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CHAPTER I 
INTRODUCTION

 
Dengue fever is one of the most important tropical diseases in the world 

(Guzman & Harris, 2015) with its incidence greater than 30 folds along with the 
geographical expansion of Aedes vector and dengue viruses (DENVs) (WHO, 2009a). The 

term “dengue virus” encompasses four genetically and antigenically related viruses, 

classified as serotypes DENV-1 to DENV-4. These serotypes are further divided into 
genotypes, which are characterized by the limited ability of antibodies produced 
against one to neutralize the others (Kyle & Harris, 2008). Infection by any of the four 
serotypes can result in a range of clinical manifestations for which the timing or 
sequence of infections can be an important determinant of disease severity and 
course. Dengue illness is clinically classified as either dengue with or without warning 
signs or severe dengue (WHO, 2009a). This classification was launched by WHO in 2009 
for the purpose of improving clinical management. The assessment of warning signs is 
designed to permit the early identification of patients with more-severe disease 
manifestations who require supportive therapy.  

Dengue virus (DENV) belongs to the Flavivirus genus, which also includes viruses 
such as Japanese encephalitis (JEV), Zika (ZIKV), and Yellow Fever (YFV). While 
infections with DENV, JEV, and ZIKV are often asymptomatic, each of these viruses has 
the potential to cause severe and life-threatening illness (Theodore C Pierson & 
Michael S Diamond, 2020). The global morbidity and mortality associated with these 
viral infections, together with the extensive spread and epidemic transmission of 
multiple flaviviruses, underscore the urgent need to understand mechanisms of 
flaviviral pathogenesis and immunity. In particular, DENV infects an estimated 400 

million people each year, and over a quarter of world’s population lives in DENV-

endemic areas (Bhatt et al., 2013). Despite extensive research over many years, the 
immune mechanisms that control the balance between protective immunity and 
disease-causing processes during DENV infections are still not well understood. DENV-
immune individuals experiencing secondary DENV infection by a different DENV 
serotype may develop a more severe disease that is mediated by waning immunity to
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a previous serotype, and among other factors, by antibody dependent enhancement 
(ADE) of infection (Halstead, 2014). While the impact of pre-existing immunity to 
different serotypes of DENV on later DENV transmission and disease has been 
thoroughly investigated, there is limited understanding of how prior immunity to other 
related flaviviruses influences DENV transmission and the severity of the disease. 
Sporadic cases and cohort studies suggest an increase in dengue severity in JEV-
immune patients (Anderson et al., 2011). Recent human and animal studies from 
multiple groups have shown that pre-existing immunity to DENV can either protect 
against or exacerbate a subsequent ZIKV infection, and vice versa (Ngono & Shresta, 
2018).  

1.1 Significance of Study 
There is not yet an approved antiviral medication to treat dengue infections. It 

is commonly known that dengue patients have a brief period of viremia; however, 
since high viremia has been linked to a severe onset of the illness, administering 
antivirals early on may prevent the disease's progression and hasten patients' recovery 
(de la Guardia, Quijada, & Lleonart, 2017). Researchers have spent many years 
developing vaccines, antibody-based therapeutics, and antiviral medications to fight 
dengue, yet no vaccine has successfully offered complete protection against all four 
dengue virus serotypes. Currently, the only licensed dengue vaccine is Sanofi's 
Dengvaxia, available in 20 dengue endemic countries. However, this vaccine doesn't 
offer equal protection against all four dengue serotypes. While it protects individuals 
who have had a prior dengue infection, it is not effective in those who have never 
been infected. In fact, vaccinating previously unexposed individuals can heighten their 
risk of severe dengue requiring hospitalization if they later contract the virus (Sridhar et 
al., 2018). Recently, a vaccine called QDENGA (developed by Takeda) has been 
approved for both dengue-naive and previously infected individuals; however, its 
duration of long-term protection remains limited (Thomas, 2023). Another tetravalent 
vaccine Butantan-DV (developed by Instituto Butantan and NIAID) demonstrated strong 
protection against DENV1 but only moderate effectiveness against DENV2 in its phase 3 
clinical trial (Kallas et al., 2024). Because of their significant antigenic similarity, finding 
effective treatments and sensitive, specific diagnostic testing remains extremely 
difficult.  
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In regions with tropical and subtropical climates, especially in Thailand, the 
epidemiology of dengue is made more complex by ADE. This phenomenon not only 
impacts the clinical progression of the disease but also plays a significant role in 
shaping the patterns of serotype circulation within communities. Additionally, 

Thailand’s climate and environment create ideal conditions for the spread of several 

arboviruses, such as Chikungunya, Zika, and Yellow Fever, all of which are transmitted 
by Aedes mosquitoes. These viruses frequently circulate in the same areas, 
contributing to intricate interactions and competition among them. Gaining insights into 
how different dengue serotypes compete and interact with other co-existing 
arboviruses is key to understanding transmission dynamics and implementing effective 
prevention and control measures (Perez et al., 2025). Therefore, it is crucial to gain a 
comprehensive understanding of whether prior immunity to JEV, ZIKV, or YFV might 
have harmful or beneficial impacts on dengue virus infection. The presence of both 
JEV and ZIKV make Thailand unique geographic location to study the contribution of 
pre-existing anti-JEV or -ZIKV immunity on DENV incidence, transmission dynamics, and 
disease severity. Even though, YFV is not currently prevalent in Thailand, studies of 
yellow fever and dengue vaccine co-administration have demonstrated immunological 
interference, with reduced antibody responses when vaccines are given concomitantly. 
Hence, understanding DENV cross-reactive antibodies together with ZIKV, JEV and YFV 
will help to establish the protective thresholds for neutralizing antibodies more 
accurately.  

Producing recombinant antibodies capable of neutralization can lead to 
effective treatments, while searching for serological biomarkers using monoclonal 
antibodies (mAbs) that recognize specific viral regions can improve differential 
diagnosis. Among methods for selecting human mAbs with high affinity for specific 
targets, the Phage Display technique stands out. Consequently, this technology offers a 
faster approach for developing specialized diagnostic tools as well as safe and effective 
therapies against flavivirus infections. 

Therefore, this thesis explores the DENV infection in Nepal and Thailand, two 
geographically and climatically distinct countries. For samples from Thailand, cross 
reactive immune responses against ZIKV, JEV and YFV were also tested. Also, this study 
delves into the diagnostics and therapeutics aspect against DENV using phage display 
technology. Altogether, this thesis is divided into six main sections. In the beginning, 
the literature review is in chapter II, where different aspects of dengue are discussed 
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altogether with its cross reactivity with other flaviviruses. Also, the perspectives of 
antibody development against dengue are discussed. After that, chapter III explains 
about the study of Genomic sequencing and neutralizing serological profiles during 
acute dengue infection: A 2017 cohort study in Nepal. Third in chapter IV, immune 
molecular aspects of DENV from samples collected from suspected DENV cases in 
Thailand and their cross reactivity with other flaviviruses are discussed. In chapter V, 
phage display antibody library was used to get antibodies against DENV which was 
evaluated in vitro. Lastly in chapter VI, impedimetric immunosensor has been 
employed to detect anti-dengue antibodies in plasma from the patients. 

 

1.2 Hypothesis 
 Host immune responses play major role in dengue disease outcome. 

 Different levels of pre-existing immunity to circulating flaviviruses, including 
DENV1-4, JEV, ZIKV and YFV have potential role in dengue disease outcome. 

 Phage display technology can identify viral protein-specific antigenic targets 
and therapeutic antibodies, enabling improved diagnostics and treatments for 
dengue. 
 

1.3 Research Objectives 
1.3.1 General Objectives 

 Investigation of human immune responses to DENV and/or other flaviviruses 
 Exploration of the potential applications of using Phage display technology to 

study DENV   
1.3.2 Specific Objectives 

1. Establish cohorts for sample collection from suspected DENV cases 
2. Immunological and molecular characterization of the suspected DENV 

samples 
3. Culture of virus from patient samples and their characterization 
4. Study of neutralizing capabilities of the antibodies from infected patients 

against all serotypes of DENV and Cross-reactivity analysis with other 
flaviviruses including ZIKV, JEV and YFV  

5. Production of antibodies against DENV using phage display antibody 
technology and characterize their property 

6. Development of impedimetric immunosensor for detection of anti-dengue 
antibodies in plasma  
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CHAPTER II 
LITERATURE REVIEW

 
Dengue virus (DENV) is an enveloped, single-stranded positive-sense RNA virus 

with a genome of about 11 kb. Its genome encodes the three structural proteins, a 
core nucleocapsid (C), a membrane-associated protein (M), and an envelope (E) 
glycoprotein, along with seven non-structural (NS) proteins. Dengue fever, caused by 
DENV, is a major arthropod-borne tropical viral disease, with an estimated 390 million 
infections occurring each year (Bhatt et al., 2013). Dengue is the most prevalent and 
widely distributed arboviral infection in tropical and subtropical areas, causing 
substantial illness and death (Tang et al., 2017). The clinical presentation of dengue 
varies from mild dengue fever (DF) to severe forms such as dengue hemorrhagic fever 
(DHF) and dengue shock syndrome (DSS), which can be fatal. While a primary infection 
with any one serotype typically results in fever, severe disease usually occurs during a 
secondary infection with a different serotype, especially in the presence of non-
neutralizing antibodies. This process is referred to as Antibody Dependent 
Enhancement (ADE) (Halstead, 2014). The existence of four distinct classical dengue 
virus serotypes, which do not provide cross-protective immunity in infected individuals, 
significantly complicates the disease. Molecular evidence reveals considerable genetic 
diversity among dengue viruses. Although the four serotypes are often treated as a 
single virus and their associated illnesses are regarded as the same disease, the genetic 
differences between these serotypes actually exceed the genetic distances observed 
between many recognized virus species within the same genus, such as Japanese 
Encephalitis virus (JEV), West Nile virus (WNV), Murray Valley Encephalitis virus (MVEV), 
Usutu virus (USUV), and St. Louis Encephalitis virus (SLEV). 

2.1 Serotypes and Genotypes of DENV 
Dengue virus (DENV) has four distinct serotypes, all of which are transmitted by 

Aedes mosquitoes. These serotypes typically cause similar clinical manifestations and 
exhibit comparable patterns of systemic dissemination. However, subtle biological 
differences exist among the serotypes that can influence specific manifestations and 
disease characteristics (Bara, Clark, & Remold, 2013; Messer et al., 2012). While certain 
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serotypes or genotypes of DENV have been linked to variations in disease severity, 
outbreak potential, and transmission efficiency, these relationships may also be 
affected by external factors beyond the virus's inherent properties. These include the 

host’s immune status, the mosquito vector’s capacity to acquire and transmit the virus, 

and environmental or ecological conditions that favor the replacement of one 
genotype by another (Halstead, 2008; Rico-Hesse, 2003). 

These serotypes can be further subdivided into multiple genetic groups known 
as genotypes (or subtypes), based on differences in their genetic sequences. Initially, 
genotype was defined as a group of viruses with no more than 6% sequence variation 
within a 240-nucleotide segment of the E/NS1 junction for DENV-1 and DENV-2. 
However, the specific genome regions and lengths used for sequencing have varied 
widely among research groups, ranging from single gene sequences to the entire DENV 
genome. Today, genotypes are classified primarily through phylogenetic analysis rather 
than relying on fixed sequence divergence thresholds (Holmes & Twiddy, 2003; Rico-
Hesse, 1990). Five genotypes of DENV-1 (Genotypes I, II, III, IV, and V); six genotypes of 
DENV-2 (Asian I, Asian II, Cosmopolitan, American, Southeast Asian/American, and 
Sylvatic); four genotypes of DENV-3 (Genotypes I, II, III, and IV); and four genotypes of 
DENV-4 (Genotypes I, II, III, and IV) are currently recognized (Weaver & Vasilakis, 2009). 

Although DENV serotypes show greater heterogeneity in the structure of viral 
proteins, there is also antigenic similarity between DENV serotypes and, for some 
peptide sequences, between flaviviruses. Phylogeny studies of virus sequences, by 
estimating the antigenic distance between them, concluded that serotypes 1 and 3 are 
the most similar, serotype 2 was the second to diverge evolutionarily, and serotype 4 
is the one that presents greater genetic difference. There is a 32% difference in the 
structure of protein E of the four DENV serotypes. Specific mutations in the genome 

result in the antigenic variability found in each serotype (Bell, Katzelnick, & Bedford, 

2019; Wen & Shresta, 2019). 
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2.2 Structure of DENV 
 The dengue virus particle, similar to other flaviviruses, is spherical with a diameter of 
40-50 nm. It consists of a nucleocapsid about 30 nm wide, which houses the viral 
capsid and RNA genome, surrounded by a lipid envelope. This envelope includes a 
lipid bilayer, an envelope protein weighing between 51,000 and 59,000 daltons that 
facilitate attachment, fusion, and entry into host cells, and a small internal matrix 
protein of roughly 8,500 daltons that is non-glycosylated. The envelope protein is 
glycosylated in most flaviviruses and is prominently displayed on the virion surface, as 
demonstrated by electron microscopy (Dwivedi, Tripathi, Tripathi, Bharadwaj, & Mishra, 
2017). 

 

Figure 2.1 Structure and Serotypes of DENV (Dhole et al., 2024) 
 
The dengue virus (DENV) genome is about 11 kb long and encodes a 

polyprotein that produces three structural proteins: capsid (C), envelope (E), and 
precursor membrane (prM), alongside seven non-structural proteins and two 
untranslated regions. The RNA genome is packaged inside a nucleocapsid formed by 
multiple capsid proteins, which is surrounded by a host-derived lipid envelope 
containing prM/M and E proteins arranged in an icosahedral pattern. The M protein is a 
cleaved form of prM. The E glycoprotein, a Class II fusion protein, mediates viral 
attachment and membrane fusion during infection (Stiasny & Heinz, 2006). The dengue 
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virus E protein monomer is a 53 kDa glycoprotein made up of three β-barrel structural 
domains: domain I (DI), domain II (DII), and domain III (DIII). On the virus surface, it forms 
90 "head-to-tail" homodimers. DI is centrally located between DII, the dimerization 
domain, and DIII, which resembles an immunoglobulin-like structure. DII is an 
elongated, finger-like domain containing a hydrophobic fusion loop at its tip essential 
for membrane fusion. DIII contains the receptor-binding site responsible for virus 
attachment to host cells. As a class II fusion protein, the E protein can reorganize 
under acidic conditions to form a fusogenic homotrimer that facilitates viral membrane 
fusion with the host cell (Modis, Ogata, Clements, & Harrison, 2004). This process is 
believed to occur within the endosome, allowing the viral nucleocapsid to be released 
into the cytoplasm, where it initiates RNA and protein synthesis. Likewise, the prM 
protein is believed to act as a chaperone for the E glycoprotein during viral maturation, 
stabilizing its structure until the viral assembly is finished and the virion exits the acidic 
exocytic vesicles (Stiasny & Heinz, 2006). These structural domains I, II, and III are 
defined as the antigenic domains. Domain III (EDIII) contains type specific neutralization 
sites unlike domain I and II, hence induces a type specific neutralizing response with a 

low potential for inducing cross-reactive antibodies and thereby potentially avoiding 

Antibody Dependent Enhancement (ADE). A study analyzing a large panel of anti-E 
monoclonal antibodies showed that antibodies bound to DIII were strong blockers of 
DENV (Crill & Roehrig, 2001). On the other hand, antibodies targeting either domain I or 
II are weakly neutralizing and strongly cross-reactive with several flaviviruses (Oliphant 
et al., 2006). 

The seven non-structural (NS) proteins—NS1, NS2A, NS2B, NS3, NS4A, NS4B, and 

NS5 play major roles in initiating viral replication, assembling new virus particles, and 
modulating the host immune response. The NS1 protein (46 kDa) exists in three distinct 
forms: a secreted hexamer, a membrane-bound homodimer, and an intracellular 
monomer. The soluble form of NS1, once secreted, circulates in the bloodstream and 
binds to the human complement regulatory protein clusterin (Clu), which normally 
inhibits the terminal complement pathway to protect cells from complement attack. 
The interaction between NS1 and Clu is thought to reduce Clu levels, leading to 
complement activation and contributing to the vascular leakage characteristic of 
dengue hemorrhagic fever (Kurosu, Chaichana, Yamate, Anantapreecha, & Ikuta, 2007). 
Additionally, NS1 binds to lipid rafts on the surface of infected cells, facilitating DENV 
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entry and enhancing its infectivity (Alcon-LePoder et al., 2005; Noisakran et al., 2008). 
The hydrophobic membrane proteins NS2A, NS4A, and NS4B serve as structural 
scaffolds for the viral replication complex. NS2A, a transmembrane protein, is 
associated with the endoplasmic reticulum (ER) (Xie, Gayen, Kang, Yuan, & Shi, 2013), is 
crucial for viral RNA replication and the assembly of new virions (Xie, Zou, Puttikhunt, 
Yuan, & Shi, 2015). The NS2B protein binds with NS3, serving as a cofactor that 
activates the protease function of NS3 (Niyomrattanakit et al., 2004). NS3 possesses 
protease activity, while its C-terminal region functions as a nucleotide triphosphatase 
and RNA helicase (Kadare & Haenni, 1997). The N-terminal domain displays a six-

stranded β-barrel structure characteristic of chymotrypsin-like serine proteases 
(Murthy, Clum, & Padmanabhan, 1999). The integral membrane protein NS4A is 
embedded in the ER membrane and facilitates membrane remodeling to support the 
formation of the replication complex. NS4B is found alongside double-stranded RNA 
(dsRNA) and is essential for replication of the virus (S. Miller, Sparacio, & Bartenschlager, 

2006). NS4B also suppresses the interferon α/β response (Munoz-Jordan et al., 2005). 
NS5 possesses two major functions: RNA-dependent RNA polymerase (RdRp) and 
methyltransferase. The methyltransferase function resides in the N-terminal third of 
NS5 and is essential for adding the viral RNA cap and for internal methylation of the 
RNA (Dong et al., 2012; Ray et al., 2006). Additionally, NS5 also have a role in evasion 
of innate immune response (Ashour, Laurent-Rolle, Shi, & Garcia-Sastre, 2009). 

 

Figure 2.2 Diagrammatic representation of genome organization of DENV (C: Core 
protein; PrM & M: Membrane associated protein; E: Enveloped protein; 
NS1-5: Non-Structural protein 1-5) (Guzman et al., 2010) 

2.3 Life cycle of DENV, virus entry and replication 
After being bitten by a mosquito infected with DENV, the initial immune cells 

encountered in the skin are Langerhans cells, a form of dendritic cells (DCs) (Wu et al., 
2000). Infection of these cells leads to three major outcomes. Firstly, dendritic cells 
(DCs) recognize the pathogen through the cell-surface receptor DC-SIGN (CD209), which 



11 

activates them and triggers the release of inflammatory cytokines and chemokines. 
Secondly, the infected DCs migrate to lymphoid organs such as the spleen, lymph 
nodes, and bone marrow, where viral replication takes place and the infection is 
transmitted to monocytes, macrophages, and other DCs. Thirdly, the DCs present DENV 
antigens to activate and prime naive T-cells (Tassaneetrithep et al., 2003). In addition, 
monocytes and macrophages present in peripheral blood, lymphoid, and non-
lymphoid tissues are also susceptible to DENV infection. Furthermore, DENV utilizes the 
DC-SIGN homolog, L-SIGN, to infect liver endothelial cells (Dejnirattisai et al., 2011). The 
receptors for DENV on monocytes include CD14, HSP70/HSP90, and Fc receptors, while 
macrophages express the mannose receptor (MR; CD206) as a DENV receptor (Y. C. 
Chen, Wang, & King, 1999; J. L. Miller et al., 2008; Reyes-Del Valle, Chavez-Salinas, 
Medina, & Del Angel, 2005). Additionally, mammalian non-immune cells, including liver 
and kidney cells, can also be infected by DENV. The human hepatoma cell line HepG2 
were used to study DENV receptors, which are serotype-specific: GRP78 serves as a 
receptor for DENV serotype 2, while laminin receptors are specific to serotype 1 
(Jindadamrongwech, Thepparit, & Smith, 2004; Thepparit & Smith, 2004). Monkey 
kidney cell lines, such as Vero and LLC-MK2, along with the hamster kidney cell line 
(BHK), utilize heparan sulfate and glycosphingolipids as their receptors (Aoki et al., 
2006; Germi et al., 2002; Wichit et al., 2011).  A. albopictus mosquito cell line, C6/36 
identifies laminin as the receptor for DENV (Sakoonwatanyoo, Boonsanay, & Smith, 
2006). In cells that do not express selectin-type receptors, research demonstrated that 
DENV exploits the transmembrane receptors TIM and TAM, which play a role in the 
phosphatidylserine-mediated clearance of apoptotic cells (Meertens et al., 2012). After 
the DENV envelope binds to the host receptor, the virus particles are taken inside 
through internalization and fusing with endosomal membrane. The acidic conditions 
inside the endosome induce a structural change in the virus, prompting the DII fusion 
loops to embed into the endosomal membrane. This action promotes uncoating and 
allows the viral RNA genome to be released into the cytoplasm (Smit, Moesker, 
Rodenhuis-Zybert, & Wilschut, 2011). The viral RNA functions as mRNA, the DENV 
genome associates with the rough ER, where it undergoes translation. Subsequently, 
NS2A, NS4A, and NS4B are then incorporated into the ER membrane, forming the viral 
replication complex essential for assembly of the virus. The positive-sense RNA 
genome of DENV is first copied into a negative-sense RNA strand, which serves as a 
template for synthesizing numerous new positive-sense RNA genomes. These newly 
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formed RNA strands can either be translated into viral proteins or encapsulated with 
capsid proteins to form nucleocapsids. These nucleocapsids then associate with 
membrane and envelope proteins at the replication complex, resulting in the 
formation of immature viral particles within the lumen of the endoplasmic reticulum 
(ER). The immature virions are transported in vesicles to the Golgi apparatus, where 
they undergo glycosylation. As they move through the secretory pathway, the prM 
protein is cleaved by the enzyme furin into the M protein, leading to the formation of 
mature virions, which are ultimately released from the host cell. 

 

Figure 2.3 Dengue virus replication, © 2005 Nature Publishing Group, 

(Mukhopadhyay, Kuhn, & Rossmann, 2005) 

2.4 Diagnosis of DENV infection 
Diagnosis of dengue virus infection in laboratory can be confirmed through 

various methods, including detection of the virus itself, viral nucleic acids, antigens, 
antibodies, or a combination of these approaches. The virus can be identified in serum, 

plasma, circulating blood cells, and other tissues within 4–5 days after the onset of 

symptoms. In the early phase of the illness, diagnosis can be made using virus 
isolation, nucleic acid detection, or antigen detection techniques. As the infection 
progresses to the later acute phase, serological testing becomes the preferred 
diagnostic method (WHO, 2009b). Virological, molecular, and serological methods are 
used to confirm DENV infection for purposes of epidemiological surveillance and 
clinical diagnosis. Among these, the detection of anti-DENV IgM antibodies is the most 
frequently utilized test in routine settings. During the acute phase of the disease, 
measuring IgM antibody levels in patient serum helps to confirm infection serologically. 
In contrast, patients in the convalescent stage are identified by observing IgM and IgG 
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seroconversion through comparison of antibody levels in paired acute and 
convalescent serum samples (Gubler et al., 2014). For dengue suspected patients, a 
preliminary diagnosis can be established by detecting anti-IgM antibodies in samples 
taken on the sixth day of acute symptoms. There are commercially available diagnostic 
kits for detecting IgM or IgG antibodies using enzyme-linked immunosorbent assay 
(ELISA) as well as less sensitive rapid test formats (Hunsperger et al., 2009). Reverse 
transcription PCR (RT-PCR), real-time RT-PCR, virus isolation in mosquito cell lines, and 
mosquito inoculation are techniques used for virological confirmation and identification 
of DENV. While virus isolation and identification offer high specificity, these methods 
tend to be less sensitive, resource-intensive, and time-consuming. In contrast, detecting 
DENV RNA provides a faster, more sensitive and specific approach for virological 
diagnosis. Detection of the NS1 protein offers a valuable opportunity for early 
etiological diagnosis. The sensitivity and specificity of DENV NS1 detection vary 
depending on factors such as the infecting serotype, the timing of sample collection, 
whether the infection is primary or secondary, and the test method used (Hunsperger 
et al., 2014).  

 

Figure 2.4 Diagnosis of dengue. Viraemia, non-structural 1 (NS1) antigen and 
antibodies change over time; thus, different diagnostic tests will be 
appropriate depending on the stage of infection. ELISA, enzyme-linked 
immunosorbent assay; RT, reverse transcription (Guzman et al., 2010) 

2.5 Host Immunity 
2.5.1 Innate immune response 
After attaching to receptors and being internalized into endosomes, DENV 

triggers the innate immune response. The human innate immune system serves as the 
initial defense against invading pathogens by mobilizing leukocytes such as natural 
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killer (NK) cells, mast cells, and phagocytic cells like monocytes, neutrophils, 
macrophages, and dendritic cells (DCs) (Navarro-Sanchez, Despres, & Cedillo-Barron, 
2005). They inhibit viral replication by promoting the production of type I interferons 

(IFN-α and IFN-β) as well as type II interferon (IFN-γ). This interferon expression is 
initiated when the virus binds to pattern recognition receptors, particularly toll-like 
receptors (TLR) 3, 7, and 8, which are located inside endosomes. Activation of this TLR-
dependent pathway has been shown to stimulate the release of pro-inflammatory 

cytokines, including IL-8, IL-12, IFN-α, and IFN-γ, in the monocytic THP-1 cell line 
(Chareonsirisuthigul, Kalayanarooj, & Ubol, 2007). The production of interferons (IFNs) 
boosts the generation of nitric oxide radicals (NOs). Combined, IFNs and NOs establish 
an antiviral state in neighboring cells and suppress DENV replication inside infected 
cells (Ubol, Chareonsirisuthigul, Kasisith, & Klungthong, 2008).  

2.5.2 Adaptive immune response 
In addition to producing interferons as part of the innate antiviral response, the 

virus also activates the host’s adaptive immune system through the maturation of 

dendritic cells (DCs). DCs stimulate antibody production both with and without T-cell 
involvement. Infected DCs present DENV antigens on MHC II molecules, which are 
recognized by helper T-cells that play a crucial role in activating B-cells to produce 
antibodies against DENV. Even without assistance from T-cell, DENV antigens displayed 

on DCs’ MHC II molecules can directly interact with receptors on B-cells to trigger the 

primary antibody response. These antibodies typically develop around six days after 
infection. Antibodies target the DENV virions, specifically binding to the structural 
proteins E and prM, neutralizing the virus's ability to infect. Neutralization happens via 
two primary mechanisms: stopping the virus from binding to cell receptors and 
blocking the fusion process by either attaching antibodies to the fusion loop of the E 
protein or preventing the conformational changes in the E protein required for 
membrane fusion. Antibodies that target proteins other than the E glycoprotein, such 
as anti-NS1 antibodies, can also offer protective effects against the virus, though these 
effects do not involve direct interaction with the virion itself. Humoral immunity is 
crucial in the dengue immune response by producing neutralizing antibodies against 
the DENV envelope glycoprotein. After DENV infection, the body produces IgM, IgG, and 
IgA antibodies. The IgM response begins early, often before symptoms arise, and is 

usually detectable in serological tests about 7–8 days after symptoms start. IgA 
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antibodies are also present and have a half-life comparable to that of IgM. IgG 
antibodies appear soon after infection and can remain for several years. Immunity 
developed against one DENV serotype protects against that particular serotype but 
does not provide long-term defense against infections from other serotypes (St John & 
Rathore, 2019). 

2.6 Role of adaptive immunity in viral pathogenesis 
Re-infection with a different dengue serotype can lead to dengue fever (DF) or 

more severe forms of the disease. Several hypotheses have been proposed to explain 
this increased severity following heterotypic secondary infection, including original 
antigenic sin by T cells and ADE. These mechanisms are believed to elevate viral load 
inducing activation of complement system and cytokine storm, ultimately contributing 
to severe dengue. 

2.6.1 Antibody responses against DENV 
In case of DENV infection, DENV-specific IgM antibodies appear first, followed by 

IgG antibodies, primarily IgG1 and IgG3, which can persist for extended periods even as 
their levels gradually decline. Studies have shown that antibodies can either neutralize 
or enhance DENV infection. Mouse monoclonal antibodies (mAbs) have been primarily 
used by researchers to investigate interactions between antibodies and DENV. 
According to these investigations, DENV antibody neutralization is a "multi-hit" 
phenomenon that necessitates the attachment of multiple antibodies in order to 
neutralize a virion. The dengue envelope (E) protein's domain III surface-exposed 
epitopes are where the strongest mouse mAbs for neutralizing dengue attach. The 
polyclonal response to primary and secondary infections with four different DENV 
serotypes makes the human antibody response complicated (Wahala & Silva, 2011). 
Detectable DENV antibodies, which show partial cross-reactivity with all four serotypes 
and other flaviviruses, have been observed in infected individuals for decades. A 
primary DENV infection generates long-lasting immunity against the same serotype; 
however, the resulting cross-reactive antibodies typically have low avidity and limited 
neutralizing ability. While reinfections are relatively rare, a secondary DENV infection 
often elicits cross-reactive antibodies with higher avidity and strong neutralizing 
capacity in vitro (Tsai et al., 2015; Tsai et al., 2013). 

Neutralizing antibodies are considered as prime factor for defense against DENV 
infection. In terms of pathogenicity, DENV-targeting antibodies have two conflicting 
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functions: virus neutralization and infection enhancement. Antibodies neutralize DENV 
at greater avidities, whereas lower avidities promote DENV infection and prevent virus 
neutralization. Antibodies that neutralize viruses are thought to be essential for 
defense against DENV infection. Regarding pathogenicity, antibodies targeting DENV play 
dual and opposing roles: they can either neutralize the virus or enhance infection. 
High-avidity antibodies effectively neutralize DENV, while low-avidity antibodies may 
facilitate viral entry and hinder neutralization. The idea was supported by research 
using serum samples from dengue patients, where neutralizing activity against several 

DENV serotypes was detected using non-FcγR-expressing cells, but ADE activity that 
lowers the overall neutralizing activity was present to the currently infecting serotypes 

(DENV-1 and DENV-3) as observed in FcγR-expressing cells (Moi, Lim, Chua, Takasaki, & 
Kurane, 2012). In individuals with a primary DENV infection, antibodies exhibit strong 
neutralizing activity against the same serotype after the initial cross-protection phase, 
but lack neutralizing effects against other serotypes. These strongly neutralizing 
antibodies to the original serotype can also cross-react with other serotypes and may 
contribute to enhanced infection (Kutsuna et al., 2015). After an acute DENV infection, 
most antibodies are directed against the envelope (E) protein, although some also 
recognize the prM and NS1 proteins. The envelope and membrane proteins form the 
lipid envelope of the virus particle. Because the majority of antibodies target the E 
protein, neutralizing its epitopes is likely essential for effective viral neutralization. 
While antibodies consistently recognize the E protein, their reactivity to its domains I, II, 
and III varies among individuals. This variability suggests that multiple epitopes across 
these domains may contribute to viral neutralization (Beltramello et al., 2010; Tsai et 
al., 2013). Co-circulation of several serotypes in DENV hyperendemic areas illustrates an 
epidemiological pattern in which outbreaks arise from a dominant serotype in a 2-4-
year cycle. These cycles continue because infection with one serotype provides only 
partial immunity and may be driven by low immunity to each of the dengue serotypes 
allowing the virus to persist in the region. Most individuals in hyperendemic areas 
exhibit seroconversion and are exposed to two or more serotypes (Moi, Takasaki, & 
Kurane, 2016). 

Besides offering protection, the antibody response to DENV can also play a role 
in increased viral replication and disease severity during a secondary infection with a 
different serotype, through a process known as Antibody-Dependent Enhancement 
(ADE). According to epidemiological data, two categories of people i.e. people with 
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declining homotypic immunity and children whose moms have immunity to dengue 
are more likely to experience severe dengue (Kliks, Nimmanitya, Nisalak, & Burke, 1988; 
Kliks, Nisalak, Brandt, Wahl, & Burke, 1989). The ADE theory suggests that complexes 

formed between DENV and antibodies bind to Fcγ receptors on cells like 
macrophages, promoting virus entry and replication. This enhanced viral load leads to 
the release of inflammatory mediators, which in turn increase vascular permeability 
(Figure 2.5). Numerous studies now provide evidence supporting ADE. For instance, 
mothers of infants suffering from DHF/DSS possess DENV-specific antibodies from 
previous primary infections, suggesting that antibodies generated during initial infections 
or acquired passively play a role in causing DHF/DSS in infants. The most convincing 
evidence for the function of anti-DENV antibodies in disease progression is the absence 
of DHF/DSS in infants born to mothers who have never been infected with DENV 
(Halstead, 1988). Secondly, research on nonhuman animals showed ADE of DENV 
replication in vivo. In particular, monkeys with heterologous DENV infections experience 
higher levels and longer-lasting viremia than those with primary DENV infection with 
the same virus (Halstead, Shotwell, & Casals, 1973), and monkeys passively transferred 
with DENV-immune human sera (Halstead, 1979) or a humanized IgG1 monoclonal 
antibody have higher viral loads compared to control monkeys (Goncalvez, Engle, St 
Claire, Purcell, & Lai, 2007). Thirdly, research involving mouse models lacking type I 
interferon receptor signaling has demonstrated that ADE increases both DENV 
replication within the host and the severity of the resulting illness (Balsitis et al., 2010; 
Ng et al., 2014). 

Studies using different monoclonal antibodies have shown that all neutralizing 
antibodies are capable of promoting ADE in vitro when present at sub-neutralizing 
levels (Morens & Halstead, 1987; Pierson et al., 2007; Yamanaka, Kosugi, & Konishi, 
2008). This pertains to the idea that, in the absence of the viral occupancy threshold 
necessary for neutralization, a neutralizing antibody can cause ADE (Pierson et al., 
2007). The outcome of whether an antibody neutralizes or enhances the virus depends 
on the stoichiometry of its binding to viral particles (Yamanaka et al., 2008). An 
antibody must have a sufficient concentration and a strong enough affinity to 
successfully block the appropriate virus surface epitopes for neutralization to occur. 
Hence, even neutralizing antibodies only work when present in sufficiently high 
concentrations. If the antibody levels are too low to achieve neutralization but enough 
to cause ADE, the antibodies may facilitate ADE; however, if conditions do not favor 
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either ADE or neutralization, the antibodies may have little to no effect (Figure 2.5b). 
The precise features and molecular processes behind ADE are still unclear. Research 
suggests that the activation of different signaling pathways might influence whether 
antibodies have a strong or minimal effect. For example, the infectivity of DENV 

immune complexes is variably increased depending on whether the FcγRI and FcγRII 
receptors involved are capable of signaling or not (Rodrigo, Jin, Blackley, Rose, & 

Schlesinger, 2006). Additionally, co-ligation of the inhibitory receptor FcγRIIB requiring 
high antibody concentrations can suppress ADE (Boonnak, Slike, Donofrio, & Marovich, 
2013; Chan et al., 2011). ADE also reduces functions of antiviral molecules like IRF-1 
and STAT-1 (Chareonsirisuthigul et al., 2007) while simultaneously increasing the 
production of specific cytokines like TNF, IL-6, and IL-10 (Boonnak et al., 2008; 
Chareonsirisuthigul et al., 2007). This evasion of the antiviral response through ADE is 
seemingly caused by the co-ligation of LILRB1, which suppresses the expression of 

interferon-stimulated genes (ISGs) that are normally activated by the FcγR signaling 
pathway (Chan et al., 2014). According to recent research, non-fucosylated Fc glycans 
and specific IgG subclasses may play a role in promoting ADE, which is consistent with 

the significant role that FcγR signaling plays in mediating ADE (T. T. Wang et al., 2017).  
In summary, these findings point to the complicated interactions among various 

signaling pathways as modulators of ADE, offering a framework for additional research 
on mechanisms of ADE using appropriate cultured human cells and experimental 
animal models. 
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Figure 2.5 Outcomes influenced by antibody behavior due to ADE, protection, or 

minimal impact.  
 

(a) Following ADE hypothesis, sub neutralizing antibodies either in quality or 
quantity bind to a cross-reactive virus, enabling the immune complex to enter 

permissive cells through the Fcγ receptor. This results in increased virus replication 
and viremia, leading to severe disease such as DHF/DSS. (b) Following a primary 
infection, antibodies are generated. During a subsequent infection with a related virus, 
the combined antibody avidity and concentration (CAC) can lead to three different 
clinical outcomes based on four CAC levels. In case CAC is high, the second infection is 
neutralized without symptoms. If CAC is moderate or low, antibodies have little effect, 
and the infection is controlled by other mechanisms. However, insufficient CAC leads 
to ADE, resulting in severe disease (Ngono & Shresta, 2018). 

2.6.2 T cell responses against DENV 
During viral infection, T cells play a protective role. Mostly, CD8 T cells help 

control viral infections through various methods, including directly killing infected cells 

and producing pro-inflammatory cytokines like IFN-γ and TNF-α. Similarly, CD4 T cells 
are thought to combat viral infections by supporting B cell and CD8 T cell activity, 
releasing both inflammatory and antiviral cytokines, exhibiting cytotoxic effects, and 
aiding in the development of memory immune responses. Two host-specific factors 
regulate human antigen-specific T cell immune reactions. First, antigen-derived 
peptides must be able to bind to and be presented by HLA class I and II molecules. 
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Second, the immunogenicity of these peptides determines their ability to be 
recognized by T cells, which is essential for triggering T cell-specific immune responses. 

While T cells play a protective role in fighting viral infections, reports indicate 
that in DENV infection, T cells can have both harmful and beneficial effects In dengue, 
the concept of T cell original antigenic sin suggests that, regardless of ADE, T cells 

initially primed against the first DENV serotype (the “original antigen”) may 

disproportionately dominate the immune response during a secondary infection with a 
different serotype, which could potentially exacerbate the severity of the secondary 
infection (Figure 2.6). Clinical studies have shown that patients with DHF/DSS have a 
higher number of cross-reactive CD8 T cells with low affinity for different DENV 
serotypes in their blood compared to those suffering from dengue fever 
(Mongkolsapaya et al., 2003). Additionally, the cytokine profiles of DENV-specific CD8 T 
cells were observed to be altered in patients with DHF/DSS (Duangchinda et al., 2010; 
Rothman, 2011). Tumor necrosis factor (TNF), a key element of the cytokine storm 
seen in DHF/DSS patients, is produced in higher amounts by DENV-specific CD4 T cells 
when they respond to heterotypic antigens compared to homotypic antigens (Mangada 
et al., 2002; Mangada & Rothman, 2005). However, there is currently no definitive 
evidence directly connecting T cells to the development of DHF/DSS. 

Although limited evidence suggests a pathogenic role for T cells, recent findings 
indicate that both serotype-specific and cross-reactive T cells may provide protection 
against DENV infection. The main targets of the CD8 T cell response to DENV are the 
nonstructural proteins NS3, NS4B, and NS5 (Weiskopf et al., 2013). Although T cell 
specificity tends to favor conserved epitopes, research analyzing epitope-specific CD8 T 
cell responses in blood samples from individuals previously exposed to DENV and 
those vaccinated with a live-attenuated tetravalent DENV vaccine has demonstrated 
that this preference does not result in a weakened immune response (Weiskopf, 
Angelo, et al., 2015; Weiskopf et al., 2013; Weiskopf, Cerpas, et al., 2015). In fact, 
studies found that the strength and diversity of the CD8 T cell response were linked to 
specific HLA alleles associated with disease susceptibility in individuals previously 
exposed to DENV, suggesting that a robust and broad CD8 T cell response is an 
indicator of protective immunity (de Alwis et al., 2016; Weiskopf et al., 2013). DENV-
specific CD8 T cell responses linked to protective HLA alleles were multifunctional, 

producing both IFN-γ and TNF-α. Most of these cells were effector memory T cells, 
including both the CD45RA−CCR7− T effector memory and CD45RA+CCR7− T effector 
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memory RA subsets. Additionally, these cells exhibited high expression of the 
programmed death 1 (PD-1) receptor (de Alwis et al., 2016; Weiskopf et al., 2013). 
During an acute DENV infection, DENV-specific CD8 T cells in the bloodstream can also 
produce CXCR3, CCR5, and the skin-homing marker known as cutaneous lymphocyte-
associated antigen (CLA) (Rivino et al., 2015). Furthermore, children with subclinical 
secondary DENV infection exhibited higher frequencies of DENV-specific CD8 T cells 

producing IFN-γ compared to those who developed symptomatic secondary infections 
(Hatch et al., 2011). Moreover, children who experienced subclinical secondary DENV 

infection showed increased levels of DENV-specific CD8 T cells that produce IFN-γ 
compared to children with symptomatic secondary infections (Rivino et al., 2013). 
Similar to CD8 T cells, CD4 T cells can also contribute to protection against DENV. 
Phase I human trials with a live-attenuated vaccine suggest that multifunctional CD4 T 
cells producing proinflammatory cytokines may play a role in controlling DENV 
replication or facilitating viral clearance (Lindow et al., 2012). Additionally, the 
CD45RA+CCR7- subset of CD4 T cells was elevated in individuals experiencing 
secondary (multiple) DENV infections, particularly among those carrying an HLA allele 
associated with protection against severe disease (Weiskopf, Bangs, et al., 2015). Based 
on the presence of granzyme B, perforin, CD107a, and DENV-specific cytolytic activity 
observed ex vivo, these CD4 T cells are likely cytotoxic effectors whose expansion 
depends on an individual's prior DENV infection history and HLA genotype. Therefore, 
both CD4 and CD8 T cells may play significant roles as cytotoxic effectors in defending 
against DENV infection, with HLA alleles influencing the strength and scope of 
responses from both cell types. Supporting human data, mouse studies have 
demonstrated the essential role of T cells in combating DENV infection. Specifically, 
experiments with mice lacking type I and/or type II interferon receptors, conditions that 
facilitate enhanced DENV replication compared to wild-type mice indicate that CD8 T 
cells are more critical than CD4 T cells for protection against both primary and 
secondary DENV infections (Elong Ngono et al., 2016; Prestwood et al., 2012; Yauch et 
al., 2010; Zellweger et al., 2015; Zompi, Santich, Beatty, & Harris, 2012). These studies 
have specifically demonstrated that primary DENV infection triggers the development 

of multifunctional effector CD8 T cells that produce IFN-γ, TNF, and CD107a, playing a 
key role in clearing the virus (Yauch et al., 2009); CD8 T cells are essential for clearing 
DENV from the central nervous system (Prestwood et al., 2012) preventing ADE 
(Zellweger, Eddy, Tang, Miller, & Shresta, 2014). The studies also indicate that a vaccine 
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candidate based on the DENV E protein provides protection through the action of CD8 
T cells (Zellweger et al., 2013); CD8 T cells are crucial for protection against heterotypic 
infection (Zellweger et al., 2015) and viral clearance is aided by cross-reactive CD8 T 
cells that respond to heterotypic infection with lower avidity and magnitude (Elong 
Ngono et al., 2016). Even though, CD4 T cells don't seem to be necessary for 
preventing DENV infection, their induction by immunization leads to viral clearance 
leading to protection, most likely due to their cytotoxic actions (Yauch et al., 2010). 
Various studies using HLA transgenic mice have confirmed T cell-mediated protection 
in mice, which is likely applicable to human DENV infection. Additionally, the epitopes 
identified in these mice were also recognized by T cells from humans infected with 
DENV (Elong Ngono et al., 2016; Weiskopf et al., 2014) and both in mice and in humans, 
a predominance of HLA B*0702-restricted responses was found (Weiskopf et al., 2013). 
Additional research has demonstrated that while CD8 T cell responses against DENV3 
target both structural and nonstructural proteins, responses against the other three 
DENV serotypes primarily focus on nonstructural proteins in both mice and humans 
(Weiskopf, Angelo, et al., 2015; Weiskopf et al., 2014; Weiskopf, Cerpas, et al., 2015). 
After primary and homotypic secondary DENV infections, CD8 T cell responses were 
broad in both mice and humans. However, CD8 T cell responses following heterotypic 
secondary DENV infections in mice were different  (Weiskopf et al., 2014), vaccination 
with tetravalent live attenuated DENV (Chu, George, Stinchcomb, Osorio, & Partidos, 
2015; Weiskopf, Angelo, et al., 2015), and natural reinfections in humans (Duangchinda 
et al., 2010; Rivino et al., 2015; Weiskopf et al., 2013) were directed towards the 
conserved nonstructural proteins. Humans have confirmed the protective function of 
cellular immunity that was seen in animal models. A new study compared infections in 
children with no symptoms to infections in children showing clinical symptoms. The 
former group had a significant increase in T cell-mediated apoptosis, which aided in the 
clearance of DENV (Simon-Loriere et al., 2017). The distinction between T cells from 
patients with mild or severe syndromes was the focus of another research. These T 

cells, which targeted NS3 and NS5, substantially increased IFN-γ and TNF-� levels in 
patients who had mild illnesses, indicating that the immune response mediated by T 
cells may have an impact on the severity of disease (Wijeratne et al., 2019). 

In conclusion, both neutralizing antibodies and T cells are essential 
components of a successful immune response. Both would be essential for the host's 
defenses to function properly, and their removal would be a serious breach. 
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Figure 2.6 T cell original antigenic sin and possible effects of combined humoral and 

T cell immunity. 
 

 a) Following the concept of T cell original antigenic sin, T cells initially exposed 
to a virus undergo clonal expansion. However, during a subsequent infection where 
cross-reactive viral antigens are presented, these previously expanded T cell 
populations which have lower affinity for the new infecting virus are reactivated. This 
leads to inadequate elimination of infected cells, resulting in abnormal and potentially 
harmful immune responses.b) Current evidence supports the idea that T cells generally 
provide protection during both primary and secondary infections, even in the presence 
of antibody-dependent enhancement (ADE). Nonetheless, host factors such as HLA 
type can influence the nature of T cell responses (Ngono & Shresta, 2018). 
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2.7 Impact of cross-reactive immunity   
Similar to the dengue virus, other flaviviruses transmitted by mosquito also 

tend to cause strong immune responses that cross-react with each other and can 
affect one another (Hou, Chen, Gao, & An, 2022). Mosquito-borne flaviviruses are 
primarily spread by Aedes mosquitoes (including DENV and ZIKV) or Culex mosquitoes 
(such as JEV). Because these vectors influence the geographic distribution of the 
viruses, the epidemic regions of these flaviviruses often overlap, significantly 
complicating efforts to prevent and control their spread (Theodore C Pierson & Michael 
S Diamond, 2020).  

2.7.1 Effect of prior ZIKV immunity on DENV 
Since Zika virus (ZIKV) emerged in DENV endemic areas, questions are raised 

whether existing immunity could impact these related flaviviruses. Hence, detailed 
study has to be performed in these closely related flaviviruses. 

According to a study by Fowler et al., mice with circulating maternal Abs against 
ZIKV at birth developed severe disease when exposed to DENV. Pups from ZIKV-
immune mice missing the type I interferon receptor in myeloid cells (LysMCre+Ifnar1fl/fl) 
show worse disease and viremia after DENV infection compared to pups from naive 
mothers. Passive transfer of IgG from mice born to ZIKV-immune mothers showed 
increased viremia in naive recipient mice. The survival of DENV-infected mice born to 
ZIKV-immune mothers was improved by treatment with Abs blocking the inflammatory 
cytokine TNF related to DENV disease or Abs preventing DENV entry. Therefore, the 
maternal Ab reaction to ZIKV infection or vaccination may put infants at risk for 
developing severe dengue disease (Fowler et al., 2018). In another study by Watanabe 
et al., they found that in a mouse model (ifnar−/− Sv/129), when exposed to DENV2 
after first being infected with ZIKV, the mice had lower death rates and lower levels of 
the virus in their bodies compared to a control group. This suggests that the immune 
response triggered by ZIKV may provide some protection against DENV infection. But in 
the ifnar−/− ifngr−/− mouse model, experiments showed that increasing the level of 
immunity ZIKV through transferring protective antibodies and vaccinating with an 
inactivated ZIKV actually increased the mortality rate when the mice were later 
infected with DENV2. This suggests that the Zika virus-specific humoral immunity can 
negatively impact the outcome of a dengue virus infection in mice (Watanabe, Tan, 
Chan, & Vasudevan, 2019). 
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Studies show that even though C57BL/6 mice and rhesus monkeys that had 
been previously exposed to ZIKV had some level of neutralizing antibodies against 
DENV, these levels were low. When the mice were infected with ZIKV a second time, 
no cross-reactive neutralizing antibodies were detected (Breitbach et al., 2019; Kawiecki 
& Christofferson, 2016). A comparable unexpected finding was seen in the ELISA 
antibody test for DENV when comparing individuals with a primary ZIKV infection to 
those who later experienced infections with both DENV and ZIKV (Katzelnick et al., 
2021). Langerak et al., conducted a study in which they collected blood samples from 
a group of people who had previously been infected with the ZIKV and found that the 
immunity developed from the Zika virus did not protect against the DENV (Langerak et 
al., 2021). Instead, sera from ZIKV-immune mice promote antibody-dependent 
enhancement (ADE) of DENV infection in THP-1 cells (Kawiecki & Christofferson, 2016). 
Another study also showed that convalescent sera from ZIKV-infected patients can 
induce ADE of DENV (Stettler et al., 2016). According to one study using the rhesus 
macaque model, it is observed that prior Zika virus infection significantly increases the 
DENV2 viraemia and is accompanied by neutropenia, lymphocytosis, hyperglycemia, 
higher reticulocyte counts, together with the activation of pro-inflammatory monocyte 
subsets, and release of inflammatory mediators. The findings revealed that ZIKV 
infection triggered detectable serum IgG responses that cross-react with DENV, which 
were significantly boosted following DENV2 infection. Even before exposure to DENV2, 
serum from animals immune to Zika virus notably enhanced antibody-dependent 
enhancement (ADE) across all four DENV serotypes, suggesting that pre-existing 
immunity to ZIKV may promote the transmission of different DENV serotypes. This in 
vivo evidence indicates that prior ZIKV infection can intensify DENV infection, 
highlighting important considerations for understanding disease mechanisms and 
vaccine development (George et al., 2017). 

2.7.2 Effect of prior DENV immunity on ZIKV 
DENV and ZIKV are closely related flaviviruses sharing common vector for 

transmission (Aedes aegypti) and co-circulating in overlapping geographical regions. 
These viruses share 52-57% total amino acid homology and share cross-reactivity in 
antibody and T cell responses (Barba-Spaeth et al., 2016). Different studies have been 
performed to study how pre-existing dengue immunity impacts subsequent ZIKV 
infection which is described as follows: 
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a) In-vitro serological experiment 
Only a small number of cross-reactive neutralizing antibodies (nAbs) against 

ZIKV are generated following DENV infection. Data from Swanstrom and colleagues 
show that 73% of sera from people with dengue fever could not neutralize ZIKV, 18% 
demonstrated minimal cross-neutralization, and just 9% exhibited significant 
neutralization (Swanstrom et al., 2016). Out of 16 dengue convalescent sera samples 
collected by Dejnirattisai et al., only 3 showed a strong ability to neutralize ZIKV. 
Instead, ADE of ZIKV could be induced in U937 cells by serum or monoclonal FL 
epitope antibodies obtained from dengue fever convalescent patients (Dejnirattisai et 
al., 2016). Breitbach et al. showed that in cynomolgus monkeys, DENV2-4 immune sera 
were also unable to eliminate ZIKV, and that only DENV1-immune sera displayed ZIKV 
reactive Nabs (Breitbach et al., 2019).  

b) The in vivo mouse model  
Other than through the use of cross-reactive antibodies, mice with a DENV 

immune background may be cross-protective against ZIKV infection. In the ifnar−/− 
Sv/129 mouse model studied by Watanabe et al., all mice inoculated with DENV2 
survived after being exposed to ZIKV. However, when DENV2-immune human or mouse 
sera were passively transferred to ifnar−/−ifngr−/− mice, there was no impact on 
mortality or viremia levels following ZIKV challenge (Watanabe et al., 2019). Stat2−/− 
mice that received passive transfer of DENV-immune human sera exhibited increased 
ZIKV viremia levels, indicating that prior DENV humoral immunity can enhance ZIKV 
infection (Bardina et al., 2017). Regarding the cellular immune response, numerous 
studies have demonstrated that DENV and ZIKV T cell immunity are cross-reactive 
(Andrade et al., 2020; Serrano-Collazo et al., 2020; Wen et al., 2017; Wen et al., 2020). 
In the ifnar1−/− mouse model, removing CD8+ T cells led to increased ZIKV infection in 
mice immune to DENV2, while transferring DENV2-immune CD8+ T cells into naive mice 
provided protection against ZIKV infection (Wen et al., 2017). Vaccination with cross-
reactive DENV and ZIKV CD4+ T cell epitopes significantly reduced ZIKV infection in an 
HLA-transgenic mouse model, highlighting the protective function of CD4+ T cells in 
cross-reactive immunity (Wen et al., 2020). Prior DENV immunity may protect fetal mice 
from ZIKV infection. When pregnant female mice were exposed to ZIKV, fetuses from 
DENV-immune C57BL/6 mice maintained normal size and showed reduced viral loads 
in both the placenta and fetal tissues, while fetuses from non-immune mice 
experienced atrophy and weight loss (Regla-Nava et al., 2018). The outcomes were 
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similar in the ifnar1−/− mouse model and the ifnar1 transient blockaded mouse model, 
indicating that previous DENV immunity had a protective effect on the fetuses. Cross-
reactive CD8+ T cells generated by DENV infection were activated by ZIKV and 
accumulated in the placenta, acting as a protective factor, as shown by experiments 
involving CD8+ T cell depletion and passive transfer. Furthermore, CD4+ T cells also 
contributed supportively to this protective effect (Regla-Nava et al., 2018) . Thus, 
cellular immunity may provide greater protection than humoral immunity during 
sequential infections with DENV and ZIKV.  

c)  In vivo non-human primate animal model  
In non-human primate models, ZIKV infection had no significant impact on 

body weight, blood parameters, or body temperature. To better understand cross-
reactivity, other measures like RNA levels and immune responses may be utilized 
(Breitbach et al., 2019; Larocca et al., 2021; Pantoja et al., 2017). The severity of 
subsequent ZIKV infection in cynomolgus macaques did not improve or worsen within 
a year of the initial DENV infection. (Breitbach et al., 2019). Similarly, Pantoja et al. 
found that in rhesus macaques, prior DENV immunity did not lead to more severe ZIKV 
disease but did promote ADE in vitro. The pre-existing DENV immunity influenced the 
immune response, leading to a shorter viremia period and reduced activation of B 
cells, CD4+ T cells, and CD8+ T cells compared to naive controls (Pantoja et al., 2017).  

d) Study in humans  
Cohort studies showed that individuals with DENV-immune backgrounds can 

develop neonatal microcephaly caused by ZIKV (Reynolds et al., 2020). Another 
hypothesis proposed by an ecological study suggested that extending the interval 
between DENV and ZIKV infections could shift the risk of neonatal microcephaly from 
being protective to becoming harmful (Carvalho, Freitas, Cruz, Brasil, & Bastos, 2020). 
Despite some ambiguous findings, it is more convincing that multiple DENV infections 
provide newborns with protection against ZIKV infection. Pedroso et al. collected 
serum samples from 29 mothers who gave birth to infants with congenital 
malformations caused by ZIKV and from 108 mothers who had healthy babies despite 
ZIKV infection, serving as the control group. Their study confirmed that the 
seroprevalence of all DENV serotypes was lower in mothers of babies with 
microcephaly compared to the control group, suggesting that prior infection with two 
or more DENV serotypes may offer protection against congenital ZIKV syndrome 
(Pedroso et al., 2019). Similarly, repeated exposure to DENV led to stronger cross-
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reactive neutralizing antibody responses against ZIKV compared to a single DENV 
infection (S. Hattakam, A. Elong Ngono, M. McCauley, S. Shresta, & M. Yamabhai, 2021). 
Another study performed in a cohort of 1453 urban residents of Brazilian urban 
community showed that pre-existing immunity to dengue virus and spatial variation 
influenced Zika virus transmission (Rodriguez-Barraquer et al., 2019). Similar study in 
Taiwan suggested that pre-existing dengue immunity facilitates ZIKV infection and that 
the continuous importation of ZIKV infection may pose a threat to indigenous Zika 
emergence in Southern Taiwan (W. H. Wang et al., 2020). 

2.7.3 Effect of prior JEV immunity on DENV 
Research has shown that vaccination against JEV can induce high levels of 

cross-reactive antibodies against DENV1-4 in both humans and mice (Saito et al., 2016; 
Saron et al., 2018). Li et al., demonstrated that human sera from individuals vaccinated 
with either the live attenuated (LAV) or inactivated (INV) JE vaccines produced high-titer 
neutralizing antibodies against DENV2 and DENV3, while immune sera from vaccinated 
mice showed modest cross-neutralization against all four DENV serotypes (Li et al., 
2016). Saron et al., also found that human serum from individuals immune to JEV 
contained high levels of cross-reactive neutralizing antibodies against DENV1 (Saron et 
al., 2018).  

Prior immunity to JEV offered protection against DENV in immunocompetent 
mouse models (Li et al., 2016; Saron et al., 2018). A study demonstrated that three 
doses of JE LAV or INV vaccination decreased mortality in BALB/c mice exposed to all 
DENV serotypes (Li et al., 2016). In another study, when C57B/6NTac mice were first 
infected with JEV and then with DENV1, lower viral loads of DENV1 were observed in 
their lymph nodes compared to the non-immunized group (Saron et al., 2018). 

Previous immunity to JEV through vaccination appeared to enhance both the 
production of cross-reactive neutralizing antibodies and cytokines during a subsequent 
infection with dengue virus (DENV), indicating that prior JEV has a positive effect on the 
body's defense against DENV (Komiya, Honda-Okubo, Baldwin, & Petrovsky, 2021; Saron 
et al., 2018). However, passive transfer of anti-JEV sera led to an increased DENV1 viral 
load in mouse lymph nodes, the transfer of T cells from JEV-immunized mice had no 
impact on DENV1 infection (Saron et al., 2018). These results demonstrate that prior 
JEV protective immunity could protect against both JEV and DENV1 viruses cannot be 
attained solely through either the body's antibodies or T cells. Both types of immunity 
need to work together in order to provide protection. 
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A study conducted in Thailand showed that having previous immunity to JEV 
increases the likelihood of developing symptoms of dengue fever. This was found by 
observing patients with dengue fever who did not have previous exposure to dengue 
virus but had anti-JEV neutralizing antibodies (Anderson et al., 2011). Additionally, in 
children younger than 10 years, who have been infected with multiple serotypes of 
DENV, there is a higher proportion of severe dengue cases in those who have anti-JEV 
neutralizing antibodies (Anderson et al., 2011). Additionally, a Japanese traveler 
vaccinated against JEV who visited Thailand developed dengue hemorrhagic fever 
during their first DENV infection (Sato et al., 2015) suggesting that pre-existing JEV 
antibodies may have contributed to DHF through a mechanism such as ADE. 

2.7.4 Effect of prior DENV immunity on JEV 
Saron et al., evaluated the IgG and nAbs in the sera of flavivirus-immune 

immunocompetent mice to assess the quality of cross-reactive antibodies produced by 
different flaviviruses. They found that DENV-immune sera showed slight cross-reactivity 
against JEV but lacked cross-neutralizing capability (Saron et al., 2018). In a human 
study of 182 JE cases, patients who tested positive for dengue IgG experienced better 
clinical outcomes and prognoses compared to those who were dengue IgG-negative, 
suggesting that prior DENV immunity provided cross-protection against JEV infection 
(Verma, Jain, Kumar, Agarwal, & Kumar, 2018). 

2.7.5 Cross reactivity of DENV and YFV 
Cross reactivity between DENV and YFV is well observed, involving both 

humoral and cellular immune responses. This cross-reactivity can complicate diagnosis 
and influence vaccine efficacy and disease severity. 

For instance, studies have demonstrated that antibodies generated following 
YFV vaccination or natural infection can cross-react with DENV, potentially leading to 
false-positive results in diagnostic assays (Houghton-Trivino, Montana, & Castellanos, 
2008). This cross-reactivity can complicate the interpretation of serological data, 
particularly in regions where both viruses co-circulate.  

Conversely, the immunological response to YFV vaccination may also be 
impacted by a history of DENV infection. Studies suggests that pre-existing DENV 
immunity might enhance the neutralizing antibody response to YFV vaccination, 
potentially conferring a more robust and long-lasting protection (Gotuzzo, Yactayo, & 
Cordova, 2013). However, other studies have suggested that a history of DENV infection 
may similarly raise the chance of negative outcomes after receiving YFV immunization. 
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Additionally, efforts are being made to investigate the molecular mechanisms 
that underlie this cross-reactivity. The envelope proteins of YFV and DENV, which are 
important targets of neutralizing antibodies, show structural similarities (Modis et al., 
2004). The observed cross-reactivity is probably caused by these common epitopes. It 
is essential to comprehend the unique characteristics of these shared epitopes in order 
to create better targeted diagnostic tests and vaccinations that can produce broadly 
protective immunity against both viruses without increasing the likelihood of side 
effects. The intricate relationship between DENV and YFV immunity and its 
consequences for public health initiatives require more investigation. 

2.8 DENV evolution 
DENV is an RNA virus belonging to Flaviviridae family and is currently among 

the most significant mosquito-borne viruses linked to human illness and have steadily 
expanded their geographic distribution. It is important to sequence dengue genome to 

understand about various factors. Whole genome sequencing reveals the complete 

DNA make-up of an organism, enabling us to better understand variations both within 
and between species. We can monitor the spread of a virus, how it is changing, and 
how those changes may impact public health by comparing sequences from 
specimens using genome sequencing. Epidemiological data shows a correlation 
between the frequency of severe dengue cases and exposure to new DENV serotypes, 
connecting viral genomics with dengue epidemics. Therefore, ongoing virological 
surveillance through sequencing circulating variants can help illustrate and predict new 
epidemics and their severity. 

The DENV genome contains a single open reading frame (ORF) bordered by 5’ 

and 3’ untranslated regions (UTRs). This ORF is translated into one long polypeptide, 

which is then processed post-translationally by proteases from both the host and the 

virus, producing three structural proteins—capsid (C), pre-membrane (prM), and 

envelope (E)—as well as seven non-structural (NS) proteins: NS1, NS2a, NS2b, NS3, 

NS4a, NS4b, and NS5 (Chambers, Hahn, Galler, & Rice, 1990). The RNA-dependent RNA 
polymerase (RdRp) lacks a proofreading ability, resulting in random mutations in the 
genome with each viral replication cycle. Consequently, RNA viruses often exhibit a 
high mutation rate, generating a diverse population of genomic sequences within an 
infected individual, referred to as intra-host genetic variants or quasi-species. Like other 
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RNA viruses, DENV is continuously evolving. The viral population is shaped by various 

factors, including genetic mechanisms like mutations and recombination (Holmes, 

Worobey, & Rambaut, 1999), demographic processes, such as genetic drift (Lequime, 
Fontaine, Ar Gouilh, Moltini-Conclois, & Lambrechts, 2016), and natural selection 
(Bennett et al., 2003; Holmes & Twiddy, 2003). Unlike other single-stranded RNA viruses 
such as poliovirus, DENV evolves at a notably slower pace. Non-synonymous mutations 
occur more frequently within individual hosts than between different hosts, suggesting 
strong negative or purifying selection acting on DENV. This conclusion was reached by 
comparing non-synonymous mutation variations both within hosts and between hosts 
using conventional Sanger consensus sequencing (Holmes & Twiddy, 2003). This 
discrepancy has been theorized to be explained by the "trade-off" hypothesis (Figure 
2.7) (Hanley, Azar, Campos, Vasilakis, & Rossi, 2019; Sim et al., 2015; Weaver & Vasilakis, 
2009). The alternating replication cycle between vertebrate and arthropod hosts limits 
arbovirus evolution because the virus must adapt to the distinct physiological 
conditions and fitness landscapes of these two different hosts. 

The four serotypes of DENV are composed of several genotypes, which further 
consists of various clades. The evolution of DENV is characterized by lineage turnover 
in which an entire clade of circulating viruses is replaced by a new clade. It has been 
shown that certain genotypes within DENV serotypes and certain clades within 
genotypes are more commonly linked to the development of severe disease. Fitter 
viruses defined by the ability to replicate better in a given environment and replicate 
more efficiently are often hypothesized to be more pathogenic in the host. In support 
of this concept, high levels of virus in patient sera (viremia) have been linked to 
paradigm in which fitter viruses are more virulent. Additionally, Asian DENV2 viruses, 
which are more frequently linked to severe disease, are less sensitive to antibody-
mediated neutralization by sera from people who have already contracted DENV1 than 
American genotype DENV2 viruses, which suggests that mutations that could change 
the neutralization profile of some DENV genotypes may lead to increased fitness in 
comparison to other strains of the same serotype (OhAinle et al., 2011). 
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Figure 2.7 The trade-off hypothesis of dengue virus quasi-species transmission. 

Random mutations arise in the viral genome during replication. 
Transmission occurs through the transfer of minor viral populations 
containing genomic variants, typically detected as single nucleotide 
variants (SNVs). Only those SNVs that enhance fitness in both mosquito 
and human hosts are maintained following alternating transmission 
between these two species (Ko, Salem, Chang, & Chao, 2020). 

 
Nowadays, next generation sequencing (NGS) is being used to understand the 

evolution of DENV in both mosquitoes and humans. Although research using 
conventional Sanger sequencing has demonstrated that DENV is present in mosquito 
vectors as heterogeneous populations, these population may change as the virus 
passes through various mosquito organs (Lequime et al., 2016). Anatomical barriers can 
cause population bottlenecks during viral transmission, and with advancements in 
deep sequencing technology, it is now possible to study the diversity of viral 
populations within a host by trailing various genetic variants as they move over the 
mosquito vector's anatomical barriers. By infecting mosquitoes with diverse genetic 
backgrounds, Lequime et al., examined the evolution of a wild-type dengue virus 
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isolate within the mosquito (Lequime et al., 2016). The overall genetic diversity of the 
viral population during infection was mainly shaped by purifying selection, as 
demonstrated by deep sequencing of full-length viral genomes from different 
mosquito organs collected at various time points post-infection. Although the initial 
bottleneck size was similar, the genetic diversity differed significantly among 
mosquitoes with different genetic backgrounds. Following a random reduction in 
genetic variation, the dengue virus population size and diversity rapidly rebounded, 
showing only minor genetic changes as the virus passed through different anatomical 
compartments and eventually reached the saliva tissue. Ultimately, the "trade-off" 
hypothesis was supported by the observed fitness loss when a virus derived from the 
salivary gland was inoculated into Vero mammalian cell cultures. Although tissue-

specific sequence-dependent small interfering RNA (siRNA) may contribute to viral 

diversification during the virus's transition from the mosquito midgut to saliva (Brackney, 

Beane, & Ebel, 2009), it remains uncertain how other factors—such as different viral 

genotypes, strains, or serotypes  (Ko et al., 2018; Parameswaran et al., 2017) and the 

mosquito's genetic background (Grubaugh et al., 2016; Sessions et al., 2015) interact 
with tissue-specific siRNA. These interactions could influence the genetic diversity of 
the virus population and its relationship to viral fitness (Figure 2.8). 

Next-generation sequencing (NGS) has also been utilized to trace transmission 
pathways and track minor viral variants by analyzing single nucleotide variants (SNVs) 
within the intra-host genetic diversity of RNA viruses shared among different hosts or 
individuals (Nasheri, Petronella, Ronholm, Bidawid, & Corneau, 2017; Plummer et al., 
2015). Sim et al., successfully tracked genetic variations transmitted from humans to 
mosquitoes in a laboratory setting by feeding Aedes aegypti mosquitoes with viremic 
blood samples from twelve Vietnamese dengue virus patients. (Sim et al., 2015). By 
employing whole-genome deep sequencing technology, viral RNA from both patient 
blood and mosquitoes was analyzed. These findings showed that the frequencies of 
dengue virus genetic variations, identified through various SNV-based methods, were 
comparable between humans and mosquitoes. However, only about 10% of the SNVs 
(out of a total of 267) detected in humans were consistently found in mosquitoes. This 
suggests that most mutations present in viremic patients are either harmful or confer 
low fitness when transmitted to mosquitoes. 
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Figure 2.8 Factors and forces that influence the evolution of dengue viruses and the 
possible effects on dengue epidemiology (Ko et al., 2020) 

 
In summary, despite the sequential transmission bottlenecks causing the loss of 

many variants, there is a rapid appearance and persistence of single nucleotide variants 
(SNVs) during dengue virus transmission from viremic humans to mosquitoes, which 
could play a role in the emergence of new clades or lineages driving dengue virus 
evolution.  
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CHAPTER III 
GENOMIC SEQUENCING AND NEUTRALIZING SEROLOGICAL 

PROFILES DURING ACUTE DENGUE INFECTION: A 2017 COHORT 
STUDY IN NEPAL 

 

3.1 Abstract 
Dengue virus (DENV) is a mosquito-borne flavivirus that poses a threat to nearly 

50% of the global population. DENV has been endemic in Nepal since 2006; however, 
little is known about how DENV is evolving or the prevalence of anti-DENV immunity 
within the Nepalese population. To begin to address these gaps, we performed a 
serologic and genetic study of 49 patients from across Nepal who presented at central 
hospitals during the 2017 dengue season with suspected DENV infection. Of the 49 
subjects assessed, 21 (43%) were positive for DENV NS1 antigen; of these; 5 were also 
anti-DENV IgM+ IgG+; 7 were DENV IgM+ IgG-, 2 were IgM− IgG+, and 7 were IgM– IgG− by 
specific ELISAs. Seven of the 21 NS1 positive sera were RNA positive by RT-PCR (six 
DENV2, one DENV3), suggesting that DENV2 was the dominant serotype in our cohort. 
Whole-genome sequencing of two DENV2 isolates showed similarity with strains 
circulating in Singapore in 2016, and the envelope genes were also similar to strains 
circulating in India in 2017. DENV-neutralizing antibodies (nAbs) were present in 31 of 47 
sera tested (66%); among these, 20, 24, 26, and 12 sera contained nAbs against DENV1, 
2, 3, and 4 serotypes, respectively. Additionally, 27 (58%) samples had nAbs against 
multiple serotypes (2 or more). Serology analysis suggested that 12 (26%) and 19 (40%) 
of the 47 subjects were experiencing primary and secondary DENV infections, 
respectively. Collectively, our results provided evidence for current and/or past 
exposure to multiple DENV serotypes in our cohort. These data suggest that expanded 
local surveillance of circulating DENV genotypes and population immunity will be 
important to effectively manage and mitigate future dengue outbreaks in Nepal.  
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3.2 Introduction 
Dengue virus (DENV) is a positive-sense single-stranded RNA virus of the 

Flavivirus genus, which also includes Japanese encephalitis, Zika, yellow fever, and 
West Nile viruses (Guzman & Harris, 2015; T. C. Pierson & M. S. Diamond, 2020), all of 
which are predominantly transmitted by infected Aedes spp. mosquitoes (Bhatt et al., 

2013; M. WHO, 2019). The four antigenically distinct serotypes of DENV (DENV1–4) are 

responsible for about 400 million reported DENV infections per year (Bhatt et al., 2013; 
M. WHO, 2019), which may be asymptomatic or have symptoms ranging from self-
limiting dengue fever to severe disease characterized by hemorrhagic fever, shock and, 
in some cases, death (Guzman & Harris, 2015).  

DENV infection provides long lasting immunity against the same serotype but 
provides only limited and short-lived protection against different serotypes. In some 
instances, a secondary infection with a heterologous serotype can trigger severe 
dengue due to antibody-dependent enhancement (Halstead, 2014; Katzelnick, Bos, & 
Harris, 2020; Ngono & Shresta, 2018). As of now, there are no DENV vaccines that offer 
reliable, long-term protection against all four DENV serotypes for individuals of all ages, 
regardless of their prior exposure to the virus. The first licensed dengue vaccine, 
DengVaxia, is recommended only for individuals with a history of natural DENV 
infection (Sridhar et al., 2018), as it has been shown to increase the risk of severe 
dengue in DENV-naive individuals who are then exposed naturally after vaccination. A 
more recent vaccine, QDENGA (Takeda) has been approved for use in both DENV-naive 
and previously exposed individuals in countries such as Indonesia, Thailand, Argentina, 
Brazil, and several European countries, however it provides robust long-term protection 
against only selected DENV serotypes (Aguiar & Stollenwerk, 2020; Patel, Rauscher, 
Kudela, & Pang, 2023; Thomas, 2023). A phase 3 trial of the tetravalent vaccine 
Butantan-DV (developed by Instituto Butantan/NIAID) showed strong protection against 
DENV1, but was only moderately efficacy against DENV2 (Kallas et al., 2024). These 
findings emphasize the ongoing difficulty in creating a dengue vaccine that offers broad 
and effective immunity against all four serotypes, regardless of an individual's previous 
exposure. Additionally, due to the potential risks associated with vaccination, it is 
essential to have up-to-date data on the circulating DENV serotypes and the 

population’s immune profile. This information is crucial for governments to make well-
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informed decisions when selecting the most appropriate vaccine for deployment each 
year (OhAinle et al., 2011). 

In Nepal, the first documented DENV infection occurred in 2004 in a Japanese 
traveler, from whom DENV2 was isolated (Takasaki et al., 2008). By 2006, all 4 DENV 
serotypes had been identified in the country (Malla et al., 2008). Since then, dengue 
cases have appeared sporadically during the annual dengue season (September to 
December), with major outbreaks roughly every 3 years starting in 2010 (Rijal et al., 
2021). Each successive outbreak has shown increases in the number of cases, 
geographic spread, severity, and death toll (EDCD, Services, & Division, 2022; 
Organization, 2022; Rimal et al., 2023). In 2017, Nepal recorded 2,111 cases from 28 out 
of 77 districts, while in 2019, the number surged to 17,992 cases and 6 deaths across 
68 districts, a 140-fold rise in incidence over two years (Adhikari & Subedi, 2020; 
Poudyal et al., 2021; Rijal et al., 2021), representing a 140-fold increase in incidence in 
just 2 years (Rijal et al., 2021). This upward trend continued in the 2022 outbreak, 
which saw 54,784 reported cases and 88 deaths, affecting all 77 districts (EDCD et al., 
2022). These patterns suggest that Nepal may face another significant dengue outbreak 
in 2025. 

To date, limited research has been conducted on the virology and immunology 
of DENV within the Nepalese population. This is largely due to Nepal being a low-
income country with limited scientific infrastructure. For instance, since the first 
confirmed DENV case in 2006, only a small number of complete genome sequences 
from circulating strains have been obtained (Manandhar et al., 2021). The present study 
was conducted as part of a long-term process of enabling local scientists/clinicians to 
effectively surveil the circulation of, and population exposure to, DENV serotypes in 
Nepal. To this end, we describe here serological and genomic analyses of sera from 49 
residents of districts across Nepal who presented with suspected dengue at hospitals in 
Kathmandu and Chitwan, two geographically and climatically distinct districts. All sera 
were analyzed for DENV-NS1 antigen, DENV-specific anti-IgM/IgG, and neutralizing 
antibody (nAb) response against all four DENV serotypes. A subset of NS1 positive sera 
were further serotyped by RT-PCR and subjected to whole-genome sequencing. The 
knowledge gained from this study has already facilitated the expansion of DENV 
genomic surveillance studies by local scientists/clinicians with the goal of mitigating the 
dengue outbreak predicted to occur in 2025.  
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3.3 Material and Methods 
3.3.1 Ethics statement  
Ethical approval was obtained from the Nepal Health Research Council (Reg. 

no. 378/2016). Patients were provided with a verbal explanation about the study, its 
potential significance, the tests to be performed on their samples, including genetic 
testing, and potential risks associated with drawing blood. The adult patient (or 
parent/guardian for patients under 18 years of age) then provided written informed 
consent to be enrolled in the study. 

3.3.2 Sample collection 
The study cohort consisted of 49 febrile patients who presented with 

suspected dengue at Sukraraj Tropical and Infectious Disease Hospital in Kathmandu 
and at Chitwan Medical College and Teaching Hospital in Chitwan during the 2017 
dengue outbreak (September 2017 through January 2018). A diagnosis of suspected 
dengue was made by attending physicians. Venous blood samples (5 mL) were 
collected into EDTA tubes and demographic and clinicopathological information was 
recorded. All steps were performed by the Nepal-based authors and teams, with 
advice from the authors based in the US, Japan, and Thailand.  

3.3.3 Enzyme-linked immunosorbent assays 

Plasma was isolated from the blood samples and stored at −80°C until 

analyzed. Levels of DENV NS1 antigen, anti-DENV IgM, and anti-DENV IgG were 
quantified using commercial ELISA kits (InBios: DNS1-R, DDMS-1 and DDGS-R 
respectively). Assay procedures, calculation of immune status ratios, and classification 

as seronegative or seropositive were all performed according to the manufacturer’s 

instructions.  

3.3.4 DENV serotyping by RT-PCR 
Viral RNA was isolated from plasma samples using a QIAamp Viral RNA Mini kit 

(Qiagen, 52906). DENV1–4 serotypes were identified by multiplex RT-PCR as described 

previously (Prajapati et al., 2020; Santiago et al., 2013; Waggoner et al., 2013) using US 
Centers for Disease Control and Prevention real-time RT-PCR assay kits (KK0128).  

3.3.5 Whole genome DENV sequencing 

 All procedures were conducted according to the kit manufacturer’s 

recommendations. Illumina libraries were constructed from total RNA using the NEB 
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Next Ultra Directional RNA Library Prep Kit (New England Biolabs, E7760) per the 

manufacturer’s instructions. Libraries of 400–600 nucleotides were obtained using Mag-

Bind RxnPure Plus beads (Omega Bio-Tek, M1386-01), purified with the MinElute PCR 
Purification Kit (Qiagen, 28004), and quantified using a Bioanalyzer High-Sensitivity DNA 
Assay (Agilent Technologies, 5067-4626). Targeted DENV genome enrichment was 
achieved using custom-designed biotinylated 120-mer xGen Lockdown baits (Integrated 

DNA Technologies) with complementarity to DENV1–4 serotypes, as previously 

described (Kamaraj et al., 2019), following manufacturer’s instructions. The genome 

assembly was done using the VIPR4 pipeline (https://github.com/nf-core/vipr/).  

3.3.6 Phylogenetic analysis 
 Multiple sequence alignment of DENV2 full-genome sequences from the 

present study (n=2) and the National Center for Biotechnology Information (NCBI) 
(n=1777) was carried out using a fast Fourier transformation method in MAFFT v7.490. 
An approximately maximum likelihood phylogenetic tree was generated using a 
generalized time-reversible model of nucleotide evolution in FastTree v2.1.11, which 
uses SH-like local supports with 1000 resamples to estimate and validate the reliability 
of each split in the tree. The branch containing the 2 sequences from the 2017 Nepal 
outbreak and 29 complete genome sequences from the NCBI were selected, and a 
more robust maximum likelihood phylogenetic tree created using RAXML v8.2.11 and 
the GTR GAMMA model with 1000 bootstrap replications. Trees were visualized using 
FigTree v1.4.4.  

3.3.7 Flow cytometry-based DENV1-4 neutralization assay 
 Neutralization assays were conducted as previously described (de Alwis & de 

Silva, 2014), utilizing a flow cytometry method based on U937 DC-SIGN cells. Plasma 
samples were serially diluted 5-fold starting from 1:40 and incubated with pre-titrated 

DENV1–4 serotypes (WHO reference strains) for 1 hour at 37°C. The plasma-virus 

mixtures were then added to U937 DC-SIGN cells and incubated for 2 hours at 37°C, 

followed by washing and a second incubation for 16 hours. Control samples included 
cells exposed to virus without plasma to determine baseline infection. After 
incubation, cells were stained on the surface with anti-CD209-PE antibody (DC-SIGN 
marker) and internally with anti-FITC-labeled 4G2 antibody targeting the pan-flavivirus 
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envelope (E) protein. Data were acquired using a FACSCanto LSR flow cytometer and 
analyzed using FlowJo V9 software (BD Biosciences).  

Samples were considered to have neutralizing activity if they showed ≥90% 
reduction in infection at a plasma dilution greater than 1:40 (cutoff = NT90 >40). NT90 
values were further used to distinguish between primary infection (first infection with a 
single serotype) and secondary infection (prior infections with other serotypes), as 
previously described (S. Hattakam et al., 2021). Briefly, primary infection was defined as 
(i) an NT90 ≥40 against a single DENV serotype and <40 against all other serotypes, or (ii) 
a response against a single DENV serotype, with an NT90 4-fold higher than against the 
other serotypes. Secondary infection was defined as (i) an NT90 ≥40 against at least two 
DENV serotypes, and/or (ii) a response with an NT90 ≤4-fold higher than the next 
highest response (S. Hattakam et al., 2021).   

3.4 Results 
3.4.1 Patient demographics and disease association with platelet count 
The study cohort consisted of 49 patients who presented with suspected 

dengue at two major hospitals in Kathmandu and Chitwan, Nepal during the 2017 
dengue season (September 2017 to January 2018) (Nepal, 2012/2013 and 2013/2014). 
The majority of the subjects were male (71%, 35/49) and were aged 20 to 59 years 

(63%, 31/49), with a median age of 34 years (range 13–81) (Table 3.1). Although the 49 

subjects presented to the two major hospitals in Kathmandu and Chitwan, they 

originated from 6 of Nepal’s 7 provinces (Figure 3.1).  

Table 3.1 Characteristics of study participants 

 
 Abbreviation: N, number.  

Age range (years) Male (N=35) Female (N=14) Total (N=49) 

13–19 8 3 11 

20–59 24 7 31 

60–81 3 4 7 
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Figure 3.1 Geographic distribution of the home residences of the study subjects. 

 
Patients originated from across Nepal and were seen at hospitals in Kathmandu 

(green dot) and Chitwan (yellow dot). White borders demarcate the seven provinces in 
Nepal. Abbreviation:      No, number. Image modified from Wikipedia 
(https://en.m.wikipedia.org/wiki/File:Provinces_of_Nepal.png). 

All patients were symptomatic at the time of sample collection, although the 
time between symptom onset and blood collection was not recorded. 
Thrombocytopenia is a potential indicator of dengue disease severity (Jayashree, 

Manasa, Pallavi, & Manjunath, 2011), and platelet counts of 41–100 × 103/μL, 21–40 × 

103/μL, and ≤20 × 103/μL are considered to reflect low, moderate, and high risk, 

respectively, of bleeding associated with severe dengue (normal platelet counts: 100–

450 × 103/μL) (Ojha et al., 2017). Most samples (31/48) had normal platelet counts, 

with 13, 2, and 2 samples having counts within the low-, moderate-, and high-risk 
categories, respectively (Table 3.2). These results are consistent with the majority of 
our study cohort having mild dengue disease. 
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Table 3.2 Platelet counts and DENV serology, serotyping, neutralization titers, and infection status 

Patient 
ID 

Location 
Platelets 

(×103/μL)a 
DENV  
NS1 

Anti-DENV 
DENV 

Serotypec 

NT90 titerd DENV 
infection 

status IgM IgG DENV1 DENV2 DENV3 DENV4 

1 

Kathmandu 

 

101 + + + − <40 1708 1735 <40 Sec 

2 128 + + − − 42 1010 99 89 Prim 

3 94 + + − DENV2 <40 82 <40 <40 Prim 

4 20 − + + NE 4070 51,382 140,960 <40 Sec 

5 80 − Equ + NE 120,158 46,411 158,838 <40 Sec 

6 76 + + − DENV2 245 16,286 23,817 <40 Sec 

7 196 + − Equ DENV3 <40 <40 <40 <40 − 

8 111 + + + − <40 2523 <40 <40 Prim 

9 53 + − − DENV2 <40 <40 <40 <40 − 

10 210 + − − − <40 <40 <40 125 Prim 

11 143 − − + NE <40 68 54 52 Sec 

12 66 + + − − 56 67 721 <40 Prim 

13 61 + + − − <40 <40 <40 <40 − 

14 76 − Equ + NE 16,887 19,645 9985 352 Sec 

15 69 + + + − 50,072 18,730 14,242 722 Sec 

16 136 + − + DENV2 202 12,665 226 200 Sec 
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17 

 

365 − + + NE 57 238 1251 <40 Prim 

18 244 − − − NE <40 <40 <40 <40 − 

19 51 + − − − <40 <40 <40 <40 − 

20 91 + − + − 14,584 7496 <40 914 Sec 

21 97 + + − − 45,639 384 <40 87 Prim 

22 

Chitwan 

21 + + + − NA NA NA NA NA 

23 50 + + + DENV2 NA NA NA NA NA 

24 159 + − − DENV2 <40 <40 <40 <40 − 

25 124 − − + NE 94 <40 60 102 Sec 

26 95 + + − − <40 3190 108 118 Prim 

27 165 + − − − <40 74 308 <40 Prim 

28 206 − − + NE <40 58 75 <40 Sec 

29 194 − − − NE <40 <40 <40 <40 − 

30 121 − − − NE 49 <40 55 <40 Sec 

31 113 − − − NE <40 <40 <40 <40 − 

32 231 − − + NE <40 45 73 <40 Sec 

33 189 + − − − <40 <40 <40 <40 − 

34 N/D − − − NE <40 <40 <40 <40 − 

35 106 − − − NE <40 <40 <40 <40 − 

36 189 − − − NE 65 <40 44 <40 Sec 
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37 357 − − − NE <40 <40 <40 <40 − 

38 120 − − + NE <40 <40 68 <40 Prim 

39 135 − − − NE <40 <40 <40 <40 − 

40 100 − − − NE 60 <40 53 <40 Sec 

41 30 − − + NE <40 118 77 143 Sec 

42 245 − − − NE 46 <40 49 <40 Sec 

43 130 − − − NE <40 <40 <40 <40 − 

44 107 − − + NE 356 128 81 <40 Sec 

45 108 − − + NE 137 46 84 <40 Sec 

46 205 − − − NE <40 <40 <40 <40 − 

47 140 − − + NE 1245 318 132 <40 Prim 

48 176 − − − NE <40 <40 <40 <40 − 

49 15 − − + NE 89 193 940 74 Prim 

Abbreviations: Equ, equivocal (inconclusive after 2 tests); NA, not available (insufficient plasma); NE, not evaluated (only NS1+ samples 
were evaluated by RT-PCR); NT90, 90% neutralization titer; Prim, primary; Sec, secondary. 
aPlatelet counts (× 103/μL) and dengue risk: low, 41–100; moderate, 21–40; high, <20 (normal, 100–450 × 103/μL). 
b By ELISA 
c By serotype-specific RT-PCR 
d Lowest dilution (1:40) was the designated cut-off value for positivity. 
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3.4.2 DENV serostatus and serotypes 
NS1 antigen was detected in 43% (21/49) of samples, anti-DENV IgM Ab in 

29% (14/49) and anti-DENV IgG Ab in 43% (21/49). Thus, 47% (23/49) of our cohort 
were considered to have active dengue at the time of sample collection based on the 
presence of ≥1 of the following 5 criteria: NS1+ (14%, n=7), NS1+IgM+ (14%, n=7), 
NS1+IgG+ (4%, n=2), NS1+IgM+IgG+ (10%, n=5) and IgM+ IgG+ (4%, n=2). Evidence of 
previous dengue infections were observed in subjects with IgG alone (24%, n=12) (Table 
2). Samples from 29% (14/49) of subjects showed no evidence of current or prior 
infection (NS1−, IgM−, and IgG−). The 21 NS1 positive sera were further analyzed for 
DENV serotype by RT-PCR, 7 (33%) were found to be positive for DENV RNA, with 6 
samples serotyped as DENV2 and 1 as DENV3 (Table 3.2). Thus, despite the small 
number of RT-PCR RNA-positive samples, DENV2 appears to have been the dominant 
circulating serotype in our 49-subject cohort at the time of the 2017 outbreak. 

3.4.3 Neutralizing Ab response against DENV1-4 serotypes 
Of the 49 samples collected, 47 were evaluated in cell-based neutralizing 

assays (Figure 3.2A). The mean NT90 titers for DENV1, DENV2, and DENV3 were similar, 
whereas the mean NT90 titer for DENV4 was much lower overall, and significantly lower 
when compared with DENV2 (Figure 3.2A). Anti-DENV4 nAbs were undetectable in 35 
samples (74%) (Figure 3.2A). Strikingly, 3 of the 7 samples positive for DENV RNA by RT-
PCR were negative for nAbs against any of the DENV serotypes (Table 3.2). By 
evaluating anti-DENV nAb activity, it is possible to infer whether DENV infection is 
primary or secondary for both single- and multiple-serotype infections (Nguyen et al., 
2018). Using this approach, 26% (12/47) and 40% (19/47) of samples were from 
patients experiencing primary and secondary infections, respectively (Table 3.2). The 
remaining 34% (16/47) of samples had NT90 values <40 for all 4 serotypes; of these, 10 
were NS1− IgM− IgG− and an additional 4 were IgM−IgG− (Table 3.2). Thus, our study 
cohort consisted of patients who experienced both primary and secondary DENV 
exposure during the 2017 outbreak, with a higher prevalence of secondary infections. 
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Figure 3.2 Distribution of nAb titers in samples collected during the 2017 outbreak.  

 

(A and B) NT90 titers were determined according to DENV1–4 reference 

serotypes (A) and sample collection site (B). Mean values for n=47 (n=21 Kathmandu, 
n=26 Chitwan) with circles representing individual samples. Dashed lines represent the 
cutoff value for nAb positivity (NT90=40). Mean values were compared using the non-

parametric Kruskal–Wallis test. 

3.4.4 Phylogenetic and nucleotide analysis of DENV isolates 
Full-genome sequences were obtained from the 7 serum samples shown 

to be positive for DENV RNA by RT-PCR (Table 3.2). Of the 7 genomes, 2 complete 
sequences and 5 incomplete sequences were obtained. Whole-genome phylogenetic 
analysis of the complete DENV2 genomes (PP152366 and PP152367, NCBI database) 
indicated that they belong to the Cosmopolitan Genotype, with the closest relatives 
being DENV2 sequences from Singapore in 2016 and 2014 (MW512465 and MW512428, 
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respectively) (Figure 3.3). Because of the scarcity of full-genome sequences from Nepal 
(n=2), we also analyzed the phylogeny of the E gene of PP152366 and PP152367 and E 
gene sequences from global DENV2 isolates. Close relationships were detected 
between PP152366 and PP152367 and E genes from 12 additional DENV2 sequences 
isolated in 2017 from Nepal (Ngwe Tun et al., 2021) and 4 were from India in 2017 
(Figure 3.4). Hence, the 2017 DENV2 strains from Nepal and India likely originated from 
Singapore.   

 
Figure 3.3 Phylogenetic analysis of full-genome sequences of the Nepal 2017 DENV2 

isolates generated here and other DENV2 isolates. 
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Phylogenetic tree comparing the DENV2 isolates from this study (blue, 
PP152366|2017|NP and PP152367|2017|NP), with other DENV2 full-genome sequences 
present in NCBI. Strains are labeled by GenBank ID, as well as year and country of 
isolation (CN, China; SG, Singapore; NP, Nepal). 

 

 
 

Figure 3.4 Phylogenetic analysis of E gene sequences from the 2017 DENV2 genomes 
from Nepal obtained in the present study shows a close relationship with 
other 2017 DENV2 isolates from Nepal and India.  

 
Phylogenetic tree comparing E gene sequences of the two 2017 DENV2 strains 

from Nepal in the current study (blue font, PP152366|2017|NP and PP152367|2017|NP) 
with other E gene sequences in NCBI. Strains are labeled by GenBank ID, followed by 
the year and country of isolation (CN, China; ID, Indonesia; IN, India; NP, Nepal; PG, 
Papua New Guinea; SG, Singapore; TW, Taiwan). 
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3.5 Discussion 
Over the past decade, Nepal has experienced increasingly severe outbreaks of 

dengue in approximately 3-year cycles, and cases were reported from all 77 districts 
during the 2019 outbreak (Gupta, Tuladhar, Kurmi, & Manandhar, 2018; Khetan et al., 
2018; Prajapati et al., 2020). Despite growing public health impact, there has been 
limited information on the specific DENV serotypes and genotypes involved in each 
outbreak, as well as on the serological status of the population. This gap in knowledge 
is largely due to insufficient infrastructure and a lack of technical expertise required for 
systematic data collection and analysis. This study was initiated to begin addressing 
these gaps in collaboration with local researchers and physicians. The broader aim is to 
build a robust foundation of data that will support both local and national 
governments in preparing for future outbreaks and, ultimately, in guiding the 
deployment of effective DENV vaccines. 

This study presents an analysis of samples collected during the 2017 dengue 
season from 49 patients who sought care at major hospitals in Kathmandu and 
Chitwan, located in central and southern Nepal, respectively. The majority of 
participants were male, which aligns with findings from other clinical studies conducted 
during the 2017 outbreak (Ngwe Tun et al., 2021; Rauniyar et al., 2023) as well as 
previous major DENV outbreaks in Nepal since 2006 (Gupta, Haselbeck, Kim, Marks, & 
Saluja, 2018; Gupta, Lamsal, et al., 2018; Gupta, Tuladhar, et al., 2018; Manandhar et 
al., 2021; Prajapati et al., 2020). his higher proportion of male patients may reflect 
greater healthcare-seeking behavior among men, as well as occupational exposures 
that increase their risk of contact with Aedes mosquitoes.  

It is the first study in Nepal to evaluate the DENV-neutralizing capacity in 
individuals with suspected dengue infection. To improve specificity, we used a higher 
threshold for positivity (NT90 vs standard NT50) considering the likelihood of cross-
reactive neutralizing antibodies due to prior exposure to different DENV serotypes 
((WHO), 2007). Our observation that most patient samples lacked DENV4-specific 
neutralizing antibodies aligns with earlier studies indicating that DENV4 has played only 
a limited role in past dengue outbreaks in Nepal (Manandhar et al., 2021; Prajapati et 
al., 2020; Rauniyar et al., 2023). Conversely, DENV1 and DENV2 have been the 
dominant serotypes during major outbreaks historically, with DENV1 prevailing in 2010 
and 2016 (Pandey et al., 2013), and DENV2 in 2013 and 2019 (Khetan et al., 2018; 
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Poudyal et al., 2021; S. Singh, Gupta, Manakkadan, Das Manandhar, & Sreekumar, 2015). 
Among the seven samples successfully serotyped by RT-PCR in this study, six were 
identified as DENV2 and one as DENV3, indicating that the dominant serotype may vary 
even during periods between large-scale outbreaks. Notably, DENV3 has been rarely 
reported in Nepal since it was first identified in 2006 (Malla et al., 2008). The detection 
and possible re-emergence of DENV3 raises important public health concerns for 

Nepal. Notably, DENV3 was among the three main serotypes—alongside DENV1 and 

DENV2—circulating during the significant 2022 outbreak, which resulted in higher rates 

of hospitalizations, severe dengue cases, and fatalities compared to previous years 
(Rimal et al., 2023). Remarkably, 2022 marked the first documented instance where 
DENV1 and DENV3 were co-dominant. These findings highlight the critical need for 
consistent, year-round surveillance and reporting of circulating DENV serotypes, even 
between major outbreaks. Given that prior antibody responses can reduce the severity 
of dengue illness (Katzelnick, Montoya, Gresh, Balmaseda, & Harris, 2016), and growing 
evidence points to the importance of serotype-specific neutralizing antibodies in 
preventing infection (Bos et al., 2024), our results suggest that a future outbreak 
dominated by DENV4 in Nepal where immunity to this serotype is low could result in 
more severe disease outcomes.  

Our whole-genome sequencing efforts were constrained by the fact that five 
out of the seven DENV RNA-positive samples yielded only partial sequences. 
Phylogenetic analysis of the two complete DENV2 genomes revealed a close genetic 

relationship with strains linked to Singapore’s 2016 dengue outbreak (Yenamandra et 

al., 2021). Further analysis of the E gene sequences showed strong similarity to 
additional DENV strains collected from Nepal and India in 2017. As only a limited 
number of full-genome DENV sequences from Nepal are available, our findings suggest 

that cross-border movement, particularly due to Nepal’s open borders, may 

significantly influence DENV transmission patterns. The genetic similarity between 
Nepalese and Singaporean isolates may reflect virus introduction via a Nepalese 
individual returning from Singapore. Collecting patient travel history as part of routine 
surveillance could improve our ability to trace the origins of such introductions. 

Previous studies also found strong genetic links between Nepal’s major 2017 DENV 

isolates and strains from Singapore (2014, 2016), China (2016, 2017), and Indonesia 
(2014) (Ngwe Tun et al., 2021). Thus, our whole-genome and E gene sequence data 
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suggest that the DENV2 2017 Nepal lineage has been circulating in South Asia for at 
least 5 years. These results imply that the DENV2 lineage present in Nepal in 2017 may 
have been circulating in South Asia for at least five years. Interestingly, DENV RNA was 
detected by RT-PCR in only 7 out of 21 samples that tested positive for NS1 antigen by 
ELISA. This discrepancy may be due to the longer persistence of NS1 protein in serum 
compared to viral RNA (Alcon et al., 2002; Huhtamo et al., 2010; M. P. Singh et al., 
2010), possible mutations in the viral RNA that hinder primer binding during RT-
PCR(Alm, Lindegren, Falk, & Lagerqvist, 2015), and/or degradation of RNA during 
international sample transport. The latter issue further emphasizes the importance of 
building in-country infrastructure in Nepal for timely DENV surveillance and analysis. 

The relatively small size of our study cohort limits the extent to which our 
findings can be generalized. Furthermore, the lack of complete clinical information and 
outcome data for all participants restricted our ability to draw meaningful correlations 
between specific DENV serotypes and clinical markers. Since all samples were 
collected at a single time point during the acute phase of illness rather than paired 
acute and convalescent samples, we could only infer, rather than definitively confirm, 

each subjects’ dengue infection status (Collins et al., 2017). 

Similar cohort study was further continued in Thailand (explained in detail in 
Chapter IV). Thailand has a long history of hyperendemicity for dengue, with all four 
serotypes circulating and frequent outbreaks. This provides ample opportunities for 
studying disease transmission, clinical manifestations, vector dynamics, and the 
effectiveness of control measures. In contrast, dengue is a relatively recent but rapidly 
growing public health concern in Nepal, with increasing outbreaks and geographic 
expansion. Thailand offers a mature setting for studying dengue in a hyperendemic 
context, with robust research infrastructure and ongoing control programs. Nepal, on 
the other hand, presents a valuable opportunity to investigate the dynamics of an 
emerging dengue epidemic in a unique geographic and climatic setting. Both countries 
offer valuable contributions to the global understanding of dengue and other 
flaviviruses, and collaborative research efforts between the two could be particularly 
fruitful. 

In summary, despite its limited size, our study not only sheds light on the 
prevalence of DENV serotypes and nAbs in a Nepalese cohort during the 2017 dengue 
season, but also marks a significant advance in establishing, for the first time, the 
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scientific infrastructure to perform genomic and immunologic surveillance of DENV in 
Nepal. Our analysis demonstrates that a DENV2 genome closely related to strains from 
Singapore in 2016 was most likely the dominant serotype circulating in Nepal in 2017. 
The shift in dominant DENV serotypes between outbreaks and the prevalence of both 
primary and secondary DENV infections underscore the need for sustained surveillance 
of DENV at virologic and immunologic levels. As noted earlier, the clinical outcome of 
DENV vaccination will be influenced by the vaccine efficacy profile, the DENV strains 

circulating at the time of vaccination, and the subjects’ exposure prior to and after 

vaccination. Thus, our results represent a springboard for further studies to understand 
DENV virology and immunology across Nepal and thereby inform the selection of one 
or more DENV vaccine candidates.  
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CHAPTER IV 
IMMUNOMOLECULAR STUDY OF DENGUE VIRUS AND ITS 

CROSSREACTIVITY WITH OTHER FLAVIVIRUSES

4.1 Abstract 
Dengue virus (DENV) belonging to Flaviviridae family is a major global public 

health burden affecting tropical and subtropical regions of the world including 
Thailand. Along with DENV, other flaviviruses including Japanese encephalitis virus 
(JEV), Zika virus (ZIKV), etc. also circulates here creating significant diagnostic challenges 
due to serological cross-reactivity due to shared antigenic structures. In this study, we 
aimed to perform an immune-molecular characterization of dengue virus infections 
and assess their serological cross-reactivity with other flaviviruses in suspected dengue 
cases. A total of 60 acute samples, 25 (28-45 days) and 6 (1 year) convalescent 
samples were collected from Suranaree University of technology Hospital and Sikhio 
Hospital, Nakhon Ratchasima which is northeastern region of Thailand. Serological 
assays, including ELISA and micro neutralization tests, were employed to determine 
the prevalence of DENV infection and assess the potential for cross-reactivity with 
other flaviviruses such as ZIKV, JEV and yellow fever virus (YFV). Serotyping was 
performed by qRT-PCR from plasma sample as well as virus culture supernatant to 
determine the prevalent serotypes in our cohort. Of the 60 acute samples, 34 were 
serologically positive for DENV NS1, 21 for anti-DENV IgM, 44 for anti-DENV IgG and 25 
were positive by qRT-PCR. The three serotypes DENV-1, 2 and 4 were detected and 
there was no DENV-3. From virus culture, we were able to isolate only DENV1 and 2. 
Secondary infection was higher than primary infection. Regarding neutralization assay, 
we were able to see very high neutralizing antibodies against DENV1 followed by 
DENV3. Surprisingly antibodies against ZIKV and JEV were higher than for DENV2 and 4. 
Though YFV was not endemic in Thailand, we were able to see neutralizing antibodies 
against YFV as well which may be because of shared antigenic similarity with DENV. 
This immune-molecular investigation reveals complex flavivirus cross-reactivity patterns 
in dengue suspected cases which is directly correlated with disease severity. These 
findings have implications for improved diagnosis, surveillance, and development of 
effective control strategies for dengue and other flaviviral diseases in Thailand. 
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4.2 Introduction 
Dengue virus (DENV) causing dengue fever, is still a major worldwide health 

concern, especially in tropical and subtropical areas (Guzman & Harris, 2015). With four 
distinct serotypes (DENV-1 to DENV-4), the virus shows high genetic diversity, which 
further complicates vaccine development and immunological responses (Bhatt et al., 
2013). Understanding of viral genetics and host immune responses has been greatly 
enhanced by recent advances in molecular biology and immunology, which are major 
factors for designing effective interventions. 

DENV is transmitted through the bite of infected Aedes mosquito species 
primarily aegyptii and secondarily albopictus. The incubation period usually lasts for 3-
14 days (Chong, Leow, Abdul Majeed, & Leow, 2019). While 20% of people infected 
with DENV may experience self-limiting symptoms such a high fever, headache, body 
aches, nausea, and rash that last for one to two weeks, the other 80% of people are 
asymptomatic. Hepatosplenomegaly, mucosal bleeding, edema, lethargy, abdominal 
pain, and recurrent vomiting are some of the warning indications of serious disease that 
a tiny percentage of patients may exhibit (2009). Between 0.5-5% of infected 
individuals develop severe dengue with clinical complications including plasma leakage 
causing dengue shock syndrome or respiratory distress, severe bleeding, or severe 
organ impairment (Jiravejchakul et al., 2025). 

The immune response involves both innate and adaptive pathways, which are 
responsible for the production of neutralizing antibodies and T-cell-mediated 
immunity. However, ADE can result increased disease severity during secondary 
infections with different serotypes (Halstead, 2014). Hence, understanding the 
molecular and immunological basis of these responses is vital for improving vaccine 
efficacy and therapeutic strategies.  

Similar to the dengue virus, other flaviviruses transmitted by mosquito also 
tend to cause strong immune responses that are cross-reactive (Hou et al., 2022). 
Mosquito borne flaviviruses are mainly transmitted by Aedes mosquitoes (such as 
DENV, ZIKV and YFV) or Culex (such as JEV). Since these vectors affect viral distribution, 
so epidemic regions of these flaviviruses are overlapping, which greatly increases the 
difficulty in prevention and control of flaviviruses (Theodore C Pierson & Michael S 
Diamond, 2020). The structural and genetic similarities among these flaviviruses often 
lead to cross-reactive immune responses, which can influence diagnostic accuracy and 
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disease progression. Hence, cross-reactivity presents both challenges and opportunities 
in flavivirus immunity research, especially regarding vaccine development and immune 
diagnostics. 

Thailand represents a critical dengue disease epicenter that demands 
understanding of the environmental and evolutionary pressures sustaining DENV 
transmission, as unlike most affected countries experiencing recurrent outbreaks of the 
same serotype or replacement of one serotype for another. Thailand serves as an 
ecological niche for all four serotypes with stable, endemic circulation of genotypes. 
With approximately 100,000 annual cases and nearly 100 deaths reported each year, 
dengue poses a substantial burden on Thailand's healthcare system and represents 
one of the most rapidly spreading mosquito-borne viral diseases in the region (Perez et 
al., 2025). Recent epidemiological data indicates a concerning trend, with 84,000 cases 
reported by October 2024 and a 123% increase in cases compared to the same period 
in 2023, affecting all age groups but predominantly impacting individuals aged 5-24 
years. The epidemiological landscape of dengue in Thailand has undergone significant 
demographic transitions, with the mean age of dengue hemorrhagic fever cases 
increasing considerably from 8.1 to 24.3 years between 1981 and 2017, reflecting 
complex interactions between population demographics, infection hazards, and 
reporting practices (A. T. Huang et al., 2022). 

Vaccination remains the main preventive strategy for DENV. In Thailand, 

currently two tetravalent dengue vaccines are available. The first vaccine, Dengvaxia© 

(CYD-TDV), contains genes from all four DENV serotypes, three of which are isolates 
from Thailand, and has been widely adopted in many countries (Jain, Vimal, Angmo, 
Sengupta, & Thangaraj, 2023; Tully & Griffiths, 2021). However, this vaccine is limited to 
individuals with prior DENV infection only and living in endemic areas (Sridhar et al., 
2018). Furthermore, its effectiveness varies across serotypes, offering greater protection 
against DENV-3 and 4, which are less common in Thailand (Tully & Griffiths, 2021). The 

second vaccine, Qdenga© (TAK-003), is also a tetravalent vaccine with multi-phase 

clinical trials conducted in Thailand for safety and efficacy. Both sero-positive and sero-
negative individuals showed the best vaccine efficacy against DENV-2, however sero-
negative patients showed unclear efficacy against DENV-4 (Biswal et al., 2020). 
Furthermore, hospitalization rates for the DENV-3 virus strain were higher in sero-
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negative patients, raising concerns that sero-status may possibly impact overall safety 
(Jain et al., 2023; Rivera et al., 2022).  

Thailand is endemic for several other flavivirus infections together with DENV 
such as JEV, ZIKV. The country's tropical environment supports year-round mosquito 
breeding across diverse regions, from the mountainous north and central rice paddies 
to the rocky coastlines of its southern peninsula. Zika virus circulation in Thailand has 
been documented with significant underreporting. Recent molecular epidemiological 
studies from 2020-2023 found that among 751 hospitalized patients initially testing 
negative for dengue and chikungunya, 12% (90 patients) were subsequently confirmed 
to have ZIKV infection, suggesting substantial underdiagnosis. Current surveillance 
shows 181 Zika cases across 31 provinces in 2024, with most cases (71) occurring in the 
Central Region (Saba Villarroel et al., 2024). Japanese encephalitis remains a significant 
cause of viral encephalitis in Thailand, with surveillance data from 2003-2019 showing 
9,566 acute encephalitis syndrome patients and 642 confirmed JE cases (6.7%) with 16 
deaths. Hospital-based studies found that 15% of encephalitis patients had JEV 
infection, with higher rates in southern Thailand (28%) compared to Bangkok (10%). JEV 
is endemic throughout Thailand outside Bangkok, with year-round transmission and 
seasonal epidemics occurring in Northern provinces during May-October. The disease 
particularly affects areas where rice cultivation and pig farming coexist (Maksikharin, 
Prommalikit, & Thisyakorn, 2023). Although YFV is not currently endemic in Thailand, 

studying the virus is crucial for early detection of imported cases, understanding 

flavivirus immune interactions, strengthening surveillance and preparedness, guiding 
vaccination policies, and contributing to global health security amid increasing yellow 

fever outbreaks worldwide. Altogether, Thailand’s diverse arboviral ecosystem provides 

an outstanding real-world setting for investigating how multiple pathogens interact, 
how immune responses may interfere with each other, and how viruses evolve when 
circulating together.  

In this study, we aimed to characterize various aspects of DENV infection in 
Northeastern region of Thailand by sampling 60 patients who presented with 
suspected dengue disease at two of our collaborating hospitals. We also tried to 
collected 28-45 days and 1 year convalescence samples. For the samples, we not only 
checked neutralizing antibodies against DENV, we also checked the antibodies against 
ZIKV, JEV and YFV which are closely related flaviviruses. Understanding cross-reactivity 
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mechanisms can inform the development of diagnostic tools capable of distinguishing 
between infections and aid in creating vaccines that elicit effective protective 
responses without causing ADE.  

4.3 Material and Methods 
4.3.1 Ethics, Sample collection, Processing and Storage  

The study has been approved by ethics committee of Suranaree 
University of technology (EC-64-55). Samples having suspected dengue were collected 
from patients visiting Suranaree University of Technology (SUTH) and Sikhio Hospital 
(SH). Blood samples were collected only from the patients who consented for the 
study. Samples were also collected in PAXgene tubes which will be used for csRNA 

Seq identifies cell-type–specific gene regulatory elements and their underlying 

transcription factor networks. The tubes are stored at -80°C till future use. Clinical 

symptoms and demographics were also recorded by the attending nurse during sample 
collection. The patients were given Patient ID based on the time the acute samples 
were collected serially and Sub ID based on the hospital the samples were collected. 

4.3.2 Plasma separation and PBMC Isolation 
Firstly, plasma was separated from the blood by centrifugation at 300-

350g for 10 minutes. After plasma separation, from remaining blood, PBMC isolation 
was performed using FIcoll-gradient technique. Firstly, blood was diluted equal volume 
in a 50ml falcon tube with 1X PBS having 0.1% glucose and mixed gently. Then diluted 
blood can be slowly overlayed in Ficoll reagent such that a curtain is formed between 

two. After that, they are centrifuged at 400g, without brakes for 30-40 mins at 20◦C. 
After centrifugation, plasma layer was removed and PBMC ring was carefully transferred 
to a new falcon tube. PBMC layer was then washed with equal volume of PBS-glucose 

and centrifuged at 350g, with brakes on for 7 mins at 4◦C, twice. The cells were then 
resuspended in 2-5ml 1X PBS and counted by using 0.4% trypan blue. The cells were 
then resuspended in cold FBS (1*107 cells/ml) and then resuspended in equal volume 
of 20% DMSO in FBS (5*106 cells/ml) and distributed in cryovials and stored in liquid 
nitrogen tank for future research purposes. 
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4.3.3 Detection of DENV Antigen and Antibody  
The samples were tested for NS1 antigen using Dengue Ag Rapid Test 

Device (Cat No. D-DAGD20) against DENV at the hospitals where they were collected. 
Anti-IgM and anti-IgG antibody were further tested in our lab. Anti-IgM has been tested 
from Focus Diagnostics Kit (Cat No. EL1500M) and Serion kit (Cat No. ESR114M). For, 
anti-IgG Serion kit (ESR114G) was used. 

4.3.4 Virus culture 
Virus was isolated from the plasma sample. At first the plasma sample 

was diluted and then added to the cultured cells. The plates were then incubated at 

37°C, 5% CO2 for 5-7 days. The cells were observed for cytopathic effect and then 

culture supernatant was harvested. RNA extraction was further performed for these 
culture supernatants and the virus isolation was confirmed by PCR. 

4.3.4 RNA extraction and serotyping 
Viral RNA was isolated from extracted from plasma or culture supernatant 

for all acute samples using QIAamp viral RNA Mini kit using spin protocol (Cat. No. 

52904) or Quick-RNA™ Viral Kit (Cat. No. R1035) according to the manufacturer’s 

instructions. Thus, extracted RNA was used for serotyping by using real time PCR (Ito et 
al., 2004). 

4.3.5 Neutralization test using Microneutralization Assay (MNT) 
The Vero cells were cultured and seeded in 96 well plate and incubated 

overnight to get 80-100% confluency. All of the samples used in the assay were first 

heat inactivated at 56°C for 30 minutes. The plasma samples were then diluted and 

mixed with virus at a 1:1 ratio and incubated at 37°C. The resulting mixture was added 

to Vero cells seeded in 96-well plates. Following a 1-hour adsorption period, the plates 

were incubated at 37°C for 5 to 7 days. Cells were then fixed with methanol (Wako 

Pure Chemical Industries) for 10 minutes at room temperature and stained with 0.1% 
crystal violet (Wako Pure Chemical Industries) for 15 minutes. After washing off the 
excess stain, 1% sodium dodecyl sulfate (SDS) was used to dissolve the cells. 
Absorbance was measured at a wavelength of 595 nm. The neutralizing antibody titer 
was defined as the reciprocal of the highest serum dilution that resulted in absorbance 
below 50% of the established cut-off, indicating at least 50% neutralization (Haga, 
Chen, Himeno, Majima, & Moi, 2023). The assay was performed on DENV1-4, ZIKV, JEV 
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and YFV. Titration of the viruses was performed to determine the concentration and 
days for incubation before the assay so as the virus can at lease kill the cells by 50% 
(Table 4.1). 
Table 4.1 Detail of the virus strains used 

S. N. Type Strain Titer Final Titer Incubation 

1 DENV1 01-44 4.25x106 pfu/mL 1.3x103 pfu/mL 5 days 

2 DENV2 00St22A  1.8x105 pfu/mL 1.8×103 pfu/mL 5 days 

3 DENV3 TL18 2.2x105 pfu/mL 6.0×104 pfu/mL 5 days 

4 DENV4 TVP360 1.5x105 pfu/mL 1.5x102 pfu/mL 5 days 

5 ZIKV PRVABC59 1.5x107 pfu/mL 1.5×103 pfu/mL 3 days 

6 JEV OH0566 1x107 pfu/mL 1×102 pfu/mL 4 days 

7 YFV YFD-17D 7x106 pfu/mL 7×102 pfu/mL 4 days 

 
4.4 Results 

4.4.1 Patient demographics 
A total of 16 acute samples from Suranaree University Technology Hospital 

(SUTH) and 44 acute samples from Sikhio Hospital have been collected. After 28-45 
days of the first sample collection, 25 convalescent samples have been collected and 
6 convalescent samples after one year has been collected so far. In total, there are 91 
samples.  

Though the sample size is small, there is huge variation in the age group of 
samples. The lowest age ranged to 4 months and the highest age was 79 years. The 
ratio of males to females was 1.4:1 (males, 35/60, 58%). The majority of cases were in 
age group 10-20 years with equal number of males and females, followed closely by 
20-40 and 0-10 years. Surprisingly, affected number of male children was very high in 
age group 0-10 years (males: 11 and females: 2).  
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Figure 4.1 Demographic distribution of cases by age and sex. 

 

4.4.2 DENV antigen detection and serology 
Out of 60 acute samples, 34 were positive and 24 were negative for NS1 

antigen detection test. For 2 samples the test was not performed for NS1. For anti-
DENV IgM ELISA, 21 were positive, 37 were negative and 2 were in the borderline. In 
the case of anti-DENV IgG ELISA, 44 were positive, 13 were negative and 3 were in the 
borderline. The detail of the serological status of the patients is shown in Table 4.2. 

 

Table 4.2 Summary of serological tests performed 

Serological Status No. of samples 

NS1+ 34 

IgM+ 21 

IgG+ 44 

Only NS1+ 8 

Only IgM+ None 

Only IgG+ 15 

NS1+/IgM+ 16 

NS1+/IgG+ 24 

IgM+/IgG+ 14 

All Positive 14 

All Negative 6 
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4.4.3 Serotyping by real time reverse transcriptase PCR 
RNA was extracted from plasma directly or virus culture supernatant. 

From virus culture, only 8 samples were positive (7 DENV1 and 1 DENV2). From plasma 
samples, 42% (25/60) samples were positive by real time PCR. Of the 25 PCR positive 
samples, 18 were DENV1, 4 were DENV2 and 3 were DENV4. None of the samples were 
infected by multiple serotypes and no DENV3 was detected. In our study, even if the 
sample size was small, we were able to detect multiple serotypes, DENV1 being the 
dominant serotype. The CT values of the positive samples and from the virus culture 
supernatant is shown in Table 4.3 and 4.4. 

 
Table 4.3 CT values for the PCR positive RNA samples from plasma  

Patient No. Sub ID Gender Year DENV1 DENV2 DENV3 DENV4 

6 SUTH/06/A M 2 26.50 N/A N/A N/A 

7 SUTH/07/A F 31 37.00 N/A N/A N/A 

8 SUTH/08/A M 4 33.24 N/A N/A N/A 

9 SUTH/09/A M 14 24.67 N/A N/A N/A 

10 SUTH/10/A M 11 29.33 N/A N/A N/A 

11 SUTH/11/A M 7 18.16 N/A N/A N/A 

12 SUTH/12/A F 14 34.32 N/A N/A N/A 

13 SUTH/13/A F 11 25.06 N/A N/A N/A 

14 SUTH/14/A M 8 months 33.21 N/A N/A N/A 

16 SUTH/16/A M 14 35.04 N/A N/A N/A 

29 SH/13/A F 11 20.21 N/A N/A N/A 

38 SH/22/A M 13 34.39 N/A N/A N/A 

39 SH/23/A M 5 35.02 N/A N/A N/A 

41 SH/25/A F 15 16.16 N/A N/A N/A 

43 SH/27/A M 15 21.19 N/A N/A N/A 

53 SH/37/A F 11 34.12 N/A N/A N/A 

57 SH/41/A M 13 32.03 N/A N/A N/A 

58 SH/42/A F 8 28.25 N/A N/A N/A 

2 SUTH/02/A F 36 N/A 31.27 N/A N/A 

45 SH/29/A M 11 N/A 33.39 N/A N/A 
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Patient No. Sub ID Gender Year DENV1 DENV2 DENV3 DENV4 

47 SH/31/A F 14 N/A 16.47 N/A N/A 

48 SH/32/A F 31 N/A 32.61 N/A N/A 

1 SUTH/01/A M 7 N/A N/A N/A 29.11 

4 SUTH/04/A M 50 N/A N/A N/A 23.98 

15 SUTH/15/A F 11 N/A N/A N/A 29.33 
 
Table 4.4 CT values for the PCR positive RNA samples from virus culture supernatant 

Patient No. Sub ID Gender Year DENV1 DENV2 

6 SUTH/06/A M 2 13.75 N/A 

9 SUTH/09/A M 14 36.31 N/A 

11 SUTH/11/A M 7 14.00 N/A 

29 SH/13/A F 11 13.61 N/A 

41 SH/25/A F 15 14.21 N/A 

43 SH/27/A M 15 21.19 N/A 

53 SH/37/A F 11 13.91 N/A 

47 SH/31/A F 14 N/A 18.52 

 

4.4.4 DENV case classification 
After different serological tests and PCR performed in our laboratory, the 

suspected cases were further classified as active/acute DENV infection as samples 
which were either/or PCR+/NS1+/IgM+. The samples which were only IgG+ were 
considered as probable past DENV infection. The samples which were negative to all 
the tests performed were considered as other febrile illness. Out of 60 suspected 
cases, 39 were active DENV, 16 were probable past DENV and 6 were considered as 
other febrile illness. 

The positive DENV cases were further classified as primary and secondary 
cases based of IgM: IgG ratio. For the samples diluted in 1:100 ratio, if IgM/IgG is <1.2, 
the cases are said to be secondary infection and if ≥1.2 they were classified as primary 
infection. Out of 39 confirmed DENV cases, only 3 were primary infections whereas 36 
cases were secondary infections. 

 



83 

4.4.5 Neutralizing antibody response against DENV1-4 and other 
flaviviruses 
Initially all of the samples were screened for presence of neutralizing 

antibodies against DENV1-4. The plasma was diluted 1:40 and after mixing with virus in 
1:1 ratio, the final concentration was 1:80. For the total of 60 acute samples, 
neutralizing antibodies were present in highest percentage against DENV1 (95%, 57/60) 
followed by DENV3 (75%, 45/60). Surprisingly the neutralizing antibodies against ZIKV 
and JEV were higher than that for DENV2 and DENV4. Some of the samples also 
showed response against YFV (15%, 9/60). More than half of the population had 
antibodies against ZIKV as well (52%, 31/60). 

4.4.6. Neutralizing antibody response based on DENV case classification 
After the cases were classified as active DENV, probable DENV and 

negative DENV or other febrile illness, we further checked the neutralization activity in 
only DENV active cases (n=39) for all 7 viruses. It was clearly seen that almost all of 
the samples had neutralizing activity against DENV1 (38/39) followed by DENV3 (28/39). 
Surprising the neutralization against ZIKV and JEV was higher than that for DENV2 and 4 

(Figure 4.2). Further Dunn’s multiple comparisons test was performed and significant 

difference was seen between DENV1 and all other virus strains used except for DENV3. 
DENV3 however showed significant difference with other viruses. DENV4 also showed 
significant difference with ZIKV and YFV (Table 4.5).  

Figure 4.2 Percentage neutralization of active DENV cases against DENV1-4, ZIKV, JEV 
and YFV 



84 

Table 4.5 Statistical analysis for presence of neutralizing antibodies against DENV1-4, 
ZIKV, JEV and YFV 

Dunn's multiple 
comparisons test 

Significance Summary Adjusted P Value 

DENV1 vs. DENV2 Yes **** <0.0001 

DENV1 vs. DENV3 No ns 0.3278 

DENV1 vs. DENV4 Yes **** <0.0001 

DENV1 vs. ZIKV Yes **** <0.0001 

DENV1 vs. JEV Yes **** <0.0001 

DENV1 vs. YFV Yes **** <0.0001 

DENV2 vs. DENV3 Yes *** 0.0002 

DENV2 vs. DENV4 No ns 0.0871 

DENV2 vs. ZIKV No ns >0.9999 

DENV2 vs. JEV No ns >0.9999 

DENV2 vs. YFV No ns >0.9999 

DENV3 vs. DENV4 Yes **** <0.0001 

DENV3 vs. ZIKV Yes * 0.0215 

DENV3 vs. JEV Yes * 0.0103 

DENV3 vs. YFV Yes **** <0.0001 

DENV4 vs. ZIKV Yes ** 0.0013 

DENV4 vs. JEV Yes ** 0.0031 

DENV4 vs. YFV No ns >0.9999 

ZIKV vs. JEV No ns >0.9999 

ZIKV vs. YFV No ns 0.3545 

JEV vs. YFV No ns 0.6035 
 
Similar analysis was performed with the convalescent samples as well. In 

convalescent samples which were available, all of the samples had high neutralization 
against DENV1 followed by JEV and ZIKV rather than that with other serotypes of DENV. 
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Figure 4.3 Percentage neutralization of convalescent phase of active DENV cases 
against DENV1-4, ZIKV, JEV and YFV. A- 28-45 days convalescence and B. 1 
year convalescence. 

 
For the active DENV cases, we had paired 20 samples for 28-45 days 

convalescence and 6 after 1 year. So, it was further compared using Ordinary one-way 
ANOVA. Significant difference was observed in case of DENV1, 3, 4 and JEV. It could be 
seen that there was higher neutralization in the paired sample against DENV1 
compared to other viruses. The trend was increase during first convalescent time point 
and then decrease during second convalescent time point (Figure 4.4). 

Figure 4.4 Comparison of neutralization activity between paired acute, 
convalescence 28-45 days (n=20) and 1 year (n=6). A-D: DENV1-4, E: ZIKV, 
F: JEV and G: YFV. 
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Further after the samples were classified as active DENV, probable past DENV 
and negative, non-parametric Kruskal-Wallis test was performed as the sample size is 
small. Significant difference was observed in case of DENV1 only (P value= 0.0144). 
Since the dominant serotype was likely DENV1 in the cohort, so the neutralizing 
antibody titer was higher against DENV1. 

 
Figure 4.5 Comparison of neutralization activity between active DENV, probable past 

DENV and negative samples. A-D: DENV1-4, E: ZIKV, F: JEV and G: YFV. 
 

4.4.7 Neutralization titer of the samples against DENV1 
After the initial screening, it was seen that the patient samples had high 

percentage of neutralization against DENV1. So, the samples were further diluted from 
1:80 through 1:10240 following two-fold dilution. After mixing with the virus, the final 
concentrations would be 1:160 to 1:20480. The serial dilution was performed for all of 
the 91 samples irrespective of their previous result and NT50 and NT90 titer was 
calculated as the inverse dilution which could neutralize the virus by 50% or 90% 
respectively. Some samples had higher titers than 20480. These samples need to be 
diluted further to get the exact NT50 values.  

The NT50 values were found to be high for all of the confirmed DENV 
positive samples irrespective of their serotype. The titer increased even more in the 
samples collected after 28-45 days but were decreased after a year. In the 3 paired 
samples infected by DENV2 (Patient no. 2, 35 and 41), the NT50 values are very high 
and increased after convalescence. We do not have a record of severity at the 
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convalescence sample collection time point, so we are unable to determine the 
severity of the cases. Similarly in the 3 DENV4 positive samples (Patient no. 1, 4 and 15) 
as well, we could see high NT50 in both acute and convalescence state with significant 
increase in titer after 28-45 days. For the samples infected with DENV1, the NT50 
values ranged from <80 to >20480. However, the NT50 titer increased during 
convalescence after 28-45 days and then decreased in all of the available 
convalescent samples after 1 year except one sample from a 14-year-old boy (Patient 
no. 16) whose NT50 titer was highest during acute phase, decreased after 28-45 days 
and increased again after a year. For 14 samples, in which we could not detect the 
infecting serotype, we could see >20480 NT50 titer in 3 of these samples. In the 
available convalescent samples, we could not see significant increase or decrease in 
these samples. We also analyzed NT90 titer as it is more specific. The NT90 titer ranged 
from <80 to 19539.31 following similar trend with NT50 values. The details of the 
neutralization titers for the confirmed DENV samples are shown in Table 4.6. 

Similar analysis was performed on probable past DENV infection and samples 
which were negative as well. In only IgG positive samples (n=15), two of the samples 
had <80 NT50 values. One 14-year-old boy had >20480 in acute phase. However, it 
decreased during convalescence. For the negative samples, the titer was lesser which 
decreased further in two paired convalescence samples. No 1-year convalescent 
samples were available for analysis for these cases. The detail values have been 
shown in the following tables 4.7 and 4.8. 
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Table 4.6 Neutralization titer for confirmed DENV samples 

Patient 
No. 

Sub ID Gender Age Serotype 
NT50 Titer NT90 Titer 

Acute 28-45 days 1 year Acute 28-45 days 1 year 

6 SUTH/06/A M 2 DENV1 84.00 2232.61 na <80 211.69 na 

7 SUTH/07/A F 31 DENV1 >20480 6664.33 na <160 2983.64 na 

8 SUTH/08/A M 4 DENV1 666.13 2255.29 418.77 178.63 744.47 <160 

9 SUTH/09/A M 14 DENV1 1017.49 9496.62 331.33 214.68 1785.01 <160 

10 SUTH/10/A M 11 DENV1 666.83 1452.88 na 298.11 257.87 na 

11 SUTH/11/A M 7 DENV1 160.00 1110.18 na <160 264.93 na 

12 SUTH/12/A F 14 DENV1 <80 1573.21 na <160 173.60 na 

13 SUTH/13/A F 11 DENV1 273.20 10798.30 957.00 246.93 2689.57 445.23 

14 SUTH/14/A M 8 mo DENV1 620.22 na na 237.78 na na 

16 SUTH/16/A M 14 DENV1 9756.89 4412.01 6133.72 161.32 2102.34 2464.75 

29 SH/13/A F 11 DENV1 294.89 14557.12 na 46.14 1625.58 na 

38 SH/22/A M 13 DENV1 10071.27 na na 4859.52 na na 

39 SH/23/A M 5 DENV1 676.68 na na 224.15 na na 

41 SH/25/A F 15 DENV1 185.00 na na <160 na na 

43 SH/27/A M 15 DENV1 196.70 na na <160 na na 
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53 SH/37/A F 11 DENV1 1317.42 na na 525.89 na na 

57 SH/41/A M 8 DENV1 344.77 na na 185.68 na na 

58 SH/42/A F 8 DENV1 6154.62 na na 2086.77 na na 

2 SUTH/02/A F 36 DENV2 13593.67 >20480 na 3869.42 27.02 na 

45 SH/29/A M 11 DENV2 >20480 >20480 na 537.25 5130.48 na 

47 SH/31/A F 14 DENV2 166.30 11557.34 na <160 2168.07 na 

48 SH/32/A F 31 DENV2 5332.02 na na 3688.27 na na 

1 SUTH/01/A M 7 DENV4 3917.71 >20480 2060.00 180.46 2577.54 990.28 

4 SUTH/04/A M 50 DENV4 1463.13 na na 976.51 na na 

15 SUTH/15/A F 11 DENV4 661.54 4526.39 328.62 235.41 1301.79 <160 

3 SUTH/03/A M 32 N/A >20480 na na 7525.25 na na 

18 SH/02/A M 57 N/A 322.35 na na 121.69 na na 

20 SH/04/A F 14 N/A 13072.48 11629.00 na 4396.22 3139.80 na 

34 SH/18/A F 64 N/A 1529.84 na na 523.37 na na 

37 SH/21/A F 14 N/A 424.87 na na 203.52 na na 

40 SH/24/A M 31 N/A >20480 na na 2215.19 na na 

44 SH/28/A M 13 N/A 864.20 991.47 na 354.86 623.37 na 

46 SH/30/A M 11 N/A 1349.80 1327.31 na 719.65 488.16 na 
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49 SH/33/A M 31 N/A 7305.51 na na 3104.23 na na 

50 SH/34/A F 15 N/A 5635.77 na na 2551.37 na na 

52 SH/36/A M 7 N/A 173.60 na na 99.63 na na 

54 SH/38/A M 24 N/A 18976.29 na na 3091.01 na na 

56 SH/40/A M 13 N/A 160.80 256.72 na <160 26.47 na 

59 SH/43/A M 9 N/A >20480 18159.51 na 19539.31 6612.65 na 
mo: months; N/A: Not amplified in PCR; na: not available for analysis 

 
Table 4.7 Neutralization titer for only IgG positive samples 

Patient 
No. 

Sub ID Gender Age 
NT50 Titer NT90 Titer 

     Acute      28-45 days      Acute      28-45 days 

5 SUTH/05/A M 5 <80 na <80 na 

17 SH/01/A F 23 7002.79 18499.89 1907.77 3228.02 

19 SH/03/A F 26 880.51 657.40 396.35 295.30 

21 SH/05/A M 44 817.92 na 464.39 na 

22 SH/06/A M 49 1309.61 na 602.80 na 

25 SH/09/A F 28 579.49 na 142.19 na 

26 SH/10/A F 6 <80 na <80 na 



 
91 

27 SH/11/A F 61 2553.52 na 1380.00 na 

30 SH/14/A F 33 1097.45 na 349.88 na 

32 SH/16/A M 73 182.84 na <160 na 

33 SH/17/A M 79 835.50 na 421.43 na 

36 SH/20/A M 24 3386.90 na 1681.67 na 

42 SH/26/A F 55 1109.11 na 461.56 na 

51 SH/35/A M 14 >20480 12351.28 2532.83 6009.15 

55 SH/39/A F 24 169.29 na <160 na 
na: not available for analysis 

 
Table 4.8 Neutralization titer for negative samples 

Patient 
No. 

Sub ID Gender Age 
NT50 Titer NT90 Titer 

Acute 28-45 days Acute 28-45 days 

23 SH/07/A M 27 570.20 577.41 139.02 276.28 

24 SH/08/A F 47 711.93 na 245.25 na 

28 SH/12/A M 52 206.72 na <160 na 

31 SH/15/A M 4 mo 319.39 na <160 na 

35 SH/19/A M 14 217.51 na <160 na 

60 SH/44/A F 18 810.48 181.37 503.88 <160 
mo: months; na: not available for analysis 
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4.5 Discussion 
DENV infections are a global health concern together with other flavivirus 

infections like ZIKV and JEV. Thailand being a tropical country is endemic to these 
flaviviruses. In this study, we have analyzed 60 acute DENV suspected DENV samples 
together with 25 convalescent samples collected within 28-45 days convalescence and 
6 within 1 year convalescence from two hospitals of Nakhon Ratchasima province 
which lies in northeastern region of Thailand. Though the study cohort is small, it was 
diverse with the age group ranging from 4 months to 79 years. Dengue is the disease 
mainly affecting children and young adults in Thailand, which was similar to our cohort 
in which we found that more than 50% of the cohort belonged to less than 20 years. 
Also, there was more prevalence of secondary infections. Most hospitalized patients, 
even younger children, had secondary infection suggesting that more severe illness is 
associated with re-exposure to DENV (Lim et al., 2021). 

There is co-circulation of all four DENV serotypes in nearly all regions 
throughout Thailand making it a hotspot for DENV evolution and transmission (Hamel 
et al., 2019) which is also observed in our cohort. In such a small cohort, we were able 
to see co-circulation of three serotypes of DENV, 1, 2 and 4, with DENV1 being the 
dominant serotype. However, we were able to isolate virus for only 6 samples: DENV1 
(n=5) and DENV2 (n=1). Further phylogenetic analysis of the samples should be 
performed to know about the evolutionary details of these viruses. From a clinical 
standpoint, different DENV serotypes can influence the severity of illness, particularly 
during secondary infections. A modeling study based on longitudinal pediatric dengue 

data from Bangkok (1994–2014) revealed that the risk of hospitalization was highest in 

cases of primary DENV-2 infection followed by a secondary DENV-1 infection. In 
contrast, secondary infections with DENV-4 were associated with a lower overall risk of 
severe disease. The study also indicated that the greatest hospitalization risk occurred 
when there was an intermediate level of antigenic difference between the initial and 
subsequent infecting strains (L. Wang et al., 2024). When the viruses were too similar, 
the immune response from the first infection tended to offer protection against the 
second. Conversely, when the viruses were highly dissimilar, the immune system 
lacked sufficient antigenic recognition to mount an effective response. These findings 
imply that both cross-protection and cross-reactivity between viral strains play crucial 
roles in determining disease outcomes during secondary dengue infections. 
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A significant number of dengue infections are asymptomatic, making them 
difficult to detect through standard surveillance systems, which typically depend on 
case reporting from major hospitals (Hamins-Puertolas et al., 2024; Ribeiro Dos Santos 
et al., 2022). In hyperendemic regions like Thailand and Southeast Asia, dengue has 
traditionally been studied as a pediatric illness, resulting in limited data on 
asymptomatic infections among older individuals who may have experienced multiple 
infections. Since 2015, a longitudinal, prospective cohort-cluster study has been 
conducted in multigenerational households in Khamphaeng Phet, Central Thailand, to 
gather data on dengue exposure and transmission patterns. Early findings indicated that 
up to 90% of dengue infections identified in the study were subclinical, with the 
highest incidence of symptomatic illness occurring in individuals aged 15 to 25 
(Anderson, Buddhari, et al., 2020). In addition to household studies, research into 
asymptomatic dengue has extended to blood donor screening. One nationwide study 
analyzing samples from blood centers across five regions of Thailand found that 89.1% 
of donors were dengue IgG positive, indicating previous infection, while 2.1% tested 
positive for IgM, suggesting ongoing or recent infection. As expected, IgG prevalence 
increased with age, reflecting cumulative exposure to different DENV serotypes over 
time (Limothai et al., 2024). These findings underscore the challenges of dengue 
surveillance in endemic settings like Thailand, where asymptomatic carriers can sustain 
transmission undetected. Enhanced surveillance strategies, including predictive 
modeling based on climatic conditions, mosquito density, and historical data, are 
essential. Broader population screening in high-risk areas may improve detection and 
control of ongoing viral transmission. 

We further characterized the neutralizing antibody (nAb) response of all of the 
samples against DENV1-4 and other flaviviruses which include ZIKV, JEV and YFV. We 
could see high nAb titers against the dominant serotype DENV1 present in the cohort 
rather than the infecting serotype as well. Also, the titers were high against ZIKV and 
JEV rather than heterologous serotypes of DENV as opposed to studies by Montoya et 
al.,2018 (Montoya et al., 2018). In Thailand, the incidence of JEV has decreased 
significantly due to vaccination and improved vector control. Thailand initiated a JEV 
vaccination program in 1990 using a two primary doses of mouse brain-derived vaccine 
(MBDV; JEVAX) in children aged 18-24 months (Sudjaritruk et al., 2022). A third dose was 
added in 2000, achieving 95% effectiveness (Asawapaithulsert, Ngamprasertchai, & 
Kitro, 2023; Sudjaritruk et al., 2022). This three-dose regimen was replaced in 2016 with 
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a two-dose live-attenuated vaccine either the SA14-14-2 strain (CD.JEVAX) or the 
chimeric JE-CV (IMOJEV) which is the prM and E proteins of SA14-14-2 integrated into 
the yellow fever 17D virus genome (Chotpitayasunondh, Suntarattiwong, & Yoksan, 
2024). The first dose is administered at 9-12 months and the second dose 
approximately a year later. Hence, this may be the reason that our study cohort 
consisted of high neutralizing antibody response against JEV. Similarly, ZIKV infection in 
Thailand dates back to the 1950s through serological surveys, with ZIKV circulating at 
sustained levels likely from 2002 (Ruchusatsawat et al., 2019).  ZIKV IgG prevalence in 
Thailand held steady at roughly 25-27% in young adults enrolled in a large clinical trial 
throughout the country during 1997-2017 (Choyrum et al., 2022). Although Thailand 
experienced ZIKV outbreaks between 2016 and 2018 concurrent with those in the 
Americas, the overall antibody prevalence remained lower than in Central and South 
America (Saba Villarroel et al., 2024). A study from January 2016 to December 2017, 
identified 368 ZIKV infections out of 1,717 individuals tested, with clustered cases 
within districts suggesting sustained local transmission and a shift towards endemic 
circulation (Ruchusatsawat et al., 2019). A study from Nakhon Ratchasima confirmed 
co-circulation of ZIKV in this region and concluded that residents of DENV-endemic 
regions with repeated exposure to DENV have higher titers of nAbs against ZIKV than 
individuals with only a single DENV exposure (Sararat Hattakam, Annie Elong Ngono, 
Melanie McCauley, Sujan Shresta, & Montarop Yamabhai, 2021) which further supports 
our finding of higher neutralizing antibodies against ZIKV in our study cohort. The 
primary reason for the presence of neutralizing antibodies against YFV in patients from 
Thailand which is a non-endemic country for YFV may be due to the antigenic cross-
reactivity between YFV and DENV, as both belong to the Flavivirus genus. All 
flaviviruses are antigenically related and can induce broadly flavivirus cross-reactive 
antibodies (Monath, 2007).  

Immunological cross-reactivity among flaviviruses is a well-documented 
phenomenon that complicates serological diagnosis, particularly in countries like 
Thailand where DENV, JEV, and ZIKV co-circulate (Hou et al., 2022). One study 
analyzing 147 serum samples from healthy donors across four Thai provinces, Nakhon 
Sawan and Uthai Thani in the north, Rayong in the central region, and Phuket in the 

south—reported that 70% of the samples exhibited neutralizing activity against 

multiple flaviviruses, including DENV, JEV, and ZIKV (Yamanaka et al., 2021). However, 
the study did not specify whether the detected neutralizing antibodies resulted from 
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natural infection or prior vaccination. Another serological investigation conducted on 
adult ZIKV cases in Nonthaburi, Central Thailand, between December 2016 and 
September 2018, revealed cross-reactivity with anti-DENV antibodies: 25% of the 
samples were positive for IgM and 12.5% for IgG (Wongsawat et al., 2021). Interestingly, 
pediatric ZIKV cases in the same study showed no evidence of such cross-reactivity, 
likely reflecting their limited exposure to multiple flavivirus infections due to younger 
age. 

Multiple studies have demonstrated a link between the presence of cross-
reactive antibodies and potential protection against other flaviviruses. Research 
involving asymptomatic individuals from a DENV-endemic region in Thailand showed 
that a significant portion of participants possessed antibodies capable of neutralizing 
both ZIKV and at least one DENV serotype (Sararat Hattakam et al., 2021). Importantly, 
repeated exposure to DENV was correlated with higher neutralizing antibody titers and 
broader cross-reactivity against ZIKV. Similarly, a seroprevalence study among healthy 
adolescents in Chiang Mai, Northern Thailand, found that prior DENV infection was 
strongly associated with protective immunity against JEV (Sudjaritruk et al., 2022). On 
the other hand, widespread JEV vaccination among Thai children may contribute to the 
observed lower rates of primary DENV infections in this population compared to 
children of similar age in Ecuador (Anderson, Stewart-Ibarra, et al., 2020). These findings 
highlight the need for further research to distinguish the effects of natural infection 
versus vaccination on cross-reactive immune responses, and to determine whether 
initial infections with DENV, JEV, or ZIKV offer protective immunity against subsequent 
flaviviral infections. 

 
The NT50 response against DENV1 was calculated further and we could see 

higher NT50 values against DENV1 for almost all of the samples against DENV1 
irrespective of the serotype they were infected. Higher NT50 titers were observed in 
convalescent samples as well which decreased after a year. NT90 titer against theses 
samples were also calculated against DENV1. While NT50 is considered as standard for 
neutralization, higher threshold like NT90 could improve the specificity for the 
samples from a country like Thailand where there is co-circulation of multiple 
flaviviruses (WHO, 2007). Further experiments need to be performed against other 
serotypes of DENV, ZIKV, JEV and YFV to determine the neutralization titers and both 
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NT50 and NT90 values can be considered to set up the threshold for positivity of 
these samples. 

Compared with Nepal study, Thailand study had patients from more diverse 
age group with higher number of cases in children. Also, the IgG seroprevalence was 
higher in Thailand and more cases of secondary infection. In future, genome 
sequencing of the virus from Thailand could help more to understand the evolution 
of virus sequences from Thailand and we could compare with Nepal genome 
sequences to understand their phylogenetic similarity.  

In conclusion, in this study we were able to collect 60 acute samples and 
then tried to collect convalescence samples as well. We were able to collect 25 (28-
45 days) and 6 (1 year) convalescent samples. The samples were further 
characterized based on ELISA and PCR results. Further neutralizing activity of the 
patient samples were performed against DENV1-4, ZIKV, JEV and YFV. Hence, from 
this study even with small sample size, we were able to see co-circulation of 3 
different serotypes of DENV with varied neutralizing antibody response against 
DENV1-4, ZIKV, JEV and YFV. These flaviviruses are all endemic in Thailand, and their 
incidence has been on the rise in recent years, largely driven by factors such as 
climate change and increasing urbanization. While vaccination campaigns have 
successfully reduced the number of JEV cases, the uptake of dengue vaccines in 
Thailand remains limited, particularly in the context of growing vaccine hesitancy. 
Simultaneous outbreaks of these diseases place additional strain on already 
burdened healthcare systems, potentially undermining their future capacity for 
effective surveillance, diagnosis, and care. To strengthen public health response, 
increased investment in affordable diagnostic tools is essential, alongside further 
research into flavivirus cross-reactivity to guide more effective vaccination strategies. 
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CHAPTER V 
APPLICATION OF PHAGE DISPLAY TECHNOLOGY FOR RESEARCH 

ON DENGUE VIRUS
 

5.1 Abstract 
Dengue virus (DENV) poses a significant global health threat and is responsible 

for a wide spectrum of diseases ranging from mild dengue fever to severe dengue 
hemorrhagic fever and dengue shock syndrome. Till date, there are critical challenges 
in dengue research for the development of broadly neutralizing antibodies and 
vaccines effective across all four serotypes (DENV-1 to DENV-4). This study explores the 
application of phage display technology, utilizing a consensus envelope domain III 
(cEDIII) as a target, for advancing DENV research. The envelope (E) protein of DENV, 
particularly domain III of the envelope protein (EDIII), plays a significant role in virus-
host interaction and is a key target for neutralizing antibodies. Hence, cEDIII 
representing conserved elements across all serotypes, can serve as an effective 
immunogen or screening bait to discover neutralizing antibodies using scFv phage 
display libraries. We successfully isolated four distinct IgG antibodies that exhibited 
cross-reactivity and demonstrated the ability to neutralize all four dengue virus 
serotypes (DENV-1 through DENV-4) to varying degrees. This approach holds promise for 
developing broadly neutralizing antibodies, novel antiviral drugs, and improved 
diagnostic tools. Furthermore, phage display can be employed for epitope mapping 
and vaccine development, contributing to a deeper understanding of DENV 
pathogenesis and immunity. Altogether, this research highlights the versatility of phage 
display technology in targeting cEDIII for comprehensive DENV research and the 
development of effective countermeasures. 

5.2 Introduction 
Dengue virus (DENV) causing dengue fever refers to a group of four genetically 

and antigenically related viruses, DENV 1-4, that are known as serotypes are further 
classified into genotypes based on the lack of cross-neutralization by antibodies 
generated against individual strains (Kyle & Harris, 2008). Infection by any of the four 
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serotypes can result in a range of clinical manifestations for which the timing or 
sequence of infections can be an important determinant of disease severity and 
course.  

Until now, there are no vaccines against DENV that can provide long durable 
protection against all four DENV serotypes and can be given to people of all ages 
irrespective their immune status against DENV which has been already described in 
previous chapters as well. Therefore, the search for serological biomarkers through 
monoclonal antibodies (mAbs) that identify unique viral regions can assist in the 
differential detection, whereas the development of recombinant antibodies with a 
neutralizing potential can lead to the establishment of efficacious treatments. 

Phage display is a powerful tool to generate antibodies and peptides. The main 
principle of this technique is the presentation of libraries of molecules on the surface 
of a bacteriophage (phage), allowing the identification of a wide range of biomolecules, 
including peptides, antibodies, and other proteins (Clackson, Hoogenboom, Griffiths, & 
Winter, 1991). This technology is attractive because of the ability to rapidly select a 
molecule with the desired phenotype from a vast and diverse library repertoire. 
Antibody phage display is possible to generate antibodies against low immunogenic 
targets, avoid animal immunization, and generate non-immunogenic human antibodies 
for therapy (Marks et al., 1991).  

Among the structural proteins of DENV, the envelope protein (E protein) plays 
critical roles in virus attachment by binding to host cell receptors, fusion and then 
entry to host cells and is also the most immunogenic (Modis et al., 2004). Hence, from 
the perspective of vaccine design or neutralizing antibody, the envelope protein (E 
protein) of DENV is considered as an important antigen and is used even as a reagent 
for diagnostic purposes. E protein is a large and cysteine-rich protein that consists of 
three structurally distinct domains (I, II, and III). Domain I forms the structural domain, 
domain II links structural and binding domain and domain III is the major binding 
domain of the virus (Modis, Ogata, Clements, & Harrison, 2003). Domain III (EDIII) 
contains type specific neutralization sites unlike domain I and II, hence induces a type 
specific neutralizing response with a low potential for inducing cross-reactive antibodies 
and thereby potentially avoiding Antibody Dependent Enhancement. A consensus 
dengue virus envelope protein domain III (cEDIII) was also developed in E. coli host 
system that could produce recombinant proteins inducing cross-neutralizing antibodies 
and memory immunity against all 4 serotypes of DENV (H. W. Chen et al., 2013; H. J. 
Huang et al., 2022; Leng et al., 2009). Therefore, cEDIII represents as an attractive target 
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for the development of neutralizing DENV antibodies using phage display technology. 
In this study, we use cEDIII to produce recombinant monoclonal antibodies against 
DENV using phage display technology and further characterize its properties. 

 
5.3 Material and Methods 

5.3.1 cEDIII production  
The target protein, consensus envelope domain III (cEDIII) was performed 

as described previously (Leng et al., 2009). Briefly, the cEDIII gene was cloned into the 
pET-21d (+) vector and expressed in Escherichia coli. After isopropylthiogalactoside 
(IPTG) induction, the recombinant cEDIII was purified with immobilized metal affinity 
chromatography (IMAC) columns.  

 
Figure 5.1 Cloning Consensus Envelope Domain III (cEDIII) in pET21d vector for 
expression in E. coli 

5.3.2 Affinity selection 
Selection of phage particles displaying specific scFvs were performed on 

immuno tubes (Nunc, Denmark) by bio-panning from a human phage display scFv 
library Yamo I (naive to dengue) (Potjamas Pansri, Nanthanit Jaruseranee, Kuntalee 
Rangnoi, Peter Kristensen, & Montarop Yamabhai, 2009) and Yamo II (dengue immune 
library constructed from people having neutralizing antibodies against dengue; 
unpublished data) produced in our laboratory using varied concentrations of cEDIII for 
different rounds of panning as previously described (Potjamas Pansri et al., 2009).  
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Figure 5.2 Representation of a biopanning process using Phage display antibody 

library 
 

5.3.3 Affinity determination by ELISA 
The 96-well plate (F96 maxisorp, Nunc plate; Cat No. 442404) was coated 

with cEDIII protein in coating buffer and left overnight at 4°C. Non-specific binding was 

prevented by incubating the wells with 3% MPBS at room temperature for 2 hours. 

Following this, the wells were washed three times with PBS. Subsequently, 150 μL of 
supernatant obtained from phage rescue of selected single colonies was added to 

each well, along with 50 μL of 3% MPBS. The mixture was incubated at room 
temperature for another 2 hours to allow binding. After incubation, the wells were 
washed three times with PBS-T, followed by two washes with PBS. To detect bound 
phages, the secondary antibody HisProbe-HRP (ThermoFisher, Cat No. 15165) was 

applied. Then, 200 μL of ABTS substrate (2,2'-Azinobis [3-ethylbenzothiazoline-6-

sulfonic acid]-diammonium salt; ABTS® BioChemica, A1088, 0010) in citric acid was 

added to each well. The plates were incubated at room temperature for 1 hour, with 
absorbance readings taken every 15 minutes. Absorbance was measured at 405 nm in 
an ELISA plate reader (Sunrise Microplate Reader). After initial screening, binding phage 
clones are again amplified in 5ml of culture media and then checked again by ELISA in 
same way.  
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5.3.4 scFv expression and purification 
The plasmid DNA of the binding clones were sequenced and full length 

scFvs were selected for expression. Selected scFvs were cloned into pET21d+ vector 
for plasmid extraction and then transformed into expression host E. coli (T7 SHuffle B 
cell). The transformed bacterial cells were cultured on LB agar plates supplemented 

with 100 µg/ml ampicillin and incubated overnight at 30 °C. Individual colonies were 

then selected to initiate overnight cultures. These cultures were diluted 1:100 into 

200 ml of fresh LB medium containing ampicillin and incubated at 30 °C with shaking 

until the OD600 reached between 0.8 and 0.9. IPTG was subsequently added to a final 

concentration of 0.4–0.8 mM to induce protein expression, and the cultures were 

further incubated at 25 °C with shaking for 20 hours. Cells were harvested by 

centrifugation at 4000 g for 30 minutes, and the supernatant was discarded. The 

resulting cell pellet was resuspended in binding buffer (20 mM Tris-HCl, 500 mM NaCl, 

20 mM imidazole, pH 7.4) containing 1 mg/ml lysozyme and incubated on ice for 30 
minutes. Cell lysis was performed by sonicating the suspension for 10 minutes (pulse 
and break 30 seconds each) on ice. The cell lysate was centrifuged at 10000 g for 30 

minutes, 4 °C. Cleared supernatant was moved to the gravity flow chromatography 

containing 1 ml of the immobilized metal affinity chromatography (IMAC) resin (HisPur 

NI-NTA RESIN, Gibthai) and incubated for 2 hours with rotating at 4°C. Then the column 

was placed on a stand and the flow was poured out by gravity and washed 3 times 
with washing buffer (20 mM of Tris-HCl, 500 mM of NaCl, 60 mM Imidazole, pH 7.4) and 
eluted with 5 column volumes of elution buffer (20 mM of Tris-HCl, 500 mM of NaCl, 
250 mM Imidazole, pH 7.4). Every fraction was collected for SDS-PAGE analysis. After 
that elutes containing scFv were pooled and exchanged in PBS and concentration was 
measured by Nanodrop. The binding of scFvs to cEDIII and all serotypes of DENV were 
performed by ELISA.  
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Figure 5.3 Representative steps for scFv expression, purification and binding analysis 

 

5.3.5 Expression of recombinant full-length anti-human monoclonal IgGs 
antibody and purification 

 Immunoglobulin G (IgG) is the most widely used format for therapeutic 
applications. Converting single-chain variable fragment (scFv) antibodies into full-length 
IgG can preserve or even enhance their antigen-binding capabilities. Therefore, selected 
scFv clones exhibiting strong neutralizing activity were reformatted into IgG. The 
phagemid vectors carrying the scFv genes encoding the VH and VL regions were 
amplified using PCR. These PCR products were then inserted into antibody expression 
plasmids (pTT28) containing the constant regions of the heavy and light chains, 
respectively. The resulting plasmids were co-transfected into Expi293 cells using the 

Expi293™ Expression System using serum free media, leading to the secretion of full-

length recombinant IgG into the cell culture supernatant. Following transfection, the 
culture was centrifuged to collect the IgG-containing supernatant. Human IgG was 
subsequently purified using a HiTrap MabSelect PrismA protein A column (Cytiva). The 
column was first equilibrated and washed with a binding buffer composed of 20 mM 

sodium phosphate (NaH₂PO₄) and 0.15 M NaCl at pH 7.2. The antibody-containing 
supernatant, mixed with binding buffer, was loaded onto the column. After washing 
with 10 ml of binding buffer, the IgG was eluted using 0.1 M citric acid at pH 3.0. Eluted 
fractions were immediately neutralized with Tris-HCl buffer (pH 9.0), then buffer-

exchanged to PBS. Purified IgG samples were stored at 4°C until further use. 
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Table 5.1 Primers for construction of IgG vectors 

Primer Clones Sequence 

IgG1-HC-F  

1D1 CTGTGCGCTAGCGAGGTGCAGCTGGTGCAG 

YE11 5'-GCCGCTAGCCAGGTGCAGCTGGTGCAGTC-3' 

YG1 5'-GCCGCTAGCCAGGTGCAGCTGGTGCAGTC-3' 

YH1 5'-CTGTGCGCTAGCGAGGTGCAGCTGCAGGAG-3' 

IgG1-HC-R 

1D1 5'-ACCGCTAGCTGAGGAGACGGTGACCAGGG-3' 

YE11 5'-ACCGCTAGCTGAGGAGACGGTGACCAGGG-3' 

YG1 5'-GCACAGGCTAGCTGAAGAGACGGTGACCATTG-3' 

YH1 5'-ACCGCTAGCTGAGGAGACGGTGACCAGGG-3' 

IgG1-LC-F  

1D1 5'-CTGTGCGCTAGCTCCTATGTGCTGACTCAGC-3' 

YE11 5'-CTGTGCGCTAGCTCCTATGTGCTGACTCAGC-3' 

YG1 5'-GGTGCTAGCTCTTCTGAGCTGACTCAGGACCC-3' 

YH1 5'-CTGTGCGCTAGCCACGTTATACTGACTCAACCG-3' 

IgG1-LC-R 

1D1 5'-GCACAGCGTACGTAAAACGGTGAGCTGGGTC-3' 

YE11 5'-GCACGTACGTAGGACGGTCAGCTTGGTC-3' 

YG1 5'-GCACGTACGTAGGACGGTCAGCTTGGTC-3' 

YH1 5'-GCACGTACGTAGGACGGTCAGCTTGGTC-3' 
 

 

 
 

Figure 5.4 Representative figure for IgG expression 
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5.3.6 Affinity determination by ELISA 
 To assess the binding of human monoclonal antibodies (mAbs) from the 

expressed clones to DENV1–4, ELISA was conducted using cEDIII and whole virus 

coated onto plates in coating buffer (0.1 M NaHCO₃) and incubated overnight at 4°C. 

The plates were then blocked with 3% skimmed milk in PBS for 2 hours. Following 
washing, antibody samples diluted in PBS were added and incubated for 1 hour. After 

another washing step with wash buffer, Peroxidase AffiniPure™ F(ab') ₂ Fragment Goat 

Anti-Human IgG (H+L) was added as the secondary antibody. The binding reaction was 
visualized using ABTS substrate, and absorbance was measured at 405 nm using an 
ELISA plate reader. 

5.3.7 Neutralization test using Microneutralization Assay (MNT) 
 The Vero cells were cultured and seeded in 96 well plate and incubated 

overnight to get 80-100% confluency. The recombinant antibodies were serially diluted 
(2.5 mg/ml) in two-fold dilution and mixed with virus at a 1:1 ratio and incubated at 

37°C. The resulting mixture was added to Vero cells seeded in 96-well plates. 

Following a 1-hour adsorption period, the plates were incubated at 37°C for 5 days. 

Cells were then fixed with methanol (Wako Pure Chemical Industries) for 10 minutes at 
room temperature and stained with 0.1% crystal violet (Wako Pure Chemical Industries) 
for 15 minutes. After washing off the excess stain, 1% SDS was used to dissolve the 
cells. Absorbance was measured at a wavelength of 595 nm. Then percentage 
neutralization was calculated for each of the antibodies against DENV1-4 (Haga et al., 
2023). Titration of the viruses was performed same as described in Chapter IV. 

5.4 Results 
5.4.1 Expression and Purification of target protein 
Target protein (cEDIII) was expressed in bacterial expression system. SDS-PAGE 

was performed to visualize and confirm the expression of the protein and expected 
band size (~15KD) was observed (Figure 5.5). 
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Figure 5.5 SDS-PAGE (16%) for consensus envelope domain III (cEDIII) after 

purification 

 

5.4.2 Affinity selection of cEDIII and Immunogenetic analysis 
Biopanning was performed against cEDIII to get binding clones. More than 

100 of clones were selected randomly for ELISA to check the binding. The binding 
clones are further grown in 5ml media for confirmation and checked again by ELISA. In 
the end, 8 clones from Yamo I and 7 clones from Yamo II showing high binding against 
cEDIII were selected and sent for sequencing. After sequencing, from Yamo I, 6 clones 
had same sequence. So, total of 3 clones (YE11, YG1 and YH1) were selected for 
further process. In case of Yamo II, only 1 clone (1D1) was selected for further process 
because rest had stop codons.  

We further analyzed the sequences of 4 mAbs using the IMGT tool 
(https://www.imgt.org/IMGT_vquest/input) to identify their closest VH and VL germline 
genes. The results showed that these antibodies originated from different B-cell 
lineages (Table 5.2). 
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Table 5.2 Analysis of V-gene germline family 

YAMO Library 

Clones 
V-Gene 
germline 

Identity CDR1 CDR2 CDR3 
V-Gene 
germline 

Identity CDR1 CDR2 CDR3 

 
VH 

    
VL 

    
Y5_1F10,1A1,1
E11, 
1G5,1E12 
(YE11) 

IGHV1-24*01 85.76% 
GATVTE
LS 

FDHEQDEI VTGDSFDY IGLV1-47*01 98.60% 
SSNIG
SNY 

RNN 
AAWDDSLS
GVV 

YG1 IGHV1-69*01 69.10% 
SGDFSS
SA 

IIPMSGRT 
AGGKQEARTIPQ
IYNWFDP 

IGLV3-19*01 93.91% 
SLRNY
Y 

GDN 
NSRDNSGDI
LL 

YH1 IGHV4-39*01 85.22% 
GGILRD
SRYN 

IHASGGT GRQGIFTGMIDS IGLV4-69*01 79.93% 
SGRGL
NG 

INSDG
TF 

QTWDNGN
VV 

Dengue Library 

Clones 
V-Gene 
germline 

Identity CDR1 CDR2 CDR3 
V-Gene 
germline 

Identity CDR1 CDR2 CDR3 

 
VH 

    
VL 

    
1D1 IGHV1-69*01 99.31% 

GGTFSS
YA 

IIPIFGTA 
ARDSGNADAEY
FQH 

IGLV3-21*02 94.62% NIGTKI DDS 
QVWDSSSD
HFV 
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These scFvs were expressed and checked by ELISA (Figure 5.6) for their binding 
ability. All four of them bound with cEDIII and also little bit with DENV1-4. Hence, they 
were further expressed as full length IgGs. 

 
Figure 5.6 ELISA showing binding of the scFv clones with cEDIII and DENV1-4 

 

5.4.3 Expression of full-length anti-human monoclonal IgGs antibody and 
purification 

As IgG is the most accepted format for the therapeutic purpose, conversion of 
scFv antibody fragments into IgG can result in similar or even improved antigen binding. 
The VH and VL regions of scFv are separately amplified and cloned to plasmid 
containing constant domain of heavy and light chains respectively. Then transfection 
was performed to get full length IgG. Four different IgGs were expressed and purified. 
The expression of IgGs was confirmed by running SDS-PAGE. Heavy chain was observed 
in ~50kDa size and light chain was observed around 25kDa (Figure 5.8). 
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Figure 5.7 Representative figure showing cloning of scFv VH and VL to heavy chain 
and light chain vectors respectively 

 
Figure 5.8 SDS-PAGE of the expressed recombinant monoclonal IgGs 
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5.4.4 Check binding of IgGs by ELISA 
Four different IgGs have been successfully expressed in Expi293 medium 

and ELISA of the clones was performed against cEDIII and DENV1-4. The clones were 
shown to successfully bind with cEDIII and DENV serotypes with one clone having less 
specificity (Figure 5.9). 

 
Figure 5.9 ELISA showing binding of the recombinant monoclonal antibodies with 

cEDIII and DENV1-4 
 

5.4.5 Neutralization activity check by using MNT 
These recombinant IgGs were checked for their neutralization ability using 

microneutralization assay against DENV1-4. The strains 01-44 (DENV1), 00St22A (DENV2), 
TL18 (DENV3) and TVP360 (DENV) were used. Sadly, the neutralization ability of all of 
the four antibodies was less than 50% even with the highest concentration 1.25mg/ml. 
The results shown in the graph are the mean of two independent experiments 
performed in duplicate. The mAb YE11 was shown to have highest neutralization 
activity against all 4 serotypes. YE11 showed 47.5%, 45.3%, 32.3% and 45.8% 
neutralization against DENV1, 2, 3 and 4 respectively. Another clone YG1 also showed 
35.2%, 41.1%, 19.6% and 39.1% neutralization against DENV1, 2, 3 and 4 respectively. 
The remaining clones YH1 and 1D1 were very poorly neutralizing and showed less than 
20% neutralization against all four serotypes (Figure 5.10). 
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Figure 5.10 Percentage neutralization activity of recombinant antibodies.  
                A: Neutralization against DENV1, B: Neutralization against DENV2,  
                C: Neutralization against DENV3 and D: Neutralization against DENV4 

5.5 Discussion 
Dengue fever is a serious concern because of its cross reactivity with its own 

serotypes together with other flavivirus. Also, there is no definitive treatment for 
dengue and only symptomatic treatment. 

In the absence of a vaccine that can protect irrespective of the age group and 
immune status of a person, a therapeutic neutralizing antibody that could protect 
against all serotypes could be a major breakthrough against dengue. One effective 
method for comprehending the mechanism of DENV and ZIKV antiviral immunity, 
diagnostics, and treatments is the study of mAbs generated from individuals infected 
with these viruses (Dejnirattisai et al., 2015; Priyamvada et al., 2016). Hence, in this 
study we employed phage display technology from which we can get humanized 
monoclonal recombinant antibodies. We used two different kinds of scFv antibody 
libraries: one which has been constructed from dengue naive individuals (P. Pansri, N. 
Jaruseranee, K. Rangnoi, P. Kristensen, & M. Yamabhai, 2009) and another from people 
with neutralizing antibodies against dengue (unpublished data from our lab). We were 
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successful to get four monoclonal antibodies that bind to our target cEDIII. But sadly, 
these antibodies could not neutralize the viruses by 50%.  

Even though, these antibodies could not neutralize the virus, we were able to 
show that phage display technology could be used to isolate the antibodies against 
dengue by using any desired target. Probable reason that the antibody might not have 
been able to neutralize could be because the target that we used was synthetic one 
and not directly from the virus. The focus on envelope domain III, while successful in 
identifying cross-reactive antibodies, may have limited the discovery of antibodies 
targeting other functionally important epitopes. Future research should consider 
broader epitope coverage to identify antibodies with complementary mechanisms of 
action. Additionally, the target directly from the virus which induces cross-reactive 
neutralizing antibody response could be used.  

Also, further studies on these antibodies can be performed. The binding sites of 
these antibodies to the virus also greatly affect its neutralizing ability. Hence further 
studies on the structural properties of the antibody could also help us to increase its 
binding affinity and in turn probably the neutralization ability as well 

In conclusion, phage display technology could be used as an essential tool for 
research on dengue virus. The antibodies isolated from scFv antibody libraries were 
cross-reactive and were able to neutralize all four serotypes of DENV to some extent. 
Further works can be done on the antibodies to increase its neutralization ability so 
that it could be used as a therapeutic antibody in the future that could protect against 
severe dengue. Also, this study opens up the avenue to work against other viruses as 
well.  
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CHAPTER VI 
IMPEDIMETRIC IMMUNOSENSOR FOR DETECTION OF ANTI-DENGUE 

ANTIBODIES IN PLASMA
 

6.1 Abstract 
Dengue is one of the most rapidly spreading mosquito-borne viral disease, 

posing a significant global public health challenge in tropical and sub-tropical regions 
of the world. Hence early and accurate diagnosis is vital for effective triage and 
outbreak control. This study reports the development of a label-free impedimetric 
immunosensor for the rapid and sensitive detection of anti-dengue antibodies in 
human plasma using consensus envelope domain III (cEDIII) as a target antigen.  The 
sensor utilizes a gold electrode modified with a self-assembled monolayer (SAM) of 
cEDIII antigen. Binding of anti-dengue antibodies from patient plasma to the 
immobilized antigen alters the interfacial properties of the electrode, leading to a 
measurable change in impedance. This change in impedance is directly proportional to 
the concentration of anti-dengue antibodies in the sample. The sensor's performance 
was evaluated first with monoclonal recombinant antibody that binds to cEDIII and 
then it was tested on patient samples. Results demonstrate significant analytical 
differences between these samples showing the potential of this technology in dengue 
diagnostics. The proposed impedimetric immunosensor offers a promising point-of-care 
diagnostic tool for dengue infection, providing rapid results without the need for 
complex labeling procedures or specialized equipment. This technology has the 
potential to significantly improve dengue surveillance and patient management, 
especially in resource-limited settings. 

6.2 Introduction 
Laboratory diagnosis of DENV involves virus isolation or detection, antigen 

detection or antibody detection using different tools and techniques such as PCR, 
ELISA, PRNT, etc. Each of these techniques having its own advantages and 
disadvantages, a new approach involving biosensing is now emerging. This technique 
offers numerous benefits, like- early detection, cheap cost, ease in handling, no need 



119 

for a trained expert, highly stable, on-site detection, high specificity, and high 
sensitivity. The WHO emphasizes that diagnostic tools, including biosensors, must meet 

the “ASSURED” (Affordable, Sensitive, Specific, User-friendly, Rapid and robust, 

Equipment-free, and Deliverable to end-users) criteria. These criteria thus ensures that 
diagnostics are effective and accessible, predominantly in low-resource settings. 
Biosensor methods being developed recently can enhance dengue confirmation by 
enabling the rapid, sensitive, and specific detection of dengue virus antigens or viral 
RNA (Pimenta, Santos, Thomasini, & Ferreira, 2018; Siew, Pang, Loh, & Tan, 2021). 

Biosensor refers to an innovative and powerful analytical gadget that integrates 
a bio-sensing component and has an extensive use. They are specifically designed to 
diagnose the biological analytes via transforming a biological item. These are simple to 
use providing one-step detection and fast analysis (Naresh & Lee, 2021). Among various 
kinds of biosensors, electrochemical biosensors integrate biological recognition 
elements (e.g., enzymes, antibodies, DNA) with electrochemical transducers to detect 

analytes in body fluids, enabling rapid, sensitive, and portable diagnostics. They offer 

simple instrumentation and operation, low cost, and rapid response times. 
Impedimetric sensors, in particular, measures the changes in electrical impedance at 

the electrode during biomolecular binding (Lisdat & Schäfer, 2008). The advantages of 

impedimetric sensors include low cost, sensitivity, miniaturization, and absence of 
reagents (Ahmed, Rushworth, Hirst, & Millner, 2014). 

In this study, consensus envelope domain III (cEDIII) was used as the 
biorecognition element for the differentiation of dengue positive and negative samples. 
Firstly, the binding conditions were optimized using the recombinant monoclonal 
antibody that binds to cEDIII and having neutralizing ability against dengue (~40%) 
which has been described in detail in Chapter V has been used. After that positive and 
negative sample which had been already tested by ELISA and PCR (described in detail 
in Chapter IV) was tested for impedimetric sensing. The preliminary results show high 
promise for the development of portable device used for dengue diagnostics using 
cEDIII as the target. 
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6.3 Material and Methods 
6.3.1 Chemicals, target and samples 

Dithiobis-succinimidyl propionate (DSP; Cat No. D2473) and Tris (2-
carboxyethyl) phosphine hydrochloride (TCEP) (Cat no. T1656) were purchased from 
TCI chemicals (Saitama, Japan). Hydrogen peroxide (H2O2, 35%; Cat No.H8089-3-1000) 
was purchased from QReC, New Zealand. Dimethyl sulfoxide (DMSO) was obtained 

from Sigma–Aldrich (St. Louis, MO, USA). Potassium ferricyanide (≥ 99.0%), potassium 

ferrocyanide (≥ 99%) and potassium chloride were obtained from Kemaus (New South 

Wales, Australia). BlockPRO™ 1 Min Protein-Free Blocking (Cat No. BM01-500) was 

purchased Visual Protein, Taiwan. Gold screen-printed electrodes (SPEs) model GMTE-
200 was purchased from PICS Corp, Taiwan. The screen-printed electrode consists of a 
gold working electrode (WE) with a diameter of 4 mm, a gold counter electrode (CE), 
and a silver pseudo reference electrode (RE). The target protein, cEDIII and the 
monoclonal antibody were produced in our laboratory (Chapter V) and the samples 
were obtained from the hospital (Chapter IV). 
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6.3.2 Immunosensor fabrication 
The gold screen-printed electrodes were pre-cleaned with deionized (DI) 

water, followed by treatment with piranha solution (H₂SO₄:H₂O₂; 7:3 v/v) for 5 
minutes and subsequent rinsing with DI water. To form the DSP self-assembled 
monolayer (SAM), a 2 mg/mL DSP solution in DMSO was treated with 5 mM TCEP and 

incubated at 37 °C for 15 minutes to facilitate reduce disulfide bonds (-S–S-) in DSP 

into free thiol groups (-SH). The electrodes were incubated in the DSP solution for 1 
hour at room temperature to allow SAM formation. Subsequently, the unbound DSP 
was removed by rinsing with DMSO, followed by deionized water. The DSP-modified 
gold electrodes were immediately used for the covalent immobilization of cEDIII. 
Covalent attachment was achieved by incubating the working electrode with 3 µL of a 
10 µg/mL cEDIII in PBS (pH 7.4) for 1 hr at room temperature. The target protein was 
covalently bound via a reaction of   its amino groups and the succinimidyl groups on 
DSP linker. The resulting cEDIII/DSP/Au electrode was thoroughly washed with PBS and 
incubated with BlockPRO buffer for 5 min to block and minimize non-specific 
adsorption.  

6.3.3 Cyclic Voltammetry (CV) and Electrochemical Impedance 
Spectroscopy (EIS) Measurements 

Electrochemical analyses, including cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS), were conducted using a PalmSens 
potentiostat/galvanostat controlled by PSTrace software (PalmSens, Houten, The 
Netherlands). CV was carried out by sweeping the potential of the working electrode 

from 0.4 V to −0.2 V at a scan rate of 0.10 V/s in 60 L of 10 mM [Fe(CN)₆]³⁻in 0.1 M 

KCl . For EIS, measurements were performed in 60 L of the electrolyte containing 5.0 

mM equimolar [Fe(CN)₆]³⁻/⁴⁻ and 0.1 M KCl. A constant DC potential of 0.12 V was 

applied with a 5 mV AC amplitude over a frequency range of 100 kHz to 0.1 Hz. The 
resulting impedance spectra were fitted to a Randles equivalent circuit using PSTrace 
software. All measurements were conducted at room temperature.  

For the estimation of anti-dengue antibodies in plasma, a dengue-negative 

plasma sample was diluted 1:100 with PBS before analysis. A 3 µL aliquot of the 
diluted plasma was applied to the working electrode surface and incubated at either 

37 °C or room temperature for 1 hr. Following incubation, the electrode was rinsed 

with DI/PBS to remove unbound components and subsequently subjected to CV and 
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EIS measurements to evaluate the electrochemical response. After that same 
procedure was followed for positive dengue sample. 

 
Figure 6.1 Schematic representation of cEDIII based dengue biosensor (created using 

Biorender) 
 

6.4 Results and Discussion 
6.4.1 Production of target protein  

Target protein (cEDIII) was expressed in bacterial expression system and 
has been described in detail in Chapter V.  

6.4.2 Sample details 
The samples were obtained from the hospital. Clinically defined as 

positive and negative sample (Chapter IV) was used for this preliminary experiment. 
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Table 6.1 ELISA results for the samples 

ELISA Tests Sub ID OD values Interpretation 

Serion IgG ELISA Detetction kit SH/24/A 3.176 Positive 

cEDIII Inhouse ELISA SH/24/A 3.981 Positive 

Serion IgG ELISA Detetction kit SH/07/A 0.451 Negative 

cEDIII Inhouse ELISA SH/07/A 0.893 Negative 

 

6.4.3 Electrochemical characterization of the immunosensor 
The overall immunosensor fabrication and detection process in this study 

is illustrated in Figure 6.1. The immunosensor was constructed on a gold surface, 
antigen cEDIII was immobilized using DSP in the presence of TCEP.  

Cyclic voltammetry was employed to monitor the stepwise electrode 

modification by analyzing the redox behavior of the [Fe(CN)₆]³⁻/⁴⁻ couple, which 

serves as an electrochemical probe for assessing surface properties and electron 
transfer kinetics. After modification with DSP, a slight increase in both oxidation and 
reduction peak currents was observed (red curve), likely due to the introduction of 
hydrophilic functional groups from the DSP crosslinker. These groups enhanced the 
wettability of the electrode surface, thereby improving the accessibility of the redox 
probe to the electrode interface. Subsequent covalent immobilization of cEDIII 
(envelope domain III) led to a pronounced decrease in peak currents (blue curve), 
indicating successful protein attachment. This significant reduction is attributed to the 
steric hindrance and insulating nature of the protein layer, which impedes the diffusion 
of redox species to the electrode surface. 

 
Figure 6.2 Cyclic voltammograms of the immunosensor (SPE+cEDIII) measured after 

each stage of electrode modification. 
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Electrochemical impedance spectroscopy (EIS) was performed to 
characterize the functionalization of the immunosensor and to monitor the detection 
of anti-dengue antibodies in plasma samples. The impedance data were presented as 

Nyquist plots (Fig. 6.4), which depict the relationship between the real (Z′) and 

imaginary (Z″) components of impedance over a range of frequencies following each 
modification step. The experimental data were fitted to a Randles equivalent circuit to 
extract the charge transfer resistance (Rct), which reflects changes in interfacial electron 
transfer properties at the gold electrode surface. Variations in Rct provided insight into 
the success of each surface modification and the binding events associated with 
antibody detection. 

The optimizations were performed with YE11 antibody, which binds with 

cEDIII (Chapter V) and we could see good binding at both 37°C and in room 

temperature (Figure 6.2). After that the assay was performed with patient samples.  

 
Figure 6.3 EIS Nyquist diagram obtained in 10.0 mM K3Fe (CN)6/K4Fe (CN)6 solution 

containing 0.10 M KCl showing effect of incubation temperature on binding 
between cEDIII (10µg/ml) and YE11 recombinant monoclonal antibody at 
different concentrations (10, 100 and 1000 pg/ml) and temperature. 
Amplitude = 5 mV. Frequency range: 105 to 0.5 Hz. [cEDIII]=10.0ug/mL. A: 
Room temperature; B: 37°C (C) Randles circuit used to model and fit the 
electrochemical impedance spectra (Nyquist plots (Magar, Hassan, & 
Mulchandani, 2021). 
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Figure 6.4 Bar graph showing the comparison of YE11 (10, 100 and 1000 pg/ml) 
against delta charge transfer resistance value (Rct). A: Room temperature; 
B: 37°C (replicate = 3) 

 
The results obtained indicate an increased electron transfer barrier to the redox 

couple after each modification step. Increasing Rct values can also be qualitatively 
observed in the form of larger semicircles in the Nyquist plot after each modification 
step.  

 
 

Figure 6.5 EIS Nyquist diagram obtained in 10.0 mM K3Fe (CN)6/K4Fe (CN)6 solution 
containing 0.10 M KCl for: cEDIII/plasma/SPE at the following negative and 
positive serum dilution: 1:100. Amplitude = 5 mV. Frequency range: 105 to 

0.5 Hz. [cEDIII]=10.0ug/mL. A- incubation at 37C and B- incubation at 
room temperature 
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6.4.4 Impedance responses of the immunosensor toward anti-dengue 
antibodies detection 

In these preliminary experiments performed so far, we optimized the 
immunosensor by using the recombinant monoclonal antibody using different 
concentrations of DSP and varying the incubation time and temperature. 

Finally, the plasma samples were used in the experiment with 2mg/ml 

DSP and incubation at 37°C and room temperature. We could see significant 

differences in the analytical response between the positive and negative samples 
(Figure 6.4).  

 

 
Figure 6.6 Comparative analysis of the difference in ohm for negative and positive 

sample. A- incubation at 37C and B- incubation at room temperature 
(replicate =3) 

 
In conclusion, we were able to have immunosensor that could detect 

anti-dengue antibodies in the plasma. The developed immunosensor was able to 
differentiate positive and negative sample of dengue. Both positive and negative 
plasma samples exhibited responses due to the binding between cEDIII and anti-
dengue antibodies, leading to an increased charge transfer resistance (Rct) at the gold 
screen-printed electrode. However, the signal obtained from the positive serum 
sample was significantly higher than that from the negative sample, as indicated by the 
normalized Rct values relative to the blocking step. 
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CHAPTER VII 
CONCLUSION AND FUTURE DIRECTIONS 

 

In summary, this multidisciplinary investigation provides compelling evidence 
for the complex immunological landscape of flavivirus infections in endemic regions. 
The documented cross-reactivity patterns, technological innovations, and diagnostic 
challenges revealed by this study contribute significantly to our understanding of 
dengue virus pathogenesis and immunity. The findings emphasize that effective 
dengue control strategies must account for the broader flavivirus ecosystem, 
incorporating comprehensive diagnostic approaches, enhanced surveillance systems, 
and innovative therapeutic strategies. The successful integration of molecular 
epidemiology, immunological characterization, and technological innovation 
demonstrated in this study provides a valuable framework for future research and 
public health interventions. As dengue continues to expand its geographic 
distribution and severity patterns evolve, the insights gained from this comprehensive 
analysis will be instrumental in developing more effective strategies for disease 
prevention, diagnosis, and treatment. Ultimately, this research underscores the 
critical importance of adopting a holistic approach to flavivirus research that 
considers the complex interplay between viral evolution, host immunity, and cross-
reactive responses. These findings emphasize the urgent need for improved 
surveillance, diagnostics, and therapeutics, along with a deeper understanding of 
flavivirus cross-reactivity to refine vaccine development and public health strategies 
against DENV. 

Future Directions: 

The patient samples should be further analyzed to find the exact 
neutralization titers against other viruses as well. In the performed experiments only 
1:80 dilution was performed for other viruses. Since, less neutralizing antibodies were 
observed; we can start with lesser dilution to find the neutralization titer. Also, the 
primary and secondary infection can be differentiated using the neutralization titer. 
Even now we can see that secondary infection is more prevalent, with the help of 
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neutralization titer we will have more accurate analysis for differentiation of primary 
and secondary infection. Additionally, presence of enhancing antibodies could be 
checked in the samples against DENV1-4 and other flaviviruses. Also sequencing of 
these samples in future will provide more details about the phylogenetic relationship 
and we can even find the genotypes of these circulating viruses. 

 Regarding the application of phage development technology, we were able 
to get antibodies which are not highly neutralizing. However, the use of this 
technique opens several avenues for future research and technological 
advancement. Antibody engineering approaches, including affinity maturation, half-
life extension through Fc modifications, and the development of bispecific 
antibodies, represent opportunities for optimization.  

For the development of biosensor to detect anti-dengue antibodies, more 
experiments need to be performed. Varying dilutions with increased number of the 
plasma samples should be performed to determine the specificity and sensitivity of 
the developed immunosensor. 
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