specifically transmitted via insect vectors. Mature viral par-
ticles have diameter of 40–50 nm, spherical shape and 11 kb, having positive single stranded 
RNA which has a 5′-methyl cap with a single open reading frame. Genus Flavivirus has 4 
antigenically associated but four distinct serotypes known as DENV-1, DENV-2, DENV-3 and 
DENV-4 [27, 28]. The serotypes are evolved from a common ancestor and all are considered 
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causative agent of broadly analogous disease spectrum in humans [29–31]. It consists of ten 
proteins, out of which three proteins, capsid (C), membrane (M), and envelope (E), play 
structural role and seven (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) are identified as 
non-structural that direct DENV replication. Approximately 17% of these virions are lipid by 
weight which forms a lipid bilayer between E/M outer shell and the nucleocapsid core [32, 33].

Binding of dengue virus like most of the other viruses to its receptor is regulated by envelop 
protein (E). In mammalian cells, all the serotypes binds with nLc4Cer, DC-SIGN/L-SIGN, 
Heparan sulfate as well as Mannose receptors. Additionally DENV-2 serotype also show 
binding trend with HSP70/HSP90, CD14-associated protein, GRP78 and two other unknown 
protein receptors. On the other hand DENV 1–3 serotypes can also attach with Laminin recep-
tor while DENV 2–4 serotypes are also found to bind with protein receptor which is unknown 
[34]. After binding with particular receptors through receptor-mediated endocytosis, virion 
fuses with acidic lysosomes. Then, the viral particle releases its RNA in the cytoplasm of host 
cell for the synthesis of viral proteins. After the synthesis of all the required proteins, viral 
RNA starts generating a minus strand, and then transcription of new plus stranded molecule 
occurs. Hundreds of copies of viral particles are generated from a single virus particle lead-
ing towards cellular damage and even death. RNA-dependent RNA polymerases (RdRps) 
encoded by the virus itself and other cellular factors catalyze the infection cycle of this virus 

Figure 4. Lifecycle of Aedes aegypti (http:/www.ipnc.nc/FCKeditorFiles/Image/entomo_20.jpg).
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[35]. However the exact mechanism of vascular permeability and hemorrhagic fever is not 
clear. Studies are being oriented to understand these mechanisms specially focusing on the 
role played by T-cell immune response. High levels of interferon alpha were reported during 
secondary infection after 1–2 days of fever onset [36] while high concentration of soluble 
interleukin 2 receptor, interferon γ, soluble CD8 and soluble CD4 interleukin 2 were also 
described by researchers during the outset of vascular permeability [36, 37].

6. Clinical aspects

The most commonly occurring DENV infection transits through an asymptomatic or mildly 
symptomatic course [38]. Symptomatic dengue fever is usually accompanied by headache, mal-
aise, retroorbital pain, arthralgia, and myalgia with a severity that honors “break-bone” fever 
alternative name of this disease. It lasts from three to 7 days. A small fraction of these patients 
evolve to the life-threatening clinical form of severe dengue, usually preceded by the appearance 
of warning signs (see below). All the four viral serotypes cause resembling disease symptoms.

In comparison to the previous 1997 version, the WHO revised classification of 2009. This makes 
more precision towards sensitivity and specificity of dengue cases. While being reported having 
changed dengue features with the passage of time during treatment; the dengue affected patients 
are categorized in Group A or Group B. More concern is recommended if symptoms becoming 
serious for next step of necessary hospitalization [39, 40]. As WHO 1997 version already includes 
plasma leakage and bleeding; but, however, the WHO 2009 classification entails target monitor-
ing and organ impairment exhibiting the situation more clearly towards future dengue disease 
cure. Group C category of dengue patients has been explained in a better way in revised classifi-
cation of WHO version 2009. This version, indeed is a practical guidance and very much helpful 
in dengue endemic areas especially where medical facilities are lacking. It is worth mentioning 
that WHO 2009 classification also highlights the other co-existing factors such as pregnancy, 
child and old age, diseases like diabetes and various social circumstances [41].

The WHO 2009 revised dengue classification stratifies disease into the following:

1. Without warning signs of dengue,

2. With warning signs of dengue (i.e., abdominal pain, vomiting, fluid accumulation, mucosal 
bleed, lethargic condition, liver enlargement >2 cm, and rapid decrease in platelet count), and

3. Severe symptoms of dengue.

Furthermore, three categories have been described in 2 WHO scheme of dengue-affected 
patients:

i. Group A includes patients without warnings signs,

ii. Group B includes patients with more than one warning sign, and annotated with certain 
coexisting conditions such as pregnancy, infancy, old age, obesity, diabetes, renal failure, 
and chronic hemolytic diseases), and with certain social circumstances,

Dengue Fever: A General Perspective
http://dx.doi.org/10.5772/intechopen.81277

9



causative agent of broadly analogous disease spectrum in humans [29–31]. It consists of ten 
proteins, out of which three proteins, capsid (C), membrane (M), and envelope (E), play 
structural role and seven (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) are identified as 
non-structural that direct DENV replication. Approximately 17% of these virions are lipid by 
weight which forms a lipid bilayer between E/M outer shell and the nucleocapsid core [32, 33].

Binding of dengue virus like most of the other viruses to its receptor is regulated by envelop 
protein (E). In mammalian cells, all the serotypes binds with nLc4Cer, DC-SIGN/L-SIGN, 
Heparan sulfate as well as Mannose receptors. Additionally DENV-2 serotype also show 
binding trend with HSP70/HSP90, CD14-associated protein, GRP78 and two other unknown 
protein receptors. On the other hand DENV 1–3 serotypes can also attach with Laminin recep-
tor while DENV 2–4 serotypes are also found to bind with protein receptor which is unknown 
[34]. After binding with particular receptors through receptor-mediated endocytosis, virion 
fuses with acidic lysosomes. Then, the viral particle releases its RNA in the cytoplasm of host 
cell for the synthesis of viral proteins. After the synthesis of all the required proteins, viral 
RNA starts generating a minus strand, and then transcription of new plus stranded molecule 
occurs. Hundreds of copies of viral particles are generated from a single virus particle lead-
ing towards cellular damage and even death. RNA-dependent RNA polymerases (RdRps) 
encoded by the virus itself and other cellular factors catalyze the infection cycle of this virus 

Figure 4. Lifecycle of Aedes aegypti (http:/www.ipnc.nc/FCKeditorFiles/Image/entomo_20.jpg).

Dengue Fever - a Resilient Threat in the Face of Innovation8

[35]. However the exact mechanism of vascular permeability and hemorrhagic fever is not 
clear. Studies are being oriented to understand these mechanisms specially focusing on the 
role played by T-cell immune response. High levels of interferon alpha were reported during 
secondary infection after 1–2 days of fever onset [36] while high concentration of soluble 
interleukin 2 receptor, interferon γ, soluble CD8 and soluble CD4 interleukin 2 were also 
described by researchers during the outset of vascular permeability [36, 37].

6. Clinical aspects

The most commonly occurring DENV infection transits through an asymptomatic or mildly 
symptomatic course [38]. Symptomatic dengue fever is usually accompanied by headache, mal-
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In comparison to the previous 1997 version, the WHO revised classification of 2009. This makes 
more precision towards sensitivity and specificity of dengue cases. While being reported having 
changed dengue features with the passage of time during treatment; the dengue affected patients 
are categorized in Group A or Group B. More concern is recommended if symptoms becoming 
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plasma leakage and bleeding; but, however, the WHO 2009 classification entails target monitor-
ing and organ impairment exhibiting the situation more clearly towards future dengue disease 
cure. Group C category of dengue patients has been explained in a better way in revised classifi-
cation of WHO version 2009. This version, indeed is a practical guidance and very much helpful 
in dengue endemic areas especially where medical facilities are lacking. It is worth mentioning 
that WHO 2009 classification also highlights the other co-existing factors such as pregnancy, 
child and old age, diseases like diabetes and various social circumstances [41].

The WHO 2009 revised dengue classification stratifies disease into the following:

1. Without warning signs of dengue,

2. With warning signs of dengue (i.e., abdominal pain, vomiting, fluid accumulation, mucosal 
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iii. Group C includes patients with severe plasma leakage, severe bleeding leading towards 
extreme condition of organ impairment [41].

The classification is meant to make it realized that the group is clearly identified so that 
patients are going to be treated keeping in view the relevant category.

7. Diagnosis of dengue fever

Dengue infection symptoms are the major tool for its diagnosis. However, this is not a reliable 
method for the confirmation of dengue infection but laboratory studies are needed [42, 43]. 
Dengue virus in the initial stages may cause fever to dengue fever or later on more it can 
result in severe dengue. Common tools for the detection of dengue infection in laboratory 
tests include; an identification of the particular viral serotype, genomic sequences, viral anti-
gen, genomic sequence, and/or antibodies. Major advances in the diagnosis of this infection 
include IgM captured ELISA, dengue specific monoclonal antibodies, viral RNA detection by 
nucleic acid amplification tests (NAAT), and viral isolation from mosquito cell lines and also 
live mosquitoes, all these are reported to have major advances in dengue diagnosis. Diagnosis 
involves two levels of detection. At level one, the patient is in acute febrile phase, where NS1 
antigens and viral RNA can be detected, and at level two is the stage in which IgG and IgM 
antibodies are abundant in blood with the post febrile period [44]. Acute stages of dengue 
may be represented by flu like fever in which diagnosis is made possible by identifying viral 
RNA/proteins in the patient’s blood. Dengue viral RNA can also be identified in early stage of 
infection using RT-PCR. This technique is quite reliable but unaffordable for the poor people 
[45, 46]. ELISA test is also being utilized to identify primary as well as secondary infection 
by utilizing dengue-specific monoclonal NS1 antibody to identify NS1 in victim’s blood 
[47–49]. MACELISA assays in combination with NS1 Ag can be utilized for the detection of 
dengue viruses in earlier stages of infection [50]. Commonly used laboratory methods include 
immune-fluorescence tests, capture ELISAs, and hemagglutination assays [51]. Nonetheless, 
it is important to consider that serological tests can be misleading due to cross-reactivity while 
there is more that flavivirus circulating in the region.

8. Control of dengue fever

Vaccines against dengue are difficult to develop. Nonetheless, as for December of 2015, CYD-
TDV vaccine was approved for human use, and to date it remains as the sole vaccine with this 
status. As for specific treatments none is available, however various anti-viral natural entities 
are being evaluated for the elimination of dengue virus [ 32, 47, 48, 52–54].

There are several methods used to control dengue infection. The first and most important 
preventive measure is the prevention of contact with infected mosquitoes. Aedes mosquitoes 
usually have biting preferences during daytime and its contact can be minimized in various 
ways, for example, proper management of stored water and wastes, use of insecticides to 
eradicate the mosquitoes, use of mosquito nets and coils as well as repellents, use of wearing 
which minimize the exposed body surface. Insecticide treated nets (ITNs) are also available 
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in the market for the protection of people including young children, pregnant women, old 
people [55].

9. Control of vector Aedes

The best way to control dengue is to improve capabilities of mosquito abatement especially 
in the most populated areas where vector densities are high due to availability of hosts [18].

10. Public awareness

Public awareness counts in integrated pest management at a significant level, various exam-
ples can be sited from the literature when community efforts played a role for the eradica-
tion of disease agents. As Aedes aegypti was eliminated from countries various regions of the 
USA during the 1960s when relatively well funded eradication campaign supported by a 
high degree of political and community were involved. The effective collaboration of a well-
educated society with the assistance of mosquito control well-trained staff will be the most 
compelling and economically reliable method for the removal of Aedes albopictus populations 
in rural and suburban regions [18].

11. Chemical control

The vector borne diseases are controlled worldwide, simply via controlling the vector. This 
thumb rule equally implies on dengue vector Aedes mosquitoes as well. Integrated Vector 
Management (IVM) mostly focuses on chemical control using insecticides; most frequently 
used are reported organophosphates and pyrethroids by WHO against dengue, malaria as 
well as yellow fever. These insecticides are affective against larvae, pupae and adults as well 
[25, 56, 57]. No new public health insecticides have been developed for mainstream vector 
control in disease-endemic countries (DECs) for the last three decades. Narrow range of 
public health insecticides necessitates new, safe, less expensive, environment friendly insec-
ticides to replace those already being commercially used and mostly have been reported to 
develop resistance. Pyrethroid insecticides such as Permethrin, Deltamethrin, Cypermethrin, 
Cyhalothrin, etc. and DDVP organophosphate insecticides have been frequently used against 
mosquitoes and flies at household level. However, pyrethroid insecticides are reported to 
develop resistance. Hence, synergistic use of organophosphae and pyrethroid insecticides 
is being used now-a-days in order to combat this resistance menace [58]. New insecticides 
which are safe for health and environment as well demand investment. It is estimated that 
about US$70 million amount is required to develop a new insecticide. Public health insecticide 
market encompasses about US$151.2 million worldwide, hereby, shows the overall small size 
market. It is a dire need of time to engage commercial partners in the development of new 
insecticides. It has been suggested that both commercial and academic partners must col-
laborate and work together. In addition, community level health workers must be stimulated 
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[25, 56, 57]. No new public health insecticides have been developed for mainstream vector 
control in disease-endemic countries (DECs) for the last three decades. Narrow range of 
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develop resistance. Hence, synergistic use of organophosphae and pyrethroid insecticides 
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to locate and target the investment so that safe, cost-effective, user-friendly vector control 
insecticides can be developed.

12. Biological control

Although, chemical use in the form of synthetic insecticides remains promising factor for 
the control of insect vectors; however, indiscriminate and overuse pose insecticide resistance 
issues [58]. Moreover, various health and environmental concerns make the use of insecticide 
questionable. Thus, it is imagined that in future only those techniques will be accepted which 
may overcome the problems related to chemical insecticides. Recently, non-chemical methods 
have been summed-up into “biopesticides”; meaning thereby simply to kill the pest using 
material originated from living things [59]. Hence, it necessitates to explore biological control 
agents like various predators and parasites, that is, viruses, fungi, bacteria, etc. to look for 
a potent agent for the development of safe control program. Various pathogens and preda-
tors have been reported to use against mosquitoes as biological control agents. Recently, in 
Vietnam, copepods were used to control larvae of A. aegypti. At local level, the control pro-
gram was launched very successfully and showed good results [61, 62]. In addition, a bacte-
rium Wolbachia pipientis which is an obligate intracellular bacterium and vertically transmitted 
from mother to their offsprings and causes cytoplasmic incompatibility. It has been reported 
to present in 60% populations of insects in field conditions. Wolbachia infects the gonads 
and ensures transmission to the next host generation and orchestrates various reproductive 
manipulations in host. The symbiont can also cause feminization of genetic males, partheno-
genesis and male killing, depending on the host species [63]. Thus, via females the Wolbachia 
spreads in the host populations and ultimately hinders its increase in number in future. It is 
reported that Wolbachia infections spread upto 100 km per annum. The Wolbachia strains 
were manifested and manipulated successfully in 1967 in Burma against filariasis vectors, 
where Wolbachia infected male Culex quinquefasciatus were released in wild populations. In 
principle, Wolbachia infection affects the sperm and prevents the further reproduction as a 
measure of local mosquito population control [65].

The sterile insect technique (SIT) is widely tested strategy in insects; wherein, males are 
treated with either sterilizing chemicals or exposed to γ-irradiation producing random domi-
nant lethal mutations; means only one locus containing the DNA damage can cause dominant 
effect in the form of lethality. The SIT males when mate with normal females results non-
viable offsprings leading to elimination of the populations in successive generations [65]. 
Another approach is RIDL (release of insects carrying a dominant lethal mutation) which is 
an improved version of SIT using transgenic technique and specifically focuses on female-
killing. For instance, gene specifically expressing in the flight muscles were made trans-
genically expressed low and the resulting females in the offsprings would not be able to fly 
properly which causes its non-feeding on human blood meal which ultimately leads towards 
low fecundity [67]. Specific transgenic approaches have been proved successful also in pupae 
and adults [68, 69]. This RIDL techniques is being exploited and deployed by Oxitec® in Brazil 
and Malaysia and reproduced appreciable results [70]. Subsequently, Bacillus thuringiensis 
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israelensis (Bti), methoprene and the insect growth hormone are also proven to be quite effec-
tive against Aedes albopictus in the laboratory as well as in the field [57, 71–75].

13. Botanical control

Plants as a whole and/or their certain parts plus various products originated from different 
plants have been incorporated in the control programs from long time ago. However, plant 
oils have been annotated with potentially good insecticidal properties [76, 77]. Plant extracts 
are reported as fumigant and caused ovicidal, larvicidal, and overall insecticidal activity 
against various insects. The plants derived insecticides; mostly mentioned as biopesticides 
are non-hazardous to the environment, cheap, and are considered safe to human as well as 
other animals. Black pepper extracts have been shown with significant potential as adulticide 
against Aedes aegypti and Anopheles stephensi [78].

It is thus, suggested that plant extracts have promising capability to control the mosquitoes. 
Being safe to human health and to the environment; these can be successfully incorporated 
in mosquito control programs [79]. In addition, a few plants extracts have been successfully 
tested against some viral diseases. Aforementioned wherein the life cycle of dengue virus; 
DENV makes an attachment with host via host receptors and envelope proteins; suggesting 
thereby that DENV infection can be controlled via inhibition of host-viral interactions using 
plants extracts. Moreover, NS2-NS3 protease and NS5 have also been reported as significant 
antiviral drug targets due to their impact on viral replication and other cellular processes as 
well [80, 81]. Several medicinal plants such as Momordica charantia and Andrographis paniculata 
have been reported in inhibiting the replication cycle of DENV. Few of the weed plants have 
been shown to cause insecticidal and enzyme inhibitory activities in insects [83, 84]. Further 
investigations are needed to develop potential dengue treatment [85].

14. Conclusion and future perspectives

Dengue viral disease is an emerging health concern in many regions of the world and has 
become a serious threat in many areas of the world including Southeast Asia and Pakistan. 
The control of the dengue is difficult as there is no vaccine available so far. Vaccine prepara-
tion against dengue requires a tetravalent vaccine but no such licensed compound has been 
prepared so far. However dengue viral envelope proteins can be targeted to make an effective 
drug against dengue as these proteins are involved in the entry of the virus into the host cell. 
Several medicinal plants have been identified so far which show significant inhibitory results 
against dengue but still there is a need of proper medicine which can show promising results. 
In future, exploration of interaction of Aedes albopictus and other mosquito species is required. 
Toxorhynchites mosquitoes should be searched out for their predatory role against Aedes albop-
ictus and Aedes aegypti. Vectoral role of Aedes albopictus and Aedes aegypti must be regulated 
in and between countries. In addition, the predominant serotype in dengue outbreaks can be 
managed through respective vaccine especially against the documented serotype.
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Abstract

According to the Pan American Health Organization (PAHO) reports, the annual average
number of dengue cases in the Americas has been 1,579,658 in the last 8 years (2010–2017),
affecting the population’s welfare. The high level in dengue cases does not only have an
impact from an epidemiological perspective but also from an economical perspective as
the treatment cost that must be borne. The aim of this chapter is to review the situation as
reported in the American countries with the highest number of cases, focusing on the
burden of the disease (measured in DALYs and number of cases) and its total treatment
cost, which includes direct (medical and non-medical) costs and indirect costs. We calcu-
late the total treatment cost per DALY for the epidemic year (2015). The results show that
Mexico has the highest cost per DALY (US$ 17,703) followed by Brazil (US$ 11,218),
Colombia (US$ 4,540), and the Dominican Republic (US$ 1,157). Additionally, after
adjusting for total health expenditure, we found all the countries exhibit a similar share
of total treatment cost over health expenditure (0.16% in average).

Keywords: dengue, disease outbreaks, epidemiologic measurements, disability adjusted
life year, economics costs

1. Introduction

Dengue is a viral infection endemic to tropical regions, which is transmitted by Aedes aegypti
and Aedes albopictus mosquitoes. It usually presents a cyclic behavior with peaks separated by
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3–5 years [1–3]. Even though this illness has been present for many years in tropical countries,
the main prevention strategy is controlling the vector that carries the infection. Nowadays,
vector control and prevention programs are the only strategies in the hands of public officials
to handle and reduce dengue incidence.

In the 1970s, because of the vector control campaign against yellow fever, dengue was close to
be eliminated, but then it showed a reinvasion that has been present to this day [4]. The
constant presence of the illness (and the mosquitoes) is related with the suboptimal conditions
of trash collection, piped water supplies and uncontrolled urban development [5]. Another
possible cause is climate change [6]. Warming temperatures have expanded the endemic
territories of the A. aegypti and A. albopictus mosquitoes allowing them to be present in larger
areas [7], which added to the low efficacy of vector control strategies and create the perfect
scenario for the number of dengue cases to rise. Unfortunately, the programs aimed to control
the mosquito population have low success rates which are reflected in the consistent high
number of dengue cases in the last decade.

In recent years, there has been enough interest from the pharmaceutical industry to develop a
dengue vaccine that could act as a preventive strategy against the infection [8–10]. Neverthe-
less, most dengue vaccine strategies are still in their final stages before implementation [11].

Figure 1 shows the evolution of the reported dengue cases in the Americas for the period 2010–
2017, from which it can be observed a drastic decline in the year 2017 after 2 years of high
levels of dengue cases. Particularly, 2015 corresponds to the year with the highest number of
cases in the region, which suggest it was an epidemic year. Given the cyclic behavior of the
disease, the year 2017 could be interpreted as an interepidemic year.

The World Health Organization (WHO) recommends conducting an economic analysis for
infectious disease to estimate the cost borne by the society, especially in low- and middle-
income countries. These studies provide information to the governments that help them design
policies and allocate public resources that achieve a positive impact on public health. The most
common and recommended type of analysis is the cost-effectiveness analysis (CEA), which

Figure 1. Evolution of reported dengue cases in the Americas (2010–2017). Source: PAHO.
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compares different healthcare interventions estimating the economic costs and health gains
(usually measured as Disability-Adjusted Life Years) of each intervention and hence identifies
strategies with the potential of yielding the greatest health improvement for the least resources
used [12]. The aforesaid type of analysis consists of two main elements, the burden estimation
in the status quo scenario or current condition and the estimation in the intervention scenario.
From this perspective, the analysis conducted in this chapter presents the burden estimation in
the status quo scenario.

As well as Latin-American and Caribbean countries, Asian countries have also been affected
by dengue. Epidemiological studies conducted for Myanmar show that DALYs per million of
inhabitants lost ranged between 90 and 97 in the 1990s [13], while in Thailand, the burden was
estimated at 427 DALYs per million in the early 2000s. The latter allow us to have a frame of
reference about the burden of dengue. Due to the increasing number of cases in Americas and
Asia [14–16] and the economic cost that society must borne to treat (medical and out-of-pocket
costs) and control the disease (prevention and promotion, surveillance and control activities),
dengue continues to be a public health priority, especially in the regions previously mentioned.
This chapter aims to present a recent picture of the treatment costs, generated by the disease
and borne by the healthcare system and households, and its burden on the public health in
relevant countries for each one of the main territories of the Americas.

The following sections contain: the explanation of the criteria used to select the group of
countries for which the total economic cost and burden of the disease were calculated (Coun-
tries selection); the methodology used for estimating the DALY and the total economic cost, as
well as the necessary adjustment in the cost figures (Materials and methods); the main results
for the year 2015 (Results) and finally a brief discussion on the current levels of incidence of
dengue as a comparison between 2015 and 2017 in terms of total costs and burden. By
estimating the burden for 2015, which corresponds to the year with the highest number of
reported dengue cases, according to PAHO, we can estimate the impact that dengue has on
public health and health expenditure in an epidemic year. In contrast, having the results for
2017 not only shows a more recent level of the burden but also serve as a comparison of the
disease’s impact between epidemic and inter-epidemic years. It is worth noting that even
though the figures used in this chapter correspond to official figures collected by PAHO,
underreport in the information health systems is an element that could hide the real burden1.

2. Countries selection

To select the countries reviewed, we consider two main elements. The total number of dengue
cases in each country according to Pan American Health Organization (PAHO) reports and the
availability of information regarding total and average economic costs (per patient). Additionally,

1
Although it is challenging to estimate a robust level for underreport, attempts have been made. In Brazil the underreport
expansion factor for total dengue cases have been estimated in 1.6, while in Nicaragua this estimation goes as high as 28.
Additionally, the estimation for the underreport factor specific for severe dengue cases ranges from 1.4 to 3 [20].
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we aimed for having a relevant2 country for each one of the main territories of the Americas as
described by PAHO: Central America and Mexico, Andean, Southern Cone, and the Carib-
bean3 (Map 1). Given that dengue cases recorded in North America usually correspond to non-
endemic cases, we exclude from this chapter the information related to the USA and Canada.

To obtain robust figures for each country and avoid making a selection based on a particular
year, we used the aggregated figures, by adding the total number of reported cases and death
for the period 2014–2017. Based on the total number of reported dengue cases and deaths, we

Map 1. Incidence per 100,000 inhabitants in Americas (2014–2017). Source: PAHO. 2017.

2
We consider a country as relevant based on the burden of the disease in terms of reported dengue cases and dengue
related deaths.
3
As Caribbean territory we considered both Latin Caribbean and Non-Latin Caribbean.
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selected Mexico as the representative country of the Central America and Mexico territory
(Figure 2). Mexico has the highest number of dengue deaths (149) as well as the highest
number of reported dengue cases (564,498). Another benefit of reviewing the Mexican case is
the availability of information regarding total and per patient economic cost through a micro-
costing approach [17]. Similarly, for the Andean territory, we observed that the country with
the highest number of reported dengue cases (337,018) and deaths (318) is Colombia (Figure 3).
For this country, the cost for patient was calculated using a micro-costing approach that
employed the administrative records of the national healthcare system and a household survey
conducted by the authors [18].

In the Southern Cone territory (Figure 4), we observe Brazil as the country with the highest
number of dengue cases (3,992,664) and deaths (2,048). The latter is particularly expected since

Figure 2. Dengue cases and mortality in Central America and Mexico territory (2014–2017). Source: PAHO. 2017.

Figure 3. Dengue cases and mortality in Andean territory (2014–2017). Source: PAHO. 2017.
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not only Brazil has the largest population in the region (Southern Cone and Andean territory),
but also the other countries in this territory are sub-tropical (Paraguay) and non-tropical (Chile,
Argentina and Uruguay). The advantage of reviewing the Brazilian case is the large evidence of
total and per patient economics costs which has been estimated using micro-costing, bottom-
up approach from administrative records, household survey and interviews [19].

Finally, for the Caribbean territory, we found that, based on the information from PAHO,
between 2014 and 2017, the country with the highest number of dengue cases (31,326) and
deaths (209) is the Dominican Republic (Figure 5). In contrast to Brazil, Colombia and Mexico,
no published study, which quantifies the cost of the disease per patient considering the same
cost structure framework commonly found in the literature (direct and indirect costs), was

Figure 4. Dengue cases and mortality in Southern Cone territory (2014–2017). Source: PAHO. 2017.

Figure 5. Dengue cases and mortality in the Caribbean territory (2014–2017). Source: PAHO. 2017.
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found. Thus, we used the costs per patient estimated by Shepard [20] by extrapolating the
results from other countries and considering the differences in purchasing power and income4.

3. Materials and methods

To assess the economic cost of the disease, we used the results found for Brazil, Colombia, the
Dominican Republic, and Mexico. To maintain cost structure homogeneity, we exploited the
common methodological framework used in the literature, which is employed in the papers
reviewed. There are three main cost categories used to quantify the economic burden of a
disease: direct medical cost, direct non-medical cost, and indirect cost.

Direct medical cost comprises the cost borne by the healthcare unit (professional services,
medical inputs, medical drugs, laboratory test). Additionally, direct non-medical cost corre-
sponds to the value expended during a dengue episode and comprises food, lodging and travel
expenses. Finally, indirect cost includes the productivity loss5 (by patient and caregivers).

Even though the authors researched a common topic, there are some methodological differ-
ences that are worth noting to make a correct comparison between the results. In contrast to
Mexico [17], Colombia [18] and Brazil [19] estimate the direct cost per patient grouping the
medical and non-medical component in the same category, thus their figures could only be
compared to the sum of medical and non-medical direct cost6 from Mexico and Colombia.

Although the three studies present their results in dollars, nominal adjustment7 was needed8,
for this we use the GDP deflator calculated by the World Bank for each country. Once the
appropriate per patient is defined, the total number of reported dengue cases is required to
estimate the total cost in each country; for this, we took the information reported by PAHO for

4
More details about the methodology employed by the authors can be found in [20].

5
Productivity loss corresponds to a monetary estimate of the days of work lost by the patient as well as caregivers.

6
Direct non-medical costs include out-of-pocket expenses borne by the patient.

7
Nominal adjustment accounts for price changes due to inflation between years. This adjustment allows for proper
comparison between figures from different years.
8
To nominally adjust the cost figures the GDP deflator was used for two different years i; jð Þ.
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the year 20159. Considering potential lack of homogeneity among countries regarding labora-
tory confirmation practices and policies, we used total reported cases instead of laboratory
confirmed cases for our analysis; we allow for this since reported dengue cases also received
treatment and PAHO definition for reported cases only includes people “who has a fever or
history of fever for 2-7 days duration, two or more symptoms of dengue and one serological
test positive or epidemiological nexus with confirmed dengue case 14 days before onset of
symptom.” Even though using reported dengue cases, we are allowing for a potential
overestimation of the economic burden, it is worth noting that by using DALY figures from
WHO, we avoid this potential bias in the burden of the disease. It might also be noted that by
using this approach, the results we found could be interpreted as an upper bound for the
economic burden of the disease. To calculate the total treatment cost, we make the following
assumption, and severe cases are considered to receive hospitalized treatment while nonsevere
dengue cases10 are considered to receive ambulatory treatment. From now on, we will refer
only to ambulatory cases and hospitalized cases.

Total treatment cost was calculated for both ambulatory and hospitalized cases as presented in
Eq. (1).

TC ¼ AD� PPCambulatory þHD� PPChospitalized (1)

where TC represents total cost, AD number of ambulatory dengue cases, HD number of
hospitalized dengue cases, and PPC per patient cost.

PPCi ¼ DMCi þDnMCi þ ICi,

i∈ ambulatory; hospitalizedf g (2)

where DMC represents direct medical cost, DnMC direct non-medical cost and IMC indirect
cost. In other words, the total cost of the disease is equal to the number of dengue cases times
the cost per patient, for both ambulatory and hospitalized cases. The total treatment cost per
patient corresponds to the sum of direct medical cost per patient, direct non-medical cost per
patient and indirect cost per patient.

As estimates for the burden of the disease, measured as the number of Disability Adjusted Life
Years (DALY)11, we use the figures from the World Health Organization (WHO) for the year

9
We considered the last published report that includes the information from the whole year. PAHO gathers epidemiolog-
ical information from official reports made by the countries themselves. Thus, PAHO figures represent the official number
of reported dengue cases, death and incidence. This mechanism has been working since 1980 and nowadays counts with
systems of mandatory notification across the national territories.
10
The number of ambulatory dengue cases is equal to the total number of reported cases minus the total number of

hospitalized cases; both figures are used as reported by PAHO.
11
According to WHO, one Disability Adjusted Life Years can be thought of as one lost year of “healthy” life. The sum of

these DALYs across the population can be thought of as a measurement of the gap between current health status and an
ideal health situation where the entire population lives to an advanced age, free of disease and disability and are
calculated as the sum of the Years of Life Lost (YLL) due to premature mortality in the population and the Years Lost
due to Disability (YLD) for people living with the health condition or its consequence.
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2015; we preferred DALYs as measurement of the disease’s burden because it allows to express
numerically the burden of the disease as years based on a set of standard weights [21].

Additionally, to estimate the number of DALYs for 2017, which is presented in the discussion
section, we used the following approach. Using the DALY estimates of WHO for 2015 and the
number of cases of dengue reported by PAHO, we calculated the ratio of DALY per reported
dengue case, which we then used to calculate the burden of the disease for 2017.

rDALY ¼ #
DALY2015�WHO

#Cases2015�PAHO
(3)

DALY2017 ¼ rDALY � #Cases2017�PAHO (4)

This approach relies on one underlying assumptions, mortality rates do not change dramati-
cally from 2015 to 201712. It is noteworthy that following this approach, we benefit from the
WHO information about DALY estimation parameters, reduce bias (noise) from lack of spe-
cific data needed to estimate the burden of the disease13 and get highly comparable estima-
tions from a homogeneous methodology.

4. Results

After nominally adjusting the figures, the cost per patient found by the authors for Brazil,
Colombia, the Dominican Republic, and Mexico are shown in Table 1. Since the authors used
the same cost structure in their estimation process, we can separate the total cost into their
main categories (direct medical and non-medical cost and indirect cost). The figures are
presented in 2017 prices, which allows for comparison. Table 1 shows the total cost per patient
disaggregated.

In the four countries reviewed, Mexico is the one with the most expensive treatment cost per
patient in ambulatory care, even when their indirect cost is the lowest. For ambulatory cases, in
contrast to Brazil, Colombia, and the Dominican Republic, the direct medical cost in Mexico is
larger than the direct non-medical cost and the indirect cost (even when combined). For
hospitalized cases, Mexico keeps having the most expensive treatment cost per patient, with
direct costs that more than double the direct costs of the other countries.

The latter shows that Mexico has the most expensive dengue treatment per patient, regardless
of the type of care (ambulatory US$ 501 or hospitalized US$ 1,475). On the other hand, the less
expensive treatment for ambulatory (US$ 189) and hospitalized (US$ 488) cases would be
in Brazil.

12
We do not find this assumption to be particularly strong.

13
Recalling the method used to estimate the total cost of the disease it is noteworthy that the latent risk of overestimation is

not present in the estimation of the burden of the disease (DALY), as it is estimated by extrapolating the results of 2005
using the ratio of DALY per reported dengue case.
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ideal health situation where the entire population lives to an advanced age, free of disease and disability and are
calculated as the sum of the Years of Life Lost (YLL) due to premature mortality in the population and the Years Lost
due to Disability (YLD) for people living with the health condition or its consequence.
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2015; we preferred DALYs as measurement of the disease’s burden because it allows to express
numerically the burden of the disease as years based on a set of standard weights [21].

Additionally, to estimate the number of DALYs for 2017, which is presented in the discussion
section, we used the following approach. Using the DALY estimates of WHO for 2015 and the
number of cases of dengue reported by PAHO, we calculated the ratio of DALY per reported
dengue case, which we then used to calculate the burden of the disease for 2017.

rDALY ¼ #
DALY2015�WHO

#Cases2015�PAHO
(3)

DALY2017 ¼ rDALY � #Cases2017�PAHO (4)

This approach relies on one underlying assumptions, mortality rates do not change dramati-
cally from 2015 to 201712. It is noteworthy that following this approach, we benefit from the
WHO information about DALY estimation parameters, reduce bias (noise) from lack of spe-
cific data needed to estimate the burden of the disease13 and get highly comparable estima-
tions from a homogeneous methodology.

4. Results

After nominally adjusting the figures, the cost per patient found by the authors for Brazil,
Colombia, the Dominican Republic, and Mexico are shown in Table 1. Since the authors used
the same cost structure in their estimation process, we can separate the total cost into their
main categories (direct medical and non-medical cost and indirect cost). The figures are
presented in 2017 prices, which allows for comparison. Table 1 shows the total cost per patient
disaggregated.

In the four countries reviewed, Mexico is the one with the most expensive treatment cost per
patient in ambulatory care, even when their indirect cost is the lowest. For ambulatory cases, in
contrast to Brazil, Colombia, and the Dominican Republic, the direct medical cost in Mexico is
larger than the direct non-medical cost and the indirect cost (even when combined). For
hospitalized cases, Mexico keeps having the most expensive treatment cost per patient, with
direct costs that more than double the direct costs of the other countries.

The latter shows that Mexico has the most expensive dengue treatment per patient, regardless
of the type of care (ambulatory US$ 501 or hospitalized US$ 1,475). On the other hand, the less
expensive treatment for ambulatory (US$ 189) and hospitalized (US$ 488) cases would be
in Brazil.

12
We do not find this assumption to be particularly strong.

13
Recalling the method used to estimate the total cost of the disease it is noteworthy that the latent risk of overestimation is

not present in the estimation of the burden of the disease (DALY), as it is estimated by extrapolating the results of 2005
using the ratio of DALY per reported dengue case.
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Since the number of cases presented in Table 2 is not corrected by country-specific population,
they cannot be directly compared between themselves; nevertheless, we can observe that more
than half the total number of de dengue cases in the Americas in 2015 are located in Brazil
(69.1%) and although the population of Brazil is less than twice the population of Mexico, its
number of dengue cases exceeds twice the number dengue cases of the latter. This exhibits a
concerning situation for the public health in Brazil. Once we controlled for the population of
each country, we found that in 2015, the lowest incidence rate corresponds to the Dominican
Republic and the highest to Brazil. Although the Dominican Republic has the lowest incidence
rate, its mortality rate is much higher than that of the other countries.

Once we have defined the total number of dengue cases for each country and its corresponding
treatment cost, it is possible to calculate the total cost following Eqs. (1) and (2). Table 3
exhibits the total treatment cost for the year 2015 (in 2017 prices). In absolute terms, the highest
economic cost corresponds to Brazil, which, as was shown before, has the less expensive
treatment cost per patient, hence the extent of the total cost is mainly due to the high incidence

Brazil Colombia The Dominican Republic Mexico

Cost per ambulatory patient

Direct medical $70 $75 $75 $281

Direct non-medical $33 $14 $102

Indirect $119 $219 $136 $118

Total $189 $327 $224 $501

Cost per hospitalized patient

Direct medical $258 $368 $366 $1,123

Direct non-medical $59 $152 $193

Indirect $230 $345 $366 $159

Total $488 $771 $883 $1,475

Source: Martelli, et al. (2015) [19], Castro, et al. (2015) [18], Undurraga, et al. (2014) [17], Shepard, et al. (2011) [20]. Prices
2017.

Table 1. Treatment cost per patient by country (nominally adjusted 2017 dollars).

Brazil Colombia The Dominican Republic Mexico

Number of cases

Ambulatory dengue 1,647,439 95,023 15,194 214,129

Hospitalized dengue 1,569 1,421 1,854 5,464

Deaths 863 155 107 42

Incidence per 10.000 inhabitants 80.6 20.0 17.1 18.1

Mortality rate (%) 0.05 0.16 0.63 0.02

Source: PAHO. 2015. Week 52. IMF.

Table 2. Number of cases, death and epidemiological by country (2015).
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in the country. In terms of burden of the disease, measured as DALY, Brazil keep having the
highest figures in absolute terms (49,500 DALYS), followed by Colombia (16,200 DALYS).

Having DALY in absolute terms does not allow for a proper comparison, therefore, we adjusted
the results by dividing them by the country-specific population. Hence, we could express the
burden of the disease as the number of DALY per million inhabitants, which is now perfectly
comparable between countries. Now, Brazil is not the country with the highest burden relative to
its population size, but the Dominican Republic (336 DALYS per million inhabitants), followed
by Colombia, which remains in second place (962 DALYS per million inhabitants).

As well as adjusting the DALY by the population, it is also important to adjust the total
treatment cost relative to some economic measure that allows to compare figures between
countries in a proper manner. One alternative is to present the results as share of the total
Gross Domestic Product (GDP) of each country, but this approach has two disadvantages.
First, the resulting figures are too small, which by multiplying them by a factor makes the
interpretation more difficult, and second, it does not consider GDP composition. Instead, we
have used the total health expenditure estimated by the World Bank (WB) to adjust the total
treatment cost. Table 4 exhibits the total health expenditure by country in US billion dollars for
2015 (in 2017 prices).

Once adjusted, the total annual cost is very similar among countries. Notably, Colombia and
Mexico spend nearly the same proportion (0.18%) of their health expenditure in dengue
treatment, and Brazil has a lower share than the latter (0.16%). Given the country selection
criteria used, one could assert that the average share of total cost caused by dengue treatment

Brazil Colombia The Dominican Republic Mexico

Total ambulatory (US Dollars) 310,672,689 31,052,056 3,411,045 107,351,329

Total hospitalized (US Dollars) 766,211 1,096,202 1,637,140 8,060,036

Total cost (US Dollars) 311,438,900 32,148,258 5,048,184 115,411,366

Total DALY 49,500 16,200 9,600 12,100

Population 204,469,667 48,202,951 9,980,185 121,006,250

DALY per million inhabitants 242 336 962 100

Source: PAHO. 2015. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18], Undurraga, et al. (2014) [17], Shepard,
et al. (2011) [20]. Prices 2017.

Table 3. Total annual treatment cost and DALYs lost per million inhabitants by country (2015). 2017 dollars.

Brazil Colombia The Dominican Republic Mexico

GDP (US Dollars billions) 2,142 297 67 1,093

Health expenditure (US Dollars billions) 191 18 4 64

Health expenditure (% of GDP) 8.9 6.2 6.2 5.9

Source: World Bank. IMF.

Table 4. Total health expenditure (2015). 2017 dollars.
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Since the number of cases presented in Table 2 is not corrected by country-specific population,
they cannot be directly compared between themselves; nevertheless, we can observe that more
than half the total number of de dengue cases in the Americas in 2015 are located in Brazil
(69.1%) and although the population of Brazil is less than twice the population of Mexico, its
number of dengue cases exceeds twice the number dengue cases of the latter. This exhibits a
concerning situation for the public health in Brazil. Once we controlled for the population of
each country, we found that in 2015, the lowest incidence rate corresponds to the Dominican
Republic and the highest to Brazil. Although the Dominican Republic has the lowest incidence
rate, its mortality rate is much higher than that of the other countries.

Once we have defined the total number of dengue cases for each country and its corresponding
treatment cost, it is possible to calculate the total cost following Eqs. (1) and (2). Table 3
exhibits the total treatment cost for the year 2015 (in 2017 prices). In absolute terms, the highest
economic cost corresponds to Brazil, which, as was shown before, has the less expensive
treatment cost per patient, hence the extent of the total cost is mainly due to the high incidence
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Source: PAHO. 2015. Week 52. IMF.

Table 2. Number of cases, death and epidemiological by country (2015).
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in the country. In terms of burden of the disease, measured as DALY, Brazil keep having the
highest figures in absolute terms (49,500 DALYS), followed by Colombia (16,200 DALYS).

Having DALY in absolute terms does not allow for a proper comparison, therefore, we adjusted
the results by dividing them by the country-specific population. Hence, we could express the
burden of the disease as the number of DALY per million inhabitants, which is now perfectly
comparable between countries. Now, Brazil is not the country with the highest burden relative to
its population size, but the Dominican Republic (336 DALYS per million inhabitants), followed
by Colombia, which remains in second place (962 DALYS per million inhabitants).

As well as adjusting the DALY by the population, it is also important to adjust the total
treatment cost relative to some economic measure that allows to compare figures between
countries in a proper manner. One alternative is to present the results as share of the total
Gross Domestic Product (GDP) of each country, but this approach has two disadvantages.
First, the resulting figures are too small, which by multiplying them by a factor makes the
interpretation more difficult, and second, it does not consider GDP composition. Instead, we
have used the total health expenditure estimated by the World Bank (WB) to adjust the total
treatment cost. Table 4 exhibits the total health expenditure by country in US billion dollars for
2015 (in 2017 prices).

Once adjusted, the total annual cost is very similar among countries. Notably, Colombia and
Mexico spend nearly the same proportion (0.18%) of their health expenditure in dengue
treatment, and Brazil has a lower share than the latter (0.16%). Given the country selection
criteria used, one could assert that the average share of total cost caused by dengue treatment

Brazil Colombia The Dominican Republic Mexico

Total ambulatory (US Dollars) 310,672,689 31,052,056 3,411,045 107,351,329

Total hospitalized (US Dollars) 766,211 1,096,202 1,637,140 8,060,036

Total cost (US Dollars) 311,438,900 32,148,258 5,048,184 115,411,366

Total DALY 49,500 16,200 9,600 12,100

Population 204,469,667 48,202,951 9,980,185 121,006,250

DALY per million inhabitants 242 336 962 100

Source: PAHO. 2015. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18], Undurraga, et al. (2014) [17], Shepard,
et al. (2011) [20]. Prices 2017.

Table 3. Total annual treatment cost and DALYs lost per million inhabitants by country (2015). 2017 dollars.

Brazil Colombia The Dominican Republic Mexico

GDP (US Dollars billions) 2,142 297 67 1,093

Health expenditure (US Dollars billions) 191 18 4 64

Health expenditure (% of GDP) 8.9 6.2 6.2 5.9

Source: World Bank. IMF.

Table 4. Total health expenditure (2015). 2017 dollars.

The Burden of Dengue Illness and Its Economics Costs in the Americas: A Review on the Most Affected Countries
http://dx.doi.org/10.5772/intechopen.79887

31



in health expenditure in an epidemic year is 0.16% for the countries with the highest number of
cases (Table 5). Although this result cannot be perfectly extrapolated to all the countries of the
Americas, it could be interpreted as an upper bound for the size of the economic burden of
dengue in the region.

Figure 6 shows the normalized treatment cost14 and burden for each country. We can observe
that while the Dominican Republic is the country with the highest number of DALY adjusted by
population, it has the lowest cost per each DALY lost because of the disease. In contrast, Mexico
has the highest cost per DALY lost, but the lowest number of DALY adjusted by population.

Finally, Table 6 exhibits the 2015 total economic cost per DALY adjusted for purchasing power
parity (PPP). There appears to be high variance in the total treatment cost, with its ranges from
$1,157 in the case of the Dominican Republic to $17,703 for Mexico. It is noteworthy that
Mexico, in relative terms, always presents the highest treatment cost. This result is consistent
whether we analyze the total treatment cost per patient, the share of total annual cost over the
total health expenditure or the total treatment per DALY adjusted for PPP.

Figure 6. Normalized results. 2015. Source: PAHO. 2015. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18],
Undurraga, et al. (2014) [17], Shepard, et al. (2011) [20]. Prices 2017.

Brazil Colombia The Dominican Republic Mexico

Total ambulatory (%) 0.16 0.17 0.08 0.17

Total hospitalized (%) 0.00 0.01 0.04 0.01

Total cost (%) 0.16 0.18 0.12 0.18

Source: PAHO. 2015. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18], Undurraga, et al. (2014) [17], Shepard,
et al. (2011) [20]. Prices 2017.

Table 5. Total annual treatment cost as share of the total health expenditure (2015).

14
Variable definition: level of current health expenditure expressed as a percentage of GDP. Estimates of current health

expenditures include healthcare goods and services consumed during each year. This indicator does not include capital
health expenditures such as buildings, machinery, innovation and technology and stocks of vaccines for emergency or
outbreaks.
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The variance in the results could be explained by the income gap between countries. If we
consider the GDP per capital as proxy for the median income of each country, it makes sense
that Mexico and Brazil have the highest cost per case and DALY since their GDP (US$ 9,033
and US$ 10,476 respectively) is close to 50% higher than the GDP per capita of Colombia and
the Dominican Republic (US$ 6,161 and US$ 6,713 respectively).

5. Discussion

According to the review made by Shepard [22], who estimate the burden at a global scale for
the year 2013, Latin-American and the Caribbean regions exhibit the highest treatment cost per
case. From this perspective, our review presents the burden of the disease for the most affected
countries, in terms of reported cases, of the region with the most expensive treatment cost. The
latter is particularly relevant if we considered the estimates of the share of total treatment cost
over the total health expenditure presented because our results could be interpreted as an
upper bound for relative economic burden of dengue.

As mentioned before, in this section, we will discuss how the total treatment cost and the
burden change in 2017, which we consider to be an inter-epidemic year given the low number
of cases relative to previous years (2010–2017) (Table 7).

Brazil Colombia The Dominican Republic Mexico

Total ambulatory (PPP Dollars) $11,190.5 $4,385.6 $782.0 $16,466.4

Total hospitalized (PPP Dollars) $27.6 $154.8 $375.3 $1,236.3

Total cost (PPP Dollars) $11,218.1 $4,540.4 $1,157.3 $17,702.7

Source: PAHO. 2015. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18], Undurraga, et al. (2014) [17], Shepard,
et al. (2011) [20]. Prices 2017.

Table 6. 2015 Total economic cost per DALY (2017 PPP dollars).

Brazil Colombia The Dominican Republic Mexico

Total ambulatory (US Dollars) 47,458,401 8,494,113 285,339 44,878,911

Total hospitalized (US Dollars) 184,593.94 220,629 77,707 553,169

Total treatment cost (US Dollars) 47,642,995 8,714,742 363,046 45,432,079

Total DALY 7,599 2,481 259 7,554

Population 207,680,999 49,293,878 10,172,243 123,517,856

DALY per 1 million inhabitants 37 50 25 61

Source: PAHO. 2017. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18], Undurraga, et al. (2014) [17], Shepard,
et al. (2011) [20]. Prices 2017.

Table 7. 2017 Economic and DALY lost per million inhabitants by country (2017 dollars).
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in health expenditure in an epidemic year is 0.16% for the countries with the highest number of
cases (Table 5). Although this result cannot be perfectly extrapolated to all the countries of the
Americas, it could be interpreted as an upper bound for the size of the economic burden of
dengue in the region.

Figure 6 shows the normalized treatment cost14 and burden for each country. We can observe
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parity (PPP). There appears to be high variance in the total treatment cost, with its ranges from
$1,157 in the case of the Dominican Republic to $17,703 for Mexico. It is noteworthy that
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The variance in the results could be explained by the income gap between countries. If we
consider the GDP per capital as proxy for the median income of each country, it makes sense
that Mexico and Brazil have the highest cost per case and DALY since their GDP (US$ 9,033
and US$ 10,476 respectively) is close to 50% higher than the GDP per capita of Colombia and
the Dominican Republic (US$ 6,161 and US$ 6,713 respectively).

5. Discussion

According to the review made by Shepard [22], who estimate the burden at a global scale for
the year 2013, Latin-American and the Caribbean regions exhibit the highest treatment cost per
case. From this perspective, our review presents the burden of the disease for the most affected
countries, in terms of reported cases, of the region with the most expensive treatment cost. The
latter is particularly relevant if we considered the estimates of the share of total treatment cost
over the total health expenditure presented because our results could be interpreted as an
upper bound for relative economic burden of dengue.

As mentioned before, in this section, we will discuss how the total treatment cost and the
burden change in 2017, which we consider to be an inter-epidemic year given the low number
of cases relative to previous years (2010–2017) (Table 7).
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et al. (2011) [20]. Prices 2017.
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To estimate the total number of DALY for the year 2017, we calculated the ratio between
dengue cases and DALY for 2015 with the WHO and PAHO figures and extrapolate the results
as discussed in section “Materials and methods.” Population has been updated too, to corre-
spond to the year 2017. DALY adjusted for population present a dramatic decline of 76.53% in
average due to the decrease in total number of dengue cases. Additionally, the total treatment
cost of the disease decreased 77.8% in average (from 2015 to 2017), being Dominica Republic
the country with the highest reduction rate (92.8%). It is worth saying that the change in the
figures is closely tied to the change in the number of dengue cases since the cost per patient
remained the same (Table 8).15

As result of the decline in the number dengue cases in 2017, the share of the total costs
decreased to almost a fifth of the share in 2015 (Figure 7).

15
Cost per patient do not vary since they are expressed in 2017 dollar are correspond to the figures obtained in the

respective studies reviewed.

Figure 7. Normalized results. 2017. Source: PAHO. 2017. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18],
Undurraga, et al. (2014) [17], Shepard, et al. (2011) [20]. Prices 2017.

Brazil Colombia The Dominican Republic Mexico

GDP (US Dollars billions) 2,081 307 75 1,142

Health expenditure (% of GDP) 8.9 6.2 6.2 5.9

Health expenditure (US Dollars billions) 185 19 5 67

Total ambulatory (%) 0.03% 0.04% 0.01% 0.07%

Total hospitalized (%) 0.00% 0.00% 0.00% 0.00%

Total cost (%) 0.03% 0.05% 0.01% 0.07%

Source: PAHO. 2017. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18], Undurraga, et al. (2014) [17], Shepard,
et al. (2011) [20]. Prices 2017.

Table 8. Total health expenditure and 2017 total economic cost as share of the total health expenditure (2017 dollars).
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Normalized results for 2017 show that, in contrast to 2015, the Dominican Republic exhibits
both the lowest total treatment cost per DALY and DALY per million of inhabitants, which
suggest an improvement for the Caribbean country, especially considering the noneconomic
burden. On the other hand, Mexico went from having the lowest number of DALY adjusted
for population to having one of the highest.

One important limitation about this review and potentially other burden analyses is the
accuracy of the epidemiological information. As the number of total dengue cases, severe and
non-severe, corresponds to reported cases, one cannot assume that they correspond to the
effective number of cases. Reported (or febrile) cases can overestimate the total actual burden
of the disease. On the other hand, one should consider that by using laboratory confirmed
cases, bias in the other direction is introduced, since not only that figure would be affected by
laboratory confirmation policies and practices but also by underreport. After reviewing the
latter, we decided to use reported cases and allow for potential overestimation in the economic
burden. Thus, our results should be considered as upper bound estimates of the economic
burden16 and not completely accurate figures.

The results found have three interesting implications for further studies and reviews. Economic
burden of dengue should follow a structured costing framing, which allows for proper com-
parison between results and better estimation of treatment cost per case. The data and sources
used in this chapter could serve as inputs in future cost-effectiveness analysis (CEA); once
economic cost per cases has been covered, the remaining element to conduct a CEA would be
the approximate reduction in dengue cases due to the use of a prevention technology. Finally, the
similar results in terms of relative economic burden suggest that 0.16%17 could be interpreted
as an upper bound of the total treatment cost of dengue as share of total health expenditure.
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To estimate the total number of DALY for the year 2017, we calculated the ratio between
dengue cases and DALY for 2015 with the WHO and PAHO figures and extrapolate the results
as discussed in section “Materials and methods.” Population has been updated too, to corre-
spond to the year 2017. DALY adjusted for population present a dramatic decline of 76.53% in
average due to the decrease in total number of dengue cases. Additionally, the total treatment
cost of the disease decreased 77.8% in average (from 2015 to 2017), being Dominica Republic
the country with the highest reduction rate (92.8%). It is worth saying that the change in the
figures is closely tied to the change in the number of dengue cases since the cost per patient
remained the same (Table 8).15

As result of the decline in the number dengue cases in 2017, the share of the total costs
decreased to almost a fifth of the share in 2015 (Figure 7).

15
Cost per patient do not vary since they are expressed in 2017 dollar are correspond to the figures obtained in the

respective studies reviewed.

Figure 7. Normalized results. 2017. Source: PAHO. 2017. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18],
Undurraga, et al. (2014) [17], Shepard, et al. (2011) [20]. Prices 2017.
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Total ambulatory (%) 0.03% 0.04% 0.01% 0.07%

Total hospitalized (%) 0.00% 0.00% 0.00% 0.00%

Total cost (%) 0.03% 0.05% 0.01% 0.07%

Source: PAHO. 2017. Week 52. Martelli, et al. (2015) [19], Castro, et al. (2015) [18], Undurraga, et al. (2014) [17], Shepard,
et al. (2011) [20]. Prices 2017.

Table 8. Total health expenditure and 2017 total economic cost as share of the total health expenditure (2017 dollars).
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Normalized results for 2017 show that, in contrast to 2015, the Dominican Republic exhibits
both the lowest total treatment cost per DALY and DALY per million of inhabitants, which
suggest an improvement for the Caribbean country, especially considering the noneconomic
burden. On the other hand, Mexico went from having the lowest number of DALY adjusted
for population to having one of the highest.

One important limitation about this review and potentially other burden analyses is the
accuracy of the epidemiological information. As the number of total dengue cases, severe and
non-severe, corresponds to reported cases, one cannot assume that they correspond to the
effective number of cases. Reported (or febrile) cases can overestimate the total actual burden
of the disease. On the other hand, one should consider that by using laboratory confirmed
cases, bias in the other direction is introduced, since not only that figure would be affected by
laboratory confirmation policies and practices but also by underreport. After reviewing the
latter, we decided to use reported cases and allow for potential overestimation in the economic
burden. Thus, our results should be considered as upper bound estimates of the economic
burden16 and not completely accurate figures.

The results found have three interesting implications for further studies and reviews. Economic
burden of dengue should follow a structured costing framing, which allows for proper com-
parison between results and better estimation of treatment cost per case. The data and sources
used in this chapter could serve as inputs in future cost-effectiveness analysis (CEA); once
economic cost per cases has been covered, the remaining element to conduct a CEA would be
the approximate reduction in dengue cases due to the use of a prevention technology. Finally, the
similar results in terms of relative economic burden suggest that 0.16%17 could be interpreted
as an upper bound of the total treatment cost of dengue as share of total health expenditure.
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Abstract

Aedes aegypti (Stegomyia) has been human vectors for many human diseases globally. In 
recent years, dengue virus has been diagnosed in different regions such as Asia and Latin 
America vectored by Aedes spp. mosquitoes. Dengue cases have been reported again in 
the several parts of African and other continental hospital. The different types of breed-
ing sites have been found to be abundant in both urban and rural areas. The abundance of 
adult Ae. aegypti and habitat productivity in different settings escalates the risk of dengue 
transmission if viruses are found in asymptomatic population. The insecticide resistance 
has been found to occur in the wild population of Aedes aegypti to insecticides commonly 
used for indoor residual spray and long-lasting insecticidal net treatments. The control of 
human vector population is still a challenge as the vector has a diurnal feeding and out-
door resting behavior. Environmental management is still the best practice to be adopted 
in many countries for Aedes aegypti control. The currently discovered dengue vaccine 
might be an immediate arsenal for the community immunization.

Keywords: Aedes aegypti, ecology, insecticide resistance, control, arboviruses

1. Introduction

Mosquitoes are small, midge-like flies that constitute the family Culicidae. Females of most 
species are ectoparasites feeding on vertebrates’ blood through piercing the hosts’ skin to 
suck the blood. To-date, approximately 3500 species of the Culicidae have been described. 
The family Culicidae is a large and abundant group which occurs throughout temperate and 
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tropical regions of the world and well beyond the Arctic Circle [1]. There are two subfamilies 
of Culicidae, that is, the Anophelinae (3 genera) and the Culicinae (110 genera). The subfamily 
Culicidae, Aedes is the largest tribe of mosquitoes with 1256 species classified into 10 genera: 
Aedes sensu (931), Armigeres (58), Eretmapodites (48), Haemagogus (28), Heizmannia (38), 
Opifex (2), Psorophora (49), Udaya (3), Verrallina (95), and Zeugnomyia (4) [2].

The public health concern of Aedes mosquitoes particularly Ae. aegypti and Ae. albopictus in 
the transmission of arboviruses such as dengue virus, chikungunya virus, ZIKV virus, and 
yellow fever virus is kept on increasing globally. Over half of the world’s population is at 
risk of dengue and chikungunya infections [3]. The Caribbean, South America, and Europe 
are no longer spared from chikungunya infection, a disease which was previously limited to 
Africa and Asia [3]. According to the World Health Organization, about 2.5 billion people 
globally live in dengue endemic regions [4]. Dengue is the most worldwide important mos-
quito-transmitted viral infection [4]. Over 100 countries in Africa, North and South America, 
Southeast Asia, Europe, and the Pacific are reported to have had severe dengue outbreaks [5]. 
The annual occurrence of dengue fever infections ranges from 50 to 100 million with which 
around 500,000 facing severe morbidity causing to over 20,000 mortalities, pediatrics beings 
the most cases [5]. The chikungunya virus infections (CHIKV) have been documented in over 
60 countries in Asia, Africa, Europe, and the Americas [6]. The estimated number of chikun-
gunya cases in Americas in 2016 was 693,000, and Zika virus (ZIKV) disease was 500,000 [6, 7]. 
Yellow fever cases in Africa were 130,000 with an estimated 31,000 annual disability adjusted 
life years and 500 deaths [8, 9].

About 80% of the world’s population is at risk for at least of exposure to one vector-borne 
disease; these diseases account for about 17% of the estimated global burden of communicable 
diseases and cause over 700,000 deaths annually, affecting disproportionately poorer popula-
tions [6, 9]. They hamper economic development through direct medical costs and indirect 
costs such as the loss of productivity and tourism. The social, demographic, and environmen-
tal factors strongly influence transmission patterns of vector-borne pathogens. Vector control 
is an important component for decision science in the prevention and control of vector-borne 
disease approaches. Consequently, the global distribution and ecology of these vectors and the 
geographical determinants of their ranges are essential in order to be effective. Therefore, it is 
important to work out where these mosquito species are found around the globe to identify 
the areas at risk. It is also important to predict where these species could become established if 
they were introduced, in order to identify areas that could become at risk in the future.

1.1. Aedes distribution

Ae. aegypti and Ae. albopictus are worldwide distributed between 35° N and 35° S, latitudes 
that roughly correspond to a 10°C winter isotherm which appears to be the limiting tempera-
tures that the species can tolerate while overwintering [5]. The species are highly adapted to 
urban environments, breeding in stagnant water found in manufactured containers, garbage 
heaps, and tyres. However, the distribution of Ae. albopictus has been highly biased to tem-
perate climates [10] though the vector is now widely distributed throughout the Americas 
(excluding Canada), Europe, Asia, Africa, Australia, and the Pacific [11].
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The geographic distribution of Ae. aegypti based on the order of higher levels of occurrence for 
each continent reveals that in the Americas, the Brazil ranks the highest (Table 1). In Africa, 
occurrence of the vectors have been recorded in Senegal, Cameroon, Kenya, Tanzania, Ivory 
Coast, Nigeria, Madagascar, Gabon, and Sierra Leone (Table 1). In Asia/Oceania, occurrence 
of Ae. aegypti has been reported and documented (Table 1) [3, 12].

1.2. Ecology of Aedes mosquitoes

1.2.1. Aedes aegypti

Ae. aegypti is an arthropod closely associated with humans and their habitats. They are mostly 
anthropophilic [13] with high preference to the urban environment [14]. They get blood 
meals from human, and human creates conducive environment for their population growth 
through up haphazardly disposal of water-holding containers/obsoletes around our homes. 
The mosquito lays her eggs on the sides of containers with water, and eggs hatch into larvae 
after a rain or flooding. A larva changes into a pupa in about a week and into a mosquito in 2 
days. The Aedes main habitat is aquatic, and they can thrive better from tree cavities to toilets. 
People also furnish shelter as Ae. aegypti preferentially rests in darker cool areas, such as 
closets leading to their ability to bite indoors.

Ae. aegypti has adaptations to the environment that makes them highly resilient, or with the 
ability to rapidly bounce back to initial numbers after disturbances resulting from natural 
phenomena (e.g., droughts) or human interventions (e.g., control measures). One such adap-
tation is the ability of the eggs to withstand desiccation (drying) and to survive without water 
for several months on the inner walls of containers. For example, if we were to eliminate all 
larvae, pupae, and adult Ae. aegypti at once from a site, its population could recover 2 weeks 
later as a result of egg hatching following rainfall or the addition of water to containers har-
boring eggs.

It is likely that Ae. aegypti is continually responding or adapting to environmental change. For 
example, it was recently found that Ae. aegypti is able to undergo immature development in 
broken or open septic tanks resulting in the production of hundreds or thousands of Ae. aegypti 
adults per day. In general, it is expected that control interventions will change the spatial and 
temporal dispersal of Ae. aegypti and perhaps the pattern of habitat utilization.

1.2.2. Aedes albopictus

Aedes albopictus (Stegomyia albopicta), from the mosquito (Culicidae) family, also known as 
(Asian) tiger mosquito or forest mosquito, is a mosquito native to the tropical and subtropical 
areas of Southeast Asia; however, in the past few decades, this species has spread to many coun-
tries through the transport of goods and international travel [15]. The eggs of Ae. albopictus are 
desiccation resistant, which enhance survival in inhospitable environments [16]. Ae. albopictus is 
among the aggressive outdoor species of mosquito, and they are day biter that has a very broad 
host range and attacks humans, livestock, amphibians, reptiles, and birds [17]. Their biting rate 
level can be as high as 30 to 48 bites per hour [18]. Ae. albopictus survives at a large range of 
temperatures [19].
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tions [6, 9]. They hamper economic development through direct medical costs and indirect 
costs such as the loss of productivity and tourism. The social, demographic, and environmen-
tal factors strongly influence transmission patterns of vector-borne pathogens. Vector control 
is an important component for decision science in the prevention and control of vector-borne 
disease approaches. Consequently, the global distribution and ecology of these vectors and the 
geographical determinants of their ranges are essential in order to be effective. Therefore, it is 
important to work out where these mosquito species are found around the globe to identify 
the areas at risk. It is also important to predict where these species could become established if 
they were introduced, in order to identify areas that could become at risk in the future.

1.1. Aedes distribution

Ae. aegypti and Ae. albopictus are worldwide distributed between 35° N and 35° S, latitudes 
that roughly correspond to a 10°C winter isotherm which appears to be the limiting tempera-
tures that the species can tolerate while overwintering [5]. The species are highly adapted to 
urban environments, breeding in stagnant water found in manufactured containers, garbage 
heaps, and tyres. However, the distribution of Ae. albopictus has been highly biased to tem-
perate climates [10] though the vector is now widely distributed throughout the Americas 
(excluding Canada), Europe, Asia, Africa, Australia, and the Pacific [11].
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The geographic distribution of Ae. aegypti based on the order of higher levels of occurrence for 
each continent reveals that in the Americas, the Brazil ranks the highest (Table 1). In Africa, 
occurrence of the vectors have been recorded in Senegal, Cameroon, Kenya, Tanzania, Ivory 
Coast, Nigeria, Madagascar, Gabon, and Sierra Leone (Table 1). In Asia/Oceania, occurrence 
of Ae. aegypti has been reported and documented (Table 1) [3, 12].

1.2. Ecology of Aedes mosquitoes

1.2.1. Aedes aegypti

Ae. aegypti is an arthropod closely associated with humans and their habitats. They are mostly 
anthropophilic [13] with high preference to the urban environment [14]. They get blood 
meals from human, and human creates conducive environment for their population growth 
through up haphazardly disposal of water-holding containers/obsoletes around our homes. 
The mosquito lays her eggs on the sides of containers with water, and eggs hatch into larvae 
after a rain or flooding. A larva changes into a pupa in about a week and into a mosquito in 2 
days. The Aedes main habitat is aquatic, and they can thrive better from tree cavities to toilets. 
People also furnish shelter as Ae. aegypti preferentially rests in darker cool areas, such as 
closets leading to their ability to bite indoors.

Ae. aegypti has adaptations to the environment that makes them highly resilient, or with the 
ability to rapidly bounce back to initial numbers after disturbances resulting from natural 
phenomena (e.g., droughts) or human interventions (e.g., control measures). One such adap-
tation is the ability of the eggs to withstand desiccation (drying) and to survive without water 
for several months on the inner walls of containers. For example, if we were to eliminate all 
larvae, pupae, and adult Ae. aegypti at once from a site, its population could recover 2 weeks 
later as a result of egg hatching following rainfall or the addition of water to containers har-
boring eggs.

It is likely that Ae. aegypti is continually responding or adapting to environmental change. For 
example, it was recently found that Ae. aegypti is able to undergo immature development in 
broken or open septic tanks resulting in the production of hundreds or thousands of Ae. aegypti 
adults per day. In general, it is expected that control interventions will change the spatial and 
temporal dispersal of Ae. aegypti and perhaps the pattern of habitat utilization.

1.2.2. Aedes albopictus

Aedes albopictus (Stegomyia albopicta), from the mosquito (Culicidae) family, also known as 
(Asian) tiger mosquito or forest mosquito, is a mosquito native to the tropical and subtropical 
areas of Southeast Asia; however, in the past few decades, this species has spread to many coun-
tries through the transport of goods and international travel [15]. The eggs of Ae. albopictus are 
desiccation resistant, which enhance survival in inhospitable environments [16]. Ae. albopictus is 
among the aggressive outdoor species of mosquito, and they are day biter that has a very broad 
host range and attacks humans, livestock, amphibians, reptiles, and birds [17]. Their biting rate 
level can be as high as 30 to 48 bites per hour [18]. Ae. albopictus survives at a large range of 
temperatures [19].
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Ae. albopictus is a treehole mosquito, and so its breeding places in nature are small, restricted, 
shaded bodies of water surrounded by vegetation. It inhabits densely vegetated rural areas. 
However, its ecological flexibility allows it to colonize many types of man-made sites and 
urban regions. It may reproduce in cemetery flowerpots, birdbaths, soda cans and abandoned 
containers, and water recipients. Tyres are particularly useful for mosquito reproduction as 
they are often stored outdoors and effectively collect and retain rainwater for a long time. 
The addition of decaying leaves from the neighboring trees produces chemical conditions 
similar to tree holes, which provides an excellent substrate for breeding. Ae. albopictus can also 
establish and survive throughout nonurbanized areas lacking any artificial containers, raising 
additional public health concerns for rural areas [17].

1.2.3. Aedes mosquitoes life cycle

Aedes mosquito species, Ae. aegypti, and Ae. albopictus are major public health concern due to 
their role in transmission of diseases [3]. Ae. aegypti mosquito is widespread in (sub-)tropical 
regions and is largely responsible for vector-borne arboviral infections, yellow fever virus 
(YFV), ZIKV, dengue virus (DENV), West Nile virus (WNV), CHIKV and transmission, and 
outbreaks in various regions [3, 7]. The Ae. aegypti is known to have high vectorial capacity 
due to its anthropophilic behavior, well domesticated, and adapted to survive in different 
geographical regions including Africa, Americas, Asia, and Europe [1, 3].

The Aedes spp. mosquitoes are known to have a complex life cycle involving aquatic and 
terrestrial life [2]. Mosquitoes acquire the infection after a blood-meal form the host in 
order for the eggs to develop. The vector needs water to lay their eggs in the preferred 
breeding container, including tyres, water storage containers, disposed tyres, coconut 
shells, and flowerpots [20]. Aedes spp. prefers to lay their eggs on the inner wet walls 
of containers with water, hence the name “container breeder”. The development of the 
eggs occurs between 2 and 7 days in the aquatic phase (Figure 1) where the larvae hatch 
from the eggs. The larva survival depends on the microorganisms found in the aquatic 
environment. Larvae go through developmental stages (stage 1–4) in which they molt or 
shed their skin; these larval stages are called the first to fourth instars [20]. When a larva is 
a fully grown fourth instar, it undergoes metamorphosis into a new form called a pupa in 
approximately 4 days, the “cocoon” stage for the mosquito. This developmental stage of 
the mosquitoes also occurs in the aquatic environment. After 1–2 days, the fully developed 
adult mosquito forms and breaks through the skin of the pupa and a fully grown adult 
emerges. The adult mosquito is able to fly and has a terrestrial habitat inhabiting inside 
and outside households [20].

Interestingly, Aedes has developed a survival mechanism during the dry seasons; the eggs 
can enter a dormancy (quiescence) for up to 8 months at the end of embryogenesis [21]. If 
the habitat is dry, the eggs remain dormant but after rainfall, the eggs hatch and develop-
ment continues [20]. In addition to being desiccation resistant, Aedes spp. is well adapted to 
produce, eggs can withstand months of dormancy, so-called “extended quiescence” in the 
unfavorable abiotic environment [21]. The male Aedes spp. mosquitoes feed on flowers’ nectar 
or plant juices, unlike the female that needs a blood meal [22]. The vector becomes infected 
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Ae. albopictus is a treehole mosquito, and so its breeding places in nature are small, restricted, 
shaded bodies of water surrounded by vegetation. It inhabits densely vegetated rural areas. 
However, its ecological flexibility allows it to colonize many types of man-made sites and 
urban regions. It may reproduce in cemetery flowerpots, birdbaths, soda cans and abandoned 
containers, and water recipients. Tyres are particularly useful for mosquito reproduction as 
they are often stored outdoors and effectively collect and retain rainwater for a long time. 
The addition of decaying leaves from the neighboring trees produces chemical conditions 
similar to tree holes, which provides an excellent substrate for breeding. Ae. albopictus can also 
establish and survive throughout nonurbanized areas lacking any artificial containers, raising 
additional public health concerns for rural areas [17].

1.2.3. Aedes mosquitoes life cycle

Aedes mosquito species, Ae. aegypti, and Ae. albopictus are major public health concern due to 
their role in transmission of diseases [3]. Ae. aegypti mosquito is widespread in (sub-)tropical 
regions and is largely responsible for vector-borne arboviral infections, yellow fever virus 
(YFV), ZIKV, dengue virus (DENV), West Nile virus (WNV), CHIKV and transmission, and 
outbreaks in various regions [3, 7]. The Ae. aegypti is known to have high vectorial capacity 
due to its anthropophilic behavior, well domesticated, and adapted to survive in different 
geographical regions including Africa, Americas, Asia, and Europe [1, 3].

The Aedes spp. mosquitoes are known to have a complex life cycle involving aquatic and 
terrestrial life [2]. Mosquitoes acquire the infection after a blood-meal form the host in 
order for the eggs to develop. The vector needs water to lay their eggs in the preferred 
breeding container, including tyres, water storage containers, disposed tyres, coconut 
shells, and flowerpots [20]. Aedes spp. prefers to lay their eggs on the inner wet walls 
of containers with water, hence the name “container breeder”. The development of the 
eggs occurs between 2 and 7 days in the aquatic phase (Figure 1) where the larvae hatch 
from the eggs. The larva survival depends on the microorganisms found in the aquatic 
environment. Larvae go through developmental stages (stage 1–4) in which they molt or 
shed their skin; these larval stages are called the first to fourth instars [20]. When a larva is 
a fully grown fourth instar, it undergoes metamorphosis into a new form called a pupa in 
approximately 4 days, the “cocoon” stage for the mosquito. This developmental stage of 
the mosquitoes also occurs in the aquatic environment. After 1–2 days, the fully developed 
adult mosquito forms and breaks through the skin of the pupa and a fully grown adult 
emerges. The adult mosquito is able to fly and has a terrestrial habitat inhabiting inside 
and outside households [20].

Interestingly, Aedes has developed a survival mechanism during the dry seasons; the eggs 
can enter a dormancy (quiescence) for up to 8 months at the end of embryogenesis [21]. If 
the habitat is dry, the eggs remain dormant but after rainfall, the eggs hatch and develop-
ment continues [20]. In addition to being desiccation resistant, Aedes spp. is well adapted to 
produce, eggs can withstand months of dormancy, so-called “extended quiescence” in the 
unfavorable abiotic environment [21]. The male Aedes spp. mosquitoes feed on flowers’ nectar 
or plant juices, unlike the female that needs a blood meal [22]. The vector becomes infected 
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Figure 1. Aedes mosquito life cycle in aquatic and terrestrial phases.

when they feed on infected humans, and transmission may occur when the vector bites the 
host, which is believed to be promoted by mosquito salivary protein.

Historically, Ae. aegypti is believed to have originated from zoophilic subspecies Ae. Aegypti 
formosus inhabiting forests in sub-Saharan Africa [12]. This subspecies is found in the forests, 
breed in the tree holes and feeding on other mammals. The evolution of the ancestral Ae. aegypti 
resulted in the domesticated Ae. aegypti subspecies with a strong preference for biting humans 
and breed in man-made containers [20]. This evolved as the dominant vector of several dis-
eases including yellow fever and DENV, ZIKV infections worldwide. The domestication of 
the vector was associated with the human migrations, trade, transportation, and urbanization 
[20, 23]. The domestic Ae. aegypti thrive in (sub-)tropical and temperate regions and can inhabit 
either terrestrial or aquatic depending on the stages of the growth. Ae. aegypti is primarily 
a container breeding vector and is known to predominate in urban areas where there is the 
vast composition of favorable man-made breeding container environment [20]. The breeding 
sites range from natural to artificial including vegetation, discarded tyres, discarded contain-
ers, bottle tops, water storage containers (especially in places with erratic tap water supply), 
flowerpots and vases, metal drums, and coconut shells [9, 24]. Other breeding sites include 
the open or unsealed septic tanks, water wells, and water meters. The ecological factors deter-
mine the crucial characteristics of different stages of the life and eventually its success. The 
Ae. aegypti larvae feed on nutritious materials available in the aqueous phase in the breeding 
containers including the plant particles, animal debris, and phytoplankton such as microalgae 
found in the water-filled containers [25]. The ecological characteristics are important in the life 
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cycle of the adult vector including the longevity, fecundity body mass, and vectorial compe-
tence [26]. For instance, some algae species, Cladophora sp., Chlorella ellipsoidea, and Rhizoclonium 
hieroglyphicum, were shown to exhibit larvicidal properties that affect the development of the 
immature stages [25]. Evidence suggests that the developmental stage from first instar lar-
val stage to adult mosquito is faster when the organic matters are abundant in the breeding 
container, in addition, the survival rate of the immature stage is enhanced [27]. In contrast, 
low concentration or exhaustion of the nutrients is required to trigger pupation presumably in 
response to the increasing level of ecdysteroid hormone [3, 28, 29]. Temperature is important 
for the survival larva density and competence of the Ae. aegypti. In areas where the tempera-
ture is warmer, the development of the aquatic stage temperature was associated with shorter 
development time from hatch to the emergence of the adult mosquito [4]. Similarly, longer 
light exposure was also shown to shorten the development time [30]. The evidence explains 
the widespread distribution and pattern of Ae. aegypti in (sub-)tropical regions. Furthermore, 
evidence suggests increasing Ae. aegypti abundance in urban areas leading to outbreaks [31]. It 
is evident that developing countries are becoming more urbanized; however, poor city plan-
ning and sanitation have increased mosquito breeding sites [7]. The “ecological plasticity” 
exhibited by the vector is arguably among the reasons for reason that explain it its worldwide 
widespread and success as a human vector.

1.3. Insecticide resistance in Aedes spp.

The emergence of insecticide resistance to multiple classes of insecticides has been widely 
reported in Ae. aegypti in different regions [24, 32–34]. WHO defines resistance as the ability of 
mosquitoes to survive exposure to a standard dose of insecticide; this ability may be the result 
of physiological or behavioral adaptation [35]. The emergence and spread of resistance to the 
main insecticides could compromise the effectiveness of the preventive measures, operational 
implementation of control programs, and outbreak management.

1.4. Mechanisms of insecticide resistance

There are three major categories of insecticide resistance that have been described, namely, 
physiological resistance (target-site resistance and metabolic resistance) and behavioral 
avoidance. First, physiological resistance may develop due to the target-site resistance. 
Target site mutations are known to cause amino acid substitutions, which could affect the 
influx of insecticides into the target site. This may compromise the action of the insecticide 
rendering the vector tolerant or fully resistant to the insecticide. Another form of physi-
ological resistance is due to metabolic resistance due to detoxification of insecticides by cyto-
chrome P450 monooxygenases which allow the resistant vector to metabolize insecticides 
[36]. Glutathione S-transferases (GSTs) and carboxylesterases (ESTs) are also described in 
this process. Over expression of P450s was associated with insecticide resistance in diverse 
vector species including Ae. aegypti [37]. The resistant vectors accumulate high levels of 
efficient enzymes that detoxify the toxins. The second mechanism of resistance is known 
as behavioral adaptation or avoidance of the vector, this is well characterized in Anopheles 
mosquitoes. Therefore, monitoring insecticide resistance is crucial in the implementation of 
vector control strategies.
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Figure 1. Aedes mosquito life cycle in aquatic and terrestrial phases.

when they feed on infected humans, and transmission may occur when the vector bites the 
host, which is believed to be promoted by mosquito salivary protein.

Historically, Ae. aegypti is believed to have originated from zoophilic subspecies Ae. Aegypti 
formosus inhabiting forests in sub-Saharan Africa [12]. This subspecies is found in the forests, 
breed in the tree holes and feeding on other mammals. The evolution of the ancestral Ae. aegypti 
resulted in the domesticated Ae. aegypti subspecies with a strong preference for biting humans 
and breed in man-made containers [20]. This evolved as the dominant vector of several dis-
eases including yellow fever and DENV, ZIKV infections worldwide. The domestication of 
the vector was associated with the human migrations, trade, transportation, and urbanization 
[20, 23]. The domestic Ae. aegypti thrive in (sub-)tropical and temperate regions and can inhabit 
either terrestrial or aquatic depending on the stages of the growth. Ae. aegypti is primarily 
a container breeding vector and is known to predominate in urban areas where there is the 
vast composition of favorable man-made breeding container environment [20]. The breeding 
sites range from natural to artificial including vegetation, discarded tyres, discarded contain-
ers, bottle tops, water storage containers (especially in places with erratic tap water supply), 
flowerpots and vases, metal drums, and coconut shells [9, 24]. Other breeding sites include 
the open or unsealed septic tanks, water wells, and water meters. The ecological factors deter-
mine the crucial characteristics of different stages of the life and eventually its success. The 
Ae. aegypti larvae feed on nutritious materials available in the aqueous phase in the breeding 
containers including the plant particles, animal debris, and phytoplankton such as microalgae 
found in the water-filled containers [25]. The ecological characteristics are important in the life 
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cycle of the adult vector including the longevity, fecundity body mass, and vectorial compe-
tence [26]. For instance, some algae species, Cladophora sp., Chlorella ellipsoidea, and Rhizoclonium 
hieroglyphicum, were shown to exhibit larvicidal properties that affect the development of the 
immature stages [25]. Evidence suggests that the developmental stage from first instar lar-
val stage to adult mosquito is faster when the organic matters are abundant in the breeding 
container, in addition, the survival rate of the immature stage is enhanced [27]. In contrast, 
low concentration or exhaustion of the nutrients is required to trigger pupation presumably in 
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this process. Over expression of P450s was associated with insecticide resistance in diverse 
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mosquitoes. Therefore, monitoring insecticide resistance is crucial in the implementation of 
vector control strategies.
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1.4.1. Physiological resistance in Aedes spp.

In Tanzania, like many other African settings, there is limited information on the Ae. aegypti 
resistance, most of the resistance data were collected mainly in the Americas and Asia. Our 
recent study in Dar es Salaam [24] demonstrated that the majority of Ae. aegypti strains were 
resistant to pyrethroid class of insecticide; mortality ranging from 83 to 92% in Dar es Salaam 
City. Data on molecular markers of resistance are scarce; however, studies elsewhere have 
correlated the occurrence of the knockdown resistance (kdr) mutations and resistance to 
pyrethroid and DDT [29, 34, 37, 38].

The mechanism of action of the pyrethroid compounds is through their toxic effect and subse-
quent disruption of the VGS channels in the insect nervous system [32]. The evidence suggests 
that Ae. aegypti resistance to pyrethroids is conferred by the kdr mutations in the VGS channel 
[29, 39]. Nonsynonymous mutations in kdr gene are associated with insecticide resistance to 
DDT and pyrethroids on codon V1016I and F1534C in domains II and III of the VSG channel 
in Aedes spp. [40]. Other studies demonstrated the role of kdr gene mutation I1011M/V and 
F1269C in association with Ae. aegypti resistance [33, 34, 41]. In African settings, the occurrence 
of F1534C in concurrence with the V1016I mutation was also observed in Ghanaian Ae. aegypti 
population [42]. The more recent study demonstrated the significant role of kdr mutation V410L 
alone or in combination with the F1534C in reducing the sensitivity of Ae. aegypti to both type 
I (e.g., permethrin) and type II (e.g., deltamethrin) pyrethroids [32].

In addition to the kdr mutations, metabolic resistance is also know to lead to a physiological 
resistance due to the increase in the synthesis of detoxifying enzymes or in their specificity to 
metabolize the insecticide, both resulting in an enhancement of the insect detoxifying capac-
ity of the vector [43, 44]. The P450 monooxygenases were shown to play a significant role in 
modulating resistance as revealed by high-throughput assays, by comparing the overall pro-
file at genomic and transcriptome levels between resistant and susceptible populations [37]. 
A study that characterized several P450s, four CYP’s, 9 J32, 9 J24, 9 J26, and 9 J28, conferring 
insecticide resistance in Ae. aegypti [37]. The CYPs were shown to be capable of metabolizing 
deltamethrin and permethrin; two common pyrethroid-based insecticides are widely used 
in vector interventions. Furthermore, there is evidence on the role of glutathione transferase 
(GST) enzymes in conferring resistance to several classes of insecticides [45]. In Ae. aegypti, 
the GST occurs as a cluster of genes in chromosome 2 and is shown to play a significant role 
in the metabolism of DDT [46]. Over expression of the GST enzyme is associated with DDT 
and pyrethroid resistant in Ae. aegypti populations. We, therefore, characterized additional 
members of this class in Ae. aegypti and provide evidence for a role of two additional GSTs in 
conferring resistance to insecticides.

1.4.2. Behavioral resistance in Aedes spp.

Thus is defined as the ability of a vector to detect and escape from an insecticide-treated area 
and avoid the toxin. This type of resistance has been shown in different classes of insecticides, 
including organochlorines, organophosphates, carbamates, and pyrethroids [47]. It has been 
shown that vectors are capable of avoiding feeding if they come across certain insecticides or 
escape the area sprayed with the insecticides. There are currently limited studies exploring 
this mechanism of resistance in Ae. aegypti. This paucity of information could hamper control 
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programs since insecticide resistance could spread and render the insecticides ineffective. 
Therefore, more studies to assess the current susceptibility status of insecticides used for vec-
tor control are needed to describe the status to support control strategies.

2. Disease transmission by Aedes aegypti

Ae. aegypti mosquito is a major vector of dengue virus represented by four closely related sero-
types called dengue 1, 2, 3, and 4 cause different illness including dengue fever, dengue shock 
syndrome, and dengue haemorrhagic fever. Dengue virus (DENV) belonging to the family 
Flaviviridae and genus Flavivirus [48].

Transmission of dengue fever (DF) occurs when a female Aedes spp. mosquito obtains its 
blood meal from an infected person during the period of viraemia. Mosquito-borne viruses 
multiply in both invertebrate and vertebrate cells where they cause cytopathic effects and 
cell destruction. Vector mosquitoes become infected when they feed on blood of a viremic 
vertebrate host in which there are sufficient circulating viral particles to provide an infectious 
dose to the mosquito.

A mosquito with salivary gland infection may transmit infectious virions during salivation 
as it probes the tissues of another vertebrate host. Transovarial transmission of virions occurs 
from the female mosquito to her progeny, and females of the next generation can transmit 
the virus orally without having been infected through blood feeding. There is also a venereal 
transmission of some arboviruses from male to female mosquito as observed and reported by 
Amarasinghe and others [49] (Figure 2).

Figure 2. Arboviral transmission cycle vectored by Aedes mosquitoes.
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Transmission of dengue virus occurs in 3 cycle, namely, enzootic cycle, epizootic cycle, and 
epidemic cycle. The enzootic cycle involves monkey-Aedes-monkey cycle, and this cycle is 
primitive and has been reported in South Asia and Africa [50]. The second is epizootic cycle, 
which involves the transmission of dengue virus from nonhuman primates to the next human 
in epidemic cycles by Aedes mosquito. Lastly, the epidemic cycle where the transmission 
cycle is through human Ae. aegypti contact, human cycle with periodic, or cyclical epidemic 
(Figure 2).

In this life cycle (human-to-Ae. aegypti mosquito-to-human cycle), the main dengue virus 
transmission is through mosquito that usually acquires the virus after feeding on the blood 
of an infected person. Replication of the virus occurs in the epithelial lining of the mosquito’s 
midgut and then the virus move to haemocoele to infect the salivary glands. The virus can be 
transmitted though saliva during probing or blood feeding. The extrinsic incubation period 
may take 8–12 days, and this mosquito remains infected in all her life [50].

Infected humans are the major carriers of the virus where mosquito can acquire the virus 
through biting. The incubation time varies from virus to virus, but generally, arboviruses 
exhibit between 2–15 days from inoculation to development of clinical symptoms. During this 
period, Aedes mosquito can acquire the virus after feeding this person.

The reemergence of dengue disease in other places may be associated with the transovarial 
(via the eggs) transmission of dengue virus by Ae. aegypti. Dengue fever cannot spread directly 
from one person to another. Usually, Ae. aegypti prefers to feed mammalian hosts and will like 
to feed on humans, and even in the presence of other hosts (anthropophilic behavior), this 
behavior together with multiple feeding habit and highly domesticated behavior can make it 
an efficient vector.

3. Seasonality and intensity of transmission

Usually, dengue transmission occurs in rainy seasons with appropriate temperature and 
humidity for surviving of adult and larva mosquito. On the other hand, in arid areas, the 
rainfall is scant, and therefore, during the dry season, the man-made containers become the 
main breeding sites for the Aedes mosquito. Therefore, this can increase disease transmission.

In the ambient temperature, the life cycle of Aedes is shortening; also, there is production of 
small size mosquitoes, which may lead to the reduction of extrinsic incubation period. This 
small size mosquito may take more blood meal for egg production, which may lead to the 
increase in the number of infected mosquito and speedup the disease epidemic in the next 
dry season [50–52].

Several entomological factors have been associated with the initiation and maintenance of the 
epidemic including behavior, density, and vectorial capacity of mosquito vector population 
and introduction of the virus into a community.
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4. Control and surveillance

4.1. Community education

This can be done by professionals by giving the public awareness, which can help to empower 
people to take control of mosquito breedings around their surroundings and adult control. 
The public can be provided with the tools needed to reduce mosquito annoyance. This is 
when the community, families, and individuals involved in planning and implementation 
of local vector control activities in order to ensure that the program meets priorities and the 
needs of the people in the community.

4.2. Larval mosquito control

Frequent larval breeding sites should be searched and treated as frequent as possible by trained 
field technicians and trained community members. Mosquito elimination in larval stages 
before emerging to adults will reduce the adult mosquito population. Reduction of mosquito 
breeding sites such as jars, barrels, pots, vases, bottles, tins, water coolers, and tyres can be 
done by environmental management, removing of solid waste and managing artificial man-
made habitats. All domestic water storage containers should be cleaned and covered daily.

4.3. Adult control of Aedes aegypti

This should aim to control Ae. aegypti population. The use of insecticides such as lambda 
cyhalothrin- or deltamethrin-treated material by hanging them on windows and used as 
water jar covers may reduce Ae. aegypti population [53]. The use of insecticide space spraying, 
coils, and vaporizers in the community may reduce the mosquito population.

4.4. Use of repellents

Application of repellents such as DEET, DIMP, and of like is of paramount importance in 
reducing or controlling human to vector contact. The application should be done during 
active hours of the day.

4.5. Surveillance

Surveillance is important detect mosquito species in a certain area and changes in populations. 
By having valuable data, we are capable of more successfully time larvicide applications and 
more correctly target the adulticide activities. The WHO recommends of regular household 
surveys of Aedes spp. collecting evidence on the ecological and epidemiological indices to 
guide prevention and control strategies. This involves determining the habitat productiv-
ity, preference of the breeding sites, containers for the presence of egg, larvae and pupae as 
well as the collection of adult mosquitoes for further identification. Larval surveys involve 
identifying the presence of immature mosquitoes in breeding sites such as discarded tyres, 
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containers, and water storage vases in the defined targeted area. Through this assessment, it 
is possible to identify most containers that are positive for Aedes spp. and parameters such 
Container Index (CI) and Breteau Index (BI) [6]. On the other hand, pupal survey is performed 
in houses and other breeding sites to identify the productivity in the breeding habitat [7]. 
In addition, surveys to determine the prevalence and circulating serotypes of DENV, ZIKV, 
CHIKV, and YFV as a part of regular surveillance are required to inform strategies to prevent 
transmission and provide early warning signal of outbreaks of clinical infections.

5. Discussion

Ae. aegypti remains a serious public health threat due to its importance in arboviral transmis-
sion, DENV, CHIKV, and ZIKV transmission. Globally, the incidence of DENV infections 
is on the rise, and recently, reemergence of CHIKV and ZIKV has been observed. Vaccine, 
prophylaxis, and therapeutics for most arboviral infections are still in development pipeline; 
hence, integrated vector management remains the cornerstone to stop outbreak transmission 
and sustainable control. Therefore, understanding of the ecology is important for outbreak 
prediction and effective planning of strategies to control transmission of arboviral infections.

Studies on the ecology of Ae. aegypti are important to better understand the preference of the 
vector in terms of the oviposition and colonization of mosquitoes [8]. The ecological factors 
play a role on influencing the population dynamics of larvae and pupae. The evidence is clear 
that both abiotic and biotic factors are important determinants of adulthood characteristics of 
life cycle such as longevity, fecundity, and body size [8, 9]. The factors are important to explain 
the vectorial capacity of Ae. aegypti on disease transmission. Furthermore, there is compelling 
evidence that Ae. aegypti is most productive in containers, which varies among regions, geo-
graphical settings, and seasonality [10]. In addition, it undoubtedly clears that water storage 
containers and discarded containers influence the vector density and risk of arboviral trans-
mission particularly in poorly planned cities in (sub-)tropical regions [11]. Unless appropriate 
actions are taken, increasing urbanization, poor environmental management will continue to 
influence the stability of the Ae. aegypti populations. In addition, the vector density is influ-
enced significantly by environment factors and urbanization [9, 11, 13]. Ae. aegypti feed exclu-
sively on human and is increasingly a threat particularly in unplanned (peri-)urban areas. The 
recent data highlight the increasing Aedes spp. abundance and urbanization that could poten-
tially escalate the risk of arboviral outbreaks [31]. Furthermore, the environment contributes 
to the breeding and ecological colonization of the vector. The presence of organic nutrients 
and microorganisms such as cyanobacteria seems to have influence on the productivity and 
development of Ae. aegypti [11, 15]. The presence of microalgae in the larval habitats, therefore, 
represents high adequacy of nutrients for immature stages of Ae. aegypti [11, 15]. Microalgae 
are associated with the presence and abundance of the vectors being the source of food for the 
larvae in breeding habitats. The evidence suggests that better understanding of these factors 
may be a useful indicator for mosquito population control. Measures to control microalgae to 
deprive nutrients to the vector could be explored for additional measures of the vector control. 
Importantly, approaches targeting immature stages of Ae. aegypti are highly recommended 

Dengue Fever - a Resilient Threat in the Face of Innovation50

for effective and sustainable vector control. Ae. aegypti vector lays eggs in containers, buckets, 
care tyres and water storage vases; thus, the appropriate intervention such as proper disposal 
and management of containers and discarded tyres for source reduction could prove effective 
in reducing the vector population and mitigate the risk of arboviral transmission. Therefore, 
implementation of strategies to address the challenge of reemergence and expansion of arbo-
viral infections will require a strong multisector commitment and integration for effective 
surveillance and control at regional, national, and program levels.

There is widespread resistance to the commonly widely used insecticide, pyrethroids and 
organophosphates in Aedes spp. control. Insecticide resistance is likely to impact disease out-
break and transmission measures and cost of the interventions [16, 17]. This is currently a major 
concern in South America where organophosphates, pyrethroids, and DDT have been widely 
used in vector control. However, there is also evidence on decreased susceptibility to pyre-
throids in Sub-Saharan Africa and Asia [10, 13]. The origin and evolution of Aedes spp. resistance 
to insecticides remain unclear; however, it is assumed that the use of the insecticide in other vec-
tor interventions such as malaria control and agricultural may have exerted selective pressure 
on the Aedes spp. The mechanism of Ae. aegypti resistance to insecticides seems to be mediated 
by the nonsynonymous mutations kdr gene [18, 19]. Other studies suggest the role of enhanced 
enzymatic biodegradation or sequestration [20, 21]. Studies suggest the potential role of the meta-
bolic enzymes including cytochrome P450s and GSTs in conferring resistance to pyrethroids and 
organophosphates in Aedes spp. Evidence on the possible behavioral resistance or avoidance is 
patchy, and more investigation is needed to understand how it may affect the current interven-
tions. Despite the worsening Ae. aegypti resistance to pyrethroids and organophosphates, studies 
on susceptibility profile of Bti are reassuring that Aedes spp. retains considerable susceptibility 
to the biolarvicides [17]. Therefore, Bti remains a suitable alternative for prevention and control 
tool in regions where resistance to pyrethroids is widespread. To mitigate the risk of resistance 
and its public health consequences, it is crucial to strengthen monitoring and surveillance at 
all levels. Susceptibility testing of the commonly used insecticides and biolarvicides using the 
standardized WHO bioassay protocol should be integrated as part of the surveillance program 
and profiling of molecular markers of resistance may be considered as appropriate.

6. Conclusion

Aedes aegypti is the most important vector in outbreak and transmission of arboviral infec-
tions. The environmental factors favor mosquitoes and risk of disease transmission. The dis-
eases are expanding particularly in (sub-)urban settings with frequent water shortage, high 
human population, poor planning, and poor waste disposal systems. Primary prevention 
and control measures are to reduce the vector exposure, but current vector control tools are 
unsustainable and there is increasing threat due to insecticide resistance. Integration of Aedes 
spp. vector control with other ongoing program and coordination of insecticide resistance 
monitoring and management is crucial to increase the impact of interventions. Future inter-
ventions will require deployment of effective vaccines against arboviral infections combined 
with integrated vector management.
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transmission and provide early warning signal of outbreaks of clinical infections.

5. Discussion

Ae. aegypti remains a serious public health threat due to its importance in arboviral transmis-
sion, DENV, CHIKV, and ZIKV transmission. Globally, the incidence of DENV infections 
is on the rise, and recently, reemergence of CHIKV and ZIKV has been observed. Vaccine, 
prophylaxis, and therapeutics for most arboviral infections are still in development pipeline; 
hence, integrated vector management remains the cornerstone to stop outbreak transmission 
and sustainable control. Therefore, understanding of the ecology is important for outbreak 
prediction and effective planning of strategies to control transmission of arboviral infections.

Studies on the ecology of Ae. aegypti are important to better understand the preference of the 
vector in terms of the oviposition and colonization of mosquitoes [8]. The ecological factors 
play a role on influencing the population dynamics of larvae and pupae. The evidence is clear 
that both abiotic and biotic factors are important determinants of adulthood characteristics of 
life cycle such as longevity, fecundity, and body size [8, 9]. The factors are important to explain 
the vectorial capacity of Ae. aegypti on disease transmission. Furthermore, there is compelling 
evidence that Ae. aegypti is most productive in containers, which varies among regions, geo-
graphical settings, and seasonality [10]. In addition, it undoubtedly clears that water storage 
containers and discarded containers influence the vector density and risk of arboviral trans-
mission particularly in poorly planned cities in (sub-)tropical regions [11]. Unless appropriate 
actions are taken, increasing urbanization, poor environmental management will continue to 
influence the stability of the Ae. aegypti populations. In addition, the vector density is influ-
enced significantly by environment factors and urbanization [9, 11, 13]. Ae. aegypti feed exclu-
sively on human and is increasingly a threat particularly in unplanned (peri-)urban areas. The 
recent data highlight the increasing Aedes spp. abundance and urbanization that could poten-
tially escalate the risk of arboviral outbreaks [31]. Furthermore, the environment contributes 
to the breeding and ecological colonization of the vector. The presence of organic nutrients 
and microorganisms such as cyanobacteria seems to have influence on the productivity and 
development of Ae. aegypti [11, 15]. The presence of microalgae in the larval habitats, therefore, 
represents high adequacy of nutrients for immature stages of Ae. aegypti [11, 15]. Microalgae 
are associated with the presence and abundance of the vectors being the source of food for the 
larvae in breeding habitats. The evidence suggests that better understanding of these factors 
may be a useful indicator for mosquito population control. Measures to control microalgae to 
deprive nutrients to the vector could be explored for additional measures of the vector control. 
Importantly, approaches targeting immature stages of Ae. aegypti are highly recommended 
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for effective and sustainable vector control. Ae. aegypti vector lays eggs in containers, buckets, 
care tyres and water storage vases; thus, the appropriate intervention such as proper disposal 
and management of containers and discarded tyres for source reduction could prove effective 
in reducing the vector population and mitigate the risk of arboviral transmission. Therefore, 
implementation of strategies to address the challenge of reemergence and expansion of arbo-
viral infections will require a strong multisector commitment and integration for effective 
surveillance and control at regional, national, and program levels.

There is widespread resistance to the commonly widely used insecticide, pyrethroids and 
organophosphates in Aedes spp. control. Insecticide resistance is likely to impact disease out-
break and transmission measures and cost of the interventions [16, 17]. This is currently a major 
concern in South America where organophosphates, pyrethroids, and DDT have been widely 
used in vector control. However, there is also evidence on decreased susceptibility to pyre-
throids in Sub-Saharan Africa and Asia [10, 13]. The origin and evolution of Aedes spp. resistance 
to insecticides remain unclear; however, it is assumed that the use of the insecticide in other vec-
tor interventions such as malaria control and agricultural may have exerted selective pressure 
on the Aedes spp. The mechanism of Ae. aegypti resistance to insecticides seems to be mediated 
by the nonsynonymous mutations kdr gene [18, 19]. Other studies suggest the role of enhanced 
enzymatic biodegradation or sequestration [20, 21]. Studies suggest the potential role of the meta-
bolic enzymes including cytochrome P450s and GSTs in conferring resistance to pyrethroids and 
organophosphates in Aedes spp. Evidence on the possible behavioral resistance or avoidance is 
patchy, and more investigation is needed to understand how it may affect the current interven-
tions. Despite the worsening Ae. aegypti resistance to pyrethroids and organophosphates, studies 
on susceptibility profile of Bti are reassuring that Aedes spp. retains considerable susceptibility 
to the biolarvicides [17]. Therefore, Bti remains a suitable alternative for prevention and control 
tool in regions where resistance to pyrethroids is widespread. To mitigate the risk of resistance 
and its public health consequences, it is crucial to strengthen monitoring and surveillance at 
all levels. Susceptibility testing of the commonly used insecticides and biolarvicides using the 
standardized WHO bioassay protocol should be integrated as part of the surveillance program 
and profiling of molecular markers of resistance may be considered as appropriate.

6. Conclusion

Aedes aegypti is the most important vector in outbreak and transmission of arboviral infec-
tions. The environmental factors favor mosquitoes and risk of disease transmission. The dis-
eases are expanding particularly in (sub-)urban settings with frequent water shortage, high 
human population, poor planning, and poor waste disposal systems. Primary prevention 
and control measures are to reduce the vector exposure, but current vector control tools are 
unsustainable and there is increasing threat due to insecticide resistance. Integration of Aedes 
spp. vector control with other ongoing program and coordination of insecticide resistance 
monitoring and management is crucial to increase the impact of interventions. Future inter-
ventions will require deployment of effective vaccines against arboviral infections combined 
with integrated vector management.

Ecology of Aedes Mosquitoes, the Major Vectors of Arboviruses in Human Population
http://dx.doi.org/10.5772/intechopen.81439

51



Author details

Eliningaya J. Kweka1,2*, Vito Baraka3, Leah Mathias4, Beda Mwang’onde5, Germana Baraka6, 
Lucile Lyaruu2 and Aneth M. Mahande7

*Address all correspondence to: eliningaya.kweka@tpri.go.tz

1 School of Medicine, Department of Parasitology and Entomology, Catholic University of 
Health and Allied Health Sciences, Mwanza, Tanzania

2 Tropical Pesticides Research Institute, Arusha, Tanzania

3 National Institute for Medical Research, Tanga Centre, Tanzania

4 Ministry of Education Science and Technology, Mzumbe High School, Morogoro, Tanzania

5 Sokoine University of Agriculture, Morogoro, Tanzania

6 College of Natural Sciences, University of Dar es Salaam, Dar es Salaam, Tanzania

7 Tropical Pesticides Research Institute, Mabogini Field Station, Moshi, Tanzania

References

[1] Harbach R. Mosquito Taxonomic Inventory. 2013. p. 2015

[2] Wilkerson RC, Linton Y-M, Fonseca DM, Schultz TR, Price DC, Strickman DA. Making 
mosquito taxonomy useful: A stable classification of tribe Aedini that balances utility 
with current knowledge of evolutionary relationships. PLoS One. 2015;10:e0133602

[3] Kraemer MU, Sinka ME, Duda KA, Mylne AQ, Shearer FM, Barker CM, et al. The global 
distribution of the arbovirus vectors Aedes aegypti and Ae. albopictus. eLife. 2015;4:e08347

[4] WHO. Global Strategy for Dengue Prevention and Control 2012-2020. Geneva, Switzerland: 
WHO; 2012. p. 43, 43

[5] Fredericks AC, Fernandez-Sesma A. The burden of dengue and chikungunya worldwide: 
Implications for the southern United States and California. Annals of Global Health. 
2014;80:466-475

[6] WHO, UNICEF. Global vector control response 2017-2030. Geneva: WHO and UNICEF; 
2017

[7] Schaffner F, Mathis A. Dengue and dengue vectors in the WHO European region: Past, 
present, and scenarios for the future. The Lancet Infectious Diseases. 2014;14:1271-1280

[8] Sang RC. Dengue in Africa. In: Report of the Scientific Working Group Meeting on Dengue. 
Geneva: WHO Special Programme for Research and Training in Tropical Diseases. 2007. 
pp. 50-52

Dengue Fever - a Resilient Threat in the Face of Innovation52

[9] Mboera LEG, Mweya CN, Rumisha SF, Tungu PK, Stanley G, Makange MR, et al. The 
risk of dengue virus transmission in Dar es Salaam, Tanzania during an epidemic period 
of 2014. PLoS Neglected Tropical Diseases. 2016;10:e0004313

[10] Capinha C, Rocha J, Sousa CA. Macroclimate determines the global range limit of Aedes 
aegypti. EcoHealth. 2014;11:420-428

[11] Brady OJ, Golding N, Pigott DM, Kraemer MUG, Messina JP, Reiner RC Jr, et al. Global 
temperature constraints on Aedes aegypti and Ae. albopictus persistence and competence 
for dengue virus transmission. Parasites & Vectors. 2014;7:338

[12] Weetman D, Kamgang B, Badolo A, Moyes CL, Shearer FM, Coulibaly M, et al. Aedes mos-
quitoes and aedes-borne arboviruses in Africa: Current and future threats. International 
Journal of Environmental Research and Public Health. 2018;15:220

[13] Ponlawat A, Harrington LC. Blood feeding patterns of Aedes aegypti and Aedes albopictus 
in Thailand. Journal of Medical Entomology. 2005;42:844-849

[14] Zahouli JB, Utzinger J, Adja MA, Müller P, Malone D, Tano Y, et al. Oviposition ecology 
and species composition of Aedes spp. and Aedes aegypti dynamics in variously urbanized 
settings in arbovirus foci in southeastern Côte d’Ivoire. Parasites & Vectors. 2016;9:523

[15] Scholte E-J, Schaffner F. Waiting for the tiger: Establishment and spread of the Aedes 
albopictus mosquito in Europe. In: Takken W, Knols BG, editors. Emerging Pests and 
Vector-Borne Diseases in Europe. Vol. 1. Wageningen: Wageningen Academic Publisher; 
2007. p. 241

[16] Juliano SA, Philip Lounibos L. Ecology of invasive mosquitoes: Effects on resident spe-
cies and on human health. Ecology Letters. 2005;8:558-574

[17] Eritja R, Escosa R, Lucientes J, Marques E, Roiz D, Ruiz S. Worldwide invasion of vector 
mosquitoes: Present European distribution and challenges for Spain. Biological Invasions. 
2005;7:87

[18] Cancrini G, Romi R, Gabrielli S, Toma L, Di Paolo M, Scaramozzino P. First finding of 
Dirofilaria repens in a natural population of Aedes albopictus. Medical and Veterinary 
Entomology. 2003;17:448-451

[19] Delatte H, Gimonneau G, Triboire A, Fontenille D. Influence of temperature on immature 
development, survival, longevity, fecundity, and gonotrophic cycles of Aedes albopictus, 
vector of chikungunya and dengue in the Indian Ocean. Journal of Medical Entomology. 
2009;46:33-41

[20] Powell JR, Tabachnick WJ. History of domestication and spread of Aedes aegypti-a review. 
Memórias do Instituto Oswaldo Cruz. 2013;108:11-17

[21] Diniz DFA, Albuquerque CMR, Oliva LO, Melo-Santos MAV, Ayres CFJ. Diapause and 
quiescence: Dormancy mechanisms that contribute to the geographical expansion of 
mosquitoes and their evolutionary success. Parasites & Vectors. 2017;10:310

Ecology of Aedes Mosquitoes, the Major Vectors of Arboviruses in Human Population
http://dx.doi.org/10.5772/intechopen.81439

53



Author details

Eliningaya J. Kweka1,2*, Vito Baraka3, Leah Mathias4, Beda Mwang’onde5, Germana Baraka6, 
Lucile Lyaruu2 and Aneth M. Mahande7

*Address all correspondence to: eliningaya.kweka@tpri.go.tz

1 School of Medicine, Department of Parasitology and Entomology, Catholic University of 
Health and Allied Health Sciences, Mwanza, Tanzania

2 Tropical Pesticides Research Institute, Arusha, Tanzania

3 National Institute for Medical Research, Tanga Centre, Tanzania

4 Ministry of Education Science and Technology, Mzumbe High School, Morogoro, Tanzania

5 Sokoine University of Agriculture, Morogoro, Tanzania

6 College of Natural Sciences, University of Dar es Salaam, Dar es Salaam, Tanzania

7 Tropical Pesticides Research Institute, Mabogini Field Station, Moshi, Tanzania

References

[1] Harbach R. Mosquito Taxonomic Inventory. 2013. p. 2015

[2] Wilkerson RC, Linton Y-M, Fonseca DM, Schultz TR, Price DC, Strickman DA. Making 
mosquito taxonomy useful: A stable classification of tribe Aedini that balances utility 
with current knowledge of evolutionary relationships. PLoS One. 2015;10:e0133602

[3] Kraemer MU, Sinka ME, Duda KA, Mylne AQ, Shearer FM, Barker CM, et al. The global 
distribution of the arbovirus vectors Aedes aegypti and Ae. albopictus. eLife. 2015;4:e08347

[4] WHO. Global Strategy for Dengue Prevention and Control 2012-2020. Geneva, Switzerland: 
WHO; 2012. p. 43, 43

[5] Fredericks AC, Fernandez-Sesma A. The burden of dengue and chikungunya worldwide: 
Implications for the southern United States and California. Annals of Global Health. 
2014;80:466-475

[6] WHO, UNICEF. Global vector control response 2017-2030. Geneva: WHO and UNICEF; 
2017

[7] Schaffner F, Mathis A. Dengue and dengue vectors in the WHO European region: Past, 
present, and scenarios for the future. The Lancet Infectious Diseases. 2014;14:1271-1280

[8] Sang RC. Dengue in Africa. In: Report of the Scientific Working Group Meeting on Dengue. 
Geneva: WHO Special Programme for Research and Training in Tropical Diseases. 2007. 
pp. 50-52

Dengue Fever - a Resilient Threat in the Face of Innovation52

[9] Mboera LEG, Mweya CN, Rumisha SF, Tungu PK, Stanley G, Makange MR, et al. The 
risk of dengue virus transmission in Dar es Salaam, Tanzania during an epidemic period 
of 2014. PLoS Neglected Tropical Diseases. 2016;10:e0004313

[10] Capinha C, Rocha J, Sousa CA. Macroclimate determines the global range limit of Aedes 
aegypti. EcoHealth. 2014;11:420-428

[11] Brady OJ, Golding N, Pigott DM, Kraemer MUG, Messina JP, Reiner RC Jr, et al. Global 
temperature constraints on Aedes aegypti and Ae. albopictus persistence and competence 
for dengue virus transmission. Parasites & Vectors. 2014;7:338

[12] Weetman D, Kamgang B, Badolo A, Moyes CL, Shearer FM, Coulibaly M, et al. Aedes mos-
quitoes and aedes-borne arboviruses in Africa: Current and future threats. International 
Journal of Environmental Research and Public Health. 2018;15:220

[13] Ponlawat A, Harrington LC. Blood feeding patterns of Aedes aegypti and Aedes albopictus 
in Thailand. Journal of Medical Entomology. 2005;42:844-849

[14] Zahouli JB, Utzinger J, Adja MA, Müller P, Malone D, Tano Y, et al. Oviposition ecology 
and species composition of Aedes spp. and Aedes aegypti dynamics in variously urbanized 
settings in arbovirus foci in southeastern Côte d’Ivoire. Parasites & Vectors. 2016;9:523

[15] Scholte E-J, Schaffner F. Waiting for the tiger: Establishment and spread of the Aedes 
albopictus mosquito in Europe. In: Takken W, Knols BG, editors. Emerging Pests and 
Vector-Borne Diseases in Europe. Vol. 1. Wageningen: Wageningen Academic Publisher; 
2007. p. 241

[16] Juliano SA, Philip Lounibos L. Ecology of invasive mosquitoes: Effects on resident spe-
cies and on human health. Ecology Letters. 2005;8:558-574

[17] Eritja R, Escosa R, Lucientes J, Marques E, Roiz D, Ruiz S. Worldwide invasion of vector 
mosquitoes: Present European distribution and challenges for Spain. Biological Invasions. 
2005;7:87

[18] Cancrini G, Romi R, Gabrielli S, Toma L, Di Paolo M, Scaramozzino P. First finding of 
Dirofilaria repens in a natural population of Aedes albopictus. Medical and Veterinary 
Entomology. 2003;17:448-451

[19] Delatte H, Gimonneau G, Triboire A, Fontenille D. Influence of temperature on immature 
development, survival, longevity, fecundity, and gonotrophic cycles of Aedes albopictus, 
vector of chikungunya and dengue in the Indian Ocean. Journal of Medical Entomology. 
2009;46:33-41

[20] Powell JR, Tabachnick WJ. History of domestication and spread of Aedes aegypti-a review. 
Memórias do Instituto Oswaldo Cruz. 2013;108:11-17

[21] Diniz DFA, Albuquerque CMR, Oliva LO, Melo-Santos MAV, Ayres CFJ. Diapause and 
quiescence: Dormancy mechanisms that contribute to the geographical expansion of 
mosquitoes and their evolutionary success. Parasites & Vectors. 2017;10:310

Ecology of Aedes Mosquitoes, the Major Vectors of Arboviruses in Human Population
http://dx.doi.org/10.5772/intechopen.81439

53



[22] Whitehead SS, Blaney JE, Durbin AP, Murphy BR. Prospects for a dengue virus vaccine. 
Nature Reviews Microbiology. 2007;5:518

[23] McBride CS, Baier F, Omondi AB, Spitzer SA, Lutomiah J, Sang R, et al. Evolution of 
mosquito preference for humans linked to an odorant receptor. Nature. 2014;515:222

[24] Mathias L, Baraka V, Philbert A, Innocent E, Francis F, Nkwengulila G, et al. Habitat 
productivity and pyrethroid susceptibility status of Aedes aegypti mosquitoes in Dar es 
Salaam, Tanzania. Infectious Diseases of Poverty. 2017;6:102

[25] Ahmad R, Chu W-L, Lee H-L, Phang S-M. Effect of four chlorophytes on larval survival, 
development and adult body size of the mosquito Aedes aegypti. Journal of Applied 
Phycology. 2001;13:369-374

[26] Barrera R, Amador M, Clark GG. Ecological factors influencing Aedes aegypti (Diptera: 
Culicidae) productivity in artificial containers in Salinas, Puerto Rico. Journal of Medical 
Entomology. 2006;43:484-492

[27] Tun-Lin W, Burkot T, Kay B. Effects of temperature and larval diet on development rates 
and survival of the dengue vector Aedes aegypti in North Queensland, Australia. Medical 
and Veterinary Entomology. 2000;14:31-37

[28] Levi T, Ben-Dov E, Shahi P, Borovsky D, Zaritsky A. Growth and development of Aedes 
aegypti larvae at limiting food concentrations. Acta Tropica. 2014;133:42-44

[29] Brito LP, Linss JG, Lima-Camara TN, Belinato TA, Peixoto AA, Lima JBP, et al. Assessing 
the effects of Aedes aegypti kdr mutations on pyrethroid resistance and its fitness cost. 
PLoS One. 2013;8:e60878

[30] Couret J, Dotson E, Benedict MQ. Temperature, larval diet, and density effects on devel-
opment rate and survival of Aedes aegypti (Diptera: Culicidae). PLoS One. 2014;9:e87468

[31] Zahouli JB, Koudou BG, Müller P, Malone D, Tano Y, Utzinger J. Urbanization is a main 
driver for the larval ecology of Aedes mosquitoes in arbovirus-endemic settings in 
South-Eastern Côte d'Ivoire. PLoS Neglected Tropical Diseases. 2017;11:e0005751

[32] Haddi K, Tomé HV, Du Y, Valbon WR, Nomura Y, Martins GF, et al. Detection of a 
new pyrethroid resistance mutation (V410L) in the sodium channel of Aedes aegypti: A 
potential challenge for mosquito control. Scientific Reports. 2017;7:46549

[33] Harris AF, Rajatileka S, Ranson H. Pyrethroid resistance in Aedes aegypti from grand 
Cayman. The American Journal of Tropical Medicine and Hygiene. 2010;83:277-284

[34] Brengues C, Hawkes NJ, Chandre F, McCarroll L, Duchon S, Guillet P, et al. Pyrethroid 
and DDT cross-resistance in Aedes aegypti is correlated with novel mutations in the 
voltage-gated sodium channel gene. Medical and Veterinary Entomology. 2003;17:87-94

[35] WHO. Test Procedures for Insecticide Resistance Monitoring in Malaria Vector Mos-
quitoes. Geneva, Swirtzeland: WHO; 2016

[36] Feyereisen R. Insect CYP genes and P450 enzymes. In: Insect Molecular Biology and 
Biochemistry. London: Elsevier, Academic Press; 2012. pp. 236-316

Dengue Fever - a Resilient Threat in the Face of Innovation54

[37] Stevenson BJ, Pignatelli P, Nikou D, Paine MJ. Pinpointing P450s associated with pyre-
throid metabolism in the dengue vector, Aedes aegypti: Developing new tools to combat 
insecticide resistance. PLoS Neglected Tropical Diseases. 2012;6:e1595

[38] de Lourdes Macoris M, Martins AJ, Andrighetti MTM, Lima JBP, Valle D. Pyrethroid 
resistance persists after ten years without usage against Aedes aegypti in governmental 
campaigns: Lessons from São Paulo state, Brazil. PLoS Neglected Tropical Diseases. 2018; 
12:e0006390

[39] Smith LB, Kasai S, Scott JG. Pyrethroid resistance in Aedes aegypti and Aedes albopictus: 
Important mosquito vectors of human diseases. Pesticide Biochemistry and Physiology. 
2016;133:1-12

[40] Kasai S, Ng LC, Lam-Phua SG, Tang CS, Itokawa K, Komagata O, et al. First detection of a 
putative knockdown resistance gene in major mosquito vector, Aedes albopictus. Japanese 
Journal of Infectious Diseases. 2011;64:217-221

[41] Saavedra-Rodriguez K, Urdaneta-Marquez L, Rajatileka S, Moulton M, Flores A, 
Fernandez-Salas I, et al. A mutation in the voltage-gated sodium channel gene asso-
ciated with pyrethroid resistance in Latin American Aedes aegypti. Insect Molecular 
Biology. 2007;16:785-798

[42] Kawada H, Higa Y, Komagata O, Kasai S, Tomita T, Yen NT, et al. Widespread distribution 
of a newly found point mutation in voltage-gated sodium channel in pyrethroid-resistant 
Aedes aegypti populations in Vietnam. PLoS Neglected Tropical Diseases. 2009;3:e527

[43] David J-P, Ismail HM, Chandor-Proust A, Paine MJI. Role of cytochrome P450s in insecti-
cide resistance: Impact on the control of mosquito-borne diseases and use of insecticides 
on earth. Philosophical Transactions of the Royal Society, B: Biological Sciences. 2013;368

[44] Faucon F, Gaude T, Dusfour I, Navratil V, Corbel V, Juntarajumnong W, et al. In the hunt 
for genomic markers of metabolic resistance to pyrethroids in the mosquito Aedes aegypti: 
An integrated next-generation sequencing approach. PLoS Neglected Tropical Diseases. 
2017;11:e0005526

[45] Hemingway J, Hawkes NJ, McCarroll L, Ranson H. The molecular basis of insecticide 
resistance in mosquitoes. Insect Biochemistry and Molecular Biology. 2004;34:653-665

[46] Lumjuan N, Rajatileka S, Changsom D, Wicheer J, Leelapat P, Prapanthadara L-A, et al. The 
role of the Aedes aegypti Epsilon glutathione transferases in conferring resistance to DDT 
and pyrethroid insecticides. Insect Biochemistry and Molecular Biology. 2011;41:203-209

[47] Hemingway J, Ranson H. Insecticide resistance in insect vectors of human disease. 
Annual Review of Entomology. 2000;45:371-391

[48] Malik A, Earhart K, Mohareb E, Saad M, Saeed M, Ageep A, et al. Dengue hemorrhagic 
fever outbreak in children in Port Sudan. Journal of Infection and Public Health. 2011; 
4:1-6

[49] Amarasinghe A, Kuritsky JN, Letson GW, Margolis HS. Dengue virus infection in Africa. 
Emerging Infectious Diseases. 2011;17:1349

Ecology of Aedes Mosquitoes, the Major Vectors of Arboviruses in Human Population
http://dx.doi.org/10.5772/intechopen.81439

55



[22] Whitehead SS, Blaney JE, Durbin AP, Murphy BR. Prospects for a dengue virus vaccine. 
Nature Reviews Microbiology. 2007;5:518

[23] McBride CS, Baier F, Omondi AB, Spitzer SA, Lutomiah J, Sang R, et al. Evolution of 
mosquito preference for humans linked to an odorant receptor. Nature. 2014;515:222

[24] Mathias L, Baraka V, Philbert A, Innocent E, Francis F, Nkwengulila G, et al. Habitat 
productivity and pyrethroid susceptibility status of Aedes aegypti mosquitoes in Dar es 
Salaam, Tanzania. Infectious Diseases of Poverty. 2017;6:102

[25] Ahmad R, Chu W-L, Lee H-L, Phang S-M. Effect of four chlorophytes on larval survival, 
development and adult body size of the mosquito Aedes aegypti. Journal of Applied 
Phycology. 2001;13:369-374

[26] Barrera R, Amador M, Clark GG. Ecological factors influencing Aedes aegypti (Diptera: 
Culicidae) productivity in artificial containers in Salinas, Puerto Rico. Journal of Medical 
Entomology. 2006;43:484-492

[27] Tun-Lin W, Burkot T, Kay B. Effects of temperature and larval diet on development rates 
and survival of the dengue vector Aedes aegypti in North Queensland, Australia. Medical 
and Veterinary Entomology. 2000;14:31-37

[28] Levi T, Ben-Dov E, Shahi P, Borovsky D, Zaritsky A. Growth and development of Aedes 
aegypti larvae at limiting food concentrations. Acta Tropica. 2014;133:42-44

[29] Brito LP, Linss JG, Lima-Camara TN, Belinato TA, Peixoto AA, Lima JBP, et al. Assessing 
the effects of Aedes aegypti kdr mutations on pyrethroid resistance and its fitness cost. 
PLoS One. 2013;8:e60878

[30] Couret J, Dotson E, Benedict MQ. Temperature, larval diet, and density effects on devel-
opment rate and survival of Aedes aegypti (Diptera: Culicidae). PLoS One. 2014;9:e87468

[31] Zahouli JB, Koudou BG, Müller P, Malone D, Tano Y, Utzinger J. Urbanization is a main 
driver for the larval ecology of Aedes mosquitoes in arbovirus-endemic settings in 
South-Eastern Côte d'Ivoire. PLoS Neglected Tropical Diseases. 2017;11:e0005751

[32] Haddi K, Tomé HV, Du Y, Valbon WR, Nomura Y, Martins GF, et al. Detection of a 
new pyrethroid resistance mutation (V410L) in the sodium channel of Aedes aegypti: A 
potential challenge for mosquito control. Scientific Reports. 2017;7:46549

[33] Harris AF, Rajatileka S, Ranson H. Pyrethroid resistance in Aedes aegypti from grand 
Cayman. The American Journal of Tropical Medicine and Hygiene. 2010;83:277-284

[34] Brengues C, Hawkes NJ, Chandre F, McCarroll L, Duchon S, Guillet P, et al. Pyrethroid 
and DDT cross-resistance in Aedes aegypti is correlated with novel mutations in the 
voltage-gated sodium channel gene. Medical and Veterinary Entomology. 2003;17:87-94

[35] WHO. Test Procedures for Insecticide Resistance Monitoring in Malaria Vector Mos-
quitoes. Geneva, Swirtzeland: WHO; 2016

[36] Feyereisen R. Insect CYP genes and P450 enzymes. In: Insect Molecular Biology and 
Biochemistry. London: Elsevier, Academic Press; 2012. pp. 236-316

Dengue Fever - a Resilient Threat in the Face of Innovation54

[37] Stevenson BJ, Pignatelli P, Nikou D, Paine MJ. Pinpointing P450s associated with pyre-
throid metabolism in the dengue vector, Aedes aegypti: Developing new tools to combat 
insecticide resistance. PLoS Neglected Tropical Diseases. 2012;6:e1595

[38] de Lourdes Macoris M, Martins AJ, Andrighetti MTM, Lima JBP, Valle D. Pyrethroid 
resistance persists after ten years without usage against Aedes aegypti in governmental 
campaigns: Lessons from São Paulo state, Brazil. PLoS Neglected Tropical Diseases. 2018; 
12:e0006390

[39] Smith LB, Kasai S, Scott JG. Pyrethroid resistance in Aedes aegypti and Aedes albopictus: 
Important mosquito vectors of human diseases. Pesticide Biochemistry and Physiology. 
2016;133:1-12

[40] Kasai S, Ng LC, Lam-Phua SG, Tang CS, Itokawa K, Komagata O, et al. First detection of a 
putative knockdown resistance gene in major mosquito vector, Aedes albopictus. Japanese 
Journal of Infectious Diseases. 2011;64:217-221

[41] Saavedra-Rodriguez K, Urdaneta-Marquez L, Rajatileka S, Moulton M, Flores A, 
Fernandez-Salas I, et al. A mutation in the voltage-gated sodium channel gene asso-
ciated with pyrethroid resistance in Latin American Aedes aegypti. Insect Molecular 
Biology. 2007;16:785-798

[42] Kawada H, Higa Y, Komagata O, Kasai S, Tomita T, Yen NT, et al. Widespread distribution 
of a newly found point mutation in voltage-gated sodium channel in pyrethroid-resistant 
Aedes aegypti populations in Vietnam. PLoS Neglected Tropical Diseases. 2009;3:e527

[43] David J-P, Ismail HM, Chandor-Proust A, Paine MJI. Role of cytochrome P450s in insecti-
cide resistance: Impact on the control of mosquito-borne diseases and use of insecticides 
on earth. Philosophical Transactions of the Royal Society, B: Biological Sciences. 2013;368

[44] Faucon F, Gaude T, Dusfour I, Navratil V, Corbel V, Juntarajumnong W, et al. In the hunt 
for genomic markers of metabolic resistance to pyrethroids in the mosquito Aedes aegypti: 
An integrated next-generation sequencing approach. PLoS Neglected Tropical Diseases. 
2017;11:e0005526

[45] Hemingway J, Hawkes NJ, McCarroll L, Ranson H. The molecular basis of insecticide 
resistance in mosquitoes. Insect Biochemistry and Molecular Biology. 2004;34:653-665

[46] Lumjuan N, Rajatileka S, Changsom D, Wicheer J, Leelapat P, Prapanthadara L-A, et al. The 
role of the Aedes aegypti Epsilon glutathione transferases in conferring resistance to DDT 
and pyrethroid insecticides. Insect Biochemistry and Molecular Biology. 2011;41:203-209

[47] Hemingway J, Ranson H. Insecticide resistance in insect vectors of human disease. 
Annual Review of Entomology. 2000;45:371-391

[48] Malik A, Earhart K, Mohareb E, Saad M, Saeed M, Ageep A, et al. Dengue hemorrhagic 
fever outbreak in children in Port Sudan. Journal of Infection and Public Health. 2011; 
4:1-6

[49] Amarasinghe A, Kuritsky JN, Letson GW, Margolis HS. Dengue virus infection in Africa. 
Emerging Infectious Diseases. 2011;17:1349

Ecology of Aedes Mosquitoes, the Major Vectors of Arboviruses in Human Population
http://dx.doi.org/10.5772/intechopen.81439

55



[50] Gubler DJ. Dengue and dengue hemorrhagic fever. Clinical Microbiology Reviews. 1998; 
11:480-496

[51] Gubler DJ, Clark GG. Community-based integrated control of Aedes aegypti: A brief over-
view of current programs. The American Journal of Tropical Medicine and Hygiene. 
1994;50:50-60

[52] Thongcharoen P, Jatanasen S. Epidemiology of dengue and dengue haemorrhagic fever. 
Monograph on Dengue/Dengue Haemorrhagic Fever. 1999:1-8

[53] Kroeger ALA, Ochoa M, Villegas E, Levy M, Alexander N. Effective control of dengue 
vectors with curtains and water container covers treated with insecticide in Mexico and 
Venezuela: Cluster randomised trials. BMJ. 2006;332:1247

Dengue Fever - a Resilient Threat in the Face of Innovation56

Chapter 4

Laboratory Tests Used in the Diagnostic and Research
of Dengue Virus: Present and Future

Juan Samuel Sulca Herencia

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.80519

Provisional chapter

DOI: 10.5772/intechopen.80519

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Laboratory Tests Used in the Diagnostic and Research 
of Dengue Virus: Present and Future

Juan Samuel Sulca Herencia

Additional information is available at the end of the chapter

Abstract

Dengue is a significant public health problem. There are four dengue virus serotypes 
identified; however, its diagnosis is difficult due to the existence of many viruses, bac-
teria, and parasites producing the same clinical presentation, being present in the same 
geographical area and even producing coinfections. Therefore, determining whether a 
person has, had, or is infected with dengue virus is of great importance. In order to do so, 
direct and indirect laboratory tests have been developed to identify the virus or part of 
its structure that generally detects the antibody response. These techniques are used for 
diagnosis, epidemiological studies, monitoring, assessment and production of vaccines 
and antivirals, etc. They range from the use of cell cultures, animal models, inoculation 
by insects, and serology tests to the use of detection molecular tests and quantification 
of genetic material that are described in this chapter herein, a brief explanation of this 
methodology, its strengths and weaknesses, and its application in the dengue research.

Keywords: dengue, arbovirus, flavivirus, laboratory test, diagnostic test

1. Introduction

Dengue is a dynamic systemic infectious disease and the most important arbovirus world-
wide. Its occurrence has increased in past decades, and it is estimated that 390 million of infec-
tions occurs annually of which 67–136 million manifest clinically with any severity of disease. 
Another study shows that 3.9 billion people are at risk of infection with dengue virus (DENV) 
in 128 countries [1]. Diagnostic tests providing a proper identification of DENV infection by 
any of its four serotypes in symptomatic or asymptomatic cases in the population, and espe-
cially in areas that have more than one arbovirus or another micro-organism (virus, bacteria 
or parasite) producing similar signs and symptoms are the key aspect of any dengue research 
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and surveillance programs [2]. Laboratory tests are based on the detection of the virus, part 
of its genome or structure, or specific result from an infected person or animal as immune 
response. In this chapter, the most used laboratory tests in an arbovirus study focused on 
diagnosis and research of dengue virus (DENV) will be assessed, some comparisons will be 
carried out with other laboratory tests, its features, advantages and disadvantages, and cau-
tions need to be considered during the process.

2. Laboratory test

2.1. Characteristics of diagnostic tests

A diagnostic test intends to identify whether or not a patient has a disease that cannot be 
recognized by signs and symptoms. Ideally, such test must meet the following requirements:

• To achieve high levels of sensitivity and specificity.

• Accurate and precise results.

• To deliver rapid results.

• To be cost effective.

Different studies can be carried out in the dengue research. For example, clinical diagno-
sis diseases, epidemiological studies, clinical assays, viral load tests, vaccines and anti-viral 
assessments, etc. Thus, it is necessary to know the testing capacity to detect the presence or 
absence of the disease (validation of diagnostic tests), so it is very useful to know the following 
diagnostic test indicators (Table 1).

Result of the laboratory test Disease

Positive Negative Total

Positive a (True positive) b (False positive) a + b

Negative c (False Negative) d (True negative) c + d

Total a + c b + d a + b + c + d

Sensitivity: It is the probability that a sick person delivers a positive result in the diagnostic test (a/(a + c)).
Specificity: It is the probability that a person who is not sick delivers a negative results in the diagnostic test (d/(b + d)).
Positive predictive value: It is the probability that a person is sick and gets a positive result in the diagnostic test  
(a/(a + b)).
Negative predictive value: It is the probability that a healthy person gets a negative result in the diagnostic test (d/(c + d)).
Efficiency: It is the probability that a person is properly diagnosed using the diagnostic test ((a + d)/(a + b + c + d)).
Positive likelihood ratio (LR+): It is obtained when dividing sensitivity by the portion of false positives (1 − specificity), 
and it indicates the probability of being sick if the result is positive (Sensitivity/(1 − specificity)).
Negative likelihood ratio (LR−): It is obtained when dividing false negatives (1 − sensitivity) by specificity, and it 
indicates the probability of negative results obtained from a sick person ((1 − Sensitivity)/Specificity).

Table 1. A double-entry table to obtain indicators of diagnostic tests from analyzing a sample showing all possible results.
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The sensitivity and specificity have distinctive features of diagnostic tests, they are not com-
promised by the prevalence of the disease, and they are inversely proportional. If a study in 
which the majority of people are suffering from this disease is carried out, a high sensitivity 
test is needed in order to identify the highest number of true positive and the lowest number 
of false negative. However, it may increase the number of false positive. If you want to obtain 
a good disease diagnosis, a high specificity test must be used to detect the highest number 
of true negative. Here, the false positive will also be low. Moreover, positive and negative 
predictive values of the diagnostic tests are affected by the prevalence of the disease in the 
study population. The likelihood ratio (LR) that is independent of prevalence is used when 
the laboratory tests do not present dichotomous results but cut-off value. This is another way 
of assessing the accuracy. According to the results, the test can be classified into adequate 
(LR+ ≥ 10 to LR− ≤ 0.1), moderate (LR+ ≥ 5 < 10 to LR− > 0.1 ≤ 0.2), scarce (LR+ ≥ 2 < 5 to 
LR− > 0.2 ≤ 0.5) and insignificant (LR+ ≥ 1 < 2 to LR− > 0.5 < 1). Not only one but also many tests 
can be used to diagnose dengue in the epidemiological studies. It can be done sequentially 
or in parallel. For example, when performing a test with two sequential tests, all positive 
people need to be assessed with a second test upfront, and this will cause the reduction of net 
sensitivity and a net specificity enhancement obtained from both tests. It will be considered 
as positive if their tests are positive in all tests. Likewise, the negative ones will have negative 
results in the confirmatory test. On the other hand, if two simultaneous tests are used, a net 
sensitivity is gained, while a net specificity is reduced. This is different when tests are done 
independently. Negative is considered people whose negative results were in all tests and 
positive the ones whose positive results were in at least one of the tests [3, 4].

2.2. Biological samples for dengue studies

The type of sample taken in the right moment, storage and transport to the laboratory to be 
processed, and the appropriate documentation plays a key role to obtain results because if 
there is a change of sample quality, this can reduce antibody titers, viruses or genetic mate-
rial resulting in lower titers or concentrations from the real ones in quantitative tests or false 
negative results in quantitative or qualitative tests.

The most used samples to diagnose and to search about dengue are whole blood, serum, 
plasma, and human organs like spleen, liver, and heads of mosquitoes, pools of mosquitoes, 
brains of mice, serum samples saturated with filter paper, etc. The serum samples that will 
be processed for virus isolation and/or polymerase chain reaction tests and fluorescent focus 
assay to quantify the virus in serum are collected in tubes without anticoagulants. They must 
be taken within 1–5 days after the onset of symptoms, to detect the antigen (NS1 protein), 
within 1–6 days to detect IgM antibodies for enzyme-linked immunosorbent assay (ELISA) 
or a rapid test after day 5 of starting the symptoms, within 1–5 to detect IgG using matched 
serums to assess seroconversion for ELISA, neutralization test or hemagglutination inhibition 
used in acute serums, and convalescent serums after day 15. In the case of liver, spleen, kid-
ney or nodes samples, a sample is immediately taken after the person’s death or the animal in 
experiment. The samples must be taken to the laboratory as soon as possible and preferably 
dealt with in dry ice or liquid nitrogen [5, 6].
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2.3. Primary and secondary dengue infections and dengue diagnostic

Although most infections are asymptomatic or subclinical, a set of symptoms starts after a 
dengue infection elapses the 4–10-day incubation period. A four-fold increase of the IgG anti-
body titers in matched serums measured by ELISA IgG test or hemagglutination inhibition 
indicates recent flavivirus infection. When people are infected with the virus on the first time, 
dengue infections are known as a primary infection in which a viral load and the relevant 
antibody formation (IgM, IgG and IgA) are triggered. In a primary infection, the titer of IgM is 
generally much higher and more specific than in a secondary infection. Some studies consider 
that an infection is primary if the IgM/IgG relation is higher than 1.2 with diluted samples at 
1:100 or 1.4 using diluted serum at 1:20. When people are previously exposed to any sero-
type or flavivirus, or even after a vaccine (i.e., yellow fever vaccine), dengue infections are 
secondary and the IgM/IgG relation is lower than 1.2 or 1.4. In secondary infections, the IgG 
is detected in the highest levels and even on the acute phase. It remains higher for 10 months 
and even lifelong in order to consider a person being infected with dengue virus (DENV), the 
following laboratory test interpretations need to be followed:

• When a sample taken from the acute phase is positive for dengue due to the PCR test, viral 
isolation, and IgM serocoversion in matched serum samples, the IgG seroconversion in 
matched serum samples or the fourfold increase of IgG titer is considered confirmed cases.

• When a positive IgM occurs in a single serum sample or a positive IgG in a single sample 
with hemagglutination inhibition titer is the same or higher than 1:1280, it is considered a 
suggestive case [5–8].

2.4. Laboratory test

The laboratory tests can be interchangeably used in different researches, both basic and 
applied ones. We can classify them into direct methods that allow virus detection or part of its 
structure and indirect methods which identify a reaction produced by the presence of DENV 
in the organism.

2.4.1. Direct detection methods

2.4.1.1. Viral RNA extraction

The genetic material extraction has a key role for PCR tests so that the quality of a product 
extracted can vary depending on the type of sample being used, and the extraction method 
applied will directly affect the test sensitivity. The dengue RNA can be recovered from serum, 
blood, urine, plasma samples and other organs. However, the viral load in blood is much 
higher (7.9 × 102–1.9 × 105 PFU/mL) in comparison with saliva and urine samples (1 × 101–5 × 101 
PFU/mL). The RNA extraction can be done by guanidine thiocyanate and trizol methods and 
by the use of commercial kits like Qiagen kit (QIAamp® RNA Viral mini kit), etc. RNA extrac-
tion techniques in serum/plasma samples from patients using QIAamp® UltraSens Virus Kit 
(Qiagen Inc., Valencia, USA) were compared to the modified Chomczynski-Sacchi extraction 
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technique in order to extract plasma RNA so that the original technique is used for cell or 
tissue samples being more cost effective than the kit commercial one. It was found that 34 
samples out of 47 were positive by using the Chomczynski-Sacchi method, and the remaining 
27 samples were positive by using the kit commercial method [8–10].

2.4.1.2. Reverse transcription polymerase chain reaction (RT-PCR)

The RT-PCR techniques and their different variants are converted into one of the main tools 
for diagnosing DENV and other arbovirosis. Less time to process the results, being able to 
identify the circulating serotypes of the virus, presenting the highest sensitivity and specific-
ity levels are among its advantages. This type of test has the benefit of obtaining rapid results 
while identifying circulating serotypes of dengue. The RT-PCR technique is the extraction of 
a RNA sample followed by a reverse transcription process, the actual PCR (nested or not), and 
the last screening in gel obtaining a qualitative result. The technique developed by Lanciotti 
and his collaborators or the variant developed by Harris and his collaborators, which have 
been used for many years, is recommended by the Pan American Health Organization 
(PAHO/OPS). The technique developed by Lanciotti starts with converting RNA into DNA by 
using a reverse transcriptase enzyme. Then, the PCR is carried out when primers are used to 
amplify prM genes and C virus areas to continue with a specific primer-nested PCR for each 
virus serotype. Harris and his collaborators developed a multiplex RT-PCR from Lanciotti 
and his collaborators’ method that uses five pairs of primers (four specific pairs for serotypes 
and one pair of the region of the capsid gene). There are many different variants in this tech-
nique having different sensitivity levels that are used in research laboratories. One of the main 
disadvantages is the possible existence of a false positive due to the contamination produced 
by amplicons during the reverse transcription of the genetic material, and it is necessary to 
consider that a negative result in these tests does not rule out DENV infection or other arbo-
viruses, and the analysis must be complemented by serological findings (Figure 1) [9, 11].

2.4.1.3. RT-PCR multiplex to DENV and different microorganism identifications

Chikungunya (CHIKV), Zika (ZIKV), Yellow Fever (YFV) and DENV are arboviruses with 
the highest prevalence in the American continent. They are transmitted by the same vec-
tor Aedes aegypti y Aedes albopictus facilitating its cocirculation in some areas of the region. 
Because of these arboviruses, the affected patients develop similar symptoms but its clinical 
management and its possible results as the aftermath of the disease, and mortality rates are 
different. They can even produce coinfection with other microorganisms making a proper 
identification necessary in an early stage of the disease (acute phase). There are commercial 
and standardized testing in a laboratory allowing qualitative identification of DENV, ZIKV, 
and CHIKV in serum, plasma, and even some urine samples [12]. Other commercial testing 
like FilmArray Global fever panel has the capacity of detecting genetic material in viruses, 
bacteria and protozoa (nine viruses like YFV, DENV, ZIKV, WNV, CHIKV, among others, six 
bacteria and four protozoa) in whole blood (EDTA), with automated equipment. A study to 
determine a detection limit for microorganisms using FilmArray Global fever panel found 
the following results for DENV like DENV-1 (Hawaii) 2.7 × 101, DENV-2 (New Guinea C) 
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technique in order to extract plasma RNA so that the original technique is used for cell or 
tissue samples being more cost effective than the kit commercial one. It was found that 34 
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27 samples were positive by using the kit commercial method [8–10].
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identify the circulating serotypes of the virus, presenting the highest sensitivity and specific-
ity levels are among its advantages. This type of test has the benefit of obtaining rapid results 
while identifying circulating serotypes of dengue. The RT-PCR technique is the extraction of 
a RNA sample followed by a reverse transcription process, the actual PCR (nested or not), and 
the last screening in gel obtaining a qualitative result. The technique developed by Lanciotti 
and his collaborators or the variant developed by Harris and his collaborators, which have 
been used for many years, is recommended by the Pan American Health Organization 
(PAHO/OPS). The technique developed by Lanciotti starts with converting RNA into DNA by 
using a reverse transcriptase enzyme. Then, the PCR is carried out when primers are used to 
amplify prM genes and C virus areas to continue with a specific primer-nested PCR for each 
virus serotype. Harris and his collaborators developed a multiplex RT-PCR from Lanciotti 
and his collaborators’ method that uses five pairs of primers (four specific pairs for serotypes 
and one pair of the region of the capsid gene). There are many different variants in this tech-
nique having different sensitivity levels that are used in research laboratories. One of the main 
disadvantages is the possible existence of a false positive due to the contamination produced 
by amplicons during the reverse transcription of the genetic material, and it is necessary to 
consider that a negative result in these tests does not rule out DENV infection or other arbo-
viruses, and the analysis must be complemented by serological findings (Figure 1) [9, 11].

2.4.1.3. RT-PCR multiplex to DENV and different microorganism identifications

Chikungunya (CHIKV), Zika (ZIKV), Yellow Fever (YFV) and DENV are arboviruses with 
the highest prevalence in the American continent. They are transmitted by the same vec-
tor Aedes aegypti y Aedes albopictus facilitating its cocirculation in some areas of the region. 
Because of these arboviruses, the affected patients develop similar symptoms but its clinical 
management and its possible results as the aftermath of the disease, and mortality rates are 
different. They can even produce coinfection with other microorganisms making a proper 
identification necessary in an early stage of the disease (acute phase). There are commercial 
and standardized testing in a laboratory allowing qualitative identification of DENV, ZIKV, 
and CHIKV in serum, plasma, and even some urine samples [12]. Other commercial testing 
like FilmArray Global fever panel has the capacity of detecting genetic material in viruses, 
bacteria and protozoa (nine viruses like YFV, DENV, ZIKV, WNV, CHIKV, among others, six 
bacteria and four protozoa) in whole blood (EDTA), with automated equipment. A study to 
determine a detection limit for microorganisms using FilmArray Global fever panel found 
the following results for DENV like DENV-1 (Hawaii) 2.7 × 101, DENV-2 (New Guinea C) 
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3.6 × 101, DENV-3 (H87) 1.6 × 103 and DENV-4 (H241) 7.6 × 101. The main advantage of this test 
is time reduction to obtain results (about an hour), discriminating the amount of pathogens, 
and minimizing cross-contamination problems so that all reactions are carried out among a 
closed system. The cost of the product and a machine analyzing only a sample at a time is 
within its limiting [13].

2.4.1.4. Real-time PCR

It uses conventional RT-PCR principles, and it combines with fluorochromes like SYBR Green 
or TaqMan probes with fluorochromes capable of producing proportional fluorescence to the 
DNA copy samples. The strengths of this test are the same as the conventional RT-PCR, it also 
reduces time when releasing the results as well as the cross-contamination risk post PCR, the 
levels of sensitivity and specificity are higher than the conventional RT-PCR, and overall it 
allows quantifying the genetic material. There are different commercial kits in the market to 
diagnose DENV, and its sensitivity and specificity levels vary when they are compared among 
them [14, 15]. The CDC elaborated a real time RT-PCR in order to diagnose four serotypes 
in serum or human plasma samples using an ABI 7500 FAST DX thermo-cycler of Applied 
Biosystems and hydrolysis dual-marker TaqMan probes, and it is the first RT-PCR approved 
by Food and Drug Administration (FDA) to detect DENV [16].

Figure 1. Reverse transcriptase semi-nested reactions, using primers targeted to the C/PrM genomic region as described 
by Lanciotti et al. (a photo taken on April 24, 2018 in the molecular biology laboratory with the authorization of the 
U.S. Naval Medical Research Unit Six (NAMRU-6).
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2.4.1.5. Viral isolation in cell lines

Viral isolation in cell cultures or mosquitoes followed by the virus detection using indirect 
immunofluorescence is considered as gold standard [8, 17]. In order to carry out the DENV 
viral isolation and as a general rule to any virus, it is necessary to consider the following:

• To know the isolated virus (virus characteristics, replication, transmission mechanism, etc.)

• To know which biosafety level a virus can be performed. In the case of DENV, biosafety 
level 2 is needed [18].

• To determine which cell line to use and to be able to isolate the virus, it is essential to iden-
tify the most sensitive cell line from mosquitoes and mammals, and its use for the isolation 
and DENV propagation, being the most sensitive cell lines of mosquitoes as follows:

• C6/36: they are easy cell propagation, highly sensitive to DENV infection, and culti-
vated at 28°C that are obtained from salivary glands of Aedes albopictus.

• C6/36 HT (hot temperature): they can be spread at 34°C and have a bigger sensitivity 
to detect DENV. This cell line maintains its high sensitivity only for some weeks due 
to its higher temperatures, so some researchers suggest adapting at 34°C, a C6/36 cell 
line growing at 28°C, and using an alternative method.

• TRAS-284-SF cell has the main benefit of not requiring the use of fetal bovine serum 
(FBS) as a culture medium, and it presents a higher sensitivity to the DENV isolation 
[6, 9, 17].

• Knowing the viral isolation technique that provides better results to isolation and virus 
propagation. The standard method is based on the virus propagation in a sensitive cell 
line for inoculating a previous diluted sample in a cell culture medium. After the infection 
process, the cultures are placed on incubation for the binding of the virus to the cell; sub-
sequentially, it is placed on a means of maintenance with the essential nutrients to main-
tain the live cultures for a period of time that can be 13–15 days. Then, the infected cells 
are recovered, and the virus presence is determined by an immunofluorescence process, 
ELISA, molecular techniques, and others. Bottles, tubes, 6–96 well culture plates, and oth-
ers are used in order to sustain the binding to cell cultures. A modified shell vial technique 
allows the recovery of a higher number of YFV, SLV, WNV, ILHV, GCV, OROV, MAYV and 
DENV isolations. This technique follows the same steps as a standard method, but after 
inoculating cells, the cultures are centrifuged to velocities between 1800 and 2200 rpm. This 
technique can also be used to isolate DENV coinfections. However, it seems not to have 
good results for VEE isolation [19–22].

• The sample type to be used. The sample type to be used and its proper preservation until 
the processing time are extremely important to isolate a virus. The most used dilutions to a 
viral isolation vary from 1:5 to 1:20. A very concentrated dilution of the sample could gen-
erate a toxic effect in the cells. On the other hand, a much diluted sample could cause the 
inability of isolating the virus because of having a low concentration virus in the inoculum 
[19, 21].
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• To know which biosafety level a virus can be performed. In the case of DENV, biosafety 
level 2 is needed [18].

• To determine which cell line to use and to be able to isolate the virus, it is essential to iden-
tify the most sensitive cell line from mosquitoes and mammals, and its use for the isolation 
and DENV propagation, being the most sensitive cell lines of mosquitoes as follows:

• C6/36: they are easy cell propagation, highly sensitive to DENV infection, and culti-
vated at 28°C that are obtained from salivary glands of Aedes albopictus.

• C6/36 HT (hot temperature): they can be spread at 34°C and have a bigger sensitivity 
to detect DENV. This cell line maintains its high sensitivity only for some weeks due 
to its higher temperatures, so some researchers suggest adapting at 34°C, a C6/36 cell 
line growing at 28°C, and using an alternative method.

• TRAS-284-SF cell has the main benefit of not requiring the use of fetal bovine serum 
(FBS) as a culture medium, and it presents a higher sensitivity to the DENV isolation 
[6, 9, 17].

• Knowing the viral isolation technique that provides better results to isolation and virus 
propagation. The standard method is based on the virus propagation in a sensitive cell 
line for inoculating a previous diluted sample in a cell culture medium. After the infection 
process, the cultures are placed on incubation for the binding of the virus to the cell; sub-
sequentially, it is placed on a means of maintenance with the essential nutrients to main-
tain the live cultures for a period of time that can be 13–15 days. Then, the infected cells 
are recovered, and the virus presence is determined by an immunofluorescence process, 
ELISA, molecular techniques, and others. Bottles, tubes, 6–96 well culture plates, and oth-
ers are used in order to sustain the binding to cell cultures. A modified shell vial technique 
allows the recovery of a higher number of YFV, SLV, WNV, ILHV, GCV, OROV, MAYV and 
DENV isolations. This technique follows the same steps as a standard method, but after 
inoculating cells, the cultures are centrifuged to velocities between 1800 and 2200 rpm. This 
technique can also be used to isolate DENV coinfections. However, it seems not to have 
good results for VEE isolation [19–22].

• The sample type to be used. The sample type to be used and its proper preservation until 
the processing time are extremely important to isolate a virus. The most used dilutions to a 
viral isolation vary from 1:5 to 1:20. A very concentrated dilution of the sample could gen-
erate a toxic effect in the cells. On the other hand, a much diluted sample could cause the 
inability of isolating the virus because of having a low concentration virus in the inoculum 
[19, 21].
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2.4.1.6. Plaque assay

It is the most used test to determine viral vaccine titers so that it quantifies the virus to infect 
cells. It is based on the infection of a cell monolayer with different virus dilutions to evaluate. 
After an incubation period, the viral infection results in lytic plaques. If they are colored, they 
are displayed as holes in the cell monolayer. Each plaque corresponds with an infectious virus. 
One of the main disadvantages of this technique is that it can only use viruses being able to pro-
duce a cytopathic effect. Another one is that all native strains of DENV are not always capable 
of producing well-defined plaques, and the viral titers can vary depending on the cell line used. 
For a dengue virus case, the most used cell lines are VERO and BHK-21 (Figure 2) [5, 6, 23].

2.4.1.7. Fluorescent focus assay

It is a combination of plaque assay and immunofluorescence. Viruses are inoculated in dif-
ferent dilutions in the cell line, then a cell incubation period is fixed to plaques with any 
organic solvent, and an immunofluorescence is carried out. Positive cells are observed with 
fluorescent foci that can be counted. One of its advantages is to reduce the incubation period 

Figure 2. Plaque assay titration for DENV-2 using VERO-76 cells and a semi-solid method (a photo taken on March 
2017, in the Virology and Molecular Biology Laboratory of the Faculty of Biological Sciences at National University of 
San Marcos, Peru).
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in order to obtain the results in comparison with plaque assay. It allows processing a bigger 
number of samples so that it can be adapted to use 96-well culture plates in comparison with 
the 24-well plates which are used in the plaque assay. Another advantage is to allow the use 
of C6/36 cells that are highly sensitive to detect dengue virus, and they cannot be used for the 
plaque assay as they do not form lytic plaques (Figure 3) [23].

2.4.1.8. Viral isolation in nursing mice

Suckling mice were greatly used because of their easy reproduction and handling to isolate 
virus as well as the antigen production. About 1–3 neonatal mice and an intracranial inocula-
tion are carried out. Then, a 21-day daily checking to observe the occurrence of neuromotor 
symptoms is needed. This technique is starting to cease to use due to a great variety of cell 
cultures that allow good sensitivity levels in DENV detection. This is why the Institutional 
Animal Care Committee and IACUC Committee recommend reducing this activity. One of 
the most common practices to carry out euthanasia on suckling mice is using a CO2 camera. 
When using this technique, it is necessary to make sure such mice are dead as they are very 
resilient to lacking of oxygen so it is advisable to continue with other euthanasia techniques 
like cervical dislocation, decapitation, etc. [6, 9, 24].

2.4.1.9. Inoculation in mosquitoes

The mosquitoes like Aedes genus can be used for dengue virus isolation when infection and 
disease transmission studies are carried out. The intracerebral and intrathoracic inoculations 
are used for mosquitoes which are immobilized at low temperatures. The mosquito infection 
technique is to feed them directly with the dengue-infected patient blood in the acute phase of 
the disease. The mosquitoes of the Toxorhynchites genus, which are not blood-feeding insects, 
can be used for the four-serotype dengue isolation, Japanese encephalitis and encephalitis 
of San Luis are more susceptible than cell culture isolation of dengue virus as well as the 
Drosophila melanogaster that can be inoculated by micro injection in the abdomen, and it could 
reach higher titers using less time in comparison with the Aedes aegypti inoculation [6, 25, 26].

Figure 3. Fluorescent focus assay for DENV-2 using the C6/36 (A) and VERO-76 cells (B). The indirect immunofluorescence 
performed to visualize the foci was carried out on the fifth day of incubation, using the fluorescein isothiocyanate (FITC) 
conjugate (a photo taken on March 15, 2016 in the Serology laboratory with the authorization of the U.S. Naval Medical 
Research Unit Six (NAMRU-6)).
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tion are carried out. Then, a 21-day daily checking to observe the occurrence of neuromotor 
symptoms is needed. This technique is starting to cease to use due to a great variety of cell 
cultures that allow good sensitivity levels in DENV detection. This is why the Institutional 
Animal Care Committee and IACUC Committee recommend reducing this activity. One of 
the most common practices to carry out euthanasia on suckling mice is using a CO2 camera. 
When using this technique, it is necessary to make sure such mice are dead as they are very 
resilient to lacking of oxygen so it is advisable to continue with other euthanasia techniques 
like cervical dislocation, decapitation, etc. [6, 9, 24].

2.4.1.9. Inoculation in mosquitoes

The mosquitoes like Aedes genus can be used for dengue virus isolation when infection and 
disease transmission studies are carried out. The intracerebral and intrathoracic inoculations 
are used for mosquitoes which are immobilized at low temperatures. The mosquito infection 
technique is to feed them directly with the dengue-infected patient blood in the acute phase of 
the disease. The mosquitoes of the Toxorhynchites genus, which are not blood-feeding insects, 
can be used for the four-serotype dengue isolation, Japanese encephalitis and encephalitis 
of San Luis are more susceptible than cell culture isolation of dengue virus as well as the 
Drosophila melanogaster that can be inoculated by micro injection in the abdomen, and it could 
reach higher titers using less time in comparison with the Aedes aegypti inoculation [6, 25, 26].
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2.4.1.10. Automated equipment for virus counting

There are redesigned flow cytometers to quantify a virus in solutions like The ViroCyt® Virus 
Counter (VC) 2100 (ViroCyt, Boulder, CO, USA) using a specific fluorescent dye for the enve-
lope proteins and the other one for the nucleic acids that allows recognizing viral particles 
having both components in its structure. Then, it eliminates anything that represents one type 
of fluorescent [27].

2.4.1.11. Enzyme-linked immunosorbent assay (ELISA) for NS1

The NS1 nonstructural protein is produced during dengue infection and accumulated in 
higher concentrations in the human serum (up to 50 μg/ml) being detected during the acute 
phase (day 0–6) after the symptoms in primary and secondary infection start. Some studies 
have reported a correlation between elevated NS1 protein levels with hemorrhagic dengue 
cases, and even this technique seems to be effective to detect DENV in the vector. When 
evaluating three of these commercial tests from different manufacturers with human serum 
samples, it is found sensitivity between 85.5 and 95.9% and specificity between 95.0 and 100% 
using the viral isolation as a reference test [28].

2.4.2. Indirect methods

2.4.2.1. IgM ELISA

IgM can be detected on 50% infected people within 3–5 days and after the symptoms onset, 
and it reaches approximately to 80% infected people on day 5 and to 99% infected people 
on day 10 reaching maximum levels in humans at the 2 weeks to falter until they are not 
detected on 2–3 months. An indirect capture ELISA is usually used for detecting IgM, and it 
allows increasing sensitivity of the test in detecting antibodies. However, IgM antibodies are 
not specific, and they could present a cross-reaction with other flavivirus like YFV, ZIKV, etc. 
Besides, some particular test characteristics could alter the result of the test as the rheumatoid 
factor depending on IgM ELISA type causes false positives [5, 7–9].

2.4.2.2. IgG ELISA

The IgG is detected with low titers when ending the first week of the onset symptoms in 
humans, and they could even be detected for a lifelong. The tests to detect an IgG using the 
virus bind to a plate in a smooth antigen way (protein cocktail) usually present a low specific-
ity so that there is a cross-reaction with other viruses from the same genus due to the proteins 
found in the antigen, and this test cannot be used to determine the infectious dengue serotype 
but it can present a higher sensitivity than the hemagglutination inhibition test. The ELISA 
is also used for studying how different IgG sub-classes react in a dengue infection [5, 7–9].

2.4.2.3. IgG inhibition ELISA tests

It can be used to differentiate a primary infection and a secondary infection from dengue 
replacing an hemagglutination inhibition test using a percentage of inhibition higher or the 
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same as 50% as a positivity criterion. In case of having only a serum sample, a primary infec-
tion is considered when the antibody IgG titer is ≤20, and a secondary infection is considered 
if the antibody titer is ≥1280. In both cases, the sample must be collected on 5–7 days. If there 
are paired samples, a primary infection is considered when the seroconversion in antibody 
titers from the acute and convalescent phase occurs, and a secondary infection is considered 
when the antibody titers increase four times or more between the acute and convalescent 
phase, or in both serums [6].

2.4.2.4. IgA ELISA test

It was used in some studies to identify the infected people in an early stage of dengue infection. 
Thus, it was found 100% of sensitivity in people with secondary dengue infection after symp-
tom onset-day 1. However, the results were not very favorable for primary infections [29].

2.4.3. Neutralization test

2.4.3.1. Plaque reduction neutralization test (PRNT)

This test is considered the gold standard to detect neutralizing IgG antibodies because they 
have high sensitivity but can have a cross-reaction among members of flavivirus group. It is 
based on the binding of antibodies present in the sample which contains a known virus load 
(working dilution). The mixture of both is incubated and inoculated in a cell line until forming 
lytic plaques that are observed when coloring the cell monolayer. All samples neutralizing 
and avoiding the forming of certain number of plaques (being the most commonly used for 
50–90% reduction) are with the presence of neutralizing antibodies indicating exposure to 
dengue. Using 1 in 30 diluted serum samples allowed discriminating between DENV-1 and 
DENV-2 serotypes in collected serum in Cuba, before and after the 1981 epidemic caused by 
DENV-2. There are many different variants of a PRNT test that could produce a variation in 
the results when being compared with using different used reduction rates, different PRNT 
methods (solid or semi-solid), and different cell lines. The most used for dengue are VERO 
cells that are recommended by World Health Organization (WHO), and BHK-21 that are 
used by other laboratories like Pedro Kouri Institute of Cuba. The use of different genotypes 
can alter the antibody titer results. Kochel et al. [30] evaluated Peruvian samples infected 
with DENV-2 American genotype. Antibody titers were found in higher levels when using 
the same genotype rather than using the Asian genotype. PRNT can be used to differentiate 
dengue infection to yellow fever infection. It has been found that the lowest serum dilution 
capable of distinguishing between both infections is 1 in 5. In a dengue secondary infection, 
PRNT can have a cross-reaction with other serotypes. In infected populations with sequen-
tially different serotypes of dengue, the highest antibody titer pertains to the first infection 
(the “original antigenic” sin phenomenon) (Figure 4) [5–7, 30–32].

2.4.3.2. Focus reduction neutralization test (FRNT)

It combines the PRNT test with immunofluorescence or ELISA to count fluorescent foci or 
spots and calculate their reduction rate in the samples. Among its advantages, this allows 
reducing the days to obtain the results and undertaking studies with native strains so that 
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found in the antigen, and this test cannot be used to determine the infectious dengue serotype 
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It was used in some studies to identify the infected people in an early stage of dengue infection. 
Thus, it was found 100% of sensitivity in people with secondary dengue infection after symp-
tom onset-day 1. However, the results were not very favorable for primary infections [29].
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the same genotype rather than using the Asian genotype. PRNT can be used to differentiate 
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capable of distinguishing between both infections is 1 in 5. In a dengue secondary infection, 
PRNT can have a cross-reaction with other serotypes. In infected populations with sequen-
tially different serotypes of dengue, the highest antibody titer pertains to the first infection 
(the “original antigenic” sin phenomenon) (Figure 4) [5–7, 30–32].

2.4.3.2. Focus reduction neutralization test (FRNT)

It combines the PRNT test with immunofluorescence or ELISA to count fluorescent foci or 
spots and calculate their reduction rate in the samples. Among its advantages, this allows 
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some of them produce tenuous plates that are difficult to count but they make easier to detect 
fluorescent foci. Moreover, more sensitive lines can be used to detect dengue, not forming 
C6/36 plates, and they can be adapted to plates with a higher number of wells enabling to pro-
cess a higher number of samples and saving materials. And, fluorescent foci can be counted 
with an ultraviolet light microscope or using computerized readers capable of reading fluo-
rescent foci and reducing time to obtain results [33, 34].

2.4.3.3. Microneutralization-ELISA

It is a variable in the PRNT test and uses the same immunological basis with the advan-
tage of being worked on 96-well plates different from the PRNT that generally uses 24-well 
plates. This allows saving materials and handling a higher number of samples. This technique 
is used to detect the presence of neutralizing antibodies in the sample which is mixing the 
patient’s sample that is previously inactivated in different dilutions with the dengue virus 
serotype to be evaluated, once the antigen-antibody binding is inoculated in the specified cell 
line as VERO-76 cells. If there were neutralizing antibodies in the sample, these ones would 
block the entry from the virus to the cell and would not produce the infection. The presence 
of the virus in the cell is revealed by an ELISA procedure. Samples exposing the color change 
in a substrate will be considered as negatives to an IgG antibody against the dengue serotype 
under study, and the samples that do not produce color change in the substrate will be posi-
tive for the presence of IgG antibodies (Figure 5). When this technique was evaluated with 
serum samples from patients with primary infection, the results were very similar to the ones 
in PRNT. However, the result correlation was very poor in comparison with this technique 
using samples from patients with secondary infections [35].

2.4.3.4. Immunofluorescence test

This test can be direct or indirect, and it is the most commonly used to identify the infected 
cells deriving from cell lines, salivary glands of mosquitoes, etc. It is based on the binding of 

Figure 4. Plaque reduction neutralization test for DENV-2 using BHK-21 clone 15 cells. Dilutions from 1:20 to 1: 160 were 
used. Sample A and C do not present antibodies against the DENV2, and sample B is positive up to a dilution greater 
than 1: 160 (a photo taken on March 23, 2012 in the PRNT laboratory with the authorization of the U.S. Naval Medical 
Research Unit Six (NAMRU-6)).
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the actual virus to a sample that can be infected cells with a dengue virus antibody joined to 
a fluorescent marker named conjugated (direct immunofluorescence). One of the most used 
fluorochromes for this technique is the fluorescein isothiocyanate (FITC). First, a specific anti-
body is to bind to a specific virus in the indirect immunofluorescence (the used antibody can 
be monoclonal or polyclonal, and it is bind to a conjugated). Observing the samples under 
ultraviolet light of the microscope, the fluorescent cells indicate the presence of the virus in 
the cell. This test is quite cost effective, and its sensibility and specificity can vary depending 
on the antibody quality used for virus identification. The polyclone antibodies are produced 
by sensitizing mice with the specific virus to detect. If an inactivated and structurally com-
plete virus is used, the mice will produce antibodies against virus proteins resulting in a high 
cross-reaction within the virus of the same genome as it is the case of DENV, YFV, ZIKV, SLV, 
WNV, etc. Monoclonal antibodies produced in hybridomas can eliminate or reduce cross-
reactions (cell lines are able to produce antibodies against one or various virus epitopes) with 
bigger specificity. There are antibodies produced in hybridomas capable of identifying and 
differentiating flavivirus group, a general dengue virus (dengue complex), and to each den-
gue virus serotype (Figure 6) [5, 6].

2.4.3.5. Rapid tests

There are rapid tests based on lateral flow chromatographic immune assays produced by 
different laboratories. Proteins such as NS1, IgM, IgG in serum, blood or plasma samples can 
be detected through these tests, and they can simultaneously identify antibodies or proteins 
produced by ZIKV, DENV, and CHIKV. Assessing four rapid tests for NS1, its sensibility was 
in 71.9–79.1% range and its specificity in 95–100% antibodies compared to the viral isolation. 
These tests have the benefit of being cost effective, not requiring qualified personnel to be 

Figure 5. Enzyme-linked immunosorbent assay-format microneutralization test for DENV-2. The samples were 
inoculated in triplicate in VERO-76 cells using dilutions from 1:40 to 1: 320, and the ELISA test was performed on day 
5 post inoculation (a photo taken on April 24, 2018 in the serology laboratory with the authorization of the U.S. Naval 
Medical Research Unit Six (NAMRU-6)).
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body is to bind to a specific virus in the indirect immunofluorescence (the used antibody can 
be monoclonal or polyclonal, and it is bind to a conjugated). Observing the samples under 
ultraviolet light of the microscope, the fluorescent cells indicate the presence of the virus in 
the cell. This test is quite cost effective, and its sensibility and specificity can vary depending 
on the antibody quality used for virus identification. The polyclone antibodies are produced 
by sensitizing mice with the specific virus to detect. If an inactivated and structurally com-
plete virus is used, the mice will produce antibodies against virus proteins resulting in a high 
cross-reaction within the virus of the same genome as it is the case of DENV, YFV, ZIKV, SLV, 
WNV, etc. Monoclonal antibodies produced in hybridomas can eliminate or reduce cross-
reactions (cell lines are able to produce antibodies against one or various virus epitopes) with 
bigger specificity. There are antibodies produced in hybridomas capable of identifying and 
differentiating flavivirus group, a general dengue virus (dengue complex), and to each den-
gue virus serotype (Figure 6) [5, 6].

2.4.3.5. Rapid tests

There are rapid tests based on lateral flow chromatographic immune assays produced by 
different laboratories. Proteins such as NS1, IgM, IgG in serum, blood or plasma samples can 
be detected through these tests, and they can simultaneously identify antibodies or proteins 
produced by ZIKV, DENV, and CHIKV. Assessing four rapid tests for NS1, its sensibility was 
in 71.9–79.1% range and its specificity in 95–100% antibodies compared to the viral isolation. 
These tests have the benefit of being cost effective, not requiring qualified personnel to be 

Figure 5. Enzyme-linked immunosorbent assay-format microneutralization test for DENV-2. The samples were 
inoculated in triplicate in VERO-76 cells using dilutions from 1:40 to 1: 320, and the ELISA test was performed on day 
5 post inoculation (a photo taken on April 24, 2018 in the serology laboratory with the authorization of the U.S. Naval 
Medical Research Unit Six (NAMRU-6)).

Laboratory Tests Used in the Diagnostic and Research of Dengue Virus: Present and Future
http://dx.doi.org/10.5772/intechopen.80519

69



done nor using sophisticated equipment. Within its limitations, it is not possible to identify 
the circulating serotype in a virus, the band intensity is not related to the antibody titers nor 
the actual NS1 antigen in the sample, cross-reactions with other flavivirus are common, a 
negative result in these tests does not exclude that the patient has been exposed to the virus, 
and some samples present high titers of rheumatoid factor affecting the results. The positive 
samples for these results should be verified with other alternative methods [28].

2.5. The animal models for dengue virus

Studies to evaluate antivirals against dengue, vaccines, plant extracts, etc. mainly use the 
mouse model and nonhuman primates (NHPs). However, each of them presents a series of 
constraints that impair research developments. The infections of the mouse model are used for 
pre-clinical development of vaccines. In this model, a neurotropic disease can occur; however, 
this does not usually happen in humans. Some mice like C57BL/6, BALB/c and A/J enable viral 
replication, but A/J and BALB/c mice develop paralysis. Some studies show that C57BL/6 mice 
can have hemorrhages when being infected with a DENV2 strain 16681 using a virus with a 
titer of 3 × 109 PFU/mL. Moreover, an infection and endothelial cell damage as well as hemor-
rhages in tissues can occur without showing signs of disease. The DENV replication in mice is 
low, but suckling mice inoculated by an intracranial via at high DENV doses can induce neu-
rological illnesses and paralysis that is used to measure the effectiveness of the vaccines. They 
can also be used to test a virus neurovirulence or an attenuation to produce vaccines. NHPs are 
used to research an immune reaction against DENV, an evaluation of candidates’ vaccines, a 
replication kinetic, etc. This model has a major constraint because it does not produce signs of 
clinical disease. Nonetheless, DENV can infect some cells in the body. An inoculation with 105 
PFU DENV concentrations enables a lower viral replication in humans, and it is restricted to 
lymphoid-rich tissues producing lymphadenopathy, lymphocytosis, and leukopenia. Rhesus 
macaques can produce antibodies against DENV and a similar viral load to the humans. The 
inoculation of high titer DENV via intravenous in rhesus macaques can produce hemorrhage. 
The physiology of pigs is similar to the human one. Yucatan miniature swine models present 

Figure 6. Indirect immunofluorescence test performed on C6/36 cells. In (A), uninfected red cells are observed and in (B), 
infected green cells are observed (a photo taken on April 24, 2018 in the serology laboratory with the authorization of the 
U.S. Naval Medical Research Unit Six authorization (NAMRU-6)).
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an immunological and physiological result similar to the human ones. It is known that it is sus-
ceptible to a flavivirus such as the Japanese encephalitis, YFV, and Murray valley encephalitis. 
Studies about infected porcine models administered subcutaneously with DENV-1 (107 PFU) 
resulting to developed viremia, and IgM and IgG antibodies without symptoms are carried 
out. The secondary infection with the same serotype produced extensive macular and papular 
rashes similar to the ones affecting humans. When infecting the swine model with a DENV-1 
intravenous line, a rash skin and dermal edemas appeared on the animal [36, 37].

2.6. The future of laboratory tests and its connection with dengue studies

Throughout a dengue research, the use of laboratory tests play a fundamental role in identify-
ing the virus (serotype, genotype and lineage), its genetic material, viral proteins, the pres-
ence of antibodies against the virus or assessing the patient’s condition, and for instance, 
hematocrit, platelet count, white blood cell count, blood count, etc. together with patient’s 
signs and symptoms and some epidemiological criteria, it allows categorizing the disease 
for dengue with or without warning signs or severe dengue. This classification assists in 
deciding what therapy to choose and preventing from a severe dengue development. Besides 
the above mentioned techniques in this chapter, there are laboratory techniques which are 
not commonly used at present because they are expensive and/or they require sophisticated 
equipment but they could be used for DENV studies. Among them, there is the transmission 
electron microscopy (TEM) which is a gold standard technique for the absolute quantifica-
tion of particles. However, it does not allow differentiating an infectious virus from a non-
infectious one. The high performance liquid chromatography (HPLC) where the virus load 
is quantified through the UV analysis of fractions produced during HPLC. Flow cytometry 
(FC) can be used to quantify viral proteins being present on the surface of the infected cells. 
The next-generation whole genome sequencing is the most advanced sequencing technology 
which allows learning the complete and detailed genome sequence of an organism in a short 
period of time (days), though its cost is still quite higher to some researches [27, 38].

Dengue researches in the future will try to respond to different problems, needs, and gaps in 
knowledge like:

The production and improvement of the vaccine against DENV like Dengvaxia® (CYD-TDV), 
produced by Sanofi Pasteur, is a prophylactic, tetravalent, live attenuated recombinant viral 
vaccine which uses a 3-dose vaccination schedule, and it is recommended for people ranged 
from 9 to 45, or 9 to 60 year old (depending on the license) [39]. Nonetheless, it is necessary 
to continue with searches to develop a vaccine which can be used from the first year of life 
enabling to achieve the maximum immunity with a single dose and can be used in different 
endemic areas obtaining the same immunity level regardless the disease prevalence.

Today, it is acknowledged that the immunity against dengue after a natural infection can be 
for a lifetime [5]; however, some studies indicate that a dengue reinfection may occur under 
certain conditions [40].

The relation between chronic diseases and dengue has been studied as risk factors in order 
to determine the severity of dengue disease in individuals. In recent decades, the increase of 

Laboratory Tests Used in the Diagnostic and Research of Dengue Virus: Present and Future
http://dx.doi.org/10.5772/intechopen.80519

71



done nor using sophisticated equipment. Within its limitations, it is not possible to identify 
the circulating serotype in a virus, the band intensity is not related to the antibody titers nor 
the actual NS1 antigen in the sample, cross-reactions with other flavivirus are common, a 
negative result in these tests does not exclude that the patient has been exposed to the virus, 
and some samples present high titers of rheumatoid factor affecting the results. The positive 
samples for these results should be verified with other alternative methods [28].

2.5. The animal models for dengue virus

Studies to evaluate antivirals against dengue, vaccines, plant extracts, etc. mainly use the 
mouse model and nonhuman primates (NHPs). However, each of them presents a series of 
constraints that impair research developments. The infections of the mouse model are used for 
pre-clinical development of vaccines. In this model, a neurotropic disease can occur; however, 
this does not usually happen in humans. Some mice like C57BL/6, BALB/c and A/J enable viral 
replication, but A/J and BALB/c mice develop paralysis. Some studies show that C57BL/6 mice 
can have hemorrhages when being infected with a DENV2 strain 16681 using a virus with a 
titer of 3 × 109 PFU/mL. Moreover, an infection and endothelial cell damage as well as hemor-
rhages in tissues can occur without showing signs of disease. The DENV replication in mice is 
low, but suckling mice inoculated by an intracranial via at high DENV doses can induce neu-
rological illnesses and paralysis that is used to measure the effectiveness of the vaccines. They 
can also be used to test a virus neurovirulence or an attenuation to produce vaccines. NHPs are 
used to research an immune reaction against DENV, an evaluation of candidates’ vaccines, a 
replication kinetic, etc. This model has a major constraint because it does not produce signs of 
clinical disease. Nonetheless, DENV can infect some cells in the body. An inoculation with 105 
PFU DENV concentrations enables a lower viral replication in humans, and it is restricted to 
lymphoid-rich tissues producing lymphadenopathy, lymphocytosis, and leukopenia. Rhesus 
macaques can produce antibodies against DENV and a similar viral load to the humans. The 
inoculation of high titer DENV via intravenous in rhesus macaques can produce hemorrhage. 
The physiology of pigs is similar to the human one. Yucatan miniature swine models present 

Figure 6. Indirect immunofluorescence test performed on C6/36 cells. In (A), uninfected red cells are observed and in (B), 
infected green cells are observed (a photo taken on April 24, 2018 in the serology laboratory with the authorization of the 
U.S. Naval Medical Research Unit Six authorization (NAMRU-6)).

Dengue Fever - a Resilient Threat in the Face of Innovation70

an immunological and physiological result similar to the human ones. It is known that it is sus-
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Studies about infected porcine models administered subcutaneously with DENV-1 (107 PFU) 
resulting to developed viremia, and IgM and IgG antibodies without symptoms are carried 
out. The secondary infection with the same serotype produced extensive macular and papular 
rashes similar to the ones affecting humans. When infecting the swine model with a DENV-1 
intravenous line, a rash skin and dermal edemas appeared on the animal [36, 37].

2.6. The future of laboratory tests and its connection with dengue studies

Throughout a dengue research, the use of laboratory tests play a fundamental role in identify-
ing the virus (serotype, genotype and lineage), its genetic material, viral proteins, the pres-
ence of antibodies against the virus or assessing the patient’s condition, and for instance, 
hematocrit, platelet count, white blood cell count, blood count, etc. together with patient’s 
signs and symptoms and some epidemiological criteria, it allows categorizing the disease 
for dengue with or without warning signs or severe dengue. This classification assists in 
deciding what therapy to choose and preventing from a severe dengue development. Besides 
the above mentioned techniques in this chapter, there are laboratory techniques which are 
not commonly used at present because they are expensive and/or they require sophisticated 
equipment but they could be used for DENV studies. Among them, there is the transmission 
electron microscopy (TEM) which is a gold standard technique for the absolute quantifica-
tion of particles. However, it does not allow differentiating an infectious virus from a non-
infectious one. The high performance liquid chromatography (HPLC) where the virus load 
is quantified through the UV analysis of fractions produced during HPLC. Flow cytometry 
(FC) can be used to quantify viral proteins being present on the surface of the infected cells. 
The next-generation whole genome sequencing is the most advanced sequencing technology 
which allows learning the complete and detailed genome sequence of an organism in a short 
period of time (days), though its cost is still quite higher to some researches [27, 38].

Dengue researches in the future will try to respond to different problems, needs, and gaps in 
knowledge like:

The production and improvement of the vaccine against DENV like Dengvaxia® (CYD-TDV), 
produced by Sanofi Pasteur, is a prophylactic, tetravalent, live attenuated recombinant viral 
vaccine which uses a 3-dose vaccination schedule, and it is recommended for people ranged 
from 9 to 45, or 9 to 60 year old (depending on the license) [39]. Nonetheless, it is necessary 
to continue with searches to develop a vaccine which can be used from the first year of life 
enabling to achieve the maximum immunity with a single dose and can be used in different 
endemic areas obtaining the same immunity level regardless the disease prevalence.

Today, it is acknowledged that the immunity against dengue after a natural infection can be 
for a lifetime [5]; however, some studies indicate that a dengue reinfection may occur under 
certain conditions [40].

The relation between chronic diseases and dengue has been studied as risk factors in order 
to determine the severity of dengue disease in individuals. In recent decades, the increase of 
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chronic diseases and being one of the main causes of death in today’s world require to continue 
and deepen the study of these diseases as well as its association with the dengue disease [5].

In endemic areas, dengue studies in blood banking are essential especially in epidemic out-
breaks so that when there is a large amount of asymptomatic DENV, the virus may be trans-
mitted through blood transfusions [41].

Individuals with inapparent dengue virus infection are considered dead-end hosts for trans-
mission because they do not present high enough levels of viremia to infect mosquitoes; 
nonetheless, some studies show that asymptomatic people for dengue can transmit the virus 
to mosquitoes when bitten, although having a lower average of viremia, increasing the risk 
of disease spread in different areas [42]. Therefore, it is important to carry out studies with 
individuals presenting inapparent dengue virus infections aimed at breaking the transmis-
sion cycle and avoiding disease spread.

Wildlife mammals with genetic material and antibody against DENV like bats have been 
found, but their participation in the transmission cycle have not been approved yet [43].

Because of not having found an animal model able to replicate the dengue disease, it is neces-
sary to continue searching for different animal models which can support the study of this 
disease so that the use of humanized mice becomes an attractive area of research [36, 37].

The development of new drugs and the vegetal compound assessment with antiviral activity 
against DENV are needed because there is no specific treatment for this disease yet.

The use of mathematical models to predict the pace of dengue spread based on clinical data 
and laboratory results may support the prognosis of this disease.

DENV has a type of RNA genome, with a dependent RNA polymerase without a corrective 
activity being able to accumulate genetic material changes leading to a false positive increase 
in PCR tests [11]. Thus, it is required to evaluate the necessity of primer redesigning which 
allows detecting a larger amount of DENV circulating strains worldwide as well as its stan-
dardization and assessment.

DENV coinfections along with other microorganisms circulating in the same endemic areas 
like DENV/plasmodium Sp. may be frequent depending on the disease prevalence in the 
area, especially if they are transmitted by the same vector in cases like DENV, CHIKV and 
ZIKV. Some studies have shown infections of Aedes aegypti with MAYV causing a concern 
about a possible natural transmission of such disease in urban areas [22, 44].

3. Conclusion(s)

Dengue is still a leading public health problem. The diagnostic tests must improve and be 
standardized in all research and diagnostic laboratories with the use of technology. This will 
allow having comparable results in different studies and reference centers that contribute 
to the knowledge development needed to understand transmission mechanisms and DENV 
propagation and setting preventive and appropriate control measures as well as developing 
new vaccines and antivirals helping to control this disease.
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standardized in all research and diagnostic laboratories with the use of technology. This will 
allow having comparable results in different studies and reference centers that contribute 
to the knowledge development needed to understand transmission mechanisms and DENV 
propagation and setting preventive and appropriate control measures as well as developing 
new vaccines and antivirals helping to control this disease.
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Abstract

Past initiatives to control Aedes mosquitoes were successful, in part because they
implemented draconian top-down control programs. To achieve similar results now,
explicit recognition of the complexity in urban ecologies in terms of land ownership, law
enforcement and accessibility for control interventions are required. By combining these
attributes, four classes of spaces, along with corresponding control strategies, are
suggested to better target Aedes species population control efforts. On one end of the
spectrum there are accessible and accountable spaces (e.g. backyards and closely managed
public facilities), where interventions can rely predominantly on bottom-up strategies
with the local population playing the principle role in the implementation of actions, but
with government coordination. On the other end of the spectrum are inaccessible and
unaccountable spaces, which require top-down and extensive approaches. By identifying
these and the intermediate classes of space, government and private resources can be
allocated in a more efficient customized manner. Based on this new framework, a set of
actions is proposed that might be implemented in dengue and other Aedes-borne crises.
The framework considers existing limitations and opportunities associated with modern
societies–which are fundamentally different from those associated with the successful
control of Aedes species in the past.

Keywords: Aedes, mosquitoes control, prevention, dengue, community action, urban
health, policy

1. Introduction

Urban pest species are highly effective and opportunistic in their use of the physical, legal and
administrative interstices of the landscape we inhabit, and Aedes mosquitoes are a case in
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point. Any inaccessible nook or cranny, any vacant land or neglected facility permits adult
mosquitoes to hide and, in as little water as might accumulate in the lid of a bottle, find ideal
breeding places. Aedes mosquitoes take advantage of the heterogeneous urban ecologies
through “skip oviposition,” laying a few eggs, spread across the largest possible number of
sites. It is an especially well suited strategy for urban environments with abundant, but sparse
and even temporary breeding sites [1].

The control of Aedes mosquitoes is failing in most tropical regions [1–3], and human diseases
transmitted by this vector, like dengue, chikungunya, yellow fever and Zika, are among the
top public health priorities [4, 5]. The strategies for suppressing mosquito populations below a
threshold at which they no longer support viral amplification [6–10] has focused on two
strategies [7, 11, 12]: (a) negating larval development opportunities by eliminating breeding
places and the sites of immature stages; and (b) killing adults by fumigation with insecticides.
More recently biomolecular and biogenetic approaches have also been suggested, although
their effectiveness under field conditions are uncertain [13, 14]. Therefore new approaches are
urgently needed, especially in urban landscapes [15].

Here we propose that an important strategic aspect that is currently overlooked in Aedes
control programs: recognition of the complexity of urban ecologies in terms of land ownership,
enforcement and accessibility for control interventions. We suggest that a systematic strategy
that accounts for this physical complexity is essential to best implement Aedes control.

2. Physical and legal accessibility for control purposes

In the current absence of safe and economically sustainable methods to sterilize or kill whole
populations of adult mosquitoes, and especially ones that might be deployed on a scale and
speed required to impact an epidemic, control over potential breeding and resting sites (PBRP)
continues to play a pivotal role in the strategies against Aedes.

We suggest tackling this challenge by framing it based on these two variables that are espe-
cially relevant to the control of PBRPs: accessibility and accountability. The first relates to how
easily breeding sites can be accessed for cleaning and intervention purposes. Although most
PBRPs can be readily managed by private citizens (e.g., plant pots, fountains, household refuse
and sidewalks), some are physically difficulty to locate or access for control purposes (e.g., roof
gutters, cracks in houses or water-containing holes in trees). The second factor relates to how
the stewardship of land is distributed between individuals, companies or the state. Even
though all PBRPs are, in theory, under some legal responsibility (private residence, public
buildings and tended public spaces), neglected public spaces (particularly in developing
nations) and areas with uncertain ownership are under de facto diffuse or a non-accountable
authority and frequently result in a state of abandonment (e.g. vacant lands, neglected public
parks, open sewage).

The interaction between these physical and legal factors yields an actionable categorization of
areas for vector control (Figure 1) that goes beyond the traditional system of “domestic,
peridomestic and public spaces” [16], which is limited to types of habitat. The framework
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proposed in Figure 1 distinguishes societal actors (individuals, communities, government)
who can be engaged in and held responsible for Aedes management. This classification,
detailed below, enables both the identification of optimal allocation of private and public
responsibilities in each case, but also defines the most suitable set of strategies:

(A) Easily accessible & accountable PBRPs. In areas that are both easily accessed and under
accountable stewardship, for example, occupied private dwellings, or public facilities under
effective management, we propose that the private individuals within the premises are
engaged and mobilized. Plates under potted plants, water tanks, garden fountains, birdbaths,
water bowls for pets, laundry tubs, toys, swimming pools, cisterns, ponds, etc. can be directly
managed by individuals either by draining out the water or filling with sand to prevent adults
laying eggs. Current WHO recommendations [17, 18] already charge private individuals with
management of PBRPs within 100 m of their homes, which is likely to capture the majority of
Aedes aegypti PBRPs [19, 20], and places of public congregation. However we would suggest
this be expanded to all owners of accessible spaces with the active encouragement and support
of government agencies (an interesting example is the “domestic trap strategy”; Box 1). Such
activities are likely to be regular, for example putting out garbage, or infrequent, for example
putting lids on water containers, but are seldom labor intensive, assuming changes in routine

Figure 1. Strategy of societal organization of interventions against Aedes species based on the physical and legal accessi-
bility of the space where the mosquito can be eliminated. The concentric rings contain: (i) the threat (Aedes mosquitoes),
(ii) putative breeding and resting places (PBRP) of Aedes mosquitoes based on ownership accountability and physical
accessibility, (iii) intervention that would be needed (clockwise, starting from upper-left: Individual citizens, community
involvement, governmental direct action, professional assistance) (icon sources: Icons made by Becris, mynamepong,
Smashicons, Good Ware, Revicon, Zlatko Najdenovski, Nikita Golubev and Freepik from www.flaticon.com).
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behavior. Ironically, some urban areas may be more accountable to individuals than municipal
authorities as facilities (such as piped water or sewerage) fail to keep pace with urban spread
[21, 22].

BOX 1. Domestic traps: Crowdsourcing Aedes elimination.
Controlling domestic pests like cockroaches, fleas, flies or ants depends on denying
them basic resources (e.g., exposed food and breeding places). However, more radical
measures are often needed, and traps are a popular choice, not only due to their
effectiveness, but also because they (as opposed to chemical sprays) present less danger
to humans and pets. The use of mosquito traps domestically is, however, not simple. For
example, blood-feeding traps are not practical, as they can hardly compete with mos-
quitoes’ attraction towards human bodies. Similarly, nectar-feeding based traps have no
specificity, and would kill many insects (including bees and butterflies). Breeding traps,
although potentially effective, are perceived as dangerous if not well implemented or
supervised could promote the multiplication of mosquitoes.

Domestic breeding traps that eliminate the aquatic stages of mosquitoes hold great
potential if their hazardous implementation can be eliminated. One way to attempt to
bias oviposition to more manageable sites is the use of domestic traps that can be readily
managed through regular reminders, once a week, for volunteer households and public
facility managers who are charged with cleaning out the water in containers functioning
as PBRPs [23–25].

The domestic trap strategy (which would be greatly beneficial to theMosquito Drain; Box 2)
is gaining impetus with the invention of an ingenious house-made trap made with widely
available and affordable components (Figure 2, an empty PET bottle, adhesive tape and
few square centimeters of mesh fabric source). When the eggs hatch in the cone, the larvae
migrate to the bottom of the trap through the mesh, but this same mesh prevents adult
mosquitoes from leaving the trap. The “mosquitérica,” as it is known, presents several
advantages over other domestic trap methods. First, it eliminates the concern about occa-
sional negligence in the periodic need to cleaning up and/or adding larvicide to breeding
traps. Second, it is unlikely that mosquitoes would develop resistance to this sort of trap –as
opposed to chemical spray or even traps that use larvicide (as in the latter case mosquitoes
could avoid surfaces or breeding places based on the odors of those substances). And third,
it has been shown that egg-laying females are most attracted to sites containing other
immature Ae. aegypti [9] – something this trap offers, since only the hatching adults are
killed (by entrapment). Instructions for building such traps went viral in social networks,
and it is having wide acceptance among the population.

This crowdsourcing method of mosquito elimination could be promoted by govern-
ments through, for instance, calls for co-ordinated action on a fixed date (e.g. mosquito
eradication day [26]). Setting a weekly reminder during the epidemic season would be
epidemiologically sound, as it is more frequent than the time of larval development
(approximately 8–10 days), hence ideal for cleaning plant pots, water fountains, etc.
Concerted action propelled by an official reminder (mainly in TV and social media)
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could create a collective drive and a positive sense of societal engagement–a study of
community-based Aedes control showed, the most prominent benefit was the satisfac-
tion created by ‘working together’ [27].

(B) Difficult to access, but accountable PBRP sites. Despite the best efforts of conscientious
individuals, it can be difficult to eliminate all breeding places that can be hidden in corners of
the urban landscape such as building cracks, roof gutters, crevices in the high trees canopy and
slabs [1]. Both private and public agents who find such situations should be encouraged to
request professional assistance. Legislation can also be used to improve building practices to

Figure 2. The mosquitérica, a simple larval trap that can be fashioned from common household products (reproduced
and translated with permission from UOL, Brazil).
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reduce PBRPs with difficult access [28], for example, encouraging architects to eliminate open
gutters that are hard to access [29]. However, the inevitable existence of those PBRPs almost
ubiquitously demand interventions that are applied in a “diffuse way”, such as “peri-focal”
interventions with residual insecticides [1], release of sterile adult mosquitoes or strategies
involving multiple traps (“Mosquito Drain”; Box 2).

Box 2. Mosquito drain.
The Mosquito Drain is based on the idea of attracting females to ubiquitous oviposition
places where larvae can be eliminated (e.g. domestic breeding traps, see Box 1) rather than
natural, but inaccessible sites thereby eliminating the next generation of mosquitoes.

In an urban environment, some breeding and resting sites are likely to be inaccessible
for cleaning and control (e.g., roofs, crevices, tree holes, etc.; Figure 1). However, not all
potential breeding places are equally attractive to laying mosquitoes and “compete” for
females’ preference. Removal of accessible breeding sites would have the following
effects on female mosquitoes in search for oviposition sites:

1. impel females to search for alternative potential breeding places;

2. impel females to over-disperse [30, 31] (so infected mosquitoes will cover an area
quicker)

3. reduce the quality of potential breeding places sought by females (potential reduc-
tion -but not elimination- of viable broods).

Because “egg-laying females were most attracted to sites containing other immature
Aedes, rather than to sites containing the most food” [9], home traps could become
especially attractive to gravid females, and therefore be disproportionally important in
reducing the mosquito population. Alternatively, attractants can be added to encourage
mosquitoes to preferentially use lethal ovitraps that can be managed or left to biode-
grade rather than inaccessible natural PBRPs [32–34]. TheMosquito Drain posits that it is
not necessary to eliminate all breeding sites to cause the population to crash, which
would not be practicable anyway, but that by (i) removing manageable breeding sites
(e.g. putting lids on water containers), (ii) providing alternative attractive breeding sites
that are easily managed (e.g. ‘lure’ breeding adults with a suitable trap) and that (iii) kill
future generations of mosquitoes (e.g. adding larvicide to ovitraps) would eliminate
sufficient reproductive capability of the mosquito population as to drive the population
to extinction or at least pushing the biting population below levels at which virus
circulation is sustained.

This is a societal effort that depends on collaboration between (many) individuals and
government agencies: individuals would be in charge of eliminating any larvae, pupae
and/or eggs that could have been accumulated in domestic breeding places (like plant pots
and fountains) whilst governments should broadcast a reminder and coordinate that effort.
Government agencies would then be freed to tackle hard to access and public spaces.
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(C) Accessible, but non-accountable PBRP sites. Neglected public spaces with rubble, trash
(tires, cups, cans, plastic bags and discarded containers) and facilities in neglected public
spaces and vacant lands or empty lots are accessible to individuals without special knowledge
or expertise. Volunteers from the neighborhood (e.g. coordinated by the community), could
engaged, and perhaps incentivized, by government or emerging from social media networks
in clean-up campaigns where, periodically, debris is removed, trash cleaned, ditches on the
ground sealed, and other sensible interventions that destroy and negate breeding sites for
Aedes performed. A survey in Singapore found that vacant properties and construction sites
(the latter more appropriately belonging to accountable sites) had a four to seven times higher
premises index than landed premises (which were three and a half times higher than apart-
ments) [19, 35].

(D) Difficult to access and non-accountable sites. A comprehensive strategy that accounts for
the whole gamut of access for mosquito control measures cannot ignore that there are patches
where the capability of the government to influence behavior, enforce the law, or simply access
places can provide major challenges - for example due to violent conflict. In those circum-
stances, top-down interventions (fogging, aerial fumigation, biological control and release of
biologically modified Aedes males [7, 11, 36]) may be the only strategies that can promote
vector control. We need to be caution about these approaches though, as these specialized and
expensive activities offer diffuse control efforts that target adult mosquitoes rather than
destroy PBRPs have a long history of use, but little recent evidence for effectiveness in reduc-
ing disease burden [37]. Restricting their use to epidemics is recommended because of cost and
environmental impact [17].

3. A comprehensive approach for engaging society

Mosquito control depends on human actions, yet those actions are often at the mercy of legal
and physical constraints. Dissecting the legal and physical complexity of contemporary urban
ecosystems results in a categorization that can assist the effective implementation of interven-
tions. These categories – based on the diversity of putative oviposition and resting sites – can
be easily integrated into existing habitat management behaviors, and can be readily integrated
into GIS mapping technologies to generate actionable information to tackle endemic infesta-
tions and unfolding outbreaks [29, 38].

One principle reason for successful control in the past century was the implementation of
aggressive top-down measures [8, 12, 39]. The erosion of governmental capabilities to interfere
with individual liberties does not necessarily impede mosquito control, as that “loss” may be
compensated by an increasingly technologically-savvy, knowledge-avid and social media
linked population can be mobilized to combat mosquito populations [40–42]. The proposed
framework assumes that it is possible to effectively engage the local population [7], not only by
suppressing areas of infection where they can easily act (e.g. their properties), but also by
collaborating in a forcing a “Mosquito Drain” (Box 2) to reach beyond their immediate domain
of direct impact.
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Prioritizing citizens’ actions has several potential benefits: (a) reduced strain on limited public
resources that are stretched during public health crises (e.g. epidemics); (b) individuals can act
on more targeted and sustained activities [43]; (c) reduction of harmful interventions (e.g. use
of fogging in urban spaces that can be practically managed by community initiatives). The
local population is also most likely to recognize hotspots of mosquitoes [41, 44, 45] and
appreciate local conditions of epidemiological importance [18]. Although evidence for effec-
tiveness of individual community-based interventions is sparse [37], it appears that integrating
community participation into schemes reduces costs and increases effectiveness [46–48].

Engaging populations need not be costly (in time or money) given new communication
technologies [40] (Figure 3) and, by stimulating and coordinating positive bottom-up initia-
tives, health agencies can co-opt allies in collective health emergencies [49]. In contrast, top-
down approaches to combat Aedes risk treating citizens like irresponsible actors (for example
threatening fines [35, 39]) fail to realize the emergent benefits of community participation.
Emphasizing the power of bottom-up initiatives is not meant to marginalize the role of top-
down activities [7, 8, 12]: as shown in our categorization (Figure 1), even the most engaged
community will not be able to manage all putative mosquitoes breeding sites. Public authori-
ties have an immense role to play, but are perhaps more efficient exercising their mandate in
the expensive activities of avoiding a state of neglect in public spaces that risks them becoming
the foci of urban pests and then efficiently using a smaller budget to encourage and support
societal initiatives (e.g. nudging behavioral change [52]) to address readily accessible environ-
ments that would otherwise rapidly drain central resources.

The challenge is also to effectively manage activities, whether top-down or bottom-up that risk
being popular, but ill conceived. The WHO emphasizes detailed planning to achieve successful
behavioral change and recommend a series of steps to capitalize on public engagement to
avoid what they consider the two greatest barriers of doing nothing or, perhaps worse, doing
the wrong thing (hence putting people off further interventions if their efforts fail) [50]. In
addition to combating lack of knowledge or misinformation, governmental activities need to
manage social engagement campaigns beyond planning and into co-ordination since such
campaigns to change behaviors have been most successful when combined with feedback

Figure 3. Interface from a citizen-science mosquito identification and reporting application used in Spain to assist in the
surveillance efforts. Provided by mosquito alert CC-BY [41].
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and regular reminders [39, 51]–for example to clean out water containers, mosquito traps or
remove refuse each week [17]. Over reliance on past success risks mosquito populations
rebounding, for example because surveillance priorities shift and vigilance suffers [35].

The key challenge in community participation is sustaining interest. As an example of citizen
engagement in action, in two Cuban cities house blocks were randomly enrolled in a trial to
control PBRPs (2000–2002), resulting in 75% reduction in Aedes populations through adding
lids to water containers (i.e. monitoring accessible and accountable), repairing drains and
transforming areas of garbage into (maintained) flowerbeds (i.e. accessible but not necessarily
accountable) [53]. Importantly, these neighborhood task forces were still in operation 5 years
later when there was an outbreak of dengue and proved cost and health effective [43, 47, 48].
However this sustainability may be unusual with evidence from other studies suggest that
success may lead to changes in focus that risk lapses in effort [35], volunteers lose enthusiasm
[22] and that adherence to control measures diminishes over time (though still out-perform no
activity) [54, 55], more so if initiatives (and official cajoling) end [21]. Evidence of citizen
science mosquito surveillance suggests good initial participation that rapidly decreased [41],
and the few studies that evaluate the effectiveness of community interventions, whilst gener-
ally positive for vector control, lasted a year of less [55, 56]. Encouraging appropriate commu-
nity participation in control measures is likely to be easier in the midst of epidemics when the
benefits are visible, but it remains unclear whether this is sustainable in the longer-term in
between episodes of, for example, dengue. That is why it is so important that control measures
are “cross-cutting” within the context of a community, as we will see below.

4. Transforming cities in a large mosquito trap while improving their
livability

Aedes-transmitted diseases are, largely, diseases emanating from neglected private and social
spaces [57]. In backyards, buildings, vacant lands and empty lots, trash and untended struc-
tures provide perfect breeding places not only for Aedes mosquitoes, but also for many other
urban and domestic pests. These neglected places have a negative impact on the environment
and quality of life of the community, as well as on their economic development and safety [58].
Therefore, a campaign to remove mosquito breeding places is also a campaign to reinvigorate
depressed or unplanned urban areas, thereby improving living conditions [59–61].

It is important to highlight that mosquito control has to be integrated into “cross-cutting”
solutions for public health, turning societal vulnerabilities into resilience [61, 62] – i.e. what is
good for elimination of Aedes, should also be beneficial on other societal fronts. For instance,
environmental management of Aedes might discourage traditional ad hoc water storage prac-
tices such as private water-storage systems [16, 28]. But resilience to crises and catastrophes are
enhanced through decentralized and resource-autonomous societies [63], for example potable
water that is locally collected, treated [64] and appropriately stored (so that it is inaccessible to
mosquitoes) would still be available even if the water supply from a centralized provider is
unavailable, disrupted or fails.
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Prioritizing citizens’ actions has several potential benefits: (a) reduced strain on limited public
resources that are stretched during public health crises (e.g. epidemics); (b) individuals can act
on more targeted and sustained activities [43]; (c) reduction of harmful interventions (e.g. use
of fogging in urban spaces that can be practically managed by community initiatives). The
local population is also most likely to recognize hotspots of mosquitoes [41, 44, 45] and
appreciate local conditions of epidemiological importance [18]. Although evidence for effec-
tiveness of individual community-based interventions is sparse [37], it appears that integrating
community participation into schemes reduces costs and increases effectiveness [46–48].

Engaging populations need not be costly (in time or money) given new communication
technologies [40] (Figure 3) and, by stimulating and coordinating positive bottom-up initia-
tives, health agencies can co-opt allies in collective health emergencies [49]. In contrast, top-
down approaches to combat Aedes risk treating citizens like irresponsible actors (for example
threatening fines [35, 39]) fail to realize the emergent benefits of community participation.
Emphasizing the power of bottom-up initiatives is not meant to marginalize the role of top-
down activities [7, 8, 12]: as shown in our categorization (Figure 1), even the most engaged
community will not be able to manage all putative mosquitoes breeding sites. Public authori-
ties have an immense role to play, but are perhaps more efficient exercising their mandate in
the expensive activities of avoiding a state of neglect in public spaces that risks them becoming
the foci of urban pests and then efficiently using a smaller budget to encourage and support
societal initiatives (e.g. nudging behavioral change [52]) to address readily accessible environ-
ments that would otherwise rapidly drain central resources.

The challenge is also to effectively manage activities, whether top-down or bottom-up that risk
being popular, but ill conceived. The WHO emphasizes detailed planning to achieve successful
behavioral change and recommend a series of steps to capitalize on public engagement to
avoid what they consider the two greatest barriers of doing nothing or, perhaps worse, doing
the wrong thing (hence putting people off further interventions if their efforts fail) [50]. In
addition to combating lack of knowledge or misinformation, governmental activities need to
manage social engagement campaigns beyond planning and into co-ordination since such
campaigns to change behaviors have been most successful when combined with feedback

Figure 3. Interface from a citizen-science mosquito identification and reporting application used in Spain to assist in the
surveillance efforts. Provided by mosquito alert CC-BY [41].
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and regular reminders [39, 51]–for example to clean out water containers, mosquito traps or
remove refuse each week [17]. Over reliance on past success risks mosquito populations
rebounding, for example because surveillance priorities shift and vigilance suffers [35].

The key challenge in community participation is sustaining interest. As an example of citizen
engagement in action, in two Cuban cities house blocks were randomly enrolled in a trial to
control PBRPs (2000–2002), resulting in 75% reduction in Aedes populations through adding
lids to water containers (i.e. monitoring accessible and accountable), repairing drains and
transforming areas of garbage into (maintained) flowerbeds (i.e. accessible but not necessarily
accountable) [53]. Importantly, these neighborhood task forces were still in operation 5 years
later when there was an outbreak of dengue and proved cost and health effective [43, 47, 48].
However this sustainability may be unusual with evidence from other studies suggest that
success may lead to changes in focus that risk lapses in effort [35], volunteers lose enthusiasm
[22] and that adherence to control measures diminishes over time (though still out-perform no
activity) [54, 55], more so if initiatives (and official cajoling) end [21]. Evidence of citizen
science mosquito surveillance suggests good initial participation that rapidly decreased [41],
and the few studies that evaluate the effectiveness of community interventions, whilst gener-
ally positive for vector control, lasted a year of less [55, 56]. Encouraging appropriate commu-
nity participation in control measures is likely to be easier in the midst of epidemics when the
benefits are visible, but it remains unclear whether this is sustainable in the longer-term in
between episodes of, for example, dengue. That is why it is so important that control measures
are “cross-cutting” within the context of a community, as we will see below.

4. Transforming cities in a large mosquito trap while improving their
livability

Aedes-transmitted diseases are, largely, diseases emanating from neglected private and social
spaces [57]. In backyards, buildings, vacant lands and empty lots, trash and untended struc-
tures provide perfect breeding places not only for Aedes mosquitoes, but also for many other
urban and domestic pests. These neglected places have a negative impact on the environment
and quality of life of the community, as well as on their economic development and safety [58].
Therefore, a campaign to remove mosquito breeding places is also a campaign to reinvigorate
depressed or unplanned urban areas, thereby improving living conditions [59–61].

It is important to highlight that mosquito control has to be integrated into “cross-cutting”
solutions for public health, turning societal vulnerabilities into resilience [61, 62] – i.e. what is
good for elimination of Aedes, should also be beneficial on other societal fronts. For instance,
environmental management of Aedes might discourage traditional ad hoc water storage prac-
tices such as private water-storage systems [16, 28]. But resilience to crises and catastrophes are
enhanced through decentralized and resource-autonomous societies [63], for example potable
water that is locally collected, treated [64] and appropriately stored (so that it is inaccessible to
mosquitoes) would still be available even if the water supply from a centralized provider is
unavailable, disrupted or fails.
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5. Conclusion

The impact of Aedes mosquitoes on human health and the prospect of losing the battle against
this species requires urgent and scientifically sound strategies [6, 7]. Here, we propose an
adaptation to existing recommendations to rationalize, catalyze and coordinate the capabili-
ties of modern society. More responsible societal co-ordination and allocation of limited
resources based on existing accountability and physical accessibility can more effectively
eliminate these deadly foes, but as a fortuitous by-product presents an opportunity to addi-
tionally improve the quality of life by improving the livability, cleanliness and beauty of
shared social spaces.
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adaptation to existing recommendations to rationalize, catalyze and coordinate the capabili-
ties of modern society. More responsible societal co-ordination and allocation of limited
resources based on existing accountability and physical accessibility can more effectively
eliminate these deadly foes, but as a fortuitous by-product presents an opportunity to addi-
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Abstract

Innovative control tools for the dengue, chikungunya and Zika vector Aedes aegypti, such 
as genetically modified mosquitoes and biological control and manipulation with the 
bacteria Wolbachia, are now becoming available and their incorporation into institutional 
vector control programs is imminent. The objective of this chapter is to examine the 
technical and organizational mechanisms together with the necessary processes for their 
introduction and implementation, as well as the indispensable indicators to measure 
their entomological effect on vector populations and their epidemiological impact in the 
short, medium and long term as part of an integrated vector management approach.
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1. Introduction

The tools and strategies that have been implemented in recent decades to control the Aedes 
aegypti mosquito face an efficient vector of various viruses [dengue, chikungunya, Zika and 
yellow fever, which together are known as Aedes-borne diseases (ABD)] that has a great 
capacity for adaptation to human and urban habitats (domesticated).

Improvements in the quantification and control of this mosquito in urban environments and 
the transmission of ABD require a reformulation of current control strategies, as well as a 
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stronger focus on reducing vector abundance, preventing human-vector contact and finally, 
reducing virus transmission [1, 2]. Due to the multiplicity of co-circulating viruses transmit-
ted by the Aedes mosquito and the absence of effective treatment or vaccines against these 
infections, the development of long-term strategies for managing the populations of the Aedes 
mosquito has become a public health priority.

Traditional mosquito control strategies have consisted of nonintegrated vector manage-
ment of the immature (larvae) mosquito stage and of the use of insecticides that have fairly 
low—and temporary—mortality rates in adult female mosquitoes. Effective and sustained 
control by these methods and intervention is impeded by a number of obstacles: effective 
coverage of all breeding sources, lack of personnel needed, the need of continuous insecti-
cide re-application, the transitory nature of their effects, the false sense of security that they 
generate and the dependence fomented in both the affected communities and the mosquito 
management programs.

On February 1, 2016, the World Health Organization (WHO) declared the Zika virus, along 
with microcephaly and the other associated neurological disorders, a public health emergency 
of international importance (public health emergency of international concern, PHEIC) [3].  
The Zika outbreak rapidly reached across not only the Americas, but also 75 other countries 
and territories; its control continues to be a long-term challenge to public health even after 
the declaration of the end of the state of emergency by the WHO Emergency Committee in 
November of 2016.

Due to this emergency, the scientific community; entrepreneurs and international, regional, 
and national governmental programs in areas endemic to Ae. aegypti and ABD are research-
ing on innovative alternative methods of vector control. WHO has expressed its support for 
developing and upscaling three novel approaches to controlling the Ae. aegypti mosquito: the 
sterile insect technique (SIT), the release of insects carrying dominant lethal genes (RIDL) and 
the release of Wolbachia-infected mosquitoes.

We find ourselves looking to the possible incorporation of various technological innovations 
whose application in the field of public health offers positive (theoretical) prospects of success 
along with new opportunities for enhancing the effectiveness of control programs; however, 
there are also technical and operational challenges that must be considered before incorporat-
ing these innovations into the inventory of mosquito management tools [4].

2. Methods of intervention for Aedes aegypti control

Vector control is a complex task. There are a number of options available for different stages 
(eggs, larvae, pupae and adult) of the mosquito populations; a variety of available tools (phys-
ical/mechanical, environmental, biological, chemical and behavioral preventive measures) 
and different goals for each strategy (covering containers to avoid egg-laying, eliminating 
breeding sites in order to diminish larval densities, spraying insecticides to kill and reduce 
adult mosquitoes or installing barriers that diminish vector-human contact). The ultimate 
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goal of each strategy is diminishing transmission. However, experience has shown that there 
is no “magic bullet” that is effective, lasting, affordable and easy to implement.

The purpose of vector control is to maintain populations at “acceptable” densities, to mini-
mize vector-human contact (to prevent mosquito bites) and to reduce the longevity of female 
adult mosquitoes, in order to reduce the health problem to a manageable level that does not 
surpass the capacities of local health systems. The ambitious campaign (1947–1970) promoted 
by the Pan American Health Organization (PAHO) to eliminate Ae. aegypti from the continent 
was one of the great Latin American public health events due to the extent of its achievements 
throughout the continent. Eradication is not plausible for Ae. aegypti, elimination was a goal 
pursued in the past, but the desirable goal is now control.

We are challenged by different stages of the vector’s life cycle which develop in different environ-
ments (air and water) and in different types of breeding sites (natural and artificial), made of 
a variety of materials (plastic, metal, cement, clay, glass, etc.) and have different productivity, 
different uses (some may be disposable and others able to be controlled) and can be either per-
manent or seasonal. This variability in type of vector breeding sites imposes diverse challenges 
for control—whether it can be sporadic (cleaning campaigns), continuous (use of larvicides or 
larvivorous fish), or permanent (physical elimination)—and it is not realistic to expect that these 
differences require a homogenous strategy. The characteristics of the different types of breeding 
sites require a variety of customized strategies so that the control may be effective and sustainable.

The diversity of available vector control strategies and their implementation in each opera-
tion are related to the resources available, the cultural context in which the interventions 
are performed and the overall capacity for applying them appropriately and with sufficient 
coverage. These factors can and should be included in the integrated vector management 
(IVM) approach promoted by the WHO [5, 6]. IVM is based on a spectrum of intervention 
strategies, frequently utilized in synergy and applied simultaneously, that are selected based 
off of knowledge of local factors influencing the vector’s biology and the disease’s transmis-
sion and morbidity, with the goal of optimizing resources for vector control.

As dengue spread on the last decades, the idea of vector control replaced that of vector 
elimination, because the magnitude of the problem surpassed the capacity of institutional 
responses (vertical programs) and incorporated new approaches such as community partici-
pation; biological control of larvae (copepods, Bacillus thuringiensis (Bti) and fish); physical 
control (mosquito nets, curtains, clothing, etc., all impregnated with insecticide); chemical 
control (repellents, larvicides and novel insecticides); behavior change communication [7] 
(BCC) and communication for behavioral impact [8, 9] (COMBI); integrated management in 
the comprehensive control of vectors (EGI-Dengue, 2003) [10] and even the design of mul-
tidisciplinary approaches, such as an eco-bio-social emphasis [11]. The incorporation of so 
many different approaches is a clear sign of the complexity entailed in facing this mosquito.

Despite new vector control strategies being introduced with the goal of diminishing transmis-
sion, entomological monitoring indicators were never adapted to the new demands of the 
programs, and the traditional indices designed to measure the presence and absence of larvae 
and containers, which were never linked to the risk of transmission, were maintained [12].
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goal of each strategy is diminishing transmission. However, experience has shown that there 
is no “magic bullet” that is effective, lasting, affordable and easy to implement.

The purpose of vector control is to maintain populations at “acceptable” densities, to mini-
mize vector-human contact (to prevent mosquito bites) and to reduce the longevity of female 
adult mosquitoes, in order to reduce the health problem to a manageable level that does not 
surpass the capacities of local health systems. The ambitious campaign (1947–1970) promoted 
by the Pan American Health Organization (PAHO) to eliminate Ae. aegypti from the continent 
was one of the great Latin American public health events due to the extent of its achievements 
throughout the continent. Eradication is not plausible for Ae. aegypti, elimination was a goal 
pursued in the past, but the desirable goal is now control.

We are challenged by different stages of the vector’s life cycle which develop in different environ-
ments (air and water) and in different types of breeding sites (natural and artificial), made of 
a variety of materials (plastic, metal, cement, clay, glass, etc.) and have different productivity, 
different uses (some may be disposable and others able to be controlled) and can be either per-
manent or seasonal. This variability in type of vector breeding sites imposes diverse challenges 
for control—whether it can be sporadic (cleaning campaigns), continuous (use of larvicides or 
larvivorous fish), or permanent (physical elimination)—and it is not realistic to expect that these 
differences require a homogenous strategy. The characteristics of the different types of breeding 
sites require a variety of customized strategies so that the control may be effective and sustainable.

The diversity of available vector control strategies and their implementation in each opera-
tion are related to the resources available, the cultural context in which the interventions 
are performed and the overall capacity for applying them appropriately and with sufficient 
coverage. These factors can and should be included in the integrated vector management 
(IVM) approach promoted by the WHO [5, 6]. IVM is based on a spectrum of intervention 
strategies, frequently utilized in synergy and applied simultaneously, that are selected based 
off of knowledge of local factors influencing the vector’s biology and the disease’s transmis-
sion and morbidity, with the goal of optimizing resources for vector control.

As dengue spread on the last decades, the idea of vector control replaced that of vector 
elimination, because the magnitude of the problem surpassed the capacity of institutional 
responses (vertical programs) and incorporated new approaches such as community partici-
pation; biological control of larvae (copepods, Bacillus thuringiensis (Bti) and fish); physical 
control (mosquito nets, curtains, clothing, etc., all impregnated with insecticide); chemical 
control (repellents, larvicides and novel insecticides); behavior change communication [7] 
(BCC) and communication for behavioral impact [8, 9] (COMBI); integrated management in 
the comprehensive control of vectors (EGI-Dengue, 2003) [10] and even the design of mul-
tidisciplinary approaches, such as an eco-bio-social emphasis [11]. The incorporation of so 
many different approaches is a clear sign of the complexity entailed in facing this mosquito.

Despite new vector control strategies being introduced with the goal of diminishing transmis-
sion, entomological monitoring indicators were never adapted to the new demands of the 
programs, and the traditional indices designed to measure the presence and absence of larvae 
and containers, which were never linked to the risk of transmission, were maintained [12].
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The introduction of technological innovations—such as the use of Wolbachia, the genetic 
modification of mosquito (GMM) populations, and/or the use of irradiated mosquitoes—that 
promise better coverage, impact and sustainability propose to improve the effectiveness and 
durability of control interventions. Nevertheless, the innovations also present organizational 
and procedural challenges that must be attended before, during and after their introduction 
as control measures.

3. Innovations to biological and genetic manipulation of 
mosquito vectors

The strategies for genetic and biological control/manipulation with Wolbachia of mosquito 
vectors (GMM/BCMW) propose an attack on the mechanisms directly responsible for the 
proliferation of mosquito populations. Allowing the mosquitoes’ reproductive dynamics be 
the tool for spreading the intervention means that we will allow the modified populations to 
disperse naturally (through repeated releases) so that little by little the mosquitoes go about 
occupying the territory of wild populations to the point of reaching our objective by replacing 
them in their function as vectors or by suppressing them as a species.

The mechanism of dispersion and coverage that is proposed is the male mosquito vector itself; 
these male mosquitoes will find their female counterparts and transmit the control measure 
before these females lay their eggs, undiscriminating as to preferred breeding site and loca-
tion. The progeny (eggs, larvae and adults) will incorporate the intervention naturally and 
will maintain it in the population that emerges from their lineage (desirable). In essence, the 
dispersal and upkeep of the intervention will be a product of biological mechanisms rather 
than human intervention.

Interventions consisting of biological manipulation and genetic control of vectors, further-
more, share many characteristics that again distinguish them from the traditional methods. 
Among these are as follows: (1) dependence on vertical (maternal) transmission of heritable 
elements (resistance genes and Wolbachia), (2) specificity in regard to affected species, (3) envi-
ronmental friendliness, (4) harnessing of natural reproductive instincts, (5) noninvasiveness 
of domestic spaces and (6) large-scale application (indispensable). A common challenge of 
these innovations and of traditional measures of control is to achieve the coverage necessary 
to be effective and sustainable.

In general, these innovations to vector manipulation are based on two strategies that can be 
organized according to the results obtained (population elimination vs. replacement) or to the 
implantation dynamics (self-sustainable or self-limiting).

Population elimination/suppression: aimed to affect the demographics of the vector population 
with the goal of eliminating it from the area or reducing it to a low level that will not maintain 
transmission.

Population substitution/replacement: This strategy seeks to replace wild populations with modi-
fied populations that are resistant to the viral infection. One of the most novel mechanisms 
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that produce resistance to infection is transinfection with Wolbachia. Other mechanisms are 
effected through the incorporation of transgenes that—by way of impacting the vectors’ 
survival, physiology (flight, feeding) or susceptibility to the infection—indirectly reduce the 
mosquito’s vectorial competence (interference).

Self-limiting: This strategy implicates the abundant and repeated release of mosquitoes in 
order to maintain the flux of the genetic change in the target population. It is reversible with 
the discontinuation of releases.

Self-sustaining: This strategy proposes repeated releases of modified mosquito populations 
sufficient to establish themselves as the dominant population (replacement), to the end of 
their persisting in the population even while there may be unforeseen risks.

4. Paradigm shift, focus and objective

One of the most important changes upon incorporating GMM-BCMW into the Aedes and 
ABD control programs is a paradigm shift in passing from emphasis on the larval stages to 
the direct impact on adult populations. These innovations in Ae. aegypti control direct efforts 
to the reproductive capacity or its competence as a vector, rather than the breeding sites. 
The theoretical assumption is based on the key elements for vector control centered on adult 
mosquitoes (abundance, survival, incubation periods, biting rate, etc.) [13]. However, direct-
ing control toward adult mosquitoes requires information that is not currently produced in 
traditional control programs.

Traditional programs of control direct their efforts toward larval stages, reducing breeding 
sites abundance and the density of larvae in houses and containers, while they attack adult 
mosquitoes with insecticides that have limited coverage, short duration and low mortality 
at the population level. The focus and objective of integrated vector management (IVM) are 
directed to the control of mosquito populations through multi-sector interventions with a 
multidisciplinary and/or eco-bio-social focus based on changes to community practices, 
achieved by way of educational interventions.

GMM-BCMW are not technologies that can be used in case of emergency (outbreak control). 
Focus is directed to the reduction, suppression (elimination) or substitution of Ae. aegypti 
populations; but in all cases, they should be visualized within the IVM scheme as complimen-
tary tools. Traditional vector control programs imposed a strong component of entomological 
surveillance (larval monitoring) not correlated to epidemiological surveillance (incidence of 
infection and disease); this favored control responses (reactive) before the increase of ento-
mological indicators, without relating them to transmission risk (risk thresholds). This has 
resulted in reactive interventions based on detection of an increase in breeding sites or of the 
number of cases that frequently have late entomological effects but no epidemiological effect. 
With and IVM approach it is expected to use surveillance as a predictor of risk; the identifica-
tion of priority areas for interventions and to promote actions before, during and after periods 
of epidemics. In the case of GMM-BCMW, surveillance should be improved so it can be a 
powerful (proactive) tool that permits entomological, epidemiological and viral surveillance.
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5. Challenges to entomological surveillance

Entomological surveillance has been employed to (1) determine changes in the geographical 
distribution of Ae. aegypti, (2) obtain relative measurements of Ae. aegypti populations through 
time and identify areas of “high” infestation or periods of growth in vector populations and 
(3) evaluate the impact of anti-vector interventions. These indicators cannot be used straight-
forwardly to estimate the risk of virus transmission in the population at a certain time or 
location.

Entomological indexes: There are various indicators (indexes) and methods to detect or monitor 
Aedes populations (egg, larval, pupal and adult stages) in relation to their location (containers, 
home or geographical area). The indicators were initially qualitative (negative/positive breed-
ing sites or houses) and evolved toward being quantitative in order to identify the number 
of mosquitoes, though without specifying density, productivity or breeding site relevance 
(cryptic). The indices are not sufficiently exact to identify the risk of transmission [14].

One element of the evolution of control programs has been the slow innovation of entomo-
logical monitoring indicators, an area dominated by the traditional Stegomyia indexes used in 
the campaign to eliminate Ae. aegypti in the fight against yellow fever: house (HI), container 
(CI) and Breteau (BI) indexes. These indices were useful in the extent to which they indicated 
the (qualitative) presence and absence of the vector in a campaign that sought its elimination 
and attempted to evaluate the endeavors toward physical elimination of breeding sites (posi-
tive breeding sites or houses). The focus now turned toward the reduction in density (rather 
than the elimination) of the vector, and these indicators have lost their usefulness [15, 16].

The need for better indicators led to indices of pupae and oviposition, closer life stages to 
the ideal measure of adult (female) mosquito populations, which would allow for a better 
approximation of the estimated risk of transmitting dengue [17, 18]. These indicators of 
entomological risk did not reduce or eliminate the challenges to evaluate the interventions 
because the need to relate density and/or the threshold of the different vector stages to risk of 
transmission still persists [19–21].

The use of “nonentomological” (though associated with infestation and facilitators of vector-
human contact and epidemiological risk) indicators has also been proposed and ought to be 
considered in order to better understand the dynamics of dengue transmission—for example, 
density and distribution of human populations, socioeconomic conditions, living and public 
services, climate, etc. [22–27].

The selection of indicators and surveillance methods depends on the objective of surveillance 
(density reduction, risk detection and outbreak prevention), the levels of infestation and the 
capacity for implementation. Nevertheless, there is little evidence showing that the control 
programs employ systematic monitoring of vector populations—in particular, monitoring of 
adult females—in order to measure infestation and risk of dengue transmission [18, 28, 29]. 
In the best of cases, programs still employ indices of infested sites/breeding sites [29, 30] in 
order to establish “areas” of transmission risk without demonstrating the predictive capacity 
of these indices as indicators of dengue transmission risk in the last 50 years [31].
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The limitations of these methods for measuring mosquito populations are the absence of a 
“gold standard,” the fact that all measurements have a range of error (they are not precise) 
and that only a proportion of the total mosquito population (eggs, larvae or adults) is mea-
sured. Furthermore, it must be understood that the risk of transmission can occur in various 
locations and not necessarily where the measurement and/or intervention is performed and 
that in the selection of methods of measurement and entomological monitoring, precision is 
always sacrificed. This is to say that, despite being less precise, easier and cheaper methods 
are chosen over those (e.g., adult surveys) that require more resources and thus are more 
expensive [32].

An additional challenge is the combination of strategies (not yet their integration) and the 
differentiated evaluation of their impact, since while one intervention can modify the physical 
availability of breeding sites, it does not necessarily result in a decrease of vector density nor 
control the most stable and productive breeding sites. On the other hand, there is insufficient 
evidence to support the idea that achieving a lower egg or larval density through a variety of 
available interventions has an impact on the rate of disease transmission. Nevertheless, the 
combined use of old strategies and/or the incorporation of new vector control tools imposes 
various challenges: (1) the use of indicators that measure more specifically the density of mos-
quitoes in all stages of development in order to more concretely evaluate all available modes 
of intervention, (2) the definition of risk thresholds and (3) that the programs demonstrate 
their capacity (in terms of human resources, equipment and finances) to be executed with the 
coverage and frequency necessary to make them valid [1, 2].

6. Challenges to epidemiological surveillance

The evaluation of interventions to control Ae. aegypti faces diverse challenges regarding the 
potential impact they may have on the risk of transmission not only of dengue but also of 
other arboviruses recently associated with the region’s epidemiological profile: Zika, chikun-
gunya and yellow fever. The first challenge is estimating the impact derived from the disease 
that may be affected and the second in measuring the direct impact of the interventions on 
the vector populations in all of their stages and their relation to transmission risk (vectorial 
competence and capacity).

Systems of epidemiological surveillance now have the task of measuring, in the most precise 
manner possible, three infections transmitted by Ae. aegypti. Now things are complicated 
because the syndrome of fever and exanthema may be indicative of dengue, Zika and chikun-
gunya. The diseases are also associated with other signs, distinctive symptoms and highly 
specific clinical complications (hemorrhages with severe dengue, chronic arthralgia with the 
chikungunya virus and congenital syndromes and neurological complications with Zika).

The estimate of the actual number of dengue cases, and now of Zika and chikungunya, 
is very difficult to calculate due to biological problems inherent to the infection, such as the 
number asymptomatic infections, or of unspecified fevers, which hinders the correct quan-
tification of the impact of each of these illnesses. Clinical confusion regarding symptomatic 
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fever/exanthema and discriminating diagnosis is reduced when complications are severe and 
chronic manifestations of each infection are observed. The operational problems are evidenced 
through the low demand of health services—especially during outbreaks—which results in 
under registration of cases when the person does not demand or lacks access to health ser-
vices, medicates himself or opts for treatments of symptoms they already recognize through 
previous exposure to the problem.

Only patients with severe symptoms go to the doctor, and these are the best detected by the 
surveillance system. An additional operational problem is the lack of sensibility to clinical 
diagnoses of fever and the limited collection of samples in order to confirm diagnosis—even 
during an epidemic—now that normative processes restrict the collection of samples to only 
severe cases or those at the onset of an outbreak. Only those cases confirmed by diagnostic 
methods available in regional labs (serology and viral isolation) are recorded [33].

These circumstances impact the opportunity for vector control interventions (operational 
problem) since the presence of asymptomatic cases and unspecified or febrile patients are 
not registered early, and it is not until the accumulation of many cases that an increase in 
transmission is detected; it is at this point that control actions are initiated [34]. Among the 
cultural problems, or problems of perception, we find the familiarity with the sickness and its 
management given prior experience; fever is not considered an important risk to one’s health 
and does not merit a visit to a doctor unless accompanied by more serious symptoms.

The necessity of improving detection, diagnosis and notification: Epidemiological surveillance of 
arboviruses faces two importance problems that occur in two different spaces: the community 
and health services. Given the clinical characteristics, an important number of cases do not 
demand health services due to their asymptomatic status or the unspecified fever that does 
not merit a visit to a doctor. Even many clinical cases do not consult medical services due to 
the patient having recognized and identified the case and knowing how to treat it. Due to this 
situation, we underestimate the number of cases and the detection of the illness and detection 
for those affected should be improved [35, 36].

In the health services sector, diagnosis and documentation related to cases should be improved 
by strengthening the capacities of health personnel and local laboratories. To accomplish this, 
the following are indispensable: (1) counting on clinical guidelines that facilitate the health per-
sonnel in the identification and treatment of clinical cases under surveillance (dengue, Zika and 
chikungunya) and that reduce the identification of false negatives, (2) establishing criteria for 
the collection of samples and having the supplies necessary for serological and/or viral confir-
mation of suspected cases, (3) improving the reporting of cases unconfirmed in the laboratory 
(probable/suspected) following the algorithms of differential diagnosis for the three illnesses, 
(4) encouraging the reporting of cases by epidemiological association in the case of an outbreak 
and (5) seeking mechanisms for notification of cases identified by private medical services [37].

7. Operational changes to the programs of control with Wolbachia 
and GMM

Evidence indicates that technological innovations should be viewed as tools complemen-
tary to vector control programs—tools whose introduction would be performed in carefully 
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selected sites until the detection of evidence of the sustained impact and the reduction of 
potential risks of evolution in the manipulated species and introduced genetic or biological 
marker. It is believed that innovations would be used in places where traditional measures of 
control have little to no effect and where they may have an important epidemiological impact 
on transmission dynamics. However, as with any intervention—and especially with innova-
tive interventions—there are some operational changes that will need to be considered for the 
programs of control with Wolbachia and GMM.

Integration of interventions by level of application: A central element is the organization of inter-
ventions by level of application. We must keep on with simple practices, such as domestic 
hygiene (personal level); routine broad procedures such as breeding sites elimination cam-
paigns; technically elaborated entomological sampling and larvicide application (community 
level); and even specialized, high-cost actions that require equipped, professional person-
nel, such as insecticide sprays (town level) or programs of medical attention for the correct 
handling of severe cases (national level). On the other hand, interventions aimed at urban 
infrastructure (access to potable water, garbage collection and a recycling system) ought to 
be incorporated bearing in mind that require high-level political commitment and substantial 
investments (municipal level).

An additional challenge is the integration of abovementioned interventions in order to per-
form them in a combined and sequential manner and differential intensity in accordance with 
the epidemiology of each area vulnerable to transmission. Although the available human and 
financial resources will generally define this, we must pursue on the objective to direct efforts 
to high-risk areas. The selection of localities in which to introduce these innovations for con-
trol should take into account the degree of risk in that area as well as the impact produced by 
the illnesses.

Program structure: The organization of the control programs has evolved from a vertical cen-
tralized structure (“Top-down”)—independent of health services and with a “militarized” 
organization—to a more horizontal and decentralized structure, more tightly linked to ser-
vices of surveillance and medical care and more participatory (“Bottom-up”). The advances 
toward a horizontal organization are variable, and in many programs, there exists a combina-
tion of both structures, in which the coordination is centralized. The need of coordinating 
all these processes—including the application of GMM/BCMW-based strategies—implies 
that programs that adopt these innovations ought to incorporate a centralized perspective, 
although the host communities ought to participate in the operational unfolding of the new 
technologies.

Implementation: The traditional control programs have an established procedural routine 
repeated each year, in the same season, with the same resources (human resources as well as 
physical, chemical and biological); however, the areas of control must be expanded and the 
actions intensified due to the increase in at-risk zones. In the case of IVM, it has been proposed 
that actions implemented should be differential in frequency and intensity in accordance with 
epidemiological risk.

Human resources and operational infrastructure: The vertical focus of traditional control programs 
developed a whole line of training for technical vector control personnel totally apart from 
promotional, preventative and educational health activities. This operational personnel was 
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fever/exanthema and discriminating diagnosis is reduced when complications are severe and 
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selected sites until the detection of evidence of the sustained impact and the reduction of 
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integrated in brigades separated from other health activities that were not exclusively linked 
to vector control. This resulted in an independent organization with equipment, vehicles, 
machinery and supplies (insecticides) that has been growing hand-in-hand with the problem. 
With IVM, a more rational use of resources is proposed, starting with the multi-sector and 
multidisciplinary nature (social participation) of the approach, where the social communica-
tion component is incorporated as a substantial element of this strategy.

The incorporation of GMM-BCMW into the vector control programs involves the components 
proposed for IVM, but also requires adaptation of the technology to the local conditions, as 
well as the development of an infrastructure of basic technology (insectariums and labora-
tories) to permit mass, sustained production, implementation and appropriate evaluation of 
the interventions. In this case, a specialized multidisciplinary group—in addition to technical 
personnel—is needed to achieve the introduction, monitoring and evaluation of new inter-
ventional strategies.

Coverage: A problem inherent to the traditional programs of control in urban and suburban 
areas in countries where ABD are endemic is their limited coverage; not all breeding sites can 
be protected or removed, and their productive potential cannot be eliminated with biological, 
chemical or physical agents. It is not possible to protect or control the totality of the most pro-
ductive and stable breeding sites in urban centers due to their number, seasonal productivity, 
location and access (“cryptic” breeding sites).

The coverage of a vector control program functions at the level of the individual, the house-
hold, the block or neighborhood, but rarely at the town level. With the IVM programs, the 
target for intensive application of control efforts will be the neighborhood and towns at great-
est risk; there are no claims that all affected areas, neighborhoods or towns will be covered. 
Coverage in the case of GMM-BCMW can include areas, towns, or medium-sized urban 
centers, since the mass release of treated mosquitoes cannot limit itself to blocks or a neigh-
borhood. Thus, monitoring and maintenance in such broad areas is complicated by the neces-
sity of technical and (specially trained) human resources and not presently contemplated by 
surveillance programs.

Scale: One of the most important challenges for any vector control intervention is reaching a 
level of sufficient coverage (breeding sites, houses, people or communities) in order to effec-
tively limit transmission. These technological innovations are proposed as intervention at a 
scale larger than that established by traditional vector control strategies. However, all of the 
processes of production, introduction and maintenance must be initially evaluated at an inter-
mediate scale before considering their application at the regional or national level.

Their application for control of mosquitoes that transmit disease is today only viewed within 
the context of the strategy of integrated vector management (IVM). This implies necessary 
adaptations in control programs as regard production of biological materials as well as in 
relation to the operation, which should be designed in accordance with the technical specifica-
tions of the modified organisms.
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Efficiency in large-scale production: In order to obtain the desired results, it is necessary to release 
a large quantity of mosquitoes (sterile, genetically manipulated or infected) into the environ-
ment in a reasonably short period of time that will allow for reduction and substitution of 
wild mosquito populations. Production, handling (separation), distribution and release may 
affect the capacity and competence of freed vectors. Production is easy to evaluate, but the 
same may not be said for the competence of the generated mosquitoes.

Quality: The performance, or fitness, of the vector should be evaluated, and there is not much 
experience with this sort of evaluation. Some factors to be evaluated are physical distinctions 
(pupa and/or adult size), survival rate, dispersal, mating capabilities, sperm quality, competi-
tion with wild or native species, and so on. Training of technical personnel and a specialized 
multidisciplinary group is needed.

Social participation: Social and community participation are essential to the acceptance, moni-
toring and evaluation of GMM strategies. Given the nature of the new GMM methods, com-
munication with the communities is necessary in order to introduce these methods, which are 
conceptually very different from traditional methods of control.

Sustainability: The re-introduction of an eliminated species is possible if control interven-
tions cease or diminish in intensity and frequency. Invasion or re-introduction from other 
nontreated areas requires a containment plan with geographical barriers to inhibit vector 
migration. The concerns are more environmental than health-related. The emptied niche may 
promote the invasion of a more dangerous, competent and effective species.

Costs: Cost-effectiveness studies of traditional control methods begin to be an important 
strategy in evaluating their potential and their degree of incorporation, and in defining the 
conditions that create for their maximum usefulness. The success of an intervention in terms 
of costs is subject to the context of where it is applied, the scale of implementation, the avail-
ability of personnel and appropriate equipment and the scale of the problem (endemic, epi-
demic, hyperendemic and introduction of new agents). Traditional control programs require 
resources in response to the growing magnitude and breadth of the problem. The investments 
associated with IVM increase costs because of the community and multi-sector participation 
and the necessary social communication, which touch on other relevant community issues. 
The incorporation of GMM-MBW needs to be accompanied by an important investment in 
infrastructure, personnel training, equipment and supplies, along with a strong social commu-
nication component that ought to be considered within the comprehensive cost of the program.

8. Final considerations

During the last decade, the WHO has been promoting IVM but has been using only those 
intervention methods traditionally available. Several innovative methods are being developed 
to complement the current control of Ae. aegypti populations and affect the transmission of 
ABD. Some show great potential, such as the use of GMM-BCMW, but are not yet available as 
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est risk; there are no claims that all affected areas, neighborhoods or towns will be covered. 
Coverage in the case of GMM-BCMW can include areas, towns, or medium-sized urban 
centers, since the mass release of treated mosquitoes cannot limit itself to blocks or a neigh-
borhood. Thus, monitoring and maintenance in such broad areas is complicated by the neces-
sity of technical and (specially trained) human resources and not presently contemplated by 
surveillance programs.

Scale: One of the most important challenges for any vector control intervention is reaching a 
level of sufficient coverage (breeding sites, houses, people or communities) in order to effec-
tively limit transmission. These technological innovations are proposed as intervention at a 
scale larger than that established by traditional vector control strategies. However, all of the 
processes of production, introduction and maintenance must be initially evaluated at an inter-
mediate scale before considering their application at the regional or national level.

Their application for control of mosquitoes that transmit disease is today only viewed within 
the context of the strategy of integrated vector management (IVM). This implies necessary 
adaptations in control programs as regard production of biological materials as well as in 
relation to the operation, which should be designed in accordance with the technical specifica-
tions of the modified organisms.
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part of institutional prevention and control programs. In addition to the challenges exposed 
earlier, other limitations include a lack of scientific and technological infrastructure of the 
quality and capacity necessary for the implementation of novel methods of mosquito control. 
This extends to laboratories, systems for the mass rearing of mosquitoes and processes such 
as quality control, transportation, field release, monitoring and evaluation of effectiveness. 
Both WHO and the Pan American Health Organization (PAHO) are offering their techni-
cal cooperation to support pilot studies using innovative methods. The technical advisory 
group on entomology in public health and vector control explicitly recommended to PAHO 
“Promoting rapid, robust and accelerated evaluation of new tools complementary to the con-
trol of Aedes, with particular attention to the use of mosquitoes infected with the bacteria 
Wolbachia and sterile and genetically modified insects.”

Vector control programs do not use “single” methods. Innovations should be considered com-
plementary tools to control programs, not substitutes. Traditional and/or new interventions 
of greater complexity can be implemented proactively using a risk stratification approach 
calling for different intensity and greater coverage in priority areas. However, we can antici-
pate complications on monitoring and evaluation, since there is little evidence and experience 
of multiple or combined interventions with intersectoral participation and IVM.

Traditional vector control has demonstrated limited impacts and transitory decreases in 
larval and adult mosquito populations. Monitoring of these traditional control programs is 
performed on an irregular basis throughout the year, without taking into account that there 
are important seasonal effects on vector populations. Furthermore, these evaluations are 
unstructured and usually not conduced at the time intervals necessary in order to estimate 
the magnitude and longevity of the effects on vector populations. In the case of GMM-BCMW, 
in addition to performing entomological monitoring to estimate the effects of suppression 
on target populations, in the case of substitution or population replacement strategies, it is 
necessary to include measurements of the reproductive and biological performance of the 
introduced populations.

Estimates of the effect of traditional actions (larval density) do not imply impacts on disease 
transmission (incidence). The IVM strategies share these limitations, although they diversify 
the indicators due to the multidisciplinary nature of their interventions. In the case of GMM-
BCMW, the evaluations ought to incorporate continuous monitoring of adult mosquito popu-
lations (wild and introduced): their survival, performance (or fitness), competence as vectors or 
capacity to transmit the infectious agents, reproductive capacities, flight range, dispersal, and 
so on. The indicators should purvey information relevant to measuring the effects on repro-
ductive capacity; reduction in infection and other entomological, epidemiological and even 
ecological parameters that describe the dynamics of adaptation of introduced populations.

Despite intense research on Ae. aegypti, we still do not have entomological parameters linking 
vector density to risk of transmission. It is also still difficult to define the transmission risk’s 
direct impact on human populations and its duration (days, weeks and months) in mosquito 
populations—and even more difficult to count on indicators that allow for efficient evaluation 

Dengue Fever - a Resilient Threat in the Face of Innovation106

of the effects of different vector control interventions on the impact of the illness within the 
community (infection, severity of clinical cases, mortality, etc.). These limitations are the 
same for GMM-BCMW, and we still need indicators that will correlate efficacy in terms of 
entomological parameters (reduction or substitution of mosquito populations) to effects on 
transmission of the illness.

Entomological surveillance is indispensable in order to monitor vector populations and to 
count on the basic parameters that allow for evaluation of direct impact on affected popula-
tions. Larval densities are not sufficient for evaluating the effects expected with the inclusion 
of these innovations, since the introduced populations are competing adults; as a result, it is 
necessary to evaluate adult density (males and females) as well as vector survival, mating 
habits, reproductive capacities (fecundity) and so on.

Last but not least, the success of any control intervention should be measured ultimately in 
terms of resultant decrease in infection transmission and in the impact of the illness on the 
community. This process entails decreased herd immunity in human populations and would 
introduce the risk of greater epidemics if the intervention measures lost intensity or effective-
ness or were no longer applied. Decreased immunity augments the population’s susceptibil-
ity, which results in lower vector density thresholds for transmission or risk of transmission.

Here, we have exposed some of the major challenges for the introduction, implementation and 
evaluation of innovative Aedes aegypti control strategies based on GMM/BCMW. Nowadays, 
they are still being evaluated to gauge their entomological impact; and evidence of epidemio-
logical impact is desirable in the near future.

Other basic requirements for the adoption of technological innovations include a regulatory 
and legislative framework for their use in public health (Environmental, Biosecurity and 
Bioethics); following a set of Protocols & Portfolio having to do with safety, quality control, 
efficacy, and so on; and necessary integration with local vector control programs including 
agreement/acceptance by institutions and communities. In terms of administrative and finan-
cial requirements, we still need to resolve whether these technological innovations can be 
acquired under the current budget structure (as a product or service). In order to more quickly 
implement these new technologies, we need to develop a medium to long-term implementa-
tion and financing plan; production, distribution, monitoring and evaluation logistics and 
private-public partnerships.
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Abstract

Dengue is a vector-borne disease that risks two-thirds of the world’s population particu-
larly in tropical and subtropical regions. Strategies have been implemented, but they are
only effective in the short term. A new innovative and promising strategy against dengue
is by the use of Wolbachia bacterium. This requires that Wolbachia-carrying mosquitoes
should persist in the population. To assess the persistence of Wolbachia-carrying mosqui-
toes and its effects on dengue, a number of mathematical models have been formulated
and analysed. In this chapter, we review the existing mathematical models of Wolbachia-
carrying mosquito population dynamics and dengue with Wolbachia intervention and
provide examples of the mathematical models. Simulations of the models are presented
to illustrate the model’s solutions.

Keywords: Wolbachia, dengue, mathematical model

1. Introduction

Dengue is a vector-borne disease caused by four distinct serotypes (DEN1–DEN4), and is
endemic in most countries particularly in tropical and subtropical areas [1]. It is estimated that
around 390 million cases happen each year [2]. Individuals obtain lifelong immunity to the
serotype that they are infected with, but have a higher chance to get the most severe form of
dengue in the subsequent infection [1]. It is estimated that around 500,000 individuals get
severe dengue and require hospitalisation. Of these, about 2.5% die [3]. Without a proper
treatment, the fatality rate can reach 20% [3]. Dengue is also a substantial public health and
economic burden [4].
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A number of strategies have been implemented, but they are generally effective in the short
term. Although some progresses have been made for dengue antiviral treatment, dengue
control strategies still depend on vector control [5]. One of the strategies against dengue is by
the use of Wolbachia bacterium. There are two Wolbachia strains used in the experiments:
WMelPop and WMel. WMelPop strain can reduce the mosquito lifespan of more than 50% and
almost 20% reduction in fecundity [6]. WMel strain reduces the lifespan of around 10% and
only small reduction in fecundity [6]. Wolbachia can reduce the level of virus in the salivary
glands. Wolbachia gives reproductive advantage for Wolbachia-carrying female mosquitoes
known as cytoplasmic incompatibility (CI). The Wolbachia-carrying female mosquitoes can
reproduce when mating with both non-Wolbachia and Wolbachia-carrying male mosquitoes.
Non-Wolbachia female mosquitoes can reproduce when mating with non-Wolbachia males [7].
Field experiments showed that Wolbachia-carrying mosquitoes have established and domi-
nated the population [8]. When Wolbachia-carrying mosquitoes persist in the field, the
Wolbachia intervention can be implemented. The question that arises is that to what extend this
intervention can reduce dengue transmission? To answer the above question, a number of
mathematical models have been formulated and analysed. Mathematical model is a useful tool
to understand complex phenomena. This can be used to understand population dynamics [9],
disease transmission dynamics [10, 11], and others [12, 13]. A number of mathematical models
have been developed to examine the persistence and spread of Wolbachia-carrying mosquitoes
and its effects on dengue transmission dynamics. In this chapter, we review the existing
mathematical models of Wolbachia-carrying mosquito population dynamics and dengue with
Wolbachia intervention, give examples of the mathematical models, and show several numeri-
cal simulations to illustrate the model’s solutions.

2. Mathematical modelling

This section presents background on mathematical modelling of infectious diseases. Mathe-
matical modelling is a useful tool to understand complex phenomena including disease trans-
mission dynamics and their control strategies. There are several types of modelling that are
generally used: deterministic, stochastic, statistical, agent-based modelling, and the others. A
deterministic model is mostly used because it is easily solved and can include many parame-
ters or variables. The model is in the form of system of differential equations.

Many mathematical models have been developed to investigate disease transmission dynam-
ics including vector-borne diseases [14]. The model is based on a standard SIR model where
the human population is divided into susceptible (S), infected (I), and recovered (R) [15]. The
susceptible individuals become exposed after being contacted with infected individuals at a
rate β. They then recover at a rate γ. The model is written in the following system of differential
equations:

dS
dt

¼ �β
SI
N

,
dI
dt

¼ β
SI
N

� γI,
dR
dt

¼ γI: (1)
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The model can then be extended to include other compartments and parameters depending on
the characteristics of diseases. For example, if the disease has long incubation period, we can add
exposed compartment. If the disease is transmitted via vector, we can add another system of
equations describing vector dynamics. When one aims to investigate the effects of vaccination,
vaccinated compartment can be included. The important principles in modelling are to know
characteristics of studied phenomena and the purpose of the research. The principles have been
applied when we formulate mathematical models for Wolbachia-carrying mosquito population
dynamics and dengue with Wolbachia.

3. Overview of mathematical models of Wolbachia and dengue

In this section, we review existing mathematical model of Wolbachia-carrying mosquito popu-
lation dynamics and dengue with Wolbachia intervention.

Many (spatial and non-spatial) mathematical models have been formulated to analyse the
persistence and spread or dispersal of Wolbachia-carrying mosquitoes in the populations
[9, 16–29]. The general aim is to understand the underlying factors required for the persistence
and spread of Wolbachia-carrying mosquitoes.

A number of nonspatial mathematical model for Wolbachia-carrying mosquito population
dynamics have been developed. Ndii et al. [19] developed a mathematical model for Wolbachia-
carrying mosquito population dynamics and assessed the persistence of Wolbachia-carrying
mosquito populations. They found that Wolbachia-carrying mosquitoes persist in the population
given that the death rate is not too high. Zhang et al. [30] formulated a mathematical model to
assess the best strategies for releasing Wolbachia-carrying mosquitoes. They found that initial
quantities of non-Wolbachia and Wolbachia-carrying mosquitoes and augmentation methods
(timing, quantity, and order of frequency) determine the success of the Wolbachia intervention.
They also formulated birth-pulse model with different density dependent death rate functions.
They found that for condition with a strong density dependent death rate, the initial ratio of non-
Wolbachia and Wolbachia-carrying mosquitoes should exceed a critical threshold for Wolbachia-
carrying mosquitoes to dominate the population.

The spatial mathematical models have been developed to assess the Wolbachia-carrying mos-
quitoes’ dispersal. Chan and Kim [9] used reaction diffusion approach and incorporated slow
and fast dispersal mode to assess the dynamics of the Wolbachia spread. They found that
temperature affects the wavespeed of the Wolbachia-carrying Aedes aegypti, that is, Wolbachia
invasion for Aedes aegypti increases when the temperature decreases within the optimal tem-
perature rate for mosquito survival. Hancock et al. [17] developed a metapopulation model to
assess the spatial dynamics of Wolbachia. They found that spatial variation in the density-
dependent competition experienced by juvenile host insects can influence the spread of
Wolbachia into population. In their other paper [16], they found a new expression for the
threshold which takes into account the main aspects of insects’ life history. They showed that
constant or pulsed immigrations affect the spread of Wolbachia-carrying mosquitoes.
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A number of strategies have been implemented, but they are generally effective in the short
term. Although some progresses have been made for dengue antiviral treatment, dengue
control strategies still depend on vector control [5]. One of the strategies against dengue is by
the use of Wolbachia bacterium. There are two Wolbachia strains used in the experiments:
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only small reduction in fecundity [6]. Wolbachia can reduce the level of virus in the salivary
glands. Wolbachia gives reproductive advantage for Wolbachia-carrying female mosquitoes
known as cytoplasmic incompatibility (CI). The Wolbachia-carrying female mosquitoes can
reproduce when mating with both non-Wolbachia and Wolbachia-carrying male mosquitoes.
Non-Wolbachia female mosquitoes can reproduce when mating with non-Wolbachia males [7].
Field experiments showed that Wolbachia-carrying mosquitoes have established and domi-
nated the population [8]. When Wolbachia-carrying mosquitoes persist in the field, the
Wolbachia intervention can be implemented. The question that arises is that to what extend this
intervention can reduce dengue transmission? To answer the above question, a number of
mathematical models have been formulated and analysed. Mathematical model is a useful tool
to understand complex phenomena. This can be used to understand population dynamics [9],
disease transmission dynamics [10, 11], and others [12, 13]. A number of mathematical models
have been developed to examine the persistence and spread of Wolbachia-carrying mosquitoes
and its effects on dengue transmission dynamics. In this chapter, we review the existing
mathematical models of Wolbachia-carrying mosquito population dynamics and dengue with
Wolbachia intervention, give examples of the mathematical models, and show several numeri-
cal simulations to illustrate the model’s solutions.

2. Mathematical modelling

This section presents background on mathematical modelling of infectious diseases. Mathe-
matical modelling is a useful tool to understand complex phenomena including disease trans-
mission dynamics and their control strategies. There are several types of modelling that are
generally used: deterministic, stochastic, statistical, agent-based modelling, and the others. A
deterministic model is mostly used because it is easily solved and can include many parame-
ters or variables. The model is in the form of system of differential equations.

Many mathematical models have been developed to investigate disease transmission dynam-
ics including vector-borne diseases [14]. The model is based on a standard SIR model where
the human population is divided into susceptible (S), infected (I), and recovered (R) [15]. The
susceptible individuals become exposed after being contacted with infected individuals at a
rate β. They then recover at a rate γ. The model is written in the following system of differential
equations:

dS
dt

¼ �β
SI
N

,
dI
dt

¼ β
SI
N

� γI,
dR
dt

¼ γI: (1)
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The model can then be extended to include other compartments and parameters depending on
the characteristics of diseases. For example, if the disease has long incubation period, we can add
exposed compartment. If the disease is transmitted via vector, we can add another system of
equations describing vector dynamics. When one aims to investigate the effects of vaccination,
vaccinated compartment can be included. The important principles in modelling are to know
characteristics of studied phenomena and the purpose of the research. The principles have been
applied when we formulate mathematical models for Wolbachia-carrying mosquito population
dynamics and dengue with Wolbachia.

3. Overview of mathematical models of Wolbachia and dengue

In this section, we review existing mathematical model of Wolbachia-carrying mosquito popu-
lation dynamics and dengue with Wolbachia intervention.

Many (spatial and non-spatial) mathematical models have been formulated to analyse the
persistence and spread or dispersal of Wolbachia-carrying mosquitoes in the populations
[9, 16–29]. The general aim is to understand the underlying factors required for the persistence
and spread of Wolbachia-carrying mosquitoes.

A number of nonspatial mathematical model for Wolbachia-carrying mosquito population
dynamics have been developed. Ndii et al. [19] developed a mathematical model for Wolbachia-
carrying mosquito population dynamics and assessed the persistence of Wolbachia-carrying
mosquito populations. They found that Wolbachia-carrying mosquitoes persist in the population
given that the death rate is not too high. Zhang et al. [30] formulated a mathematical model to
assess the best strategies for releasing Wolbachia-carrying mosquitoes. They found that initial
quantities of non-Wolbachia and Wolbachia-carrying mosquitoes and augmentation methods
(timing, quantity, and order of frequency) determine the success of the Wolbachia intervention.
They also formulated birth-pulse model with different density dependent death rate functions.
They found that for condition with a strong density dependent death rate, the initial ratio of non-
Wolbachia and Wolbachia-carrying mosquitoes should exceed a critical threshold for Wolbachia-
carrying mosquitoes to dominate the population.

The spatial mathematical models have been developed to assess the Wolbachia-carrying mos-
quitoes’ dispersal. Chan and Kim [9] used reaction diffusion approach and incorporated slow
and fast dispersal mode to assess the dynamics of the Wolbachia spread. They found that
temperature affects the wavespeed of the Wolbachia-carrying Aedes aegypti, that is, Wolbachia
invasion for Aedes aegypti increases when the temperature decreases within the optimal tem-
perature rate for mosquito survival. Hancock et al. [17] developed a metapopulation model to
assess the spatial dynamics of Wolbachia. They found that spatial variation in the density-
dependent competition experienced by juvenile host insects can influence the spread of
Wolbachia into population. In their other paper [16], they found a new expression for the
threshold which takes into account the main aspects of insects’ life history. They showed that
constant or pulsed immigrations affect the spread of Wolbachia-carrying mosquitoes.
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Mathematical models for Wolbachia-carrying mosquitoes’ populations consider several impor-
tant aspects. They are cytoplasmic incompatibility (CI), the maternal transmission, Wolbachia-
carrying mosquito death rate, release strategies ofWolbachia-carrying mosquitoes [9, 16–29, 31,
32]. These are expressed in the parameters, variables, or simulations.

A number of mathematical models have been developed to understand dengue transmission
mathematical models [33, 34]. However, little mathematical models have been developed to
investigate the efficacy of Wolbachia-intervention [35–40] in reducing dengue transmission.
Hancock et al. [39] developed a mathematical model and investigated the strategies for releas-
ing Wolbachia-carrying mosquitoes and its effects on dengue transmission dynamics. They
found that male-biased releases can substantially reduce the dengue transmission. Further-
more, male-biased release can be an effective strategy that results in the persistence of
Wolbachia-carrying mosquitoes. Ndii et al. [36, 41, 42] formulated single and two serotype
dengue mathematical models to investigate the Wolbachia effectiveness in reducing dengue
transmission. They found that Wolbachia can reduce primary and secondary dengue infections
with higher reduction in secondary infections. Hughes and Britton [35] found that Wolbachia
can reduce dengue transmission in areas where the basic reproduction number is not too high.
This implies that Wolbachia can reduce dengue transmission in areas with low to moderate
transmission settings, which is similar to that found Ndii et al. [36] and Ferguson et al. [37].
Supriatna et al. [40] showed that Wolbachia can reduce the value of basic reproduction number.
In their other paper, they showed that the predatory and Wolbachia can reduce primary and
secondary infections [43]. Furthermore, Supriatna et al. [44] investigated the use of vaccine and
Wolbachia on dengue transmission dynamics [44] and showed that the optimal dengue control
is determined by the epidemiological parameters and economic factors. Furthermore, they
found that introducing too manyWolbachia-carrying mosquitoes would be counter-productive.

4. Examples and numerical simulations of mathematical models

In this section, we present examples of mathematical models of Wolbachia-carrying mosquito
population dynamics and dengue withWolbachia intervention and their numerical simulations.

4.1. Mathematical model of Wolbachia-carrying mosquito population dynamics and
numerical simulations

4.1.1. Mathematical model of Wolbachia-carrying mosquito population dynamics

Here, we present an example of the mathematical model of the Wolbachia-carrying mosquito
population dynamics. We present the model by Ndii et al. [19, 45] and show several numerical
simulations. The mosquito population is divided into aquatic (AN and AW ), male (MN and
MW ) and female (FN and FW ) mosquitoes. Note that the aquatic compartment consists of eggs,
larvae and pupae, which are grouped into one compartment. Furthermore, the subscripts M
and W denote non-Wolbachia and Wolbachia-carrying mosquito population.
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The effect of CI is captured by the following expression. The non-Wolbachia female mosquitoes
reproduce whenmating with non-Wolbachiamales, which is governed by the following equations:

rN
MNFN

MN þ FN þMW þ FW
(2)

and theWolbachia-carrying females reproduce when mating with non-Wolbachia andWolbachia-
carrying males, which is governed by the following equations:

rW
FW MN þMWð Þ

MN þ FN þMW þ FW
(3)

Note that the population growth is limited by carrying capacity K. The maternal transmission
is not perfect [46]. This means that not all Wolbachia-carrying aquatic mature to be Wolbachia-
carrying adult. There is a proportion of 1� αð Þ that mature to be non-Wolbachia adults that is
eNW 1� αð Þ. Note that the ratio of male and female mosquitoes is denoted by e (eN, eW, eNW ).
The model is governed by the following systems of differential equations:

dAN

dt
¼ rN

MNFN
P

1� AN þ AWð Þ
K

� �
� μNAAN � γNAN,

dMN

dt
¼ eNγNAN � μNMN þ eNW 1� αWð ÞγWAW,

dFN
dt

¼ 1� eNð ÞγNAN � μNFN þ 1� eNWð Þ 1� αWð ÞγWAW,

dAW

dt
¼ rW

FW MW þMNð Þ
P

1� AN þ AWð Þ
K

� �
� μWAAW � γWAW,

dMW

dt
¼ eWαWγWAW � μWMW,

dFW
dt

¼ 1� eWð ÞαWγWAW � μWFW :

(4)

where P ¼ MN þ FN þMW þ FW is the total population.

4.1.2. Numerical simulations

In this section, numerical simulations are conducted to illustrate the solutions of the model. The
parameter values used are given in Table 1. The initial conditions areAN0 ¼ 0, FN0 ¼ MN0 ¼ 7253,
AW0 ¼ 0, andMW0 ¼ FW0 ¼ 14200.

Figure 1 shows the numerical solutions of the model using the parameter values given in
Table 1, but the Wolbachia adult mosquito death rate is 2� μN. This reflects the WMelPop
Wolbachia strain which reduces the mosquito lifespan by a half. Figure 1 shows that the non-
Wolbachiamosquitoes dominate the population. This means that this strain cannot be used as a
strategy to reduce dengue transmission. Figure 2 shows the numerical solutions of the model
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Mathematical models for Wolbachia-carrying mosquitoes’ populations consider several impor-
tant aspects. They are cytoplasmic incompatibility (CI), the maternal transmission, Wolbachia-
carrying mosquito death rate, release strategies ofWolbachia-carrying mosquitoes [9, 16–29, 31,
32]. These are expressed in the parameters, variables, or simulations.

A number of mathematical models have been developed to understand dengue transmission
mathematical models [33, 34]. However, little mathematical models have been developed to
investigate the efficacy of Wolbachia-intervention [35–40] in reducing dengue transmission.
Hancock et al. [39] developed a mathematical model and investigated the strategies for releas-
ing Wolbachia-carrying mosquitoes and its effects on dengue transmission dynamics. They
found that male-biased releases can substantially reduce the dengue transmission. Further-
more, male-biased release can be an effective strategy that results in the persistence of
Wolbachia-carrying mosquitoes. Ndii et al. [36, 41, 42] formulated single and two serotype
dengue mathematical models to investigate the Wolbachia effectiveness in reducing dengue
transmission. They found that Wolbachia can reduce primary and secondary dengue infections
with higher reduction in secondary infections. Hughes and Britton [35] found that Wolbachia
can reduce dengue transmission in areas where the basic reproduction number is not too high.
This implies that Wolbachia can reduce dengue transmission in areas with low to moderate
transmission settings, which is similar to that found Ndii et al. [36] and Ferguson et al. [37].
Supriatna et al. [40] showed that Wolbachia can reduce the value of basic reproduction number.
In their other paper, they showed that the predatory and Wolbachia can reduce primary and
secondary infections [43]. Furthermore, Supriatna et al. [44] investigated the use of vaccine and
Wolbachia on dengue transmission dynamics [44] and showed that the optimal dengue control
is determined by the epidemiological parameters and economic factors. Furthermore, they
found that introducing too manyWolbachia-carrying mosquitoes would be counter-productive.

4. Examples and numerical simulations of mathematical models

In this section, we present examples of mathematical models of Wolbachia-carrying mosquito
population dynamics and dengue withWolbachia intervention and their numerical simulations.

4.1. Mathematical model of Wolbachia-carrying mosquito population dynamics and
numerical simulations

4.1.1. Mathematical model of Wolbachia-carrying mosquito population dynamics

Here, we present an example of the mathematical model of the Wolbachia-carrying mosquito
population dynamics. We present the model by Ndii et al. [19, 45] and show several numerical
simulations. The mosquito population is divided into aquatic (AN and AW ), male (MN and
MW ) and female (FN and FW ) mosquitoes. Note that the aquatic compartment consists of eggs,
larvae and pupae, which are grouped into one compartment. Furthermore, the subscripts M
and W denote non-Wolbachia and Wolbachia-carrying mosquito population.
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The effect of CI is captured by the following expression. The non-Wolbachia female mosquitoes
reproduce whenmating with non-Wolbachiamales, which is governed by the following equations:

rN
MNFN

MN þ FN þMW þ FW
(2)

and theWolbachia-carrying females reproduce when mating with non-Wolbachia andWolbachia-
carrying males, which is governed by the following equations:

rW
FW MN þMWð Þ

MN þ FN þMW þ FW
(3)

Note that the population growth is limited by carrying capacity K. The maternal transmission
is not perfect [46]. This means that not all Wolbachia-carrying aquatic mature to be Wolbachia-
carrying adult. There is a proportion of 1� αð Þ that mature to be non-Wolbachia adults that is
eNW 1� αð Þ. Note that the ratio of male and female mosquitoes is denoted by e (eN, eW, eNW ).
The model is governed by the following systems of differential equations:

dAN

dt
¼ rN

MNFN
P

1� AN þ AWð Þ
K

� �
� μNAAN � γNAN,

dMN

dt
¼ eNγNAN � μNMN þ eNW 1� αWð ÞγWAW,

dFN
dt

¼ 1� eNð ÞγNAN � μNFN þ 1� eNWð Þ 1� αWð ÞγWAW,

dAW

dt
¼ rW

FW MW þMNð Þ
P

1� AN þ AWð Þ
K

� �
� μWAAW � γWAW,

dMW

dt
¼ eWαWγWAW � μWMW,

dFW
dt

¼ 1� eWð ÞαWγWAW � μWFW :

(4)

where P ¼ MN þ FN þMW þ FW is the total population.

4.1.2. Numerical simulations

In this section, numerical simulations are conducted to illustrate the solutions of the model. The
parameter values used are given in Table 1. The initial conditions areAN0 ¼ 0, FN0 ¼ MN0 ¼ 7253,
AW0 ¼ 0, andMW0 ¼ FW0 ¼ 14200.

Figure 1 shows the numerical solutions of the model using the parameter values given in
Table 1, but the Wolbachia adult mosquito death rate is 2� μN. This reflects the WMelPop
Wolbachia strain which reduces the mosquito lifespan by a half. Figure 1 shows that the non-
Wolbachiamosquitoes dominate the population. This means that this strain cannot be used as a
strategy to reduce dengue transmission. Figure 2 shows the numerical solutions of the model
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Symbol Description Value Unit Source

rN Non-Wolbachia reproductive rate 1.25 day�1 [19]

μNA Non-Wolbachia aquatic death rate 1/7.78 day�1 [47]

γN Non-Wolbachia maturation rate 1/6.67 day�1 [48]

eN The proportion of non-Wolbachia adult male offspring 0.5 Proportion [49]

μN Non-Wolbachia adult death rate 1/14 day�1 [47]

μWA Wolbachia aquatic death rate 1/7.78 day�1 [47]

μW Wolbachia adult death rate 1/7 day�1 [46]

rW Wolbachia reproductive rate 0.95rN day�1 [19]

γW Wolbachia maturation rate 1/6.67 day�1 [46]

eW The proportion of Wolbachia-infected male adults 0.5 N/A Assumed

eNW The rate of uninfected males hatched from a Wolbachia-infected mother 0.5 N/A Assumed

αW The proportion of Wolbachia-infected offspring from a Wolbachia-infected
mother

0.9 N/A [7, 46, 50, 51]

K Carrying capacity 300,000 [48]

Table 1. Parameters, description, values and sources for the model of Wolbachia-carrying mosquitoes.

Figure 1. Numerical simulations of the Model (4). The parameter values used are given in Table 1, but the parameter μW
is 2� μN to reflect the WMelPop Wolbachia strain.
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using the parameter values given in Table 1. The Wolbachia mosquito death rate is 1:1� μN

which reflects the WMel Wolbachia strain. This strain reduces the mosquito lifespan by around
10%. It shows that the Wolbachia-carrying mosquitoes dominate the population. This means
that WMel strain can be used in the Wolbachia intervention. Figure 3 shows the simulation
results using WMel parameter values with initial conditions of AN0 ¼ 0, FN0 ¼ MN0 ¼ 7253,
AW0 ¼ 0, and MW0 ¼ FW0 ¼ 145. It shows that the non-Wolbachia mosquitoes dominate the
populations. It implies that the initial conditions also affects the persistence of Wolbachia-
carrying mosquitoes.

4.2. Dengue mathematical model and numerical simulations

4.2.1. Dengue mathematical model in the presence of Wolbachia

In this section, we give example of two-serotype dengue mathematical model. We present the
model by Ndii et al. [42]. The model consists of human, non-Wolbachia and Wolbachia-carrying
mosquito population. The human population is divided into susceptible (SH), exposed to

serotype i (Ei
H), infected to serotype i (IiH), temporary immunity to the serotype i (Xi

H), recov-

ered class (RH), susceptible, exposed and infected to j strain (SjiH, E
ji
H, I

ji
H , respectively). The

superscript ji means individuals that were previously infected by serotype i and currently
infected by serotype j. The mosquito population is divided into susceptible (SN and SW ),

Figure 2. Numerical simulations of the Model (4). The parameter values used are given in Table 1. The parameter values
reflect the WMel Wolbachia strain.
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Symbol Description Value Unit Source

rN Non-Wolbachia reproductive rate 1.25 day�1 [19]

μNA Non-Wolbachia aquatic death rate 1/7.78 day�1 [47]

γN Non-Wolbachia maturation rate 1/6.67 day�1 [48]

eN The proportion of non-Wolbachia adult male offspring 0.5 Proportion [49]

μN Non-Wolbachia adult death rate 1/14 day�1 [47]

μWA Wolbachia aquatic death rate 1/7.78 day�1 [47]

μW Wolbachia adult death rate 1/7 day�1 [46]

rW Wolbachia reproductive rate 0.95rN day�1 [19]

γW Wolbachia maturation rate 1/6.67 day�1 [46]

eW The proportion of Wolbachia-infected male adults 0.5 N/A Assumed

eNW The rate of uninfected males hatched from a Wolbachia-infected mother 0.5 N/A Assumed

αW The proportion of Wolbachia-infected offspring from a Wolbachia-infected
mother

0.9 N/A [7, 46, 50, 51]

K Carrying capacity 300,000 [48]

Table 1. Parameters, description, values and sources for the model of Wolbachia-carrying mosquitoes.

Figure 1. Numerical simulations of the Model (4). The parameter values used are given in Table 1, but the parameter μW
is 2� μN to reflect the WMelPop Wolbachia strain.
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using the parameter values given in Table 1. The Wolbachia mosquito death rate is 1:1� μN

which reflects the WMel Wolbachia strain. This strain reduces the mosquito lifespan by around
10%. It shows that the Wolbachia-carrying mosquitoes dominate the population. This means
that WMel strain can be used in the Wolbachia intervention. Figure 3 shows the simulation
results using WMel parameter values with initial conditions of AN0 ¼ 0, FN0 ¼ MN0 ¼ 7253,
AW0 ¼ 0, and MW0 ¼ FW0 ¼ 145. It shows that the non-Wolbachia mosquitoes dominate the
populations. It implies that the initial conditions also affects the persistence of Wolbachia-
carrying mosquitoes.

4.2. Dengue mathematical model and numerical simulations

4.2.1. Dengue mathematical model in the presence of Wolbachia

In this section, we give example of two-serotype dengue mathematical model. We present the
model by Ndii et al. [42]. The model consists of human, non-Wolbachia and Wolbachia-carrying
mosquito population. The human population is divided into susceptible (SH), exposed to

serotype i (Ei
H), infected to serotype i (IiH), temporary immunity to the serotype i (Xi

H), recov-

ered class (RH), susceptible, exposed and infected to j strain (SjiH, E
ji
H, I

ji
H , respectively). The

superscript ji means individuals that were previously infected by serotype i and currently
infected by serotype j. The mosquito population is divided into susceptible (SN and SW ),

Figure 2. Numerical simulations of the Model (4). The parameter values used are given in Table 1. The parameter values
reflect the WMel Wolbachia strain.
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exposed to serotype i (Ei
N and Ei

W ) and infected to serotype i (IiN and IiW ). The subscript N and
W is for non-Wolbachia and Wolbachia-carrying mosquitoes.

The model is governed by the following system of differential equations:

dSH
dt

¼ BNH �
X2

i¼1

λi
HSH � μHSH, (5)

dEi
H

dt
¼ λi

HSH � γHE
i
H � μHE

i
H, (6)

dIiH
dt

¼ γHE
i
H � σIiH � μHI

i
H, (7)

dXi
H

dt
¼ σIiH � θiXi

H � μHX
i
H, (8)

dSjiH
dt

¼ λj
HS

ji
H � μHS

ji
H, (9)

dEji
H

dt
¼ λj

HS
ji
H � γHE

ji
H � μHE

ji
H, (10)

Figure 3. Numerical simulations of the Model (4). The parameter values used are given in Table 1. The parameter values
reflect the WMel Wolbachia strain but different initial conditions. The initial conditions are AN0 ¼ 0, FN0 ¼ MN0 ¼ 7253,
AW0 ¼ 0, and MW0 ¼ FW0 ¼ 145.
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dIjiH
dt

¼ γHE
ji
H � σIjiH � μH þ d

� �
IjiH, (11)

dRH

dt
¼

X2

j¼1, j 6¼i

σIjiH � μHRH, (12)

Model for non-Wolbachia mosquito population

dAN

dt
¼ rNF

2
N

2 FN þ FWð Þ 1� AN þ AW

K

� �
� τNAN � μNAAN, (13)

dSN
dt

¼ τNAN

2
þ 1� αð ÞτWAW

2
�
X2

i¼1

λi
NSN � μNSN, (14)

dEi
N

dt
¼ λi

NSN � γNE
i
N � μNE

i
N, (15)

dIiN
dt

¼ γNE
i
N � μNI

i
N: (16)

Model for Wolbachia-carrying mosquito population

dAW

dt
¼ rWFW

2
1� AN þ AW

K

� �
� τWAW � μWAAW, (17)

dSW
dt

¼ ατWAW

2
�
X2

i¼1

λi
WSW � μWSW, (18)

dEi
W

dt
¼ λi

WSW � γWEi
W � μWEi

W, (19)

dIW
dt

¼ γWEi
W � μWIiW , (20)

where the force of infections are

λi
H ¼ bNTiIiN

NH
þ bWTi

HWIiW
NH

, (21)

λi
N ¼ bNTiIiH

NH
þ ϕi

bNTiIijH
NH

, (22)

λi
W ¼ bWTiIiH

NH
þ ϕi

bWTiIijH
NH

, (23)

where ϕi is the antibody-dependent enhancement factor for serotype i. Note that the susceptible
human becomes exposed to dengue after being bitten by non-Wolbachia and Wolbachia-infected

Mathematical Model as a Tool for the Control of Vector-Borne Diseases: Wolbachia Example
http://dx.doi.org/10.5772/intechopen.79754

121



exposed to serotype i (Ei
N and Ei

W ) and infected to serotype i (IiN and IiW ). The subscript N and
W is for non-Wolbachia and Wolbachia-carrying mosquitoes.

The model is governed by the following system of differential equations:

dSH
dt

¼ BNH �
X2

i¼1

λi
HSH � μHSH, (5)

dEi
H

dt
¼ λi

HSH � γHE
i
H � μHE

i
H, (6)

dIiH
dt

¼ γHE
i
H � σIiH � μHI

i
H, (7)

dXi
H

dt
¼ σIiH � θiXi

H � μHX
i
H, (8)

dSjiH
dt

¼ λj
HS

ji
H � μHS

ji
H, (9)

dEji
H

dt
¼ λj

HS
ji
H � γHE

ji
H � μHE

ji
H, (10)

Figure 3. Numerical simulations of the Model (4). The parameter values used are given in Table 1. The parameter values
reflect the WMel Wolbachia strain but different initial conditions. The initial conditions are AN0 ¼ 0, FN0 ¼ MN0 ¼ 7253,
AW0 ¼ 0, and MW0 ¼ FW0 ¼ 145.
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dIjiH
dt

¼ γHE
ji
H � σIjiH � μH þ d

� �
IjiH, (11)

dRH

dt
¼

X2

j¼1, j 6¼i

σIjiH � μHRH, (12)

Model for non-Wolbachia mosquito population

dAN

dt
¼ rNF

2
N

2 FN þ FWð Þ 1� AN þ AW

K

� �
� τNAN � μNAAN, (13)

dSN
dt

¼ τNAN

2
þ 1� αð ÞτWAW

2
�
X2

i¼1

λi
NSN � μNSN, (14)

dEi
N

dt
¼ λi

NSN � γNE
i
N � μNE

i
N, (15)

dIiN
dt

¼ γNE
i
N � μNI

i
N: (16)

Model for Wolbachia-carrying mosquito population

dAW

dt
¼ rWFW

2
1� AN þ AW

K

� �
� τWAW � μWAAW, (17)

dSW
dt

¼ ατWAW

2
�
X2

i¼1

λi
WSW � μWSW, (18)

dEi
W

dt
¼ λi

WSW � γWEi
W � μWEi

W, (19)

dIW
dt

¼ γWEi
W � μWIiW , (20)

where the force of infections are

λi
H ¼ bNTiIiN

NH
þ bWTi

HWIiW
NH

, (21)

λi
N ¼ bNTiIiH

NH
þ ϕi

bNTiIijH
NH

, (22)

λi
W ¼ bWTiIiH

NH
þ ϕi

bWTiIijH
NH

, (23)

where ϕi is the antibody-dependent enhancement factor for serotype i. Note that the susceptible
human becomes exposed to dengue after being bitten by non-Wolbachia and Wolbachia-infected
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Figure 4. Numerical simulations of primary and secondary infections in the absence of Wolbachia-carrying mosquitoes. The
parameters values used are given inTable 2. Initial conditions are I1H 0ð Þ ¼ I2H 0ð Þ ¼ 1 andNH ¼ 105.AN 0ð Þ ¼ SN 0ð Þ ¼ 3�NH .

Figure 5. Numerical simulations of primary and secondary infections in the presence of Wolbachia-carrying mosquitoes.
The parameters values used are given in Table 2. Initial conditions are I1H 0ð Þ ¼ I2H 0ð Þ ¼ 1 and NH ¼ 105. AN 0ð Þ ¼ SN 0ð Þ ¼
AW 0ð Þ ¼ SW 0ð Þ ¼ 1:5�NH .
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mosquitoes, which then becomes infected and have temporary immunity. After a certain
period in temporary immunity class, they become susceptible to the other dengue serotype.
They will have secondary infection after being bitten by infected mosquitoes carrying different
dengue serotype to that they are previously infected.

4.2.2. Numerical simulations

This section presents numerical simulations of the model. Figures 4 and 5 show the numerical
simulations of primary and secondary infections in the absence and presence of Wolbachia,
respectively.

Figures 4 and 5 show thatWolbachia can reduce dengue transmission. The number of infections
in the presence of Wolbachia-carrying mosquitoes (see Figure 5) is smaller than that in the
absence of Wolbachia-carrying mosquitoes (see Figure 4). This means that the Wolbachia can

Symbol Description Value Unit Source

α Maternal transmission 0.9 N/A [19, 46, 52]

B Human birth rate 1= 70� 365ð Þ day�1 [3]

bN Biting rate of non-W mosquitoes 0.63 day�1 [53]

bW Biting rate of W mosquitoes 0.95 bN day�1 [54]

γH Progression rate from exposed to infectious 1/5.5 day�1 [1]

γN Progression from exposed to infectious class of non-W mosquitoes 1/10 day�1 [55]

γW Progression from exposed to infectious class of W mosquitoes 1/10 day�1 [55]

K Carrying capacity 3�NH N/A [55]

λ Force of infection Eqs. (21)–(23)

μN Adult mosquito death rate (non-W) 1/14 day�1 [47]

μH Human death rate 1/ 70� 365ð Þ day�1 [3]

μNA Death rate of aquatic non-W mosquitoes 1/14 day�1 [47]

μW Adult aquatic death rate 1.1μN day�1 [46, 51]

μWA Death rate of W mosquitoes 1/14 day�1 [47]

ϕ ADE 1.1 N/A [56]

rN Reproductive rate of non-W mosquitoes 1.25 day�1 [19]

rW Reproductive rate of W-mosquitoes 0:95rN day�1 [46]

σ Recovery rate 1/5 day�1 [1]

TN Transmission probability from non-W mosquitoes to human 0.5 N/A [36]

THW Transmission probability from W mosquitoes to human 0:5TN N/A [36, 57]

θ Progression rate from temporary immunity class to susceptible class 1= 0:5� 365ð Þ day�1 [58]

τN Maturation rate of non-W mosquitoes 1/10 day�1 [47]

τW Maturation rate of W mosquitoes 1/10 day�1 [47]

Table 2. Parameter descriptions, values, and sources. Note that W and N are used to indicate Wolbachia-carrying and
non-Wolbachia mosquitoes in the parameter descriptions, respectively. NH ¼ 105.
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period in temporary immunity class, they become susceptible to the other dengue serotype.
They will have secondary infection after being bitten by infected mosquitoes carrying different
dengue serotype to that they are previously infected.

4.2.2. Numerical simulations

This section presents numerical simulations of the model. Figures 4 and 5 show the numerical
simulations of primary and secondary infections in the absence and presence of Wolbachia,
respectively.

Figures 4 and 5 show thatWolbachia can reduce dengue transmission. The number of infections
in the presence of Wolbachia-carrying mosquitoes (see Figure 5) is smaller than that in the
absence of Wolbachia-carrying mosquitoes (see Figure 4). This means that the Wolbachia can

Symbol Description Value Unit Source

α Maternal transmission 0.9 N/A [19, 46, 52]

B Human birth rate 1= 70� 365ð Þ day�1 [3]

bN Biting rate of non-W mosquitoes 0.63 day�1 [53]

bW Biting rate of W mosquitoes 0.95 bN day�1 [54]

γH Progression rate from exposed to infectious 1/5.5 day�1 [1]

γN Progression from exposed to infectious class of non-W mosquitoes 1/10 day�1 [55]

γW Progression from exposed to infectious class of W mosquitoes 1/10 day�1 [55]

K Carrying capacity 3�NH N/A [55]

λ Force of infection Eqs. (21)–(23)

μN Adult mosquito death rate (non-W) 1/14 day�1 [47]

μH Human death rate 1/ 70� 365ð Þ day�1 [3]

μNA Death rate of aquatic non-W mosquitoes 1/14 day�1 [47]

μW Adult aquatic death rate 1.1μN day�1 [46, 51]

μWA Death rate of W mosquitoes 1/14 day�1 [47]

ϕ ADE 1.1 N/A [56]

rN Reproductive rate of non-W mosquitoes 1.25 day�1 [19]

rW Reproductive rate of W-mosquitoes 0:95rN day�1 [46]

σ Recovery rate 1/5 day�1 [1]

TN Transmission probability from non-W mosquitoes to human 0.5 N/A [36]

THW Transmission probability from W mosquitoes to human 0:5TN N/A [36, 57]

θ Progression rate from temporary immunity class to susceptible class 1= 0:5� 365ð Þ day�1 [58]

τN Maturation rate of non-W mosquitoes 1/10 day�1 [47]

τW Maturation rate of W mosquitoes 1/10 day�1 [47]

Table 2. Parameter descriptions, values, and sources. Note that W and N are used to indicate Wolbachia-carrying and
non-Wolbachia mosquitoes in the parameter descriptions, respectively. NH ¼ 105.
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potentially be used to break the cycle of dengue transmission. Note that the parameter values
are largely uncertain. Therefore, large data set is needed to validate the model against data.

5. Discussion and conclusions

The use of Wolbachia bacterium has been proposed as a new innovative strategy against
dengue. A lot of research have been conducted to look at the persistence of Wolbachia-carrying
mosquitoes and the potential reduction in the number of dengue cases by the use of Wolbachia
bacterium. One of the approaches is by the use of mathematical model. It can be seen that
mathematical model can provide insights into the persistence and the effectiveness of the
Wolbachia in reducing dengue transmission dynamics.

One of the important steps in modelling is model’s validation. The model can be validated
against the real data. Although several parameters can be obtained from literature, it is important
to estimate the influential parameters such as transmission rate against the real data. Ferguson
et al. [37] validated their model against the real data. Furthermore, most parameters are strongly
uncertain, which indicate that sensitivity analysis is strongly required. This aims to find the most
important parameters which can guide us in collecting appropriate data to be estimated.

Models presented in this work do not take into account the environmental factors such as
temperature and rainfall. These may affect the dynamics of mosquito population and hence
dengue transmission dynamics. Furthermore, in our work, the ratio of male and female
mosquitoes is equal, which possibly affects the mosquito’s population dynamics. It is impor-
tant to consider sex-biased ratio to determine its effects on the persistence ofWolbachia-carrying
mosquitoes and dengue reduction.

In this paper, we review existing mathematical models ofWolbachia-carrying mosquitoes’ popu-
lation dynamics and dengue with Wolbachia. Examples of the mathematical models are given. It
shows that Wolbachia-carrying mosquitoes can persist in the population depending on the
Wolbachia strains. Furthermore, the initial conditions also affect the persistence of Wolbachia-
carrying mosquito populations. It is shown that Wolbachia can potentially reduce the primary
and secondary infections with higher reduction in secondary infections. Results suggest that
using Wolbachia can potentially reduce the transmission of dengue and hence minimise the
public health and economic burden.

The results showed that the Wolbachia can persist in the population. When mosquitoes are
infected with theWMel strain ofWolbachia. For dengue mathematical models withWolbachia, it
shows that the Wolbachia can potentially reduce the primary and secondary infections. This
means that using Wolbachia can be an alternative strategy against dengue.
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Abstract

Dengue caused by four antigenically distinct serotype remains a serious health concern 
around the world, particularly in the tropical areas. Clinical signs and symptoms of this 
disease are indistinguishable from other infectious disease; therefore, laboratory diagno-
sis is very crucial for confirming the disease that will be useful for the patient’s manage-
ment. In laboratory, dengue can be confirmed using cell culture, RNA detection, and 
serological detection based on ELISA and immunochromatographic test. However, each 
of these methods has certain practical limitations. Therefore, researchers from all over the 
world have been working to address these limitations. In this chapter, we will highlight 
the current research toward the development of novel point-of-care test for the diagnosis 
of dengue in acute and convalescent phase.

Keywords: dengue, diagnosis, microfluidic, RT-LAMP, biosensor

1. Introduction

Despite the significant advancement in medical sciences, dengue remains a serious public 
health concern in more than 100 countries, precisely in tropical and subtropical parts of 
the world. Dengue has alarming situation in Southeast Asia, South America, and Africa. 
Approximately, half of the world’s population living in dengue endemic area is at the risk of 
getting dengue infection. Evidence shows that every year about 390 million dengue infection 
appears worldwide, of which 100 million cases are found to be symptomatic and require 
medical attention [1–3].
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Clinical symptoms typically appear 4–7 days following the mosquito bite and may persist 
for 3–10 days. Clinical manifestation of dengue varies from asymptomatic to acute febrile 
illness with headache, vomiting, severe myalgia, rash, retro-orbital pain, and arthralgia [4–6]. 
Classically, dengue was categorized as dengue fever, dengue hemorrhagic fever, and dengue 
shock syndrome. Nevertheless, classification was revised by the WHO in 2009 and classified 
it as dengue with or without warning signs. This version of classification divides dengue into 
three clinical phases: febrile, critical, and recovery phases [7, 8]. In the febrile phase, patient 
develops high fever due to acute viremia, and this phase lasts for 2–7 days. Critical phase 
usually lasts for 2 days and is indicated by plasma leakage, hemorrhage, and low platelet 
number. If patients survive in critical phase, then they will recover from the disease at the 
third phase known as recovery/convalescent phase [9, 10].

The spherical and enveloped dengue virus (DENV) which belongs to the family Flaviviridae 
is the causative agent of dengue. This virus is 50 nm in diameter and contains about 11 kb 
positive-sense single-stranded RNA genome that codes for three structural proteins (capsid, 
membrane, and envelope) and seven nonstructural proteins [11, 12]. The DENV is transmitted 
to human by the bite of Aedes aegypti and Aedes albopictus mosquito which usually breed in 
the clean water in urban areas [13, 14]. Each serotype of DENV can cause dengue and trigger 
inimitable immune response in host which provides long-term immunity to that particular 
serotype but limited and partial immunity against three other serotypes [15, 16]. Although, 
the four DENV serotypes are antigenically different but genetically are identical as they share 
about 65% of their RNA sequences [17, 18].

2. Diagnosis of dengue

At this time, a tetravalent dengue vaccine has been developed but due to its lack of pro-
tection on non-exposed individuals, it is not an effective option. On the other hand, antivi-
ral drugs for curing the dengue are not available; thus, accurate and timely diagnosis is of 
utmost importance for appropriate management of a patient suffering from severe dengue 
[19]. However, diagnosis of dengue based on clinical manifestation is quite complicated as 
the signs of dengue are very common in other febrile illness; therefore, diagnosis is very 
challenging using this approach [10, 20]. Thus, laboratory confirmation is needed for defi-
nite diagnosis. Laboratory confirmation of dengue can be obtained using several techniques 
such as virus isolation, polymerase chain reaction (PCR)-based detection of viral genome, 
nonstructural protein 1 (NS1) antigen detection, and serological detection of dengue-specific 
antibodies such as IgM and IgG [21]. Nevertheless, effective application of each diagnostic 
technique depends on the disease stages.

2.1. Recent advancement in the diagnosis of dengue

The WHO set “affordable, sensitive, specific, user-friendly, rapid, easy to handle and deliver 
to those who need them (ASSURED)” as the characteristics of an ideal point-of-care test for 
resource-limited countries [22, 23]. With the advancement of science and technology, several 
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novel diagnostic platforms emerged for the diagnostic of infectious disease such as biosensor, 
microfluidic, loop-mediated isothermal amplification (LAMP), and so on. These diagnostic 
platforms were also explored by the researchers for developing a point-of-care test for the 
diagnosis of dengue. The below section will briefly give an insight into some of these plat-
forms investigated for the diagnosis of dengue.

2.1.1. Biosensor platform

The criteria of point-of-care test resulted attractive for industry and researchers in order to 
develop and satisfy the qualification of ideal diagnostic test. Therefore, numerous researchers 
around the world have been working on biosensors in a search of potential point-of-care test 
as they offer several advantages such as high sensitivity and specificity, simple instrumenta-
tion, rapid assay outcome, portability and disposability of developed tools. Several research-
ers have reported biosensor for the diagnosis of dengue. In this section, we take a glance 
over current biosensor methods aimed to improve the diagnostic of dengue using different 
biomarkers.

2.1.1.1. NS1 antigen detection

Omar et al. reported an electrochemical immunosensor based on screen-printed carbon 
electrodes (SPCE) for the detection of dengue NS1 antigen. Anti-NS1-capturing antibodies 
were immobilized on BSA-modified working electrode of SPCE. The detection was based on 
the measurement of electron transfer resistance before and after the NS1 binding. The study 
demonstrated that the immunosensor successfully detected NS1 antigen with a limit of detec-
tion (LOD) of 0.3 ng/mL and the linear range was 1–200 ng/mL [24]. Pirich et al. worked on 
piezoelectric immunosensor to detect dengue NS1 antigen. For the enhanced binding of anti-
NS1 antibodies, sensor surface was coated with a thin film of bacterial cellulose nanocrystals. 
The formation of antigen antibody complex was then analyzed using quartz crystal microbal-
ance. The study showed that immunochip was able to detect dengue NS1 antigen from serum 
with a LOD of 0.32 μg/mL [25]. In another study, NS1 was detected using Langmuir–Blodgett 
and gold nanoparticles (AuNP) composite as a biosensing surface. The anti-NS1 antibodies 
were immobilized on the biosensing surface and then the sample containing NS1 antigen was 
pipetted on it. Subsequently, the biorecognition event between anti-NS1 antibody and NS1 
antigen was detected through electrochemical impedance spectroscopy. The study showed 
that developed electrochemical immunosensor was capable to detect dengue with a LOD of 
1.19 ng/mL in spiked serum sample [26].

2.1.1.2. Detection of dengue IgM antibodies

Jahanshahi et al. targeted the dengue IgM antibody as an analyte in an optical biosensor. In 
the assay, four serotypes of DENV were used as ligands for capturing IgM antibodies. The 
assay time of optical biosensor was just 10 minutes and required a minimum volume of 1 μl 
of sample to perform it. The sensitivity of developed sensor was ranging from 83 to 93% and 
specificity was 100% [27]. Ortega et al. reported a novel “Magnetic Paper-Based ELISA” for 
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antigen was detected through electrochemical impedance spectroscopy. The study showed 
that developed electrochemical immunosensor was capable to detect dengue with a LOD of 
1.19 ng/mL in spiked serum sample [26].

2.1.1.2. Detection of dengue IgM antibodies

Jahanshahi et al. targeted the dengue IgM antibody as an analyte in an optical biosensor. In 
the assay, four serotypes of DENV were used as ligands for capturing IgM antibodies. The 
assay time of optical biosensor was just 10 minutes and required a minimum volume of 1 μl 
of sample to perform it. The sensitivity of developed sensor was ranging from 83 to 93% and 
specificity was 100% [27]. Ortega et al. reported a novel “Magnetic Paper-Based ELISA” for 

New Tools for Dengue Diagnostics
http://dx.doi.org/10.5772/intechopen.81059

133



isotype IgM-dengue antibodies detection. In the assay, magnetite nanoparticles were depos-
ited on cellulose paper sheet. The antihuman IgM-capturing antibodies were immobilized on 
nanoparticle using a cross-linker, namely polydopamine. The concentration of IgM antibod-
ies captured by antihuman IgM antibodies was determined using Bradford assay and SDS gel 
electrophoresis. The study claimed to have 700 times lower LOD than conventional ELISA 
[28]. Ortega et al. reported an electrochemical immunoassay using lead sulfide quantum dots 
as detection label for enhancing the sensitivity of assay by conjugating with anti-IgM detec-
tion antibodies. The immunoassay was performed on ELISA microplate, and electrochemi-
cal response generated by acid dissolution of detection label was measured on SPCE. The 
differential pulse anodic stripping voltammetry was used to measure the electrochemical 
response. Using this technique, immunosensor successfully detected dengue IgM antibod-
ies with a LOD of 130 ng [29]. Wong developed an immunosensor using long-range surface 
plasmon-polariton waveguides for the detection of dengue IgM antibodies. The developed 
immunosensor detected IgM antibodies from a serum sample with a LOD of ∼22 pg/mm2 
[30]. Liu et al. fabricated a label-free immunosensor based on optical fiber long-period grating 
(LPG) for detecting dengue IgM antibodies. For the detection of IgM antibodies, the LPG 
was modified with a film of three layers containing poly(allylamine hydrochloride) and silica 
nanoparticles. Later, anti-IgM antibodies were immobilized via covalent binding on modi-
fied surface. Subsequently, when the sample containing analyte IgM antibodies was added, it 
caused an increase in refractive index of film coated on the surface of LPG leading to a wave-
length shift. This wavelength shift suggested was due to the binding of IgM antibodies with 
anti-IgM antibodies. The optical biosensor developed in this study detected IgM antibodies 
with a detection limit of 15 pg/mm2 [31].

2.1.1.3. Detection of dengue genome

On the other hand, some researchers focused on viral genome as a target analyte in the hunt 
of a point-of-care test. Chan et al. developed a genosensor using a silver nanocluster (Ag NC) 
as hybridization indicator of target DNA with probe DNA. In the assay, the target DNA was 
synthesized from dengue RNA extracted from a mosquito. Afterward, the target DNA was 
hybridized with dengue probe DNA and amplified using isothermal amplification. Following 
the amplification, the product was mixed with AgNO3. Subsequently, the reduction agent 
NABH4 was added to mixture to produce Ag NC which was observed using a UV light. 
This study showed that the developed genosensor could detect DENV genome with a LOD 
of 100 nM [32]. Jin et al. developed an electrochemical genosensor by modifying graphene 
oxide surface with SiO2 particles for enhancing the electrochemical properties of the surface. 
The negatively charged oligonucleotide primer specific for dengue complementary DNA 
was immobilized on the graphene-oxide-modified surface. Afterward, the sample contain-
ing target complementary DNA was pipetted. It was found that the oligonucleotide primer 
hybridized with complimentary DNA indicating the presence of dengue DNA in the sample. 
EIS was carried out on three electrode cell using PBS solution, and impedance spectra were 
measured. The study claimed to detect dengue DNA with a LOD of 1 femto-molar concentra-
tion of viral genome [33].
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Another genosensor was developed using silicon nanowire to carry out electrochemical-
based assay. First of all, silicon nanowire surface was pretreated for immobilizing the probe 
DNA. Later, the target DNA was added on the surface. The hybridization between probe 
and target DNA was detected through variation in current, conductance, and resistance on 
genosensor because of negative charges which increased with the binding of probe and target 
DNA. The genosensor developed in this study successfully detected DNA with a LOD of 2.0 
fM [34]. Ariffin et al. employed nickel(II) salphen complex as DNA hybridization indicator 
for developing optical genosensor to detect DENV DNA. The indicator was known as a DNA 
intercalating agent. Porous silica nanospheres (PSiNs) were fixed on round plastic supporting 
case as carrier matrix. PSiNs were pretreated with glutaric acid followed by immobilization 
of DNA probe. Subsequently, complementary DNA analyte intercalated with nickel (II) sal-
phen complex was pipetted on PSiNs’ surface. The fiber optic reflectance spectrophotometer 
was used to measure the reflectance intensity of hybridization of target DNA with probe 
DNA. The study demonstrated that genosensor was capable to detect dengue DNA with a 
LOD of 0.2 aM [35].

Multicolor triangular silver nanoparticles (TAgs) were used by Vinayagam et al. as detec-
tion labels for the detection of DENV RNA. TAgs were conjugated with capture probe and 
reporter probe which will hybridize with different regions of target RNA. Later, these capture 
and reporter probes were pooled with analyte RNA, and hybridization was promoted using 
NaCl. The reaction was left for 10 minutes at 37°C. In comparison to non-hybridization, the 
hybridization of probes with target RNA was more stable in the presence of NaCl and, thus, 
develops colors and determines the presence of dengue RNA [36]. Tripathy et al. reported a 
genosensor was based on Manganese (III) Oxide (Mn2O3) nanofibers modified glassy carbon 
electrode (GCE). The COOH group was introduced on the surface and activated via EDC/NHS 
cross-linker. The capture probe was then immobilized via NH2 group with COOH group 
on GCE. Subsequently, the sample containing target DNA was added, and electrochemical 
responses were measured against a standard calomel reference electrode. The study revealed 
that nanoscale genosensor successfully detected dengue DNA and LOD of the sensor was 
found to be 120 zeptomoles [37]. Rashid et al. worked on electrochemical genosensor that is 
developed on screen-printed gold electrode modified with silicon nanowires (SiNWs). SiNWs 
were deposited on SPGE using various chemical pretreatment. Following the deposition of 
SiNWs, the thiolate DNA probe were immobilized on sensing surface. Subsequently, the 
sample containing target DNA was pipetted to hybridize with probe DNA. The electrochemi-
cal response was measured in the presence of redox indicator using CV and DPV. It was found 
that the developed biosensor was able to detect dengue DNA with a LOD of 1.63 × 10−12 M [38].

2.1.2. RT-LAMP platform

Loop-mediated amplification (LAMP) is a modified version of PCR in which a uniform tem-
perature ranging from 60 to 65°C is applied using a water bath for nucleic acid amplification 
and, thus, obviates the requirement of a thermocycler [39, 40]. This approach to nucleic acid  
amplification relies on strand displacement reaction that produces a self-complementary single- 
stranded loop structure for binding the primers and amplifies target with high specificity 
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ies captured by antihuman IgM antibodies was determined using Bradford assay and SDS gel 
electrophoresis. The study claimed to have 700 times lower LOD than conventional ELISA 
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as detection label for enhancing the sensitivity of assay by conjugating with anti-IgM detec-
tion antibodies. The immunoassay was performed on ELISA microplate, and electrochemi-
cal response generated by acid dissolution of detection label was measured on SPCE. The 
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response. Using this technique, immunosensor successfully detected dengue IgM antibod-
ies with a LOD of 130 ng [29]. Wong developed an immunosensor using long-range surface 
plasmon-polariton waveguides for the detection of dengue IgM antibodies. The developed 
immunosensor detected IgM antibodies from a serum sample with a LOD of ∼22 pg/mm2 
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(LPG) for detecting dengue IgM antibodies. For the detection of IgM antibodies, the LPG 
was modified with a film of three layers containing poly(allylamine hydrochloride) and silica 
nanoparticles. Later, anti-IgM antibodies were immobilized via covalent binding on modi-
fied surface. Subsequently, when the sample containing analyte IgM antibodies was added, it 
caused an increase in refractive index of film coated on the surface of LPG leading to a wave-
length shift. This wavelength shift suggested was due to the binding of IgM antibodies with 
anti-IgM antibodies. The optical biosensor developed in this study detected IgM antibodies 
with a detection limit of 15 pg/mm2 [31].

2.1.1.3. Detection of dengue genome

On the other hand, some researchers focused on viral genome as a target analyte in the hunt 
of a point-of-care test. Chan et al. developed a genosensor using a silver nanocluster (Ag NC) 
as hybridization indicator of target DNA with probe DNA. In the assay, the target DNA was 
synthesized from dengue RNA extracted from a mosquito. Afterward, the target DNA was 
hybridized with dengue probe DNA and amplified using isothermal amplification. Following 
the amplification, the product was mixed with AgNO3. Subsequently, the reduction agent 
NABH4 was added to mixture to produce Ag NC which was observed using a UV light. 
This study showed that the developed genosensor could detect DENV genome with a LOD 
of 100 nM [32]. Jin et al. developed an electrochemical genosensor by modifying graphene 
oxide surface with SiO2 particles for enhancing the electrochemical properties of the surface. 
The negatively charged oligonucleotide primer specific for dengue complementary DNA 
was immobilized on the graphene-oxide-modified surface. Afterward, the sample contain-
ing target complementary DNA was pipetted. It was found that the oligonucleotide primer 
hybridized with complimentary DNA indicating the presence of dengue DNA in the sample. 
EIS was carried out on three electrode cell using PBS solution, and impedance spectra were 
measured. The study claimed to detect dengue DNA with a LOD of 1 femto-molar concentra-
tion of viral genome [33].
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Another genosensor was developed using silicon nanowire to carry out electrochemical-
based assay. First of all, silicon nanowire surface was pretreated for immobilizing the probe 
DNA. Later, the target DNA was added on the surface. The hybridization between probe 
and target DNA was detected through variation in current, conductance, and resistance on 
genosensor because of negative charges which increased with the binding of probe and target 
DNA. The genosensor developed in this study successfully detected DNA with a LOD of 2.0 
fM [34]. Ariffin et al. employed nickel(II) salphen complex as DNA hybridization indicator 
for developing optical genosensor to detect DENV DNA. The indicator was known as a DNA 
intercalating agent. Porous silica nanospheres (PSiNs) were fixed on round plastic supporting 
case as carrier matrix. PSiNs were pretreated with glutaric acid followed by immobilization 
of DNA probe. Subsequently, complementary DNA analyte intercalated with nickel (II) sal-
phen complex was pipetted on PSiNs’ surface. The fiber optic reflectance spectrophotometer 
was used to measure the reflectance intensity of hybridization of target DNA with probe 
DNA. The study demonstrated that genosensor was capable to detect dengue DNA with a 
LOD of 0.2 aM [35].

Multicolor triangular silver nanoparticles (TAgs) were used by Vinayagam et al. as detec-
tion labels for the detection of DENV RNA. TAgs were conjugated with capture probe and 
reporter probe which will hybridize with different regions of target RNA. Later, these capture 
and reporter probes were pooled with analyte RNA, and hybridization was promoted using 
NaCl. The reaction was left for 10 minutes at 37°C. In comparison to non-hybridization, the 
hybridization of probes with target RNA was more stable in the presence of NaCl and, thus, 
develops colors and determines the presence of dengue RNA [36]. Tripathy et al. reported a 
genosensor was based on Manganese (III) Oxide (Mn2O3) nanofibers modified glassy carbon 
electrode (GCE). The COOH group was introduced on the surface and activated via EDC/NHS 
cross-linker. The capture probe was then immobilized via NH2 group with COOH group 
on GCE. Subsequently, the sample containing target DNA was added, and electrochemical 
responses were measured against a standard calomel reference electrode. The study revealed 
that nanoscale genosensor successfully detected dengue DNA and LOD of the sensor was 
found to be 120 zeptomoles [37]. Rashid et al. worked on electrochemical genosensor that is 
developed on screen-printed gold electrode modified with silicon nanowires (SiNWs). SiNWs 
were deposited on SPGE using various chemical pretreatment. Following the deposition of 
SiNWs, the thiolate DNA probe were immobilized on sensing surface. Subsequently, the 
sample containing target DNA was pipetted to hybridize with probe DNA. The electrochemi-
cal response was measured in the presence of redox indicator using CV and DPV. It was found 
that the developed biosensor was able to detect dengue DNA with a LOD of 1.63 × 10−12 M [38].

2.1.2. RT-LAMP platform

Loop-mediated amplification (LAMP) is a modified version of PCR in which a uniform tem-
perature ranging from 60 to 65°C is applied using a water bath for nucleic acid amplification 
and, thus, obviates the requirement of a thermocycler [39, 40]. This approach to nucleic acid  
amplification relies on strand displacement reaction that produces a self-complementary single- 
stranded loop structure for binding the primers and amplifies target with high specificity 

New Tools for Dengue Diagnostics
http://dx.doi.org/10.5772/intechopen.81059

135



and rapidity [41, 42]. The resulting DNA product can be observed by measuring the turbid-
ity produced from the precipitation of by-product magnesium pyrophosphate [43, 44]. In 
addition, the amplification product can be visualized using UV in the presence of fluorescent 
dyes which intercalate in double-strand DNA. The target DNA can be visualized either by 
the naked eyes or quantified by turbidimeter. In comparison to conventional PCR, LAMP is 
highly specific as it employs 4/6 primers that specifically recognize 6/8 distinct sequence of 
target DNA [45, 46]. Sahni et al. developed and evaluated RT-LAMP assay for the detection 
of dengue. In this study, 279 samples including 100 dengue positive, 100 dengue negative, 
and 79 samples from healthy person for negative control were evaluated for testing the sen-
sitivity and specificity of the developed RT-LAMP assay and compared with conventional 
RT-PCR. The study showed that RT-PCR detected dengue in 77 samples while RT-LAMP 
showed good sensitivity and detected dengue in 83 samples. The diagnostic specificity analy-
sis revealed the developed assay did not show any cross-reactivity [47]. In another study, 
a different approach was used to design dengue-specific primers for developing RT-LAMP 
assay. This study exploited a highly conserved dengue NS1 gene which study claimed to 
have >90% sequence similarity among different genotypes within each serotype. The assay 
was single step and carried out in four tubes, each one was specific for distinct dengue sero-
type. For the visualization of RT-LAMP product, Genie® II fluorometer was employed for 
real-time fluorescence detection. The sensitivity of RT-LAMP PCR was compared with CDC 
1-4 real-time PCR. The study showed that the developed RT-LAMP was equally effective in 
discriminating dengue in the acute phase. The limit of detection of this nucleic acid ampli-
fier was found to be 100 copies of viral RNA extracted from each serotype. The specificity 
of RT-LAMP evaluated using the RNA of four closely related Flavivirus is found to be very 
selective [48]. Dauner et al. developed pan-serotype dengue RT-LAMP and investigated the 
sensitivity of RT-LAMP using a panel of clinical samples confirmed by qRT-PCR. The study 
showed that pan-serotype RT-LAMP could discriminate dengue with a sensitivity of 86%. 
This study also visualized the amplification of target gene on lateral flow assay [49]. In one 
study Lau et al. employed hydroxynaphthol blue (HNB) dye for the colorimetric visualiza-
tion of RT-LAMP-amplified product through the naked eye, thus, making the assay simpler 
as it does not require specific tool to interpret the LAMP product. The assay was developed 
in a single tube as multiplex RT-LAMP to detect any of the dengue serotype present in the 
sample. Serotype-specific primers were developed using 3′ noncoding region gene sequences 
for DENV 1–4. The study revealed that RT-LAMP was able to discriminate all four dengue 
serotypes with high sensitivity and short assay time of 45 minutes [50]. Hu et al. reported 
a RT-LAMP technique which employed primers designed from 3′UTR, a highly conserved 
gene in dengue. The 3′UTR sequence of dengue genome was obtained from GenBank, and its 
multiple sequence alignment was achieved using Clustal X. 2.0. In this study, RT-LAMP eval-
uated using mixture of clinical and reference samples containing all four serotypes of dengue. 
It was demonstrated that multiplexed RT-LAMP detected all the four serotypes and showed 
high sensitivity as this method was able to detect as low as 10 copies of viral RNA. In addi-
tion, virus found to be selective as it did not amplify the RNA of any closely related Flavivirus 
when tested with developed multiplexed RT-LAMP [51]. Lopez et al. developed RT-LAMP 
using a novel approach for designing LAMP primers that aimed to match the sequence of 
all circulating dengue virus throughout the world. This study used fast-growing sequence 
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databases having 932 entries of complete dengue genome sequence, and, thus, covered a huge 
diversity reported at that time. A mixture of four final reaction primers was achieved using 
a blend principal component analysis of the full dengue virus genome, and LAMP primers 
were designed through LAVA software. The developed RT-LAMP is found to be selective 
and did not cross-react with other types of Flavivirus. The assay for DENV1 and DENV2 were 
validated using blood and serum samples obtained from different regions [40].

2.1.3. Microfluidic platform

Lab-on-chip (LoC) technology allows the real-time detection of target analyte by integrating 
multiple laboratory process (such as biological sample preparation, processing, and analyz-
ing) on a microprocessor chip into a completely automated and controlled analytical device 
[52–54]. Usually, LoC exploit the microfluidic platform owing to its ability to handle very 
small volume of bodily fluid, less than pico-liters, in micrometer scale channels with dimen-
sions of tens to hundreds of micrometers [55, 56]. In addition, LoC based on microfluidics 
offers several other advantages such as miniaturization, short assay time, portability, user-
friendly, and amenable for multiple detections of target analytes [57, 58]. Since 2000, this 
technology has been widely used in the field of diagnosis for developing a point-of-care test 
[59]. Weng et al. incorporated microfluidic platform with ELISA assay for reducing the detec-
tion time of the assay and lowering the sample volume and developed suction type microflu-
idic immunosensing chip for the identification of DENV. Microfluidic chip designed in this 
study contained a multifunctional micro-transport unit for the transportation and mixing of 
reagents. To reduce nonspecific protein binding polydimethylsiloxane, the material used for 
the fabrication of microfluidic surface was modified. The study demonstrated that microflu-
idic-based immunochip was able to detect dengue using a small volume of 12 μL of dengue 
sample. The developed assay demonstrated high sensitivity with a LOD of 103 PFU/mL and 
short assay time of half an hour and makes more rapid test than ELISA which usually takes 
3–4 hours for detection [60]. Hosseini et al. develop a hybrid platform by combining micro-
sphere and microfluidic disk for the detection of dengue virus. Microspheres were selected as 
they offer large specific surface area, and microspheres designed with functional group were 
integrated into microfluidic disk to promote biorecognition event. For the maximum utiliza-
tion of microspheres’ specific surface area for bimolecular interaction, micromixing system 
was fitted in microfluidic disk. The detection principle of this assay was based on sandwich 
ELISA technique. Utilization of this hybrid platform reduced the long incubation period from 
several hours to 5 minutes and demonstrated high sensitivity by detecting as low as few 
units of dengue virus [61]. Aeinehvand et al. employed centrifugal microfluidic platforms for 
the detection of DENV. Microballoon mixer was introduced that works by its expansion and 
contraction and yields steady periodical reciprocating flow. Implementation of micromixer 
reduced the mixing time of liquids from about 3 hours to 23 s. This study revealed that cen-
trifugal microfluidic platforms developed in this study successfully detected dengue virus 
and shows better sensitivity than traditional ELISA [62]. Thiha et al. miniaturized sandwich 
ELISA method on lab-on-compact disk (LOCD) for the detection of dengue IgG antibody. 
LOCD was established by integrating microfluidic platform on a compact disk-like struc-
ture for performing the entire lab-based procedures, while the centrifugal force of spinning 
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and rapidity [41, 42]. The resulting DNA product can be observed by measuring the turbid-
ity produced from the precipitation of by-product magnesium pyrophosphate [43, 44]. In 
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dyes which intercalate in double-strand DNA. The target DNA can be visualized either by 
the naked eyes or quantified by turbidimeter. In comparison to conventional PCR, LAMP is 
highly specific as it employs 4/6 primers that specifically recognize 6/8 distinct sequence of 
target DNA [45, 46]. Sahni et al. developed and evaluated RT-LAMP assay for the detection 
of dengue. In this study, 279 samples including 100 dengue positive, 100 dengue negative, 
and 79 samples from healthy person for negative control were evaluated for testing the sen-
sitivity and specificity of the developed RT-LAMP assay and compared with conventional 
RT-PCR. The study showed that RT-PCR detected dengue in 77 samples while RT-LAMP 
showed good sensitivity and detected dengue in 83 samples. The diagnostic specificity analy-
sis revealed the developed assay did not show any cross-reactivity [47]. In another study, 
a different approach was used to design dengue-specific primers for developing RT-LAMP 
assay. This study exploited a highly conserved dengue NS1 gene which study claimed to 
have >90% sequence similarity among different genotypes within each serotype. The assay 
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type. For the visualization of RT-LAMP product, Genie® II fluorometer was employed for 
real-time fluorescence detection. The sensitivity of RT-LAMP PCR was compared with CDC 
1-4 real-time PCR. The study showed that the developed RT-LAMP was equally effective in 
discriminating dengue in the acute phase. The limit of detection of this nucleic acid ampli-
fier was found to be 100 copies of viral RNA extracted from each serotype. The specificity 
of RT-LAMP evaluated using the RNA of four closely related Flavivirus is found to be very 
selective [48]. Dauner et al. developed pan-serotype dengue RT-LAMP and investigated the 
sensitivity of RT-LAMP using a panel of clinical samples confirmed by qRT-PCR. The study 
showed that pan-serotype RT-LAMP could discriminate dengue with a sensitivity of 86%. 
This study also visualized the amplification of target gene on lateral flow assay [49]. In one 
study Lau et al. employed hydroxynaphthol blue (HNB) dye for the colorimetric visualiza-
tion of RT-LAMP-amplified product through the naked eye, thus, making the assay simpler 
as it does not require specific tool to interpret the LAMP product. The assay was developed 
in a single tube as multiplex RT-LAMP to detect any of the dengue serotype present in the 
sample. Serotype-specific primers were developed using 3′ noncoding region gene sequences 
for DENV 1–4. The study revealed that RT-LAMP was able to discriminate all four dengue 
serotypes with high sensitivity and short assay time of 45 minutes [50]. Hu et al. reported 
a RT-LAMP technique which employed primers designed from 3′UTR, a highly conserved 
gene in dengue. The 3′UTR sequence of dengue genome was obtained from GenBank, and its 
multiple sequence alignment was achieved using Clustal X. 2.0. In this study, RT-LAMP eval-
uated using mixture of clinical and reference samples containing all four serotypes of dengue. 
It was demonstrated that multiplexed RT-LAMP detected all the four serotypes and showed 
high sensitivity as this method was able to detect as low as 10 copies of viral RNA. In addi-
tion, virus found to be selective as it did not amplify the RNA of any closely related Flavivirus 
when tested with developed multiplexed RT-LAMP [51]. Lopez et al. developed RT-LAMP 
using a novel approach for designing LAMP primers that aimed to match the sequence of 
all circulating dengue virus throughout the world. This study used fast-growing sequence 
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a blend principal component analysis of the full dengue virus genome, and LAMP primers 
were designed through LAVA software. The developed RT-LAMP is found to be selective 
and did not cross-react with other types of Flavivirus. The assay for DENV1 and DENV2 were 
validated using blood and serum samples obtained from different regions [40].

2.1.3. Microfluidic platform

Lab-on-chip (LoC) technology allows the real-time detection of target analyte by integrating 
multiple laboratory process (such as biological sample preparation, processing, and analyz-
ing) on a microprocessor chip into a completely automated and controlled analytical device 
[52–54]. Usually, LoC exploit the microfluidic platform owing to its ability to handle very 
small volume of bodily fluid, less than pico-liters, in micrometer scale channels with dimen-
sions of tens to hundreds of micrometers [55, 56]. In addition, LoC based on microfluidics 
offers several other advantages such as miniaturization, short assay time, portability, user-
friendly, and amenable for multiple detections of target analytes [57, 58]. Since 2000, this 
technology has been widely used in the field of diagnosis for developing a point-of-care test 
[59]. Weng et al. incorporated microfluidic platform with ELISA assay for reducing the detec-
tion time of the assay and lowering the sample volume and developed suction type microflu-
idic immunosensing chip for the identification of DENV. Microfluidic chip designed in this 
study contained a multifunctional micro-transport unit for the transportation and mixing of 
reagents. To reduce nonspecific protein binding polydimethylsiloxane, the material used for 
the fabrication of microfluidic surface was modified. The study demonstrated that microflu-
idic-based immunochip was able to detect dengue using a small volume of 12 μL of dengue 
sample. The developed assay demonstrated high sensitivity with a LOD of 103 PFU/mL and 
short assay time of half an hour and makes more rapid test than ELISA which usually takes 
3–4 hours for detection [60]. Hosseini et al. develop a hybrid platform by combining micro-
sphere and microfluidic disk for the detection of dengue virus. Microspheres were selected as 
they offer large specific surface area, and microspheres designed with functional group were 
integrated into microfluidic disk to promote biorecognition event. For the maximum utiliza-
tion of microspheres’ specific surface area for bimolecular interaction, micromixing system 
was fitted in microfluidic disk. The detection principle of this assay was based on sandwich 
ELISA technique. Utilization of this hybrid platform reduced the long incubation period from 
several hours to 5 minutes and demonstrated high sensitivity by detecting as low as few 
units of dengue virus [61]. Aeinehvand et al. employed centrifugal microfluidic platforms for 
the detection of DENV. Microballoon mixer was introduced that works by its expansion and 
contraction and yields steady periodical reciprocating flow. Implementation of micromixer 
reduced the mixing time of liquids from about 3 hours to 23 s. This study revealed that cen-
trifugal microfluidic platforms developed in this study successfully detected dengue virus 
and shows better sensitivity than traditional ELISA [62]. Thiha et al. miniaturized sandwich 
ELISA method on lab-on-compact disk (LOCD) for the detection of dengue IgG antibody. 
LOCD was established by integrating microfluidic platform on a compact disk-like struc-
ture for performing the entire lab-based procedures, while the centrifugal force of spinning 
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disk was employed for transporting the fluid from one chamber to another. The main reason 
behind choosing this LOCD platform was the low cost, rapid detection, fully automation, and 
multiplex detection of target analytes. In addition, this platform provides high surface area to 
volume ratio and micromixing facility which enhance the biosensing of the assay in terms of 
sensitivity and specificity. After the successful development of the assay, it was evaluated by 
detecting dengue IgG antibody from the several hospitalized patients. The study claimed that 
LOCD successfully detected dengue IgG antibodies with 95% sensitivity and 100% specificity 
[63]. Using the microfluidic dielectrophoresis platform, Iswardy et al. developed a bead-based 
immunofluorescence assay for the detection of dengue virus. During the assay development, 
mouse anti-Flavivirus-capture antibodies were modified with beads, and DENV was modi-
fied with fluorescence label. The principle of this assay was based on employing the DEP to 
capture modified beads in the microfluidic chip which will later interact with modified DENV 
to form immune complex on these beads. Fluorescence microscopy was used to detect fluo-
rescent signals, and later these signals were quantified by Image J freeware. It was found that 
incorporation of microfluidic platform speeds up the immuno-reactions and target analyte 
was detected in a short period of 5 minutes. Interestingly, this assay used ~15 μL of dengue 
sample to test the dengue virus presence. The study showed that the developed assay was 
able to detect DENV with a LOD of 104 PFU/mL [64].

2.1.4. Novel paper-based diagnostic devices

Paper offers several unique advantages than conventional device materials such as power-
free liquid transport through capillary force and evaporation, high surface area to volume 
ratio, and storing reagent in active form within the fiber network [65, 66]. Lo et al. combined 
RT-LAMP with paper-based diagnostic devices for the detection of dengue virus. First, cDNA 
was amplified using RT-LAMP at 63°C. Later, the amplified products were mixed with detec-
tion probes and then moved in paper-based test zone constructed on paper-based diagnostic 
device. Afterwards, the fluorescent signals were examined and analyzed by image recoding 
system and Image J. The developed assay demonstrated high sensitivity in paper-based diag-
nostic device with a LOD of 31.75 μg/mL of amplified products [67]. Zhang et al. worked on 
to improve the flow of salivary fluid in paper-based immunoassay. This study believes that 
paper-based immunoassay is more often compromised due to the formation of aggregates 
between conjugates and specimen and, thus, inhibits the labeled target molecule to reach at 
test line. To resolve this issue, this study developed a stacking flow immunoassay to detect 
dengue-specific IgG antibody in salivary fluid. The stacking flow architecture was aimed to 
bypass the sample pretreatment step which is often required for testing the salivary fluid. 
To achieve this goal, two different paths were designed for guiding the sample and reagents 
separately in the test strip. According to study, application of this tactic prevented the inter-
ference of salivary substances with particle-based sensing system, and these substances were 
omitted before making any contact with the detection reagents, therefore, resulting in low 
background. Moreover, study showed equipping the strip with flow regulator enables the 
uniform flow in the strip which produces even test line. It was found the developed immuno-
assay successfully detected the dengue IgG antibodies which are important biomarker for the 
secondary dengue infection [68]. As we know that low sensitivity is a great disadvantage of 
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lateral flow assay. In one study, Kumar et al. worked on to improve the sensitivity of a paper-
based assay for the detection of NS1 antigen. They exploited tapered nitrocellulose membrane 
and gold decorated graphene oxide sheets as the detection labels for enhancing the sensitivity 
of the assay. The study showed that lateral flow could detect dengue NS1 antigen with a 
LOD of 4.9 ng/mL using this novel format [69]. Theillet et al. developed laser-cut paper-based 
diagnostic device for detecting the dengue NS1 antigens and IgM antibodies. Laser cutting is 
a substitute pattern for producing paper analytical devices (PAD). The important aspect about 
this method is that any layer material could be patterned, irrespective of the fragility or thick-
ness size of the layer. Moreover, the reproducibility pattern using laser cutting is outstanding. 
Laser cutting also provides the facility of modulating fluidics inside the paper channel. The 
purpose of using porous and hydrophilic glass-fiber paper was the motion of fluid specimen 
via passive capillarity. During the assay development, PADs were modified with anti-NS1-
capture antibodies and EDIII antigen to capture the NS1 antigen and dengue-specific IgM 
antibodies, respectively. Later the plasma samples obtained from patients having acute den-
gue were tested on PAD as well as on LFA, for comparing the sensitivity. Detection with this 
type of paper-based device is found to be successful for both NS1 antigen and IgM antibody. 
LOD for the NS1 antigen was 25 ng/mL and it was comparable with commercial LFA [70].

3. Conclusion

In this chapter, we discussed the advanced diagnostic methods for the diagnosis of dengue. In 
terms of analytical sensitivity and rapidity, these novel methods showed remarkable achieve-
ments. However, most of these studies ignored the specificity criteria of diagnostic test. 
Specificity is a very important aspect of diagnostic test which discriminates true negative from 
false positive and true-positive from false-negative detection of an infectious disease. So, this 
aspect should be also investigated along with the sensitivity of the diagnostic test. In addition, 
diagnostic sensitivity and specificity should be also investigated using well-referenced sam-
ples. Moreover, all the four serotypes should be tested to see whether this method is equally 
effective for all serotypes. Testing of these parameters of diagnostic test will give much broad 
picture to analyze its potential for evolving as a point-of-care test.
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Abstract

Dengue is a disease caused by the dengue virus (DENV), being the most important
arbovirus in the world. About 3.97 billion people live in countries at risk and 400 million
infections occur each year, of which 500,000 suffer from the most severe form of the
disease and 25,000 of these die. The clinical spectrum of Dengue ranges from asymptom-
atic infection to severe Dengue characterized by increased vascular permeability, bleeding
disorders, shock, and death. The increase in global cases of this disease is due in part to the
absence of effective public intervention measures and lack of a specific treatment and
vaccines licensed for human use. Therefore, in this review, we will present the different
strategies known to date for the development of vaccines for this disease, as well as the
results and limitations obtained in the different clinical studies.

Keywords: dengue, vaccine, tetravalent, immunopathogenesis

1. Introduction

Dengue is a mosquito-borne viral disease caused by four types of dengue viruses, which, in the
recent years, has rapidly become widespread worldwide. Dengue virus transmission is attrib-
uted to female mosquitoes of the species Aedes aegypti, in the majority of cases, as well as Ae.
albopictus to a lesser extent. Other diseases that are transmitted by this mosquito include
chikungunya, yellow fever, and Zika infection [1]. Dengue is a very rapidly growing public
health problem being currently faced by approximately 40% of the global population living in
more than a hundred tropical and subtropical countries [2]. Dengue is widespread throughout
the tropics, with local variations in risk influenced by rainfall, temperature as consequence of
climate change, unplanned rapid urbanization, unprecedented population growth, increasing
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recent years, has rapidly become widespread worldwide. Dengue virus transmission is attrib-
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albopictus to a lesser extent. Other diseases that are transmitted by this mosquito include
chikungunya, yellow fever, and Zika infection [1]. Dengue is a very rapidly growing public
health problem being currently faced by approximately 40% of the global population living in
more than a hundred tropical and subtropical countries [2]. Dengue is widespread throughout
the tropics, with local variations in risk influenced by rainfall, temperature as consequence of
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movement of people (and consequently viruses), international travel and breakdown in public
health infrastructure, and vector control programs. The actual numbers of dengue cases are
underreported and many cases are misclassified. The prevalence of dengue is estimated at 3.9
billion people who are at risk of infection in 128 tropical and subtropical countries, mainly
southeast and south Asia, Central and South America, and the Caribbean. A recent estimate
indicates 390 million dengue infections per year (95% credible interval 284–528million), of which
96 million (67–136 million) manifest clinically (with any severity of disease), with an estimated
500,000 cases each year of life-threatening disease in the form of severe dengue—including
dengue hemorrhagic fever and dengue shock syndromemostly in the pediatric population, with
about 20,000 succumbing to it, and is the leading cause of childhood death in many countries [1–
3]. Dengue is associated with considerable social, economic, and political consequences caused
by urban epidemics, such as those seen in Delhi (1996), Cuba (1977–1979 and 1997), Taiwan
(2002), and Brazil (2008). Furthermore, Dengue is currently also a major cause of morbidity in
American and European travelers and military personnel [4]. This disease places a high eco-
nomic burden on both governments and individuals; for instance, in America, Dengue illness
costs US$2.1 billion per year on average, excluding vector control, exceeding costs of other viral
illnesses. In addition, in Southeast Asia, there is an estimate of 2.9 million dengue episodes and
5906 deaths annually, with an annual economic burden of $950 million [3].

2. Natural clinical evolution

Dengue virus infections encompass a range of well-described clinical illnesses ranging from
an asymptomatic infection to a self-limiting febrile illness, dengue fever, to severe dengue
(shock and death), a clinical syndrome that typically presents with capillary permeability and
can lead to dengue shock syndrome and dengue hemorrhagic fever. Among less common
presentations of severe dengue are encephalitis, hepatitis, and renal dysfunction [4]. Infection
by any dengue virus requires a 4- to 8-day incubation period and can produce a wide spectrum
of illnesses, the majority of these being asymptomatic or subclinical. Although most patients
are able to recover after a self-limiting (yet debilitating) illness, a small proportion develops a
severe form of the disease, which is mainly characterized by plasma leakage with or without
bleeding [3]. The acute illness is usually benign and self-limiting. Moreover, a secondary
infection, corresponding to a subsequent infection with a different serotype is also character-
ized by acute fever and several other nonspecific signs and symptoms, usually indistinguish-
able from a range of other illnesses. However, in 2–3% of secondary infections with another
serotype there is a higher risk of increased disease severity, causing life-threatening Dengue
with Warning Signs (DWS+) and Severe dengue (SD), according to the revised WHO dengue
case classification (DENCO) [2, 5]. Serotype-cross-reactive antibodies facilitate DENV infection
in Fc-receptor-bearing cells by promoting virus entry via Fcγ receptors (FcγR), a process
known as antibody-dependent enhancement (ADE) [6, 7]. Dengue without Warning Signs
(DWS�) is more often observed in adults and adolescents and can manifest with only a mild
fever only or a more disabling disease. This latter form is characterized by symptoms occurring
mainly in the early febrile stage, such as the sudden onset of high fever, severe headache, retro-
orbital pain, myalgia, arthralgia, and rash. In the critical phase, the skin is flushed with the
appearance of a petechial rash, occurring predominantly around the time of defervescence,
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when an increase in capillary permeability accompanied by increased hematocrit can occur,
leading to hypovolemic shock that can result in organ impairment, metabolic acidosis, dissem-
inated intravascular coagulation, and severe hemorrhage. If untreated, mortality can be
as high as 20%, whereas appropriate case management and intravenous rehydration can
reduce mortality to less than 1% [3]. SD usually affects children younger than 15 years of
age, although it can occur in adults. SD is characterized by a transient increase in vascular
permeability resulting in plasma leakage with high fever, bleeding, thrombocytopenia, and
hemoconcentration, which can lead to shock [5]. Two factors, namely, antibody-dependent-
enhancement (ADE) and inherent virulence of the DEN viruses, appear to contribute the most
to disease pathogenesis [2].

3. Pathogenesis of Dengue virus infection

The pathophysiological basis for severe dengue is multifactorial, resulting from a complex
interaction between the virus, the host, and, at least in part, immune-mediated mechanisms.
Individuals with primary Dengue virus infection induce a lifelong protective immunity to the
infecting serotype, accompanied by a short-term cross-immunity against other serotypes and
development only leads to self-limited dengue fever characterized by high fever and debilitat-
ing joint pain, recovery from infection by one provides lifelong immunity against that sero-
type. However, subsequent infection with a different dengue serotype is more likely to cause
DWS+/SD, and cross-immunity to the other serotypes after recovery is only partial and tem-
porary. Epidemiological data suggest an increased risk of DWS+/SD in people with preexisting
heterotypic dengue virus antibodies, and this has led to research in dengue pathogenesis
focusing on the subsequent infections by other serotypes and an increased risk of developing
severe dengue. Accordingly, antibodies against a given serotype can cross-react with, but not
cross-protect against, the remaining three virus serotypes [4] during secondary infections.
Immunopathological mechanisms have been proposed, such as the immune system improve-
ment phenomenon (immunopotentiation), which contribute to the increased risk of DWS+ or
SD. It is widely accepted that these cross-reactive antibodies can promote enhanced uptake of
the heterologous virus into host cells, precipitating a hyperimmune reaction resulting in blood
vessel leakage and potentially fatal hypovolemic shock [1, 2]. This increase occurs when
nonneutralizing antibodies resulting from the primary infection favor the invasion of the
second virus with a different serotype into the target cells, a phenomenon known as anti-
body-dependent amplification or antibody-dependent enhancement (ADE) [8, 9]. Subsequent
infection with a different dengue serotype is more likely to cause DWS+/SD [8, 9]. According to
the ADE hypothesis, a primary infection with DENV produces an insufficient concentration of
antibodies or avidity to neutralize a secondary infection by DENV of a different serotype that
differs in its amino acid sequence by 30–35%; and these sub-neutralizing antibody concentra-
tions can promote infection in such cells by facilitating Fc-receptor-mediated entry [10]. These
concentrations could be enough to opsonize the secondary virus and target it for Fc-receptor-
mediated endocytosis into myeloid cells such as monocytes and macrophages (which consti-
tute the main site of DENV replication) and in this manner promote higher viral loads. ADE
can be observed in vitro and has also been proven to drive higher viral loads of DENV in
animal models [11]. The following findings support the hypothesis of the antibody-dependent
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enhancement (ADE): undiluted sera obtained early from patients with secondary infection was
shown to enhance dengue virus infection in vitro, infants born from dengue-immune mothers
displayed a higher viral burden than infants born to dengue nonimmune mothers and further
demonstrated immune activation associated with disease severity, and lethal antibody-
dependent enhancement has been shown in dengue mouse models, and virus-antibody com-
plexes bind to Fcγ receptor-bearing cells, resulting in increased infected cell mass and a rise in
viremia. The cardinal feature of DWS+ is plasma leakage believed to arise from pro-
inflammatory cytokine-inflicted damage to the vascular endothelium. Although the cause of
severe form of dengue infection is not clear, it has been revealed that secondary infection with
a different serotype of DENV, or even a homotypic reinfection, are major risk factors for SD
probably due to antibody-dependent enhancement. The phenomena of original antigenic sin,
as well as immune evasion that inhibits interferon (IFN)-α and IFN-β signaling by suppressing
Jak-Stat activation, a cytokine storm, and autoimmune responses are thought to contribute to
the pathogenesis of severe form of dengue disease [12, 13], see Figure 1. Dengue virus (DENV)
can inhibit both type I IFN production and signaling in susceptible human cells, including
dendritic cells (DCs). The proteolytic activity of the NS2B3 protease complex of DENVallows it
to function as an antagonist of type I IFN production. Other DENV proteins that antagonize
type I IFN signaling include NS2A, NS4A, NS4B, and NS5 by targeting different components
of this signaling pathway, such as STATs [15]. During a primary infection, serotype-specific as
well as cross-reactive memory T-cell responses are produced. On the other hand, during a
secondary dengue virus infection, viral epitopes expressed on infected cells trigger activation
of serotype-cross-reactive memory T-cells, with the production of pro-inflammatory cytokines.
The latter ultimately lead to plasma leakage in the vascular endothelium. The specific cellular

Figure 1. A hypothetical model of dengue pathogenesis. Viral and immunological factors contribute to clinical manifes-
tations, including severe hemorrhage, thrombocytopenia, plasma leakage, hepatomegaly, and neurological compromise.
DV: dengue virus. Adapted from Wan et al. [14].
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response against DENV begins with the activation of CD4+ T-cell during viremia and subse-
quently the activation of CD8+ T-cell. In individuals with DHF or DWS+ due to secondary
infections, the presence of CD4+/CD8+ memory T-cell and cytotoxic CD4+/CD8+ T-cell has
been demonstrated [16], and the activation of T-cell and the production of cytokines are
important factors in the pathogenesis of DWS+ [17]. Likewise, the cellular immune response,
in the case of DWS+, exacerbates the activation and release of cytokines, which is related to the
greater severity of the clinical picture. The activation of the complement system has also been
demonstrated in DHF, and high concentrations of C3 and C1q proteins can be detected in
severe cases. It is suggested that complex virus-circular antibodies could activate the cascade
reaction of the complement [18], see Figure 2. Regulatory immune pattern in homologous
versus a pro-inflammatory pattern in heterologous dengue virus secondary infection has been
reported. Several soluble factors produced by T cells, monocytes, macrophages, and mast cells
have been proposed to increase vascular permeability in primary endothelial cells. These
factors include TNFα, interleukin 6, interleukin 8, interleukin 10, interleukin 12, macrophage
migration inhibitory factor, HMGB1, MCP-1, and matrix metalloproteinases. Endothelial per-
meability can also be influenced by the maturation state of NS4B, which modulates the
cytokine response in monocytic cell lines. In addition, secreted NS1 protein, along with anti-
NS1 antibodies and complement activation, might be involved in dengue virus-induced vas-
cular leakage. Moreover, around defervescence, when plasma leakage is apparent, high levels
of complement activation products C3a and C5a are detected in plasma, followed by acceler-
ated consumption and large reduction of complement components in patients with dengue
shock syndrome. Activation of the complement system can stimulate the production of inflam-
matory cytokines associated with DWS+/SD, and trigger local and systemic effects implicated

Figure 2. Schematic representation of the immunopathogenesis of severe dengue disease. Adapted from Webster et al.
[4].
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enhancement (ADE): undiluted sera obtained early from patients with secondary infection was
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of serotype-cross-reactive memory T-cells, with the production of pro-inflammatory cytokines.
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Figure 1. A hypothetical model of dengue pathogenesis. Viral and immunological factors contribute to clinical manifes-
tations, including severe hemorrhage, thrombocytopenia, plasma leakage, hepatomegaly, and neurological compromise.
DV: dengue virus. Adapted from Wan et al. [14].
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greater severity of the clinical picture. The activation of the complement system has also been
demonstrated in DHF, and high concentrations of C3 and C1q proteins can be detected in
severe cases. It is suggested that complex virus-circular antibodies could activate the cascade
reaction of the complement [18], see Figure 2. Regulatory immune pattern in homologous
versus a pro-inflammatory pattern in heterologous dengue virus secondary infection has been
reported. Several soluble factors produced by T cells, monocytes, macrophages, and mast cells
have been proposed to increase vascular permeability in primary endothelial cells. These
factors include TNFα, interleukin 6, interleukin 8, interleukin 10, interleukin 12, macrophage
migration inhibitory factor, HMGB1, MCP-1, and matrix metalloproteinases. Endothelial per-
meability can also be influenced by the maturation state of NS4B, which modulates the
cytokine response in monocytic cell lines. In addition, secreted NS1 protein, along with anti-
NS1 antibodies and complement activation, might be involved in dengue virus-induced vas-
cular leakage. Moreover, around defervescence, when plasma leakage is apparent, high levels
of complement activation products C3a and C5a are detected in plasma, followed by acceler-
ated consumption and large reduction of complement components in patients with dengue
shock syndrome. Activation of the complement system can stimulate the production of inflam-
matory cytokines associated with DWS+/SD, and trigger local and systemic effects implicated

Figure 2. Schematic representation of the immunopathogenesis of severe dengue disease. Adapted from Webster et al.
[4].
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in intravascular coagulation. Finally, although controversial, the role of autoimmunity in the
pathogenesis of dengue is mentioned, as autoantibodies resulting in platelet and endothelial
cell dysfunction might be involved in severe dengue pathogenesis. Not all cases of DWS+
occur in people who experience a secondary infection, since in some cases the virus’ own
virulence, added to the characteristics of the host, leads to the complication of the disease
[19], which may be due to the presence of antibodies against viral proteins that have cross-
reactivity with platelets and coagulation factors [18]. Certain nonstructural proteins such as
NS1, NS2, and NS3 appear to have a certain structural homology with coagulation factors,
platelets, integrins, and adhesins of human endothelial cells, allowing the activation of
autoreactive T lymphocytes that participate in the pathology of dengue [16, 20]. Anti-NS1
antibodies correlate with disease severity, and cross-reaction of anti-NS1 antibodies with liver
and endothelial cells are also implicated in affecting the integrity of the vascular endothelium
and platelets has been proposed to trigger these cells to express nitric oxide and undergo
apoptosis [2, 3, 14]. Certain antibodies to some E protein epitopes can bind to human plasmin-
ogen and inhibit plasmin activity (see Figure 3). Recently, it has been reported that Tropomy-
osin (TPM)-1 may play an important role in the pathogenesis of SD. It is plausible that the
elevation of TPM-1 in the plasma of SD patients can be due to excessive cell death, thereby
releasing TPM into the circulation as DAMPs, and leading to mast cell activation. Moreover,
the insulin pathway may play a role in the pathogenesis of SD, hence, regulating the insulin

Figure 3. A schematic model of autoantibody-mediated immunopathogenesis in DENV infection. Molecular mimicry
between platelets, endothelial cells, and coagulatory molecules with NS1, prM, E, and C proteins underlies the cross-
reactivity of anti-NS1, anti-prM, anti-E, and anti-C Abs, respectively, to host proteins. Abs Z antibodies; C Z capsid
protein; DENV Z dengue virus; E Z envelope protein; NS Z nonstructural protein; prM Z precursor membrane protein.
Adapted from Wan et al. [14].
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signaling pathway may be a key intervention to reduce plasma leakage in patients with SD
[12], see Figures 1–3.

A protective versus pathological outcome depends on the balance between the host’s genetic
and immunological background and viral factors. Vaccine development has been slowed by
fears that immunization might predispose individuals to the severe form of dengue infection
[3, 4]. There are four distinct, but closely related, serotypes of the virus that cause dengue
(DEN-1, DEN-2, DEN-3, and DEN-4).

No DENV-specific therapies are available, while a DENV vaccine that elicits protection in
people with prior DENV exposure but not in naive individuals and that is not equally protec-
tive against all four serotypes has recently begun to be licensed on a country-by-country basis.
This is mostly due to an incomplete understanding of the interplay between viral and host
factors that contribute to DENV pathogenesis. On the virus side, some DENV lineages are
more virologically and epidemiologically fit than others and are thus associated with DWS+/
SD manifestations. On the host side, DENV infection history is the primary determinant
associated with the development of more severe dengue disease, with potential contributions
from other factors such as genetic variation, age, and sex.

Several studies have demonstrated that DENV-specific antibodies can protect against infection
and, under certain conditions, enhance infection and disease severity, whereas the role of T
cells remains unclear. Thus, to avoid the risk of enhancement, a safe vaccine against dengue
virus will need to confer protective immunity against all four serotypes [10]. Consequently, the
adaptive immune response to dengue can be both protective and pathogenic, which compli-
cates vaccine development, as discussed in this chapter.

4. Dengue vaccines

Dengue virus is widespread throughout the tropics, representing an important, rapidly growing
public health problem with an estimated 2.5–3.9 billion people at risk of dengue fever and the
life-threatening severe dengue disease. Therefore, the need for a safe and effective vaccine for
dengue is immediate. Vaccine development has been slowed by fears that immunization might
predispose individuals to the severe form of dengue infection [4]. The characteristics and chal-
lenges that the ideal vaccine for the dengue virus must have are described in the following.

4.1. Characteristics of an ideal dengue vaccine and challenges to its development

4.1.1. Characteristics

• Safe in children and adults [3, 4]

• Avoids ADE (antibody-dependent enhancement) and pathogenesis

• Rapid immunization regime requiring a single vaccine or two that fit in with established
vaccine programs
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osin (TPM)-1 may play an important role in the pathogenesis of SD. It is plausible that the
elevation of TPM-1 in the plasma of SD patients can be due to excessive cell death, thereby
releasing TPM into the circulation as DAMPs, and leading to mast cell activation. Moreover,
the insulin pathway may play a role in the pathogenesis of SD, hence, regulating the insulin
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between platelets, endothelial cells, and coagulatory molecules with NS1, prM, E, and C proteins underlies the cross-
reactivity of anti-NS1, anti-prM, anti-E, and anti-C Abs, respectively, to host proteins. Abs Z antibodies; C Z capsid
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signaling pathway may be a key intervention to reduce plasma leakage in patients with SD
[12], see Figures 1–3.

A protective versus pathological outcome depends on the balance between the host’s genetic
and immunological background and viral factors. Vaccine development has been slowed by
fears that immunization might predispose individuals to the severe form of dengue infection
[3, 4]. There are four distinct, but closely related, serotypes of the virus that cause dengue
(DEN-1, DEN-2, DEN-3, and DEN-4).

No DENV-specific therapies are available, while a DENV vaccine that elicits protection in
people with prior DENV exposure but not in naive individuals and that is not equally protec-
tive against all four serotypes has recently begun to be licensed on a country-by-country basis.
This is mostly due to an incomplete understanding of the interplay between viral and host
factors that contribute to DENV pathogenesis. On the virus side, some DENV lineages are
more virologically and epidemiologically fit than others and are thus associated with DWS+/
SD manifestations. On the host side, DENV infection history is the primary determinant
associated with the development of more severe dengue disease, with potential contributions
from other factors such as genetic variation, age, and sex.

Several studies have demonstrated that DENV-specific antibodies can protect against infection
and, under certain conditions, enhance infection and disease severity, whereas the role of T
cells remains unclear. Thus, to avoid the risk of enhancement, a safe vaccine against dengue
virus will need to confer protective immunity against all four serotypes [10]. Consequently, the
adaptive immune response to dengue can be both protective and pathogenic, which compli-
cates vaccine development, as discussed in this chapter.

4. Dengue vaccines

Dengue virus is widespread throughout the tropics, representing an important, rapidly growing
public health problem with an estimated 2.5–3.9 billion people at risk of dengue fever and the
life-threatening severe dengue disease. Therefore, the need for a safe and effective vaccine for
dengue is immediate. Vaccine development has been slowed by fears that immunization might
predispose individuals to the severe form of dengue infection [4]. The characteristics and chal-
lenges that the ideal vaccine for the dengue virus must have are described in the following.

4.1. Characteristics of an ideal dengue vaccine and challenges to its development

4.1.1. Characteristics

• Safe in children and adults [3, 4]

• Avoids ADE (antibody-dependent enhancement) and pathogenesis

• Rapid immunization regime requiring a single vaccine or two that fit in with established
vaccine programs
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• Induces a balance between reactogenicity and immunogenicity

• Suitable for use in target age groups

• Genetically stable

• Stimulates neutralizing antibodies and Th1 cell-mediated immunity

• Induces long-lasting immunity, safety, and protection

• Generates neutralizing immunity to all four serotypes

• Does not contribute to immunopathogenesis (vaccine-induced enhancement)

• Easy storage and transportation

• Affordable and cost effective

4.1.2. Challenges

• Existing possibility of triggering ADE

• Vaccine must be tetravalent

• Dengue virus serotypes do not induce long-lasting heterotypic immunity

• No suitable or ideal animal model exists for immunization studies

• No well-established viral virulence markers are available

• Correlates of protection are not well defined

• Subsequent infection (especially, after a long-time interval) may lead to severe dengue

• Vaccine candidates should be evaluated in geographic areas with different transmission
patterns [3].

To date, there are several DENV vaccines under development, with some in phase 3 safety and
efficacy testing. These include inactivated, live attenuated, recombinant subunit, viral vec-
tored, and DNA vaccines. Dengue vaccine development has aimed to elicit a neutralizing
antibody response, as T cells are assumed to contribute a minor or secondary role in dengue
vaccine-mediated protection. Next, we will describe each of these vaccines.

4.2. Vaccine types

4.2.1. Live-attenuated virus (LAV)

The fundamental aim of vaccination is to promote protective immunity while avoiding disease
from the vaccine itself. The first generation of viral vaccines was based on empirical attenua-
tion by repeated passage in cultured cells. Several LAVs are eligible vaccines as they meet the
following criteria; they elicit a strong and protective immune response with a low risk of
disease from the vaccine itself. In the present regulatory environment, the use of LAVs has
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also been limited by safety concerns, including reversion to wild-type virulence. Because LAVs
are shed from vaccines, they sometimes present a risk to unvaccinated individuals with
impaired immunity. Although LAV vaccines have been developed for many RNA viruses, the
mutability of these pathogens presents unique challenges for vaccine design [21].

4.2.2. Purified inactivated virus (PIV)

It is widely believed that inactivated dengue virus vaccines are impractical given the difficulty
in obtaining sufficiently high titers of the virus in a suitable cell substrate. However, this was
challenged when dengue type-2 (dengue-2) virus was adapted to replicate to high titers in
certified Vero and fetal rhesus lung (FRhL-2) cell cultures and used to make prototype purified,
inactivated virus (PIV) vaccines. In addition, in formulation with an aluminum hydroxide
adjuvant, these vaccines elicit virus-neutralizing antibodies in mice and rhesus macaques and
provide at least partial protection against virus challenge [22].

4.2.3. Recombinant subunits

Recombinant subunit-based vaccines may prove to be significantly advantageous compared to
other approaches currently being implemented for development of a dengue vaccine. First of
all, the lack of a replicating virus helps to ensure the safety of the product by avoiding the
possibility for inadequate attenuation or reversion in the context of live virus approaches, or
inadequate inactivation in the context of killed virus vaccines. Furthermore, under a tetrava-
lent formulation, the ability to induce a balanced immune response may be more easily
manipulated through dose adjustments using recombinant subunits compared to four repli-
cating viruses. Finally, in terms of yield and cost effectiveness, and since the dengue vaccine
mainly targets developing areas, a high yielding, highly immunogenic, recombinant subunit
could prove to be an attractive alternative to vaccines based on virus replication, (live attenu-
ated or killed) where yields may be lower than required [23].

Recombinant subunit vaccines stand as one of the safest alternatives, as a means to bypass the
issue of viral interference, offering the possibility to administer a tetravalent formulation on an
accelerated schedule. An advantage of an accelerated schedule is that full protective immunity
could be induced more quickly, thus avoiding the potential of exacerbated disease due to partial
immunity during an extended immunization course. Among other advantages of an accelerated
schedule are better general compliance, more suitability for travelers and military personnel,
easier integration into existing immunization schedules, and the potential for use in an outbreak
setting. A balanced tetravalent immune response may also be more readily accomplished
through simple dose adjustments for each of the four recombinant proteins, in comparison to live
virus vaccines where the interactions between viruses can be complex and unpredictable [24].

4.2.4. Virus-like particles (VLPs)

VLP vaccines are virus-like particles that do not contain replicative genetic material, but permit
presentation of antigen in a repetitive, ordered array similar to the virion structure, which is
thought to increase immunogenicity [25]. Thus, the safety concerns of virus vaccines regarding
reversion mutants and immunocompromised individuals are obviated. The recombinant of

Current Status of Vaccines against Dengue Virus
http://dx.doi.org/10.5772/intechopen.80820

153



• Induces a balance between reactogenicity and immunogenicity

• Suitable for use in target age groups

• Genetically stable

• Stimulates neutralizing antibodies and Th1 cell-mediated immunity

• Induces long-lasting immunity, safety, and protection

• Generates neutralizing immunity to all four serotypes

• Does not contribute to immunopathogenesis (vaccine-induced enhancement)

• Easy storage and transportation

• Affordable and cost effective

4.1.2. Challenges

• Existing possibility of triggering ADE

• Vaccine must be tetravalent

• Dengue virus serotypes do not induce long-lasting heterotypic immunity

• No suitable or ideal animal model exists for immunization studies

• No well-established viral virulence markers are available

• Correlates of protection are not well defined

• Subsequent infection (especially, after a long-time interval) may lead to severe dengue

• Vaccine candidates should be evaluated in geographic areas with different transmission
patterns [3].
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are shed from vaccines, they sometimes present a risk to unvaccinated individuals with
impaired immunity. Although LAV vaccines have been developed for many RNA viruses, the
mutability of these pathogens presents unique challenges for vaccine design [21].

4.2.2. Purified inactivated virus (PIV)

It is widely believed that inactivated dengue virus vaccines are impractical given the difficulty
in obtaining sufficiently high titers of the virus in a suitable cell substrate. However, this was
challenged when dengue type-2 (dengue-2) virus was adapted to replicate to high titers in
certified Vero and fetal rhesus lung (FRhL-2) cell cultures and used to make prototype purified,
inactivated virus (PIV) vaccines. In addition, in formulation with an aluminum hydroxide
adjuvant, these vaccines elicit virus-neutralizing antibodies in mice and rhesus macaques and
provide at least partial protection against virus challenge [22].

4.2.3. Recombinant subunits

Recombinant subunit-based vaccines may prove to be significantly advantageous compared to
other approaches currently being implemented for development of a dengue vaccine. First of
all, the lack of a replicating virus helps to ensure the safety of the product by avoiding the
possibility for inadequate attenuation or reversion in the context of live virus approaches, or
inadequate inactivation in the context of killed virus vaccines. Furthermore, under a tetrava-
lent formulation, the ability to induce a balanced immune response may be more easily
manipulated through dose adjustments using recombinant subunits compared to four repli-
cating viruses. Finally, in terms of yield and cost effectiveness, and since the dengue vaccine
mainly targets developing areas, a high yielding, highly immunogenic, recombinant subunit
could prove to be an attractive alternative to vaccines based on virus replication, (live attenu-
ated or killed) where yields may be lower than required [23].

Recombinant subunit vaccines stand as one of the safest alternatives, as a means to bypass the
issue of viral interference, offering the possibility to administer a tetravalent formulation on an
accelerated schedule. An advantage of an accelerated schedule is that full protective immunity
could be induced more quickly, thus avoiding the potential of exacerbated disease due to partial
immunity during an extended immunization course. Among other advantages of an accelerated
schedule are better general compliance, more suitability for travelers and military personnel,
easier integration into existing immunization schedules, and the potential for use in an outbreak
setting. A balanced tetravalent immune response may also be more readily accomplished
through simple dose adjustments for each of the four recombinant proteins, in comparison to live
virus vaccines where the interactions between viruses can be complex and unpredictable [24].

4.2.4. Virus-like particles (VLPs)

VLP vaccines are virus-like particles that do not contain replicative genetic material, but permit
presentation of antigen in a repetitive, ordered array similar to the virion structure, which is
thought to increase immunogenicity [25]. Thus, the safety concerns of virus vaccines regarding
reversion mutants and immunocompromised individuals are obviated. The recombinant of
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VLP allows these vaccines to be usually manufactured large-scale in a cost-effective manner,
following current good manufacturing practices. They induce quick and fulminant humoral
immune responses by displaying antigens in an ordered and repetitive way. Their particulate
nature and dimensions allows an efficient assimilation by dendritic cells (DCs) and transpor-
tation to lymph nodes, followed by presentation and induction of optimal immune responses.
VLPs are renowned for inducing rapid and strong antibody responses. This trait is attributed
to their dense, highly repetitive, quasi-crystalline structures [26], see Dengue vaccine candi-
dates in Table 1.

Candidate name/
identifier

Antigen Vaccination Developer Preclinical Phase I Phase II Phase III

CYD Live recombinant
based on a yellow
fever vaccine 17D
backbone

DENV-1-4 prM/E 3 doses
(0/6/12 months)

Sanofi Pasteur X X X X

TV003/TV005
Tetravalent live,
attenuated/
recombinant (whole
virus DENV1–3 and
recombinant DENV2
in DENV4 backbone)

DENV-1,3,4
whole genome,
DENV-2 prM/E

1 dose US National
Institutes of
Health and
Butantan (with
licenses to
other
manufacturers)

X X X X

DENVax Tetravalent
live, attenuated/
recombinant (whole
virus DENV2 and
recombinant DENV1/
3/4 in DENV2
backbone)

DENV-2 whole
genome, DENV-1,
-3, -4 prM/E

2 doses (0/
90 days)

Takeda X X X

DPIV Tetravalent
purified inactivated
vaccine

DENV-1–4 whole
genome

2 doses (0/
28 days)

GSK/US
WRAIR/
Fiocruz

X X

DEN-80ETetravalent E
protein subunit
vaccine

Soluble DEN 1/2/
3/4 prM/E protein

3 doses (0/1/
2 months)

Merck X X

TVDVTetravalent
“shuffled” prM/E
expressed from
plasmid vector DNA
vaccine

Plasmid DNA
expressing DENV
1/2/3/4 prM-E

3 doses (0/1/
3 months)

US Naval
Medical
Research
Center

X X

TLAV-TPIV
Heterologous prime-
boost with live-
attenuated tetravalent,
live-attenuated
vaccine and
tetravalent alum-
adjuvanted purified
inactivated vaccine

Purified
inactivated
DENV or plasmid
vector expressing
prM/E (prime)
and live-
attenuated DENV
(boost)

US WRAIR X X

Dengue vaccine candidates; adapted from Kirsten et al. [27].

Table 1. Dengue vaccine candidates.
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4.3. Vaccines under clinical trials

4.3.1. CYD-TDV Dengvaxia

Sanofi Pasteur’s CYD vaccine is a live-attenuated tetravalent chimeric vaccine. In this vaccine,
the premembrane and envelope proteins from a wild-type dengue virus corresponding to each
of the four serotypes are substituted into the yellow fever (YF) 17D vaccine backbone. A strong
neutralizing antibody response to DENV2 was elicited in the first CYD clinical trial in healthy
adults, which evaluated only the serotype 2 vaccine strain. Participants previously given YF
vaccine seroconverted to all four dengue serotypes [28]. The first licensed dengue vaccine, a
live, attenuated, tetravalent dengue vaccine (CYD-TDV; Dengvaxia), has recently been regis-
tered in 15 countries as a three-dose immunization schedule administered subcutaneously at 6-
month intervals [29]. In the case of Dengvaxia, vaccination of children with no previous
infection (seronegative) may mimic an initial infection during the first step in the development
of ADE. Because vaccine protection is incomplete and unequal against the four serotypes, a
natural infection later in life can complete the sequence of events, causing ADE and severe, life-
threatening dengue fever [30].

Following CYD-TDV introduction, it should be administered as a three-dose series given on a
0-/6-/12-month schedule. However, additional evidence is required in order to determine
whether equivalent or better protection may be obtained through simplified schedules. In
response to a delay in a vaccine dose for any reason, the vaccine course should be resumed
(not restarted), maintaining the 6-month interval between subsequent doses. Given the 12-
month duration of the immunization schedule and to enable better vaccine monitoring, coun-
tries should have vaccine tracking systems implemented. CYD-TDV is not recommended for
use in children under 9 years of age, consistent with current labeling, in view of the association
of CYD-TDV with increased risk of hospitalized and severe dengue illness in the 2- to 5-year
age group. The target age for routine vaccination should be defined by each country, intended
to maximize the vaccination impact and programmatic feasibility of targeting specific age
groups. For instance, some countries may present the highest incidence of dengue illness
among the adult age population and may consider vaccinating people up to 45 years of age in
routine programs. The implementation of a routine CYD-TDV vaccination program at 9 years
of age in settings meeting the criteria mentioned above is expected to contribute to a 10–30%
reduction in symptomatic and hospitalized dengue illness over 30 years [31], see Table 2. This
vaccine will be reviewed further in a separate section since, differently to other vaccines in this
section, Dengvaxia has already been registered.

4.3.2. TV003 and TV005 Dengue vaccine

The Laboratory of Infectious Diseases at the U.S National Institutes of Health has evaluated
numerous monovalent and tetravalent dengue candidate vaccines to identify candidates with
the most acceptable safety, infectivity, and immunogenicity profile. Among these, TV003 is an
admixture of four live-attenuated recombinant dengue vaccine candidate viruses (rDEN1D30,
rDEN2/4D30, rDEN3D30/31, and rDEN4D30) [36]. Various monovalent candidates were ini-
tially tested in Phase 1 trials in order to optimize each of the four vaccine virus strains. Vaccine
virus serotypes 1, 3, and 4 are based on complete viruses, while serotype 2 is a recombinant
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to their dense, highly repetitive, quasi-crystalline structures [26], see Dengue vaccine candi-
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2 doses (0/
90 days)

Takeda X X X

DPIV Tetravalent
purified inactivated
vaccine

DENV-1–4 whole
genome

2 doses (0/
28 days)

GSK/US
WRAIR/
Fiocruz

X X

DEN-80ETetravalent E
protein subunit
vaccine

Soluble DEN 1/2/
3/4 prM/E protein

3 doses (0/1/
2 months)

Merck X X

TVDVTetravalent
“shuffled” prM/E
expressed from
plasmid vector DNA
vaccine

Plasmid DNA
expressing DENV
1/2/3/4 prM-E

3 doses (0/1/
3 months)

US Naval
Medical
Research
Center

X X

TLAV-TPIV
Heterologous prime-
boost with live-
attenuated tetravalent,
live-attenuated
vaccine and
tetravalent alum-
adjuvanted purified
inactivated vaccine

Purified
inactivated
DENV or plasmid
vector expressing
prM/E (prime)
and live-
attenuated DENV
(boost)

US WRAIR X X

Dengue vaccine candidates; adapted from Kirsten et al. [27].

Table 1. Dengue vaccine candidates.
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4.3. Vaccines under clinical trials

4.3.1. CYD-TDV Dengvaxia

Sanofi Pasteur’s CYD vaccine is a live-attenuated tetravalent chimeric vaccine. In this vaccine,
the premembrane and envelope proteins from a wild-type dengue virus corresponding to each
of the four serotypes are substituted into the yellow fever (YF) 17D vaccine backbone. A strong
neutralizing antibody response to DENV2 was elicited in the first CYD clinical trial in healthy
adults, which evaluated only the serotype 2 vaccine strain. Participants previously given YF
vaccine seroconverted to all four dengue serotypes [28]. The first licensed dengue vaccine, a
live, attenuated, tetravalent dengue vaccine (CYD-TDV; Dengvaxia), has recently been regis-
tered in 15 countries as a three-dose immunization schedule administered subcutaneously at 6-
month intervals [29]. In the case of Dengvaxia, vaccination of children with no previous
infection (seronegative) may mimic an initial infection during the first step in the development
of ADE. Because vaccine protection is incomplete and unequal against the four serotypes, a
natural infection later in life can complete the sequence of events, causing ADE and severe, life-
threatening dengue fever [30].

Following CYD-TDV introduction, it should be administered as a three-dose series given on a
0-/6-/12-month schedule. However, additional evidence is required in order to determine
whether equivalent or better protection may be obtained through simplified schedules. In
response to a delay in a vaccine dose for any reason, the vaccine course should be resumed
(not restarted), maintaining the 6-month interval between subsequent doses. Given the 12-
month duration of the immunization schedule and to enable better vaccine monitoring, coun-
tries should have vaccine tracking systems implemented. CYD-TDV is not recommended for
use in children under 9 years of age, consistent with current labeling, in view of the association
of CYD-TDV with increased risk of hospitalized and severe dengue illness in the 2- to 5-year
age group. The target age for routine vaccination should be defined by each country, intended
to maximize the vaccination impact and programmatic feasibility of targeting specific age
groups. For instance, some countries may present the highest incidence of dengue illness
among the adult age population and may consider vaccinating people up to 45 years of age in
routine programs. The implementation of a routine CYD-TDV vaccination program at 9 years
of age in settings meeting the criteria mentioned above is expected to contribute to a 10–30%
reduction in symptomatic and hospitalized dengue illness over 30 years [31], see Table 2. This
vaccine will be reviewed further in a separate section since, differently to other vaccines in this
section, Dengvaxia has already been registered.

4.3.2. TV003 and TV005 Dengue vaccine

The Laboratory of Infectious Diseases at the U.S National Institutes of Health has evaluated
numerous monovalent and tetravalent dengue candidate vaccines to identify candidates with
the most acceptable safety, infectivity, and immunogenicity profile. Among these, TV003 is an
admixture of four live-attenuated recombinant dengue vaccine candidate viruses (rDEN1D30,
rDEN2/4D30, rDEN3D30/31, and rDEN4D30) [36]. Various monovalent candidates were ini-
tially tested in Phase 1 trials in order to optimize each of the four vaccine virus strains. Vaccine
virus serotypes 1, 3, and 4 are based on complete viruses, while serotype 2 is a recombinant
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virus based on the serotype 4 vaccine strain with the structural proteins replaced by those of
serotype 2. A single dose of TV005 elicits seroconversion rates above 90% against each sero-
type, and 90% of flavivirus-naive recipients displayed a tetravalent response. TV003 or TV005
has been licensed to several manufacturers, including Butantan, VaBiotech, andMerck. Phase 2
studies are underway in Brazil and Thailand, and a Phase 3 trial led by Butantan began in
February, 2016, in Brazil [27], see Table 3.

4.3.3. DENVax

Takeda’s live tetravalent dengue vaccine (TDV) candidate is based on a molecularly character-
ized attenuated serotype 2 strain (TDV-2). The DENV-2 PDK-53 virus was initially obtained
through 53 serial passages of the wild-type (wt) DENV-2 16681 in primary dog kidney (PDK)

Reference Lead
author /year

Conclusion

Four-year safety follow-up of the tetravalent dengue
vaccine efficacy randomized controlled trials in Asia
and Latin America,

Arredondo-
García et al.
2018 [32]

Data from the clinical trials for up to year 4 after
first vaccination indicate a positive benefit–risk
profile for the CYD-TDV vaccine for the
population aged 9 years old.

A multi-country study of dengue vaccination
strategies with Dengvaxia and a future vaccine
candidate in three dengue-endemic countries:
Vietnam, Thailand, and Colombia.

Lee et al. 2018
[33]

Given the absence of efficacy and half-life data
for any of the second-generation vaccine
candidates, it was assumed that NVC is 80%
efficacious with a half- life of 8 years.

Dengue vaccination during pregnancy—an overview
of clinical trials data.

Skipetrova
et al. [34]

In the small dataset assessed, no evidence of
increased adverse pregnancy outcomes has
been identified from inadvertent immunization
of women in early pregnancy with CYD-TDV
compared with the control group.
The conclusions are limited to vaccination in
CYD-TDV in the first trimester, since no data
are available on pregnancy outcome for
administration of this vaccine in the second or
third trimester. The data described here, and
those continuing to emerge from the on-going
clinical development and post-marketing of
CYD-TDV, provide a valuable contribution to
the currently limited available information on
the use of the dengue vaccine in pregnant
women.

Live-attenuated, tetravalent dengue vaccine in
children, adolescents and adults in a dengue-endemic
country: Randomized controlled phase I trial in the
Philippines.

Capeding et al.
2011 [35]

The safety profile of TDV in a flavivirus
endemic population was consistent with
previous reports from flavivirus-naïve
populations. A vaccine regimen of either three
TDV vaccinations administered over a year or
two TDV vaccinations given more than
8 months apart resulted in a balanced antibody
response to all four dengue serotypes in this
flavivirus-exposed population, including
children.

Table 2. Some CYD-TDV Dengue vaccine safety and immunogenicity studies in different populations.
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cells. The DENV-2 PDK-53 virus has proved to be safe, well-tolerated, immunogenic, and
elicits long-term humoral and cellular immune responses to DENV-2, based on clinical trials
conducted in the United States and Thailand [38]. Three chimeric strains (TDV-1, TDV-3, and
TDV-4) were engineered by substituting the premembrane (prM) and envelope (E) structural
genes of the respective DENV strains into the attenuated TDV-2 backbone [39]. TDV is
designed to promote humoral and cellular protective immune responses against all four
dengue serotypes, as it contains the premembrane and envelope proteins unique to each
serotype. These specific proteins are needed to induce neutralizing antibodies. The use of
DENV-2 as a backbone for TDV may confer additional protection against dengue. In particu-
lar, TDV contains the genes encoding the conserved nonstructural (NS) proteins within the
dengue backbone; and these proteins have been shown to be important in generating T-cell-
mediated responses to dengue infection. Furthermore, anti-NS1 antibodies have been associ-
ated with cross-protective humoral immune responses [40]. Table 4 shows some of the studies
conducted to determine the effectiveness of this vaccine.

4.3.4. DPIV tetravalent purified inactivated vaccine

The Walter Reed Army Institute of Research (WRAIR) in collaboration with GlaxoSmithKline
Vaccines (GSK) developed a live-attenuated tetravalent dengue virus vaccine candidate
comprised of four live virus strains representing each of the four DENV types. These strains
were attenuated by serial passage in primary dog kidney (PDK) cells [44]. The US Navy
Naval Medical Research Center (NMRC) has developed a tetravalent DNA vaccine (TVDV),
formulated with Vical’s Vaxfectin adjuvant, containing genes encoding the premembrane
(prM) and envelope (E) proteins for all four serotypes of dengue virus. Both Vaxfectin-
formulated and unformulated vaccines are currently being evaluated in Phase I human
testing [45].

Inactivated vaccines are assumed to provide acceptable safety profiles across a wide age range
as well as in immunocompromised hosts. In addition, these can be co-administered with other
vaccines. Shortened vaccination schedules and rapid immunization are also feasible using this
type of vaccines. For these reasons, a safe and efficacious tetravalent DENV PIV could be
suitable for national immunization programs across broad age ranges and baseline health

Reference Lead
author /year

Conclusion

In a randomized trial, the live-attenuated tetravalent
dengue vaccine TV003 is well- tolerated and highly
immunogenic in subjects with flavivirus exposure
prior to vaccination

Whitehead
et al. 2017
[37]

In summary, the authors demonstrated that the NIH
tetravalent dengue vaccine TV003 is well-tolerated
in flavivirus-experienced individuals and elicits
robust post-vaccination neutralizing antibody titers.

The live-attenuated dengue vaccine TV003 elicits
complete protection against dengue in a human
challenge model

Kirkpatrick
et al. 2016
[36]

TV003 induced complete protection against
challenge with rDEN2Δ30 administered 6 months
after vaccination. TV003 will be further evaluated in
dengue-endemic areas.

Table 3. Some TV003 vaccine safety and immunogenicity studies.
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virus based on the serotype 4 vaccine strain with the structural proteins replaced by those of
serotype 2. A single dose of TV005 elicits seroconversion rates above 90% against each sero-
type, and 90% of flavivirus-naive recipients displayed a tetravalent response. TV003 or TV005
has been licensed to several manufacturers, including Butantan, VaBiotech, andMerck. Phase 2
studies are underway in Brazil and Thailand, and a Phase 3 trial led by Butantan began in
February, 2016, in Brazil [27], see Table 3.

4.3.3. DENVax

Takeda’s live tetravalent dengue vaccine (TDV) candidate is based on a molecularly character-
ized attenuated serotype 2 strain (TDV-2). The DENV-2 PDK-53 virus was initially obtained
through 53 serial passages of the wild-type (wt) DENV-2 16681 in primary dog kidney (PDK)

Reference Lead
author /year

Conclusion

Four-year safety follow-up of the tetravalent dengue
vaccine efficacy randomized controlled trials in Asia
and Latin America,

Arredondo-
García et al.
2018 [32]

Data from the clinical trials for up to year 4 after
first vaccination indicate a positive benefit–risk
profile for the CYD-TDV vaccine for the
population aged 9 years old.

A multi-country study of dengue vaccination
strategies with Dengvaxia and a future vaccine
candidate in three dengue-endemic countries:
Vietnam, Thailand, and Colombia.

Lee et al. 2018
[33]

Given the absence of efficacy and half-life data
for any of the second-generation vaccine
candidates, it was assumed that NVC is 80%
efficacious with a half- life of 8 years.

Dengue vaccination during pregnancy—an overview
of clinical trials data.

Skipetrova
et al. [34]

In the small dataset assessed, no evidence of
increased adverse pregnancy outcomes has
been identified from inadvertent immunization
of women in early pregnancy with CYD-TDV
compared with the control group.
The conclusions are limited to vaccination in
CYD-TDV in the first trimester, since no data
are available on pregnancy outcome for
administration of this vaccine in the second or
third trimester. The data described here, and
those continuing to emerge from the on-going
clinical development and post-marketing of
CYD-TDV, provide a valuable contribution to
the currently limited available information on
the use of the dengue vaccine in pregnant
women.

Live-attenuated, tetravalent dengue vaccine in
children, adolescents and adults in a dengue-endemic
country: Randomized controlled phase I trial in the
Philippines.

Capeding et al.
2011 [35]

The safety profile of TDV in a flavivirus
endemic population was consistent with
previous reports from flavivirus-naïve
populations. A vaccine regimen of either three
TDV vaccinations administered over a year or
two TDV vaccinations given more than
8 months apart resulted in a balanced antibody
response to all four dengue serotypes in this
flavivirus-exposed population, including
children.

Table 2. Some CYD-TDV Dengue vaccine safety and immunogenicity studies in different populations.
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cells. The DENV-2 PDK-53 virus has proved to be safe, well-tolerated, immunogenic, and
elicits long-term humoral and cellular immune responses to DENV-2, based on clinical trials
conducted in the United States and Thailand [38]. Three chimeric strains (TDV-1, TDV-3, and
TDV-4) were engineered by substituting the premembrane (prM) and envelope (E) structural
genes of the respective DENV strains into the attenuated TDV-2 backbone [39]. TDV is
designed to promote humoral and cellular protective immune responses against all four
dengue serotypes, as it contains the premembrane and envelope proteins unique to each
serotype. These specific proteins are needed to induce neutralizing antibodies. The use of
DENV-2 as a backbone for TDV may confer additional protection against dengue. In particu-
lar, TDV contains the genes encoding the conserved nonstructural (NS) proteins within the
dengue backbone; and these proteins have been shown to be important in generating T-cell-
mediated responses to dengue infection. Furthermore, anti-NS1 antibodies have been associ-
ated with cross-protective humoral immune responses [40]. Table 4 shows some of the studies
conducted to determine the effectiveness of this vaccine.

4.3.4. DPIV tetravalent purified inactivated vaccine

The Walter Reed Army Institute of Research (WRAIR) in collaboration with GlaxoSmithKline
Vaccines (GSK) developed a live-attenuated tetravalent dengue virus vaccine candidate
comprised of four live virus strains representing each of the four DENV types. These strains
were attenuated by serial passage in primary dog kidney (PDK) cells [44]. The US Navy
Naval Medical Research Center (NMRC) has developed a tetravalent DNA vaccine (TVDV),
formulated with Vical’s Vaxfectin adjuvant, containing genes encoding the premembrane
(prM) and envelope (E) proteins for all four serotypes of dengue virus. Both Vaxfectin-
formulated and unformulated vaccines are currently being evaluated in Phase I human
testing [45].

Inactivated vaccines are assumed to provide acceptable safety profiles across a wide age range
as well as in immunocompromised hosts. In addition, these can be co-administered with other
vaccines. Shortened vaccination schedules and rapid immunization are also feasible using this
type of vaccines. For these reasons, a safe and efficacious tetravalent DENV PIV could be
suitable for national immunization programs across broad age ranges and baseline health

Reference Lead
author /year

Conclusion

In a randomized trial, the live-attenuated tetravalent
dengue vaccine TV003 is well- tolerated and highly
immunogenic in subjects with flavivirus exposure
prior to vaccination

Whitehead
et al. 2017
[37]

In summary, the authors demonstrated that the NIH
tetravalent dengue vaccine TV003 is well-tolerated
in flavivirus-experienced individuals and elicits
robust post-vaccination neutralizing antibody titers.

The live-attenuated dengue vaccine TV003 elicits
complete protection against dengue in a human
challenge model

Kirkpatrick
et al. 2016
[36]

TV003 induced complete protection against
challenge with rDEN2Δ30 administered 6 months
after vaccination. TV003 will be further evaluated in
dengue-endemic areas.

Table 3. Some TV003 vaccine safety and immunogenicity studies.
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status, as well as an active immunization option for travelers and military personnel, and a
potential tool for outbreak response [46]. Table 5 shows several DPIV vaccine safety and
immunogenicity studies.

Reference Lead
author /year

Conclusion

Safety and immunogenicity of a live-attenuated
tetravalent dengue vaccine candidate in flavivirus-
naive adults: a randomized, double-blinded Phase 1
clinical trial

George et al.
2015 [41]

TDV was generally well-tolerated, induced trivalent
or broader neutralizing antibodies to DENV in most
flavivirus-naive vaccines, and is undergoing further
development.

Safety and immunogenicity of a recombinant live-
attenuated tetravalent dengue vaccine (DENVax) in
flavivirus-naive healthy adults in Colombia: a
randomized, placebo-controlled, phase 1 study

Osorio et al.
2014 [42]

The authors emphasize the acceptable tolerability
and immunogenicity of the tetravalent DENVax
formulations in healthy, flavivirus-naive adults.
Further clinical testing of DENVax in different age
groups and in dengue-endemic areas is warranted.

Development of DENVax: A chimeric dengue-2
PDK-53-based tetravalent vaccine for protection
against dengue fever

Osorio et al.
2011 [43]

The DENVax vaccine is considerably different from
previously tested tetravalent vaccines in that all four
strains contain the same attenuating mutations as the
DEN-2 PDK-53 strain, a strain that has been shown
to be both safe and immunogenic in humans. Such
vaccine is critically needed to protect people from the
threat of dengue infection and improve public health
worldwide.

Table 4. Some TDV(DENVax) vaccine safety and immunogenicity studies.

Reference Lead
author /year

Conclusion

Phase I randomized study of a tetravalent dengue
purified inactivated vaccine in healthy adults from
Puerto Rico.

Diaz et al.
2018 [47]

Results from this first phase I study of a new vaccine
candidate with inactivated DENV in a dengue-
primed population showed that all four DPIV vaccine
formulations were well-tolerated and immunogenic.
This new investigational DPIV vaccine had an
acceptable safety profile in a small number of
flavivirus-primed healthy adult subjects and all
formulations boosted neutralizing antibodies (Nab)
responses, with complex adjuvants increasing
immunogenicity versus alum adjuvantation. Nab
titers remained high (and above baseline titers)
through M13. These results encourage continuation
of DPIV clinical development.

Phase 1 randomized study of a tetravalent dengue
purified inactivated vaccine in healthy adults in the
United States

Lepine et al.
2017 [48]

All DPIV formulations were well-tolerated. No
vaccine-related serious adverse events were observed
through 12 months after the second vaccine dose. In
all DPIV groups, geometric mean antibody titers
peaked at Day 56, waned through 6 months after the
second vaccine dose, and then stabilized. In the nine
subjects where boosting was evaluated, a strong
anamnestic response was observed. These results
support continuation of the clinical development of
this dengue vaccine candidate.

Table 5. Some DPIV vaccine safety and immunogenicity studies.
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4.3.5. DEN 80E vaccine

This vaccine (developed by Hawaii Biotech and now licensed to Merck) is composed of a
recombinant truncated protein corresponding to 80% of the N-terminal DENV E protein
(DEN-80E). The C-terminal truncation of the E protein at amino acid 395 removes the mem-
brane anchor sequence of the protein, resulting in a recombinant E protein with improved
secretion, purification and immunogenicity. The DEN-80E protein for each of the four dengue
serotypes has been expressed in the Drosophila S2 expression system to produce a tetravalent
vaccine [49], which induces a high level expression of proteins of interest. Specifically, the
system was chosen to express a plasmid containing the prM and N-terminal 80% of the E gene
sequence of DENV-2. The resulting polyprotein undergoes cleavage by endogenous proteases
and the 80E protein with a native-like N terminus is released. Two doses of the DENV-2
subunit 80E protein were administered to rhesus macaques in combination with one of seven
different adjuvants at a 3-month dosing interval. Following this administration, animals were
challenged with wild-type DENV-2 2 months after the last dose of vaccine. Neutralizing
antibodies were detected in all study animals after the first dose and this response was boosted
by the second dose. The highest neutralizing antibody titers were produced by the r80E
protein formulated with the adjuvants AS05 or AS08, and protection against viremia was
correlated with a higher neutralizing antibody titer at challenge. The same system was
employed to generate recombinant subunit E proteins (80E) of the other DENV serotypes. A
tetravalent formulation of the recombinant 80E proteins was evaluated in mice and nonhuman
primate experiments. In some instances, the NS1 protein of DENV-2 was included in the
formulation to potentially enhance the immune response to the vaccine. Macaques were
immunized with the tetravalent formulation four times (day 0, 28, 67, and 102) and were
challenged 5 months after the last dose. Due to the limited number of monkeys in each group,
monkeys were only challenged with DENV-2 or DENV-4. Monkeys developed a robust neu-
tralizing antibody response to all four DENV serotypes and were completely protected from
DENV-2 challenge [50]. Table 6 shows some of the studies conducted to determine the effec-
tiveness of this vaccine.

4.3.6. TVDV tetravalent “shuffled” prM/E expressed from a plasmid vector DNA vaccine

The U.S. Naval Medical Research Center (NMRC) developed a tetravalent plasmid DNA
vaccine candidate using prM and E protein genes expressed in a plasmid vector. A DENV-1
monovalent candidate of this vaccine was evaluated for safety and immunogenicity through a
phase I clinical trial on healthy flavivirus-naïve adults using a three-dose schedule at 0/1/
5 months. The results showed poor immunogenicity. Although it is possible that TVDV may
have a role as a travel vaccine in the future, the available data is currently insufficient to
anticipate its potential use as a travel vaccine [52].

The TVDV is a mixture of equal amounts of four monovalent double-stranded plasmid
DNA vaccines produced under current Good Manufacturing Practices conditions in the
United States. Each monovalent plasmid contains the prM and E genes of dengue 1, 2, 3, or
4 viruses cloned into the backbone plasmid VR1012 (Vical Incorporated, San Diego, CA)
[53]. Table 7 shows some of the studies conducted to determine the effectiveness of this
vaccine.
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status, as well as an active immunization option for travelers and military personnel, and a
potential tool for outbreak response [46]. Table 5 shows several DPIV vaccine safety and
immunogenicity studies.

Reference Lead
author /year

Conclusion

Safety and immunogenicity of a live-attenuated
tetravalent dengue vaccine candidate in flavivirus-
naive adults: a randomized, double-blinded Phase 1
clinical trial

George et al.
2015 [41]

TDV was generally well-tolerated, induced trivalent
or broader neutralizing antibodies to DENV in most
flavivirus-naive vaccines, and is undergoing further
development.

Safety and immunogenicity of a recombinant live-
attenuated tetravalent dengue vaccine (DENVax) in
flavivirus-naive healthy adults in Colombia: a
randomized, placebo-controlled, phase 1 study

Osorio et al.
2014 [42]

The authors emphasize the acceptable tolerability
and immunogenicity of the tetravalent DENVax
formulations in healthy, flavivirus-naive adults.
Further clinical testing of DENVax in different age
groups and in dengue-endemic areas is warranted.

Development of DENVax: A chimeric dengue-2
PDK-53-based tetravalent vaccine for protection
against dengue fever

Osorio et al.
2011 [43]

The DENVax vaccine is considerably different from
previously tested tetravalent vaccines in that all four
strains contain the same attenuating mutations as the
DEN-2 PDK-53 strain, a strain that has been shown
to be both safe and immunogenic in humans. Such
vaccine is critically needed to protect people from the
threat of dengue infection and improve public health
worldwide.

Table 4. Some TDV(DENVax) vaccine safety and immunogenicity studies.

Reference Lead
author /year

Conclusion

Phase I randomized study of a tetravalent dengue
purified inactivated vaccine in healthy adults from
Puerto Rico.

Diaz et al.
2018 [47]

Results from this first phase I study of a new vaccine
candidate with inactivated DENV in a dengue-
primed population showed that all four DPIV vaccine
formulations were well-tolerated and immunogenic.
This new investigational DPIV vaccine had an
acceptable safety profile in a small number of
flavivirus-primed healthy adult subjects and all
formulations boosted neutralizing antibodies (Nab)
responses, with complex adjuvants increasing
immunogenicity versus alum adjuvantation. Nab
titers remained high (and above baseline titers)
through M13. These results encourage continuation
of DPIV clinical development.

Phase 1 randomized study of a tetravalent dengue
purified inactivated vaccine in healthy adults in the
United States

Lepine et al.
2017 [48]

All DPIV formulations were well-tolerated. No
vaccine-related serious adverse events were observed
through 12 months after the second vaccine dose. In
all DPIV groups, geometric mean antibody titers
peaked at Day 56, waned through 6 months after the
second vaccine dose, and then stabilized. In the nine
subjects where boosting was evaluated, a strong
anamnestic response was observed. These results
support continuation of the clinical development of
this dengue vaccine candidate.

Table 5. Some DPIV vaccine safety and immunogenicity studies.
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4.3.5. DEN 80E vaccine

This vaccine (developed by Hawaii Biotech and now licensed to Merck) is composed of a
recombinant truncated protein corresponding to 80% of the N-terminal DENV E protein
(DEN-80E). The C-terminal truncation of the E protein at amino acid 395 removes the mem-
brane anchor sequence of the protein, resulting in a recombinant E protein with improved
secretion, purification and immunogenicity. The DEN-80E protein for each of the four dengue
serotypes has been expressed in the Drosophila S2 expression system to produce a tetravalent
vaccine [49], which induces a high level expression of proteins of interest. Specifically, the
system was chosen to express a plasmid containing the prM and N-terminal 80% of the E gene
sequence of DENV-2. The resulting polyprotein undergoes cleavage by endogenous proteases
and the 80E protein with a native-like N terminus is released. Two doses of the DENV-2
subunit 80E protein were administered to rhesus macaques in combination with one of seven
different adjuvants at a 3-month dosing interval. Following this administration, animals were
challenged with wild-type DENV-2 2 months after the last dose of vaccine. Neutralizing
antibodies were detected in all study animals after the first dose and this response was boosted
by the second dose. The highest neutralizing antibody titers were produced by the r80E
protein formulated with the adjuvants AS05 or AS08, and protection against viremia was
correlated with a higher neutralizing antibody titer at challenge. The same system was
employed to generate recombinant subunit E proteins (80E) of the other DENV serotypes. A
tetravalent formulation of the recombinant 80E proteins was evaluated in mice and nonhuman
primate experiments. In some instances, the NS1 protein of DENV-2 was included in the
formulation to potentially enhance the immune response to the vaccine. Macaques were
immunized with the tetravalent formulation four times (day 0, 28, 67, and 102) and were
challenged 5 months after the last dose. Due to the limited number of monkeys in each group,
monkeys were only challenged with DENV-2 or DENV-4. Monkeys developed a robust neu-
tralizing antibody response to all four DENV serotypes and were completely protected from
DENV-2 challenge [50]. Table 6 shows some of the studies conducted to determine the effec-
tiveness of this vaccine.

4.3.6. TVDV tetravalent “shuffled” prM/E expressed from a plasmid vector DNA vaccine

The U.S. Naval Medical Research Center (NMRC) developed a tetravalent plasmid DNA
vaccine candidate using prM and E protein genes expressed in a plasmid vector. A DENV-1
monovalent candidate of this vaccine was evaluated for safety and immunogenicity through a
phase I clinical trial on healthy flavivirus-naïve adults using a three-dose schedule at 0/1/
5 months. The results showed poor immunogenicity. Although it is possible that TVDV may
have a role as a travel vaccine in the future, the available data is currently insufficient to
anticipate its potential use as a travel vaccine [52].

The TVDV is a mixture of equal amounts of four monovalent double-stranded plasmid
DNA vaccines produced under current Good Manufacturing Practices conditions in the
United States. Each monovalent plasmid contains the prM and E genes of dengue 1, 2, 3, or
4 viruses cloned into the backbone plasmid VR1012 (Vical Incorporated, San Diego, CA)
[53]. Table 7 shows some of the studies conducted to determine the effectiveness of this
vaccine.
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4.4. Vaccine candidates under preclinical assays

There are numerous vaccine candidates that are being studied in preclinical trials, as can be
seen in Table 8.

4.4.1. EDIII-p64k fusion proteins and EDIII-capsid fusion proteins expressed in E. coli

Te Pedro Kourí Tropical Medicine Institute (IPK) in collaboration with the Center for Genetic
Engineering and Biotechnology (CIGB) in Cuba have led the development of various recom-
binant subunit vaccine candidates. One approach is based on fusion of DENV EDIII to the
carrier protein p64k of Neisseria meningitidis, and this EDIII-p64k fusion protein is then
expressed in E. coli. Evaluations in mice showed that monovalent vaccine candidates for all

Reference Lead author/
year

Conclusion

Preclinical development of a dengue tetravalent
recombinant subunit vaccine: Immunogenicity and
protective efficacy in nonhuman primates

Govindarajan
et al. 2015 [51]

Overall, the subunit vaccine was demonstrated to
induce strong neutralization titers resulting in
protection against viremia following challenge
even 8–12 months after the last vaccine dose.

The development of recombinant subunit
envelope-based vaccines to protect against dengue
virus induced disease

Coller et al.
2011 [24]

The DEN-80E recombinant subunit proteins for all
four dengue virus types are expressed at high levels
and have been shown to maintain native-like
conformation. When formulated with a variety of
adjuvants the antigens are potent immunogens and
induce high titer virus-neutralizing antibody
responses. Furthermore, the antigens have been
shown to protect against viral challenge in both
mouse and nonhuman primate models. Tetravalent
vaccine formulations have also been evaluated in
preclinical models with no evidence of immune
interference or competition between the four DEN-
80E antigens being observed. These proofs of
concept preclinical studies led to the advancement
of a monovalent DEN1-80E vaccine candidate into
clinical testing.

Development of a recombinant tetravalent dengue
virus vaccine: immunogenicity and efficacy studies
in mice and monkeys

Clements
et al. 2010 [23]

The production of recombinant dengue 80E
proteins in Drosophila S2 cells that are capable of
eliciting potent immune responses in mice and
nonhuman primates represents a major
achievement in the effort to develop a recombinant
dengue vaccine. The S2 cell expression system
efficiently produces 80E from all four dengue
serotypes. Our data show that co-administration of
the subunits from the four serotypes results in a
balanced immune response, equivalent to that
observed when the four individual components are
administered separately. Furthermore this response
can be induced in a relatively short period of time
(2–3 months).

Table 6. Some DEN 80E Vaccine safety and immunogenicity studies.
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DENV serotypes were able to induce neutralizing antibodies and protect against viral chal-
lenge. DENV-1 and DENV-2 monovalent candidates have also been evaluated in NHPs.
Monkeys were immunized subcutaneously with four doses of the monovalent vaccine (50–
100 g protein per dose, formulated in Freund’s adjuvant), which proved to be immunogenic
and provided protection against viral challenge. Adjuvants suitable for human use are under
evaluation, including N. meningitidis serogroup A capsular polysaccharide (CPSA) adsorbed
on aluminum hydroxide [25].

5. Final thoughts

Finally, we want to reflect on the implications of the co-circulation of the dengue virus and the
Zika virus, as well as on the new indications for the use of the Dengvaxia vaccine.

First, we will analyze the fact that the appearance of the infection by the Zika virus (another
flavivirus) in zones of high prevalence for dengue constitutes an interesting challenge for the
development of the ideal vaccine for both viruses.

5.1. Zika virus infection means new challenges in dengue vaccine development

Among pathogenic human flaviviruses, DENV and ZIKV are most closely related to each
other, with 55.1–56.3% amino acid sequence identity. Zika virus is closer to dengue virus than
to any of the other flaviviruses and indeed is almost close enough to think of it as a fifth
serotype [10]. Accordingly, emerging literature indicates many similarities between these two
viruses in terms of interactions between the virus and host immune system. For both viruses,
the interferon system is the central mediator of host defense and target of a viral counterattack,

Reference Lead author/
year

Conclusion

Safety and immunogenicity of a tetravalent dengue
DNA vaccine administered with a cationic lipid-
based adjuvant in a Phase 1 clinical trial

Thomas et al.
2018 [53]

TVDV-Vaxfectin was safe and well-tolerated in this
early Phase 1 human clinical trial. Whereas anti-
dengue IFNγ T-cell responses occurred in most of
the study subjects, anti-dengue neutralizing
antibody responses were poor. Utilization of
alternative delivery methods as well as examining
prime-boost approaches may result in a more
robust and long-lasting humoral immune response.

A dengue DNA vaccine formulated with
Vaxfectin® is well-tolerated, and elicits strong
neutralizing antibody responses to all four dengue
serotypes in New Zealand white rabbits

Raviprakash
et al. 2012
[54]

The formulated vaccine and the adjuvant were
tested for safety and/or immunogenicity in New
Zealand white rabbits using a repeat dose
toxicology study. The formulated vaccine and the
adjuvant were found to be well-tolerated by the
animals. Animals injected with formulated vaccine
produced strong neutralizing antibody response to
all four dengue serotypes.

Table 7. Some TVDV vaccine safety and immunogenicity studies.
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4.4. Vaccine candidates under preclinical assays
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whereas complex interplays between antibody and T cell responses likely determine the
outcome of infection in flavivirus immune settings [55]. Dejnirattisai et al. found that most
mAbs to DENV also bound to ZIKV, yet the antibodies targeting the major linear fusion-loop
epitope (FLE) did not neutralize ZIKV, whereas they showed neutralizing activity against
DENV. ZIKV virus infection was found to be potently enhanced by DENV-immune plasma
and mAbs to DENV, suggesting the possibility that preexisting immunity to DENV might
increase ZIKV replication; thus, this data indicate that immunity to DENV might drive greater
ZIKV replication and have clear implications for disease pathogenesis and future vaccine pro-
grams for ZIKV and DENV [11]. There have been safety concerns related to Dengvaxia
resulting from long-term vaccine trials. In patient groups under 9 years of age, hospitalization
from DENV infection was greater for vaccinated children than for the nonvaccinated control
group. These findings suggest ADE of infection in DENV naive children at the start of the
study trial and who had been primed by but not protected by the vaccine. Consequently, the
vaccine is not licensed for use in children under 9 years of age and, furthermore, it is
recommended for use only in populations with a seroprevalence of 70% or greater of prior
DENV exposure in the age group to be vaccinated [56].

Techonological
approach

Antigen Vaccine developer Valency under
evaluation or
evaluated in NHP

Recombinant
subunit vaccines

EDIII-p64k fusion proteins and EDIII-capsid
fusion proteins expressed in E. coli

IPK/CIGB Monovalent

Bivalent 80E-STF2 fusion proteins expressed in
baculovirus/insect cells

VaxInnate Tetravalent

Tetravalent consensus EDIII protein expressed in
E. coli.

NHRI Tetravalent

DNA vaccine prM/E expressed from plasmid vector DNA
vaccine

US CDC Tetravalent

VLP Vaccines EDIII-HBsAg VLPs or ectoE-based VLPs
expressed in P. pastoris

ICGEB Tetravalent

Virus-vectored
vaccines

Tetravalent EDIII and DENV-1 ectoM expressed
from live-attenuated measles virus vector

Themis Bioscience/Institut X
Pasteur

Tetravalent

E85 expressed from single-cycle VEE virus vector Global Vaccines Tetravalent

Purified
inactivated virus
vaccine

Psoralen-inactivated DENV US NMRC Monovalent

Purified
inactivated
DENV

Purified inactivated DENV WRAIR/GSK/FIOCRUZ Tetravalent

Inactivated virus (+VEE-particle adjuvant) Global Vaccines Tetravalent

Live-attenuated
virus vaccines

DEN/DEN chimeric viruses, live, attenuated Chiang Mai University/
Mahidol X University/
NSTDA/BioNet-Asia

Monovalent

DEN host range mutations Arbovax Tetravalent

Table 8. Active dengue vaccine candidates in preclinical development that have been evaluated in NHP models.
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Currently, there is a high pressure to produce a vaccine against ZIKV, and in this context, the
extensive serological cross-reaction between DENV and ZIKV must be considered. It is likely
necessary that the vaccine be used in areas with high seroprevalence for DENV and raising de
novo ZIKV-neutralizing responses in such a setting might be challenging. It is likewise possi-
ble that vaccination of DENV-naive subjects against ZIKV might promote ADE of DENV
infection and, conversely, that vaccination against DENV might promote ADE of ZIKV infec-
tion. In summary, cross-reaction of antibodies to DENV with ZIKV and promotion of ADE
of infection can occur due to the existing similarities between the two viruses, even though
ZIKV differs in sequence identity from DENV by around 41–46% (in the sequence of the
envelope protein). In this context, ZIKV could be considered a fifth member of the DENV
serocomplex, a factor that must be considered in vaccine approaches to these two viruses [11].
The results of Barba-Spaeth group suggest that the epitope targeted by the EDE1 bnAbs
is more adequate for developing an epitope-focused vaccine for viruses of the ZIKV/DENV
super serogroup than is the FLE, which induces poorly neutralizing and strongly infection-
enhancing antibodies [57].

5.2. The Dengvaxia future

Dengvaxia is the only vaccine licensed to date for use in humans, which is why epidemiolo-
gists, health professionals, clinical physicians, and basic researchers (virologists, immunolo-
gists, molecular biologists, etc.) should be concerned about the future of this vaccine, which
has had a reverse according to the latest publications of its results, so we will end this chapter
with the following reflection based on the publications from 2016 to date.

Since April 2016, Dengvaxia has been licensed for use in 19 countries, and was recommended
by the WHO Strategic Advisory Group of Experts (SAGE) on immunization to be used in
regions with high endemicity, as defined by a prevalence of dengue antibodies of more than
50% in the targeted age group of people aged 9–45 years. Nevertheless, Guiar’s mathematical
model finds that a significant reduction of hospitalizations can be only achieved when the
vaccine is directed exclusively to seropositive individuals [58]. Along this same line, this
group of researchers in 2017 predicted a significant reduction in dengue virus infection-
related hospital admissions resulting from the administration of Dengvaxia only to dengue
seropositive individuals, based on the analysis of an age-structured model using the available
vaccine trial data. Moreover, the researchers predicted a significant increase in the number of
dengue-related admissions, over a 5-year period, if the vaccine is to be administered without
previous population screening for serostatus. The take-home message is that individual
serostatus is the most important feature when implementing this vaccine and that only
individuals of any age who have experienced at least one dengue virus infection will benefit
from vaccination [59, 60]. New data by Sanofi in November 2017 showed that Dengvaxia
could increase the risk of severe dengue in people who had not been previously exposed to
the virus. For any countries considering vaccination as part of their dengue control program,
the WHO recommends a “prevaccination screening strategy,” in which only dengue seropos-
itive people are vaccinated. The prescreening process could be achieved by conventional
serological testing for dengue virus to identify people who have had previous dengue infec-
tions. As Sanofi stated, “We are confident in Dengvaxia’s safety and its proven potential to
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whereas complex interplays between antibody and T cell responses likely determine the
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and mAbs to DENV, suggesting the possibility that preexisting immunity to DENV might
increase ZIKV replication; thus, this data indicate that immunity to DENV might drive greater
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grams for ZIKV and DENV [11]. There have been safety concerns related to Dengvaxia
resulting from long-term vaccine trials. In patient groups under 9 years of age, hospitalization
from DENV infection was greater for vaccinated children than for the nonvaccinated control
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necessary that the vaccine be used in areas with high seroprevalence for DENV and raising de
novo ZIKV-neutralizing responses in such a setting might be challenging. It is likewise possi-
ble that vaccination of DENV-naive subjects against ZIKV might promote ADE of DENV
infection and, conversely, that vaccination against DENV might promote ADE of ZIKV infec-
tion. In summary, cross-reaction of antibodies to DENV with ZIKV and promotion of ADE
of infection can occur due to the existing similarities between the two viruses, even though
ZIKV differs in sequence identity from DENV by around 41–46% (in the sequence of the
envelope protein). In this context, ZIKV could be considered a fifth member of the DENV
serocomplex, a factor that must be considered in vaccine approaches to these two viruses [11].
The results of Barba-Spaeth group suggest that the epitope targeted by the EDE1 bnAbs
is more adequate for developing an epitope-focused vaccine for viruses of the ZIKV/DENV
super serogroup than is the FLE, which induces poorly neutralizing and strongly infection-
enhancing antibodies [57].

5.2. The Dengvaxia future

Dengvaxia is the only vaccine licensed to date for use in humans, which is why epidemiolo-
gists, health professionals, clinical physicians, and basic researchers (virologists, immunolo-
gists, molecular biologists, etc.) should be concerned about the future of this vaccine, which
has had a reverse according to the latest publications of its results, so we will end this chapter
with the following reflection based on the publications from 2016 to date.

Since April 2016, Dengvaxia has been licensed for use in 19 countries, and was recommended
by the WHO Strategic Advisory Group of Experts (SAGE) on immunization to be used in
regions with high endemicity, as defined by a prevalence of dengue antibodies of more than
50% in the targeted age group of people aged 9–45 years. Nevertheless, Guiar’s mathematical
model finds that a significant reduction of hospitalizations can be only achieved when the
vaccine is directed exclusively to seropositive individuals [58]. Along this same line, this
group of researchers in 2017 predicted a significant reduction in dengue virus infection-
related hospital admissions resulting from the administration of Dengvaxia only to dengue
seropositive individuals, based on the analysis of an age-structured model using the available
vaccine trial data. Moreover, the researchers predicted a significant increase in the number of
dengue-related admissions, over a 5-year period, if the vaccine is to be administered without
previous population screening for serostatus. The take-home message is that individual
serostatus is the most important feature when implementing this vaccine and that only
individuals of any age who have experienced at least one dengue virus infection will benefit
from vaccination [59, 60]. New data by Sanofi in November 2017 showed that Dengvaxia
could increase the risk of severe dengue in people who had not been previously exposed to
the virus. For any countries considering vaccination as part of their dengue control program,
the WHO recommends a “prevaccination screening strategy,” in which only dengue seropos-
itive people are vaccinated. The prescreening process could be achieved by conventional
serological testing for dengue virus to identify people who have had previous dengue infec-
tions. As Sanofi stated, “We are confident in Dengvaxia’s safety and its proven potential to
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reduce dengue disease burden in endemic countries. We will continue to work with the
international public health community and endemic countries, to ensure the best usage of
the vaccine to increase protection for populations at risk of subsequent dengue infections [that
are] potentially more debilitating” [61].

Author details

Jhon Carlos Castaño-Osorio1*, Alejandra María Giraldo-Garcia1 and Maria Isabel Giraldo2

*Address all correspondence to: jhoncarlos@uniquindio.edu.co

1 Quindio University, Armenia, Quindio, Colombia

2 Department of Microbiology and Immunology, University of Texas Medical Branch,
Galveston, TX, USA

References

[1] Who. Dengue and Severe Dengue. WHO Fact Sheet [Internet]. 2012. pp. 1-4. Available
from: www.who.int/mediacentre/factsheets/fs117/en/index.html

[2] Swaminathan S, Khanna N. Dengue: Recent advances in biology and current status of
translational research. Current Molecular Medicine [Internet]. 2009;9(2):152-173. Avail-
able from: http://www.eurekaselect.com/openurl/content.php?genre=article&issn=1566-
5240&volume=9&issue=2&spage=152

[3] Guzman MG, Harris E. Dengue. Lancet (London, England) [Internet]. 2015;385(9966):453-
465. Available from: http://griffith.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMw
nV07T8MwED5BQQgJ8ShQAgV1hCGt49iJM_GuWJgAic3yky0Npf3_2Hn0BWJgyZBYUX
Jn3333-e4MEOM-CldsQoKlDzSIRJIJRLRmSapUZnTq4mlcttZbZDJuGqag0nZjJEvLrUfKk-
YDh_OziDgPxa6Lz9AfI-W3W-szNdZhA_tG5W6Cp-93vxVKljnv85

[4] Webster DP, Farrar J, Rowland-Jones S. Progress towards a dengue vaccine. The Lancet
Infectious Diseases. 2009;9(11):678-687

[5] Hadinegoro SRS. The revisedWHO dengue case classification: Does the system need to be
modified? Paediatrics and International Child Health. 2012;32(supp 1):33-38

[6] Silveira GF, Wowk PF, Cataneo AHD, Dos Santos PF, Delgobo M, Stimamiglio MA, Lo
Sarzi M, et al. Human T lymphocytes are permissive for dengue virus replication. Journal
of Virology [Print 15 May 2018]. 2018;92(10):e02181-17. DOI: 10.1128/JVI.02181-17

[7] Wang M, Yang F, Huang D, Huang Y, Zhang X, Wang C, et al. Anti-idiotypic antibodies
specific to prMmonoantibody prevent antibody dependent enhancement of dengue virus

Dengue Fever - a Resilient Threat in the Face of Innovation164

infection. Frontiers in Cellular and Infection Microbiology. 2017;7:157. DOI: 10.3389/
fcimb.2017.00157

[8] Morens DM. Antibody-dependent enhancement of infection and the pathogenesis of viral
disease. Clinical Infectious Diseases. 1994;19(3):500-512

[9] Morens DM, Halstead SB. Measurement of antibody-dependent infection enhancement of
four dengue virus serotypes by monoclonal and polyclonal antibodies. The Journal of
General Virology. 1990;71:2909-2914

[10] Harrison SC. Immunogenic cross-talk between dengue and Zika viruses. Nature Immu-
nology [Internet]. 2016 Sep 19;17(9):1010-1012. Available from: http://dx.doi.org/10.1038/
ni.3539

[11] Dejnirattisai W, Supasa P, Wongwiwat W, Rouvinski A, Barba-Spaeth G, Duangchinda T,
et al. Dengue virus sero-cross-reactivity drives antibody-dependent enhancement of infec-
tion with zika virus. Nature Immunology [Internet]. 2016 Jun 23;17:1102. Available from:
http://dx.doi.org/10.1038/ni.3515

[12] SoeHJ, YongYK,Al-ObaidiMMJ, RajuCS,Gudimella R,ManikamR, et al. Identifying protein
biomarkers in predicting disease severity of dengue virus infection using immune-related
proteinmicroarray. KhanNA, ed.Medicine. 2018;97(5):e9713. DOI: 10.1097/MD.000000000000
9713

[13] Rothman AL. Immunity to dengue virus: A tale of original antigenic sin and tropical
cytokine storms. Nature Reviews. Immunology. 2011;11(8):532-543

[14] Wan S-W, Lin C-F, Yeh T-M, Liu C-C, Liu H-S, Wang S, et al. Autoimmunity in dengue
pathogenesis. Journal of the Formosan Medical Association [Internet]. 2013 Jan;112(1):3-
11. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0929664612005281

[15] Morrison J, Aguirre S, Fernandez-Sesma A. Innate immunity evasion by dengue virus.
Viruses. 2012;4(3):397-413

[16] Zivny J, DeFronzo M, Jarry W, Jameson J, Cruz J, Ennis F, et al. Partial agonist effect
influences the CTL Response to a heterologous dengue virus serotype. Journal of Immu-
nology. 1999;163:2754-2760

[17] Hober D, Poli L, Roblin B, Gestas P, Chungue E, Granic G, et al. Serum levels of tumor
necrosis factor-alpha (TNF-alpha), interleukin-6 (IL-6), and interleukin-1 beta (IL-1 beta)
in dengue-infected patients. The American Journal of Tropical Medicine and Hygiene.
1993;48(3):324-331

[18] Lei HY, Yeh TM, Liu HS, Lin YS, Chen SH, Liu CC. Immunopathogenesis of dengue virus
infection. Journal of Biomedical Science. Sep 2001;8(5):377-388

[19] Bravo JR, Guzmán MG, Kouri GP. Why dengue haemorrhagic fever in Cuba? 1. Individ-
ual risk factors for dengue haemorrhagic fever/dengue shock syndrome (DHF/DSS).
Transactions of the Royal Society of Tropical Medicine and Hygiene. 1987;81(5):816-820

Current Status of Vaccines against Dengue Virus
http://dx.doi.org/10.5772/intechopen.80820

165



reduce dengue disease burden in endemic countries. We will continue to work with the
international public health community and endemic countries, to ensure the best usage of
the vaccine to increase protection for populations at risk of subsequent dengue infections [that
are] potentially more debilitating” [61].

Author details

Jhon Carlos Castaño-Osorio1*, Alejandra María Giraldo-Garcia1 and Maria Isabel Giraldo2

*Address all correspondence to: jhoncarlos@uniquindio.edu.co

1 Quindio University, Armenia, Quindio, Colombia

2 Department of Microbiology and Immunology, University of Texas Medical Branch,
Galveston, TX, USA

References

[1] Who. Dengue and Severe Dengue. WHO Fact Sheet [Internet]. 2012. pp. 1-4. Available
from: www.who.int/mediacentre/factsheets/fs117/en/index.html

[2] Swaminathan S, Khanna N. Dengue: Recent advances in biology and current status of
translational research. Current Molecular Medicine [Internet]. 2009;9(2):152-173. Avail-
able from: http://www.eurekaselect.com/openurl/content.php?genre=article&issn=1566-
5240&volume=9&issue=2&spage=152

[3] Guzman MG, Harris E. Dengue. Lancet (London, England) [Internet]. 2015;385(9966):453-
465. Available from: http://griffith.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMw
nV07T8MwED5BQQgJ8ShQAgV1hCGt49iJM_GuWJgAic3yky0Npf3_2Hn0BWJgyZBYUX
Jn3333-e4MEOM-CldsQoKlDzSIRJIJRLRmSapUZnTq4mlcttZbZDJuGqag0nZjJEvLrUfKk-
YDh_OziDgPxa6Lz9AfI-W3W-szNdZhA_tG5W6Cp-93vxVKljnv85

[4] Webster DP, Farrar J, Rowland-Jones S. Progress towards a dengue vaccine. The Lancet
Infectious Diseases. 2009;9(11):678-687

[5] Hadinegoro SRS. The revisedWHO dengue case classification: Does the system need to be
modified? Paediatrics and International Child Health. 2012;32(supp 1):33-38

[6] Silveira GF, Wowk PF, Cataneo AHD, Dos Santos PF, Delgobo M, Stimamiglio MA, Lo
Sarzi M, et al. Human T lymphocytes are permissive for dengue virus replication. Journal
of Virology [Print 15 May 2018]. 2018;92(10):e02181-17. DOI: 10.1128/JVI.02181-17

[7] Wang M, Yang F, Huang D, Huang Y, Zhang X, Wang C, et al. Anti-idiotypic antibodies
specific to prMmonoantibody prevent antibody dependent enhancement of dengue virus

Dengue Fever - a Resilient Threat in the Face of Innovation164

infection. Frontiers in Cellular and Infection Microbiology. 2017;7:157. DOI: 10.3389/
fcimb.2017.00157

[8] Morens DM. Antibody-dependent enhancement of infection and the pathogenesis of viral
disease. Clinical Infectious Diseases. 1994;19(3):500-512

[9] Morens DM, Halstead SB. Measurement of antibody-dependent infection enhancement of
four dengue virus serotypes by monoclonal and polyclonal antibodies. The Journal of
General Virology. 1990;71:2909-2914

[10] Harrison SC. Immunogenic cross-talk between dengue and Zika viruses. Nature Immu-
nology [Internet]. 2016 Sep 19;17(9):1010-1012. Available from: http://dx.doi.org/10.1038/
ni.3539

[11] Dejnirattisai W, Supasa P, Wongwiwat W, Rouvinski A, Barba-Spaeth G, Duangchinda T,
et al. Dengue virus sero-cross-reactivity drives antibody-dependent enhancement of infec-
tion with zika virus. Nature Immunology [Internet]. 2016 Jun 23;17:1102. Available from:
http://dx.doi.org/10.1038/ni.3515

[12] SoeHJ, YongYK,Al-ObaidiMMJ, RajuCS,Gudimella R,ManikamR, et al. Identifying protein
biomarkers in predicting disease severity of dengue virus infection using immune-related
proteinmicroarray. KhanNA, ed.Medicine. 2018;97(5):e9713. DOI: 10.1097/MD.000000000000
9713

[13] Rothman AL. Immunity to dengue virus: A tale of original antigenic sin and tropical
cytokine storms. Nature Reviews. Immunology. 2011;11(8):532-543

[14] Wan S-W, Lin C-F, Yeh T-M, Liu C-C, Liu H-S, Wang S, et al. Autoimmunity in dengue
pathogenesis. Journal of the Formosan Medical Association [Internet]. 2013 Jan;112(1):3-
11. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0929664612005281

[15] Morrison J, Aguirre S, Fernandez-Sesma A. Innate immunity evasion by dengue virus.
Viruses. 2012;4(3):397-413

[16] Zivny J, DeFronzo M, Jarry W, Jameson J, Cruz J, Ennis F, et al. Partial agonist effect
influences the CTL Response to a heterologous dengue virus serotype. Journal of Immu-
nology. 1999;163:2754-2760

[17] Hober D, Poli L, Roblin B, Gestas P, Chungue E, Granic G, et al. Serum levels of tumor
necrosis factor-alpha (TNF-alpha), interleukin-6 (IL-6), and interleukin-1 beta (IL-1 beta)
in dengue-infected patients. The American Journal of Tropical Medicine and Hygiene.
1993;48(3):324-331

[18] Lei HY, Yeh TM, Liu HS, Lin YS, Chen SH, Liu CC. Immunopathogenesis of dengue virus
infection. Journal of Biomedical Science. Sep 2001;8(5):377-388

[19] Bravo JR, Guzmán MG, Kouri GP. Why dengue haemorrhagic fever in Cuba? 1. Individ-
ual risk factors for dengue haemorrhagic fever/dengue shock syndrome (DHF/DSS).
Transactions of the Royal Society of Tropical Medicine and Hygiene. 1987;81(5):816-820

Current Status of Vaccines against Dengue Virus
http://dx.doi.org/10.5772/intechopen.80820

165



[20] Markoff LJ, Innis BLHRH. Development of cross-reactive antibodies to plasminogen
during the immune response to dengue virus infection. The Journal of Infectious Diseases.
1991;164(2):294-301

[21] Lauring AS, Jones JO, Andino R. Rationalizing the development of live attenuated virus
vaccines. Nature Biotechnology. 2010;28(6):573-579

[22] Putnak JR, Coller BA, Voss G, Vaughn DW, Clements D, Peters I, et al. An evaluation of
dengue type-2 inactivated, recombinant subunit, and live-attenuated vaccine candidates
in the rhesus macaque model. Vaccine. 2005;23(35):4442-4452

[23] Clements DE, Coller BAG, Lieberman MM, Ogata S, Wang G, Harada KE, et al. Develop-
ment of a recombinant tetravalent dengue virus vaccine: Immunogenicity and efficacy
studies in mice and monkeys. Vaccine. 2010;28(15):2705-2715

[24] Coller BAG, Clements DE, Bett AJ, Sagar SL, Ter Meulen JH. The development of recom-
binant subunit envelope-based vaccines to protect against dengue virus induced disease.
Vaccine. 2011;29(42):7267-7275

[25] Schmitz J, Roehrig J, Barrett A, Hombach J. Next generation dengue vaccines: A review of
candidates in preclinical development. Vaccine [Internet]. 2011 Sep;29(42):7276-7284. Avail-
able from: http://linkinghub.elsevier.com/retrieve/pii/S0264410X11010383

[26] Jennings GT, Bachmann MF. The coming of age of virus-like particle vaccines. Biological
Chemistry. 2008;389(5):521-536

[27] Vannice KS, Durbin A, Hombach J. Status of vaccine research and development of vac-
cines for dengue. Vaccine [Internet]. 2016 Jun;34(26):2934-2938. Available from: http://
linkinghub.elsevier.com/retrieve/pii/S0264410X16002930

[28] Schwartz LM, Halloran ME, Durbin AP, Longini IM. The dengue vaccine pipeline: Impli-
cations for the future of dengue control. Vaccine. 2015;33(29):3293-3298

[29] Ravel G, Mantel N, Silvano J, Rogue A, Guy B, Jackson N, et al. Biodistribution and safety
of a live attenuated tetravalent dengue vaccine in the cynomolgus monkey. Vaccine. 2017;
35(43):5918-5923

[30] Dans AL, Dans LF, Lansang MAD, Silvestre MAA, Guyatt GH. Controversy and debate
on dengue vaccine series—paper 1: Review of a licensed dengue vaccine: Inappropriate
subgroup analyses and selective reporting may cause harm inmass vaccination programs.
Journal of Clinical Epidemiology. 2018;95:137-139

[31] World Health Organization. Dengue vaccine: WHO position paper, July 2016 – recom-
mendations. Vaccine [Internet]. 2017 Mar;35(9):1200-1201. Available from: http://linking
hub.elsevier.com/retrieve/pii/S0264410X16310192

[32] Arredondo-García J, Hadinegoro S, Reynales H, Chua M, Rivera Medina D, et al. Clinical
Microbiology and Infection. 2018;24(7):755-763

[33] Lee SH, Hosseindoust AR, Kim JS, Cho YH, Lee JH, Kwon IK, et al. Bacteriophages as a
promising anti-pathogenic option in creep-feed for suckling piglets: Targeted to control
Clostridium spp. and coliforms faecal shedding. Livestock Science. 2016;191:161-164

Dengue Fever - a Resilient Threat in the Face of Innovation166

[34] Skipetrova A, Wartel TA, Gailhardou S. Dengue vaccination during pregnancy—An over-
view of clinical trials data. Vaccine [Internet]. 2018 May;36(23):3345-3350. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S0264410X18305474

[35] Capeding RZ, Luna IA, Bomasang E, Lupisan S, Lang J, Forrat R, et al. Live-attenuated,
tetravalent dengue vaccine in children, adolescents and adults in a dengue endemic
country: Randomized controlled phase I trial in the Philippines. Vaccine [Internet]. 2011
May;29(22):3863-3872. Available from: http://linkinghub.elsevier.com/retrieve/pii/S02644
10X11004397

[36] Kirkpatrick BD, Whitehead SS, Pierce KK, Tibery CM, Grier PL, Hynes NA, et al. The live
attenuated dengue vaccine TV003 elicits complete protection against dengue in a human
challenge model. Science Translational Medicine [Epub 16 Mar 2016]. 16 Mar 2016;8(330):
330ra36. DOI: 10.1126/scitranslmed.aaf1517

[37] Whitehead SS, Durbin AP, Pierce KK, Elwood D, McElvany BD, Fraser EA, et al. In a
randomized trial, the live attenuated tetravalent dengue vaccine TV003 is well-tolerated
and highly immunogenic in subjects with flavivirus exposure prior to vaccination. Messer
WB, editor. PLOS Neglected Tropical Diseases [Internet]. 2017 May 8;11(5):e0005584.
Available from: http://dx.plos.org/10.1371/journal.pntd.0005584

[38] Brewoo JN, Powell TD, Arguello J, Huang CY-H, Kinney RM, Tary-Lehmann M, et al.
Efficacy of a tetravalent chimeric dengue vaccine (DENVax) in cynomolgus macaques. The
American Journal of Tropical Medicine and Hygiene [Internet]. 2011 Jun 1;84(6):978-987.
Available from: http://www.ajtmh.org/content/journals/10.4269/ajtmh.2011.10-0592

[39] Jackson LA, Rupp R, Papadimitriou A, Wallace D, RaananM, Moss KJ. A phase 1 study of
safety and immunogenicity following intradermal administration of a tetravalent dengue
vaccine candidate. Vaccine [Epub 19May 2018]. 2018;36(27):3976-3983. DOI: 10.1016/j.vaccine.
2018.05.028

[40] Osorio JE, Partidos CD, Wallace D, Stinchcomb DT. Development of a recombinant,
chimeric tetravalent dengue vaccine candidate. Vaccine [Internet]. 2015 Dec;33(50):7112-
7120. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0264410X15016552

[41] George SL, Wong MA, Dube TJT, Boroughs KL, Stovall JL, Luy BE, et al. Safety and immu-
nogenicity of a live attenuated tetravalent dengue vaccine candidate in flavivirus-naive
adults: A randomized, double-blinded phase 1 clinical trial. The Journal of Infectious Dis-
eases [Internet]. 2015 Oct 1;212(7):1032-1041. Available from: https://academic.oup.com/
jid/article-lookup/doi/10.1093/infdis/jiv179

[42] Osorio JE, Velez ID, Thomson C, Lopez L, Jimenez A, Haller AA, et al. Safety and
immunogenicity of a recombinant live attenuated tetravalent dengue vaccine (DENVax)
in flavivirus-naive healthy adults in Colombia: A randomised, placebo-controlled, phase 1
study. The Lancet Infectious Diseases [Internet]. 2014 Sep;14(9):830-838. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S1473309914708114

[43] Osorio JE, Huang CY-H, Kinney RM, Stinchcomb DT. Development of DENVax: A chime-
ric dengue-2 PDK-53-based tetravalent vaccine for protection against dengue fever.

Current Status of Vaccines against Dengue Virus
http://dx.doi.org/10.5772/intechopen.80820

167



[20] Markoff LJ, Innis BLHRH. Development of cross-reactive antibodies to plasminogen
during the immune response to dengue virus infection. The Journal of Infectious Diseases.
1991;164(2):294-301

[21] Lauring AS, Jones JO, Andino R. Rationalizing the development of live attenuated virus
vaccines. Nature Biotechnology. 2010;28(6):573-579

[22] Putnak JR, Coller BA, Voss G, Vaughn DW, Clements D, Peters I, et al. An evaluation of
dengue type-2 inactivated, recombinant subunit, and live-attenuated vaccine candidates
in the rhesus macaque model. Vaccine. 2005;23(35):4442-4452

[23] Clements DE, Coller BAG, Lieberman MM, Ogata S, Wang G, Harada KE, et al. Develop-
ment of a recombinant tetravalent dengue virus vaccine: Immunogenicity and efficacy
studies in mice and monkeys. Vaccine. 2010;28(15):2705-2715

[24] Coller BAG, Clements DE, Bett AJ, Sagar SL, Ter Meulen JH. The development of recom-
binant subunit envelope-based vaccines to protect against dengue virus induced disease.
Vaccine. 2011;29(42):7267-7275

[25] Schmitz J, Roehrig J, Barrett A, Hombach J. Next generation dengue vaccines: A review of
candidates in preclinical development. Vaccine [Internet]. 2011 Sep;29(42):7276-7284. Avail-
able from: http://linkinghub.elsevier.com/retrieve/pii/S0264410X11010383

[26] Jennings GT, Bachmann MF. The coming of age of virus-like particle vaccines. Biological
Chemistry. 2008;389(5):521-536

[27] Vannice KS, Durbin A, Hombach J. Status of vaccine research and development of vac-
cines for dengue. Vaccine [Internet]. 2016 Jun;34(26):2934-2938. Available from: http://
linkinghub.elsevier.com/retrieve/pii/S0264410X16002930

[28] Schwartz LM, Halloran ME, Durbin AP, Longini IM. The dengue vaccine pipeline: Impli-
cations for the future of dengue control. Vaccine. 2015;33(29):3293-3298

[29] Ravel G, Mantel N, Silvano J, Rogue A, Guy B, Jackson N, et al. Biodistribution and safety
of a live attenuated tetravalent dengue vaccine in the cynomolgus monkey. Vaccine. 2017;
35(43):5918-5923

[30] Dans AL, Dans LF, Lansang MAD, Silvestre MAA, Guyatt GH. Controversy and debate
on dengue vaccine series—paper 1: Review of a licensed dengue vaccine: Inappropriate
subgroup analyses and selective reporting may cause harm inmass vaccination programs.
Journal of Clinical Epidemiology. 2018;95:137-139

[31] World Health Organization. Dengue vaccine: WHO position paper, July 2016 – recom-
mendations. Vaccine [Internet]. 2017 Mar;35(9):1200-1201. Available from: http://linking
hub.elsevier.com/retrieve/pii/S0264410X16310192

[32] Arredondo-García J, Hadinegoro S, Reynales H, Chua M, Rivera Medina D, et al. Clinical
Microbiology and Infection. 2018;24(7):755-763

[33] Lee SH, Hosseindoust AR, Kim JS, Cho YH, Lee JH, Kwon IK, et al. Bacteriophages as a
promising anti-pathogenic option in creep-feed for suckling piglets: Targeted to control
Clostridium spp. and coliforms faecal shedding. Livestock Science. 2016;191:161-164

Dengue Fever - a Resilient Threat in the Face of Innovation166

[34] Skipetrova A, Wartel TA, Gailhardou S. Dengue vaccination during pregnancy—An over-
view of clinical trials data. Vaccine [Internet]. 2018 May;36(23):3345-3350. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S0264410X18305474

[35] Capeding RZ, Luna IA, Bomasang E, Lupisan S, Lang J, Forrat R, et al. Live-attenuated,
tetravalent dengue vaccine in children, adolescents and adults in a dengue endemic
country: Randomized controlled phase I trial in the Philippines. Vaccine [Internet]. 2011
May;29(22):3863-3872. Available from: http://linkinghub.elsevier.com/retrieve/pii/S02644
10X11004397

[36] Kirkpatrick BD, Whitehead SS, Pierce KK, Tibery CM, Grier PL, Hynes NA, et al. The live
attenuated dengue vaccine TV003 elicits complete protection against dengue in a human
challenge model. Science Translational Medicine [Epub 16 Mar 2016]. 16 Mar 2016;8(330):
330ra36. DOI: 10.1126/scitranslmed.aaf1517

[37] Whitehead SS, Durbin AP, Pierce KK, Elwood D, McElvany BD, Fraser EA, et al. In a
randomized trial, the live attenuated tetravalent dengue vaccine TV003 is well-tolerated
and highly immunogenic in subjects with flavivirus exposure prior to vaccination. Messer
WB, editor. PLOS Neglected Tropical Diseases [Internet]. 2017 May 8;11(5):e0005584.
Available from: http://dx.plos.org/10.1371/journal.pntd.0005584

[38] Brewoo JN, Powell TD, Arguello J, Huang CY-H, Kinney RM, Tary-Lehmann M, et al.
Efficacy of a tetravalent chimeric dengue vaccine (DENVax) in cynomolgus macaques. The
American Journal of Tropical Medicine and Hygiene [Internet]. 2011 Jun 1;84(6):978-987.
Available from: http://www.ajtmh.org/content/journals/10.4269/ajtmh.2011.10-0592

[39] Jackson LA, Rupp R, Papadimitriou A, Wallace D, RaananM, Moss KJ. A phase 1 study of
safety and immunogenicity following intradermal administration of a tetravalent dengue
vaccine candidate. Vaccine [Epub 19May 2018]. 2018;36(27):3976-3983. DOI: 10.1016/j.vaccine.
2018.05.028

[40] Osorio JE, Partidos CD, Wallace D, Stinchcomb DT. Development of a recombinant,
chimeric tetravalent dengue vaccine candidate. Vaccine [Internet]. 2015 Dec;33(50):7112-
7120. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0264410X15016552

[41] George SL, Wong MA, Dube TJT, Boroughs KL, Stovall JL, Luy BE, et al. Safety and immu-
nogenicity of a live attenuated tetravalent dengue vaccine candidate in flavivirus-naive
adults: A randomized, double-blinded phase 1 clinical trial. The Journal of Infectious Dis-
eases [Internet]. 2015 Oct 1;212(7):1032-1041. Available from: https://academic.oup.com/
jid/article-lookup/doi/10.1093/infdis/jiv179

[42] Osorio JE, Velez ID, Thomson C, Lopez L, Jimenez A, Haller AA, et al. Safety and
immunogenicity of a recombinant live attenuated tetravalent dengue vaccine (DENVax)
in flavivirus-naive healthy adults in Colombia: A randomised, placebo-controlled, phase 1
study. The Lancet Infectious Diseases [Internet]. 2014 Sep;14(9):830-838. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S1473309914708114

[43] Osorio JE, Huang CY-H, Kinney RM, Stinchcomb DT. Development of DENVax: A chime-
ric dengue-2 PDK-53-based tetravalent vaccine for protection against dengue fever.

Current Status of Vaccines against Dengue Virus
http://dx.doi.org/10.5772/intechopen.80820

167



Vaccine [Internet]. 2011 Sep;29(42):7251-7260. Available from: http://linkinghub.elsevier.
com/retrieve/pii/S0264410X11010413

[44] Eckels KH, Thomas SJ, De La Barrera R, Carletti I, Fernandez S, Dessy F, et al. A phase II,
randomized, safety and immunogenicity study of a re-derived, live-attenuated dengue
virus vaccine in healthy adults. The American Journal of Tropical Medicine and Hygiene
[Internet]. 2013 Jan 9;88(1):73-88. Available from: http://www.ajtmh.org/content/journals/
10.4269/ajtmh.2012.12-0361

[45] US Navy’s Naval Medical Research Center. US Navy Advances Dengue TVDV Using
Vaxfectin [Internet]. 2012. Available from: https://www.bmiresearch.com/articles/us-navy-
advances-dengue-tvdv-using-vaxfectin

[46] Martinez LJ, Thomas SJ, Teneza-Mora NC, De La Barrera R, Currier JR, Eckels KH, et al.
Safety and immunogenicity of a dengue virus serotype-1 purified-inactivated vaccine:
Results of a phase 1 clinical trial. The American Journal of Tropical Medicine and Hygiene
[Internet]. 2015 Sep 2;93(3):454-460. Available from: http://www.ajtmh.org/content/journals/
10.4269/ajtmh.14-0819

[47] Thomas SJ, Jarman RG, Febo I, De La Barrera R, Innis BL, Eckels KH, et al. Phase I random-
ized study of a tetravalent dengue purified inactivated vaccine in healthy adults from Puerto
Rico. The American Journal of Tropical Medicine and Hygiene [Internet]. 2018 May 9;98(5):
1435-1443. Available from: http://www.ajtmh.org/content/journals/10.4269/ajtmh.17-0627

[48] Lepine E, Ruck RC, Thomas SJ, Schmidt AC, Lin L, Paolino KM, et al. Phase 1 randomized
study of a tetravalent dengue purified inactivated vaccine in healthy adults in the United
States. The American Journal of Tropical Medicine and Hygiene [Internet]. 2017 Jun 7;96(6):
1325-1337. Available from: http://www.ajtmh.org/content/journals/10.4269/ajtmh.16-0634

[49] Torresi J, Ebert G, Pellegrini M. Vaccines licensed and in clinical trials for the prevention of
dengue. Human Vaccines & Immunotherapeutics [Internet]. 2017 May 4;13(5):1059-1072.
Available from: https://www.tandfonline.com/doi/full/10.1080/21645515.2016.1261770

[50] Durbin AP, Whitehead SS. Next-generation dengue vaccines: Novel strategies currently
under development. Viruses. 2011;3(10):1800-1814

[51] Govindarajan D, Meschino S, Guan L, Clements DE, ter Meulen JH, Casimiro DR, et al.
Preclinical development of a dengue tetravalent recombinant subunit vaccine: Immunoge-
nicity and protective efficacy in nonhuman primates. Vaccine [Internet]. 2015 Aug;33(33):
4105-4116. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0264410X15008683

[52] Lim S-K, Lee YS, Namkung S, Lim JK, Yoon I-K. Prospects for dengue vaccines for
travelers. Clinical and Experimental Vaccine Research [Internet]. 2016;5(2):89. Available
from: https://synapse.koreamed.org/DOIx.php?id=10.7774/cevr.2016.5.2.89

[53] Thomas SJ, Kochel T, SimmonsM, Luke TC, Smith L, Sun P, et al. Safety and immunogenic-
ity of a tetravalent dengue DNA vaccine administered with a cationic lipid-based adjuvant
in a phase 1 clinical trial. The American Journal of Tropical Medicine andHygiene [Internet].

Dengue Fever - a Resilient Threat in the Face of Innovation168

2018 Mar 7;98(3):849-856. Available from: http://www.ajtmh.org/content/journals/10.4269/
ajtmh.17-0416

[54] Raviprakash K, Luke T, Doukas J, Danko J, Porter K, Burgess T, et al. A dengue DNA
vaccine formulated with Vaxfectin® is well tolerated, elicits strong neutralizing antibody
responses to all four dengue serotypes in New Zealand white rabbits. Human Vaccines &
Immunotherapeutics. 2012;8(12):1764-1768

[55] Elong Ngono A, Shresta S. Immune response to dengue and zika. Annual Review of
Immunology [Internet]. 2018;36(1). Available from: http://www.annualreviews.org/doi/
10.1146/annurev-immunol-042617-053142%0Ahttp://www.ncbi.nlm.nih.gov/pubmed/29
345964

[56] WHO. World Health Organization (WHO) Strategic Advisory Group of Experts. Dengue
Vaccine [Internet]. 2016. Available from: http://www.who.int/immunization/sage/meet-
ings/2016/april/SAGE_April_2016_Meeting_Web_summary.pdf?ua=1

[57] Barba-Spaeth G, Dejnirattisai W, Rouvinski A, Vaney M-C, Medits I, Sharma A, et al.
Structural basis of potent Zika–dengue virus antibody cross-neutralization. Nature [Inter-
net]. 2016 Jun 23;536:48. Available from: http://dx.doi.org/10.1038/nature18938

[58] AguiarM, Stollenwerk N, Halstead SB. The risks behind Dengvaxia recommendation. The
Lancet Infectious Diseases. 2016;16(8):882-883

[59] Aguiar M, Halstead SB, Stollenwerk N. Consider stopping Dengvaxia administration
without immunological screening. Expert Review of Vaccines. 2017;16(4):301-302

[60] Aguiar M, Stollenwerk N. Dengvaxia: Age as surrogate for serostatus. The Lancet Infec-
tious Diseases [Epub 21 Dec 2017]. 2018;18(3):245. DOI: 10.1016/S1473-3099(17)30752-1

[61] Iacobucci G. WHO recommends additional tests for Sanofi’s dengue vaccine after safety
concerns. BMJ. 2018;361:k1765

Current Status of Vaccines against Dengue Virus
http://dx.doi.org/10.5772/intechopen.80820

169



Vaccine [Internet]. 2011 Sep;29(42):7251-7260. Available from: http://linkinghub.elsevier.
com/retrieve/pii/S0264410X11010413

[44] Eckels KH, Thomas SJ, De La Barrera R, Carletti I, Fernandez S, Dessy F, et al. A phase II,
randomized, safety and immunogenicity study of a re-derived, live-attenuated dengue
virus vaccine in healthy adults. The American Journal of Tropical Medicine and Hygiene
[Internet]. 2013 Jan 9;88(1):73-88. Available from: http://www.ajtmh.org/content/journals/
10.4269/ajtmh.2012.12-0361

[45] US Navy’s Naval Medical Research Center. US Navy Advances Dengue TVDV Using
Vaxfectin [Internet]. 2012. Available from: https://www.bmiresearch.com/articles/us-navy-
advances-dengue-tvdv-using-vaxfectin

[46] Martinez LJ, Thomas SJ, Teneza-Mora NC, De La Barrera R, Currier JR, Eckels KH, et al.
Safety and immunogenicity of a dengue virus serotype-1 purified-inactivated vaccine:
Results of a phase 1 clinical trial. The American Journal of Tropical Medicine and Hygiene
[Internet]. 2015 Sep 2;93(3):454-460. Available from: http://www.ajtmh.org/content/journals/
10.4269/ajtmh.14-0819

[47] Thomas SJ, Jarman RG, Febo I, De La Barrera R, Innis BL, Eckels KH, et al. Phase I random-
ized study of a tetravalent dengue purified inactivated vaccine in healthy adults from Puerto
Rico. The American Journal of Tropical Medicine and Hygiene [Internet]. 2018 May 9;98(5):
1435-1443. Available from: http://www.ajtmh.org/content/journals/10.4269/ajtmh.17-0627

[48] Lepine E, Ruck RC, Thomas SJ, Schmidt AC, Lin L, Paolino KM, et al. Phase 1 randomized
study of a tetravalent dengue purified inactivated vaccine in healthy adults in the United
States. The American Journal of Tropical Medicine and Hygiene [Internet]. 2017 Jun 7;96(6):
1325-1337. Available from: http://www.ajtmh.org/content/journals/10.4269/ajtmh.16-0634

[49] Torresi J, Ebert G, Pellegrini M. Vaccines licensed and in clinical trials for the prevention of
dengue. Human Vaccines & Immunotherapeutics [Internet]. 2017 May 4;13(5):1059-1072.
Available from: https://www.tandfonline.com/doi/full/10.1080/21645515.2016.1261770

[50] Durbin AP, Whitehead SS. Next-generation dengue vaccines: Novel strategies currently
under development. Viruses. 2011;3(10):1800-1814

[51] Govindarajan D, Meschino S, Guan L, Clements DE, ter Meulen JH, Casimiro DR, et al.
Preclinical development of a dengue tetravalent recombinant subunit vaccine: Immunoge-
nicity and protective efficacy in nonhuman primates. Vaccine [Internet]. 2015 Aug;33(33):
4105-4116. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0264410X15008683

[52] Lim S-K, Lee YS, Namkung S, Lim JK, Yoon I-K. Prospects for dengue vaccines for
travelers. Clinical and Experimental Vaccine Research [Internet]. 2016;5(2):89. Available
from: https://synapse.koreamed.org/DOIx.php?id=10.7774/cevr.2016.5.2.89

[53] Thomas SJ, Kochel T, SimmonsM, Luke TC, Smith L, Sun P, et al. Safety and immunogenic-
ity of a tetravalent dengue DNA vaccine administered with a cationic lipid-based adjuvant
in a phase 1 clinical trial. The American Journal of Tropical Medicine andHygiene [Internet].

Dengue Fever - a Resilient Threat in the Face of Innovation168

2018 Mar 7;98(3):849-856. Available from: http://www.ajtmh.org/content/journals/10.4269/
ajtmh.17-0416

[54] Raviprakash K, Luke T, Doukas J, Danko J, Porter K, Burgess T, et al. A dengue DNA
vaccine formulated with Vaxfectin® is well tolerated, elicits strong neutralizing antibody
responses to all four dengue serotypes in New Zealand white rabbits. Human Vaccines &
Immunotherapeutics. 2012;8(12):1764-1768

[55] Elong Ngono A, Shresta S. Immune response to dengue and zika. Annual Review of
Immunology [Internet]. 2018;36(1). Available from: http://www.annualreviews.org/doi/
10.1146/annurev-immunol-042617-053142%0Ahttp://www.ncbi.nlm.nih.gov/pubmed/29
345964

[56] WHO. World Health Organization (WHO) Strategic Advisory Group of Experts. Dengue
Vaccine [Internet]. 2016. Available from: http://www.who.int/immunization/sage/meet-
ings/2016/april/SAGE_April_2016_Meeting_Web_summary.pdf?ua=1

[57] Barba-Spaeth G, Dejnirattisai W, Rouvinski A, Vaney M-C, Medits I, Sharma A, et al.
Structural basis of potent Zika–dengue virus antibody cross-neutralization. Nature [Inter-
net]. 2016 Jun 23;536:48. Available from: http://dx.doi.org/10.1038/nature18938

[58] AguiarM, Stollenwerk N, Halstead SB. The risks behind Dengvaxia recommendation. The
Lancet Infectious Diseases. 2016;16(8):882-883

[59] Aguiar M, Halstead SB, Stollenwerk N. Consider stopping Dengvaxia administration
without immunological screening. Expert Review of Vaccines. 2017;16(4):301-302

[60] Aguiar M, Stollenwerk N. Dengvaxia: Age as surrogate for serostatus. The Lancet Infec-
tious Diseases [Epub 21 Dec 2017]. 2018;18(3):245. DOI: 10.1016/S1473-3099(17)30752-1

[61] Iacobucci G. WHO recommends additional tests for Sanofi’s dengue vaccine after safety
concerns. BMJ. 2018;361:k1765

Current Status of Vaccines against Dengue Virus
http://dx.doi.org/10.5772/intechopen.80820

169



Dengue Fever 
A Resilient Threat in the Face of Innovation

Edited by Jorge Abelardo Falcón-Lezama,  
Miguel Betancourt-Cravioto and Roberto Tapia-Conyer

Edited by Jorge Abelardo Falcón-Lezama,  
Miguel Betancourt-Cravioto and Roberto Tapia-Conyer

For over 70 years, dengue fever has challenged health systems in every region of the 
World. It has evolved from a benign febrile illness from the tropics to a major concern 
in urban settlements, overwhelming health infrastructure with large outbreaks, as it 

continues to teach us important lessons with its complexities. 

This book intends to review the latest updates on dengue fever, the tools available 
for its study and control, and promising technologies currently in the pipeline. With 
this work, the editors wish to provide students with an updated reference text on the 
basics of this disease as well as researchers and academics, with a useful document to 

understand the current outlook and the perspectives for the future.

Published in London, UK 

©  2019 IntechOpen 
©  MC Yeung / iStock

ISBN 978-1-78984-999-8

D
engue Fever - A

 Resilient Th
reat in the Face of Innovation

ISBN 978-1-83881-761-9


	Dengue Fever - A resilient threat in the face of innovation
	Contents
	Preface
	Section 1
Current Panorama of Dengue Fever
	Chapter 1
Dengue Fever: A General Perspective
	Chapter 2
The Burden of Dengue Illness and Its Economics Costs in the Americas: A Review on the Most Affected Countries
	Chapter 3
Ecology of Aedes Mosquitoes, the Major Vectors of Arboviruses in Human Population
	Chapter 4
Laboratory Tests Used in the Diagnostic and Research of Dengue Virus: Present and Future

	Section 2
New Tools for Study and Control
	Chapter 5
Urban Ecology and the Effectiveness of Aedes Control
	Chapter 6
Challenges for the Introduction and Evaluation of the Impact of Innovative Aedes aegypti Control Strategies
	Chapter 7
Mathematical Model as a Tool for the Control of Vector-Borne Diseases: Wolbachia Example
	Chapter 8
New Tools for Dengue Diagnostics
	Chapter 9
Current Status of Vaccines against Dengue Virus


