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Thesis Title: Studies on biomolecules associated with vascular dysfunction in
Dengue Haemorrhagic Fever / Dengue Shock Syndrome

Abstract

Dengue fever is a rapidly emerging tropical disease and an important cause of morbidity in
its severe form worldwide. This fever remains a global health concern, causing >500,000
hospitalisations annually due to severe dengue; only in Southeast Asia, the Pacific and the
Americas. This self-limiting, acute febrile illness is caused by the dengue virus and is
transmitted through Aedes mosquitoes. Most dengue infections result in mild symptoms
but a subset of cases progresses to severe forms, known as severe dengue [Dengue
Haemorrhagic Fever (DHF) and Dengue Shock Syndrome (DSS)]. A wide spectrum of the
pathophysiology is associated with the transition of dengue fever to severe dengue, which
is driven by the host immune response.

In this doctoral study, a total of 620 samples were included. Among them 380 samples were
from dengue-suspected hospital-admitted patients and 240 samples were from the early
phase of dengue fever for molecular serotyping. Dengue samples were screened for the
presence of dengue NSI antigen and IgM/IgG antibodies by enzyme-linked
immunosorbent assay for dengue early phase and late phase identification. From early-
phase samples, viral RNA was extracted from NS1 seropositive samples and subjected to
molecular serotyping, genotyping and phylogenetic analysis. Co-circulation of all four
dengue serotypes with DENV-2 as the prevalent serotype in the year 2018 (76%) and 2019
(47%), whereas DENV-4 in the year 2020 (47%), DENV-3 in 2021 (72%) and 2022 (55%)
were observed. Phylogenetic analysis of prevalent serotypes showed Genotype-1 of DENV-
4 and Genotype-111 of DENV-3 whereas Genotype 11 of DENV-2 was the major circulating
DENV strain during the study period. Dengue fever-associated clinical manifestations,
biochemical parameters and liver functional profile observed among hospital-admitted
dengue patients. A multivariate logistic regression approach was used for making a
regression model including dengue-associated clinical symptoms. 70% of patients showed
thrombocytopenia, with petechia being the most common bleeding manifestation. A
significant change in trends of dengue-associated clinical manifestations and differential
expression of liver functional profile with different phases of transition of dengue fever was
observed in this study population.

A mass-spectrometry-based proteomic approach was used to find the candidate proteins
biomolecules associated with the pathogenesis of a severe form of dengue fever. We
uniquely performed this prospective study among hospital-admitted dengue-infected
patients from different phases (acute and critical) of dengue fever at two time points.
Pairwise patient samples were subjected to high-throughput qualitative, quantitative
proteomic, protein array and bioinformatics analysis to find the novel biomolecules and
elucidate their intricate molecular networks underlying the pathophysiology of severe
dengue. Pathway analysis was performed using PANTHER, Reactome and KEGG
databases to find significantly enriched pathways and proteins. Protein-Protein Interaction
(PPI) network between the dengue virus and host proteins was depicted in the search for



proteins associated with severe dengue pathophysiology. The set of elucidated proteins was
validated via Western blot, Real-Time PCR and ELISA techniques. This study has
validated expression patterns of Apo Al, All, AlV, ApoB and ApoE among the
apolipoproteins and E-Cadherin (epithelial cadherin), VEGF (Vascular endothelial growth
factor), FGFR1 (fibroblast growth factor receptor 1), VCAML1 (Vascular cell adhesion
molecule 1), IRF3 (Interferon regulatory factor 3), IFN-y (Interferon-gamma) and
ANGPT1 (Angiopoietin 1) among the endothelial proteins and cytokines from the
significant proteins list via Western blot. Ten candidate genes were selected for Real-Time
PCR-based validation. After narrowing down the Real-Time PCR result, group of top six
biomolecules i.e. PTX3 (Pentraxin 3), LBP (Lipopolysaccharide Binding Protein),
Fibronectin, IGFBP-2 (Insulin-like Growth Factor Binding Protein-2), POST (periostin)
and Serpin were validated as top-notch proteins associated with severe dengue
pathophysiology via ELISA-based mass validation from hospital-admitted patient’s
samples. The ROC curve's logistic regression analysis of signature proteins identified via
ELISA has an average empirical AUC of above 0.7 with 95% CI. Protein docking results
reveal a significant interaction between viral and host proteins, which is linked to severe
dengue pathophysiology. STRING analysis depicted the protein-protein interactions of
candidate proteins.

In conclusion, a comprehensive understanding of severe dengue pathogenesis requires a
multidimensional approach that encompasses dengue virus changing patterns in a
population, viral-host interactions, immune response dynamics and vascular dysfunction
mediated by protein biomolecules. The identified eminent biomolecules panel and clinical
markers from the liver have the potential to enhance predictive and diagnostic accuracy,
risk stratification, patient management and therapeutic interventions among severe dengue
patients.

%u X’(Luncn:uv \/em r/P’TO\f{/\Af\Vi\/\W“&,)L\ S"A\'\wkha/n
Signature of Candidate Signature of Supervisor

g1: Werrer @ A O, Provash Chandra Sadhukhan

(@afAes-$ /Scientist-E)
IR, T B 3R it Ao e
ICMR-National Institute of Cholera and Enteric Diseases
33, . g, &, I, w9004,

P-33, CIT Road, Scheme-XM, Beliaghata
Blerprar-oo 090/ Kolkata-700 010



List of Abbreviations

DF
DHF/DSS
DENV
NVBDCP
WHO
°N

°s

oC

E protein
C protein
pr-M
RNA
ELISA
EIA

IFA
RT-PCR
cDNA
NS

UTR
ORF

ER

BSA
mM
DTT
TOF
CID
PSM
XIC
FDR
ddCT
HRP

Abbreviations

Dengue Fever

Dengue Hemorrhagic Fever/ Dengue Shock Syndrome

Dengue virus

National Center for Vector Born Diseases
World Health Organization

Degree North

Degree South

Degree Celsius

Envelope protein

Capsid protein

Pre-membrane protein

Ribonucleic Aid

Enzyme-Linked Immunosorbent Assay
Enzyme Immuno-Assay
Immunofluorescence Assay

Reverse Transcriptase-Polymerase Chain Reaction
Complimentary Deoxyribonucleic acid
Non-Structural

Untranslated Region

Open Reading Frame

Endoplasmic Reticulum

Bovine Serum Albumin

Mili Molar

Dithiothreitol

Time of Flight

Collision-Induced Dissociation
Peptide-spectrum matches

Extracted lon Chromatogram

False Discovery Rate

Delta-Delta Cycle Threshold

Horseradish peroxidase



CCuU
ADE
TP
ALT
AST
CNC
GIC
MSC
URC
g/dL
uU/L
KD
Kb

mg

He

ul

min
KEGG
LC/Orbitrap MS
CID
DDA
SWATH-MS

PANTHER GO

KEEG
NASBA
FC

PPI
PDGFAA
TIMP 1
MMP
DPP4

IP 10

Critical Care Unit

Antibody-dependent enhancement
Total Protein

Alanine Aminotransferase

Aspartate Aminotransferase
Constitutional Complications
Gastrointestinal Complications
Musculoskeletal Complications

Upper Respiratory Tract Complications
gram/decilitre

unit per litre

Kilodalton

Kilobase

Milligrams

Micrograms

Microlitres

Minutes

Kyoto Encyclopedia of Genes and Genomes
Liquid Chromatography/ Orbitrap Mass Spectrometry
Collision-Induced Dissociation

Data Dependent Acquisition

Sequential Window Acquisition of All Theoretical- Mass
Spectra

Protein Analysis Through Evolutionary Relationships Gene
Ontology

Kyoto Encyclopedia of Genes and Genomes
Nucleic Acid Sequence-Based Amplification
Fold Change

Protein-Protein Interactions

Platelet-Derived Growth Factor

Tissue inhibitors of metalloproteinases
Matrix Metalloproteinase

Dipeptidyl peptidase 4

Interferon-Gamma Inducible Protein 10



PAl Plasminogen Activator Inhibitor 1

LDLr Low Density Lipoprotein Receptors
SR-B1 Scavenger Receptor B1

Apo Al Apolipoproteins Al

All Apolipoproteins All

AlV Apolipoproteins IV

ApoB Apolipoproteins B

ApoE Apolipoproteins E

E-Cadherin Epithelial Cadherin

VEGF Vascular Endothelial Growth Factor
FGFR1 Fibroblast Growth Factor Receptor 1
VCAM1 Vascular Cell Adhesion Protein 1
IRF3 Interferon Regulatory Factor 3
IFN-y Interferon Gamma

ANGPT1 Angiopoietin 1

UTRs Untranslated Regions

ADE Antibody-Dependent Enhancement
DHHI Dengue virus and Human Host Interactome
CD Cluster of Differentiation

Thl T Helper Cell 1

Th2 T Helper Cell 2

IgM Immunoglobulin M

IgG Immunoglobulin G

HLA Human Leukocyte Antigen

PPRs Pattern Recognition Receptors

TLR Toll Like Receptors

MDA5 Melanoma Differentiate on Associated Gene 5
RIG-I Retinoic-acid Inducible Gene 1
RDTs Rapid diagnostic tests

IFA Immunofluorescence assays

NTDs Neglected tropical diseases

NO Nitric Oxide

STAT1 Signal Transducer and Activator of Transcription



B-cell B Lymphocytes

T cell T Lymphocytes

dNTPs Deoxynucleotide triphosphate

RT PCR Reverse Transcriptase Polymerase Chain Reaction
gRT PCR Quantitative Real Time Polymerase Chain Reaction
PTX3 Pentraxin 3

LBP Lipopolysaccharide Binding Protein

Fb Fibronectin

IGFBP Insulin-like Growth Factor Binding Protein

POST Periostin

ROC Receiver Operating Curve

AUC Area Under Curve

RMSD Root Mean Square Deviation

HADDOCK High Ambiguity Driven protein-protein Docking
STRING Search Tool for the Retrieval of Interacting Genes/Proteins



List of Figures

Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Figure

. la

1b

2

5a

5b.i

. 5b.ii

6a

6b

10

Content

International burden of dengue fever, created based
on the number of cumulative cases reported to the
World Health Organization from 2019 to 2023,
showing southeast Asia as the 2nd most affected
regions

High-risk Zones in Southeast Asia, contributing
maximum number of clinical dengue infections
worldwide

National burden of dengue fever depicted
categorizing the number of cases into three classes
(High to low) from the last five-year NVBDCP data
showing India as the global epicenter of dengue
fever

Classification of Dengue fever as per WHO
guidelines

Criteria for classifying dengue fever as dengue +
warning sign and severe dengue

Different phases of dengue fever starting from
febrile to critical recovery with viremia and non-
viremia phases

Immune responses during primary dengue infection

Immune responses during secondary dengue
infection

Dengue virus vectors in the wild and urban
environments

Dengue virus transmission cycles in the wild and
urban environments
Global distribution of neglected tropical disease

Phylogenetic tree of therapeutically significant
flaviviruses based on E protein diversity

History of dengue virus

Genomic organization of dengue virus showing 3
structural gene and 7 non-structural genes

Pg. No.
19

20

23

27

31

34

37

39

41

42
56

59

60

62



Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Figure

11

12

13

14.a

14.b

15

16

17

18

19

20

21

22.a

22.b

23.a

Content
Classification of DENV serotypes and their
genotypes

Dengue virus life cycle. DENV infects and
replicates involving several steps, including virus
attachment, receptor-mediated endocytosis, virus
uncoating, viral, protein generation, viral RNA
replication, virus assembly and release

Various factors risk factors associated with severe
dengue

Detailed mechanism of cytokine Strom

Detailed mechanism of antibody-dependent
enhancement

Rational and knowledge gap towards the search for
severe dengue biomolecules

Stepwise sample collection and storage procedure

Stepwise Viral RNA Extraction procedure
Workflow of dengue serotyping

Dengue Genotyping Workflow and Chromatogram
obtained from Sanger sequencing from DENV

isolates

Schematic diagram showing the brief procedure of
LC-MS

Procedure of RNA extraction from Whole Blood
Methodology workflow of this doctoral study
encompassing approach to reach all four objectives

Workflow of identification and validation of severe
dengue biomolecules

Gel Electrophoresis picture of different dengue
serotypes, DENV-1, DENV-2, DENV-3 and
DENV-4

Pg. No.
69

72

80

83

86

91

96

99

100

107

111

123

129

130

132-133



Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Figure

.23.b

24.a

24.b

25.a.i

25.a.ii

25.a.ii

25.b.i

25.b.ii

25.b.iii

26

27.a

27.b

Content

Year-wise distribution of dengue serotype in West
Bengal, showing a rapid change in the pattern of
circulating DENV serotypes

Age -based distribution of DENV among study
population

Gender-based distribution of DENV among study
population

Gel electrophoresis picture of DENV-2 Genotype 1l
in 2018 and 2019 during the study period

Gel electrophoresis picture of DENV-4 Genotype |
in 2020 during the study period

Gel electrophoresis picture of DENV-3 Genotype
I11'in 2021 during the study period

Phylogenetic analysis of DENV-2 Genotype I
collected during this study (n=12), with other
genotypes of DENV-2 collected from NCBI
website via Maximum like hood method, Bootstrap
set to 500

Phylogenetic analysis of DENV-4 Genotype |
(n=12), with other genotypes of DENV-4 collected
from NCBI website via Maximum like hood
method, Bootstrap set to 500 via Maximum like
hood method, Bootstrap set to 500

Phylogenetic analysis of DENV-3 Genotype IlI
(n=12), with other genotypes of DENV-3 collected
from NCBI website via Maximum like hood
method, Bootstrap set to 500 collected during this
study, via Maximum like hood method, Bootstrap
set to 500

Categorization and Graphical representation of
different symptoms and physiological
manifestations associated with dengue patients

Distribution of different bleeding manifestations
among hospital-admitted dengue patients (n=53)

Images of Petechial Hemorrhages in dengue-
infected patients obtained from RG Kar Medical
College and Hospital

Pg. No.
133

134

134

1245

135

135

136

137

138

140

141

141



Fig

Figure

. 28.a

to 28.d

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

29.a

29.b

34

Content

Observational representation of day-wise Total
protein, Albumin and liver enzymes (ALT, AST)
association with dengue fever and severe dengue
patients

Receiver operating curve of dengue associated
clinical manifestation with dengue positivity and
negativity

Receiver operating curve of dengue associated
clinical manifestation with dengue serotype
positivity and IgM (serotype negativity)

Dengue fever phase specific plasma proteins
analysis by Qualitative proteomics

Pathway analyses of the proteins annotated from
Nano LC/Orbitrap MS depicting significantly
enriched proteins via (i) PANTHER GO slim
Molecular Function, (ii) PANTHER GO slim
Biological Process, (iii) PANTHER Protein class,
(iv) PANTHER Pathway

Dengue fever phase specific plasma proteins
analysis by Quantitative proteomics

Pathway enrichment of the proteins identified using
SWATH-MS from acute dengue patients,
PANTHER analysis

Pathway enrichment of the proteins identified using
SWATH-MS from critical dengue patients,
PANTHER analysis

KEGG pathway diagrams highlighting SWATH-
MS genes associated with complement and
coagulation pathways, viral protein interactions
with cytokine and cytokine receptors, ECM-
receptor interactions and cholesterol metabolism

Heat map of differentially expressed significant
proteins obtained by SWATH-MS analysis based
on fold change of protein with cluster analysis and
histogram using R studio. FC1= Fold changes acute
phase vs control, FC2= Fold changes critical phase
vs control, FC3= Fold change critical phase vs acute
phase of dengue-infected patients

10

Pg. No.
143

145

145

146

147-150

151

152

153

155-158

160



Figure
Fig. 37

Fig. 38

Fig. 39

Fig. 40

Fig. 41.a

Fig. 41.b

Fig. 42

Fig. 43.a

Content

REACTOME analysis of differentially expressed
SWATH-MS proteins, annotating significant
biological processes with Protein

DENV-Human host interactome Protein-Protein-
Interaction (PPI) analysis, Host proteins were
represented as blue rectangular edges and the
DENV proteins were marked as different coloured
rectangular hubs

Pathway analysis of dengue virus and host proteins
interactome proteins

Protein and pathway overlap interaction via Venn
Diagram in R studio, denoting 10 common proteins
among SWATH -enriched proteins and DENV-
Human Host interactome whereas 25 common
pathways among SWATH protein pathways and
DENV-Human Host Protein-Protein Interaction
pathways

Differentially expressed an array of proteins among
critical dengue death patients using cytokine
proteome array kit, showing a significant surge of
different cytokines proteins during their transition
period

Differentially expressed an array of proteins among
critical dengue death patients using angiogenesis
proteome array kit, showing a significant surge of
angiogenesis proteins during their transition period

A schematic diagram showing a multiapproach
search for key biomolecules associated with severe
dengue

Validated expression patterns of Apo Al, All, AlV,
ApoB and ApoE among the apolipoproteins
identified from the SWATH-MS and Orbitrap-MS
data. n > 3 for all data sets and significance was
calculated using Student's unpaired t-test. *p <.05,
**p < .01, ***p < .001. Lane L1 to L4: Healthy
control samples, L6 to L9: Dengue patient samples
from critical phase

11

Pg. No.
162

165

166

167

170

170

171

172



Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Figure

.43.b

45

46

47.a

47.b

47.c

47.d

Content

Validated expression patterns of E-Cadherin,
VEGF, FGFR1, VCAM1, IRF3, IFN-y and
ANGPT1 among the endothelial proteins and
cytokines identified from the SWATH-MS and
Orbitrap-MS data. n > 3 for all data sets and
significance was calculated wusing Student's
unpaired t-test. *p <.05, **p < .01, ***p < .001.
Lane L1 to L4: Healthy control samples, L6 to L9:
Dengue patient samples from critical phase

Visual representation of sampling procedure for
Real- Time PCR quantification

Platelet and Liver profile of hospital-admitted
patients in acute and critical phases at two time
points, selected for biomolecule validation

Real-time PCR-based quantitative analysis of a
selected panel of genes showing phase-specific
changes in acute and critical phases at two time
points

Phase-specific upregulation of targeted proteins
Serpin in early and late critical phases with their
ROC curve (comparing critical vs acute values)
AUC values showing the clinical utility of selected
biomolecules as a candidate protein for severe
dengue identification

Phase-specific upregulation of targeted proteins
PTX3 in early and late critical phases with their
ROC curve (comparing critical vs acute values)
AUC values showing the clinical utility of selected
biomolecules as a candidate protein for severe
dengue identification

Phase-specific upregulation of targeted proteins in
early and late critical phases with their ROC curve
(comparing critical vs acute values) AUC values
showing the clinical utility of selected biomolecules
as a candidate protein for severe dengue
identification

Phase-specific upregulation of targeted proteins in early
and late critical phases with their ROC curve (comparing
critical vs acute values) AUC values showing the clinical
utility of selected biomolecules as a candidate protein for
severe dengue identification

12

Pg. No.
173

175

176

177

179

179

180

180



Figure
Fig. 47.e

Fig. 47.f

Fig. 48

Fig. 49.a

Fig. 49.b

Fig. 50

Content

Phase-specific upregulation of targeted proteins in
early and late critical phases with their ROC curve
(comparing critical vs acute values) AUC values
showing the clinical utility of selected biomolecules
as a candidate protein for severe dengue
identification

Phase-specific upregulation of targeted proteins in
early and late critical phases with their ROC curve
(comparing critical vs acute values) AUC values
showing the clinical utility of selected biomolecules
as a candidate protein for severe dengue
identification

Protein-Protein Interaction (PPI) model performed
among viral NS1 protein and Host PTX3, Serpin,
LBP and IGFBP2 proteins via docking with their
significant RMSD values

STRING Functional proteins association network
analysis via functional annotations

STRING Functional proteins association network
analysis via K mean clustering

List of star proteins validated in this study with their
upregulation and downregulation pattern

13

Pg. No.
181

181

182-183

185

186

187



List of Tables

Table
Table. 1.a

Table. 1.b

Table 2.a

Table 2.b

Table. 2.c

Table 3.a

Table 3.b

Table 3.c

Table 3.d

Table 3.e

Table 4

Table 5

Table 6

Table 7

Table 8

Content

Key differences between primary vs
secondary dengue

Classification of DENV genotypes of
different serotypes and their distributions

First-round RT-PCR Master-mix protocol
and thermal cycler conditions

Second-round semi-nested PCR Master-
mix protocol and thermal cycler
conditions

List of dengue serotyping primers

cDNA synthesis PCR  Master-mix
protocol and thermal cycler conditions

Expand™ Long Template PCR Master-
mix protocol and thermal cycler
conditions

List of dengue primers used for dengue
genotyping for PCR -amplification

Big Dye reaction master-mix protocol and
thermal cycler Conditions

List of dengue primers used for dengue
genotyping in Big Dye reaction

List of antibodies used for validation via
Western blot and their manufacturer's
details

Volume of buffer RLT used for lysis

Primer list for Real-Time PCR-based
quantitative validation

Year-wise genotyping of prevalent DENV
serotypes

Different signs and clinical symptoms
associated with various dengue serotypes in
pediatric dengue patients

with their statistical significance

14

Pg. No
39

68

101

101-102

101-102

103

103

104

106

106

120

121

124

134

141



Table
Table 9

Table 10

Table 11

Table 12

Table 13

Table 14

Table 15

Content

Platelet transfusion and its clinical
outcome in dengue-infected severe
patients

Common proteins between SWATH and
Protein-Protein Interactions

Common proteins between pathways
enriched significantly via. PANTHER
analysis and SWATH proteins and the
host protein interactions

Role of Apolipoprotein in severe dengue

Role of Endothelial proteins in severe
dengue

The study population for sample
validation

Role of selected candidate proteins in
severe dengue

15

Pg. No.
142

167-168

168

172-173

174

175

177-178



Chapter 1: Introduction

Key facts:

Dengue fever is the most common arboviral disease affecting humans (WHO),
caused by the dengue virus, a single-stranded RNA virus belonging to the
Flaviviridae family

Dengue fever is endemic in tropical and subtropical regions worldwide, especially
in urban and semi-urban areas. Regions with a higher incidence include Southeast
Asia, the Pacific Islands, the Americas, Africa and the Caribbean.

40% of the worldwide population lives in endemic areas resulting in 390 million
new cases per year with 2,50,000 to 5,00,000 severe complicated forms and
annually 25,000 deaths occur due to severe dengue

There are four distinct serotypes of dengue virus (DENV-1, DENV-2, DENV-3 and
DENV-4). Infection with one serotype does not provide immunity against the others,
and subsequent infections with different serotypes can lead to more severe forms of
the disease. Severe forms can be life-threatening and require prompt medical
attention.

Early detection of warning signs of severe dengue is crucial for timely clinical
intervention. These warning signs may include severe abdominal pain, persistent
vomiting, rapid breathing, bleeding and lethargy.

There is no specific antiviral treatment for dengue. Management involves
supportive care, including fluid replacement to address dehydration and pain
relievers for fever and pain

No effective vaccine available against DENV, “Dengvaxia” is available in some
countries with its limitations but not approved in India

Host factors play a major role in the transition from dengue fever to severe dengue;
hence, intricate insight is required

The genomic diversity of DENV among the circulating strains needs to be observed
as they might be co-related with dengue disease severity

Public health strategies to prevent severe dengue include community education,
vector control programs and early detection and management of dengue case
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1. Epidemiology and burden of disease

Dengue fever is an acute systemic arboviral disease; transmitted between mosquitos and
their human host globally with both endemic and epidemic transmission cycles (1). This is
a major cause of morbidity and mortality in the tropical and subtropical regions of the

world, making it a more serious public health concern.

1.1.a. Global Prevalence of dengue fever

Over the previous 50 years, there has been an alarming 30-fold increase in dengue cases
(1). Dengue is endemic in around 129 countries such as the regions of Africa, the Americas,
the Eastern Mediterranean, Southeast Asia and the Western Pacific. The region’s most
severely impacted include the Americas, Southeast Asia and the Western Pacific, with Asia
accounting for around 70% of the world's disease burden (1). Forty percent of the world's
population or over 2.5 billion people, live in tropical and sub-tropical regions and are thus
susceptible to dengue infection (1), (2). According to one modelling estimate, there are 390
million dengue virus infections annually, of which 96 million result in clinical
manifestations (3). Explosive dengue outbreaks are happening and the disease is expanding
to other regions, including Europe. In 2010, imported cases were found in three more
European countries, while local transmission was first documented in France and Croatia
(1). 2019 had the highest number of dengue cases ever documented worldwide, while
Afghanistan saw the first known incidence of dengue transmission in 2019 (1). 753 deaths
and 171,991 cases of dengue fever were reported in Africa in 2023. From 42 countries and
territories in the Americas, there were 2049 fatalities and 4.1 million suspected dengue
infections, with 6710 severe cases (0.16% of suspected cases) and 15 countries reporting
an active outbreak. In 2023, the most confirmed cases have been recorded from Pakistan,

Saudi Arabia and Oman. Even though dengue fever is not endemic in the WHO European
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Region and travel is the primary cause of cases, reports of autochthonous illnesses have
been made in several nations since 2010 (1), including Croatia, France, Israel, Italy,
Portugal, and Spain. With the most comprehensive data available, 2500 dengue cases were
reported to WHO in 2018 using the regional annual surveillance data collection technique;
the majority of cases were from Germany, France, and the United Kingdom. Rare
autochthonous cases and outbreaks were recorded in Italy (n = 82), France (n = 43) and
Spain (n = 3) in 2023. As a result, the real number of dengue cases in 2023 is probably
understated. Routine dengue testing is uncommon in Member States of the WHO European
Region unless there is a travel history and clinical suspicion. There has only been one
recorded death in Italy (1) connected to an imported, travel-associated case; no additional
deaths tied to 2023 have yet to be reported in European countries. It is acknowledged that
dengue is prevalent in ten of the eleven WHO member states in Southeast Asia. Many
countries, most notably Bangladesh and Thailand, reported a considerable rise in dengue
incidence in 2023 when compared to previous years (1), (4). Among the top 30 most
endemic countries are Thailand, Sri Lanka, Myanmar, Indonesia, India, and Sri Lanka. In
2023 there were more cases of dengue in Thailand and Bangladesh than in 2022.
Bangladesh had a significant increase in instances by November 2023, total 308,167, as
opposed to 62,382 cases recorded for the whole of 2022 (1), (4). Dengue cases increased
by more than 300% in Thailand, from 46,678 in 2022 to 136,655 in 2023 (1), (4). As of
2023, (1), (4), dengue disease is still present in Brazil, Colombia, the Cook Islands, Fiji,
India, Kenya, Paraguay, Peru, the Philippines, the Reunion Islands, and Vietnam. Dengue
was thought to be a non-fatal fever illness that had periodic, self-limiting outbreaks prior
to World War 11 (4). Massive dengue haemorrhagic fever outbreaks have coincided with a
marked change in epidemiology and disease severity after World War Il. This was first

observed in Asia, where the post-war period was characterised by economic boom and
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urbanisation. Before the 1980s, severe dengue was a relatively rare disease (5), where the
observed significant expansion of dengue has increased disease severity and is linked to
the advent of several serotypes. The international burden of dengue fever in the last 5 years
(Figure 1a) and high-risk zones of southeast Asia (Figure 1b) depict a global alarming risk

of dengue fever.

® -1000 000

1000 000- 99 999

® 1000-9 999

® <1000

® No data available

In 2023 over 5 million cases and over 5,000 dengue-related deaths have been
reported from 86 countries/territories globally

Fig.1.a: International burden of dengue fever, from year 2018 to 2023, showing
southeast Asia as the 2nd most affected regions (Created as per data available on
WHO website https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-
dengue)
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Fig. 1.b: High risk Zones in Southeast Asia, contributing maximum number of
clinical dengue infections worldwide (Created as per data available on WHO
website https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-
dengue)

Dengue serotype distribution can also vary greatly on a worldwide basis (6). Different

serotype outbreaks may occur at different periods in different nations and locations (1).

International travel and trade can help dengue and its serotypes spread. Individuals who are

infected and migrate from one place to another can transfer new serotypes to areas where

they were previously uncommon. Dengue vaccinations, when available, may be tailored to

protect against many serotypes, as serotype co-circulation is frequent in many places. It is

crucial to highlight that the distribution of dengue serotypes and their epidemiological data

can provide insight into the frequency of certain serotypes in different locations.
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1.1.b. Dengue situation in India

Southeast Asia (SEA) and the Western Pacific regions among all the WHO regions,
contribute approximately 75% of the global burden of dengue. These are the hyperendemic
hotspots for DENV infections (6), (7), (8). India is the global epicentre for Dengue,
contributing approximately 34% of the clinical infections worldwide. The number of cases
dramatically increased after the year 1990 and almost all the states are now endemic for the
disease (8). As per the National Vector Borne Diseases Control Programme, the active
Indian cases of Dengue increased strikingly by 23.21% within a mere period of 5 years
(2019-2023) (9) (Figure 2). Dengue is highly seasonal in India and the majority of the
cases are reported during the Indian summer monsoon period, i.e. June to October (9), (10).
During winter the temperature and humidity decrease, with a decline in several active cases.
The reasons underlying is that temperature greatly influences the rate of mosquito hatching
at different stages of their life cycle. Biting rate, mosquito survival and mortality rates are
also influenced by temperature. Replication of the Dengue virus inside the vector is known
to be accelerated at higher temperatures (11), (12) and humidity influences the longevity of
mosquitoes (13). As a result, due to climate change, the expansion of two more months of
dengue transmission risk occurs in wide geographical regions of India (14). The high
population density also accelerates the secondary transmission of dengue in India. In the
present decade, the expansion of dengue fever from urban to rural settings has been
observed which inflicts an alarming health concern and socio-economic burden in endemic
areas. Converging our focus from all over India to West Bengal, same scenario of the
disease eruption was observed. The wide Gangetic districts of West Bengal, including
Kolkata, Howrah, North and South 24 Parganas, Murshidabad, Nadia and Medinipur are
the endemic foci of this viral disease during summer to monsoon and post-monsoon season

(15). Household containers without lids, uncovered water tanks, improper sanitation and

21



drainage system as well as large population density contribute to the disease outbreak. The
gradual climate change in this geographical location makes it far more suitable for the virus
to replicate and propagate within its vector and human host (14). In an interesting study, it
was also reported that co-infection of Dengue and chikungunya viruses is also causing fever
(16). Dengue virus has four serotypes, DENV-1, DENV-2, DENV-3, and DENV-4. These
serotype's distribution can change over time and throughout different geographies (1).
Dengue serotype distribution varies from year to year and area to region. Outbreaks can be
triggered by a single dominant serotype or a mix of many. Some places may have a cyclical
pattern of serotype dominance, in which one serotype becomes more prevalent in some
years before falling and being replaced by another. Serotype distribution is monitored by
national health authorities and organisations to help guide vaccination plans and public
health actions. North, West-Central, East and South India have shown periodic increases in
dengue cases and deaths during the last 2-4 years (17). A comparative report of dengue
sequences from India till 2018, observed that all four dengue serotypes have been co-
circulating in the nation since 2000. Even though dengue sequence reporting from diverse
regions of the nation is infrequent and concentrated in urban areas, the number of yearly
cases and fatalities over the last two decades have correlated well with the numeral of
available sequences every year. We found an upsurge in DENV-2 and DENV-4 serotypes

in particular after 2011 and 2014, respectively (18), (19).
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Fig. 2: National burden of dengue fever depicted categorizing the number of
cases into three classes (High to low) from last five-year NVBDCP data showing
India as global epicenter of dengue fever (Created as per data available at
website
https://ncvbdc.mohfw.gov.in/index1.php?lang=1&level=1&sublinkid=5776&lid=3690)

NVBDCP

The number of sequences reported from North and South India peaked periodically at the
same time as the reported cases (20). Sequential peaks in the genomes of North Indians
show a pattern of serotype replacement. Due to frequent outbreaks, Delhi provided the
majority of the sequences from North India (80.5%) and outbreaks in Delhi are strongly
correlated with the spikes in dengue sequences in 2006, 2010, and 2013. In line with
previous research, DENV-3 was the predominant strain during the epidemic in 2006 (20),
whereas DENV-1 and DENV-2 serotypes were responsible for the outbreaks in 2010 and
2013 in India, respectively (20). While dengue outbreaks have been reported in East and
West Central India, there are fewer sequences available from these regions, most likely as

a result of insufficient genomic surveillance. However, from 2016 to 2018, all serotypes

23




were detected in West-Central India, whereas DENV-2 became the most common serotype
in East India (22). The number of sequences in South India peaked in 2009, 2013, and 2016,
and there were related peaks in the number of cases and deaths in 2009-10, 2012-13, and
2017. In conclusion, DENV-1 and DENV-3 were the most common serotypes in India up
till 2012. Since then, DENV-2 has spread over much of India, with DENV-4 becoming
established in South India (18). However, during the past few years, West Bengal has seen
a sharp shift in the pattern of circulating predominant serotypes. The detailed trail of

circulating serotypes in West Bengal is deliberated in the discussion section.

1.2.Dengue in Travellers

Travellers have a significant impact on worldwide dengue epidemiology because they
introduce a variety of dengue strains and serotypes into areas where mosquitoes may spread
the virus (23). Additionally, travellers do a valuable service by alerting others in advance
about events occurring in other parts of the world. Travellers often transfer the dengue virus
from developing tropical countries with inadequate laboratory facilities to developed
nations with laboratories equipped to detect different serotypes of the virus (24). Access to
research facilities can yield more detailed information about a virus, such as its serotype
and even its genotypes. The systematic collecting of clinical specimens and the banking of
serum or isolates may be advantageous in the future when new technologies become

accessible.

Researchers looked into at month-by-month morbidity using data from the Geo Sentinel
monitoring Network (www.geosentinel.org), which was gathered longitudinally over a ten-
year period. Of the 24,920 sick return travellers, 33 monitoring locations saw (25). The

international community can be promptly informed about the onset of epidemics in
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endemic areas where there is no dengue surveillance or reporting, as well as the geographic
spread of virus serotypes and genotypes to new areas, which increases the risk of severe
dengue, by using sentinel surveillance to share information about dengue in travellers. The
information can also assist doctors in temperate nations, many of whom lack training in
clinical tropical diseases, in keeping an eye out for cases of dengue fever among recently

returned tourists.

Since dengue may manifest differently in travellers than in the endemic population which
is mostly composed of children with pre-existing immunity, its clinical symptoms and
aftereffects can also be investigated in travellers, the majority of whom are adults and non-
immune. The drawback of this kind of sentinel surveillance is that it lacks a denominator,
making it impossible to assess the occurrence of actual danger. An increase in travel to
dengue-endemic regions, for instance, maybe the cause of the surge in incidence among
travellers. The global pattern, wherein travellers are more frequently infected in Asia, is
consistent with the condition documented in European studies. Dengue is mostly a disease
of active travellers, as opposed to the situation in Asia, where it primarily affects young

children (26), (27), (28).

1.3. Factors associated with infestation of Dengue Virus

Adaptations in both virus and vector support the urban DENV life cycle. Vector
specialization to feed on humans and to breed in artificial aqueous environments provided
in urban settings are directly associated with the spread of dengue virus. Also, virus
adaptation to the urban vectors and human adaptation of DENV serotypes to one another
caused the escape of the cross-neutralization by heterologous antibodies and enhanced the

risk of secondary dengue infection. Increased human population growth and urbanization
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in cities affect vector and host densities (1), (4). Also, changes in the environment such as
urban environments, especially slums provide more vector breeding habitats. Traveling of
infected humans, transport of materials containing infected mosquito eggs and larvae are
directly associated with geographic spread of vectors and viruses. The global incursion of
Aedes aegypti and Aedes albopictus mosquitos caused a global infestation of the dengue

virus.

1.4. Dengue Pathology: Clinical Diagnosis of Dengue and Severe Dengue

Dengue fever in humans can vary from extremely minor symptoms that go unnoticed
known as asymptomatic dengue fever to dengue haemorrhagic fever (DHF)/dengue shock
syndrome (DSS), which can be fatal. Dengue fever is also known as Break-bone fever or
Saddleback (biphasic) fever (29). Infection with any of the four DENV serotypes
developed a wide range of clinical symptoms. The severity of the sickness is determined
by the virus's serotype and strain, as well as the age, genetic background and immunological
condition of the specific human host (29). Undifferentiated fever, dengue fever (DF), and
dengue haemorrhagic fever (DHF) were the three types of symptomatic dengue virus
infections (Figure 3). Dengue fever with warning signs is further subdivided into four
severity levels. Patients with grade | and Il grades severity are categorized as having dengue
haemorrhagic fever (DHF) and patients with grade 11l and IV severity defining dengue
shock syndrome (DSS) (30). Many reports of challenges in using this categorization (31),
which were summarised in a comprehensive literature review by Chen et al in 2018 (32),
have been published. A detailed characterization of different types of dengue fever is

described below in Figure 3.
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Dengue virus infection

l 1
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Fever Fever
Dengue + Warning Severe
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Fig. 3: Classification of Dengue fever

1.4.a. Dengue Fever

Dengue fever is distinguished by a fast onset of fever; however, the severity of the
symptoms varies depending on the patient (33). A variety of aches and pains are typical,
frequently, the headache is retro-orbital and is accompanied by symptoms such as rash,
myalgia, lack of appetite, nausea, vomiting, and stomach discomfort. Symptoms may also
include changes in taste (metallic flavour) and flushing of the face. The clinical definition
of DF involves two or more of the following symptoms, in addition to fever: headache,
vomiting, retro-orbital discomfort, muscle or joint pain, rash, haemorrhagic manifestation,

or leucopenia. Mild haemorrhagic skin signs such as petechiae may be noticed. Other
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symptoms include spontaneous bleeding, including gum bleeding, increased menorrhagia
haemorrhage, gastrointestinal bleeding, and haematuria (33).

Also, DENV infection can cause symptoms such as loss of appetite, constipation, diarrhoea,
respiratory discomfort, a moderate sore throat, and an altered perception of taste. A fever
of 102°F to 105°F may develop and remain for two to seven days, accompanied by
pharyngitis, conjunctivitis (pink eye), and lymphadenopathy (swollen lymph nodes). Up to
50% of infected people get a rash, and a second rash may arise later on the body and extend
to the extremities. Petechiae (broken capillary blood vessels) visible as red or purple
patches and acute pruritus (itching) may develop when body temperatures return to normal.
Mild to severe hemorrhagic manifestations, including petechiae and purpura (bleeding
under the skin seen as red or purple spots) may occur, along with gastrointestinal
haemorrhages/bleeding, bleeding gums, menorrhagia (heavy menstrual bleeding), epistaxis
(nosebleed), hematuria (bloody urine), and jaundice (yellow pigmentation of the skin) (29),
(32). Dengue fever is seldom lethal, with an acute phase lasting three to seven days and a
lengthy convalescent (recovery) phase. The convalescent phase, which includes feelings of

weakness and despair, can extend for weeks (29), (34).

1.4.b Severe Dengue

A severe dengue infection is distinguished by plasma leakage, shock, fluid build-up,
respiratory difficulty, severe bleeding, and organ damage (1), (33). Hypovolaemia
intensifies as dengue vascular permeability rises, culminating in shock around
defervescence. The compensatory mechanism keeps blood pressure normal while
generating tachycardia and peripheral vasoconstriction, which results in chilly extremities
and delayed capillary refill time. Prolonged hypotensive shock and hypoxia can result in

multi-organ failure and a challenging clinical outcome. A pulse pressure of 20 mm Hg or
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inadequate capillary perfusion in children may signal a more serious shock. Hypertension
is commonly accompanied by protracted shock, which is sometimes aggravated by
significant bleeding. Major bleeding is nearly invariably accompanied by deep shock,
which can result in multiple organ failure and progressive disseminated intravascular
coagulation (35). Even in the absence of significant plasma leakage or shock, unusual
symptoms such as acute liver failure and encephalopathy may occur. The majority of
dengue deaths occur in individuals who are in deep shock, especially if the situation is
worsened by fluid overload (36).

Severe dengue should be considered if the patient is from a dengue-risk location and has a

fever lasting 2-7 days along with any of the following symptoms:

Tachycardia, clammy, chilly extremities, capillary refill time longer than three
seconds, weak or undetectable pulse, narrow pulse pressure, or, in late shock,
unrecordable blood pressure are all signs of plasma leakage.

e A large amount of blood

e A shift in awareness (convulsions, coma, lethargy or restlessness)

e Severe organ malfunction (acute liver failure, acute renal failure, encephalopathy
or encephalitis, or other atypical symptoms, cardiomyopathy) or other odd signs,

including persistent vomiting, increasing or severe stomach pain, and jaundice.

Approximately 1 to 2% of DF progresses to DHF, distinguished from DF by an increase in
vascular permeability (1). Severe dengue patient percentage among the population may
change based on vector infestations and dengue outbreak rates (35). In haematological tests,
this is shown as thrombocytopenia, increased haematocrit, and hypoproteinemia. High
temperature (up to 39 degrees Celsius), which can be biphasic, haemorrhages,

thrombocytopenia and hemo-concentration, hepatomegaly, and symptoms of circulatory
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failure are among the clinical findings. The WHO defines DHF as fever, thrombocytopenia,
and an increased haematocrit.

Vascular abnormalities, thrombocytopenia, and coagulation problems are all symptoms of
DHF and DSS (36). DSS symptoms include narrow pulse pressure or hypotension, in
addition to the symptoms indicated for DHF. Shock affects around one-third of DHF
patients. Dengue fever or dengue hemorrhagic fever can progress to a more serious state
after 3-7 days of the sickness after the fever has subsided (35). Patients have considerable
stomach discomfort before the onset of shock. The skin becomes chilly and the pulse
becomes quick and narrow, which are common indicators of circulatory failure (1). Patients
in shock are in danger and plasma volume replacement treatment is required to keep them
alive. Death rates from the severe types of dengue sickness, DHF and DSS, can be
dramatically decreased with timely supportive care. Correctly timed supportive care can
considerably lower the death rates of the severe types of dengue sickness, DHF and DSS
(35). The criteria for dengue warning signs and severe dengue are explained in Figure 4.
The case fatality rate in DHF and DSS is substantial (40% - 50%); however, with excellent

physiologic fluid replacement treatment, rates should be around 3-5% (1), (35), (36).
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1.5. Types of Severe Dengue: Clinical diagnosis and risk factors

1.5.a. Dengue Haemorrhagic Fever (DHF)

Dengue Haemorrhagic Fever (DHF) is an illness that predominantly affects children but
now due to the global infestation of this virus, adults are also equally prone to this disease
(29). A more virulent or infective isotype of DENV has a higher risk of causing significant
illness, with high levels of viremia associated with the development of DHF (1). The most
serious illness risk is ADE caused by subsequent DENV infection with a heterologous
serotype. Host factors that increase the risk of progression to severe disease include being
female, type AB blood, several human leukocyte antigen class | alleles, a single-nucleotide
polymorphism in the tumour necrosis factor gene and a promoter variant of the DC-SIGN
receptor genes (37), (38).

Race and polymorphisms in the vitamin D receptor and Fc receptor genes are host
characteristics that minimise the likelihood of developing severe illness following a
subsequent DENV infection (39). DHF initially mimics a primary DENV infection and is
characterised by a rapid onset of fever lasting two to seven days with no DHF-specific
symptoms. However, when the fever has subsided, plasma leakage is a clinical sign of DHF
(29). When the fever declines, there are indicators of circulatory failure, hemorrhagic
manifestations, thrombocytopenia (a reduction in platelets in the blood), and
haemoconcentration (an increase in the quantity of red blood cells). Symptoms of
haemorrhagic manifestations include purpuric lesions at the site of intravenous access,
petechiae and purpura on the torso and limbs, epistaxis, gastrointestinal haemorrhage,
bleeding gums, and haematuria with ground-coffee looking vomit and melena (black tarry
faeces). The melena is linked to iron oxidation in the gastrointestinal system due to elevated
haemoglobin levels. Some individuals have mild to severe shock as a result of blood loss

and reduced blood flow if not diagnosed early (40).
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1.5.b. Dengue shock syndrome (DSS)

Fever and other nonspecific signs and symptoms are followed by a fast deterioration of the
patient's state in dengue shock syndrome (DSS). When these individuals' fevers diminish,
their skin may become cold, blotchy, and congested. Circumoral cyanosis, a quick and
weak pulse, restlessness, stomach discomfort, and rapid advancement into a critical stage
of shock owing to plasma leakage are additional symptoms. Other DSS symptoms are
comparable to DHF symptoms and can lead to death. Antishock therapy can aid recovery

if started as soon as symptoms of DSS appear (33), (36).

1.6. Phases of dengue fever

Dengue fever is a complex and ever-changing illness. It has a broad clinical range with
both severe and mild clinical symptoms (1). The sickness occurs rapidly after the
incubation period and is divided into three stages: febrile, critical, and recovery. The
management of a disease with multiple presentations is generally easy, affordable, and
extremely successful in saving lives as long as precise and appropriate measures are
undertaken. Early detection and comprehension of clinical difficulties during the various
stages of the disease is critical, leading to a reasonable approach to case management and
a positive clinical result.

Primary and secondary care activities, triage and treatment choices; where patients are first
seen and evaluated are crucial in deciding the clinical outcome of dengue. A well-managed
front-line approach not only eliminates needless hospital admissions but also saves dengue
patients' lives. Early detection and notification of dengue patients observed in primary and
secondary care is critical for recognising outbreaks and establishing an early response (33).

Different phases of dengue fever are described below in Figure 5.
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Fig 5a: Different phases of dengue fever starting from febrile to critical to
recovery with viremia and non-viremia phases

1.6.a. Febrile phase

Patients usually get a high-grade fever all of a sudden. This acute febrile phase generally
lasts 2-7 days and is characterised by face flushing, erythema of the skin, generalised body
discomfort, myalgia, arthralgia, and headache (1). Sore throat, injected pharynx, and
conjunctival injection may occur in certain people. Anorexia, nausea, and vomiting are all
frequent symptoms. In the early fever phase, clinically distinguishing dengue from non-
dengue febrile disorders might be challenging. A positive tourniquet test during this stage
raises the likelihood of dengue. Furthermore, these clinical characteristics are identical
across severe and non-severe dengue patients. Monitoring for warning signals and other
clinical measures is therefore vital for detecting advancement to the critical phase. Mild
hemorrhagic symptoms such as petechiae and mucosal membrane bleeding (nose and
gums) are possible. Massive vaginal bleeding (in women of reproductive age) and
gastrointestinal bleeding are possible but uncommon at this stage. After a few days of fever,
the liver is frequently enlarged and painful. The first irregularity in a complete blood count
is a gradual reduction in total white cell count, which should alert the doctor to the

possibility of dengue (1), (3), (30).
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1.6.b. Critical phase

After acute phase of sickness, a rise in capillary permeability may occur in tandem with
increasing haematocrit levels. This is the start of the critical period. Clinically significant
plasma leakage typically lasts 24-48 hours. Plasma leakage is frequently preceded by
progressive leukopenia and a fast fall in platelet count. Patients with no increase in capillary
permeability will improve at this time, whereas those with increased capillary permeability
may worsen as a result of reduced plasma volume (1).

Plasma leaking varies in severity. Depending on the degree of plasma leakage and the
volume of fluid treatment, pleural effusion and ascites may be clinically apparent. As a
result, chest X-rays and abdomen ultrasonography can be important diagnostic techniques.
The extent of the rise over the baseline haematocrit frequently indicates the severity of
plasma leakage. When a critical amount of plasma is lost due to leakage, shock develops.
It is frequently preceded by warning symptoms. During shock the body temperature drop
below average. The subsequent organ hypoperfusion caused by prolonged shock
culminates in increasing organ damage, metabolic acidosis, and disseminated intravascular
coagulation. This, in turn, causes significant bleeding, lowering the haematocrit in severe
shock. Instead of the typical leukopenia found during this stage of dengue, individuals with
significant bleeding may have an increase in total white cell count. Furthermore, serious
organ damage such as severe hepatitis, encephalitis, or myocarditis, as well as severe
bleeding, may occur in the absence of evident plasma leakage or shock.

Non-severe dengue is defined as those who improve after defervescence. Some individuals
reach the crucial phase of plasma leakage without defervescence. Clinical care and clinical
service delivery changes in the whole blood count should be utilised to guide the
commencement of the critical phase and plasma leakage in these individuals. Those who

are deteriorating will exhibit warning indications, which is referred to as dengue with
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warning signals. Dengue cases with warning symptoms will most likely recover with early
intravenous rehydration. Whereas, some cases progress to severe dengue (1), (33), (34).
1.6.c. Recovery Phase

Among patients who survive the critical 24-48 hours reabsorption of extravascular
compartment fluid occurs gradually over the next 48-72 hours. General health improves,
hunger returns, gastrointestinal problems subside, the haemodynamic state stabilises, and
diuresis occurs. Some individuals may develop a rash with "islands of white in a sea of red"
(33). Some people may develop generalised pruritus. During this period, bradycardia and
electrocardiographic changes are prevalent (33). Because of the delusional action of
reabsorbed fluid, the haematocrit stabilises or falls. White blood cell count normally begins
to climb immediately after defervescence, however platelet count usually recovers later
than white blood cell count. If excessive intravenous fluid is used, respiratory distress from
significant pleural effusion and ascites can occur at any time (36). Excessive fluid treatment
during the critical and/or recovery periods is related to pulmonary oedema or congestive

heart failure (33).

1.7. Primary vs Secondary Dengue infection: Understanding the Key Differences
One of the critical aspects of dengue infection is the distinction between primary and
secondary infections, which has important implications for disease severity and
management.

1.7.a. Primary Dengue Infection

A primary dengue infection occurs when an individual is exposed to the dengue virus for
the first time. The virus has four serotypes: DENV-1, DENV-2, DENV-3 and DENV-4.
When a person is infected with one serotype, they develop lifelong immunity to that

specific serotype but remain susceptible to infection by the other serotypes.
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During a primary infection, the virus enters the body through the bite of an infected
mosquito. It then replicates in various cells, including immune cells such as dendritic cells
and macrophages. The immune system responds by producing antibodies, primarily
Immunoglobulin M (IgM), to fight the virus. Symptoms of primary dengue infection
typically include high fever, severe headache, joint and muscle pain, rash, and sometimes
mild bleeding.

Most primary dengue infections are mild, and many individuals may not even realize they
have been infected. However, in some cases, especially in children and older adults, the
infection can progress to severe dengue or dengue hemorrhagic fever (DHF), characterized
by plasma leakage, severe bleeding, and organ impairment. Severe dengue requires prompt

medical attention and intensive care.

Febrile Phase . Convalescent

A
v

IgG

0 5 6 90
Days of onset of Symptoms

Fig. 5b.i: Immune responses during primary dengue infection
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1.7.b. Secondary Dengue Infection

A secondary dengue infection occurs when a person who has previously been infected with
one serotype is exposed to a different serotype of the virus. In this case, the immune system
recognizes the new serotype but may mount an exaggerated immune response due to the
presence of antibodies from the previous infection. This phenomenon is known as antibody-
dependent enhancement (ADE).

ADE can lead to more severe symptoms compared to a primary infection. The antibodies
from the first infection can facilitate the entry of the new serotype into immune cells,
leading to increased viral replication and a heightened inflammatory response. As a result,
secondary dengue infections are more likely to progress to severe dengue or DHF,
especially if the immune system's response is not effectively regulated. Also, Cytokine
storms in secondary Dengue infection can be a significant concern. In secondary Dengue
infections, the immune system may overreact, leading to a cytokine storm. This is
characterized by an excessive release of pro-inflammatory cytokines, such as interleukin-6
(IL-6), tumour necrosis factor-alpha (TNF-alpha) and interferon-gamma (IFN-y), etc.
These cytokines can cause systemic inflammation and contribute to the severity of the
disease, including the development of Dengue hemorrhagic fever (DHF) or Dengue shock

syndrome (DSS) (Figure 5b).
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Fig. 5b.ii: Immune responses during secondary dengue infection

Table. 1.a: Key differences between primary vs secondary dengue

Factors Primary dengue infection Secondary dengue infection
Immune  Inprimary infection, the immune In secondary infection, ADE and
Response  response is primarily directed at cytokine Strom can lead to an
the infecting serotype exaggerated immune response due to
cross-reactive antibodies
Severity  Primary infections are less severe = Secondary infections are generally
compared to secondary more severe, with a higher risk of

infections developing severe dengue i.e. DHF or
DSS compared to primary infections
Risk Risk  factors for primary Risk factors for severe dengue in
Factors infections include age, adults are secondary infections include age
more susceptible to dengue (children and older adults are more
infection vulnerable), genetic factors, and viral
factors such as the specific serotype and
viral load

1.8. Dengue virus Transmission
1.8.a Spread and infestation of dengue virus
DENV's only known vectors are mosquitos of the Aedes genus. Aedes aegypti, Aedes

albopictus, and Aedes polyniensis of the subgenus Stegomyia are known to be capable of

39




becoming infected with DENV, replicating it, and transmitting it (42). These are at least
partially domesticated and anthropophilic creatures. A mosquito’s life cycle is divided into
four stages: egg, larva, pupa, and adult, with the first three requiring an aquatic
environment. The duration of the developmental stages is determined by the temperature
of the environment and the availability of food during the larval stage. At normal
temperatures, Aedes aegypti takes approximately 8-10 days to mature (36), (42), (43).
Aedes aegypti and Aedes albopictus mosquitos infected with DENV transmit the virus to a
human host. The primary vector, Aedes aegypti, is a tiny black and white mosquito with a
tropical and subtropical geographic range (Figure 6a). Domesticated Aedes aegypti like to
deposit eggs in different artificial containers found in or near homes, resulting in increased
mosquito output in these places. Adult Aedes aegypti prefers to feed on human hosts
throughout the day. Peak feeding hours are just after sunrise and shortly before sunset,
however, feeding has been seen throughout the day. The same mosquito can feed on many
humans during the same blood meal, allowing infections to spread to multiple hosts.
Dengue virus particles may withstand the stomach digestive fluids of mosquitos and pass
through the stomach wall barrier, infecting midgut epithelial cells. DENV quickly
multiplies and disseminates into the hemocoel before travelling to, infecting, and
concentrating in the salivary glands, completing the five-to-seven-day cycle. DENV is then
transferred to a new human host during a blood feed by the mosquito's proboscis and
infected salivary glands (42), (44). After a human host is bitten by an infected mosquito,

the virus incubates for three to fourteen days before causing dengue illness symptoms (43).
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Fig. 6a: Dengue virus vectors in the wild and urban environments (Ref: Huang
YJ et. al, Flavivirus-mosquito interactions. Viruses. 2014 Nov 24;6(11):4703-30).

The epidemiological trio of dengue includes the pathogen, mosquito vector and human
host. The life cycle of the major vector Aedes aegypti is directly influenced via ambient
temperature and rainfall (45). Higher temperatures might increase dengue risk by
increasing the rate of mosquito development and reducing the virus incubation period in
endemic regions (8). Rainfall, on the other hand, can have strikingly contrasting non-linear
effects on disease transmission. Where heavy rainfall might flush away eggs, larvae and
pupae but water logging due to excessive rainfall might also create new breeding habitats
in the longer term (46), (47). Water storage in dry climate areas might also aggravate the
situation. A dry climate can lead to human behaviour of saving water in water storage
containers, which might become future breeding sites for Aedes aegypti. Thus, climatic
conditions may affect the virus, the vector and/or human behaviour both directly and
indirectly increasing the disease prevalence (7). A wide range of factors are associated with
this rapid increase in dengue prevalence, including globalization, urbanization, travel,
demographic change, inadequate domestic water supplies, lack of sanitation and global

warming. In addition. These are directly influencing the spread of the main vectors Aedes
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aegypti and Aedes albopictus (10). Both these mosquito species rapidly spread from their
continent of origin either via the infected host or via containers where these lay eggs (9).
Climate change may lead to changes in these determinants of dengue transmission by
multiple, inter-related mechanisms. As a consequence of global warming, a 0.75°C rise in
temperature has been observed in the past 100 years. This alarming rise in temperature is

directly proportional to the dengue outbreak in a non-linear manner (45).

1.8.b. Dengue virus transmission cycles in the wild and urban environments

The sylvatic cycle, which involves non-human primates (monkeys) and jungle mosquitoes,
and the human-to-human epidemic transmission cycle, which occurs in urban
environments, are the two known transmission cycles for dengue viruses. DENV's life cycle
includes a replication stage in both mosquito and primate hosts. After an infected blood
meal from a viremic host, the mosquito can infect new primate hosts after 8 hours to 1 day.
In both cycles, the virus is passed from an infected mosquito female to the progeny
mosquitoes by transovarial transmission and may potentially be sexually transmitted (43),
(48). Dengue virus transmission cycle in wild and urban environments is shown in Figure

6.b.

Fig. 6b: Dengue virus transmission cycles in the wild and urban environments
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1.9. The Vector

This mosquito is a tropical and subtropical species that is found all over the world, primarily
between latitudes 35° N and 35° S. These geographical limitations roughly correspond to a
winter isotherm of 10° C. Aedes aegypti has been reported as far north as 45° N, although
these incursions happened during warmer months (explained earlier), and the mosquitoes
did not survive the winter. Aedes aegypti is also uncommon above 1000 metres due to
cooler temperatures. Immature stages are found in water-filled environments, mainly in
artificial containers close to human houses and frequently indoors. According to research,
the majority of female Aedes aegypti may spend their entire lives in the wild. This means
that people, not mosquitos, spread the virus quickly within and between groups. Aedes
albopictus, Aedes polynesiensis, and numerous species of the Aedes scutellaris complex
have also been linked to dengue outbreaks (43). Each of these species has its ecology,
behaviour, and geographic range. Aedes albopictus has spread from Asia to Africa, the
Americas, and Europe in recent decades, encouraged in part by the worldwide trade in worn
tyres, where eggs are deposited when they contain rainwater. In the lack of water, the eggs

can survive for months (43), (45).

1.10. The Host

The primary host for the dengue virus is humans. When a mosquito bites a person infected
with the dengue virus, it acquires the virus along with the blood meal. The virus then
replicates in the mosquito's body, and the mosquito can transmit the virus to another human
when it takes its next blood meal. This transmission cycle perpetuates the spread of the

virus in human populations.
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It's important to note that while humans are the primary host for the dengue virus, the virus
can also infect and replicate in other primates, including non-human primates like monkeys.
However, these animals are not considered major contributors to the transmission cycle of
dengue in human populations. Dengue virus is an RNA virus, that requires contact, binding,
and penetration to get access to the host's cellular machinery and multiply. It is emitted
from the salivary gland of the pathogenic female Aedes aegypti mosquito, where it begins
replication in secondary tissues such as salivary glands before passing to the human host.
DENV infects various cell groups, including epithelial, fibroblast, monocytes,
macrophages, dendritic, endothelial, and hepatocytes due to its diverse binding to various

molecules (9), (43), (49).

1.11.Laboratory Diagnosis of dengue
The current laboratory diagnosis of dengue is based on the identification of DENV infection
indicators in patient serum. These include viral components and antibodies seen in patient
blood at various stages of infection. This complicates the identification of acute dengue
infection, and many test types or matched samples are frequently required for an accurate
diagnosis. Furthermore, information about the date of the sample illness start is required
for selecting an appropriate diagnostic approach. Diagnostic tests differ by nation, and in
addition to commercial test Kits, in-house diagnostic procedures are extensively utilised.
According to WHO, laboratory criteria for confirming dengue virus infection include the
presence of at least one of the following inpatient sample(s):

a. Detection of DENV-NS1 antigen

b. Detection of anti-DENV antibodies

c. Detection of Dengue virus genome

d. Isolation of live dengue virus
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1.11.a. Detection of DENV-NS1 antigen

Dengue NS1 antigen-based detection is widely used for early detection of viral infection.
NS1 antigen detection is a DENV-specific approach for dengue diagnosis that, unlike RT-
PCR-based methods, it does not require specialised laboratory equipment and is simple to
use. The non-structural protein 1 (NS1) antigen, present in the dengue virus genome is an
indication of the replicative phase of the virus and hence used for early detection. Early
diagnosis, usually within five days of symptoms onset and fever is achieved using this
procedure. Rapid diagnostic tests (RDTs) or ELISA assays on blood samples are frequently
used in their execution. Because of their high sensitivity and specificity, NS1 tests are

useful for timely diagnosis and patient treatment.

1.11.b. Detection of anti-DENV antibodies

Dengue is detected via IgM and 1gG-based methods also, which includes detecting certain
antibodies that the immune system produces in reaction to the dengue virus. IgM antibodies
can last for around two to three months after infection and are usually detected during the
first week. For the initial phase after 5 days of fever, they are sensed. Conversely, 1gG
antibodies develop later in the course of illness and typically last for years. 1gG detection
is useful for diagnosing later stages of illness by serological means, verifying prior
exposure to the virus, and identifying prior dengue infections. These antibodies are
frequently found in blood samples using techniques like ELISA (Enzyme-Linked
Immunosorbent Assay) or rapid diagnostic assays (RDTs), which help with the diagnosis
and epidemiology surveillance of dengue fever. Reliable serodiagnosis is based on paired
samples in which a diagnostic increase in antibody titres can be seen between acute (five
days after onset) and convalescent (five to seven days after onset). IgM antibody titres in

initial infections rise to detectable levels in 80% of patients by day 5 following fever start
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(50), (51). 1gG antibodies become detected immediately after IgM antibodies, and by day
7, the majority of individuals have measurable levels. Commercial kits for detecting E-
protein antigens are also available, however they are less sensitive.

Traditional dengue diagnostic approaches rely on identifying antibodies against the dengue
virus in the patient's serum. The envelope proteins of all species of the genus flavivirus
exhibit structural similarities, resulting in serological cross-reactions in serological assays.
Cross-reactive antibodies from prior flavivirus infections or immunisations might result in
false positive test findings, particularly for 1gG detection. Neutralisation tests are the only
serological procedures that are reliable for classifying flavivirus infections and dengue
virus infections based on the infection-producing serotype. These procedures are not
employed in routine diagnostics since they are time-intensive and necessitate the
introduction of infectious viruses.

The capture IgM-enzyme immuno-assay (Mac-EIA) based on the inactivated viral antigen
is the most extensively used serological approach for anti-DENV antibodies (33).
Immunofluorescence assays (IFA), lateral flow/immunochromatography-based fast tests,
and immunoblot approaches (52), (53) have been employed in addition to EIA-based
methods to detect anti-dengue IgM. IgG detection strategies are similar to those used for

IgM detection; additional approaches include dot-blot and IFA.

1.11.c. Detection of Dengue virus genome

The detection of the DENV genome in patient serum samples allows for precise dengue
diagnosis at an early stage of the disease when serological approaches are ineffective. The
viremic phase of the sickness corresponds with the fever, and its length ranges from one to
one hundred days (54). A positive test result allows for diagnosis; however, a negative test

result does not rule out the potential of dengue since viremia levels and timing vary across
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individuals. Although the time of the sampling is critical for RNA detection, the storage
and handling of the samples are as vital for maintaining viral RNA in the samples.

DENV genome detection, in comparison to other diagnostic procedures, necessitates
numerous handling stages, including sample RNA extraction and the test itself. Unlike
serological approaches, viral RNA detection is susceptible to contamination and
necessitates specialised laboratory facilities and equipment. Unlike serological approaches,
DENYV genome detection allows for specific quick DENV diagnosis from a single early
phase sample and allows for the typing of the infection-causing serotype, which is critical
for epidemiological follow-up.

Conventional RT-PCR

To identify DENV RNA in patient samples, several reverse-transcription polymerase chain
reaction (RT-PCR)-based techniques have been utilised. In general, viral RNA is isolated
from blood samples, reverse transcribed to cDNA in a separate procedure or a one-step
method, and then amplified. Amplification targets may include highly conserved parts of
the DENV genome, such as the NS5 and 3' UTR, or locations with greater variability, such
as the C-prM and E-gene regions. Using ethidium bromide staining, the amplification
products of traditional RT-PCR are visualised on agarose gels. Amplicons are often
hundreds of base pairs long and can be used to investigate the sequence of the amplified
PCR product using sequencing the PCR product (55). Performing many rounds of
amplification can improve the sensitivity of the RT-PCR experiment. The second amplicon
in nested amplification is positioned within the first. Traditional RT-PCR procedures
require a separate detection phase in addition to the amplification stage, making them
slower than newer real-time approaches that include both processes. However, because
traditional methods are resilient, real-time applications have not completely supplanted

them.
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Real-time RT-PCR

In viral nucleic acid detection, two major real-time PCR methods have been widely
employed. These include sequence-specific detection of amplified PCR products
employing fluorogenic labelled probes and approaches based on the accumulation of a
fluorescent dye attached to the double-stranded DNA amplicon in a sequence-unspecific
way (56). In both cases, the fluorescence generated is proportional to the amplified target
sequence and may be measured. Real-time PCR amplicons are often shorter than those
utilised in traditional PCR. Furthermore, the PCR apparatus and chemicals employed allow
for very fast PCR steps, detecting the findings concurrently and thereby reducing the time
necessary for the experiment. Different manufacturers have created a variety of equipment
that differ in the technology utilised to do the thermal analysis (57). Sequence-specific real-
time PCR relies on probes that bind to the target sequence and are amplified in PCR.
TagMan-based methods, which employ Tag DNA polymerase and dual-labelled probes,
are commonly employed in the detection of DENV RNA. These probes have a fluorescent
dye on one end and a quencher dye on the other, which prevents the fluorescent reporter
dye from generating fluorescence. The probe is constructed downstream of the PCR primer
site in the target sequence, and Taq DNA polymerase cleaves it during the primer extension
phase, separating the quencher and reporter molecules. This extremely specific approach
enables the quantification of fluorescence intensity throughout each PCR cycle. To identify
and type DENV RNA, several TagMan-based RT-PCR techniques were applied (56).
Methods based on SYBR Green | dye, which binds to double-stranded DNA, detect the
fluorescence produced by the dye. The specificity of these approaches is determined by the
primers employed, however, melting curve analysis of amplification products allows them

to discover varied sequences. The melting temperature is determined by the amplified
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product sequence, and this approach has been utilised to identify DENV genomes in real

time PCR (56).

1.11.d. Virus isolation

Although virus isolation is not often employed in routine diagnostics, it provides conclusive
confirmation of DENV infection. The sampling period and optimum sample preservation
are critical in viral genome identification (60), (61). Currently, cultivated mosquito cells
(Aedes albopictus C6/36) are the most often utilised technique of DENV culture from
patient sera, although numerous other mosquito-cell lines and mammalian cell lines
typically employed in viral cultures, such as monkey kidney cells, are also appropriate.
Inoculation with live mosquitoes is the most sensitive but impractical approach known.
Dengue virus's potential to generate cytopathic effects (CPE) on infected cells varies and
is most likely based on viral strain features. DENV may be identified and serotype
determined in viral isolation cells utilizing dengue virus-specific RT-PCR techniques or

monoclonal antibodies in an immunofluorescence format.

Other Detection methods
RT-PCR-based DNA microarray detection (58), as well as amplification by nucleic acid
sequence-based amplification (NASBA), have been employed in the detection of DENV

RNA (59).

1.12. Prevention & Treatment

1.12.a. Vector Control

Effective mosquito control requires a multifaceted approach, integrating various methods
and engaging communities to sustainably reduce the risk of dengue transmission.

Environmental management and chemical control measures, such as larvicides and
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adulticide space sprays, have been utilised with some success to decrease or eliminate
DENYV transmission. Cleaning stagnant water in containers near houses and public spaces,
as well as the usage of mosquito nets, are other measures of control (62). Controlling
mosquito populations is a critical strategy in reducing the incidence of dengue fever, as the
disease is primarily transmitted by Aedes mosquitoes, particularly Aedes aegypti and
Aedes albopictus. Various methods are employed to control these mosquito populations
such as

Environmental Management and Source Reduction: This involves eliminating or
managing mosquito breeding sites, primarily through reducing standing water where
mosquitoes lay their eggs. Emptying containers such as flower pots, buckets, and discarded
tires that can collect water. Ensuring that garbage and waste are properly disposed of and
not left to accumulate and collect water. Covering water storage containers to prevent
mosquitoes from accessing them.

Biological Control: Utilizing natural predators or biological agents to control mosquito
populations, Fish such as guppies or mosquito fish (Gambusia affinis) can be introduced
into water bodies to feed on mosquito larvae. Bacillus thuringiensis israelensis (Bti) is a
bacterium that produces toxins lethal to mosquito larvae but is safe for humans and other
animals. Releasing mosquitoes infected with the Wolbachia bacterium, which reduces the
ability of mosquitoes to transmit dengue virus.

Chemical Control: Chemicals like temephos, methoprene, and pyriproxyfen that are
applied to water to kill mosquito larvae. Insecticides like pyrethroids used to kill adult
mosquitoes. These can be applied through outdoor fogging or indoor spraying. Spraying
insecticides in areas with high mosquito activity, especially during outbreaks.

Genetic Control: Using genetic modification techniques to reduce mosquito populations

or their ability to transmit dengue. Releasing sterilized male mosquitoes into the wild to
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mate with females, resulting in no offspring. Releasing genetically modified mosquitoes
that produce offspring that die before reaching adulthood or that are less capable of
transmitting dengue.

Personal Protection and Community Participation: Reducing mosquito bites through
individual and community efforts. Applying DEET, picaridin, or oil of lemon eucalyptus-
based repellents to uncovered skin. Using bed nets, particularly treated with insecticides,
to protect against mosquito bites while sleeping. Wearing long-sleeved shirts and long
pants, particularly during peak mosquito activity times which is early morning and late
afternoon.

Public Health Education and Community Engagement: Educating communities about
the importance of mosquito control and engaging them in proactive measures. Conducting
campaigns to educate people about dengue transmission, symptoms, and mosquito control
methods. Organizing community efforts to clean up potential mosquito breeding sites.
Engaging local leaders and community organizations to promote and sustain mosquito
control activities.

Integrated Vector Management (IVM): Combining multiple control methods in a
coordinated and sustainable manner. Conducting surveillance to identify mosquito
breeding sites and population density. Using a combination of environmental management,
biological control, chemical control, and community engagement. Continuously
monitoring the effectiveness of control measures and making adjustments as needed.
Furthermore, more effective vector control strategies may reduce virus transmission even
further. These include the use of long-lasting insecticide-treated window curtains and water
container covers, as well as control-released larvicides that give several months of
treatment (1). Currently, no DENV vaccine is easily accessible, and techniques to prevent

DENV infection, including mosquito control, are restricted (62). Insecticides and bed nets
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can assist to minimise mosquito-mediated transmission. With the number of individuals at
risk of infection increasing and no cures for active disease, vaccine development or

preventative techniques are critical.

1.12.b. Treatment

There is no specific antiviral treatment approved for dengue fever. Treatment for dengue
primarily involves symptomatic care to manage symptoms and complications. Anti-
pyrogenic medicine like Aspirin and Bufen is prohibited in dengue infections as they
increase bleeding manifestations and stomach pain in DENV-infected patients. On medical
guidance, paracetamol can be administered. If one or more indications of DHF are
observed, the patient should be rushed to the hospital. During the transport to the hospital,
the patient is given fluid to drink or injected intravenously (3), (30). In most situations,
early and effective replenishment of plasma losses using a plasma expander or fluid and
electrolyte solution leads to a good outcome. DSS is quickly reversible with enough and
proper fluid supplementation. Resuscitation from shock as soon as possible, as well as
repair of metabolic and electrolytic abnormalities, will avoid disseminated intravascular
coagulation. Because high fever, anorexia, and vomiting cause thirst and dehydration in
DHF patients, fluid intake by mouth should be adequate. Plain water is superior to an
electrolyte replacement solution or fruit fluid is preferable to combat diarrhoeal symptoms.
Convulsions are possible during the acute febrile period. Patients with hyperpyrexia,
particularly those with a history of feverish convulsions, may benefit from antipyretics.
Salicylates must be avoided since they might result in bleeding and acidity. Although
paracetamol is recommended for fever reduction, it should be taken with care. In an
outpatient rehydration centre, parental fluid treatment can be administered to patients who

are dehydrated due to fever, vomiting, or anorexia. Shock is considered a medical
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emergency. It is critical to administer intravenous fluid immediately to increase plasma
volume. Ringer's lactate or Ringer's acetate or 5% glucose dissolved in physiological saline
should be given as a fast intravenous bolus (10-20 ml/kg) within 20 minutes. If necessary,

another bolus can be given to increase the fluid dosage to 20-30 mi/kg (30).

1.12.c. Vaccine development

The increasing dissemination and outbreaks of dengue virus infection and sickness
highlight the critical need for the development of a DENV vaccine. The development of
vaccine against dengue virus has been ongoing for several decades, but because of the
complex pathophysiology of dengue and the need to simultaneously target all four virus
serotypes, progress has been slow. The development of the disease to DHF and DSS owing
to subsequent infection emphasises the necessity for a vaccine to protect not only naive
patients but also those who have previously had dengue (62). The ideal DENV vaccine
would not be reactogenic, would provide life-long immunity against infection with all four
dengue virus serotypes and would be inexpensive (63). Due to heterogeneity in DENV
transmission intensity and circulation, vaccine trials should be conducted in a variety of
risk groups. Although no commercially accessible DENV vaccine is presently available,
numerous forms of marginally effective vaccinations have been produced. Among them,
clinical studies for live attenuated viruses and chimeric viruses using yellow fever
vaccination and attenuated DENV as backbones have been approved (63). Furthermore,
genetically modified DENV vaccines targeting the prM, E, or NS1 genes have been tried
with encouraging outcomes (64).

There are only two licenced dengue vaccines: Dengvaxia (CYD-TDV, Sanofi) and

QDENGA (TAK-003, Takeda).
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One of the notable vaccine candidates is Dengvaxia, developed by Sanofi Pasteur.
Dengvaxia is a tetravalent vaccine designed to protect against altogether four serotypes of
DENV. It received regulatory approval in several countries, but its implementation faced
challenges and controversies. Some concerns were raised about the vaccine's efficacy and
its potential to increase the risk of severe dengue in individuals who had not been previously
exposed to the virus. As a result, recommendations for its use varied among different
regions and populations.

Dengue Tetravalent Vaccine (Live and Attenuated) known as QDENGA (TAK-003) is a
dengue vaccine based on a live-attenuated dengue virus serotype 2. This vaccine serves as
the genetic "backbone™ for all four dengue virus serotypes and is meant to protect against
all of them. The Group of Experts of WHO's Strategic Advisory on Immunisation (SAGE)
confirmed QDENGA's efficacy against all four serotypes. This vaccine is recommended
for use in individuals > 4 years of age as the recommendations mentioned below.
Recommendations propose an initial cautionary approach and tactics due to lack of broad-
spectrum information in dengue-naive adults and especially elderly people. Vaccination is
recommended before travelling to an endemic country for travellers with a history of self-
reported (hospitalised or a policlinic tested) dengue fever. Also, dengue-naive travellers
aged 4-16 years old, are recommended to be vaccinated regardless of travel duration. We
suggest immunisation only for lengthier travels that are relevant to the travel location for
travellers aged 17-60 years old. To serve as a reference, they propose a vacation of more
than six weeks to Southeast Asia, an area with one of the highest global incidences of
dengue disease. QDENGA has not been investigated in people over 60 years of age, yet.
Therefore, it's advised to avoid vaccination in this age group, until more data is available

(65).
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Chapter 2: Review of literature

2.1. Neglected Tropical Diseases
Neglected tropical diseases (NTDs) are a group of parasitic, viral, bacterial, fungal, and
non-communicable illnesses that affect over one billion people worldwide (66). They
include diseases like dengue fever, malaria, lymphatic filariasis, schistosomiasis, and
Chagas disease, etc. which thrive in poverty, lack of access to clean water and sanitation,
and limited healthcare infrastructure. NTDs are interconnected with social determinants of
health, such as inadequate housing, poor sanitation, and lack of education, contributing to
the persistence and spread of these diseases. The debilitating effects of NTDs compromise
physical well-being, economic productivity, education, and social cohesion. Efforts to
address NTDs have gained momentum, with initiatives like the World Health
Organization's Neglected Tropical Diseases Roadmap aiming to control, eliminate, or
eradicate these diseases by 2030. However, challenges persist, hindering progress towards
achieving these ambitious goals. NTDs receive a disproportionately small share of global
health funding, which hampers the development and implementation of effective
prevention and treatment strategies. They often operate silently, leading to a lack of
awareness and understanding, leading to delayed diagnosis and treatment (66), (67). The

global distribution of neglected tropical diseases is shown in Figure 7 below.
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2.2. Viruses

Viruses are microscopic infectious agents, incapable of independent life and can only

replicate within the cells of a living host organism. They are composed of genetic material,

either DNA or RNA, surrounded by a protein coat called a capsid (68). Some viruses also

have an outer envelope derived from the host cell membrane. This obligatory intra-cellular

parasite uses the host's cell machinery, components and energies for the production of their
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progeny virions. Viruses can infect various types of organisms, including animals, plants,
fungi, bacteria (bacteriophages), and archaea. They cause a wide range of diseases in
humans, animals, and plants, ranging from mild illnesses to severe and potentially fatal
conditions. The life cycle of a virus typically involves the following stages: Attachment
and Entry, Replication and Transcription, Assembly and release. Virus genomes undergo
evolution which enables them to adapt according to environmental changes. Viruses can
cause a variety of diseases, such as the common cold, influenza, HIV/AIDS, COVID-19,
hepatitis, and many others. All three domains of life Eukarya, Prokarya and Archaea are

parasitized by their specific virus and they co-evolved with their host organisms (68), (69).

2.2.a. Flavivirus

The name Flavivirus (also known as flaviviruses) is derived from flavus, the Latin word
for yellow. Flavivirus is a genus of viruses belonging to the Flaviviridae family, which
includes several significant human pathogens (70). Flaviviruses impose a constant threat
on global public health as infections due to them are the most prevalent viral infections
worldwide. Currently, Flaviviruses infect more than 400 million people annually (71).
Flaviviruses are classified according to their vector associations: viruses transmitted by
mosquitos (39 species), viruses transmitted by ticks (13 species), and viruses for which no
arthropod vector has been identified, known vector viruses (16 species) (72). Furthermore,
many speculative species have been identified with the genus, including genetically
different lineages recovered from bats, dubbed Tamana bat virus (TABV) and mosquito
cells, dubbed Cell fusing Agent virus (CFAV) (72). In the past 70 years, this
epidemiological pattern has often appeared, notably during outbreaks of the West Nile and
dengue viruses as well as the most recent, explosive Zika pandemic. Dengue fever is the

most prevalent arboviral disease worldwide. The primary mode of transmission for
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flaviviruses is through arthropod vectors, particularly mosquitoes and ticks (42). Human
infections usually occur when an infected vector bites a person, introducing the virus into
the bloodstream. Flaviviruses have a widespread global distribution, with different species
prevalent in various geographical regions. Some well-known flaviviruses include Dengue
virus, Zika virus, West Nile virus, Japanese encephalitis virus and Yellow fever virus.
Flaviviruses can cause a spectrum of clinical manifestations. While some infections may
result in mild flu-like symptoms, others can lead to severe diseases such as hemorrhagic
fever, encephalitis, or congenital malformations in newborns (as seen with Zika virus).
Certain flaviviruses are responsible for significant outbreaks and epidemics, placing a
considerable burden on public health systems. For example, Dengue virus is a leading cause
of mosquito-borne viral illnesses globally, with millions of cases reported annually (73).
Vaccines have been developed for some flaviviruses to prevent infections and reduce the
severity of diseases. The emergence of new flaviviruses or the re-emergence of known ones
in different regions is a constant concern. Zika virus, for instance, gained international
attention due to its association with microcephaly and other neurological disorders.
Flaviviruses represent a diverse group of viruses with significant implications for global
public health and their genetic evolution is explained in Figure 8. The TBEV complex is
represented in green, the DENV complex in blue, and the WNV complex in red. The two
tick-borne viruses depicted are TBEV and Powassan virus (POWYV); all others are
mosquito-borne. Yellow fever virus (YFV); West Nile virus (WNV); Japanese encephalitis
virus (JEV). Phylogenetic tree rooted to Tamana bat virus (TABV) as the outgroup to
demonstrate flavivirus diversity. The scale bar denotes a 6% change in amino acid (74).
Understanding their biology, transmission dynamics, and the development of effective
preventive measures are essential components in the ongoing efforts to control and mitigate

the impact of flavivirus-associated diseases on human populations.
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2.3. History of dengue virus

Dengue virus is a rampant arthropod-borne virus and a major global health concern, causing
dengue fever, a flu-like illness, and in severe cases, potentially life-threatening
complications, such as dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS) (1). The history of the dengue virus can be traced back centuries (Figure 9), with
evidence suggesting that the virus has been infecting humans for at least several hundred
years. The earliest known recorded outbreak resembling dengue-like symptoms occurred
in 1779-1780 in Asia, Africa, and North America (75). In the 19th century, several large
outbreaks of dengue-like illness were documented in various parts of the world, including
sia, the Caribbean, and the Americas. In 1901, during an outbreak in the Philippines, the
U.S. Army physician Dr. Albert Sabin discovered that dengue fever was caused by a virus

(75).
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In 1906, the transmission of dengue fever through mosquitoes was confirmed by the

identification of Aedes aegypti as the primary vector (75). In 1944, the dengue virus was

isolated and classified into four serotypes (DENV-1, DENV-2, DENV-3, and DENV-4) by
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Dr. Albert Sabin and his colleagues (76).The virus was named "dengue" after the Swabhili
phrase "ki-denga pepo,” which means “cramp-like seizure caused by an evil spirit" (5).
Throughout the 20th century, dengue fever continued to spread globally, particularly in
tropical and subtropical regions. The epidemics from India include those from Calcutta in
year 1963, Vishakhapatnam in 1964, again in West Bengal in 1968, Ajmir in 1969, Kanpur
in 1969, Delhi in 1970, Rajasthan in 1985 and Delhi in 1996 (5), (77).

Dengue Hemorrhagic Fever (DHF) and Dengue Shock Syndrome (DSS): In the 1950s,
severe forms of dengue infection known as DHF and DSS were identified, characterized
by increased vascular permeability, bleeding tendencies, and organ involvement. DHF and
DSS can lead to life-threatening complications and are more commonly associated with
secondary infections with a different dengue serotype. In the late 20th and early 21st
centuries, dengue fever has seen a resurgence and has become a major public health concern
worldwide (5), (36). Increased international travel, urbanization, population growth and
climate change have contributed to the spread and severity of dengue outbreaks. The history
of the dengue virus reflects its long-standing presence and its impact on human populations

across different continents.

2.4.Genomic organization of dengue virus

2.4.a. Introduction of DENV genome

The dengue virus (DENV) is an enveloped RNA virus belonging to the Flaviviridae
family and the genus Flavivirus (57). It is the etiological agent of dengue fever, a
mosquito-borne viral illness that poses a significant global public health burden.
Understanding the genome and proteins of the dengue virus is crucial for comprehending
its pathogenesis, replication cycle, and the development of potential therapeutic
interventions.
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The genome of the dengue virus is a single-stranded, positive-sense, RNA molecule
approximately 10.7 kilobases in length. It consists of a single open reading frame (ORF)
flanked by 5" and 3' untranslated regions (UTRs). The genome encodes a polyprotein
precursor that is subsequently cleaved into three structural proteins (C, M/M, and E) and
seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) via post

translation and co-translational mechanism (57) (Figure 10).
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Fig. 10: Genomic organization of dengue virus showing three structural genes and
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2.4.b. Structural Proteins

The capsid protein is a homodimer with 100 amino acid residues that includes an inherently
disordered N-terminal domain and four a-helical sections. Genome encapsidation involves
C. The C protein is essential for the assembly of viral particles and is involved in the
packaging of viral RNA. The recruitment of viral RNA during assembly and the release of
the genome during infection are two mechanisms that are linked to this function. Capsids
are present in lipid droplets and nucleoli, despite the fact that particle formation takes place
on endoplasmic reticulum membranes (78).

M has 75 aa residues, whereas prM has 166 aa residues. In order to prevent the fusion
peptide E from undergoing premature fusion prior to viral release, prM/M serves as a cap-
like structure. During viral assembly, the prM/M protein chaperones the E protein. Through
receptor binding and fusion, the E protein enables viral attachment and entrance into host
cells. It is essential for triggering defensive immune responses and a primary target for
neutralizing antibodies (57). Surface proteins on the virion envelope called structural
proteins E and M are used to distinguish between immature and mature viruses.

The juvenile virus is known as "spiky" because spikes appear on its surfaces when M
proteins connected to a precursor membrane protein (pr) form heterodimers with E proteins.
In mature virions, furin cleaves soluble pr from M protein, adhering the M proteins and
resulting in the absence of pr protein from the mature viral membrane (79). The envelope
of the virus contains the viral surface proteins E and M. The E glycoprotein is the main
target of neutralizing antibodies and is involved in crucial processes such as viral
attachment to cells and membrane fusion. It contains the main epitopes (virus-specific and
cross-reactive epitopes) that are recognized by neutralizing antibodies (80, 81).

The flavivirus fuses to target cells by an internal fusion peptide found in domain Il of this

protein, while cellular receptor-binding motifs (81, 82) are found in domain I1l. This protein
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is composed of three structural and functional domains. Subcomplex- and type-specific
epitopes dominate domains | and Ill, while major flavivirus groups and subgroup cross-
reactive epitopes dominate domain 11 (83, 84).

The M protein comes in two varieties. Cell-associated (immature) virions include prM, the
precursor of the M protein, which combines with the E protein to produce a prM-E
heterodimer. In acidic post-Golgi vesicles, prM functions as a chaperone for the E protein,
preventing irreversible inactivation during viral transport to the cell surface (79, 85).
Through this contact, prM helps in viral assembly and budding into the lumen of the
endoplasmic reticulum. Before being released, intracellular virions are not contagious; this
is due to a host-cell-derived furin-like protease that cleaves prM into the soluble pr peptide
and the particle-associated M protein (86). The E protein cannot undergo the structural
alterations required for DENV membrane fusion at low pH levels when prM is uncleaved.
Thus, immature DENV is essentially non-infectious (31). Depending on the degree of prM
cleavage, different amounts of prM and M may be present in the extracellular particles. The
envelope protein is a class Il N-glycosylated dimeric membrane fusion protein with 493—
495 amino acid residues (53 kDa). E is present in mature DENV as 90 homodimers that
create a "smooth" protein shell by lying flat against the DENV surface. The three different
domains that make up each monomer subunit are I, Il, and I11. E is in charge of determining
the host range, tropism, and pathogenicity of the virus and facilitates its binding and fusing
to the host cell membrane (domain I11). Roughly 30% of prM carrying immature particles
have been found in DENV-infected cells (74, 87). Some of the differences in cleavage
efficiency may be explained by the charged residues around the furin consensus sequence
at the prM cleavage junction; moreover, structural variations amongst flaviviruses at the

prM junction modify prM cleavability.
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2.4.c. Non-structural Proteins

NS1 is a 46 kDa protein that is anchored in glycosyl-phosphatidylinositol (GPI) and may
be found both within and outside of cells. By preventing complement activation, NS1
contributes to both viral defences and the viral RNA replication complex. A versatile
protein, NS1 is involved in immunological evasion, pathogenicity, and viral replication. It
is secreted as a soluble hexamer and is employed as a dengue infection diagnostic marker
(32, 57). Later in this book, NS1 protein's precise mechanism and role in vascular
dysfunction are discussed. In addition to influencing host immune responses, NS2A takes
involvement in the assembly and replication of viral RNA. NS2A A 22 kDa protein with
218 aa residues.

NS2A is involved in the coordination of changes related to RNA packaging, replication,
and interferon (IFN) antagonistic activity.

Processing of viral polyproteins requires NS2B, which is a cofactor for the NS3 protease.
NS2B is a membrane-associated protein with 130 amino acid residues (14 kDa). As a
cofactor in the structural activation of NS3's DENV serine protease, NS2B joins forces with
NS3 to produce the DENV protease complex. RNA helicase, RNA-dependent RNA
polymerase and serine protease are just a few of the several enzymatic functions that NS3
exhibits. It participates in the processing of polyproteins, the reproduction of viruses, and
the avoidance of host immunological reactions. a 70 kDa (618 aa) protein. The helicase
domain is found between residues 180 and 618, whereas the protease domain is N-terminal,
spanning residues 1 to 180. With RNA helicase, RNA triphosphatase (RTP/NTPase), and
chymotrypsin-like serine protease activity, NS3 is a multifunctional protein.

NS3 is involved in both RNA replication and the cleavage of the DENV polyprotein.
Important functions in viral replication and host cell regulation, including as immune

evasion and membrane rearrangements, are played by NS4A and NS4B. The tiny
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hydrophobic proteins NS4A and NS4B have respective molecular weights of 150 aa (16
kDa) and 245-249 aa (27 kDa). They are both essential membrane proteins. Membrane
changes brought on by NS4A are crucial for viral propagation. By directly interacting with
NS3, NS4B promotes viral RNA replication while inhibiting IFN-induced signal
transduction. The most conserved DENV protein is NS5, a 900 aa residue (104 kDa)
protein. The RNA-dependent RNA polymerase is found at residues 270-900, whereas the
methyltransferase domain is found at residues 1-269. NS5 is a bifunctional enzyme that
exhibits both RNA-dependent RNA polymerase activity and methyltransferase activity.
The dengue virus's biggest and most conserved protein is called NS5. It is essential for viral
replication and immune evasion and has methyltransferase and RNA-dependent RNA
polymerase functions. The development of antiviral drugs is thought to have NS5 as a major

target (49, 73).

2.5. Genetic diversity and evolution of DENV
The DENV RNA-dependent RNA polymerase, like all RNA viruses, generates mistakes
during replication and causes variability in the virus genome. As a result, dengue viruses
persist as communities of genetic variants known as quasispecies (31). Recombination
contributes to further heterogeneity in DENV genomes (89), (90). Because of genetic drift
and selective pressures, the relative proportions of variations in viral population shift
throughout time. The virus phenotype is selected based on its interactions with the
environment. DENV phenotypic features affecting host interactions in primates and
mosquitoes, such as infectivity, replication and transmission efficiency are critical. It has
been shown that the majority of DENV genome changes are detrimental, emphasising the

relevance of selection in DENV evolution (90).
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Dengue viruses are highly adapted to their mosquito hosts and are thought to have evolved
from mosquito viruses that initially adapted to sylvatic life cycles shared by rainforest
mosquitos and non-human primates (90). According to evolutionary research, the DENVs
engaged in human epidemics are derived from sylvatic DENV strains. Because sylvatic
transmission cycles have been proven for all four serotypes, it is thought that the four
serotypes evolved independently from their sylvatic progenitors. The transition from
sylvatic to human-to-human urban cycles was made feasible by mosquitoes feeding on
humans in rural areas. The sylvatic life cycles of dengue virus are only found in Africa,
whereas they are seen for all dengue virus kinds in the Malay peninsula, implying an
association with an Asiatic origin for dengue viruses (1). DENV evolutionary rates are 7.6
x 10 ~* substitutions/site/year (48). Based on these rates, it has been predicted that dengue
viruses diverged from their progenitors roughly thousand years ago and that zoonotic
transfer from sylvatic to urban epidemic cycles happened between 15 and 40 years ago
(91), (92). The virus's adaptability to human-to-human transmission in various
geographical zones was most likely responsible for the diversity. This evolutionary
adaptation not only allowed the four serotypes to co-circulate, but it also had a significant

impact on their pathogenicity to humans.

2.6. DENV Serotype and genotype
A serotype is a classification within a species based on the variations in the antigens on the
surface of the organism. In the case of viruses, such as the dengue virus, serotyping is often
done based on the specific proteins or antigens present on the viral surface. In the context
of the dengue virus, there are four serotypes: Dengue virus serotype 1 (DENV-1), Dengue
virus serotype 2 (DENV-2), Dengue virus serotype 3 (DENV-3) and Dengue virus serotype

4 (DENV-4) (49). Each serotype represents a distinct strain of the virus with slightly
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different surface antigens. This means that infection with one serotype does not provide

immunity to the other serotypes. The genotypes of different serotypes of the dengue virus

are depicted in Table 1.b and Figure 11.

Table. 1.b: Classification of DENV genotypes of different serotypes and their
distributions (Ref: Jagtap S, Pattabiraman C, Sankaradoss A, Krishna S, Roy R.
Evolutionary dynamics of dengue virus in India. PLoS Pathog. 2023)

Serotype

DENV-1

DENV-2

DENV-3

DENV-4

Genotype and their distribution

I Strains from East Africa, Southeast Asia and China

Il Strains from Thailand (between 1950s and 1960s)

111 Sylvatic strain collected in Malaysia and Malaysian strain

IV Strains from the West Pacific islands and Australia

V Strains collected in the Americas, West Africa, and some strains
from Asia

Asian 1 Strains from Malaysia and Thailand

Asian 2 Strains from Vietnam, China, Taiwan, Sri Lanka and the
Philippines

Cosmopolitan Strains from Australia, East and West Africa, the Pacific
and Indian ocean islands, the Indian subcontinent and the Middle East
American Strains from Latin America and older strains collected from
the Caribbean, the

Indian subcontinent and Pacific Islands in the 1950s and 1960s
Asian/American Strains from Thailand and Vietnam and strains
collected in the Americas

Sylvatic Strains collected from humans, forest mosquitoes or sentinel
monkeys in West

Africa and Southeast Asia

| Strains from Indonesia, Malaysia, the Philippines and recent isolates
from the

South Pacific islands

Il Strains from Thailand, Vietnam and Bangladesh

111 Strains from Sri Lanka, India, Africa and Samoa and 1962 strain
from Thailand

IV Strains from Puerto Rico, Latin and Central America and the 1965
Tahiti strain

DENV-4

| Strains from Thailand, the Philippines, Sri Lanka, and Japan

Il Strains from Indonesia, Malaysia, Tahiti, the Caribbean and the
Americas

111 Thai strains that are distinct from other Thai isolates

IV Sylvatic strains from Malaysia
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Fig. 11: Classification of dengue serotypes and their genotypes

The presence of multiple serotypes is a significant factor in the epidemiology and clinical
manifestation of dengue fever. Individuals who have been infected with one serotype are
at risk of more severe disease if subsequently infected with a different serotype. This
phenomenon is known as antibody-dependent enhancement (ADE) and it underscores the
importance of considering all four serotypes in vaccine development and public health
strategies to combat dengue fever. The study found a strong link between DENV-1 and
DENV-3, with DENV-2 forming a single cluster with these serotypes and DENV-4 forming
a individual group with a single serotype. Dengue viruses are varied; the nucleotide
sequences of the four DENV serotypes differ by 5-35%. DENV-4 looks to be the most
divergent of the four DENV serotypes, followed by DENV-2, with DENV-1 and DENV-3
being the most closely related to one another (93), (94). Dengue viruses of the same
serotype can be divided into various genotypes (or subtypes) based on phylogenetic study.
The envelope gene is the most commonly used genomic area in phylogenetic research;
however, sequences from other genes have been used to determine the DENV genotype.

The phylogenetic study also supports the biological split of dengue viruses based on
transmission cycle characteristics. Dengue virus strains arising from nonhuman primates
and rainforest mosquitoes belong to the sylvatic genotype and are distinct from epidemic

variants linked with urban human-to-human transmission. Depending on the author,
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multiple different approaches and styles of numbering or naming the pandemic DENVs
have been proposed, resulting in different designations for a given genotype. DENV-4 is
divided further into three primary genotypes which include one sylvatic genotype and two
epidemic genotypes first discovered in South East Asia (genotype 1) and Indonesia
(genotype I1) (18), (95), (96). DENV-2 viruses have been divided into six genotypes. The
sylvatic genotype comprises strains from South-East Asia and Africa. The five most
prevalent genotypes of DENV-2 include the Cosmopolitan genotype (IV), which has a
global distribution and one genotype originally described from Central and South America,
American genotype (IV). Furthermore, two lineages of Asian origin (Asian genotypes | and
I1) (97) are separated and one genotype from the Americas genetically connected with
Asiatic viruses is referred to as the American-Asian genotype (Ill), which has been
associated with severe disease (98).

DENV3 viruses have been divided into five lineages: the Indian subcontinent (I11),
Thailand (1), the Americas (IV), Southeast Asia (V) and one lineage found in Southeast
Asia and the South Pacific (1) (48). Although no sylvatic strains of DENV-3 have been
identified or sequenced, serological studies have provided evidence for their presence.
DENV-1 viruses have been determined to have five distinct genotypes, one of which is
sylvatic (I11). Four etiological genotypes originated from Thailand (I1), other regions of
Asia (1), the Americas and Africa (V) and the South Pacific region (IV) are the origins of
DENV (91), (99).

Genotyping is particularly useful in tracking the spread of the virus and understanding its
evolution over time. Different genotypes of each dengue virus serotype can be found in
various geographical regions and shifts in predominant genotypes can occur. Researchers
use genetic information to study the molecular epidemiology of dengue and to monitor

changes in the virus that might affect disease patterns and severity. It's important to note
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that while serotypes refer to variations in the surface antigens, genotypes refer to genetic
variations within the virus's entire genome. Both serotyping and genotyping are crucial for
a comprehensive understanding of the dengue virus and for informing public health

strategies, including vaccine development and outbreak management (73), (100).

2.7. DENV life cycle in cell and replication mechanism

The risk of DENV infection is determined by the host's age, virus serotype, genotype and
genetic background. DENV infects a wide range of cells, including macrophages,
monocytes, and dendritic cells. DENV enters the cell by receptor-mediated endocytosis.
2.7.a. DENV life cycle in cell

The virus is constructed and budded off when the viral RNA is digested and reproduced
(101), (102). Dengue viremia occurs three to fourteen days after infection and peaks around
the onset of symptoms (103). DC-SIGN on macrophages and human mannose-binding
receptor (MR) are primary receptors used by DENV and CLEC5A as signalling receptors
for sensing the invasion of dengue virus and then sending signals to stimulate macrophages
to secrete cytokines. Heparin sulphate, a mannose receptor on CD14+ monocytes and
GRP78/Bip on hepatic cells are also known as cell surface receptors (104), (105).

Dengue virus interacts with the cellular receptor via E-protein, which enables receptor-
mediated virion uptake by endocytosis. The low pH of the endosome after internalisation
causes a conformational shift in the E-protein, revealing a fusion peptide mediating the
fusion of the virion and endosome membranes (106). As a result, the viral envelope ruptures
and the capsid is released into the cell. The capsid dissociates, releasing the viral DNA into
the cytoplasm of the host cell, where it is translated into a single big polyprotein (Figure

12).
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The polyprotein is directed to the endoplasmic reticulum (ER), where it is orientated by

signal sequences and membrane anchor domains, leaving it on the cytosolic and ER luminal

sides. Individual viral proteins are formed as a result of processing by virus and host-

encoded proteases: three structural proteins: capsid (C), a precursor for the membrane
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protein (prM), envelope protein (E) and seven non-structural proteins that have functions
mediating replication, polyprotein processing and virion assembly (106), (107), (108). The
replication occurs in virus-induced vesicular membrane structures linked to the ER. The
viral positive sense RNA genome is replicated via a negative-sense intermediary, which
serves as a template for the formation of more genomic positive strands. The genomes are
packaged into capsids via an unknown method. The virions enter the ER lumen as immature
forms with surface prM and E proteins. Immature virions are transported through the trans-
Golgi network, where they are matured by cleavage of pr/M, resulting in infectious, mature
virions that are exocytosis out of the cell (109).

2.7.b. Viral Genome Replication

DENYV genomes have a 100-nucleotide long 5'-UTR region with a hairpin stem-loop shape
and a 7-methyl guanylate cap (101). The 3'-UTR region is 450 nucleotides long, has a
conserved 3' stem-loop required for efficient replication, a conserved sequence CS1
required for genome cyclization and lacks a poly(A) tail (110). DENV RNA is translated
into the cytoplasm by host cell machinery to produce viral polymerase. RNA-dependent
RNA polymerase attaches to the 5' stem-loop structure and interacts with the 3'-end to
generate the negative or template strand of the genome by cyclizing the complete genome.
The template strand is employed in the Golgi apparatus to transcribe the positive strand
genome (111). Invaginations of the ER membrane create a membrane-bound milieu
essential for RNA production and viral assembly. Many positive viral RNA stands are
associated with ER membrane invaginations that enfold around active replication
complexes (RCs) and establish membrane-bound viral replication compartments.
Membrane compartments keep viral RNAs and proteins distinct from cellular components,

allowing for more effective RNA synthesis and viral assembly (112).
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2.7.c. Viral Assembly and Budding

DENV is quickly packed and organised into the virion on the ER of infected cells. The ER
aids in the orientation of the capsid, allowing the viral RNA and the C protein to form
nucleocapsid complexes (113). The nucleocapsid complex forms the heterodimer complex
with the addition of prM and E proteins from the ER. With the addition of sugar residues,
this complex is transported to the Golgi apparatus for post-translational modification. With
a prM-E-lipid sheath, the complex buds through the ER lumen. While the virus is being
exported via exocytic vesicles, furin-mediated cleavage of prM results in the production of
mature M proteins, which leads E proteins to a conformational shift to a homodimer form

(112).
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Chapter 3: Immune responses and pathogenesis of dengue and
severe dengue

3.1. Immune Response to Dengue Infection

DENV infects human Langerhans and dermal/interstitial dendritic cells, which move to
lymph nodes and deliver viral antigens to T-cells, triggering cellular and humoral immune
responses (114). DENV also infects macrophages and monocytes, causing T-cell activation
of DENV-specific CD4+ memory T cells and CD8+ T lymphocytes (115). To further
engage the immune system, active T cells produce cytokines and chemical mediators.
Tumour necrosis factor (TNF), interleukin-1 (I1L-1), interleukin-7 (IL-7), interleukin-6 (IL-
6) and platelet-activating factor are all produced by infected monocytes and macrophages.
These variables, as well as complement activation products (C3a and C5a) and histamine,
are related to the severity of sickness because they contribute to increased vascular
permeability, plasma leakage, and shock (116). Antibodies predominantly directed against
the E and M glycoproteins are generated to develop acquired immunity to the infecting
serotype of DENV. The primary infection stage of DENV infection is characterised by a
sluggish and low-titer antibody response. The first kind of antibody to arise is
immunoglobulin M (IgM). IgM antibodies rise between three to ten days of fever onset,
peak approximately two weeks later, and then drop to undetectable levels over the next few
months. Immunoglobulin G (IgG) antibodies are detected at a low titre one week after the
fever starts and gradually rise over time (36), (51). Each dengue serotype provides
particular immunity to that serotype. As a result, infection with all four dengue serotypes
can occur in a single person (29). A secondary antibody response arises after a second
DENV exposure. During the acute phase of this infection, 1gG antibodies are generated and
titer rise significantly to high levels in the subsequent two weeks. During a subsequent

DENV infection, IgM antibody levels are much lower IgM and IgG levels are crucial for
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identifying primary and secondary dengue infections, as they increase after the first
infection and decrease with secondary infections (50). Individuals who have a subsequent
DENYV infection with a heterologous serotype are at a high risk of developing severe illness
due to antibody-dependent enhancement (ADE). In ADE, an existing heterologous dengue
antibody specific for the virus serotype from the main infection recognises the new DENV
serotype after secondary infection, generating a non-neutralizing antigen-antibody
complex. Fc receptors on the cell surface attach to the Fc portion of the antigen-antibody
combination, allowing the virus to bind. The virus is then internalised by the cell, which

allows it to proliferate (117).

3.2. Cell tropism

Dengue virus can be found in peripheral blood for a brief length of time during the early
stages of the disease, with levels presumably matching the number of infected tissues.
DENV cell tropism includes the immune system, liver, and endothelial cells of blood
arteries, according to postmortem and in vivo investigations of DENV-infected patients.
Dengue virus has been demonstrated to infect several cell types after being injected into
the human circulation by a mosquito. The first targets might be epidermal dendritic cells
(skin Langerhans cells) (114) and keratinocytes (97). When the virus infects the lymph
nodes, monocytes and macrophages become the primary targets of the infection,
disseminating the virus through the lymphatic system to cells of the mononuclear lineage
in the liver and spleen, including monocytes, myeloid dendritic cells, and macrophages

(118).
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3.3. Pathogenic mechanisms of dengue virus

Several viral and host-specific variables have been linked to dengue illness severity and
pathogenesis. Because identical clinical signs resembling severe dengue in humans are not
present in other species, the study of dengue pathogenesis currently lacks a viable animal
model. Murine models produced by experimental infection with DENV frequently develop
a neurological illness observed relatively infrequently in infected humans (119), (120).
Non-human primates infected with DENV produce viremia, although replication is less
efficient than in humans, resulting in lower levels of viremia. However, when a large
dosage of the virus is employed, Rhesus macaques show sub-cutanic haemorrhagic
symptoms (121).

Several hypotheses and the participation of diverse components have been postulated to
explain the pathogenesis of dengue; nevertheless, the required or sufficient elements are
unknown and the understanding of dengue pathogenesis in humans is primarily based on
fatal cases analysed. Host genetic variables, age, immunological condition, chronic
illnesses, and viral strain features are all connected with severe disease outcomes (122).
The observed disparities in illness patterns among locations show the participation of many
causes, such as the fact that in Southeast Asia, DHF primarily affects children, whereas it
primarily affects adults in the Americas. It has been proposed that distinct DENV serotypes
and lineages may have biological features that are related to pathogenicity (2). However,
these are unlikely to fully explain the reported pathogenicity because all DENV strains may
induce DHF/DSS.

Because viral load in humans correlates with illness severity (123),(124) the lack of
immune responses to restrict DENV replication and the impact of infected cells on other
cells in the body are likely to play a significant role. The elevated viral load is thought to

cause apoptosis and necrosis in numerous tissues, as well as an imbalance in the profiles of
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soluble mediators and cytokines, which results in endothelial cell dysfunction and blood
coagulation abnormalities seen in DHF and DSS. Based on epidemiological research
linking DHF to secondary infections (123), the role of immunological enhancement in
dengue sickness was suggested. According to the antibody-enhancement (ADE) theory,
cross-reactive antibodies bind to the illness-causing virus but are unable to neutralise it.
These antibodies can be maternal in early infants or antibodies from an earlier infection
with a heterologous DENV serotype. These antibody-virus complexes promote monocyte-
macrophage infection by attaching to their Fc-receptors. In vitro experiments revealed that
the presence of cross-reactive non-neutralizing antibodies boosted DENV infection in
macrophage lineage cells (117).

According to ADE theory, increased infection activates a cascade of events that leads to
immunopathology via T-cell activation, interferons, complement cascade and platelet
activation, cytokines and altered endothelial and epithelial cell activities. It is hypothesised
that the increased infection incidence causes greater viremia in individuals with secondary
infections, which finally leads to plasma leakage. The commencement of plasma leakage,
however, happens after the peak of viremia, implying an immune-mediated process. Cross-
reactive antibodies known to exist against E-protein were considered to be responsible for
the enhancement; however, a subsequent investigation revealed that they were mostly
directed against the prM protein of DENV (117). Whereas the ADE theory emphasises the
relevance of pre-existing antibodies in dengue development, it does not explain DHF in
primary infections. Dengue-virus-specific T-cell responses have also been linked to severe
illness and have been proposed to have a role in infection clearance and
immunopathogenesis. The recovered activated T-cells from individuals with secondary
infections were shown to have a poor affinity for the infective serotype. Instead, they

demonstrated a strong affinity for the heterologous serotype, which was most likely the one
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seen earlier (125). It has also been postulated that molecular mimicry plays a role in dengue
pathogenesis by inducing an autoimmune response. An amino acid residue region in the
DENV-4 envelope protein was discovered to mimic a protein family of blood clotting
proteins. The patient antibodies against E-protein were also shown to cross-react with
plasminogen (126). Antibodies to the NS1 protein have also been demonstrated to bind
blood clotting factors, integrins, and endothelial cells (41). The mechanisms of the
complement system in dengue pathogenesis are poorly understood, although they are
thought to play an essential role. Complement activation is related to plasma leakage, which
corresponds to high quantities of C3a and Cba activation products in patient plasma.
Furthermore, patients with DSS have lower levels of complement components. The NS1
protein of the Dengue virus has been shown to interact with the complement inhibitory
factor clusterin and the soluble NS1 protein has also been demonstrated to activate

complement, which is aided by anti-NS1 protein antibodies (127).

3.4. Secondary Dengue Infections Risk Factors

A single serotype dengue infection offers lifelong immunity against heterotypic serotypes,
but also transient cross-protection. Controlling infections and the propagation of viruses
depend heavily on the humoral response. An individual can be infected by more than one
serotype at the same time. Cross-reactive neutralizing activity ages whereas specific
neutralizing 1gG antibodies remain active for decades. According to preliminary evidence,
there may be a continuous selection process for human dengue-virus-neutralizing
antibodies, with homologous reactivity rising and heterotypic cross-responses falling. Early
research conducted in Thailand revealed that DHF/DSS was most prevalent in two groups:
children who were born to mothers who were resistant to dengue and children who

experienced a mild or silent dengue illness before contracting a different dengue serotype.
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A single serotype dengue infection offers lifelong immunity against heterotypic serotypes,
but also transient cross-protection. Controlling infections and the propagation of viruses
depend heavily on the humoral response. An individual can be infected by more than one
serotype at the same time. Cross-reactive neutralizing activity ages whereas specific
neutralizing 1gG antibodies remain active for decades. According to preliminary evidence,
there may be a continuous selection process for human dengue-virus-neutralizing
antibodies, with homologous reactivity rising and heterotypic cross-responses falling. Early
research conducted in Thailand revealed that DHF/DSS was most prevalent in two groups:
children who were born to mothers who were resistant to dengue and children who
experienced a mild or silent dengue illness before contracting a different dengue serotype.
It's crucial to remember that not everyone who has these risk factors will inevitably have
severe dengue, and that different people may have varied levels of these variables (128),

(129) (Figure 13). Here are a few risk variables at a point:

1. Host Human and Mosquito
2. Agents (Virus)
3. Ecosystem (Abiotic and biotic factors)
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Fig. 13: Various risk factors associated with severe dengue
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1. Prior Dengue Infection: People who have previously contracted one dengue virus

serotype will be more likely to become very sick from future infections (1).

2. Age: Severe dengue is more likely to affect children, teenagers, and older persons.

Severe illness symptoms are more likely to occur in younger people (73).

3. Immune Response: When a person has antibodies against one serotype of dengue and
contracts an infection with a different serotype, a condition known as antibody-dependent

enhancement (ADE) may occur. This may result in an advanced stage of the illness (34).

4. Viral Load: A higher risk of severe dengue has been linked to higher viral loads. The

severity of the illness may vary depending on the quantity of virus in the circulation (130).

5. Host Genetics: A person's vulnerability to severe dengue may be influenced by certain
genetic variables. Both the severity of the illness and the immunological response can be
impacted by genetic differences. One genome-wide association study (GWAS) on dengue,
for instance, found a correlation between variations in phospholipase C, epsilon 1 and DSS,
phosphopeptide-related sequence B (MICB), major histocompatibility complex (MHC)

class I, and phospholipase C (37).

6. Chronic Health illnesses: People who already have underlying medical illnesses, such
as diabetes, hypertension, or other chronic diseases, may be more susceptible to severe

dengue.

7. Secondary Infections: Severe dengue is more likely when secondary infections occur
from a different dengue virus serotype. This has to do with the phenomena of enhancement

that is dependent on antibodies.

8. Immune Status: The degree of a dengue infection may vary depending on the immune

system's capacity to build a successful defence.

81



9. Delay in Medical Care: There is a higher chance of complications and unfavourable
results when medical attention and appropriate care are delayed. To reduce the chance of
developing severe dengue, early detection and appropriate medical management are

essential.

10. Mosquito Exposure: The risk of infection is increased by residing in or visiting regions
with a high concentration of Aedes mosquitoes, which are the carriers of the dengue virus.
Living in or visiting dengue-endemic areas requires people to take precautions against
mosquito bites, seek medical assistance as soon as symptoms appear, and adhere to hospital
protocols for dengue fever treatment. Furthermore, future study may shed light on the risk
factors connected to severe dengue. These all factors play a crucial role in pathogenesis of

dengue fever and severe dengue.

3.5. Severe dengue hypothesis: Cytokine Strom and Antibody-Dependent

Enhancement

Cytokine Strom-Immuno-modulating proteins and their role in dengue and severe

dengue with vascular endothelial dysfunction

Cytokines and chemokines are small proteins ranging from 8 to 40 kDa, also known as
immune-modulating proteins. Secreted proteins cytokines intricate with cell signalling,
play a role in induction, inhibition and the effector phases of the immune and inflammatory
pathway. The small subset of cytokines known as chemokines recruit and exert chemotactic
passage of other cells to a localized zone for exerting different types of biological effects
such as inflammation and homeostasis (131). There are two main predominant pathways

or hypotheses for DHF/DSS pathogenesis; the first one is antibody-dependent enhancement
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(ADE) and the second is T cell immunopathology (cytokine storm) causing an imbalanced

immune system (134),(135) (Figure 14.a).
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Fig. 14.a: Detailed mechanism of cytokine Strom (Ref: Patro ARK,
Mohanty S, Prusty BK, Singh DK, Gaikwad S, Saswat T, Chattopadhyay
S, Das BK, Tripathy R, Ravindran B. Cytokine Signature Associated with
Disease Severity in Dengue. Viruses. 2019 Jan 8;11(1):34.

Severe dengue in neonates and children is caused by maternally generated DENV IgG
antibodies and/or altered cytokine profiles (30). Severe dengue also results from secondary
dengue infection. The immuno-modulating protein profiles of dengue and severe dengue
vary, and these variations are linked to the development of plasma leakage, enhanced
microvascular permeability, and thrombocytopenia as well as alterations in the clinical

course of dengue virus (113). It has been noted that there is a change in the TH1 (Type 1
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Helper) type response in DF to the TH2 (Type 2 Helper) response in DHF/DSS. This
change is thought to be brought about by modified immune regulating proteins. Our dengue
interactome representation demonstrated the direct involvement of biological pathways
such IF-y, IL-27, IL-35, IL-12, IL-21, IL-6, IL-23, IL-9, IL-4, type-1 interferon and TNF
related signaling pathways in vascular dysfunction.

Thus, immune-modulating proteins are always desirable and should be pursued as possible
early prognostic indicators for dengue severity prediction. The primary characteristic of
severe dengue is elevated vascular permeability, which leads to widespread plasma leakage
in the body's cavities and tissue spaces, including the pleural, pericardial, and peritoneal
cavities in DHF patients. This can cause profound shock (136). The basic anatomical blood-
tissue barrier is made up of the vascular endothelial cells that line the inner lumen of blood
vessels and capillaries. These endothelial cells play a crucial role in controlling the flow of
nutrients into the tissue, the dynamics of the microcirculation, and the permeability of
macromolecules. They are highly systematized and physiologically defined. They are
crucial to the immune system's operations and the body's homeostasis.

Thus, immune-modulating proteins are always desirable and should be pursued as possible
early prognostic indicators for dengue severity prediction. The primary characteristic of
severe dengue is elevated vascular permeability, which leads to widespread plasma leakage
in the body's cavities and tissue spaces, including the pleural, pericardial, and peritoneal
cavities in DHF patients. This can cause profound shock (136). The basic anatomical blood-
tissue barrier is made up of the vascular endothelial cells that line the inner lumen of blood
vessels and capillaries. These endothelial cells play a crucial role in controlling the flow of
nutrients into the tissue, the dynamics of the microcirculation, and the permeability of

macromolecules. They are highly systematized and physiologically defined.
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They are crucial to the body's hemostasis and immune system processes. However,
endothelial cell activities in microcirculatory beds and the integrity of this barrier are not
constant and are physiologically influenced by a variety of stimuli (131, 136). When
endothelial cells respond to immunological responses, their permeability dramatically
changes, particularly when it comes to proinflammatory cytokines like TNF-a, IFN-y, IL-
6, and 1L-8 (8), (133). Patients with a heterologous dengue serotype who have a subsequent
dengue infection are more likely to get dengue hemorrhagic fever. The mechanism behind
it is enhanced viral replication caused by macrophages absorbing more of the dengue virus-
enhancing antibody complex.

The dengue virus peptides were given to memory T cells after being complexed with human
leucocyte antigen (HLA) molecules. This resulted in the proliferation and generation of
proinflammatory cytokines, which in turn had an impact on vascular endothelial cells and
ultimately led to plasma leakage. Therefore, the higher incidence of DHF/DSS would be
compatible with the quick induction of cross-reactive memory T-cells after a recurrent
dengue infection. Vascular permeability is eventually increased by a "tsunami" of
inflammatory cytokines, the cascade of memory T-cell activation, and other chemical
mediators produced mainly by T cells, monocytes/macrophages, and endothelial cells.
Increased disease severity during dengue infection is mostly due to the interaction of
several inflammatory cytokines' actions on vascular endothelial cells (131, 137).

The pathophysiology of the vascular endothelial cell, which serves as the dengue virus's
battleground, has been the subject of substantial research for many years; nonetheless, the
etiology of DHF remains poorly understood, mostly because suitable animal models are
rarely used. A thorough review of all the existing literature was conducted to determine the
role of immune-modulation chemicals and possibly important molecules in dengue and

severe dengue with increased vascular dysfunction.
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Antibody-dependent enhancement (ADE)

This is a phenomena where pre-existing antibodies facilitate a virus's entrance into host
cells rather than shielding it from attack. There are four different serotypes of dengue virus
(DENV-1to DENV-4), and having been infected with one serotype before does not provide
protection against subsequent infections (138). When a person who has already contracted
one serotype is exposed to another, ADE becomes a worry (Figure 14.b). Here's how

antibody-dependent enhancement works in the context of dengue fever:
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Fig. 14.b: Detailed mechanism of antibody-dependent enhancement (Ref:
Guzman MG, et. al, The complexity of antibody-dependent enhancement
of dengue virus infection. Viruses. 2010 Dec;2(12):2649-62)
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1. Initial Infection: When a person is first infected with one serotype of the dengue virus,
the immune system generates antibodies specific to that serotype (primary infection). These
antibodies help clear the virus from the bloodstream and provide immunity against that
particular serotype.

2. Subsequent Infection with a Different Serotype: If the person is later exposed to a
different dengue serotype, the pre-existing antibodies may recognize and bind to the new
virus (secondary infection). When antibody-virus complexes are internalised into cells via
FcRs, a greater proportion of target cells are infected, potentially leading to increased viral
output. During an initial dengue infection, cross-reactive antibodies with little neutralising
action are produced. These antibodies attach to the second infectious virus during
secondary infection. Increased viral generation has traditionally been regarded as the result
of an increase in the number of infected Fc-R-bearing cells, as well as an accelerated rate
of internalisation and cell infection by immune complexes. It has been proposed that
infected individuals have higher viremia and so suffer from greater severity. However,
these antibodies may not effectively neutralize the virus. Instead, the virus-antibody
complex may facilitate the entry of the virus into certain immune cells, such as
macrophages, through a process known as ADE (139), (140).

3. Enhanced Viral Replication: Once inside the immune cells, the dengue virus can
replicate more efficiently, leading to higher viral loads and potentially more severe disease.
This phenomenon is associated with the development of severe dengue, including dengue
haemorrhagic fever (DHF) and dengue shock syndrome (DSS) (141).

4. Cytokine Storm: ADE can trigger an exaggerated immune response, often referred to
as a cytokine storm. This uncontrolled release of pro-inflammatory molecules can lead to

increased vascular permeability, bleeding, and organ damage (137).
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Extrinsic Vs. Intrinsic ADE

Extrinsic and intrinsic ADE are the two types of ADE. The term "extrinsic ADE" describes
mechanisms like higher rates of receptor engagement and internalization of virus-immune
complexes that are not inherent to mononuclear phagocytes. In fact, extrinsic factors were
thought to be mostly in charge of the detrimental effects of dengue ADE-related
pathogenesis until research on the Ross River Virus (RRV) revealed otherwise. Innate
immune suppression resulting from the prolonged incubation of virus-infected cells with
anti-virus 1gG resulted to ADE-mediated chronic productive infection of macrophages
(142). Intrinsic ADE is characterized by internalized virus-immune complexes that
influence innate immune effectors to enhance replication and release (143). Stated
differently, extrinsic ADE increases the bulk of infected cells whereas intrinsic ADE
increases the "burst size" of infected cells, or the quantity of virus released from an infected
cell. This work focuses on intrinsic ADE during dengue infections and the several ways in

which this phenomenon facilitates the production and proliferation of DENV (142).

3.6. Primary dengue vs Secondary dengue infection immune responses

The main source of the extreme pathogenicity linked to intrinsic ADE-induced secondary
dengue infection is the evasion of the host's innate immune responses. An in-depth
knowledge of the immune response that arises during canonical/primary dengue infection
is necessary in order to completely comprehend the immune evasion pathways associated
with intrinsic ADE. Pathogen recognition receptors (PRRs) are the first to recognize the
invasive pathogen during canonical DENV entry, which takes place by receptor-mediated
endocytosis. While MDAS5 (melanoma differentiate on associated gene 5) and RIG-I
(retinoic-acid inducible gene 1) recognize viral RNA escape from these vesicles, TLR3

(Tool Like Receptors 3) and TLR7 identify the virus in endosomes (144). Proinflammatory
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cytokines including IL-12, IL-8, IFN-y and IFN-a are produced in response to the activation
of TLR-dependent and independent pathways (145).

This, together with STAT1 activation by IFNSs, leads to the formation of nitric oxide (NO)
radicals, which aids in the limitation of DENV replication and dissemination (143).
Effects on Adaptive Immune Response

Pathogen clearance requires a balanced Th-1 (T cell helper type 1) and Th-2 type immune
response to every infection. Th-2 reactions lead to increased production of anti-
inflammatory cytokines, which are characterized by type-2 or antibody-mediated
immunity, whereas Th-1 responses result in the production of pro-inflammatory cytokines
and greater phagocytic activity. Th-2 cytokines, including IL-1, IL-10, and IL-13, promote
the growth of B cells, which in turn increases the generation of antibodies (146). A skewed
Th-2 immune response in dengue-ADE only makes matters worse by promoting the
production of sub-neutralizing antibodies, which aid in immune complex-mediated DENV

entry into vulnerable cells (140).

3.7. Knowledge gap and rationale of the study

The pathogenesis of severe dengue is complex and involves intricate interactions between
the virus, host immune responses and various biomolecules. Severe dengue imposes a
substantial socioeconomic burden, necessitating a comprehensive understanding of the
biological factors that contribute to the transition of dengue fever to severe dengue (1)
(147). Understanding the molecular mechanisms underlying severe dengue
pathophysiology is crucial for developing effective therapeutic strategies for patient
management (Figure 15). Dengue virus serotypes and genotypes also play a crucial role in
severe dengue development. Hence, in search of severe dengue patients, an epidemiological

study is needed to observe the serotypic shift and their relation to severe dengue. Parallel
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clinicopathological factors also play a crucial role in severe dengue (WHO) therefore
continuous monitoring is required for risk assessment. In recent years, extensive research
has focused on identifying and characterizing the bio-molecules associated with severe
dengue, shedding light on their roles in disease progression and potential diagnostic and
prognostic applications (148). Biomolecules associated with severe dengue encompass
various aspects of the host-pathogen interaction, including viral replication and immune
responses (149). They are involved in processes such as immune cell activation, cytokine
signalling, endothelial dysfunction, coagulation abnormalities, and vascular leakage, all of
which contribute to the pathogenesis of severe dengue (150). Notably, certain biomolecules
are differentially expressed or exhibit distinct patterns in severe dengue cases compared to
mild dengue or healthy controls, highlighting their potential as biomolecules for disease
severity and prognosis (3). The dysregulated immune response plays a pivotal role in severe
dengue pathogenesis and vascular endothelium is a key target in severe dengue (6). But the
actual mechanism by which only a few dengue-infected patients develop severe dengue
and not all is still unknown. To address this critical knowledge gap, this extensive study
has focused on identifying and characterizing biomolecules associated with severe dengue.
In this study, we have facilitated the high-throughput molecular biology, clinical
assessment, qualitative and quantitative proteomic, protein array bioinformatics etc.
analysis to identify the novel biomolecules and elucidate their intricate molecular networks
underlying the pathophysiology of severe dengue. We aim to explore the intriguing domain
of severe dengue-associated biomolecules, highlighting their potential as prognostic and
diagnostic markers as well as therapeutic targets and hence validating the elucidated

proteins via Real-Time PCR, Western blot, and ELISA techniques.
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Chapter 4: Objectives of the study

1. To study the serological and molecular conformation of DENV infection in
clinically dengue-suspected patients and search for severe dengue patients among
the study population

2. To study the clinicopathological association of dengue infection with different
dengue virus serotypes and potential parameters associated with severe dengue

3. To find potential biomolecule(s) in serum associated with vascular dysfunction in
the study population

4. To study the correlation between dengue virus and expression of serum biomarkers,
and to find any specific marker(s) that can be used as surrogate marker(s) for early

detection of DHF and or/ DSS
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Chapter 5: Materials and Methodology

5.1. Study Population

Clinically suspected dengue fever patients as per WHO guidelines, were admitted to the ID
& BG Hospital, Beliaghata; Dr B. C. Roy Post Graduate Institute and R. G. Kar Medical
College and Hospital, three tertiary care hospitals in Kolkata were enrolled in this study.
Blood samples were collected from different phases of dengue fever patients. The definition
of phases is acute phase A = 2-7 days of fever, acute phase B = 48 to 72 hours after
collection of acute phase A samples, critical phase A = 24 to 48 hours after defervescence,
critical phase B= 48 hours after collection of critical phase A samples. Patients’ samples
from the acute phase were categorized as dengue fever (DF) i.e. denguetwarning signs
whereas samples from the critical phase were categorized as severe dengue (DHF/DSS)
population. In this investigation, samples were collected from the general ward (acute to
recovery) and critical ward (critical to recovery/death phase) pairwise i.e. at two-time
points with the help of our clinical collaborators. Apart from paired samples, unpaired
samples from acute-phase patients were also collected from hospitals, to observe the
circulating pattern of dengue serotypes. Blood samples were collected without having any

age and gender bar.

A total of 380 dengue suspected hospital-admitted patients were recruited in this study and
an additional 240 patients’ samples from the dengue early phase were only collected for
the dengue serotyping study to observe the prevalent serotype in each year. Among
hospital-admitted patients, 32 acute phase samples were paired and among critical phase
19 paired samples were obtained. Plasma samples from six healthy individuals were

collected and used as control samples. Samples were transported to ICMR-NICED, Virus
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Laboratory in mini coolers to maintain the cold chain, divided into aliquots, and stored at -

80°C for further analysis.

In a protein marker validation study, the sample size is a crucial consideration as it directly
impacts the statistical power and reliability of the study results. Severe Dengue belongs to
the rare disease of the Phenomena group and hence it is challenging to gather a large
number of samples. Conducting protein marker validation studies is resource-intensive,
both in terms of time and funding. This study is exploratory into the potential association
of the protein marker with severe dengue conditions. Such studies are designed to generate
hypotheses and guide future research. Also, the target population is highly homogeneous,
meaning that the individuals within the study share similar characteristics and traits relevant

to the protein marker, therefor limited sample numbers are justified.

5.2. Patient Selection Criteria

Dengue patients’ classification was done based on dengue-associated clinical manifestation
according to WHO guidelines (18). Patients were admitted with fever and any dengue
symptoms such as nausea, vomiting, rash, headache, retro-orbital pain, myalgia, arthralgia,
leukopenia, recurrent vomiting, abdominal pain, tenderness, lethargy/ restlessness, mild
pleural effusion/ ascites, minor bleeding from any site, downturn platelet count was
considered as dengue warning signs cases. Patients with severe plasma leakage leading to
shock (DSS), fluid accumulation with respiratory distress, severe bleeding as evaluated by

a clinician and severe organ involvement were considered severe dengue cases.

At the time of sample collection, written informed consent and pertinent data including
demographics (patient address, age, sex, etc.) obtained from the patients or their legal

guardians. Also, patient follow-up up done to collect phase-specific biochemical data.
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5.3. Ethical Deceleration

This study protocol complied with the Helsinki Declaration of 1975 (151), amended in
2013 and was approved by the Institutional Ethical Committee, Indian Council of Medical
Research-National Institute of Cholera and Enteric Diseases (ICMR-NICED), Kolkata.
Subjects willing to participate in the study were enrolled and informed written consent was
obtained for host and viral genetic analysis. Clinical collaborators assisted in collecting
samples to gain access to DENV seropositive blood samples and clinical data from patients.
Children (12 years old) were recruited with their parents' permission. Adolescents (12 to
17 years old) were recruited with both the patient's and their parent's permission. Before
blood collection, all subjects provided informed written consent at the time of enrolment
before taking blood samples. Those who refused to provide blood samples were not

included in this study. Co-infected patients with other viruses/diseases were excluded.

5.4. Sample collection

2mL of blood was drawn by venipuncture by qualified phlebotomists and collected in
EDTA vials. Collected samples were transported to the ICMR-NICED Virus Laboratory

under the cold chain within 1 hour of collection.

5.5. Sample separation and storage

Collected samples were kept for 1-2 hrs in a 4° C freezer for the separation of blood and
plasma. No centrifugation technique was used for sample separation to protect blood cells
from shock. Plasma and serum were separated using clean pipetting procedures and

aliquoted into multiple 1.5mL micro-centrifuge tubes labelled with Lab Code No. and
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promptly frozen at -80°C freezer (Figure 16). The plasma was used for DENV serology
assay, molecular serotyping, proteomics analysis, protein arrays, Western blot and ELISA
while whole blood was used for total RNA extraction from whole blood. To prevent protein

and RNA degradation, multiple freeze-thaw cycles were avoided.

1

2ml blood Transported to ICMR- Plasma and blood -’

samples collected -
P NICED Virus Laboratory Separated from Aliquots stored at
maintaining cold-chain samples —80°C

Fig. 16: Stepwise sample collection and storage procedure

5.6. Demographic and clinical data collection

Demographic data (age, sex, etc.) were obtained from the Hospital records section. All
signs, symptoms and biochemical parameters of each hospital-admitted dengue patient
were monitored until they were discharged as per WHO guidelines (2011). DF-associated
manifestations were categorized as constitutional, gastrointestinal, respiratory,
neurological, musculoskeletal and bleeding manifestations as per their physiological
association and recorded after the patient examination. Fluid accumulation in body cavities
was assessed by a sonogram of the abdomen (ascites) or chest X-rays for pleural effusion.
Liver profile examination includes estimation of total protein (TP) using the Biuret method,
albumin using the Bromo Cresol Method, alanine transaminase (ALT) and aspartate
aminotransferase (AST) using the Reitman and Frankel method were analyzed and noted
accordingly. Intravenous fluids and platelet transfusion were given to severe patients as per

the WHO Handbook of Dengue Patient Management (152). Dengue cases were grouped as
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DF and severe dengue (DHF with Grades I and Il complications, DSS with Grades 111 and

IV complications).

5.7. NS1 or IgM/IgG serology

Patient’s samples were subjected to dengue NS1 for dengue detection in the early phase
whereas, IgM/IgG ELISA (Pan Bio, Brisbane, Australia) was for dengue detection in the
late phase of dengue fever. IgM and IgG levels are crucial for identifying primary and
secondary dengue infections, as they increase after the first infection and decrease with
secondary infections (153). Different phases of dengue fever have been categorized based
on their ELISA profiles and associated clinical manifestations as per WHO guidelines,
2011 (8). 100 pl of standard or diluted samples were added to the wells of a micro-ELISA
plate, pre-coated with gene-specific antibody then incubated for 90 minutes at 37°C. The
liquid was then discarded and immediately 100 ul of Biotinylated Detection Ab working
solution was added to each well and incubated for 60 minutes at 37°C. The plate was
aspirated and washed 3 times and 100 pl of HRP conjugate working solution was added
and incubated for 30 minutes at 37°C. The plate was then aspirated and washed 5 times to
remove any excess and unbound antigen-antibody complex. The complex was then
incubated in micro-wells with newly prepared substrate solution, Substrate solution of 90
pl was added and incubated for 15 minutes at 37°C. After which the reaction was
terminated by adding 50 pl of stop solution. The absorbance was then measured at 450 nm
on a spectrophotometer. The enzyme-substrate reaction results in the formation of a blue
colour, which indicates that the Ag-Ab reaction has happened in the micro-well. The stop
solution (2N H>SO4) was added in the last stage and the optical density of the produced

colour was measured at 450nm on a spectrophotometer.
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5.8. Detection of DENV Virus RNA
Nucleic acid-based detection of DENV was offered to measure an active viremia in DENV-
infected individuals. This RNA-based detection of DENV was adapted from the method of

Lanciotti et al., 1992 (154).

DENV Molecular Serotyping

Viral RNA Extraction

QlAamp viral RNA mini kit (Qiagen, Hilden, Germany) was used to extract viral RNA
from DENV seropositive plasma samples according to the manufacturer's protocol. The
extraction method coupled a silica-based membrane's selective binding characteristics with
a spin technique. To assure the separation of intact viral RNA, the samples were first lysed
under extremely denaturing conditions to inactivate RNases Briefly, 140uL plasma was
pipetted to 1.5mL microcentrifuge tube, 560uL of freshly prepared Buffer AVL containing
5.6uL carrier RNA was then added in the microcentrifuge tube and mixed by pulse-
vortexing for 15s. The tube was briefly centrifuged to remove drops from inside of the lid
and incubated at room temperature (15-25°C) for 10 minutes. 560uL of ethanol (96-100%)
was then added and mixed by pulse-vortexing for 15s. After mixing, the tube was briefly
centrifuged to remove drops from inside the lid. 630uL of the solution from the previous
step was added to the QlAamp mini-column without wetting the rim. Then it was
centrifuged at 6000 x g (8000 rpm) and the tube containing the filtrate was discarded.
500uL of Wash Buffer AW1 was added and centrifuged at 6000 x g (8000 rpm) for 1min
and the tube containing the filtrate was discarded. 500uL of Wash Buffer AW?2 was added
next and centrifuged at full speed (20,000 x g; 14,000 rpm) for 3min. To remove surplus
ethanol, the QlAamp mini column was centrifuged at maximum speed for 1 minute. The

column was then put in a 1.5mL DNase-RNase-free microcentrifuge tube. 50uL of elution
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buffer AVE was added and incubated for 2 minutes at room temperature and then
centrifuged at 6000 x g (8000 rpm) for 1 minute. The eluted viral RNA was aliquoted in
small batches of 10 ul each (Figure 17). Aliquots were either utilised for additional

downstream processing or kept at -80°C until needed.

Wash 1

7. T
G 05 T S

Wash 2
(Buffer (Buffer P iral
AW1) AW2) ure vira

nucleic acid

Fig. 17: Stepwise Viral RNA Extraction procedure

Quialitative-Polymerase Chain Reaction (PCR) for dengue Virus RNA detection by
Semi Nested RT-PCR

Amplification of the DENV genome was performed by multiplex semi-nested RT-PCR
according to the method of Lanciotti et al., 1992 which can differentiate 4 dengue serotypes.
The stepwise protocol of dengue serotyping is explained in Figure 18. This includes first-
round RT-PCR using highly conserved D1 (forward) and D2 (reverse) primers which are
homologous for all 4 serotypes. The 1st step RT-PCR was carried out in a 20 pl reaction
volume consisting of 2 pl of 10X PCR buffer-Il, 1.6 pl of 10mM dNTPs, 1 ul each of 10
UM of forward and reverse primers (D1 and D2), 1.2 ul of 25mM of MgCl,, 0.4 U of AMV
RT (Promega, USA), 0.5U of Taq Polymerase (Invitrogen) and 3 pl of extracted RNA. The
reaction conditions were 1hr at 42°C, initial denaturation at 94°C for 5 min followed by 35
cycles, 94°C for 30 secs, 55°C for 1 min, 72°C for 2 min followed by a final extension at

72°C for 5 min.
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Fig. 18: Workflow of dengue serotyping

Serotype-specific amplification of DENV was performed by nested PCR by using 1:100
times dilution of the amplicon of first-round PCR as the template in second-round nested
PCR. The second round was performed in a total volume of 25 pl using 2.5 pl of 10X PCR
buffer-11, 2.0 pl of 10 MM dNTPs, 2.5 pl of 25 mM MgCl, 1 ul each of 10 uM of forward
and reverse primers (D1, TS1, TS2, TS3 and TS4), 0.625U of Taqg polymerase (Invitrogen,
USA) and 2.5 pl of first-round diluted PCR product. The PCR was performed at initial
denaturation of 94°C for 5 minutes followed by 94°C for 30 secs, 55°C for 1 min, and 72°C
for 2 min for 30 cycles with a final extension at 72°C for 5 min. (Table 2a and Table 2b).
A set of four serotypes of positive RNA was used in each multiplex nested RT-PCR as a
positive control. The expected size of PCR products is 482bp for DENV-1, 119bp for

DENV-2, 290bp for DENV-3 and 392bp for DENV-4. The obtained nested PCR products
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were run on 1.5% agarose gel stained with ethidium bromide and visualized under the Gel
Documentation System (Bio-Rad, USA).

Table 2a: First-round RT-PCR Master-mix protocol and thermal cycler conditions

Reagents 1X
10X PCR buffer-II 2.0 ul
25mM MgCl; 1.2 ul
10mM dNTPs 1.6 pl
D1F (10uM) 1.0 pl
D2R (10puM) 1.0 pl
AMV RT (Promega, 0.04U
USA)
Taq Polymerase 0.1.0U
(Invitrogen)
Extracted RNA 3.0 ul
Initial : . , Final
Denaturation Denaturation | Annealing | Extension Extension
42°C 95°C 94°C 55°C 72°C 72°C 4°C
69 30 secs 1 min 2 min
min . .
5 min 7 min 00
1x
35 x cycles
cycle

Table 2b: Second-round semi-nested PCR Master-mix protocol and thermal cycler
conditions

Reagents 1X
10X PCR buffer-I11 2.5 ul
10mM dNTPs 2.0 ul
25mM MgCl; 2.5 ul
D1F(10uM) 1.0 ul
TS1 (10pM) 1.0l
TS2 (10uM) 1.0 ul
TS3 (10pM) 1.0l
TS4 (10uM) 1.0 ul
Taq polymerase (Invitrogen, USA) 0.12U
RT-PCR amplicon diluted to 1:100 times 2.5 ul
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Initial . . . Final
Denaturation Denaturation | Annealing | Extension Extension
94°C 94°C 55°C 72°C 72°C 4°C
. 30 secs 1 min 2 min .
5 min 7 min 00
30 x cycles
Table 2.c: List of dengue serotyping primers

Serotyping primers Primer Sequence (5’ to 3°)
D1 TCAATATGCTGAAACGCGCGAGAAACCG
D2 TTGCACCAACAGTCAATGTCTTCAGGTTC
TS1 CGTCTCAGTGATCCGGGGG
TS2 CGCCACAAGGGCCATGAACAG
TS3 TAACATCATCATGAGACAGAGC
TS4 CTCTGTTGTCTTAAACAAGAGAGG

5.9. Dengue Genotyping
cDNA synthesis

Complementary DNA was synthesized for a region encompassing the partial structural
region from extracted viral RNA and subjected to a polymerase chain reaction.
Complementary DNA was synthesized for a region encompassing the partial C-prM gene
region of the DENV genome from extracted viral RNA. For each sample, 12 pl of the
master mix was prepared by adding 2.4 pl FBS, 1.2 pl of 10uM dNTPs, 0.6 pl of reverse
primer, 0.6 ul DTT, 0.3U of Maxima RT, 0.06U AMV RT and 5 pl isolated RNA. Thermal
conditions for cDNA synthesis were at 50°C for 75 minutes continuing to 70°C for 15

minutes.
Reverse Transcriptase-Polymerase chain reaction

RT-PCR was performed using an expanded long templet PCR system (Roche® Life
Science Products) using primers given in Table 3.c. PCR was performed in 25 pul of

reaction volume containing 11.25 pl of Roch buffer-111, 2.5 pl of 10mM dNTPs, 3 ul each
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of 10 uM of forward and reverse primers, 0.2 U of expand long templet PCR system

(Roche® Life Science Products) and 2.5 pl of isolated RNA. Thermal cycler conditions

were 94°C for 2 minutes followed by 35 cycles of 94°C for 10s, 60°C for 30s and 68°C for

2min each, the final extension step was carried out at 68°C for 7 minutes in an ABI 9700

thermo-cycler (Table 3.a and 3.b). The PCR amplicons of DENV-1, DENV-2, DENV-3

and DENV-4 were electrophoresed in 1% agarose gel (Sigma-Aldrich, St. Louis, USA)

stained with ethidium bromide and documented using a gel documentation system (Bio-

Rad, Hercules, USA).

Table 3.a: cDNA synthesis PCR Master-mix protocol and thermal cycler conditions

STAGE 1 STAGE 2 STAGE 3
50°C 75°C 4°C
75 mins 15 mins 0
1x cycle 1x cycle

Reagents 1X
5X Fast buffer 2.4 ul
10mM dNTPs 1.2 ul
DTT 0.6 pl
DR (10uMm) 0.6 pl
DH20 6.84 pl
AMV RT (Promega, | 0.04U
USA)

SHI RT (Invitrogen) 02U
Extracted RNA 5.0 ul

Table 3.b: Expand™ Long Template PCR Master-mix protocol and thermal cycler

conditions
Reagents 1X
Roch buffer-11 2.5 ul
dNTPs (10mM) 3.0ul
DF(10uM) 2.5 ul
D'R (10uM) 25 ul
DH20 11.25 ul
Expand™ Long Template PCR System 0.12U
(Roch-Sigma Aldrich)
cDNA 2.5 ul
STAGE | STAG
STAGE 1 STAGE 2 STAGE 3 4 ES
94°C 94°C | 60°C 68°C 94°C | 60°C 68°C 68°C 4°C
2 mins 10s | 30s 2 mins 15s 30s 2 mins 7 mins 0
1x cycle 10x cycles 25X cycles 1x cycle
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Table 3.c: List of dengue primers used for dengue genotyping for PCR -amplification

Serotypes Primer Sequence (5’ to 3°) Amplicon
Size
DENV-2 | GAGCCTTCTGGATAGCTGAAGC(F) 520bp

CCATTCGGAGACAGCTACATC(R)
DENV-3 | TCAATATGCTGAAACGCGTGAGAAACCG (F) 990bp
CTCCTCAGGCAAAACCGCT (R)
DENV-4 | TCAATATGCTGAAACGCGAGAGAACCG (F) 962bp
CCACTTCCTTGGCTGTTGTCTTGATC (R)

Purification of PCR amplified product for Sequencing via gel elution

The positive amplicons were gel purified for sequencing using the QlIAquick Gel Extraction
Kit (Qiagen, Hilden, Germany). The purification system used a simple bind-wash-elute
procedure. The DNA fragment was excised from agarose gel with a clean, sharp scalpel.
The gel slice was first weighed in an Eppendorf tube. Three volumes of Buffer QG to 1
volume gel were added. (100mg gel ~100 pl). The mixture was incubated at 50°C for 10min
(or until the gel slice had completely dissolved). The tube was vortexed every 2 to 3min to
help dissolve the gel. After the gel slice had been dissolved completely, the colour of the
mixture was checked to be yellow (similar to Buffer QG without dissolved agarose). If the
colour of the mixture was orange or violet, 10 ul 3 M sodium acetate, pH 5.0 was added
and mixed. 1 gel volume of isopropanol to the sample was added and mixed. QIAquick
spin column was placed in the provided 2mL collection tube. The sample was added to the
QIAquick column and centrifuged for 1 minute at 13000 x g. The flow-through was
discarded and the QIAquick column was placed back into the same tube. 500 ul of Buffer
QG was added to the QIAquick column and centrifuge for Imin at 13000 x g. 750 ul Buffer
PE was added to the QIAquick column and centrifuged for 1min. The column was allowed
to stand for 2 to 5 minutes after the addition of Buffer PE and the clean 1.5ml

microcentrifuge tube. To elute DNA, 30 ul Buffer EB was added (10mM Tris-Cl, pH 8.5)
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to the centre of the QIAquick membrane and centrifuged. The purified DNA was analyzed

on a gel to check the purity of the extraction (Figure 19).

Sequencing Reaction

Sequencing Reaction and product purification:

The purified products from each serotype were subjected to a SANGER sequencing
reaction. In all cases, both inner sense primer and antisense inner primer were used for
sequencing and directly used for DNA sequencing analysis in an automated DNA
Sequencer, model 3130XL (ABI, USA) using Big Dye terminator 3.1 kit (ABI, USA).
Cycle Sequencing PCR was performed. After the BigDye Terminator sequencing reaction,
excess labelled nucleotides (excess nucleotides obscure data in the early part of the
sequence and can interfere with base calling) were removed with the
Ethanol/EDTA/sodium acetate precipitation method. Briefly, two master mixes were
prepared: Master Mix-1 was prepared of 10 ul of miliQ water and 2 ul of 125 mM EDTA
per reaction. 12 pl of master mix1 was added to each reaction containing 10 ul of sequence
reaction. The contents were mixed gently. Master Mix-2 of 2 pl of 3M NaOAc (sodium
acetate) pH-4.6 and 50 pl of ethanol per reaction was prepared. 52 uL of Master Mix 2 was
added to each reaction (Table 3.d). The whole mixture was incubated at room temperature
for 15 minutes. Centrifugation at 12,000g for 20mins was done, and the supernatant was
aspirated. The pellet was washed by adding 500 pl of 75% ethanol at room temperature and
centrifuged at 120009 for 5 minutes. The supernatant was aspirated and the 75% ethanol
wash step was repeated once more. Then the pellet was air dried and re-suspended in 15uL
of formamide. The contents were briefly vortexed and heated at 95°C for 5 minutes. After
snap chilling in ice for 5 minutes, and then it was vortexed again and a short spin in a

microfuge. The concentration of 25ng of the eluted purified product was used for the
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sequencing reaction. The re-suspended pellet mixture was then loaded directly into 96 well

plates and loaded into an automated DNA sequencer 3130 XL (ABI, USA).

Table 3.d: Big Dye reaction master-mix protocol and thermal cycler conditions

Master Mix-1 Master Mix-2
Reagents 1X Reagents 1X
DH20 10 pl Ethanol 50 pl
125 mM EDTA 2.0 ul 3M NaOAc (sodium 2.0 ul
acetate)
Initial

. Denaturation | Annealing | Extension
Denaturation

96°C 96°C 50°C 60°C 4°C
) 10 secs 5 secs 4 min
1 min 0
25 x cycles

Table 3.e: List of dengue primers used for sequencing reaction

Serotypes Primer Sequence (5’ to 3°)

DENV-2 GAGCCTTCTGGATAGCTGAAGC(F)
CCATTCGGAGACAGCTACATC(R)

DENV-3 TCAATATGCTGAAACGCGTGAGAAACCG (F)
CTCCTCAGGCAAAACCGCT (R)

DENV-4 TCAATATGCTGAAACGCGAGAGAACCG (F)
CCACTTCCTTGGCTGTTGTCTTGATC (R)
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Fig. 19: Dengue Genotyping Workflow and Chromatogram obtained from Sanger
sequencing from DENYV isolates

Sequencing reaction and Phylogenetic analysis

Obtained sequences were edited using the Bio-Edit tool and a BLAST search was done
using the NCBI website (155) to confirm sequence identities. Phylogenetic analysis was
performed using 40 representative sequences of different geographical regions retrieved

from Gene Bank for DENV 2, DENV 3 and DENV 4 serotypes in each phylogenetic tree.
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To investigate the evolutionary linkage among laboratory isolates and reference strains,
partial sequences of the representative DENV laboratory obtained sequence were aligned
with DENV reference strains using the Molecular Evolutionary Genetics Analysis (MEGA-
10) tool. The evolutionary history was concluded using the Neighbor-Joining (NJ) method

and the Tamura-Nei model (156).

The variation rates among various sites were modelled with a gamma distribution pattern
(shape parameter = 1). The differences in the composition bias among all sequences were
considered in the evolutionary comparison. The evolutionary distances were calculated
using the Maximum Composite Likelihood method ( -7113.82) and are in the units of the
number of base substitutions per site (157). Codon positions 1st+2nd+3rd+Noncoding were
included in the settings. All positions containing gaps and missing data were eliminated for

this purpose.

5.10. Biomolecule identification

5.10.a. Qualitative proteomic Analysis

Proteomics analysis was performed using phase-specific samples collected at two-time
points from hospital-admitted patients. Various steps followed in the protein identification
process are explained below starting from plasma quality check by protein estimation using

the Bradford technique (158).

Protein estimation using the Bradford technique

To estimate protein in our clinical plasma samples, firstly a standard BSA solution of
Img/ml is prepared. Then pipette 0, 2, 4, 6,10,15 and 20 pl of Bovine Serum Albumin

(BSA) into the assigned well of 96 well plates. Then pipette 20 pl of diluted unknown
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samples into wells individually. Then 40 pl of Bradford reagent (Cat. No: B6916, Sigma)
was added to all wells. The final volume of each well was adjusted to 200 ul by pipetting
distilled water into it. After 5 minutes and before 1 hour, compare the absorbance at 595nm
(OD595) to a reagent blank (100 pl of distilled water). Calculate the protein conc. In diluted
samples by comparing, it to the BSA standard curve. If the OD595 of the diluted extract is
too high or too low, make a more appropriate dilution. Diverse proteins have significant
variations in their dye-binding capabilities, resulting in diverse test results. Proteins were
estimated twice i.e. pre depletion and post-depletion. Post-depletion protein samples of 650

ng to 1 mg are ideal for proteomics reactions.

In-solution tryptic digestion and qualitative mass spectrometry

To delineate the plasma proteome profiles, a nano-LC- Orbitrap mass spectrometer (LTQ
Orbitrap XL, Thermo Scientific, USA) was employed. The mass spectrometry work was

carried out at the central facility of CSIR-Indian Institute Chemical Biology, Kolkata.

Human plasma samples contain albumin, 1gG and other abundant proteins as high as 70%
of the total plasma proteome. Therefore, we needed to deplete the most abundant proteins
to identify the less abundant proteins in plasma for biomolecule(s). We took 10 pl raw
plasma samples initially to deplete albumin and IgG using the Merck Millipore Pure
Proteome Albumin/lgG depletion kit (LSKMAGD12-1). In brief, 10 pl plasma was diluted
in 100 pl 1X PBS. 400 pl of Pure Proteome Albumin/lgG magnetic bead slurry were
washed off their storage buffer, equilibrated with 1X PBS thrice and added to 10 pl of the
samples. This plasma and bead mixture was incubated for 1.5 h at room temperature on an
end-to-end rotating mixer. The depleted plasma was estimated using a DC estimation
reagent and 50 pg of depleted plasma was reduced using 10mM DTT at 60°C for 30 min.

Post reduction, the sample was alkylated with 20 mM iodoacetamide for 40 min at RT in
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the dark. The excess iodoacetamide was quenched with 5mM DTT for 10 min and the
sample was digested with 1 pg/ul Trypsin gold (Promega, cat# V5280) O/N at 37°C in a
shaker incubator. The digestion reaction was stopped the next morning with 0.1% (v/v)
formic acid and the digested samples were dried using a speed vac. Dried peptides were
reconstituted in 0.1% (v/v) formic acid and run in the Orbitrap-TOF. Pre-analytical steps
were kept constant for all the samples including healthy control. This experiment for the
difference between proteomic profiling designed as continuous variable data, based on H1
for superiority, interference about absolute difference, type | error rate .5, power (1-p) =
80% 0 (0.8), sampling ratio (group A/ group B/ group C) = 1, Mean under HO (arithmetic
mean of sample value) = 1.5, std deviation of samples =1.2, min. detectable effect=1,
superiority margin =1. For this study sample size was calculated as, group A=3, group B=3,

and group c=3 (159).
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Data Acquisition from Orbitrap Liquid Chromatography-Mass Spectrometry (LC-

MS)

The acquisition was data-dependent. The total MS run time was 145 min. The scan range
for Orbitrap was from 350 to 2000(m/z) with a minimum of 3 peaks and a resolution of
60,000. lonic fragmentation was performed by the collision-induced dissociation (CID)
method. The normalized collision energy for each run was 35. Detection and digitization
of peaks were performed by Fourier transformation and data acquisition was conducted in
positive ion mode. Protein identification was performed by Thermo Proteome Discoverer
v1.4.0 (160). MS/MS spectra were matched against SEQUEST with the assistance of a
fixed-value PSM validator. The static modification was set for N-terminal acetylation and
carbamidomethylation of Cysteine. The dynamic modification was set for Methionine
(oxidation), Tyrosine (phosphorylation) and Lysine (acetyl). The maximum missed
cleavage number was set to two. Swissprot reviewed database (updated with Uniprot
release 2015 and 46,000 protein entries) (161) was used as a reference software for protein
identification. The minimum number of peptides for assigning a protein was set to two and
mass tolerance for precursor ions was set to 10 ppm. The schematic workflow of the LC-

MS procedure is shown in Figure 20.

5.10.b. Quantitative proteomics Sequential Window Acquisition of All Theoretical

Mass Spectra (SWATH-MYS)

SWATH-MS from paired plasma samples of different groups of dengue-infected patients
along with healthy controls were performed at the National Facility for Biochemical and

Genomic Resources (NFBGR), CSIR-1GIB, New Delhi, India.
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Sample preparation

Ten (10) ul of serum samples were used for protein precipitation. To 90ul of 1X Phosphate
Buffer Saline (PBS), 10 ul serum was added and vortex mixed. Protein precipitation was
performed using pre-chilled acetone. Briefly, to 100 pl diluted protein extract, four times
the volume of pre-chilled acetone was added, vortex mixed and centrifuged at 15000 g for
10 minutes at 4°C. The supernatant was discarded, and the protein pellets were air-dried at
room temperature and suspended in 0.1 M Tris-HCI with 8M urea, pH 8.5. Protein

quantitation was performed using the Bradford assay.
Reduction, alkylation, and trypsin digestion

Twenty (20) pg of protein from each sample was reduced with 2 mM of Dithiothreitol
(DTT) for 30 minutes at 60°C, followed by alkylation using 2.2 mM of Iodoacetamide
(IAA) at room temperature (in the dark) for 30 minutes. These samples were then subjected
to trypsin digestion in an enzyme-to-substrate ratio of 1:20 (trypsin: protein) for 16 hours

at 37°C. Finally, the tryptic peptides were vacuum-dried in a vacuum concentrator.

Sequential Window Acquisition of All Theoretical Mass Spectra (SWATH-MS) Data

acquisition

Peptides from each sample were cleaned up using an Oasis HLB cartridge (Waters, Milford,
MA) as per the manufacturer’s protocol. SWATH-MS analysis for the samples was
performed on a quadrupole-TOF hybrid mass spectrometer (TripleTOF 6600, SCIEX)
coupled to an Eksigent NanoLC-425 system. Optimized source parameters were used, and
curtain gas and nebulizer gas were maintained at 25 psi and 30 psi respectively. The ion
spray voltage was set to 5.5 kV and the temperature was set to 250°C. About 4 pg of
peptides were loaded on a trap column (ChromXP C18CL 5 um 120 A, Eksigent, SCIEX)

and online desalting was performed with a flow rate of 10 pl per minute for 10 minutes.
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Next, peptides were separated on a reverse-phase C18 analytical column (ChromXP C18,
3 um 120 A, Eksigent, SCIEX) in a 57-minute gradient with a flow rate of 5 pl/minute

using water with 0.1% formic acid and acetonitrile with 0.1% formic acid.

SWATH method was created with 100 precursor isolation windows, defined based on
precursor m/z frequencies in Data Dependent Acquisition (DDA) run using the SWATH
Variable Window Calculator (SCIEX), with a minimum window of 5 m/z. Data was
acquired using Analyst TF 1.7.1 Software (SCIEX). Accumulation time was set to 250
msec for the MS scan (400-1250 m/z) and 25 msec for the MS/MS scans (100-1500 m/z).
Rolling collision energies were applied for each window based on the m/z range of each
SWATH and a charge 2+ ion, with a collision energy spread of 5. The total cycle time was

2.8 seconds.

Data acquisition from SWATH-MS

For identification of the proteins using SWATH analysis, a high-pH fractionated peptide
library for human serum proteins (obtained from SCIEX) comprising 465 proteins was
used. SWATH peaks were extracted using this library in SWATH 2.0 microapp in
PeakView 2.2 software (SCIEX), excluding shared peptides. The processing settings for
peak extraction were: a maximum of 10 peptides per protein, 5 transitions per peptide,
>95% peptide confidence threshold and 1% peptide false discovery rate (FDR). XIC
extraction window was set to 55 minutes with 75 ppm XIC Width. All information was
exported in the form of MarkerView (.mrkw) files. Data were normalized using total area
sum normalization in MarkerView 1.2.1 and further analysis was performed in MS Excel

and R Studio 4.3.2.
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5.11. Pathway analysis of proteomic data

Pathway and network analysis approaches are used for interpreting proteomics results.
Pathway analysis refers to data analysis that seeks to find active pathways or pathway
modules in functional proteomics data. Biological pathways are classified into signalling
routes, gene regulatory pathways, metabolic pathways, etc. all of which are carefully
curated in credible databases. Qualitative proteomics data subjected to pathway analyses
usingg PANTHER  (protein  analysis  through  evolutionary  relationships)

(http://www.pantherdb.org/) database (162). The list of proteins analysed for their

categorization in GO (Gene Ontology)- Slim Biological process, GO- Slim Molecular
Function, PANTHER pathways and protein class. Whereas two different pathway analyses
were  performed from  Quantitative  proteomic data using PANTHER
(http://www.pantherdb.org/) and the reactome database

(https://reactome.org/PathwayBrowser/#/) (163). A reactome is a database of reactions,

pathways and biological processes. The list of the proteins was searched for significant
enrichment of the molecular functions and KEGG (Kyoto Encyclopaedia of Genes and
Genomes) pathways. KEGG pathway is a collection of manually drawn pathway maps

representing our knowledge of molecular interaction, reaction and relation networks.

5.12. Dengue viral protein-host protein interactome

The Interactome refers to all molecular interactions in cells, particularly protein-protein
interactions. In this study, we have analysed the protein-protein interaction network of the
dengue virus genome and human host proteins. The functions of a protein can be roughly
determined from its interacting partners. Interactions of 10 DENYV proteins with their host

interactors were analysed. Out of these 10 proteins, 3 were structural (C, E and prM) and 7
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were non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). These 10 viral
proteins were already reported to interact with 535 host proteins (164). This protein-protein
interaction (PPI) network was depicted with the help of Cytoscape v3.8.2 where the host
proteins were represented as blue rectangular edges and the DENV proteins were marked
as different coloured rectangular hubs. Protein-protein interactions (PPIs) depict

connections between two or more proteins, representing complicated biological activities.

5.13. Proteome profiler array analysis

Total of three (N=3) critical patient samples (obtained on the day of transition to severe
dengue) along with a healthy control were subjected to proteome profiler analysis as per
manufacturer protocol. Two different types of proteome profiler analyses were performed

as mentioned below

l. Human angiogenesis array kit (Cat. No.- ARY007, R&D system) for the
parallel determination of the relative level of human angiogenesis-related
proteins

. Human cytokine array kit (Cat. No.- ARY005B, R&D system) for the
parallel determination of the relative level of selected human cytokine and

chemokine.

Protein Array Protocol

All the reagents and samples were prepared as directed in the Array kit manufacturer
protocol. 2 mL of Array Buffer 4 was given through a pipette into each well of the 4-well
Multi-Dish. Array Buffer 4 serves as a block buffer. Using flat-tip tweezers each membrane
to be used from between the protective sheets was removed and placed in a well of the 4-

Well Multi-Dish with the array number facing upward. The tray was then incubated for one
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hour on a rocking platform shaker in such a way that each array rocks end to end in its well.
While the membranes were blocked, samples were prepared by adding up to 1 mL of each
sample to 0.5 mL of Array Buffer 4 in separate tubes. The final volume of 1.5 mL was
adjusted with Array buffer 5. 15 micro-litres of reconstituted Human Cytokine Array
Detection Antibody Cocktail were added to each prepared sample. Then it was mixed and
incubated for one hour at room temperature. Array Buffer 4 was aspirated from wells of
the 4-Well Multi-dish and then samples/antibody mixtures were added as prepared in steps
5 and 6. Then the lid was placed on the 4-well multi-dish. The multi-dish was incubated
overnight at 2-8 degrees C on a rocking platform. Each membrane was removed carefully
and placed into individual plastic containers with 20 ml of 1X Wash Buffer. 4 Well multi-
dish were rinsed with deionized and distilled water and dried thoroughly. Each membrane
was washed with 1X Wash Buffer for 10 minutes on a rocking platform shaker. A total of
three washes were done with 2 times repetitions. Sreptavidin-HRP was diluted in Array
Buffer 5 using the dilution factor on the vial label. 2.0 ml of Streptavidin-HRP was pipetted
into each well of the 4-Well Multi-dish. Then each membrane was carefully removed from
its wash container, excess buffer was drained from the membrane. The membrane was
returned to the 4-Well Multi-dish containing the diluted Sreptavidin-HRP and then the
wells were covered with the lid and incubated for 30 minutes at room temperature on a
rocking platform shaker. Each array was then washed as described previously. Each
membrane is then removed carefully from its wash container. Excess Wash Buffer was
allowed to drain from the membrane by blotting the lower edge onto paper towels. Each
membrane was placed on the bottom sheet of the plastic sheet protector with the
identification number facing up. 1 ml of prepared Chemi reagent was pipetted and mixed
evenly onto each membrane and carefully covered with the top sheet of the plastic sheet

protector. The air bubble was gently smoothened out Chemi reagent Mix was spread evenly
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to all corners of each membrane and incubated for 1 minute. Paper towels were positioned
on top and sides of plastic sheet protectors containing the membranes and carefully
squeezed out excess Chemi reagent Mix. The plastic sheet protector was removed and
carefully laid an absorbent lab wipe on top of the membrane to blot off any remaining
Chemi reagent Mix. Leaving the membranes on the bottom plastic sheet protector, the
membranes were covered with plastic wrap and gently smoothed out any air bubbles. The
excess plastic wrap was wrapped around the back of the sheet protector so that the
membranes and the sheet protector were completely wrapped. The membranes were placed
with the identification numbers facing up in an autoradiography film cassette. Membranes

were exposed to X-ray film for 1-10 mins. Multiple exposure times were required.

Data acquisition from proteome array

The positive signals developed on the array film were identified by placing the transparency
overlay template provided with the kit. The pair of reference spots in the three corners of
the array was adjusted with film for proper alignment. The location of controls,
angiogenesis protein and cytokine proteins captured on the membrane is listed in the
appendix provided with each kit, respectively. Pixel density is calculated based on the
signal observed from each protein representing the spot. Relative change in protein
expression of identified proteins calculated with healthy control for relative quantification

of individual proteins.

This doctoral study performed a multi-approach analysis to find severe dengue
pathogenesis and its biomolecules. Starting from a clinicopathological approach to find
clinical markers. The proteomics approach includes qualitative and quantitative

proteomics, in vivo host and viral protein interactions via Cytoscape and then protein array.
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From all these aspects we have identified a panel of biochemical markers and also a panel
of candidate protein biomolecules. These protein biomolecules upon identification
subjected to Western bolt, Real-time time and ELISA-based validations among different

groups of dengue patients.

5.14. Biomolecule validation experiments

5.14.a. Western blot analysis

A comparative study for the validation of differentially expressed proteins in plasma
between hospital-admitted dengue-infected patients and healthy control was done. Human
plasma samples were diluted 50 times in 1X PBS before Western blotting. Protein
concentrations were measured using Bradford’s method and equal amounts (~30pg) of
plasma samples were run. Samples were separated on 1mm 8% and 10% sodium dodecyl
sulphate (SDS) polyacrylamide gels and transferred onto PVDF membranes (Merck-
Millipore). Post transfer, membranes were blocked with 5% or 3% skimmed milk

(HiMedia, Cat. No. TC194) and probed using the antibodies tabulated in Table 4.

The PVDF membranes were washed 3 times with 1X TBST and incubated with Alkaline
phosphatase-conjugated secondary antibodies for 2 hours at room temperature. Washing
was done first by Tris buffered saline (TBS) followed by 3X TBST. {For 1L TBS: 24g
Tris-HCI (formula weight: 157.6 g), 5.6g Tris base (formula weight: 121.1 g), 88g NaCl
(formula weight: 58.4g), 900mL distilled water was added and dissolved), TBST (TRIS -
buffered saline, 0.1% Tween20 (For 1L): 100 ml of TBS 10X, 900mL distilled water, 1mi
Tween 20. Membranes were washed 3 times with TBST and developed using NBT-BCIP
(Fermentas R0841, R821) in 1X alkaline phosphatase buffer. After the development of

coloured products on the membranes, they were washed with water, dried and images were
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acquired using a scanner. Images were quantified using Image J software with Transferrin

as loading control for plasma samples.

Table 4: List of antibodies used for validation via Western blot and their
manufacturer's details

Description & Catalog no. Description & Catalog no. Molecular

weight
(kDa)

E-Cadherin Rabbit pAb (A16811) ABclonal Technology, USA 125

IRF3 Rabbit pAb (A2172) ABclonal Technology, USA 50

FGFR1 Rabbit pAb (A0082) ABclonal Technology, USA 100-120

VEGF Rabbit pAb (A12303) ABclonal Technology, USA 16/34/45

ANGPT1 Rabbit pAb (A7877) ABclonal Technology, USA 51

ICAM-1 Rabbit pAb (A5597) ABclonal Technology, USA 89/92

VCAML1 Rabbit pAb (A0279) ABclonal Technology, USA 100-120

IFNG Rabbit pAb (A12450) ABclonal Technology, USA 17/23

Transferrin Rabbit pAb (A1448) ABclonal Technology, USA 77

Apo All Rabbit pAb (A14690) ABclonal Technology, USA 35

ApoB Rabbit mAb (A4184) ABclonal Technology, USA 270/520

Apo Al mouse mAb (sc-376818) Santa Cruz Biotechnology, USA 30

Apo AIV mouse mADb (sc-374543) Santa Cruz Biotechnology, USA 45

Goat Anti-rabbit ALP conjugate Invitrogen

(G21079)

5.14.b. Quantitative Real-time PCR

Samples for Real-Time-PCR-based validation were selected as per WHO, 2011 clinical
patients’ management guidelines (165). Real-time-PCR-based biomolecule validation was
performed among selected 12 adult paired samples of the acute phase and critical phase i.e.

24 samples from each phase group along with 6 healthy controls.

Isolation of RNA from Whole Blood

The differentially expressed proteins identified by the proteomic analysis (quantitative
proteomic and proteomic array) were validated using real-time PCR. Total RNA was
isolated from plasma samples using Qiagen RNA from a blood kit (Cat. No. 52304)

according to the manufacturer’s protocol (Figure 21).
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Procedure

1. 100 pl of human whole blood mixed with 500 ul of buffer EL in an appropriately
1.5ml Eppendorf tube.

2. Then incubate for 10-15 min on ice. Mixed by vortexing briefly 2 times during
incubation. The cloudy suspension became translucent during incubation,
indicating lysis of erythrocytes. Incubation time can be extended to 20 min. as per
requirement.

3. The blood and EL mix were centrifuged at 400 x g for 10 minutes at 4°C, and the
supernatant was collected and discarded. After centrifugation, leukocytes will form
a pellet. Ensure that all supernatant has been removed. The subsequent wash
procedure will remove trace numbers of erythrocytes, which give the pellet a red
tinge.

4. 4.Tothe cell pellet, add 200 ul of buffer EL added. By short vortexing, cells were
re-suspended.

5. Supernatant removed and discarded after centrifuging at 400 x g for 10 minutes at
4°C.

6. Buffer RLT added to pelleted leukocytes according to the Table given below. By

vortex or pipet mix (Table 5).

7. Pipet lysate directly into a QIA shredder spin column in a 2 ml collection tube
(provided) and centrifuge for 2 min at maximum speed to homogenize. Discard the

QIA shredder spin column and save homogenized lysate. To avoid aerosol

Table 5: Volume of buffer RLT used for lysis

Buffer RLT (ul) Healthy whole blood (ml) | No. of leukocytes
350 Upto 0.5 Up to 2x108
600 0.5t0 1.5 Up to 2x10°to 107
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10.

11.

12.

13.

14.

formation, adjust the pipet to >750 ul to ensure that the lysate can be added to the
QIA shredder spin column in a single step.

Add 1 volume (350 pl or 600 pl) of 70% ethanol to the homogenized lysate and
mix by pipetting. Do not centrifuge. A precipitate may form after the addition of
ethanol.

Carefully pipet the sample, including any precipitate which may have formed, into
anew QIA amp spin column in a 2 ml collection tube (provided) without moistening
the rim. Centrifuge for 15 s at >8000 x g (>10,000 rpm). The maximum loading
volume is 700 pl. If the volume of the sample exceeds 700 pl, successively load
aliquots onto the QIAamp spin column and centrifuge twice by dividing it into half
volume. Discard flow-through and collection tube.

Transfer the QIA amp spin column into a new 2 ml collection tube. Apply 700 pl
Buffer RW1 to the QIA amp spin column and centrifuge for 15 s at >8000 x g
(>10,000 rpm) to wash. Discard flow-through and collection tube.

Place the QIA amp spin column in a new 2 ml collection tube. Pipet 500 pl of Buffer
RPE into the QIA amp spin column and centrifuge for 15 s at >8000 x g (=10,000
rpm). Discard flow-through and collection tube.

Carefully open the QIA amp spin column and add 500 pl of Buffer RPE. Close the
cap and centrifuge at full speed (20,000 x g, 14,000 rpm) for 3 min.
Recommended: Place the QIA amp spin column in a new 2 ml collection tube (not
provided) and discard the old collection tube with the filtrate. Centrifuge at full
speed for 1 min. This step helps to eliminate the chance of possible Buffer RPE
carryover.

Transfer the QIA amp spin column into a 1.5 ml microcentrifuge tube (provided)

and pipet 30-50 ul of RNase-free water directly onto the QIA amp membrane.
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Centrifuge for 1 minute at >8000 x g (>10,000 rpm) to elute. Repeat if >0.5 ml
whole blood (or >2 x 106 leukocytes) has been processed. The purity of RNA was
checked by spectrophotometric analysis of the A260/280 ratio and concentration

was determined from the A260 value.
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Fig. 21: Procedure of RNA extraction from Whole Blood

cDNA synthesis

Complementary DNA was synthesized from RNA isolated from whole blood using
targeted gene-specific primers. For each sample, 12 pl of the master mix was prepared by
adding 2.4 ul FBS, 1.2 pl of 10 uM dNTPs, 0.6 pl of reverse primer, 0.6 ul DTT, 0.3U of
SHI RT (Invitrogen, Carlsbad, CA), 0.06U AMV RT and 5 pl isolated RNA. Thermal
conditions for cDNA synthesis were at 50°C for 75 minutes continuing to 70°C for 15

minutes.

Quantitative Real-time PCR-SYBR Green

SYBR Green is a dsDNA binding dye used to estimate amplicon quantity during the PCR
by monitoring total fluorescence emission. The dye binds to the minor groove of dsDNA,
but not to sSDNA. A real-time PCR Master mix was prepared by adding 10 pl SYBR green

mix with 3 pl nuclease-free water, 1 pl of forward, 1 pl reverse gene-specific primers and
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5 ul of synthesized cDNA. Real-time quantification of the candidate genes was performed

using a power SYBR-green assay (Applied Biosystems, USA) with B actin as the

housekeeping gene. Primer list of targeted gene given in Table 6. Each sample was loaded

in duplicate and run at 40 cycles of the ddCT programme on an ABI prism 7500 machine

(Applied Biosystem, USA). After each run, melting curves were generated to confirm the

amplification of specific transcripts. To determine the relative level of gene expression, the

comparative threshold cycle (ddCT) method was employed after the normalization of a

respective gene of interest expression level against that of B actin (dCT). In this same

manner, the gene expression of a total of 10 sets of prognostic genes was measured in

dengue-infected patients. The relative expression of the genes in terms of fold change

(2—ddCT) was calculated and plotted as violin plots.

Table 6: Primer list for Real-Time based quantitative validation

Sl
No.
1.

2.

10.

11.

Target

Protein
LBP-F
LBP-R
Fb-F
Fb-R
Vt-F
Vt-R
PTX3F
PTX3R
Serpin-F
Serpin-R
PDGFA-F
PDGFA-R
Ang F
Ang R
IGFBP2-F
IGFBP2-R
SYNE2-F
SYNE2-R
POSTN-F
POSTN-R
Beta actin-F
Beta actin-R

Primer Sequence (5’ to 3°)

CTACAGGGCTCCTTTGATGTCA
CACGTCAGCGATGTCACTG
TCTGTGCCTCCTATCTATGTGC
GAGGGACCACGACAACTCTTC
TGACCAAGAGTCATGCAAGGG
ACTCAGCCGTATAGTCTGTGC
CATCTCCTTGCGATTCTGTTTTG
CCATTCCGAGTGCTCCTGA
AGCCCAACGATGACTACTTACT
ACCCAAGAGTTGATGTCCTTTCT
GCAAGACCAGGACGGTCATTT
GGCACTTGACACTGCTCGT
GAGCTGAGCGACGCTAGATG
GGGTTGACTCGAAGTGCAGAG
GACAATGGCGATGACCACTCA
CAGCTCCTTCATACCCGACTT
ACCTCCAATGGTGGTGGAC
CGTGCCAATGTTAGCCACA
CTCATAGTCGTATCAGGGGTCG
ACACAGTCGTTTTCTGTCCAC
CTCGACACCAGGGCGTTATG
CCACTCCATGCTCGATAGGAT
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5.14.c. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA-based biomolecule validation was performed in a group of 92 samples, which
included 24 paired samples from the acute dengue phase, 19 paired samples from the

critical dengue phase and 6 healthy controls (Table 6).

Assay Protocol

ELISA-based validation of topmost candidate protein biomolecules performed using paired
samples from each phase as per manufacturer protocol (Cat. No.: E-EL-H2104, E-EL-
H6081, E-EL-H6160, E-EL-HO0179, E-EL-H6037, E-EL-H6108). Dilutions of standard and
samples prepared as per provided protocol. 100 pl of standard or diluted samples were
added to the wells of a micro-ELISA plate, pre-coated with gene-specific antibody then
incubated for 90 minutes at 37°C. The solution was then discarded and immediately 100 pl
of Biotinylated Detection Ab working solution was added to each well and incubated for
60 minutes at 37°C. The plate was aspirated and washed 3 times and 100 ul of HRP
conjugate working solution was added and incubated for 30 minutes at 37°C. The plate was
then aspirated and washed 5 times to remove any excess and unbound antigen-antibody
complex. The complex was then incubated in micro-wells with newly prepared substrate
solution, Substrate solution of 90 pl was added and incubated for 15 minutes at 37°C. After
which the reaction was terminated by adding 50 pl of stop solution. The absorbance was
then measured at 450 nm on a spectrophotometer. The enzyme-substrate reaction results in
the formation of a blue colour, which indicates that the Ag-Ab reaction has happened in the
micro-well. The stop solution (2N H2SO4) was added in the last stage, and the optical
density of the produced colour was measured at 450nm on a spectrophotometer. The ELISA
must be optimized for high sensitivity and specificity, ensuring low biomolecule

concentration detection and preventing cross-reactivity with other proteins. A standard
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curve is generated using known concentrations of the target protein. This standard curve
serves as a reference to quantify the biomolecules levels in samples. The topmost

biomolecule levels in these samples are quantified based on the standard curve.

5.15. Protein Docking

To find the interactions between viral NS1 proteins and topmost candidate proteins,
protein-protein docking was performed in the HADDOCK 2.4 server (166). To perform
these interactions structures of DENV NS1 protein and targeted host were downloaded
from the Protein Data Bank and visualized, edited and protein active sites were selected
using Discovery Studio 2021. Active sites of viral proteins and host proteins were mapped
and identified. Then each viral host protein docked with DENV NS1 protein to find the
interacting sites. These interactions showing viral NS1 proteins are actively associated with

host factors related to vascular pathogenesis.

5.16. STRING: Functional proteins association network

STRING Protein-Protein Interaction Networks Functional Enrichment Analysis performed
using STRING 12.0 database (167). Validated target genes are observed to have a
functional association with nitric oxide, which is the major protein behind vascular
endothelial dysfunction. We depicted the functional network of NO (Nitric Oxide) with
other candidate proteins of this study such as E Cadherin, Vascular endothelial growth
factor, Fibroblast growth factor receptor, Vascular cell adhesion protein, Interferon-
gamma, Fibronectin, Insulin-Like Growth Factor Binding Protein 2, Serpin, Periostin,
Pentraxin 3, Angiopoietin, Lipopolysaccharide binding protein. K mean interaction

modelling was also performed to find the significant functional clustering among our target
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proteins with nitric oxide synthase endothelial. Predicting underlying interaction between
NO and validated biomolecules of this study can provide insights into potential therapeutic

targets to mitigate the severity of dengue and improve patient outcomes.

5.17. Statistics Analysis

Collected data were organized with necessary modifications. The pattern of dengue
circulating serotypes, its associated clinical manifestations and thrombocytopenia were
shown as a percentage variable. Dengue-associated clinical manifestations were analysed
using GraphPad Prism 9.3.1 software for multivariate linear logistic modelling by receiver
operating curve (ROC). Serotype-specific clinical manifestations were analysed using the
Pearson y2 test. We used mean = SD for the day-wise assessment of Biochemical
parameters and did Tukey's test box plot of the same. Continuous variables were presented
as mean * standard deviation or median (Range) while categorical variables are expressed
as frequencies percentage. The existence of differences in groups was assessed using the
chi-square test for linear trend when appropriate and calculating the odds ratio (OR) within
a 95% confidence interval (Cl). A p-value of <0.05 was used as the criterion for statistical
significance. Pathway enrichment P values analysed in PANTHER database. Whereas
Heatmap, Real-Time and ELISA data statistics were performed via GraphPad Prism 9.2.
ELISA Statistical analysis is performed to compare target protein levels between the two
groups (acute vs. critical) and ROC curves (receiver operating characteristic) generated.
This analysis determines if the protein is differentially expressed and whether it can
effectively distinguish between the acute and critical groups. Several parameters are
considered for validation, including sensitivity, specificity, positive and negative predictive

values, and area under the ROC curve (AUC). These metrics help to assess the
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biomolecule's prognostic and diagnostic performance (168). All the statistical analyses

were performed using the Statistical Package of GraphPad PRISM.

In the study of dengue biomolecules, statistical analysis is essential because it offers a
methodical, quantitative way to examine large, complicated data sets. Statistical tools are
useful in this research because they help interpret patterns, trends and connections in data,
which is important when it comes to understanding biomolecular interactions and
dynamics. We have used an array of statistical methodologies, including differential
expression analysis, clustering approaches and ROC analysis to evaluate the relevance of
biomolecular alterations linked to dengue infection. The identification of important
biomolecules, pathways, and regulatory mechanisms implicated in the disease's course is

facilitated by these investigations.

A brief methodology workflow of this doctoral study encompassing an approach to reach
all four objectives and A brief workflow of identification and validation of severe dengue

biomolecules is depicted in Figure 22. a and Figure 22. b.
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Chapter 4: Results

6.1. Molecular serotyping, genotyping and diversity analysis of DENV

Among hospital-admitted patients only (N= 380 dengue suspected), 320 dengue patients
tested dengue positive. Among them 220 patients tested positive for dengue NS1 antigen,
84 patients tested positive for dengue IgM/IgG and 16 patients tested negative. Positive
patients were classified according to the WHO guidelines and the highest number of dengue
cases without warning signs (93%, n = 284) followed by severe dengue in 7% (n=20) of
patients. Severe dengue patients developed Grades Il and IV complications and four
patients died due to those complications. In this study we have primarily recruited the
severe dengue patients for finding biomolecules associated with severe dengue and hence

the percentage of severe dengue patients is much higher than the actual scenarios.

To identify the circulating dengue serotype and genotype an additional 240 NS1 positive
samples were recruited from different district hospitals of West Bengal to achieve an
average of 100 samples from each year to observe the actual scenario of circulating dengue
serotype. Although those samples were not suitable for proteomics and biomolecules study.
Analysis of dengue serotyping data showed co-circulation of all four serotypes among our
study samples. Among the RNA-positive patients in the study population, DENV-2 was
observed as the major circulating serotype in 2018 with a high prevalence of 76% along
with other co-circulating serotypes DENV-3 (16%), DENV-1 (4%) and DENV-4 (4%). In
2019, the scenario remained unchanged noticeably as infection with other serotypes
increased but the major circulating strain remained DENV-2 (47%) followed by DENV-3,
DENV-1 and DENV-4 (28%, 18% and 7%). In 2020, DENV-4 (47%) was the prevalent
circulating serotype followed by DENV-2 (34 %), DENV-3 (12%) and DENV-1 (7%).

Whereas in 2021, DENV-3 (72%) was the prevalent circulating serotype followed by
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DENV-2 (18%), DENV-4 (6%) and DENV-1 (4%). The prevalence pattern of DENV-3
was found to be continued in 2022, with DENV-3 (55%) as the major circulating serotype
again with co-circulation of DENV-2 (40%) as the second major serotype followed by
DENV-1 (4%) and DENV-4 (2%). Among the dengue NS1-positive patients 56% were
males and 44% were female patients. Age-based distribution of dengue infections indicated
that adults belonging to the age group 21-30 were the most susceptible group followed by
adolescents belonging to the age group 11-20 years (p-value <0.001). Year-wise
genotyping of prevalent serotypes is shown in Table 7, showing Genotype 1l of DENV-2,
Genotype 11l of DENV-3 and Genotype | of DENV-4 as major circulating strains.
Sequencing data analysis of DENV-2 (n = 12), the prevalent serotype of the year 2018-19,
DENV-4 (n = 12) the prevalent serotype of the year 2020, showed genotype 11 of serotype
2 and genotype | of serotype 4 was the prevalent strain of that year. However, genotype I11
of serotype 3 (n = 12) was observed as the prevalent strain of the year 2021. Gel
Electrophoresis picture of each serotype genotyping is depicted in Figure 25.a.i, Figure
25.a.ii and Figure 25.a.iii. Phylogenetic analysis of all three genotypes is shown in
Figure 25.b.i, Figure 25.b.ii and Figure 25.b.iii. As DENV-1 was never observed as a
prevalent serotype during this study period, no genotyping was performed from this

serotype.

M L1 12 13 I4 LS L6 L7 L8 L9 L10 Li1 Li12 L13 Li14 L1S L16 L17 L18
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M L1 L2 L3 L4 LS L6 L7 L8 L9 L10 L1 L12 L13

500bp —% DENV-1
400bp —> DENV-4
300bp «—| DENV-3

200bp — DENV-2
100bp

Fig. 23.a: Gel Electrophoresis picture of different dengue serotypes, DENV-1,
DENV-2, DENV-3 and DENV-4, M: Marker (100bp), (a) L1 to L18: DENV
positive samples (b) L1 to L12: DENV RT-PCR (Reverse Transcriptase-PCR)
positive samples, L.13: positive control (DENV-1=482bp, DENV-2=119bp, DENV-
3=290bp, DENV-4= 392bp)

——DENV1 —8-DENV2 —A—DENV3 DENV4
0,
_ 80% 76.00% 72.00%
|C:> 70%
8 60% 55.00%
o 7.00% 47.00%
Z 50% 40.00%
% 40% 34.00%
28.00%
& 30% 18.00%
[v) . .
< g0 16:00% 12.00%
@ 10% 4.ow % 4.00% 3.00%
T o - ——22.00%
o 2018 2019 2020 2021 2022
YEAR

Fig. 23.b.: Year-wise distribution of dengue serotype in West Bengal. showing a
rapid change in the pattern of circulating DENYV serotypes
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Dengue Positivity

mEDENV1 ®=mDENV 2 DENV 3 DENV 4
35%

30%
25%
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Age in Years

Fig. 24.a: Age -based distribution of DENV among study population

= Male = Female

Fig. 24.b: Gender-based distribution of DENV among study population

YEAR DENV GENOTYPE
2018 DENV-2, Genotype II
2019 DENV-2, Genotype 11
2020 DENV-4, Genotype |
2021 DENV-3, Genotype III
2022 DENV-3, Genotype 111

Table 7: Year-wise genotyping of prevalent DENV serotypes
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M L1 L2 L3 14 LS Le L7 L8 L9

520bp
500bp
400bp

300bp
200bp +—

100bp

Fig. 25.a.i: Gel electrophoresis picture of DENV 2-Genotype II in 2018 and 2019
during the study period, M: Marker (100bp), L1 to L10: DENV-2 positive samples

M L1 L2 L3 L4 LS ©Lé L7 L8

1000bp
750bp
500bp

962bp

250bp

Fig. 25.a.ii: Gel electrophoresis picture of DENV 4-Genotype I in 2020 during the
study period, M: Marker (1000bp), L.1 to L8: DENV-4 positive samples

M L1 L2 L3 L4 Ls L6 L7 L8 L9 L10 L11 L12 L13 L14

1500bp

1000b
750b

500bp

990bp

250bp

Fig. 25.a.iii: Gel electrophoresis picture of DENV 3-Genotype I1I in 2021 during
the study period, M: Marker (1000bp), L1 to L14: DENV-3 positive samples
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Fig. 25.b.i: Phylogenetic analysis of DENV-2 Genotype II collected during this
study (n=12), with other genotypes of DENV-2 collected from NCBI website via
Maximum like hood method, Bootstrap set to 500
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Fig. 25.b.ii:

Phylogenetic analysis of DENV4 Genotype I (n=12), with other

genotypes of DENV-4 collected from NCBI website via Maximum like hood
method, Bootstrap set to 500 via Maximum like hood method, Bootstrap set to

500
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Fig. 25.b.iii: Phylogenetic analysis of DENV3 Genotype III (n=12), with other
genotypes of DENV-3 collected from NCBI website via Maximum like hood
method, Bootstrap set to S00 collected during this study, via Maximum like
hood method, Bootstrap set to 500
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6.2.a. Clinicopathological corelation

To correlate disease severity in patients, WHO suggested case classification and level of
severity identification manifestations were taken into consideration. This part of a study
was conducted on hospital-admitted 170 dengue-infected patients. Dengue-associated
clinical symptoms were observed and depicted in Figure 26. Common clinical symptoms
related to dengue infection were pyrexia, nausea, abdominal pain, vomiting and anorexia
(observed in >40% of patients). Most of the dengue-infected patients suffered from acute
atypical symptoms of fever at the time of admission. Some of the classical dengue
symptoms such as joint pain, retro-orbital pain and body pain were absent or much less
among the dengue-positive patients, whereas fluid accumulation and ascites were
significantly high. Bleeding manifestations were observed in 53 patients, among them,
petechiae were present in 87% of patients followed by melena in 75% and hematemesis in
25% of patients (Figure 27). Some specific correlation between dengue clinical
manifestations and their serotype was also observed and shown in Table 8. A majority of
individuals infected with DENV-2 mainly suffered from constitutional (91.04%) and

gastrointestinal complications (88.05%).
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GIC

Vomiting
Abdominal Pain
Nausea
Hepatomegaly
Recurrent Vomiting
Diarrhea

Ascitis

URC

Respiratory Distress
Pleural Effusion
Cough
Rhinnorhea
Pharyngitis
Pyrexia
Anorexia

Headache

Clinical Manifestations

Eye Pain
Conjunctival
Retro orbital Pain
MscC

Body Pain

Joint pain

Shock
Restlessness
Convulsion

Arrythmia

1 89.20%

) 64.02%
1 53.23%
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TTTTTTTTTTTT19.42%
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1 20.86%
119.42%
115.82%
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1 2.87%
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Y 41% [0 Respiratory manifestations
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B Muscloskletal manifestaions
M 12% [0 Neurological manifestations
15.10%
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Fig. 26: Categorization and Graphical representation of different symptoms and
physiological manifestations associated with dengue patients
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Table 8: Different sign and clinical symptoms associated with various dengue
serotypes in dengue patients with their statistical significance

Dengue fever- DENV-1 DENV-2 DENV-3 DENV-4 P -value
associated (6.319%0, (70.52%, (18.94%, (4.21%,
physiological n=6) n=67) n=18) n=4)
manifestations

CNC 6(100%)  61(91.04%) 14(77.77%) 4(100%) <0.001
GIC 6(100%)  59(88.05%) 18(100%)  4(100%) <0.001
MSC 2(33.33%) 26(38.8%) 6(33.33%) 2(50%)  <0.001
URC 1(16.66%) 8(11.94%)  9(50%) 3(75%)  <0.001
Thrombocytopenia 2(33.33%) 46(68.65) 13(72.22%) 4(100%) <0.001
Rash 3(50%) 23(34.32%) 11(61.11%) 3(75%)  <0.001
Fluid Leak 3(50%) 17(25.37%) 6(33.33%)  4(100%) <0.001
Shock 1(16.66%) 11(16.41%) 7(38.88%)  4(100%) 0.299
Bleeding 5(90%) 10(14.92%) 5(27.77%)  4(100%) 0.023

100% Petechiae,

88%
90% > Melena,

80% 75%
70%
60%
50%
40% Hematemesis,
25%
30% > Hematuria,
20% 12% Epistaxis,
10% J 6%
0% -

Fig. 27.a: Distribution of different bleeding manifestations among hospital
admitted dengue patients (n=53)

PERCENTAGE OF INFECTED
PATIENTS WITH BLEDDING
MANIFESTATIONS
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Fig. 27.b: Images of Petechial Hemorrhages in dengue-infected patients
obtained from RG Kar Medical College and Hospital, Kolkata
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6.2.b. Platelet transfusion and its outcome

Haematological analysis showed thrombocytopenia in 70% of patients, as per the patient's
classification platelet count and transfusion pattern recorded day-wise to observe close
proximal relation of dengue severity with decreased platelet count. Platelet transfusion was
done in severe patients as per WHO guidelines (152) and observed transfusion outcomes

are shown in Table 9.

Table 9: Platelet transfusion and its clinical outcome in dengue-infected severe
patients

Grade of %age of Lowest Average Unit of Clinical
severity severe Platelet Platelet platelet outcome
among patients count+ day count at transfusion+
severe who the time of day
patients received a transfusion

transfusion
Thrombocytopenia
observed in 70%

of all dengue- DHF 75% 20,000/ul+4  29,750/ul  2to4units+  With different
infected patients (Moderate- 4 to 8 days bleeding
14%) manifestations,
patients
recovered
DSS 100% 10,000/ul+6 = 21,250/ul | 4to6units+ = With different
(Severe- 4 to0 10 days bleeding
3%) manifestations,

patients died

6.2.c. Liver functional profile of DENV-infected patients

Serum TP (Total Protein) was measured in Groups | and Il dengue patients with a mean of
6.44 versus 6.30 g/dl in DF patients, 5.06 versus 4.96 g/dl in DHF (with Grades | and II
complications), and 4.93 versus 3.62 g/dl in DSS (with 1l and IV complications),
respectively (Figure 28.a). Depletion in albumin was also observed with a mean of 4.30
g/dl in Group 1 4.23 g/dl in Group Il of DF, 3.72 g/dl in Group I and 3.49 g/dl in Group Il
of DHF and 3.01 g/dl Group I and 2.3 g/dl in Group 11 of DSS patients, respectively (Figure
28.b). Elevation in liver enzymes was observed among patients with a mean AST
(Aspartate aminotransferase) value of 66.42 U/L in Group I and 84.59 U/L in Group Il of

DF, 102.76U/L in Group I and 167.68 U/L in Group Il of DHF, 140.73 U/L in Group I, and
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729.54 U/Lin Group Il of DSS patients (Figure 28.c). Similarly, ALT (Alanine

aminotransferase) values were 63.90 U/L in Group | and 91.83 U/L in Group Il of DF, 164

U/L in Group I, and 287 U/L in Group Il of DHF, 193.6 U/L in Group I, and 791.30 U/L

in Group Il of DSS were observed (Figure 28.d).
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DF DHF DSS DF DHF DSS DF DHF DSS DF DHF DSS
Fig. 28.a Fig. 28.b
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1500 1500
;;. 1000 — Q‘ 1000
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< 500 . ] % 5004 . |
L5 L 2| Le
0 L == 0 = oL == % =I=
T T T T T T 1 T T 1
DF DHF D55 DF DHF D55 DF DHF DSS DF DHF DSS
Fig. 28.c Fig. 28.d

Fig. 28.a to 28.d: Observational representation of day-wise Total protein, Aloumin
and liver enzymes (ALT, AST) association with dengue fever and severe dengue
patients
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6.2.d. Regression logistic analysis

Receiver Operating Curve (ROC) is used for determining the best cut-off values and to
model the relationship between binary response variables. A total of 170 patients were
analyzed in ROC 1 based on the dengue positive and negative outcomes as a dependent
variable associated with observed clinical manifestations shown in Figure 29.a. We have
evaluated an alternative regression model shown in ROC 2. In the alternative model, we
have analyzed 139 dengue seropositive patients based on dengue serotypes and IgM
positivity as a dependent variable shown in Figure 29.b. A multivariate logistic regression
approach was used for making the regression model including parameters such as
gastrointestinal complications, nausea, vomiting, abdominal pain, recurrent vomiting,
ascites, loose stool, liver enlargement, upper respiratory tract complications, rhinorrhea,
cough, sore throat, pleural effusion, respiratory distress, different types of rashes, rash with
itchiness, musculoskeletal complications, body pain, joint pain, constitutional
complications, eye pain, headache, anorexia, tourniquet test, bleeding, fluid accumulation,
convulsion, arrhythmia, puffy eyes, thrombocytopenia. For multivariate analysis, dengue-
associated clinical symptoms were classified as a categorical variable and their
observations transformed into binary forms of “0” and “1”, where “1” denotes “yes” and
“0” denotes “no” and analysed with dengue positivity or negativity as a dependent outcome
in ROC model 1 (n=170), whereas as RNA positivity or IgM positivity in ROC model 2 (n

= 139). Both descriptive and inferential statistics were used for analysing the data.
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Fig. 29.a: Receiver operating curve of dengue associated clinical manifestation with
dengue positivity and negativity
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Fig. 29.b: Receiver operating curve of dengue associated clinical manifestation
with dengue serotype positivity and IgM (serotype negativity)
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6.3. Proteomics study in search for biomolecules and their validation

6.3.a. Protein annotation using Orbitrap Mass spectrometry and pathway analysis

Using the nano-LC/Orbitrap mass spectrometer run and subsequent analyses, we have
annotated around 6000 proteins from acute phase patient’s samples, 5000 proteins from
critical phase patient’s samples and 4300 proteins from healthy controls individuals
respectively. The annotated proteins from the MS run were analyzed for their enrichment
in Gene Ontology-based Biological Processes, Molecular Functions, Protein Classes and
PANTHER pathways in the PANTHER (v 16.0) database. Using the above database it was
evident that the annotated proteins belong to a wide range of protein classes (membrane
traffic protein, viral or transposable element protein, extracellular matrix protein, structural
proteins, defence/immunity protein, scaffolding proteins, etc.), involved in an array of
pathways (B cell activation, apoptosis signalling pathway, Ubiquitin-proteasomal pathway,
autophagy pathway, VEGF signalling pathway, Whnt-signaling pathway, Heme
biosynthesis, Toll-receptor signalling pathway, TGF-B signalling pathway, T-cell
activation, Notch signalling pathway, Transcription activation, Synaptic vesicle trafficking
and many more). Pathway analyses of the significantly enriched proteins annotated from

Orbitrap MS are represented in Figure 31. (i-iv).

Critical
phase
sample

| | !

6000 Proteins 5000 Proteins 4300 Proteins
| | |

Using the LCMS pipeline, we have annotated

l !ugjected for Gene Ontology (GO) Analysis using PANTHER database

Control
sample

Acute phase

sample

Fig. 30: Dengue fever phase specific plasma proteins
analysis by Qualitative proteomics
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PANTHER Pathway
(i) Total # Genes: 6339 Total # pathway hits: 2133

Click to get gene listfor a category:
1 2-arachidonoylglycerol biosynthesis (P05726)
W 5-Hydroxytryptamine biosynthesis (P04371)

I 3HT1 type receptor mediated signaling_pathway (P04373
SHT2 type receptor mediated signaling pathway (P04374

Il 5HT3 type receptor mediated signaling pathway (P04375

I 5HT4 type receptor mediated signaling pathway (P04376

B ATP synthesis (P02721)

I Adenine and hypoxanthine salvage pathway (P02723)

W Adrenaling and noradrenaline biosynthesis (P00001)

I Alanine biosynthesis (P02724)

1 Allantoin degradation (P02725)

I Alpha adrenergic receptor signaling_pathway (P00002)
Alzheimer disease-amyloid secretase pathway (P00003)

W Alzheimer disease-presenilin pathway (P00004)

W Aminobutyrate degradation (P02726)

W Anandamide deqradation (P05728)

W Androgen/estrogene/progesterone biosynthesis (P02727)

W Angiogenesis (P000S)
Angiotensin II-stimulated signaling through G proteins and beta-arrestin (P05911)
Apoptosis signaling pathway (P00006)

1 Arginine biosynthesis (P02728)
Ascorbate degradation (P02729)

1 Axon guidance mediated by Slit/Robo (P00008)

B Axon quidance mediated by netrin (P0000)

W Axon quidance mediated by semaphorins (P00007)

M B cell activation (P00010)

I Betal adrenergic receptor signaling pathway (P04377)

Beta2 adrenergic receptor signaling pathway (P04378)
Beta3 adrenergic receptor signaling pathway (P04379)
Blood coagulation (P00011)
Bupropion degradation (P05728)
CCKR signaling_ map (P06953)
Cadherin signaling pathway (P00012)
Cell cycle (P00013)
M Cholesterol biosynthesis (P00014)
B Circadian clock system (P00015)
B Coenzyme A biosynthesis (P02736)
B Cortocotropin releasing factor receptor signaling_pathway (P04380)
Cytoskeletal regulation by Rho GTPase (P00016)
M DNA replication (P00017)
W De novo purine biosynthesis (P02738)
M De novo pyrimidine deoxyribonucleotide biosynthesis (P02739)

B De novo pyrimidine ribonucleotides biosythesis (P02740)
B Dopamine receptor mediated signaling_pathway (P05912)
W EGF receptor signaling_pathway (P00018)
M Endogenous cannabinoid signaling (P05730)
B Endothelin signaling_pathway (P00019)

Enkephalin release (P05913)
W FAS signaling pathway (P00020)

M Formyltetrahydrofolate biosynthesis (P02743)
M Fructose galactose metabolism (P02744)

B GABA-B receptor II signaling (P05731)
Gamma-aminabutyric acid synthesis (P04384)
General transcription by RNA polymerase I (P00022)
I General transcription regulation (P00023)
Glycolysis (P00024)
B Gonadotropin-releasing_ hormone receptor pathway (P06664)
M Hedaehoa signalina pathwav (P00025)
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Il Heme biosynthesis (P02746)

I Heterotrimeric G-protein signaling pathway-Gi alpha and Gs alpha mediated pathway (P00026)
W Heterotrimeric G-protein signaling_pathway-Gg_alpha and Go alpha mediated pathway (P00027)

I Heterotrimeric G-protein signaling pathway-rod outer segment phototransduction (P00028

Histamine H1 receptor mediated signaling_pathway (P04385)

Histamine H2 receptor mediated signaling_pathway (P04386)

Histamine synthesis (P04387)

Huntington disease (P00029)

Hypoxia response via HIF activation (P00030)

Inflammation mediated by chemokine and cytokine signaling pathway (P00031)

! Insulin/IGF pathway-mitogen activated protein kinase kinase/MAP kinase cascade (P00032)

I Insulin/IGF pathway-protein kinase B signaling_cascade (P00033
M Integrin signalling pathway_ (P00034)
W Interferon-gamma signaling pathway (P00035)
W Interleukin signaling pathway (P00036)

Tonotropic glutamate receptor pathway (P00037)
I Isoleucine biosynthesis (P02748)
I JAK/STAT signaling pathway (P00038)
I Leucine biosynthesis (P02749)
[ Mannose metabolism (P02752)
¥ Metabotropic glutamate receptor group I pathway (P00041)
W Metabotropic glutamate receptor group I pathway (P00040)
Il Metabotropic glutamate receptor group III pathway (P00039)
I Methionine biosynthesis (P02753)

I Muscarinic acetylcholine receptor 1 and 3 signaling_pathway (P00042)
W Muscarinic acetylcholine receptor 2 and 4 signaling pathway (P00043)
B N-acetylglucosamine metabolism (P02756)

[ Nicotine degradation (P05914)

I Nicotine pharmacodynamics pathway (P06587)

Notch signaling pathway (P00045)

W Transcription requlation by bZIP transcription factor (P000SS5)
W Ubiquitin proteasome pathway (PO0060)

W VEGF signaling pathway (P00056)

W Valine biosynthesis (P02785)

Vasopressin synthesis (P04395)
I Vitamin B6 metabolism (P02787)

Vitamin D metabolism and pathway (P04396)
B Vint signaling pathway (P000S7)
Bl mRNA splicing (P00058)
Il 38 MAPK pathway (P05S18)
B p53 pathway by alucose deprivation (P04397)
W p53 pathway feedback loops 2 (P04398)
W pS3 pathway (P0005S)
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[ O-antigen biosynthesis (P02757)
! Opioid prodynorphin pathway (P05916)
W Opioid proenkephalin pathway (P05915)
M Opioid proopiomelanocortin pathway (P05917)
B Ornithine degradation (P02758)
¥ Oxidative stress response (P00046)
W Oxytocin receptor mediated signaling pathway (P04391)
M PDGF signaling pathway (P00047)
PI3 kinase pathway (P00048)
Parkinson disease (P00049)
Pentose phosphate pathway (P02762)
Phenylethylamine degradation (P02766)
Plasminogen activating cascade (P000S50)
Proline biosynthesis (P02768)
I Purine metabolism (P02763)
W Pyrimidine Metabolism (P02771)
W Pyruvate metabolism (P02772)
M Ras Pathway (P04393)
B S-adenosylmethionine biosynthesis (P02773)
Salvage pyrimidine deoxyribonucleotides (P02774),
B Salvage pyrimidine ribonucleotides (P02775)
Il Succinate to proprionate conversion (P02777)
W Sulfate assimilation (P02778)
B Synaptic vesicle trafficking (P05734)
W T cell activation (P00053)
I TCA cycle (P00051)
B TGF-beta signaling pathway (P00052)
M Tetrahydrofolate biosynthesis (P02742)
[ Threonine biosynthesis (P02781)
B Thyrotropin-releasing_hormone receptor signaling_ pathway (P04394)
I Toll receptor signaling pathway (P00054)
M Transcription requlation by bZIP transcription factor (PO0055)




(i)

PANTHER GO-Slim Molecular Function

Total # Genes: 6339 Total # function hits: 4837

Click to get gene list for a category:

M ATP-dependent activity (G0O:0140657) @

B binding (G0:0005488) #

B catalytic activity (G0:0003824) 1

B cytoskeletal motor activity (G0:0003774) ™
low-density lipoprotein particle receptor activity (GO:0005041)

W molecular adaptor activity (G0:0060090) &

B molecular function requlator (G0:0098772) o

B molecular transducer activity (GO:0060089) #

B structural molecule activity (GO:0005198) @

B transcription requlator activity (G0:0140110) @

B translation regulator activity (G0:0045182) @

B transporter activity (G0:0005215) @

PANTHER GO-Slim Biological Process
Total # Genes: 6339 Total # process hits: 11127

Click to get gene list for a category:

W behavior (G0:0007610)

B biological adhesion (G0:0022610) @

B biological phase (G0:0044848) @

W biological process involved in interspecies interaction between organisms (G0:0044419)
biological regulation (G0:0065007) &

B biomineralization (G0:0110148) %

B cellular process (G0:0009987) M

W developmental process (G0:0032502) %

B growth (G0:0040007) W

B immune system process (G0:0002376) %

B localization (G0:0051178) @

B locomotion (G0:0040011) &

B metabolic process (G0:0008152) %
multicellular organismal process (G0:0032501) &

B pigmentation (G0:0043473) MW

B reproduction (G0:0000003)

W reproductive process (60:0022414)

M response to stimulus (G0:0050896) &

W rhythmic process (G0:0048511) &
signaling (G0:0023052) &
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(iv)

PANTHER Protein Class
Total # Genes: 6339 Total # protein class hits: 4472

Click to get gene list for a category:

[l DNA metabolism protein (PCO000%) @
B RNA metabolism protein (PC00031) =
B caicium-binding protein (PCO0060) #

B cell adhesion molecule (PCO0069) @
cell junction protein (PCO0070) @
B chaperone (PCO0072) @

B chromatin/chromatin-binding, or -regulatory protein (PC00077)

cytoskeletal protein (PCO0085) =

defense/immunity protein (PCO0020) @

M extracellular matrix protein (PC00102) »

M gene-specific transcriptional regulator (PC00264) N

M intercellular signal molecule (PC00207) W
B membrane traffic protein (PC00150) =
metabolite interconversion enzyme (PC00262) o
B protein modifying_enzyme (PC00260) =
M protein-binding activity modulator {PC000S5) =
M scaffold/adaptor protein (PC00226) @
storage protein (PC00210) @
| structural protein (PC00211) @

transfer/carrier protein (PC00218) @

translational protein (PC00263) @

transmembrane signal receptor (PC00157) n
transporter (PC00227) @
M viral or transposable element protein (PC00237) @

£

Fig. 31: Pathway analyses of the proteins annotated from Nano LC/Orbitrap MS
depicting significantly enriched proteins via (i) PANTHER Pathway, (ii)
PANTHER GO slim Molecular Function, (iii) PANTHER GO slim Biological
Process, (iv) PANTHER Protein class

6.3.b. Identification and Quantification of pathway enriched and patient-specific

proteins

In SWATH-MS1 run was obtained from a paired sample of acute phase patients with
equivalent healthy control and the SWATH-MS2 run was obtained from a paired sample
of critical phase patients with equivalent healthy control subjected to pathway analysis
individually. Quantitative proteomics phase-specific analysis is depicted in Figure 32 and
pathway analysis of each phase is shown in Figures 33 and 34. Using SWATH-MS, we

were able to identify and quantify 290 proteins from the paired acute phase plasma samples
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and 253 from paired critical phase plasma samples. Differential expression of 239 common
plasma proteins was analysed after a comparative analysis of acute phase paired and critical
phase paired samples that had already been analyzed qualitatively using Orbitrap-mass
spectrometry. Equivalent numbers of healthy control used in each SWATH-MS analysis;
list of proteins submitted to ProteomeX server. The significantly altered expressions of
proteins obtained from SWATH-MS fall under the categories of complements, immune
activating, microtubule-associated, coagulation factors, apolipoproteins and endothelial
proteins. Various groups of proteins such as angiogenesis (P00005), blood coagulation
(P00011), cadherin signalling pathway (P00012), interleukin signalling pathway (P00036),
inflammation-mediated cytokine and chemokine signalling pathway (P00031), etc. found
to be significantly enriched in PANTHER pathway analysis (p-value: P < 0.05), Figure 33

and Figure 34.

Critical Critical
phase A phase B
sample sample

Acute Acute

Healthy
phase A phase B

sample sample

Controls

| Pairwise sample with healthy controlsl | Pairwise sample with healthy controls |
290 Proteins 253 Proteins

Using the SWATH-MS pipeline, we have annotated

Subjected for Gene Ontology (GO) Analysis using PANTHER database and Gene codis

!

Quantitative proteomics phase specific proteins Heat map generated via R studio and Fold change calculated

Fig. 32: Dengue fever phase specific plasma proteins analysis by Quantitative
proteomics
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PANTHER Pathway
Total # Genes: 254 Total # pathway hits: 85

**Chart tooltips are read as: Category name {Accession): # ganes; Parcent of
gene hit against total # genes: Percent of gene hit against total # Pathway
hits

Click to get gene list for a category:
Alzheimer disease-presenilin pathway (P00004) o

B Angiogenesis (P0000S) 9

W Angiotensin II-stimulated signaling through G proteins and beta-arrestin (P05911) ®

M Apoptosis signaling pathway (P00006) 9

W Axon guidance mediated by semaphorins (P00007) =

B B cell activation (P00010) B

B Blood coagulation (PO0011) ®

I CCKR signaling map (P06958) o

W Cadhenn signaling pathway (P00012) ®

M Cytoskeletal regulation by Rho GTPase (P00016) 9
EAS signaling pathway (P00020) ®

M Fructose galactose metabolism (P02744) B

W Glycolysis (P00024) o
Gonadotropin-releasing hormone receptor pathway (P06664) o
Huntington disease (P00029) ®
Inflammation mediated by chemokine and cytokine signaling pathway (P00031) o
Insulin/IGF pathway-mitogen activated protein kinase kinase/MAP kinase cascade (P00032) ®
Insulin/IGF pathway-protein kinase B signaling cascade (P00033) o
Integrin signalling_pathway (P00034) =2

M Interleukin signaling_pathway (P00036) ®

M Muscarinic acetylcholine receptor 1 and 3 signaling_pathway (P00042) »

M Muscarinic acetyicholine receptor 2 and 4 signaling_pathway (P00043) o

B Nicotinic acetyicholine receptor signaling_ pathway (P00044)
Parkinson disease (P00049) o

B Plasminogen activating_cascade (P000S0) ®

M Pyruvate metabolism (P02772) 9

M T cell activation (PO0QS3) ®

B To!l receptor signaling pathway (P000S4) ®
Vitamin D metabolism and pathway (P04396) ®
Wnt signaling pathway (P00057) =&

B pS3 pathway (P00059) ®

Fig. 33: Pathway enrichment of the proteins identified using SWATH-MS
from acute dengue patients, PANTHER analysis
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PANTHER Pathway
Total # Genes: 239 Total # pathway hits: 97

B Adrenaline and noradrenaline biosynthesis (P0Q001) »

W Alzheimer disease-preseniin pathway (P00004) o
W Angiogenesis (PO0C0S) @

B Angiotensin II-stimulated signaling through G proteins and beta-arrestin (P05911) o
Arginine biosynthesis (P02728) &
W Axon guidance mediated by semaphorins ( 07) @
W Blood coagulation (PQ0011) %
B CCKR signaling map (P06553) o
M Cadhenin signaling pathway (P00012) »
B Cytoskeletal regulation by Rho GTPase (PO0D16) »
W Dopamine receptor mediated signaling pathway (P05912) A
W FAS signaling pathway (P00020) 2
B Fructose galactose metabolism (P02744) »
Glycolysis (P00024) =
B Gonadotropin-releasing hormone receptor pathway (P06664) o
M Heterotnmeric G-protein signaling pathway-G: alpha and Gs alpha mediated pathway (P00026) »
W Heterotnmernic G-protein signaling pathway-Gg alpha and Go alpha mediated pathway (P00027)
B Huntington disease (P0002S) o
B Inflammation mediated by chemokine and cytokine signaling pathway (P00031) ®»
Insulin/IGF pathway-mitogen activated protein kinase kinase/MAP kinase cascade (PC0032) o
Insulin/IGF pathway-protein kinase B signaling cascade (P00033) »
¥ Integrn signalling pathway (P00034) »
Intedeukon signaling pathway (P00036) »
B Muscarinic acetyicholine receptor 1 and 3 signaling pathway (P00042) o
B Muscannic acetyicholine receptor 2 and 4 signaling pathway (P00043) &
B Nicotinic acetyicholine receptor signaling_pathway (P00044) o
B Notch signaling pathway (P00045) »

W Parkinson disease (P00Q49) 2
Pyruvate metabolism (P02772) »

Senne glycine biosynthesis (P02776) @
T cell ivation ) D
Toll receptor signaling pathway (P0O00S4) »
Transcription requlation by bZIP transcription factor (PO00SS) »
Vitamin D metabolism and pathway (P04336) #»
B Wnt signaling pathway (PG00S7) o
B 053 pathway (P000S9) =

Fig. 34: Pathway enrichment of the proteins identified using SWATH-MS from
critical dengue patients, PANTHER analysis
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6.3.c. KEGG (Kyoto Encyclopaedia of Genes and Genomes) Pathway analysis

KEGG (Kyoto Encyclopaedia of Genes and Genomes) pathway analysis is a bioinformatics
tool used to interpret high-throughput genomic and transcriptomic data. KEGG pathway
analysis of 239 differentially expressed (after SWATH-MS comparative analysis of paired
acute and paired critical phase samples) proteins was performed to understand the
biological functions associated with a set of genes or proteins. This analysis provided
insights into the pathways these genes or proteins are involved in, shedding light on their
roles in different cellular processes. By identifying the pathways that are significantly
enriched with differentially expressed genes or proteins, we can discern the biological
relevance of their experimental findings. This is crucial for understanding the underlying
mechanisms of diseases or biological phenomena. The analysis can generate hypotheses
about the relationships between genes, proteins and cellular processes. This information
can guide further experimental studies to validate the predictions made by the pathway
analysis. The significant pathways after the KEGG analysis of the SWATH-MS gene are
shown in Figure 35.a- Compliment and coagulation pathways, Figure 35.b- Viral protein
interactions with Chemokine and Cytokine Receptors, Figure 35.c- Cholesterol

Metabolism and Figure, 35.d- ECM (Extra Cellular Matrix) interaction Receptors.
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Fig. 35.a to 35.d: KEGG pathway diagrams highlighting SWATH-MS genes
associated with complement and coagulation pathways, viral protein interactions

with cytokine and cytokine receptors, ECM

metabolism

receptor interactions and cholesterol
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6.3.d. Heat map of significantly changed proteins

Heat map analysis is a visualization technique used to explore patterns of protein/gene
expression across different experimental conditions, samples or time points. Heat maps
provide a visual representation of protein/gene expression patterns, making it easier to
identify trends and clusters within large datasets. Patterns may reveal relationships between
genes or distinct expression profiles associated with different clinical complications/
diseases. We have also maps performed hierarchical clustering on samples based on gene
expression profiles. This clustering can reveal similarities or differences between samples,
helping to group them based on their molecular characteristics. Heat map analysis aids in
the identification of potential biomolecules by highlighting protein/genes that show
consistent and significant expression changes across different conditions. These
biomolecules can be crucial for diagnostic or prognostic purposes in dengue diseases. We
have visualized the differential expression of genes between different phases of dengue
fever. Which helped in identifying genes that are upregulated or downregulated in response
to severe dengue. Among differentially expressed SWATH-MS proteins, the top 50
proteins were selected based on fold change cut-off value (Upregulation=1.5 and above,
Downregulation= 0.3 and below) from the severe dengue group and depicted via Heat map
and cluster analysis, Figure 36. Fold change expression of the differentially expressed
protein of interest shows that Apo CII, Apo ClII, Apo E upregulated, Apo ClI, Apo M, Apo
a, and Apo Al downregulated among apolipoproteins; coagulation factor VIII, X1, XIIB,
V upregulated, Heparin cofactor Il, Plasma kallikrein OS, Thrombospondin I OS, Platelet
factor IV OS, Coagulation factor XIII, 1X, XIllI, antithrombin IIl, prothrombin OS
downregulated, complement factor C4a, C1q subunit A, B and C, Complement component
C9, Complement Cl1s subcomponent, Clr like protein, complement component C7,

Complement C4b, upregulated and Complement component C6 downregulated, vascular
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cell adhesion protein 1, N cam L1 like protein, EGF containing tubulin like EMP 1,
periostin, integrin 6, L selectin, COMP upregulated whereas desmogling II, NCAM 1,

contactin 1 downregulated.
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Fig. 36: Heat map of differentially expressed significant proteins obtained
by SWATH-MS analysis based on fold change of protein with cluster
analysis and histogram using R studio. FC1= Fold changes acute phase vs
control, FC2= Fold changes critical phase vs control, FC3= Fold change
critical phase vs acute phase of dengue-infected patients
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6.4. REACTOME Analysis

The REACTOME database provides curated pathways of biological reactions, molecular
events, and functional annotations. REACTOME pathway analysis helps researchers
interpret the functional significance of gene sets by associating them with specific
biological pathways. This aids in understanding how genes work together to carry out
cellular processes. This places individual genes in a broader biological context, revealing
their involvement in specific pathways and cellular functions. This context is crucial for
understanding the role of genes in normal cellular processes and disease mechanisms.
Analysing SWATH-MS annotated genes in the context of REACTOME pathways can
provide insights into the molecular mechanisms underlying severe dengue. This is
particularly valuable for identifying dysregulated pathways and potential therapeutic
targets. This integrated approach provides a more comprehensive understanding of the
molecular events in the pathophysiology of severe dengue. Also, a crosstalk between
different pathways was observed via this analysis. This is important for understanding how
signalling cascades and cellular processes are interconnected, providing a more holistic
view of biological regulation. We looked for the enrichment of the Reactome pathways
identified from SWATH-MS (Figure 37). It appeared that various pathways including
programmed cell death, signal transduction, protein localization, extracellular matrix
organization, metabolism etc. pathways are enriched with the SWATH-MS proteins. The
enriched pathways are depicted in. A similar PANTHER pathway analysis was performed

with these sets of proteins as depicted in Figure 39.
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6.5.The DENV-Human host protein INTERACTOME

We have analyzed the interactions of 10 DENV proteins with their host interactors. These
10 viral proteins were already reported to be interacting with 535 host proteins (164). This
protein-protein interaction (PPI) network was depicted with the help of Cytoscape v3.8.2
where the host proteins were represented as blue rectangular edges and the DENV proteins

were marked as different coloured rectangular hubs in Figure 38.

We have analyzed this PPI network using Gene Ontology software (geneontology.org). In
total, 471 Biological Processes (BP) and 58 Molecular Functions (MF) were significantly
enriched with these host-interacting partners. In addition, 11 PANTHER and 233 Reactome
pathways were enriched significantly with these DENV interacting host proteins. The
enriched KEGG pathways include the JAK/STAT signalling pathway (P00038), Interferon-
gamma signalling pathway (P00035), Inflammation mediated by chemokine and cytokine
signalling pathway (P00031), Apoptosis signalling pathway (P00006), etc. As expected,
we observed that the term interferon-gamma signalling pathway is enriched significantly
with seven host proteins, viz. PIAS3, PIAS1, STAT1, JAK2, JAK1, IFNGR2, IFNGRL1.
Upon analysis, 11 GO terms were observed to be significantly enriched with apoptosis-
related pathways (G0:0042981, GO:0006915, GO:0008625, GO:0043524, GO:0036462,
G0:2001244, GO:1902042, GO:2001243, GO:2000427, GO:0051402, GO:1901216). Six
Reactome pathways related to unfolded protein response (UPR) (R-HSA-381119) are
enriched with the interacting proteins. Interestingly, we observed enrichment of Autophagy
(R-HSA-9612973), chaperone-mediated autophagy (R-HSA-9613829), Late endosomal
microautophagy (R-HSA-9615710) and Selective autophagy (R-HSA-9663891) to be
significantly coming up with the host interactors. We also observed that IRElalpha
activates chaperones (R-HSA-381070) and HSP90 chaperone cycle for steroid hormone
receptors (SHR) (R-HSA-3371497) pathways to be significantly enriched with the host
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interactors. Quite unexpectedly, plasma lipoprotein assembly (R-HSA-8963898) and
Plasma lipoprotein remodelling (R-HSA-8963899) popped up as the two highly enriched
Reactome terms with the host proteins. Interestingly, Angiogenesis (P00005), and Integrin
signalling pathway (P00034) were also observed as enriched hubs. Based on the DENV-
host PPI network and subsequent enrichment analyses, we tried to focus their contribution
on some of the crucial molecular pathophysiology of dengue fever. Analysed pathways
enriched  with  the  DENV-host interactome using the PANTHER
database(http://www.pantherdb.org/). The enriched pathways include blood coagulation,
angiogenesis, apoptosis, cadherin signalling, EGF-receptor signalling, endothelin
signalling pathways etc. among others. The representative pie charts of PPI PANTHER

pathways are provided in Figure 39.
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PANTHER Pathway
Total # Genes: 326 Total # pathway hits: 216

Click to get gene list for a category:
M 5-Hydroxytryptamine degredation (P04372) ®

B Alzheimer disease-amyloid secretase pathway (P00003) o

Alzheimer disease-presenilin pathway (P00004) o]
W Angiogenesis (P00005) ®
B Apoptosis signaling_pathway (P00006) 2
B Axon guidance mediated by netrin (P0000S) ®
B B cell activation (P00010) ®
B Blood coagulation (P00011) @&
B CCKR signaling_map (P06959) =
W Cadhernn signaling_pathway (P00012) 2

Cell cycle (P00013) o
B Circadian clock system (P00015) o
W Cytoskeletal regulation by Rho GTPase (P00016) o]
l De novo purine biosynthesis (P02738) @

B De novo pyrimidine deoxyribonucleotide biosynthesis (P02739)

De novo pyrimidine ribonucleotides biosythesis (P02740) @

B EGF receptor signaling_pathway (P00018) ®

Endothelin signaling_pathway (P00019) -]
FAS signaling_pathway (P00020) @

**Chart tooltips are read as: Category name (Accession): # genes: Percent of -
gene hit against total # genes; Percent of gene hit against total # Pathway FGF signaling_pathway (P00021)

hits Fructose galactose metabolism (P02744) 2

2

Fig. 39: Pathway analysis of dengue virus and host proteins interactome common
proteins

6.6. Overlap between dengue virus-host protein interactome with the differentially

expressed proteins as obtained from SWATH-MS

Among the proteins identified using SWATH-MS and the 338 unique host proteins
interacting with the DENV proteins, ten proteins were observed to be common as depicted
in Figure 40. Interestingly, 25 PANTHER pathways were found to be common between
the pathways enriched significantly with SWATH proteins and the host protein interactors
Figure 40. The common proteins and pathways were tabulated in Tables 10 and 11. This
analysis was performed online (http://www.listdiff.com/) and the result gives us confidence
that the differentially expressed proteins obtained from SWATH-MS might have functional

relevance toward the dengue disease pathogenesis.
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DENV-Human PPI Pathway and SWATH protein Pathway interaction

Fig. 40: Protein and pathway overlap interaction via Venn Diagram in R studio,
denoting ten common proteins among SWATH enriched proteins and DENV-
Human Host interactome whereas 25 common pathways among SWATH protein
pathways and DENV-Human Host Protein-Protein Interaction pathways (refer to
Tables 10 and 11)

Table 10: Common proteins between SWATH and PPI

PANTHER Name of Pathway

Pathway ID

P00044 Nicotinic acetylcholine receptor signaling pathway
P06959 CCKR signaling map

P0O0011 Blood coagulation

P00024 Glycolysis

P00054 Toll receptor signaling pathway

P00029 Huntington disease

P0O0053 T cell activation

P00016 Cytoskeletal regulation by Rho GTPase
P0O0049 Parkinson disease
P0O0031 Inflammation mediated by chemokine and cytokine signaling

pathway

P06664 Gonadotropin-releasing hormone receptor pathway
P00050 Plasminogen activating cascade
P00005 Angiogenesis
P00012 Cadherin signaling pathway
P00036 Interleukin signaling pathway
P00033 Insulin/IGF pathway-protein kinase B signaling cascade
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P00010 B cell activation

P0O0057 Whnt signaling pathway

P04396 Vitamin D metabolism and pathway
P00020 FAS signaling pathway

P0O0004 Alzheimer's disease-presenilin pathway
P00059 p53 pathway

P00006 Apoptosis signaling pathway

P00034 Integrin signalling pathway

P02744 Fructose galactose metabolism

Table 11: Common proteins between pathways enriched significantly via.
PANTHER analysis and SWATH proteins and the host protein interactions

Common Associated Pathway & mechanisms
Protein

ALDOB  Glycolysis (BioCyc) and Fructose metabolism, Gluconeogenesis

AMBP Binding and Uptake of Ligands by Scavenger Receptors and Vesicle-
mediated transport, Scavenging of heme from plasma

APOALl  Platelet degranulation, ABC transport as lipid homeostasis, PPARA
activates gene expression, scavenging of heme from plasma,
scavenging by class b receptors

APOA2 PPARA activates gene expression, regulation of insulin-like GF,
transport and uptake by insulin-like GF binding protein, post-
translational protein  phosphorylation, chylomicron assembly,
chylomicron remodelling, retinoid metabolism and transport

APOB Cell surface interactions, vascular wall, scavenging by class B, A, F
and H receptors

APOE Nuclear signalling by ERBB 4, Scavenging by class A receptors,
regulation of insulin-like GF, transport and uptake by Insulin like BP,
Transcriptional regulation by AP 2 family of transcription factor, PTM
protein phosphorylation

CD14 Erythrocyte phagosome pathway, caspase activation via death receptor
in the presence of ligand, TLR 4 cascade, transfer of LPS from LBB
carrier CD14

HBB Erythrocytes take up O2 and release CO2, Scavenging heme from
plasma, neutrophil degranulation, chaperon-mediated autophagy,

ITIH3 Platelet degranulation and pre-apoptosis pathways

KNG1 Platelet degranulation, Extrinsic pathway of fibrin clot formation,

peptide ligand-binding receptors, G- alpha (q) signalling events,
regulation of insulin like GF transport and uptake by insulin like GF
binding proteins
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6.7. Protein Array

Several proteins were found to be upregulated in severe dengue patients on the day of the
transition from dengue fever to severe dengue. Cytokines such as CCL5 (CC-chemokine
ligand 5), RANTES (regulated upon activation, normal T cell expressed and secreted),
ICAML1 (intercellular adhesion moleculel), CD54 (Cluster of Differentiation 54), SERPIN
E1, PAL (plasminogen activator inhibitor 1), CXCL 10 (CXC chemokine ligand 10) and IP
10 (interferon-gamma inducible protein 10) were found to be significantly upregulated
(Figure 41.a). Whereas among angiogenesis proteins angiogenin, DPP4 (Dipeptidyl
peptidase 4), endostatin, collagen 18, IGFBP1 (insulin like growth factor binding protein
1), IGFBP2, IGFBP3, MMP8 (matrix metalloproteinase), MMP9, PTX 3 (Pentraxin 3),
PDGFAA (Platelet-derived growth factor), TIMP 1 (Tissue inhibitors of
metalloproteinases), TIMP 4 and thrombospondin were found to be significantly
upregulated (Figure 41.b). A 20 to 80-fold overexpression of the number of proteins
mediating angiogenesis and cytokine pathways was observed among critical patients. From
this multiapproach analyses starting from qualitative proteomic to quantitative proteomic
to protein array to dengue virus and host protein INTERACTOME analysis, we have
narrowed down and identified a panel of proteins associated with severe dengue

pathophysiology (Figure 42).
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Significant proteins identified in Severe Dengue using
Cytokine array kit
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Fig. 41.a: Differentially expressed array of proteins among critical dengue death
patients using cytokine proteome array Kkit, showing significant surge of cytokine
proteins during their transition period (critical phase A)
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Fig. 41.b: Differentially expressed array of proteins among critical dengue death
patients using angiogenesis proteome array kit, showing significant surge of
angiogenesis proteins during their transition period (critical phase A)
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UNRAVELLING THE KEY BIOMOLECULES
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Fig. 42: A schematic diagram showing the multiapproach search for key
biomolecules associated with severe denaue

6.8. Validation of protein expressions identified from SWATH-MS and Orbitrap

Identified proteins/genes were subjected to validation in two parts, initially, we did Western
blot validation of some significant proteins and in another part, a different set of genes were
validated using Real-Time PCR and ELISA-based techniques. We validated some of the
protein expressions as obtained from SWATH-MS using a Western blot. As evident from
proteomics data, an array of apolipoproteins, cytokines and endothelial proteins revealed
differential expressions using SWATH-MS in Dengue patients as compared to their healthy
counterparts. We validated expression patterns of Apo Al, All, AlV, ApoB and ApoE
among the apolipoproteins and E-Cadherin (epithelial cadherin), VEGF (Vascular
endothelial growth factor), FGFR1 (fibroblast growth factor receptor 1), VCAM1
(Vascular cell adhesion molecule 1), IRF3 (Interferon regulatory factor 3), IFN-y
(Interferon-gamma) and ANGPT1 (Angiopoietin 1) among the endothelial proteins and
cytokines from the list. The representative Western blot images and the corresponding bar
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diagrams of the Apolipoproteins, endothelial proteins and cytokines protein expressions are
provided in Figure 43.a and Figure 43.b. A detailed role of validated Apolipoproteins

endothelial proteins and cytokines protein in severe dengue is described in Table 12 and

L1L2L3LAL5L6L7L8LY

Table 13.
(a)
Control DENP
v v .
0iDa | |01
35kDa / ApoAll
Normalized Expressions of Apolipoproteins
45KDa | |spov 08
’ 207
270/520 kDa ’,_.._.._,,_,» i MR £ {
BiDs [ ok e T I.—\poE & 205
i [
TTKDA | oy s v o0 --m-]Tmsfe"in 5 M N ..
.ﬁ I
£
=]
z

o]
02 T I
G eN

Apo Al  ApoAIl ApoAIV  ApoB ApoE
uControl WDENP

Fig. 43.a: Validated expression patterns of Apo Al, All, AlV, ApoB and ApoE
among the apolipoproteins identified from the SWATH-MS and Orbitrap-MS
data. n > 3 for all data sets and significance was calculated using Student's
unpaired t-test. *p < .05%*p < .01, ***p <.001. Lane L1 to L4: Healthy control
samples, L6 to L9: Dengue patient samples from critical phase

Table 12: Role of Apolipoprotein in severe dengue

SI. Apo lipoproteins Role in severe dengue
No. Name
1. Apo I Play a multifaceted role in severe dengue by exerting

anti-inflammatory, antioxidant, influence on the entry
of the dengue virus into host cells and its subsequent
replication and endothelial-protective effects

2. Apo 11 Play with roles in lipid metabolism, endothelial
protection, and immune modulation. Its protective
effects on the endothelium and its ability to modulate
inflammation are particularly relevant in severe
dengue
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Fig. 43.b: Validated expression patterns of E-Cadherin, VEGF, FGFR1, VCAM1,
IRF3, IFN-y and ANGPT1 among the endothelial proteins and cytokines identified
from the SWATH-MS and Orbitrap-MS data. n > 3 for all data sets and
significance was calculated using Student's unpaired t-test. *p < .05, **p < .01,
***p <.001. Lane L1 to L4: Healthy control samples, L6 to L9: Dengue patient
samples from critical phase
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Table 13: Role of selected proteins in severe dengue

S1. No.

o

Protein
Name
E Cad

VEGF

FGFR1

V cam

IRF3

IFN-y

Angiopoietin

Role in severe dengue

Disruption of E-Cadherin-mediated cell-cell adhesion
contributes to endothelial dysfunction and increased vascular
permeability, leading to plasma leakage and organ
dysfunction

A key regulator of angiogenesis and vascular permeability. In
severe dengue, elevated levels of VEGF contribute to
increased vascular permeability

Involved in endothelial cell proliferation and angiogenesis. In
severe dengue, FGFR1 signaling may contribute to vascular
remodeling and endothelial dysfunction

An adhesion molecule expressed on endothelial cells that
facilitates leukocyte adhesion and migration. Increased
expression of VCAM-1 during severe dengue contributes to
immune cell infiltration into tissues

A transcription factor involved in the innate immune response.
Activation of IRF3 signaling in response to dengue virus
infection leads to the production of type | interferons (IFNs),
which play a crucial role in antiviral defense

IFN-y is a pro-inflammatory cytokine produced by activated
T cells and natural killer (NK) cells. Elevated levels of IFN-y
have been observed in severe dengue and are associated with
the cytokine storm phenomenon

Angiogenic growth factors that regulate vascular stability and
permeability. Dysregulation of angiopoietin-Tie2 signaling
during severe dengue can lead to endothelial dysfunction

The integrated analysis of SWATH MS and Proteome array also leads us to a panel of

proteins, associated with severe dengue pathophysiology. The sampling procedure for real-

time-based validation is depicted in Figure 44. Real-time PCR results from paired Group

I (pairwise acute) and Group Il (pairwise critical), of selected genes are shown in Figure

46, with their upregulation and downregulation. After narrowing down candidate

biomolecules (Figure 46) based on the Real-Time result group of six proteins i.e. PTX3

(Pentraxin 3), LBP (Lipopolysaccharide Binding Protein), Fibronectin, IGFBP2 (Insulin-

like Growth Factor Binding Protein-2), POST (periostin), and Serpin were selected for

validation via ELISA in search of our top-notch proteins. Patient sampling for validation

purposes is depicted in Table 14 and their detailed clinical parameters which includes
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platelet pattern, ALT, AST, Albumin and Total Protein are provided in Figure 45.a to 45.e.
Phase-specific change in expression (upregulation) of the targeted biomolecules along with
Logistic Regression Analysis ROC curves are shown in Figure 47.a to 47.f. Also, the role

of selected candidate proteins for Real-Time PCR in severe dengue is listed in Table 15.

@ f@
| /\

o

Critical Critical
Healthy phase A phase B
Controls sample sample

Real-time quantification of the candidate genes was
performed using a power SYBR-Green assay (Applied Bio
systems, USA) with § actin as the House Keeping gene

Fig. 44: Visual representation of sampling procedure for
Real Time PCR auantification

Table 14: Study population details for sample validation

ACUTE PATIENTS CCU PATIENTS

Study Population 24 Paired 19 Paired
(24x2=48) (19x2=38)
No. of males (number, 11(46%) 8(42%)
percentage)
No. of Female (number, 13(54%) 11(58%)
percentage)
Age (year, median value) 30.5 45
Days of Fever (median 5 10.5
value)

Healthy Control (N)=6
Total Population (N)=92
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Fig. 45.a to 45.e: Platelet and Liver profile of hospital admitted patients in acute
and critical phases at two time points, selected for biomolecules validation

176




Acute Phase A

Acute Phase B
15

30
o 207 o 10
|
S 10 S 5
T T
NPV 3 POT PV : 804
L D-‘ . .&l“. N i L 0 RONOR 3
-10 1 | T T T T T T -5 T T T T T T T T T T
. O L L LSNPS
F SR LSS I S E P A S S LA
TR\ RN T - g il o) 5 (S MRS g i gl A M\
S F QO‘&@QGO'S& \OQ Q R L F .¢°¢ e 0,& \c;'< o R
K\ Q'\'O K Q;O
Critical Phase A Critical Phase B
60 20
15+
s 8
£ S 104
S 204 S \
E ‘ ‘ % 5- : '
2 o4
[ [ O
'20 1 T 1 1 T 1 1 T 1 -5 1 1 1 | 1 1 I 1 1 |
XS B SR SR '\/é‘@’b ORI A )
SIS EL T F I S FFTF L
Q SO FE A S & o O

Fig. 46: Real-Time PCR-based quantitative analysis of a selected panel of genes
showing phase-specific changes in acute and critical phases at two time points

SI. No.
1.

Table 15: Role of selected candidated proteins in severe dengue

Protein Name
Fibronectin

Angiogenin

Periostin

Serpin E1

PTX3

Role in severe dengue

Fibronectin is involved in cell adhesion and migration,
and its increased levels have been associated with
endothelial cell dysfunction

Angiogenin is a potent angiogenic factor that promotes
blood vessel formation. In severe dengue, dysregulated
angiogenesis may contribute to vascular permeability,
and endothelial dysfunction

Periostin is involved in tissue repair and remodelling.
Its expression has been linked to fibrosis, a process that
can occur in severe dengue, particularly in organs such
as the liver

Serpin El is aregulator of fibrinolysis and can promote
thrombosis when dysregulated. Elevated levels of
Serpin E1 have been associated with coagulopathy and
increased risk of bleeding in severe dengue cases
Pentraxin 3 (PTX3) is an acute-phase protein involved
in the innate immune response. It plays a role in
inflammation and tissue remodeling and may
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10.

IGFBP 2

SYNE2

PDGFA

LBP

Vitronectin

Sl
No.

o O & W M

contribute to the immune dysregulation seen in severe
dengue.

Growth factor involved in cell proliferation and
survival. Its dysregulation may contribute to tissue
damage and organ dysfunction in severe dengue.

Protein is involved in cell structure and function. Its
role in severe dengue is not well-defined but may be
related to cellular responses to infection and
inflammation

Growth factor involved in cell proliferation and
migration. Its dysregulation may contribute to vascular
dysfunction and tissue damage in severe dengue.

Involved in the immune response to bacterial
infections. Its role in severe dengue may relate to
immune activation and inflammatory processes.

Involved in cell adhesion and complement regulation.
Its dysregulation may contribute to endothelial
dysfunction and immune activation in severe dengue.

Target Protein
Selected for ELISA-
based validation

Fibronectin
Periostin
Serpin E1
PTX3
IGFBP2
LBP
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Fig. 47.a: Phase-specific upregulation of targeted proteins Serpin in early and late
critical phases with their ROC curve (comparing critical vs acute values) AUC
values showing the clinical utility of selected biomolecules as a candidate protein

for severe dengue identification
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Fig. 47.b: Phase-specific upregulation of targeted proteins PTX3 in early and late
critical phases with their ROC curve (comparing critical vs acute values) AUC
values showing the clinical utility of selected biomolecules as a candidate protein

for severe dengue identification

179




|G FBP 2 ROC curve: IGFBP 2

100+
50
801

= 40 EN
E . 2 60+
= 0 =
£ 30 i
o c 40 -
c veo @ .
8 20 .-‘°... ® 204
c vee"T -~ AUC:0.796
£ 10 --
B ‘ 0 T T T T 1
E 0 = 0 20 40 60 80 100

10 Acute Phase A Acute Phase B CCU Phase A CCU Phase B 100% - Specificity%

Fig. 47.c: Phase-specific upregulation of targeted proteins in early and late critical
phases with their ROC curve (comparing critical vs acute values) AUC values

showing the clinical utility of selected biomolecules as a candidate protein for
severe dengue identification

Fibronectin ROC curve: Fibronectin
2500000 100

2000000 - 80- ..
1500000 : 97 ~
eee’ 40 .
1000000 .o
500000 21| - AuC:0.796
0 - I 1 1 1 1
0

0 20 40 60 80 100
Acute Phase Acute Phase CCU Phase ACCU Phase B 100% - Specificity%
A B

Sensitivity%

Protein conc (ng/ml)

Fig. 47.d: Phase-specific upregulation of targeted proteins in early and late critical
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showing the clinical utility of selected biomolecules as a candidate protein for
severe dengue identification
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6.9. Protein - Protein Docking

Dengue virus NS1 protein is found to be interacting with our candidate ELISA proteins.
Considering the protein-specific role of candidate proteins in biological cascades of severe

dengue pathophysiology, they docked with viral NS1 protein and sorted out based on their
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RMSD (Root Mean Square Deviation) values. Low RMSD values represent great models
and hence interaction between NS1 with proteins PTX3 (0.7+/-0.5), Serpin (2.2+/-1.3),

LBP (0.4+/-0.2) and IGFBP2 (6.7+/-0.1) is of great importance Figure 48.

H-Bonds

Donor

PPI interaction model: NS1-PTX3
RMSD=0.7+/-0.5

Acceptor L

SERPIN

PPI interaction model: NS1-SERPIN
RMSD=2.2+/-1.3

Acceptor L

Fig. 48 Cont.
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PPI interaction model: NS1-IGFBP2
Acceptor BE RMSD=6.7+/-0.1

Fig. 48: Protein-Protein Interaction (PPI) model performed among viral NS1
protein and host PTX3, Serpin, LBP and IGFBP-2 proteins via docking with
their significant RMSD values
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6.10. Functional proteins association network

Validated genes in this study such as E Cadherin, Vascular endothelial growth factor,
Fibroblast growth factor receptor, Vascular cell adhesion protein, Interferon-gamma,
Fibronectin, Insulin-Like Growth Factor Binding Protein 2, Serpin, Periostin, Pentraxin 3,
Angiopoietin, Lipopolysaccharide binding protein are found to be significantly interacting
with nitric oxide synthase endothelial (NO) in functional modelling and also in K mean
modelling. Various colours of edges show different types of interaction among these
proteins as explained in Figure 49.a. Also, various colour of clusters showing the clustering
pattern in K mean model where the minimum clustering number was set to 3 (Figure 49.b).
In order to maintain vascular homeostasis, nitric oxide (NO) is essential for controlling
blood vessel tone, suppressing platelet aggregation, and preventing leukocyte adhesion.
Endothelial dysfunction and NO depletion are important pathogenic factors that contribute
to the severity of dengue. Star protein of this doctoral study in direct association with severe
dengue pathophysiology listed in Figure 50 with their upregulation and downregulation

pattern.
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Fig. 49.a: STRING Functional proteins association network analysis via
functional annotations
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Fig. 50: List of star proteins validated in this study with their upregulation and
downregulation pattern
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Chapter 7: Discussion

Dengue virus molecular serotyping and genotyping

Dengue fever, the emerging and neglected tropical disease has become a major public
health concern due to the rapidly progressing geographical spread of vector infestation.
Monitoring of dengue molecular epidemiology is crucial, especially considering the
consequences of severe dengue infection. India being a tropical country, contributed 34%
of global dengue infection (1). The first Dengue Haemorrhagic Fever (DHF) outbreak
occurred in Kolkata (then Calcutta) in 1963 with 30% of cases showing haemorrhagic
manifestations (169), since then, West Bengal has witnessed several dengue outbreaks.
West Bengal being the 4th populous state of India, is severely affected by dengue each year
during monsoon and post-monsoon season. In this study, co-circulation of all the four
dengue serotypes with a rapid change in the pattern of prevalent serotypes. An earlier
dengue serotyping study from this lab reported a dengue outbreak in Kolkata in the year
2012 with more severe dengue cases due to DENV-3 serotype (170). A rapid change in
circulating pattern of dengue serotyping observed as DENV-2 in 2018 and 2019, DENV-4
in 2020 whereas DENV-3 in 2021 and 2022 (Figure 23). The changing pattern of dengue
serotypes has become a significant concern in recent years. The dynamic shift and
circulation of different serotypes (DENV-1, DENV-2, DENV-3 and DENV-4) have
contributed to an increase in the incidence and severity of dengue outbreaks. This serotype
variability affects immunity and increases the risk of severe dengue, as individuals
previously infected with one serotype are at higher risk of severe disease upon infection
with a different serotype. Understanding these patterns is crucial for developing effective
vaccination strategies and public health interventions to mitigate the impact of dengue. The

prevalence variability can be explained by the studies by Nisalak et. al., which show an
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increase in serotype diversity can subsequently increase disease prevalence, which can
cause a reduction in the circulating serotypes (171). A shift of dominance from DENV-2 to
DENV-1 and DENV-3 was also reported in 2012 in Kolkata, which caused the 2012 dengue
outbreak (172). Studies by Balmaseda et al., have shown that the predominance of clinical
symptoms could also be influenced by the majorly circulating serotype (173) but the risk
of severe dengue could not completely be explained by a prior infecting serotype (174).
The re-emergence of DENV-2 after a gap of a few years in West Bengal caused an utmost
outbreak of dengue fever. As postulated in the literature, DENV-2 is known as the most
prevalent serotype worldwide (175). In this study, among the DENV-infected population,
there were multiple severe dengue patients and four patients died due to grade Il and IV
dengue complications (152). Primary dengue infection with one serotype usually gives
lifelong homotypic immunity to that serotype, but only short-term immunity to the other
serotypes. Subsequent infection with a different serotype increases the risk of severe
complications. Alterations in circulating serotypes in the same geographical region,
especially in an endemic region, increase the risk of more secondary dengue infections in
the population (176). Clinical and pathological manifestations of both dengue fever and
severe dengue are similar during the febrile phase, but in the case of severe dengue, the
patient’s condition deteriorates suddenly after this phase leading to severe dengue (DHF-
grade | and Il complications, DSS-grade Il and IV complications). On the other hand,
severe dengue also exhibits some pathophysiological changes, such as capillary leakage,

thrombocytopenia, and coagulopathy (152).

Generally, dengue infection is considered a pediatric disease, but it is currently becoming
a growing problem in adults throughout tropical countries. In this study, age-specific
dengue fever distribution among the different age groups, adults between the age of 21-30

showed the highest DENV infection followed by the age group of 11-20 years (Figure 24).
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This data significantly (p-value < 0.05) corroborates with the previous study from Thailand
in which 30-40% of dengue infected population were adults (177). Analysis of
demographic data showed the incidence of DENV infection was higher in males in
comparison to females, co-relating with the WHO’s earlier interpretations of higher dengue
preponderance in males (178). Hence, these findings suggest that there may be age bias and
gender-related alterations in dengue occurrence, which might be due to exposure
differences among male and female adolescents. As dengue virus life cycle involves both
mosquito and human host, which might be a contributing factor behind the low rate of
variation among DENYV in comparison to other RNA viruses. The genomic region selected
for dengue virus serotyping and genotyping is from a conserved region and most of the
mutations reported in this region are of silent type (179). Also, several reports corroborated
that the DENV genotype classification is based on less than 6 % of nucleotide deviation
within a selected genomic region (180). Results showed that prevalent DENV circulating
serotypes observed during this study period were also prevalent in their subtypes i.e. same
genotype of prevalent serotype was observed. DENV-2, genotype Il; DENV-3, genotype
Il and DENV-4 genotype-I were the prevalent subtypes in circulation (Figure 25). Indian
strains from Madurai, Pune and Bangalore showed > 90 % similarity with genotype | of
DENV-4 whereas strains from Delhi, Madhya Pradesh and Tamil Nadu showed > 90 %
similarity with genotype 111 of DENV-3 isolated in this study. Previous dengue serotyping
and genotyping study in the Indian Council of Medical Research-National Institute of
Virology (ICMR-NIV) in 2018 encompassing 21 Virus Research and Diagnostic
Laboratory (VRDLSs) from across India also reported DENV-3 genotype |1l and DENV-4
genotype | as prevalent circulating strain in India (181). Optimal virulence is higher in
epidemiological contexts where only one serotype is circulating. Dengue is hyperendemic

(4 serotypes circulating) in nature and therefore, the transition from two circulating
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serotypes to hyper-endemism selects for more virulent viral strains. This may be relevant
for understanding observed genotype replacement dynamics in areas with increasing
dengue serotype circulation. The recurring dengue occurrences in West Bengal emphasize
the necessity of dengue serotyping and genotyping studies. These studies are crucial for
understanding serotype distribution, epidemiological insights and public health
interventions. Furthermore, serotype and genotype-based molecular surveillance of DENV
is required to explore and understand pathogenicity and clinical manifestations associated
with dengue. The level of serotype and genotype diversity indicates the sustainability and
adaptability of the virus in the population. A change in the pattern of serotype and genotype
is being noticed in West Bengal, specifically, the presidency province with significant
pathogenic diversities. This indicates the increased fitness of circulating viral strains due to
changing environmental conditions and the inhabitant’s immunity. Hence, the diversity
of different dengue serotypes and their subtype, the competence of the dengue
vectors and their anthropophilic physiognomies, coupled with the muddled and
hazardous urbanization and suburbanization pattern of developing countries,
mostly located in tropical and subtropical zones, make the management of this

arbovirus infection very challenging and complex.

Clinicopathological alterations of symptoms and severe dengue clinical

biomolecules

The global incidence of dengue has grown dramatically in recent decades with no specific
available treatment, but early detection and access to proper clinical management lower the
fatality rates below 1% (35). Identification of the circulating serotype is added value in

managing the consequences of secondary infection and correlating the disease severity with
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the dengue serotype as observed by Kalyanarooj S. et. al. in 2011 (182). In this study,
DENV-2 was observed as a major circulating serotype (Figure 24). The main deceptive
illness in this study population was gastrointestinal complications such as vomiting
observed in 64.02%, abdominal pain in 53.23%, and nausea in 52.51% of patients. Patients
with discerned hepatomegaly (33.81%), were observed with an enlargement of liver >2 cm
which may have occurred due to inflammation of liver cells by DENV infection. Recurrent
vomiting, diarrhoea, and ascites were observed in 25.89%, 19.42%, and 18.70%,
respectively (Figure 26), stating these symptoms are significantly increased than those
observed in the previous study (183). Upper respiratory tract complications were observed
in 20.86% of patients with respiratory distress in 19.42%, and pleural effusion in 15.82%
(Figure 26) which leads to the development of severe respiratory problems mainly in
severe patients DHF (with Grades | and Il complications) and DSS (with Grades Il and IV
complications), which correlates the previous finding that ultrasonography for pleural
effusion leads to determine disease severity and beneficial to patient management (184).
Constitutional complications with pyrexia in 92%, anorexia in 87.50%, headache in
38.84%, pain in the eyes in 8.63%, conjunctival congestion in 5.03% of patients, and no
retro-orbital pain (Figure 26) were observed in denial of the previous study where 60%
and 42% of patients showed headache and retro -orbital pain respectively (183). This study
also contradicts a previous study where 85% (182) and 33% (185) of patients presented
with fever during dengue infection. Musculoskeletal complications were observed in 41%
of patients in this study population mainly as body pain (39%) and joint pain (12%), which
contradicts previous studies where 81% and 84.5% of patients suffered from myalgia (185),
(186). Neurological complications were observed as a shock in 15.10%, restlessness in
13.66%, convulsion in 10.79% and arrhythmia in 7.19% (Figure 26). This study proposes

that changes in classical dengue symptoms may occur due to changes in circulating
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serotypes with genetic diversity. Various bleeding manifestations were observed in 38% (n
= 53) of dengue infected patients as shown in Figure 27. In DSS, the majority of patients
developed petechiae and hematemesis as major bleeding manifestations accompanied by
others; one patient developed petechiae with GI bleeding, one hematemesis with melena,
and the last two developed petechiae with hematemesis and melena but all of them
represented petechiae rash type. Petechiae being the major rash type, 88% of all bleeding
manifestations correlated with the findings of studies conducted by G.N. Malavige, 2006,
signifying it as a salient manifestation of DHF and DSS (186). Dengue infection is well
known to be associated with constitutional manifestations (187) but is also present in many
other infections. This study uniquely denotes a significantly higher frequency of
constitutional manifestations, the general feature of dengue infection with different
serotype infections (Table 8). Various serotypes of the dengue virus (DENV) have
common constitutional symptoms, including high fever, intense headache, retro-orbital
discomfort, myalgia, arthralgia, and rash. With varying serotype infections, however, these
signs might fluctuate greatly in terms of frequency and severity. Also, a notable increase in
gastrointestinal complications was observed with different serotypes. Among our
clinicopathological co-relation study population 71% of patients was infected with DENV-
2 (n=67). Also, among DENV-2 infected patient’s population 88% of patients observed
with major Gastrointestinal Complications (GIC). Patients infected with other dengue
serotypes also showed GIC but the percentage is significantly high in DENV-2 infected
patients in comparison to other serotypes. On the other hand, individuals with DENV-2
infection had a higher prevalence of gastrointestinal complications also corroborates with
a previous study from India by Kumaria et al. (188) which demonstrated that more GIC
mainly abdominal pain is associated with DENV-2 compared to Table 8 other serotypes.

Muscle cells are known to be involved in the production of proinflammatory cytokines
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(189), (190). Also, there are studies indicating a link between dengue infection and
musculoskeletal dysfunction by Salgado et al. (190) It was observed that MSC was present
in approximately 40% of individuals of all serotypes in this study (Table 8). A few
respiratory complications were also observed to be associated with dengue, mainly among
severe patients. In this study population, no particular serotype was observed to be
associated with bleeding manifestation. Hence, secondary dengue infection with any
serotype is a major factor behind the development of DHF/DSS. Thrombocytopenia
(platelet count <1,50,000/pl) is another persistent finding with dengue, most of the dengue-
infected patients admitted to the hospital had thrombocytopenia. The patient situation is
alarming when the platelet count is <1 00 000/ul, but it's considered to be serious below
40,000/ul. In this study, platelet count was significantly low in severe dengue patients.
Platelet transfusion and patient treatment outcomes are diverse because all platelet
transfused patients were not recovered or improvised (Table 9). This supports the previous
study of 106 pediatric patients in the severe dengue phase with thrombocytopenia and
coagulopathy, where no significant difference in the incidence of haemorrhage has been
observed between patients who received preventive platelet transfusions compared to those
who did not (191). Similar observations were made in other studies in various parts of India
by Ratageri et al. (192) and Jakribettu et al. (193). Hence, the correlation of platelet counts
with bleeding manifestation or with disease severity observed in patients was also observed
previously in different studies (194), (195) The major factor behind depleted platelets are
DENV-induced bone marrow hypoplasia. Significant platelet destruction occurs due to
platelet disseminated intravascular coagulation, functional disruption of these cells is also
associated with increased apoptosis by the complement system and through the
involvement of antiplatelet antibodies (196). The regression models of dengue patients

obtained from this study have high sensitivity. The area under the curve (AUC) of the ROC
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evaluates the model's ability to classify the status of the model in the association of disease.
The best-case ROC would look like a 90° angle and the AUC value of the best-fitting model
of the ROC curve is 1 (197). The AUC value for our regression models was estimated as
0.9888 for ROC 1 and 0.9064 for ROC 2 (Figures 29.a and 29.b). In the acute and febrile
phases, dengue patients suffered from more clinical manifestation as shown in relevance to
serotype positivity. A combination of clinicopathological manifestations was more
informative than the individual symptoms. More work is needed on the algorithm of
dengue-associated laboratory results as the independent variable, which will improve the
sensitivity of the model. A model with high accuracy will help in the initial step of dengue
evaluation and will also reduce the misdiagnosis of DF. This type of predictive and
regression model will help in making a down-turn decision tree to analyze the need to
perform an additional examination or laboratory tests for patient management. As per the
WHO definition, a significant decrease of serum albumin >0.5 g/dl from baseline or <3.5
g/dl is indirect evidence of plasma leakage (198). Low TP and albumin were noticed in
most of the severe dengue cases and approached their alarming lower limit with progression
of disease severity. Albumin and TP depleted severely in dengue patients with Grades 111
and 1V complications (Figure 28). DF patients also showed hypoalbuminemia but their
value was not depleted beyond the lower limit. However, there are reports of low albumin
levels (<3.5 g/dl) in patients with DF and DHF (199). The hypothesis behind the
mechanism of increased protein excretion in urine is that during DENV infection the
endothelial cells of glycocalyx are disrupted either by the direct action of the virus or by
the NS1 antigen causing plasma leakage (196), (199). Usually, high values of albumin
reflect the integrity of the vascular endothelium; however, albumin levels less than 3 g/dl
may be an early indicator of vascular permeability alteration. Therefore, the degree of

hypoalbuminemia and proteinuria can act as a predictor to detect plasma leakage as well as
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the degree of disease severity from DHF (complications Grades I, Il) to DSS (complications
Grades I11, IV). The liver is one of the main organs involved in dengue infection (200). The
range of liver dysfunction in dengue may vary from mild damage with an elevation of liver
enzymes to severe damage like jaundice. In children, the aminotransferase levels of more
than 10 times indicated that the children are at higher risk of hepatic involvement during
infection, with the possibility of developing hepatic encephalopathy (200). In this study,
AST and ALT values were high in classical dengue infection and more than 10 times higher
in severe dengue cases, with the highest value of 1056 U/L of ALT in DSS patients on the
10th day after the onset of fever (at the time of death) (Figure 28). Hepatic dysfunction
during dengue infection in children was reported in various studies (201). This type of
abnormal liver profile parameters may give rise to jaundice and fulminant hepatitis-like
situations during or post-dengue infection. Liver involvement happened through an
inflammatory process in the parenchyma and was provoked directly or indirectly by the
DENV, reducing the diameter of the lumen biliary canaliculi and causing an obstruction.
ALT and AST may act as important markers to evaluate and monitor the severity of this
infection because the elevation of transaminases is common in severe dengue patients along

with liver enlargement.

Proteomic-based approach for identification of protein biomolecules and validation

of panel of biomolecules

Dengue virus infection pathophysiology involves a complex molecular network between
the host and the dengue viral protein. Due to these interactions, the clinical symptoms of
dengue fever vary, from mild dengue fever to severe complications to even death with grade

11 and IV complications (152). Therefore, the identification and validation of new
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biomolecules in search of diagnostic and predictive indicators of severe dengue are
essential. In this study, we investigated alterations in serum proteome during different
phases of dengue fever and identified changes in the expressions of multiple proteins. As
only 1 to 2% of dengue-infected patients develop its severe form and hence, the search for
phase-specific severe dengue patients is very challenging (128). There are several earlier
reports on plasma and serum profiling of dengue fever patients from different parts of the
world (202), (203), (204). To the best of our knowledge, this study reports the first dengue
phase-specific comprehensive analysis of plasma protein alterations in dengue-infected
patients. In comparison to previously reported proteomic studies, we have also reported a
greater number of differentially expressed plasma proteins in dengue patients and
performed their functional pathway analysis for a better understanding of their biological
context with dengue pathogenicity. Dengue fever cases have surged by 30-fold in the last
50 years (13). Only 1-2% of dengue-infected patients develop severe dengue (205), which
is associated with a high risk of mortality and the critical phase develops after defervesence,
the chase for critical dengue patients is a real tussle. The search for reliable biomolecules
associated with severe dengue is crucial for understanding and managing the life-
threatening disease, as they have emerged as valuable tools for predicting and monitoring

its progression.

DENV-2 is a prevalent serotype in India, co-circulating with the other three serotypes
(206), prompting a proteomics study on patients infected with this serotype. Nano
LC/Orbitrap MS-based protein annotation approach was used initially to have a holistic
idea about the protein composition at different stages of dengue fever. Patients in acute
phase category were suffered from the acute stage of dengue fever, which is marked by a
high body temperature, intense headache, discomfort behind the eyes, aches in the joints

and muscles, rash, and light bleeding. Various proteins implicated in the inflammatory
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response, immunological activation, and viral replication are expected to be enhanced
during this phase when the immune system is actively reacting to the viral infection.
Patients in critical phase were at more advanced stage of dengue fever known as the critical
phase. Major clinical complications such as platelet drop, plasma leakage, haemorrhage
organ dysfunction, etc. were observed during this phase by our clinical collaborators.
Healthy individuals without any current or past dengue infection were used as a control
group for baseline comparison of protein expression. The proteomic profile of healthy
controls is essential for identifying changes specific to dengue infection and its phases. By
comparing the protein expression levels between healthy controls and dengue-infected
patients we can discern disease-specific proteomic alterations, enhancing the understanding
of dengue pathogenesis and aiding in the development of diagnostic and therapeutic
strategies. In qualitative MS analysis, 6000 proteins from acute phase patient’s samples,
5000 proteins from critical phase patient’s samples and 4300 proteins from healthy control
individuals were identified respectively. Various biological processes and pathways were
enriched with these proteins (Figure 31). Most of these proteins were common throughout
all the categories, but a subsection of the identified unique proteins might be helpful to
understand the transition from dengue fever (DF) to its severe, life-threatening form. To
address this query, SWATH-MS was utilized, which revealed differential expressions of
unique proteins in different phases of dengue fever. The differentially expressed proteins
belong to a category of Apoliproteins, clotting factors, immune activating, microtubule-
associated, Coagulation factors, Complement, and extra-cellular matrix proteins found to
be upregulated and downregulated as mentioned earlier in the results. The pathway analysis
of these proteins might determine the fate of a particular DF towards a more severe form.
In Figures 33, 34 and 35, PANTHER and KEGG databases highlighted multiple proteins

found to be associated with the pathophysiology of severe dengue.
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The approach of this study is unique starting from patient recruitments i.e. dengue phase-
specific and at two time points from each phase. Also, this study has combined various
protein identification and validation techniques in search of potential biomolecules for
predicting severe dengue and observed viral protein interaction with top validated
biomolecules. Quantitative proteomics is a powerful approach used in the field of
biomedical research to study changes in protein expression levels and identify potential
biomolecules associated with various diseases (207), (208) including severe dengue. These
differentially expressed groups of proteins may be predicting factors for dengue severity.
A recent group of studies suggested the role of an array of apolipoproteins in Dengue
pathophysiology. We too, observed a group of apolipoproteins in this study to be
deregulated during dengue pathogenesis. Li et. al, reported the association of Apo Al with
dengue viral particles and cell receptor SR-BI to promote entry of the dengue virus inside
host cells (209). Our SWATH-MS data demonstrated the differential expressions of Apo
Al, All, AlV, B, CI, CII, CllI, D, E, M and L1. Using Western blot analysis, we have
validated significantly downregulated expressions of Apo Al, All and AlV in the dengue-
infected patients recruited in our experiment (Figure 43). Transferrin protein was used as
a housekeeping control gene for the Western blot experiment and target protein expressions
were normalized with Transferrin. In Western blotting, gene normalization using
transferrin is an essential method for precise protein quantification. The glycoprotein
transferrin, which is involved in the transport of iron, is frequently employed as a
housekeeping protein because of its consistent expression across a range of cell types and
experimental settings. To compare the relative intensities of the target protein and
transferrin, both have been detected on the same membrane throughout this normalization
step. Since the interaction of SR-BI to Apo Al is known to be crucial for facilitating the

entry of the DENV particles inside host cells (210), these downregulated expressions of
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Apo Al, All and AIV might be a compensatory effect exerted by the host cells upon DENV
infection (209). Apolipoproteins play a vital role in the dengue virus entry and replication
process. Dengue virus manipulates lipid raft integrity and utilizes cholesterol component
and apolipoprotein for virus internalization LDLr (Low Density Lipoprotein Receptors)
and SR-B1 (Scavenger Receptor B1) receptors (209), (210). We believe that the synergistic
effects of all the apolipoproteins are an important avenue in dengue pathogenesis. Increased
vascular permeability, resulting in plasma leakage and hemorrhagic tendency, is a hallmark
of dengue hemorrhagic fever (DHF) and subsequent shock (211). Interestingly, direct
infection of endothelial cells with DENV particles that might result in the death of these
cells has not been well documented. Rather, elevated levels of capillary filtration (resulting
in higher extracellular water) were observed in DHF patients as compared to healthy
controls or DF patients (212), (213). Although infection of endothelial cells and death of
patients is not reported in severe dengue but many reports on the activation of endothelial
cells during DENV infection are available (214), (215). These are manifested by the
elevation of several biomolecules, including soluble vascular cell adhesion molecules
(sVCAM-1) and soluble intercellular adhesion molecule 1 (SICAM-1), especially in severe
cases (216). As observed from SWATH-MS data, both Cadherin-13 and E-Cadherin were
downregulated and VCAM-1 was upregulated in the later phase of dengue as compared to
the control. We validated a similar pattern of expression of E-Cadherin (Figure 43) in
dengue samples using Western blot analysis. Also, elevated levels of VEGF and FGFR
were observed in critical dengue patients in comparison to control samples (Figure 43).
The increased production of VEGF during DHF leads to a transcellular gap and fenestration
formation of vesicles (216). These morphological changes in endothelium might lead to
increased vascular permeability. FGFR reciprocally affects viral replication and infectivity,

Inhibition of FGFR4 decreases replication and increases specific infectivity of virions, an
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increase in specific infectivity is linked to enhanced proteolytic cleavage of prM and hence
associated with severe dengue. IRF3 and IFN-y were observed as significantly high in
critical dengue patients in SWATH-MS analysis and validated in Figure 43. In another
study using loss-of-function approaches for various molecules, it was demonstrated that the
IRF-3-associated pathway predominantly utilizes IFN-y and, to a lesser degree type I IFNs
to stimulate interleukin production (217). Dengue-induced thrombocytopenia and
endothelial dysfunction are associated with an imbalance in angiopoietin-2: angiopoietin-
1 plasma levels. Angl is required for protecting against endothelial hyper-permeability. In

this study, Angl was found to be down-regulated during dengue infection (218), (219).

Endothelial cell activation might also lead to changes in the coagulation state of patients
(220). In corroboration to this, we have observed differential expression patterns of an array
of proteins involved in the blood coagulation cascade, viz., Factor VII, IX, X1, XII, XIII,
Heparin cofactor, Fibrinogen o and B, from our SWATH-MS data. Effects of DENV on the
host coagulation cascade are highly complex. Alterations in the coagulation system,
specifically clotting factors and fibrinolytic system, have been observed to contribute to the
pathogenesis of DHF previously (221). Studies suggest that dengue infection may trigger
the activation of the complement system, potentially enhancing the inflammatory response
(222). The extracellular matrix (ECM) is crucial for tissue and organ structural integrity,
and alterations in its composition can lead to severe dengue (221). Endothelial dysfunction
and vascular permeability are significant processes in dengue virus pathogenesis that
contribute to the successful dissemination of DENV, immune cell migration, and the
release of soluble compounds from the blood to the tissue stroma, hence increasing disease
severity (141). In this doctoral study, we have focused on proteins associated with vascular
endothelium dysfunction. Therefore, angiogenesis and cytokine protein arrays have been

selected to cover the broad range of proteins belonging to these groups (Figure 41). Protein
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arrays allow the simultaneous analysis of multiple proteins in a single experiment, making
it a powerful tool for high-throughput screening. Elevated levels of angiogenesis proteins
in severe dengue cases observed in this protein array, suggest their potential role in the
increased vascular permeability which is associated with severe manifestations. Whereas,
cytokines are essential in dengue immune response, leading to a "cytokine storm™ in severe
cases. This dysregulated immune response contributes to severe dengue symptoms like
dengue haemorrhagic fever and dengue shock syndrome. The cytokine storm in severe
dengue is characterized by an imbalance in pro-inflammatory and anti-inflammatory
responses, leading to vascular leakage, plasma loss, and, in some cases, shock (137). From
both experiments, a panel of significant proteins was selected for validation purposes as
mentioned earlier. While quantitative proteomic and protein arrays can identify potential
biomolecules, RT-PCR and ELISA serve as validation methods in this study. Real-time
PCR quantified mRNA levels, compares across samples, and confirms that protein
expression changes correlates with gene expression of selected proteins (Figure 46).
However, it’s beneficial to combine RT-PCR with other validation methods, due to its
limitation such as potential variations in RNA quality, and the requirement for careful assay
design. Hence for large-scale robust validation of our best six proteins, we have chosen the
ELISA method. Six sets of proteins chosen for validation by this method include
Fibronectin, Periostin, Serpin E1, PTX3, IGF2, and LBP (Figure 47.a to 47.f). As predicted
from Real Time PCR results, phase-specific changes in these proteins observed in ELISA

results and directly associated with severe dengue pathogenesis.

Starting from PTX3 (Pentraxin 3), a gene associated with the immune response, particularly
in the context of inflammation and infections. PTX3 is an essential component of the innate
immune system and may be involved in recognizing and responding to dengue virus

infections (223). It is part of the body's defence mechanism against the virus. This study
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aims to determine, pentraxin 3 level with different phases of dengue fever to assess its
potential usefulness as a prognostic tool. Our data show that pentraxin 3 is persistently
elevated with disease severity in comparison to non-severe dengue patients. The magnitude
of the increase in pentraxin 3 levels varied from more than 10-fold in patients suffering
from dengue fevert with/without warning signs (Acute Phase) to as much as 80-fold in
dengue fevert with warning signs (critical phase). This is hypothesised that this protein
plays an important role in the early phases of inflammation by recognising microbial
moieties, activating the classical complement system, and improving detection by
macrophages and dendritic cells (224). PTX3 modulates the innate immune response by
helping to opsonize and remove apoptotic or necrotic cells (223). Hence, PTX3 correlate
with the severity of dengue fever and can act as a prognostic marker during the onset of
vascular inflammation to track the transition of dengue fever to severe dengue. Fibronectin
is a glycoprotein involved in cell adhesion and migration. It plays a role in the extracellular
matrix and wound healing (225). In the context of dengue, fibronectin doesn't directly relate
to the virus itself but might be involved in the host's response to infection or tissue repair
due to the inflammatory nature of dengue.

POST (Periostin) protein plays a crucial role in tissue development and repair, particularly
in connective tissues (226). While the specific relationship between the POSTN gene and
dengue virus is not as extensively studied as other genes, this study observed that periostin
could be involved in the host's response to severe dengue infection. In many viral
infections, various genes related to tissue repair and inflammation are activated as part of
the host's defence mechanisms. This gene encodes a secreted extracellular matrix protein
that functions in tissue development and regeneration, including wound healing, and

ventricular remodelling following myocardial infarction (226).
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LBP (Lipopolysaccharide binding protein) is a part of the innate immune system that plays
arole in recognizing and responding to infections. Lipopolysaccharide is a crucial immune
stimulant that activates the innate immune system through a membrane-bound CD14/Toll-
like receptor 4 complex. LBP and sCD14 influence the systemic response to LPS release
in circulation, with LBP synthesized by the liver to accelerate LPS transfer (227). However,
during severe dengue infections, the virus can lead to an extreme immune response, leading
to multiple-fold overexpression of this protein.

Among critical dengue patients, the Serpin gene was highly upregulated. Serpins, or serine
protease inhibitors, are a family of proteins that regulate the activity of proteases, enzymes
involved in various biological processes such as fibrinolysis and cell migration inhibition
(228). Serpins can modulate inflammation and influence the immune response to the virus
affecting aspects like inflammation, tissue damage and activation of immune cells. As
reported earlier the increased level of serpinel is associated with dengue hemorrhagic fever
which leads to thrombocytopenia, plasma leakage and coagulation abnormalities in
children (161), (229).

IGFBP2 (Insulin-Like Growth Factors Binding Protein 2) is involved in regulating the
activity of insulin-like growth factors (IGFs) in the body. Dengue primarily affects the
immune system, and the focus of the study has been on various immune-related genes and
proteins. IGFBP2 could indirectly influence the response to dengue infection through its
role in regulating cell growth and differentiation, more research is needed to understand its
precise involvement in the context of dengue. The ROC curve, and AUC value of candidate
proteins was more than 0.500, suggesting a great ROC model of selected proteins(168),
(230).

Biomolecules validated in this study were observed to be significantly interacting with

dengue virus NS1 protein in protein-protein docking (Figure 48). Thus, the structural
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analogue of biomolecules validated in this study might have the potential to halt
pathogenesis caused by dengue virus NS1 protein. The NS1 protein plays a crucial role in
the pathogenesis of the dengue virus, contributing to various aspects of severe dengue
transition (231), (232). Till now, no molecule has been identified or validated as a dengue
biomolecule among the many substances produced and released into the host blood during
DENV infection. The exact mechanisms of dengue virus interaction with ECM
(extracellular matrix) proteins and their contribution to dengue pathogenesis are still under
active research. Given the importance of knowing aetiology, this study is the need of an
hour.

The functional interaction between proteins plays a crucial role in understanding cellular
processes and functions. K-means clustering is a widely used method in bioinformatics to
analyse protein-protein interactions, and the STRING database serves as a valuable
resource for this purpose (233). In the context of protein interactions, K-means clustering
in the STRING database enables the grouping of proteins based on similarities in their
interaction patterns (Figure 49). This clustering method helps to identify functional
modules and potential protein complexes within the cellular network (234). By applying
K-means clustering we can uncover meaningful insights into the organization and
regulation of cellular processes. This approach aids in the identification of key proteins that
may serve as hubs or connectors within biological networks, shedding light on the intricate
relationships and signalling pathways that underlie various physiological and pathological
conditions. Ultimately, the integration of K-means clustering with the extensive protein
interaction data available in the STRING database enhances our understanding of the
complex web of interactions that govern cellular function. Among these hub genes based
on all results a gene trifecta of Serpin, PTX3 and IGFBP2 combination might have great

importance towards predicting severe dengue and can act as a point of care biomolecules
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with further research and clinical validations. NO is synthesized by endothelial cells
through the action of endothelial nitric oxide synthase (eNOS). In severe dengue, several
factors contribute to the depletion of NO (235), (236). Severe dengue is associated with
heightened oxidative stress, which can inactivate NO. Reactive oxygen species (ROS)
produced during the inflammatory response react with NO to form peroxynitrite, a reactive
nitrogen species that further damages endothelial cells and depletes NO levels. The elevated
levels of pro-inflammatory cytokines can downregulate eNOS expression and activity,
leading to reduced NO production. Additionally, these cytokines can promote the
expression of inducible nitric oxide synthase (iNOS) in immune cells, leading to the
production of large amounts of NO, which can paradoxically contribute to oxidative stress
and endothelial damage (235), (236). During severe dengue activated platelets release
substances that can impair endothelial function and NO production. As the NO is a potent
vasodilator and its depletion leads to unopposed vasoconstriction, increasing vascular
resistance and contributing to impaired tissue perfusion and organ dysfunction. NO helps
maintain the integrity of the endothelial barrier. Its depletion exacerbates endothelial
dysfunction and promotes plasma leakage, leading to edema, ascites, and pleural effusion.
Reduced NO levels can lead to increased platelet aggregation, thrombosis, and
disseminated intravascular coagulation (DIC), complicating severe dengue, further
damaging endothelial cells and perpetuating a cycle of inflammation and endothelial
dysfunction (235), (236). Thus, the direct interaction of validated biomolecules of this study
with NO depicting an underlying role of them in NO depletion during severe dengue.

The study validated biomolecules in severe dengue, revealing their diagnostic and
prognostic importance. These biomolecules can differentiate severe dengue patients from

milder ones, aiding in risk stratification and guiding treatment interventions.
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Conclusion and future prospects

This five-year doctoral study encompasses the multifactorial approach to the
pathophysiology of severe dengue to combat the battle against it. Among the first two
objectives, the circulatory pattern of dengue serotypes, subtypes and clinicopathological
changes has been established. Whereas in next two objective protein biomolecules
associated with severe dengue were identified and validated. This study uniquely
converged the virus and host factors in the etiologic mechanism of severe dengue. The
epidemiological part of this study showed DENV-2 as a predominant etiological serotype
followed by DENV-3. The dengue-associated spectrum of clinical manifestations seems to
be changing over the period. Different serotypes have been linked to various clinical
outcomes. Knowledge of circulating strains can help with patient management and
treatment techniques. Dengue serotypes play a key role in the disease spectrum and dengue
resurgence. Therefore, serotype-based studies are needed for better reflection of dengue
virus virulence. The goal of developing a regression logistic model is to determine the
sensitivity and specificity of dengue-associated clinical symptoms to provide preliminary
data in the approach towards making a decision tree in the clinical management of dengue
fever. A predictive and sensitive model at the initial step of patient evaluation can help in
the clinical management of dengue cases and DF-associated morbidity and mortality. In
inference, serotyping and genotyping of dengue virus are indispensable tools for
understanding the epidemiology, improving clinical management, guiding vaccine
development and informing public health strategies. Future advancements in diagnostic
technologies, data integration and global collaboration will enhance our ability to combat

dengue and reduce its global burden.
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Next, the proteomics-based part of this study identifies changes in protein expression levels
during different phases of dengue fever. This study reveals apo-lipoproteins associated with
severe dengue pathogenesis via enhancing viral entry and replication, while cytokines and
endothelial proteins are associated with vascular dysfunction and viral pathogenesis. These
biomarkers have provided insights into the mechanisms underlying severe dengue,
including immune dysregulation, endothelial dysfunction and coagulopathy. Identification
and monitoring of biomolecules in severe dengue cases are of paramount importance for
early diagnosis and patient management. A combination of clinical parameters and
significant biomolecules can aid in risk stratification and guide appropriate interventions.
Our study highlights the potential of quantitative proteomics in unravelling biomolecules
associated with severe dengue. The identified biomolecules panel holds promise for
improving diagnostic accuracy, risk stratification and therapeutic interventions in severe
dengue patients. This phase-specific (acute, intermediate/critical and recovery/death) study
uniquely helps in developing signature molecular profiles for early prognosis of severe
dengue enabling the creation of personalized therapies and interventions. Further research
is needed to validate the utility of these biomolecules and to fully exploit the clinical utility
of these candidate biomolecules, to translate them into practical applications that benefit
patients and public health efforts. Also, the findings suggest the development of a signature
molecular profile for early detection of severe dengue could lead to design drugs to halt the
transition from dengue fever to severe dengue. ldentified protein markers will improve
patient outcomes and inform strategies to control and prevent severe dengue morbidity and
mortality. Developing and validating biomarker-based diagnostic kits and prognostic tools
for use in clinical settings, ensuring they are accessible, especially in resource-limited
regions where dengue is prevalent, a major future prospect of this proteomic based

biomolecule study. Also, to explore the potential of biomarker-guided therapies, including
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targeted treatments and immunomodulatory approaches, to improve patient outcomes. By
encouraging national and international collaborations to standardize biomarker research
protocols, share data and enhance the overall impact of research efforts on a global scale,

we can fight against dengue and severe dengue in the near future.
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Raina Das, Shreyashi Nath, Shanta Dutta and Provash Chandra Sadhukhan. “Trends
in serotypes shift of Dengue virus and its outbreak in West Bengal, India” 15th
International Conference of Medical Anthropology - Control of Malaria and other
Vector-borne & Zoonotic Diseases: -Challenges and Opportunities in
Implementation Research 12-14 December 2022, Osmania University

5. Priya Verma, Kamalika Roy Choudhury, Anwesha Ghosh, Upasana Baskey,
Supradip Dutta, Sagnik Bakshi, Raina Das, Shreyshi Nath, Shanta Dutta and Provash
Chandra Sadhukhan. “Diarrhoea and Gastrointestinal complications are associated
with dengue virus infection: A proteomics approach to understanding their patterns
and causes” 16th Asian Conference on Diarrhoeal Disease and Nutrition (ASCODD-
2022) November 11-13, 2022, Kolkata, India

6. Priya Verma, Upasana Baskey, Supradip Dutta, Sagnik Bakshi, Raina Das,
Promisree Chowdhury, Aritra Biswas, Shanta Dutta and Provash Chandra
Sadhukhan. Rapid Change of Dengue Virus Serotypes in West Bengal over Last 4
Years (2015-2018). 6™ Molecular Virology Meeting 2019 (1IT-KGP)

7. Priya Verma, Upasana Baskey, Supradip Dutta, Sagnik Bakshi, Raina Das,
Promisree Chowdhury, Ronita Dey, Shanta Dutta and Provash Chandra Sadhukhan.
Changing trends of clinical manifestation of dengue have a co-relation with dengue
serotype. 8" CME Society of tropical medicine and infectious disease in India,
Kolkata
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10.

11.

12.

13.

14.

15.

Sagnik Bakshi, Supradip Dutta, Raina Das, Priya Verma, Upasana Baskey,
Promisree Chowdhury, Aritra Biswas, Shanta Dutta and Provash Chandra
Sadhukhan Hepatitis C Virus Drug Resistance is not Uncommon in Eastern
India. 6™ Molecular Virology Meeting 2019 (I1T-KGP)

Upasana Baskey, Supradip Dutta, Promisree Chowdhury, Priya Verma, Sagnik
Bakshi, Raina Das, Aritra Biswas, Shanta Dutta and Provash Chandra
Sadhukhan. “Comparative Genomic Analyses of Hepatitis C Virus Infection in
Multi-Transfused Thalassemia Patients in West Bengal”. 6" Molecular
Virology Meeting 2019 (1IT-KGP)

Sagnik Bakshi, Supradip Dutta, Raina Das, Shreyashi Nath, Priya Verma,
Upasana Baskey, Shanta Dutta and Provash Chandra Sadhukhan. Unique HCV
genotype distribution pattern among two different high-risk groups (HRGS)
populations in West Bengal, India. 8" CME Society of tropical medicine and
infectious disease in India, Kolkata

Upasana Baskey, Supradip Dutta, Priya Verma, Aritra Biswas, Shanta Dutta
and Provash Chandra Sadhukhan. “Rapid Change of Dengue Virus Serotypes
in West Bengal over Last 3 Years (2015-2017)”. 7" CME Society of tropical
medicine and infectious disease in India, Kolkata

Priya Verma, Upasana Baskey, Kamalika Roy Choudhury, Raina Das, Shanta
Dutta, Provash Chandra Sadhukhan. “Liver Pays Dengue Toll in Body Along
with Wide Range of Gastrointestinal Complications Strongly Associated with
DENV Serotype 2 Infection in Children” DOI:
https://doi.org/10.1016/j.jceh.2021.10.123, Impact Factor: 1

Shreyasi Nath, Supradip Dutta, Raina Das, Sagnik Bakshi, Moumita Majumdar,
Priya Verma, Upasana Baskey, Anwesha Ghosh, Shanta Dutta, Provash
Chandra Sadhukhan, Molecular Epidemiology of Hepatitis C Virus Infection
and Evaluation of the Outcome of Direct Acting Antivirals Treatment in
Patients with Chronic Liver Disease in West Bengal, India, January 2023,
Journal of Clinical and  Experimental  Hepatology  13:S182,
DOI:10.1016/j.jceh.2023.07.040, Impact Factor: 1

Raina Das, Supradip Dutta, Sagnik Bakshi, Priya Verma, Upasana Baskey,
Shanta Dutta, Provash Chandra Sadhukhan. “Comparative Study on Genomic
Diversity of Hepatitis C Virus among High Risk Group (HRG) Individuals in
the North-Eastern State of Manipur, India”
DOl:https://doi.org/10.1016/j.jceh.2021.10.132, Impact Factor: 1

Raina Das, Shreyasi Nath, Supradip Dutta, Sagnik Bakshi, Moumita Majumdar,
Priya Verma, Upasana Baskey, Anwesha Ghosh, Shanta Dutta, Provash
Chandra Sadhukhan. Identifying mutations conferring resistance to Sofosbuvir
in DAA naive Genotype 3a isolates from HCV-infected patients in Kolkata,
West Bengal, January 2023Journal of Clinical and Experimental Hepatology
13:5182, DOI:10.1016/j.jceh.2023.07.040, Impact Factor: 1
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List of conferences, symposia, seminars, meetings, workshop
attended

10.

11.

12.

An intricate insight from proteins to pathogenesis: Unravelling key biomolecules
associated with severe dengue. 7th Molecular Virology Meeting, 2023, 11SC-
Bangalore

An octennial study on changing paradigm of dengue serotypes and their genotypes:
A GIS aided mapping of dengue hotspots in search of risk zones for secondary
dengue infection- Certificate of participation and 3™ prize in Turbo Talk oral
presentation

16" ASCODD, 2022 (ICMR-NICED): Certificate of participation and poster
presentation

28" Annual Scientific meeting of Indian National Association for Study of the Liver
(INASL): Certificate of participation and poster presentation

6" Molecular v_irology meeting 2019 (I1T-KGP): Certificate of participation and
poster presentation

8" CME Society of tropical medicine and infectious disease in India: Certificate of
participation and poster presentation

Monsoon Advanced Proteomics School (MAPS-hybrid mode) 2023, Novel sample
strategies, OMICS and Big data analysis towards Bio-Marker Discovery, July 25-
26, 2023, 1IT- Bombay: Certificate of participation

Vector control and vaccines for mosquito-borne diseases: Dengue, Chikungunya
and Zika, on Thursday, April 12, 2023: Certificate of participation

Workshop on MALDI-ToF/TOF and imaging: Certificate for participation in hands
on training on MALDI-ToF, 29" December, 2022, 11T- Khragpur: Certificate of
participation

Path breaking contribution of ICMR - NIV in fighting COVID-19”. Webinar at
1%t April 2021 at 4 PM: Certificate of participation

National Doctor’s Day celebration at ICMR-NICED. Virtual seminar on “COVID-
19: Changing scenario”. 1% July, 2021: Certificate of participation

Open Science: a multifaceted framework to improve science and health outcomes.
(ICMR-Elsevier: Publishing Workshop series. 2021). Webinar at October 29",
2021.
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13.

14.

15.

16.

17.

18.

19.

Observation of World Antimicrobial Awareness Week. November 18"-24™ 2021
at ICMR-NICED.

Climate Change and Assessment of Dengue Geography in India". Aug 12, 2021
ICMR-Elsevier: Trends in Global Virology. Webinar on November 19t 2021.
11" annual meeting on Proteomics Society of India (PSI- 2019): Certificate of
participation

Molbio- True lab hands-on training on real-time quantitative micro-PCR system:
Certificate of participation

Cross talk in biological sciences- From the concept of application (RMVC — Rahara,
Kolkata): Certificate of participation

7' CME Society of tropical medicine and infectious disease in India: Certificate of
participation
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