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Figure 3.20.  Validation of the newly developed assay using clinical samples. A) A graph
showed the logarithmic color intensity of the LFIA strip when using DSA
lectin, B) A receiver operating characteristic (ROC) curve analysis was
performed to evaluate the diagnostic accuracy of the newly developed point-
of-care assay using DSA lectin, C) A graph showed the logarithmic color
intensity of the LFIA strip when using MAA lectin, D) A receiver operating
characteristic (ROC) curve analysis was performed to evaluate the diagnostic
accuracy of the newly developed point-of-care assay using MAA lectin, E) A
graph showed the logarithmic color intensity of the LFIA strip when using
MASP-1 protein, F) A receiver operating characteristic (ROC) curve analysis
was performed to evaluate the diagnostic accuracy of the newly developed
point-of-care assay using MASP-1 protein, G) A graph showed the severity
scores of dengue patients as calculated by a nomogram, H) A receiver
operating characteristic (ROC) curve analysis was performed to evaluate the
diagnostic accuracy of the severity score of dengue patients as calculated by a
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Development of Point-of-Care Immunoassay System for rapid Diagnosis of

Severe Dengue

Abstract

Background: Dengue an arboviral infection, has recorded a dramatic increase in prevalence
in the past few decades. The majority of these cases are asymptomatic, with a minor fraction
of them resulting in mortality. Current assays cannot predict the severity of the infection due
to a lack of identifiable associated protein biomarkers. The absence of specific protein
biomarkers significantly hampers the early identification of individuals at high risk of
developing severe dengue. This can therefore result in inadequate or delayed interventions,
which could worsen the disease's progression and raise the chance of death. By focusing early
intervention efforts on high-risk people, healthcare providers may be able to lower the

prevalence of severe dengue fever and enhance patient outcomes.

Additionally, the availability and promptness of dengue diagnosis and severity evaluation
would be greatly improved by the founding of point-of-care diagnostic tools that incorporate
these novel biomarkers. These tests could be used in distant or resource-constrained
environments, where prompt and precise diagnosis is essential for efficient disease

management.

Aim: This research focuses on the identification, validation, and utilization of protein
biomarkers associated with dengue severity. This endeavor involves applying advanced
proteomic techniques to comprehensively analyze the protein profiles of dengue patients with
severe and nonsevere illnesses. By comparing the proteomic mode of severe and non-severe
cases, we aim to uncover differentially expressed proteins that could serve as potential
biomarkers for predicting disease progression. The ultimate goal of this research is to apply
these identified and validated biomarkers to develop a lateral flow immunoassay (LFIA) for
the rapid and accurate assessment of dengue severity. LFIA technology offers several
advantages, including its ease of use and cost-effectiveness, making it suitable for point-of-
care (PoC) applications. By incorporating the identified biomarkers into LFIA strips, we aim
to create a diagnostic tool that can provide clinicians with a rapid and reliable assessment of

dengue severity, causing timely and appropriate management decisions.

Methodology: To identify potential biomarkers associated with dengue severity, we employed

LC-MS/MS-based proteomic analysis on the protein profiles of patients with severe and non-
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severe dengue infections. The identified biomarkers were subsequently validated using
Western blotting and ELISA. Building upon these findings, we developed a lateral-flow-
immunoassay (LFIA) incorporating the validated biomarkers. The newly developed assay was
then evaluated using confirmed dengue samples to determine its sensitivity, specificity,
positive predictive value, and negative predictive value. The newly developed assay could
conclusively identify severe cases of infection.

Result: Proteomics analysis revealed 144 up-regulated and 89 down-regulated proteins
between severe and nonsevere dengue cases. MASP-1, VTN, and TSP-1 were selected for this
study due to their roles in the complement system and coagulation cascade, respectively. These
pathways are known to be dysregulated in severe dengue, suggesting their potential
involvement in disease pathogenesis. This research found that the levels of MASP-1 (Mannan
Associated Serine Protease-1), TSP-1(Thrombospondin-1), and VTN (Vitronectin) were
significantly altered in patients with severe dengue compared to those with non-severe
infections. The combination of TSP-1 and platelet counts was evaluated for their predictive
performance which showed almost 100% sensitivity and specificity and 1.000 for AUC (Area
Under Curve). Using lateral flow immunoassay (LFIA), these biomarkers (MASP-1 and VTN)
could effectively differentiate between severe and mild cases of dengue. This suggests that a
combination of TSP-1 with platelet and LFIA-based testing of MASP-1 and Lectin-based LFIA
with VTN could be a valuable tool for early identification of patients at risk of severe dengue

and inform timely clinical management.

Conclusion: This study leveraged proteomics to conduct a comprehensive analysis of proteins
on a large scale. A significant breakthrough was achieved by combining TSP-1 with platelet
counts using CombiROC and developing a point-of-care immunoassay utilizing the identified
biomarkers MASP-1 and VTN. The newly developed assay, successfully employed gold and
silver nanoparticles as probes, which can differentiate between severe and non-severe dengue
cases. This combination of TSP-1 with platelet counts and the point-of-care test using MASP-
1 and VTN offers promising potential for rapid and convenient dengue severity detection in

clinical settings.

Keywords: Dengue fever, LC-MS/MS, Lateral flow immunoassay (LFIA), Mannan-binding
lectin-associated serine protease-1(MASP-1), Thrombospondin-1 (TSP-1), Vitronectin (VTN),

Complement pathway.
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CHAPTER -1

Introduction

1.1. Dengue

In the tropics and subtropics area, dengue viral infections are more frequent. Due to its
worldwide distribution in more than 100 countries and the potential for large-scale outbreaks
of potentially fatal disease, at present, dengue virus stands as the most prominent virus carried
by arthropods. Dengue fever is currently the most significant arthropod-borne viral disease.
The vectors are primarily Aedes aegypti, and Aedes albopictus [1], responsible for the
transmission of dengue infection. A member of the genus Flavivirus and family Flaviviridae is
the dengue virus (DENV). The dengue virus (DENV), a member of the Flaviviridae family and
genus Flavivirus, is the reason behind dengue infection [2]. It contains a single-stranded
positive-sense ribonucleic acid. Any one of the four viruses known as DENV- (1,2,3 &4),
which have a serological connection, can cause dengue infections. Another serotype, DENV-
5, was identified in October 2013 in the Malaysian state of Sarawak. It largely has a sylvatic
non-human transmission cycle, which results in a milder version of the disease. The electron-
dense core of mature DENV particles, which have a diameter of 500 nm, is encased in a lipid
bi-layer, into which two transmembrane viral proteins are inserted to create a glycoprotein shell
[3]. The envelope (E) and membrane protein (prM/M) are present in 180 copies within the
clearly defined glycoprotein shell. At least 10 mature proteins are produced by the co- and post-
translational cleavage of the viral polyprotein. Three structural proteins (capsid, prM, and E)
are encoded at the polyprotein's N-terminus, and the remaining seven NS proteins (NS1-NS2A-
NS2B-NS3-NS4A-NS4B-NS5) are encoded at the ORF. Host and viral proteases perform the
polyprotein maturation process. PrM, E, NS1, and NS4B's N-termini are cleaved by the host
signal peptidase at the ER lumen, whereas the majority of the other NS proteins and the capsid
protein's C-terminus are processed by the viral protease NS2B3 in the cytoplasm of infected
cells [4]. It has been discovered that NS1 (48-50 kDa) interacts with virus-induced vesicles
that are produced inside cells, secreted to the cell surface, or discharged into the circulation of
infected people [5]. A barrel-shaped structure with a diameter of about 10 nm and a height of
about 9 nm, it is composed of charged lipids such as phosphatidylcholine and
phosphatidylethanolamine as well as triglycerides, cholesterol, and trimers of SNS1 dimers [6].

Virus RNA synthesis and viral particle assembly have both been linked to the tiny hydrophobic



integral membrane protein NS2A (22 kDa) [7]. The NS2B-NS3 protease cleaves the NS2B
protein after translation, adding 130 residues to the final product. Three hydrophobic regions
that span the membrane are thought to make up NS2B. The 69 kDa NS3 protein performs a
variety of enzymatic functions that are crucial for the replication of viral genomic RNA,
including Nucleoside triphosphatase (NTPase), RNA helicase, and RNA nucleoside 5’
triphosphatase (RTPase) all facilitated by its C-terminal domain and processing of viral
polyproteins by protease N-terminal domain serine protease. Additionally, NS5 has terminal
transferase activity, which can obstruct in vitro tests that measure the NS5 protein's capacity to
copy RNA from a template [8].

1.2. History of Dengue disease

The origin of the name "dengue fever" is obscured in history. "Ka-dinga pepo™ (a seizure
similar to cramps brought on by a malevolent spirit) is the Kiswahili phrase from which the
English name "dengue” is derived [9]. The word "dengue” was eventually borrowed into West
Indian Spanish and eventually found its way into English. There is another explanation for the
name. The term "dengue” is derived from the Spanish word "fastidiousness™ or "affectation,”
which describes the mannerisms and stances of individuals afflicted with the illness, which

were supposed to mimic those of a dandy [10].

The West Indies is where the term "dengue" was originally used. There, it was referred to as
"dandy fever" because of the patients’ rigid posture and unwillingness to move. The extreme

pain in the joints and bones was sometimes referred to as "breakbone fever" [10].

The first historical record of a probable dengue fever case dates back to the Jin Dynasty (226-
420 CE) in China, which referred to a “Water poison” associated with flying insects. Through
trade and human mobility, it spread over the world, with notable outbreaks in the 18th century

in places like Cairo, Jakarta, and Philadelphia.

After 1828, the term "dengue” became commonly used, however, it's still not clear where the
name came from. It is thought that African slaves brought it to the West Indies, where it
subsequently dispersed to other areas. The disease, which still poses a serious threat to global

health, is commonly referred to as "dengue™ despite its ambiguous history.



1.3. Vector of Dengue infection

Female Aedes mosquitoes transmit the dengue virus to non-immune people by feeding on the
blood of an infected person, usually up to 5-12 days after the onset of symptoms, or the period
of viremia. The primary vector of dengue transmission, Aedes aegypti, is widely distributed in
tropical and subtropical regions worldwide [11,12]. Within seven days, the adult mosquito
emerges from its eggs, which are laid on damp surfaces somewhat above the waterline. If the
temperature drops, this could take several weeks. The mosquito's most significant survival trait
is its ability to survive for over a year in arid conditions and to reemerge in seven days when it
comes into touch with water. The virus can stay dormant in the egg for the same amount of

time before becoming active when it transforms into larvae.

Aedes albopictus is a mosquito that excels in temperate climates and is increasingly linked to
epidemics in numerous states and locations [13]. The usual life spans of Aedes aegypti and
Aedes albopictus are 30 days and 8 weeks, respectively, yet they may grow longer during the
rainy season. Aedes albopictus favors natural settings like tree holes, rubber containers, etc.,
while Aedes aegypti typically inhabits household waters and the home environment. All Aedes
mosquitoes bite between five and seven people at a time during the day (peak biting occurs
early in the morning and in the evening just before dusk). They can also fly up to a restricted
400 meters [14].

1.4. Host of Dengue infection

After evolving from mosquitoes, dengue viruses then adapted to non-human primates and then
to humans. They can all serve as dengue virus carriers and reservoirs. Human viremia
accumulates high viral titers two days before the development of fever (non-febrile) and
persists for 5-7 days following the start of fever (febrile). Only in these two-time frames does
the vector species become infected. Humans then serve as a dead-end host for the transmission.
Human susceptibility is influenced by both genetic predisposition and immunological
conditions [15-17]. Humans and monkeys are both amplifying hosts for the virus, which is

spread by mosquito eggs.

1.5. Environmental factors of Dengue infection:

The environment greatly affects the vectors' activity and transmissibility. The ideal conditions
for vector growth are 16-30°C and 60-80% relative humidity. Additionally, this causes the

extrinsic incubation period to shorten. The information above explains in detail why infections
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in Indian cities are becoming more prevalent after rains, which typically occur in late July and
early August. Vector transmission is only allowed to occur between sea level and 1000 feet
above sea level. By the year 2100, average global temperatures are expected to rise by 2.0 to
4.5 degrees Celsius due to global warming [18], which may have a noticeable influence on
vector-borne diseases [19]. On the other hand, a 2 °C rise in temperature will shorten the
extrinsic incubation period of DENV and extend the amount of infected mosquitoes that are
accessible. Apart from that, dehydration causes mosquitoes to bite more frequently, increasing

the amount of time that people spend in the company of mosquitoes [20].

1.6. Dengue Virus Transmission

A cycle of transmission from human to mosquito to human allows the dengue virus to spread.
A person often develops viremia, a condition in which there is a high level of the dengue virus
in the blood, four days after being bitten by an infected Aedes aegypti mosquito [21]. An
essential mechanism, the ubiquitin-proteasome, plays a crucial role in controlling the
transmission of infectious DENV via vectors [22]. While the DENV is being transmitted to the
host, the salivary glands get infected and virions are released into the host's saliva [23]. For the
propagation of four DENV serotypes into the host, blood cells and plasma are crucial media.
After the dengue virus attaches to the target cell through contact between multiple cell surface
receptors and the viral envelope (E) protein, the person becomes infected with DENV. All
categorized serotypes interact with the mannose, heparan sulfate, nL.c4Cer, and DCSIGN/L-
SIGN receptors in mammalian cells. After receptor-mediated endocytosis, DENV virion fuses
with acidic lysosomes, and its genomic RNA (11000 bases positive-sense, a single-stranded
RNA) is released into the cytoplasm. After that, it is translated into polyproteins of 3400 amino
acids which are further cleaved into 3 structural (Capsid: C, Envelop: E and Membrane: M)
and 7 non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) [24].

During DENV replication, host components, viral proteins, and genomic RNA are all
incorporated by a membrane-bound replication complex assembly. In this instance, positive-
strand (+) DENV genomic RNA serves as a template to create complementary negative-strand
() RNA, which is sequentially employed to produce numerous (+) RNA genomes available
for translation and replication cycle regulation or packaging into virions [25]. Although DENV
itself encodes RNA-dependent RNA polymerases, other cellular factors catalyze this virus'

infection cycle. The presence of DENV genomic RNA in the salivary glands of Aedes aegypti,



as demonstrated by Raquin and Lambrechts, suggests that DENV is actively replicating in its
vector before transmission [26].

1.7. Immune Response to Dengue Infection

The immune system possesses more defenses to combat the dengue virus. Human Langerhans
cells and dermal/interstitial dendritic cells are first infected by DENV. These cells then move
to lymph nodes where they present viral antigens to T cells, triggering humoral and cellular
immune responses [27]. Small proteins known as interferons, which belong to a broad class of
proteins known as cytokines, are produced and released by infected cells. Interferons activate
both the innate and adaptive immune systems and can obstruct the reproduction of viruses.
They assist in identifying dengue-infected cells by the immune system and aid in preventing
infection of uninfected cells. Tumor necrosis factor, platelet-activating factor, interleukin-1a,
interleukin-1p, and interleukin-6 are all produced by the infected monocytes and macrophages.
All these factors along with complement proteins like C3a, C3b, and histamine protein correlate
with the severity of dengue infection, playing a role in plasma leakage, and increased vascular
permeability which are hallmarks of severe dengue infection [28]. In response to the dengue
infection, B cells generate IgM and IgG antibodies, which are then released into the
bloodstream and lymphatic fluid. These antibodies are specifically designed to identify and
neutralize dengue viral particles, predominantly directed against the E and M glycoproteins of
DENV are produced to develop acquired immunity to the infecting serotype. The initial
encounter with DENV infection, referred to as primary infection, is distinguished by a gradual
and low-titer antibody reaction. Antibodies of immunoglobulin M (IgM) are the first to emerge.
After the fever starts, IgM antibodies start to show up within 5 days, peak two weeks later, and
then gradually drop to undetectable levels over the following few months. Within a week of
the fever starting, immunoglobulin G (IgG) antibodies can be found at low titers, and they
gradually rise over time [29]. A secondary antibody response arises from a second exposure to
DENV. IgM antibody levels are significantly lower during a secondary DENV infection. 19gG
antibodies are produced during the acute phase of the infection and titers rise dramatically to
high levels in the following two weeks. Due to antibody-dependent enhancement (ADE), a
person with a heterologous serotype secondary DENV infection is highly susceptible to
developing a severe illness. The new DENV serotype after secondary infection is recognized
by the preexisting heterologous dengue antibody specific for the virus serotype from the main
infection in ADE, resulting in the formation of a non-neutralizing antigen-antibody complex.

The antigen-antibody complex's Fc portion binds to Fc receptors on the cell surface, allowing
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the virus to attach. The virus then becomes internalized by the cell, which makes it possible for

it to multiply [30].
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Figure 1.1. Pathogenesis of dengue infection

1.8 Epidemiology of Dengue infection
1.8.1 Global Scenario

Due to globalization, dengue has grown dramatically over the past 60 years, with an almost 30-
fold rise in incidence [31]. According to recent data, the annual prevalence of infection is
estimated to be around 390 million (95% confidence interval: 284-528 million). However, only
one-fourth (24.61%) of cases (96 million, 95% CI: 67-136 million) present clinically and are
diagnosed [32]. According to an additional assessment, 128 countries and 3.9 billion
individuals are in danger of contracting the dengue virus [33]. Jakarta, Indonesia, and Cairo,
Egypt all reported the first dengue outbreaks in 1779 [34]. The Philadelphia outbreak in 1780
was a DENV outbreak that was confirmed in North America [35]. In Thailand in 1958 and the
Philippines in 1953-1954, the first dengue epidemics were officially reported [36]. More than
2.38 million cases of dengue were reported during the greatest dengue outbreak ever recorded
in the US in 2016. With 1.5 million patients, Brazil had the largest contribution to this outbreak.
With more than 3 million incidences, dengue incidents have dramatically exploded in 2019 in

the US [37]. From the start of the 19th century, dengue epidemics were documented in the
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West, East, and South Africa [38]. After World War 11, dengue outbreaks became a problem in
Southeast Asian nations, primarily because of urbanization [39]. The Philippines reported the
first two dengue hemorrhagic fever outbreaks in 1953 and 1956, respectively [36]. In
Southeast-Asian nations like the Philippines, Myanmar, Bangkok, Singapore, Thailand,
Vietnam, Bhutan, Brunei, Cambodia, East Timor, Indonesia, Laos, and Malaysia dengue
epidemics have been cyclically occurring every year since 1950 [41]. In Indonesia between
2009 and 2010, serotype-4 caused the majority of dengue cases [42]. Dengue virus was first
isolated by Hotta and Kimura in 1943. They inoculated a diseased patient’s serum in suckling
mice [43]. In 1944, Sabin et al. identified comparable viruses from US troops stationed in India,
New Guinea, and Hawaii. Three dengue strains were discovered between 1942 and 1945 by
the use of mouse-brain passage experiments, which involved injecting blood from a dengue
patient into the minds of subsequent generations of white mice [44].

More than 10 million dengue cases and more than 5,000 dengue-related fatalities have been
reported from 80 nations and territories since the start of 2024. The WHO PAHO region has
recorded the majority of cases worldwide. Two times as many cases were reported in 2023 as
there were in 2024, with almost nine million cases recorded by PAHO. Brazil recorded more
than eight million cases in the region in 2024, followed by Argentina, Paraguay, Peru, and
Colombia [45].

EU outermost regions reporting
cases and not visible in the main
map extent

Figure 1.2.: Global scenario of dengue infection
Ref:- https://www.ecdc.europa.eu/en/dengue-monthly
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In total, up until June 16, 2024, 1,180 cases of dengue were documented in La Reunion, as per
the Epidemiological Bulletin released on the same day. Dengue circulation is wider now than
it was in 2023, and during the past four weeks, there has been a decline in cases. According to
reports from the regional offices (SEARO, South-East Asia Regional Offices) and (WPRO,
Western - Pacific Regional Offices, respectively), dengue circulation has also been documented
in Africa and South-East Asia the WHO Regions. As of June 2024 The SEARO report, released
on June 12, 2024, states that although dengue cases in Bangladesh, Sri Lanka, and Thailand
have decreased from prior years, there have been rises in dengue cases reported in the Maldives
(totaling 1, 234 cases reported until May 2024). The WPRO (Western - Pacific Regional
Offices) update Dengue Situation from June 13, 2024 states that although there have been
increases in cases in Vietnam, as of May 26, there had been fewer cases reported overall than
there had been during the same period in 2023. Meanwhile, Malaysia, which had previously
reported an increase in cases, has seen a decrease in cases, with a total of 62,107 cases reported
as of week 21 (up 34% from the same period in 2023). In Africa, 44 956 cases of dengue have
been reported this year from Burkina Faso, Cameroon, Cabo Verde, Chad, Ethiopia, Kenya,
Mali, Mauritius, Sao Tome & Principe, Senegal, and Sudan, according to the Africa CDC

Epidemic Intelligence Report of June 22, 2024.

1.8.2 Indian Scenario

Due to its favorable environment, the Indian subcontinent has seen several cases of dengue
outbreaks including all serotypes except DENV-5 [45]. Although dengue was once only found
in cities, it has since expanded to rural areas. In addition to union territories like the Andaman
and Nicobar Islands, Dadra, and Nagar Haveli, the disease is endemic in other states, including
Assam, Bihar, Jharkhand, Orissa, and Uttarakhand. Over the past few decades, there have been
major changes to the dengue infection scenario in India. Dengue has become more common in
many states since 2010, with an annual incidence of roughly 15 per million people. In India,
there are more than 100,000 infections and 200—400 fatalities per year [46]. In terms of history,
the dengue virus was originally identified in 1945, many years before the Philippines saw its
first notable outbreak (1954). The first clinical case was documented in Vellore in 1956. The
first dengue epidemic was noted in Kolkata seven years later. In different areas of WB,
particularly in the Jalpaiguri, Darjeeling, Siliguri, and Kolkata domains, infection rates with all
DENYV serotypes were found in 2019-2020.
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Figure 1.3. (A) States with highest dengue cases in 2023 in India. (B) Scenario of dengue cases in
West Bengal from the year 2020 to 2024. Abbreviation: - WB: West Bengal

West Bengal, one of the hardest-hit states in India, reported 67,271 cases and 30 fatalities in
2022. Dengue cases in the state increased dramatically in 2022 compared to 2021, with 8,264
cases and 5,166 cases in 2020. In 2024, the dengue condition in West Bengal remained a cause
for worry. 441 cases of dengue were reported in the state as of February 21, 2024. Even though
there have been fewer cases in 2024 than in 2023, the state is still susceptible to dengue

epidemics.



1.9 Clinical Aspects of Dengue Infection

In the majority of instances, asymptomatic or mildly symptomatic courses of DENV infection
represent a promising approach for disease progression [47]. In November 2009, the World
Health Organization (WHO) issued a new guideline that classified dengue severity based on
the symptoms i.e., Dengue Without Warning Sign (DWOWS), Dengue With Warning Sign
(DWWS), and Severe Dengue (SD). DWOWS and DWWS are considered as Non-Severe
Dengue infection. A febrile person who has travelled to or lives in a Dengue-endemic area is

considered to have dengue if they have >2 clinical symptoms [184].

Table 1.1: Dengue Severity Classification, PAHO (Pan American Health Organization) /WHO
(World Health Organization)

Dengue Without Warning Dengue With Warning
] ] Severe Dengue (SD)
Signs (DWOWS) Signs (DWWS)

Live in/ travel to dengue Abdominal pain or tenderness Severe plasma leakage
endemic area . .. leading to:
Persistent vomiting
Fever and 2 pf the following Clinical fluid accumulation Shock (DSS)
criteria: " . .
Fluid accumulation with
Mucosal bleed . .
Nausea respiratory distress
Rash Lethargy, restlessness ootz

Laboratory : increase in HCT
concurrent with rapid decrease in
Tourniquest test (+ve) platelet count Severe organ involvement

Aches and pains as evaluated by clinician

Any warning sign laboratory Liver: high AST or ALT
confirmed dengue

Heart and other organs

Clinical findings include vomiting, rash, nausea, positive tourniquet test are considered the
symptoms of Dengue without warning sign. Abdominal pain or tenderness, clinical fluid
accumulation, persistent vomiting, mucosal bleeding, fatigue, restlessness, and liver
enlargement are all included in the warning sign of dengue infection. Severe dengue is
characterized as having any of the following symptoms: severe bleeding; severe transaminase
elevations 1,000 IU/L; impaired consciousness; severe organ dysfunction; or severe plasma

leakage leading to shock or fluid accumulation with respiratory distress [48].

Based on the number of days following the start of the dengue infection, the WHO (2009)
divided the dengue season into three parts. They are the crucial period (4-6 days), the
recuperation phase (>7 days), and the febrile phase (1-3 days). Symptoms of the febrile phase

include fever, nausea, headache, arthralgia, myalgia, and/or vomiting. Mild hemorrhagic
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manifestations like petechiae and mucosal bleeding can also happen, and dehydration can also
become apparent [49,50]. In the crucial phase of dengue, enhanced capillary permeability and
fluid extravasation are the disease's pathophysiological hallmarks [51].

During this critical time, it is common to find leukocytopenia, thrombocytopenia, and plasma
leak as clinically indicated by hemoconcentration, pleural effusion, and/or ascites; shock and
severe bleeding are also conceivable [52]. The majority of dengue patients will then go into the
recovery phase, which lasts for 24 to 48 hours and is when the extravasated fluid is reabsorbed
into the intravascular compartment. If intravenous fluids were given in excess, pulmonary
edema could develop. Dengue patients often recover during convalescence, while some may
experience an itchy or non-itchy erythematous rash [53]. Pediatric patients often experience
the clinical phases and symptoms of dengue that have been proposed by the WHO [54,55].
Adults with severe dengue may potentially develop a variety of additional clinical
manifestations throughout the dengue clinical course, especially during the patient’s critical
phase. This is especially true for those with comorbidities and/or elderly patients. Examples of
these manifestations include bacterial sepsis and multi-organ failure [56,57].

1.10 Vector Control and Dengue Vaccine

There isn't yet a vaccine that can be used to prevent DENV infection, and there aren't many
resources available to do so, including controlling mosquito populations. Insecticides and bed
nets are two vector management strategies that can aid in lowering mosquito-mediated
transmission. There is an urgent need for vaccine development or preventive measures because

the number of people at risk for infection is rising and there are no cures for active diseases.

Although various companies are developing dengue vaccines, there are currently no licensed
vaccinations available in India as of 2024. Currently, two commercially available dengue
vaccines: Dengvaxia (CYD-TDV) developed by Sanofi Pasteur, and Qdenga (TAK-003)
developed by Takeda [58,59]. Dengvaxia is a live-attenuated vaccine, administered in three
doses spaced six months apart. It is only advised for those between the ages of 9 and 45 who
have already caught dengue, as it raises the risk of severe dengue in people who have never
had the illness [60].

Another vaccine is Qdenga. The four dengue virus serotypes have been weakened in this live-
attenuated vaccine. In environments with high dengue transmission intensity, children aged 6

-16 years are administered it in a 2- doses series with a 3- months gap between doses [61]. On
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May 10, 2024, WHO prequalified Qdenga, allowing UN agencies to purchase it. Clinical
development for a second dengue vaccine created by the National Institute of Allergy and
Infectious Diseases in the United States is close to completion [62]. For its Qdenga vaccine,

Takeda has recently started conducting local clinical studies in India.

All four of the dengue virus serotypes that have been licensed by the US NIH are being used
to create live attenuated vaccines by Serum Institute of India (SIl) and Panacea Biotec. A Phase
1/2 trial conducted by Panacea Biotec in 100 healthy people demonstrated the production of
antibodies against all four serotypes, while a Phase 1 trial conducted by SII in Australia
demonstrated the safety and well-tolerated nature of the vaccine [63]. The International Centre
for Genetic Engineering and Biotechnology (ICGEB) has developed a vaccine called Virus-
Like Particle that uses specific dengue envelope protein regions to inhibit antibody-dependent
enhancement (ADE). This vaccine has shown 100% protection in animal trials, however,
human testing has not yet taken place.  Although DNA vaccines can be produced more
affordably and kept at room temperature, they might not elicit as potent an immune response.
Following successful animal testing, nano-plasmids are currently being used to optimize this
candidate. In conclusion, while the VLP and DNA vaccines from ICGEB and TIFR are still in
preclinical development, the live attenuated vaccines from Sll, Panacea, and IIL are the most

advanced, having either entered or finished early human trials [64].

A dengue vaccine's first-ever Phase 3 clinical trial has begun in India, according to a statement
released by Panacea Biotec and the Indian Council of Medical Research (ICMR) on 14th
August 2024 by PIB Dehli. DengiAll, an indigenous tetravalent dengue vaccine created in India

by Panacea Biotec, will be tested for effectiveness in this historic experiment. [65].

While dengue remains a significant global health concern, the lack of a vaccine suitable for all
age groups underscores the need for effective prevention and treatment strategies. Accurately
predicting the severity of dengue infections remains a significant challenge in clinical
management. While existing biomarkers, provide valuable insights, their limitations in
sensitivity and specificity hinder early diagnosis and intervention. The identification of novel,
reliable biomarkers is crucial to improve patient outcomes and optimize resource allocation.
MASP-1, VTN, and TSP-1 were selected for this study due to their roles in the complement
system and coagulation cascade, respectively. These pathways are known to be dysregulated

in severe dengue, suggesting their potential involvement in disease pathogenesis. By
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investigating these biomarkers, we aim to impart the development of a more comprehensive

and predictive diagnostic tool for dengue severity.

1.11 Complement system in dengue infection

An essential part of the innate immune response, the complement system is a series of about
thirty serum proteins that work together to destroy infections. This complex system is essential
to the host's defense against viruses and other infectious invaders. A major worldwide health
burden is caused by the flavivirus known as dengue virus, which is endemic to tropical and
subtropical countries. The complement system's role in the pathophysiology of dengue
infection has become a focus of research [66]. Three different pathways—the lectin,
alternative, and classical pathways—all lead to the same effector phase when the complement
system is active. Traditionally, the classical route is started when antibodies attach to pathogen
surface antigens to form immune complexes. The initial complement component, Claq,
interacts with this complex, which sets off a series of enzymatic events that result in the
production of C3 convertase, an essential enzyme in complement activation [67]. When
interaction with foreign surfaces, like microbial pathogens, amplifies the alternative pathway,
which is constitutively active at a low level in the circulation. In this route, factor B binds to
C3(H<sub>2</sub>0), which is produced by the spontaneous hydrolysis of C3. The other form
of C3 convertase is produced by further activation stages [68]. The lectin pathway, on the other
hand, is not dependent on antibodies and recognizes the carbohydrate structures on the
pathogen surface through the use of pattern recognition molecules like mannose-binding lectin
(MBL). Similar to the conventional pathway, MBL and MASP proteases work together to
activate the complement system. Because it doesn't involve the development of antibodies, the
lectin pathway is thought to respond more quickly than the other two pathways [69,70]. The
three routes have different roles in dengue infection, even though they eventually converge to
produce the C5 convertase, which cleaves C5 into C5b and Cb5a starting the creation of the
membrane attack complex (MAC). Cell lysis is caused by the MAC, a cytolytic complex that
penetrates the pathogen's membrane. However, compared to other effector activities,
complement-mediated lysis is less significant in the setting of viral infections [71]. The
function of the complement system in dengue infection is complex. On the one hand, it uses
direct lysis, neutralization, and opsonization to help remove the virus. Complement elements
have the ability to attach to the dengue virus, making it easier for phagocytic cells to recognize
and absorb it. Complement activation products also work to neutralize the virus by preventing

it from adhering to host cells. Moreover, the MAC may lyse contaminated cells, which would
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prevent the virus from replicating. Conversely, the pathophysiology of severe dengue sickness
has been linked to dysregulated complement activation. The hallmark symptoms of severe
dengue include increased vascular permeability and organ destruction, which might result from
excessive complement activation. Severe disease symptoms are partly due to endothelial cell
damage and complement-mediated inflammation [72]. Developing efficacious therapeutic
strategies requires a precise understanding of the mechanisms underpinning complement
activation and control in dengue infection. A promising treatment strategy is to modulate
complement activity, either by increasing its antiviral effects or by preventing excessive
activation. Furthermore, finding complement activation indicators may help with early
identification and risk assessment of dengue patients.

1.11.1. Mannose Associated Serine Protease -1 (MASP-1)

The complement system serves as a crucial link between the innate immune system and the
adaptive immune system. It is one of the main innate immune system effectors [73]. The
complement system contains about 50 plasma and membrane-associated proteins. A
proteolytic cascade that is triggered by complement activation results in the recruitment of
inflammatory cells, phagocytosis, and cell lysis [74]. The lectin, alternative, and classical
routes can all be used to activate complement. The C1 complex's attachment to immunological
complexes, mostly to IgM or IgG but also to apoptotic cells, pentraxins, and pathogens, triggers
the activation of the classical pathway. On the other hand, spontaneous plasma C3 hydrolysis
triggers the activation of the alternate pathway. When pattern recognition molecules (PRMs)
attach to acetylated residues or carbohydrates found on the surface of microbes (sometimes
referred to as PAMPs or pathogen-associated molecular patterns), the lectin pathway is
activated [75]. In 1992, Matsushita and Fujita published a seminal paper on the mechanism of
the lectin pathway's activation by MBL and MASPs [76]. Numerous PRMs activate the lectin
pathway: oligomers of mannose-binding lectin (MBL), heteromers of collectins 10 and 11
(COLEC10, also called collectin liver 1 or CL-L1, and COLECL11, also called collectin kidney
1 or CL-K1), and oligomers of Ficolin-1, 2 or 3 [77]

The "MBL-associated" serine proteases, commonly referred to as MASPs, begin life as
proenzymes (zymogens) and then combine to form complexes with the trimeric structural
subunits of these PRMs' dimers, trimers, and/or higher oligomers [78]. Recent data from many
authors show that MASP-1, which also autoactivates, is crucial for activating MASP-2 [79].

The finding that about 70% of MBL circulate in the blood as tetramers of trimeric subunits
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(MBLIV-II1) associated with MASP-2 or MASP-3, or as trimers of trimeric subunits (MBL-
[11-111) associated with MASP-1 or MAp19, suggests a major role for inter-complex cross-
activation in the start of the complement cascade [80].

MASP-1, a C1s-like protein linked to MBL, was found in 1992 [76]. The MASP-1 protein has
699 amino acid residues and 19 amino acids leader peptide [81]. Its expression is mostly found
in the liver and is induced by IL-6 during the acute phase response [82]. Normal serum/plasma
MASP-1 concentration is 20 times more than MASP-2 concentration [83].

Among people with different cardio- and cerebrovascular diseases, MASP-1 levels were lowest
in acute ischaemic stroke patients and greatest in subacute myocardial infarction patients[84].
Additionally, primary uterine leiomyosarcoma and HCV-infected hepatocyte cell lines also
showed increased MASP-1 expression [85]. MASP-1 creates 60% of the C2a necessary for the
production of C3 convertase by activating MASP-2 in heterocomplexes of large oligomeric
MBL [86]. MASP-1 autoactivation appears to regulate the start of the lectin pathway [87].
Despite having a lower catalytic efficiency than thrombin, MASP-1 was found to play a
function in the coagulation, cleaving factor XIII and fibrinogen, and mediating the synthesis of
cross-linked fibrin [88]. Through the protease-activated receptor 4 (PAR4), the proteolytic
activity of MASP-1 activates the NF-kappaB, Ca2+ signaling, and p38 MAPK pathways in
endothelial cells [89]. This activity triggers the release of IL-6 and IL-8, which activate

neutrophil granulocytes' chemotaxis [89].

1.11.2 Vitronectin

A multifunctional glycated protein, vitronectin (VTN) is found in the extracellular matrix of
tissues, blood, amniotic fluid, and urine [91]. Hepatocytes and endothelial cells in the liver are
primarily responsible for producing VTN, which circulates as a plentiful plasma protein [94].
VTN's physiological actions as an extracellular matrix component include cell adhesion, cell
necrosis, which is mediated by complement action, and fibrinolysis, which prevents damage to
tissues [92]. Similar to fibronectin, VTN is an adhesion protein found in plasma that contains
the RGD (arginine, glycine, and aspartic acid) domain [93]. Human glycoproteins are generally
glycosylated in two ways: N-linked and O-linked, where glycan is coupled with asparagines or
serine and threonine residues, respectively. According to Plough et al. (2000), the RGD domain
of VTN interacts with receptors such as avp3 and avf5 integrin. It interacts with several other

proteins as well. In addition to its ability to stick to cells, VTN activates the intracellular
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signaling molecules of integrins, such as FAK (also referred to as PTK2), one of the main
integrin transducers. FAK activation requires Y397 phosphorylation. FAK phosphorylation at
Y397 is crucial for TNFa-stimulated IL-6 production, suggesting that FAK may be a signaling
node for cytokine regulation [94]. Both integrin and the uPA receptor, which are expressed on
VSMCs (Vascular Smooth Muscle Cells), are bound by VTN. These receptors' interactions
with vitronectin control the migration of VSMCs in vitro [95].

VTN also plays a crucial function in blocking the lytic action of the complement membrane
attack complex, which is made up of the proteins C5b, C6, C7, C8, and C9 [96]. A brief
heparin-binding domain is located near the carboxy terminus and is believed to be the location
of molecular interactions with the thrombin-antithrombin complex, the terminal complement
complex, and the plasminogen activator inhibitor type 1 (PAI-1) [97]. Comparable to protamine
sulfate, a known inhibitor of the TCC, in terms of amino acid composition, this extremely basic
sequence of 42 amino acids consists of 12 arginines and 3 lysines[98,99]. In order for the
formation of Iytic pores, the positively charged domain of vitronectin may attach to a
complementary negatively charged domain on the C9 molecule. Since C6, C7, and C8 also
contain the same cysteine-rich sections [100], it has been postulated that the heparin-binding
domain is responsible for vitronectin's binding to C5b-7. Most of VTN's biological activities
are dependent upon and/or synchronized with its conformational state(s) because of its
structural labile nature [101]. It improves platelet adherence and integrates with blood clots
like fibrin. According to in vivo research, thrombi develop in response to vascular injury and
become unstable in the absence of VTN, delaying blood vessel closure and causing recurrent
reopening. By binding to plasminogen activator inhibitor-1, VTN functions as a thrombus
stabilizer and may prevent fibrin from lysing [102]. Important steps necessary to stop bleeding
include platelet adhesion, aggregation, and the creation of the polymerized fibrin matrix at the
site of vascular damage. Using a monoclonal anti-VTN antibody, fresh evidence indicated that
VTN enhances platelet adhesion and aggregation, supporting the findings of an earlier antibody
investigation, despite the fact that it has the potential to both stabilize the fibrin matrix and
fasten B3-integrin. Thus, it has been documented that VTN plays a supporting role in
thrombosis [103,104].

The glycosylated portion of human VTN is about 30%. Variations in the glycosylation of
plasma VTN could be linked to various physiological states or cellular functions [105]. Mass

spectrometry and chromatography reveal that VTN contains an N-glycan with outer
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fucosylation [107]. Proteins undergo post-translational alteration known as glycosylation,
which attaches carbohydrates, or glycans, to particular locations on the backbone of the protein.
N-linked oligosaccharides are found in all six species of animal plasma VTNs, as determined
by a lectin binding assay, and 10-20% of their mass is composed of carbohydrates [107]. In
cirrhosis and liver regeneration, VTN's glycosylation varies [108,109]. Furthermore, it has
been shown that in humans, swine, and mice, de N-glycosylation and desialylation of VTN
enhance collagen-binding ability [110]. When compared to control VTN, desensitized VTN
(deNeu-VN) significantly reduces the spread of hepatic stellate cells and dermal fibroblasts,
but not deN-glycosylated VTN (deN-gly-VN) [111]. A promising approach for the direct and
precise identification of functional glycans on intact glycoproteins while accounting for
accessibility is the lectin binding-based method. Natural proteins known as lectins are
extensively distributed and attach to particular glycans. Because of their diversity and
selectivity, lectins can be helpful tools in molecular biology.

1.12 Thrombospondin-1

Thrombospondin is a large, multimeric glycoprotein secreted by various cell types, including
platelets, endothelial cells, and fibroblasts. It is composed of three distinct domains: the N-
terminal domain, the central region, and the C-terminal domain. Each domain contributes to
the diverse functions of TSP [112]. The N-terminal domain contains a calcium-binding motif
and is involved in interactions with other proteins, including matrix metalloproteinases and
integrins. The central region that contains a thrombospondin type | repeat domain, which is
important for binding to other proteins and extracellular matrix components and the C-terminal

domain which is involved in interactions with fibrinogen and other coagulation factors.

Thrombospondin is heavily glycosylated, with approximately 30% of its mass consisting of
carbohydrates. The carbohydrate modifications on TSP are diverse and include O-linked
glycosylation, N-linked glycosylation, and C-mannosylation. O-linked glycosylation is the
result of attaching a monosaccharide, usually galactose or N-acetylgalactosamine, to a serine
or threonine residue in the backbone of a protein. The C-terminal region of TSP has a high
concentration of O-linked glycosylation. N-linked glycosylation is a kind of glycosylation that
happens when an asparagine residue in the protein backbone is connected to a complex
oligosaccharide. TSP has N-linked glycosylation in both its central domain and N-terminal
domains. When a mannose residue in the protein backbone is joined to a tryptophan residue

forms a kind of glycosylation known as C-mannosylation. Although it is somewhat uncommon,
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TSP's N-terminal domain has been found to contain C-mannosylation. The carbohydrate
modifications on TSP play a crucial role in its structure, stability, and interactions with other
molecules. Carbohydrates have a number of important roles in TSP, including Protein folding
and stability. Through the formation of hydrogen bonds with amino acid residues,
carbohydrates can aid in the stabilisation of protein structure. By interacting with lectins on the
surface of other cells, carbohydrates on TSP can encourage cell adhesion and aggregation. TSP
can interact with other proteins, including integrins and growth factors, through the mediation
of carbohydrates. TSP's biological activity can be controlled by the proteolytic processing that
carbohydrates affect. Strong platelet agonist thrombospondin can cause platelets to aggregate
and become activated [113]. One important factor in controlling vascular permeability is
thrombospondin. Increased vascular permeability in dengue can result in hypotension and
plasma leakage, two symptoms that are specific to severe dengue. Thrombospondin plays a
role in controlling inflammatory reactions. By stimulating inflammatory pathways and drawing
immune cells to the infection site, it can exacerbate inflammation. In certain situations, though,
thrombospondin may also have anti-inflammatory properties. Thrombospondin (TSP-1)
suppresses NO synthesis and VEGF enhances endothelial permeability by inducing NO, the
two have an antagonistic interaction that contributes to the pathophysiology of illness [114].
The goal of the current investigation was to determine whether TSP-1, when used in
conjunction with other laboratory measures, may enhance the sensitivity and specificity limits
for the diagnosis of severe dengue cases. TSP-1 may be in charge of capillary architecture,
according to recent studies [115]. According to reports, downregulating TSP-1 in diabetic
wounds caused capillaries to become more permeable and caused a delay in the healing process
[116-118].

Numerous variables, including VEGF, activation of NF-xB, and cytokines like TNF-a. and
dengue NS1 antigen, are thought to be contributory contributors to this increase in vascular
permeability [119-124]. TSP-1 is closely linked to TNF-a production and is a powerful
activator of the NF-xB pathway [125].

Therefore, it is necessary to assess TSP-1's function in vascular leakage and how it relates to
the severity of dengue. Numerous studies have demonstrated that older patients have a higher
mortality rate due to their increased susceptibility to this infection. Further research is
necessary to determine the underlying source of this infection and manage its severity, to

ameliorate the situation.
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1.13 Point of Care Diagnostics

An accurate result is typically obtained through lengthy and intricate procedures using
traditional laboratory-based analytical techniques like gas chromatography (GC), real-time
polymerase chain reaction (QPCR), enzyme-linked immunosorbent assay (ELISA), mass
spectrometry (MS), and high-performance liquid chromatography (HPLC) however, a number
of circumstances frequently call for an immediate on-site analyte identification. Point-of-care
testing (POCT) is the term used to describe medical diagnostic testing conducted at the time
and site of patient care (Kost, 2002). This indicates that the test can be carried out by individuals
with minimal training in a hospital, an emergency room, a doctor's office, or at home.
Additionally, the results are available right now rather than having to wait for them to be
returned from a central facility, which could take hours or days [126]. One of the main factors
influencing the future of the in-vitro diagnostics industry will be point-of-care testing, which
is rapidly expanding with a growth rate of about 10% in clinical diagnostics [127]. Thus,
infectious illnesses and coagulation monitoring are the two high-growth sectors that are
primarily driving the market. The market for infectious diseases is expanding as a result of
rising infection rates, the discovery of novel illnesses, and genetic abnormalities. The
expansion of testing in patient homes and the rise of patient services are both contributing to
the activity monitoring market's explosive growth [128]. To perform sophisticated biological
tests at the location where they are most needed, diagnostic testing equipment must be
lightweight, portable, and simple to use. Rapid tests are sold by a number of businesses
worldwide. They have created several devices and technologies that cut down the testing period
to hours or even minutes. These technologies can be divided into three groups: Purely
disposable and permanently integrated with disposable components are the three types of
medical devices [129]. Permanent integrated instruments are made for high-throughput work
that requires quick and reliable findings, but even if those tools were sufficiently affordable,
they couldn't be regarded as point-of-care tools because they require trained workers. Even
when using microfluidic components, carryover must be avoided by rinsing the component
with cleaning solutions between testing. Additionally, periodic calibration is required to
maintain the settings by the standards [129]. The term "disposables” refers to analytical tests
that use a disposable substrate (such as paper), are typically based on a microfluidic device
(such as a lateral flow test), and rely on relatively cheap components and reagents that can be
produced as commercial off-the-shelf (COTS) products using large-scale production

techniques. One of the most common point-of-care formats, It is common practice to employ

19



lateral flow immunoassay (LFIA), also called immunochromatographic test strip (ICTS), for
clinical diagnostics, environmental monitoring, and food analysis (Ji et al., 2015). The
commercial usage of lateral flow assays for the detection of many analytes extends
approximately over thirty years. They can be made to detect antigens or antibodies and can be
applied to a variety of specimens. Most of them are designed to last longer than a year at room
temperature without refrigeration, and some of them perform analytically on par with
reference-level laboratory techniques [130]. Several operating mechanisms for lateral flow
devices were created based on various target characteristics; the most popular ones are the
sandwich format and competitive format. The next sections will cover the specifics of the
lateral flow assay, including the biorecognition components, operational mechanisms, and
labels. Disposable tests offer Point-of-Care (POC) diagnostics in locations without access to
clinical laboratories with adequate equipment and people. Such disposable-based tests can be
easily performed by users without the need for frequent training. Because of this, POC tests
are crucial in circumstances where timing is crucial (such as emergency triage), when
laboratory facilities are lacking (such as military or alien functions), and where resources are
scarce (such as in underdeveloped nations). They support the fast and appropriate
administration of care while enhancing clinical results [98-100]. Currently, available
disposable tests have a variety of drawbacks. They still fall short of laboratory results in terms
of sensitivity, specificity, and accuracy. Additionally, they frequently only offer a yes/no
response. When compared to integrated equipment, the disposable has the advantages of being
able to save calibrates and not requiring the reader to be cleaned in between samples. Due to
this compromise, good performance and affordable test costs are possible. This strategy is the
ideal POC option for hospitals where numerous tests must be performed each day at the
patient's bedside. As a result, more sophisticated diagnostic procedures based on low-cost
disposables are required to meet the needs of POC applications for use in poor countries and at

the patient's home.

1.13.1 Lateral flow immunoassay (LFIA)

One of the most used technologies for POC testing is Lateral flow immunoassay (LFIA) [134].
One of the most successful immunoassay-based analytical platforms for organised or point-of-
care testing strategies that need little to no supporting infrastructure is the lateral flow
immunoassay strategy (LFIA), also known as the immunochromatographic strip test (ICST) or
the rapid diagnostic test (RDT). One (bio)analytical technique that can be used on-site to

identify target molecules is the LFIA, which is paper-based. It requires adding the sample to a
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standalone device, and results can be acquired in a matter of minutes. LFIAs met every
requirement for the perfect POCT, including being "ASSURED" (affordable, sensitive,
specific, user-friendly, robust, rapid, and equipment-free and delivered) [135]. The ASSURED
standards were first used to describe diagnostic tests for STDs (Sexually Transmitted Diseases),
but they are now the standard for all point-of-care testing (POCT) and, more broadly, all point-
of-need (PON) tests.

The LFIA's success is evident when one considers their place in the business world. The global
market for lateral flow testing was valued at over US $5.98 billion in 2019 and is expected to
increase to US $10.36 billion by 2027, with a compound annual growth rate (CAGR) of 7.7%
between 2020 and 2027 [136].

Additionally, the LFIA has embodied a paradigm change from sample-to-lab to lab-to-sample

to enhance decision-making and turnaround time. Kind of like a lab-in-a-hand [137].

LFIA's very appealing features are what make it so generally recognized and appealing.
Consequently, the use of LFIA has expanded swiftly across numerous industries, including
forensic analysis, veterinary medicine, environmental control, food and feed safety, and many
more, starting with the identification of hormones, parasites, bacteria, viruses, cells, and

biological markers for medicinal purposes [138,139].

1.13.2 General Principles and the Components of LFIAs

Figure 1.4. reports the general structure of the LFIA, which is made up of a collection of parts
that provide mechanical, chemical, and physical properties [140-142]. It basically looks like a
multi-layered strip. A thin layer of porous nitrocellulose membrane sticks to a backing plastic
substrate. The backing support gives the device physical stiffness and serves as a platform for
the assembly of the various test components. The main components of the lateral flow
immunoassay (LFIA), also known as lateral flow testing (LFT), as they relate to the materials
employed and how they are integrated with the assay conditions, are covered in this section.
The figure shows the main part of the lateral flow immunoassay system i.e. Sample pad,

Conjugate pad, Nitrocellulose membrane (NC Membrane), and Absorbent pad.
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Figure 1.4: Schematic view of a lateral flow test strip

1.13.3 Sample Pad

The sample pad is the first part of the lateral flow immunoassay strip. The sample pad's primary
responsibility is to guarantee uniform distribution and regulate the sample's flow rate to the
conjugate pad. The material of the sample pad is glass fiber. High absorption capacity and no
protein binding are displayed by glass fiber sample pad type GFB. It serves as the platform on
which the sample or analyte is placed during testing. Glass fiber material has neither reactive
nor binding qualities, allowing the analyte to flow steadily and uniformly while preventing
sample components from non-specifically adhering to the pad. GFB pads are offered in sheet
and strip form in the usual thicknesses of 0.35 mm and 0.60 mm (GFBR4, GFBR7L) [143].

1.13.4 Conjugate Pad

Another pad, known as the conjugate pad, is positioned betwixt the sample pad and the
commencement of the nitrocellulose membrane. This pad is often composed of polyester or
glass fiber, which was first fixed at the appropriate position with a 2-3 mm overlap on the
nitrocellulose membrane. After being impregnated with an appropriate labeled immunoreagent
solution (often gold/ silver nanoparticle-tagged antibodies), the conjugation pad is dried
[144,145]. The conjugate pad's principal job is to keep the dried detection reagents in storage
until a liquid test sample is placed to the sample pad, at which point it makes sure that both the

detection reagent and the test sample are uniformly transferred to the membrane. Studies have
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suggested that the ideal conjugate pad material has to comprise the following attributes. A
polyester matrix makes up a conjugate pad. The assay detection conjugate, such as a gold
conjugate, is placed on this platform when it is dried. By re-hydrating the test sample, the
conjugate pad's synthetic material composition ensures its speedy and effective release. The
'detection conjugate-analyte' complex travels into and up the nitrocellulose membrane.

1.13.5 Nitrocellulose Membrane (NCM)

In 1832, nitrocellulose (NC) was first developed. It is a highly combustible substance that is
created when cellulose is nitrated with potent nitrating agents like nitric acid (Henri, 1832)
[146]. The membrane is the component of a lateral flow test strip that matters the most. These
could consist of one Control line and one or more Test lines, which are designated regions. The
purpose of the test lines is to provide proof of the interaction with the target molecule or
molecules and, as a result, the necessary data. By binding with the probe independently of the
target's presence, the control line guarantees that the test will run correctly [140]. The
membrane for lateral flow test strips needs to firmly bind capture reagents at the test or control

lines.

Studies have suggested that the NC membrane and other components must be fastened to a
plastic backing to create a lateral flow test. Such pre-assembled membrane, adhesive, and
plastic sub-assemblies are known as laminates or cards. These are easy to use for applying

reagents and for later cutting into strips to finish the test.

According to the membrane manufacturer, membrane laminates show some following
advantages i.e. Permit immediate development and increase scale for production, can be
specially made to accommodate cassette or dipstick designs that already exist, Each element

has been tested to ensure that it won't impede the immunoassays.

Applying the liquid sample to the sample pad is the first step in the LFIA. The tagged
immunoreagents are resuspended in the solution from the conjugate pad, and the analytes and
labeled probe are forced through the lines and along the membrane by capillary forces, where
immunoreactions occur. The liquid sample is usually all that is needed to complete the
experiment; no additional reagents are usually needed. Findings can usually be quickly and

easily interpreted without the need for equipment for qualitative testing [137].
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1.13.6 Absorbent Pad

The absorbent, also known as a wick or waste pad, is utilized to maintain a capillary flow that
is consistently directed and flowing at the correct rate through the membrane. The sample will
flow back into the membrane if there isn't or isn't enough of an absorption pad, which could
increase the background or lead to false positives. A variety of materials, including cotton,
cellulose, glass fibers, and porous polymers, are used to make lateral flow absorbent pads. To
meet the needs of the test, non-woven cellulose fiber sheets in a range of thicknesses and

densities are often used to make absorption pads.

1.14 Bio-recognition elements used in lateral flow assay

Bio-recognition components are substances that can recognize particular target molecules
while avoiding cross-activity with other compounds. In lateral flow tests, aptamers/nucleic
acids and antibodies are crucial bio-recognition components. Lateral flow assays (LFA) can be
classified into three groups based on how antibodies and nucleic acid are used. Lateral flow
immunoassays (LFIA) exclusively use antibodies. The term "nucleic acid lateral flow assay"
(NALF) refers to tests that use nucleic acid [147]. A nucleic acid lateral flow immunoassay, or

NALFIA, is created when both an antibody and a nucleic acid are employed in the LFA.

1.14.1. Antibody

Immunoglobulins, another name for antibodies, are big, Y-shaped proteins that are created by
plasma cells. They are utilized by the immune system to neutralize invaders including viruses

and bacteria.
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Figure 1.5.: General Structure of antibody
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Antibodies have two 'Fab’ domains for binding to antigens and a 'Fc' region for effector
activities such as attaching to cell receptors. lon-dipole bonds, hydrogen, van der Waals, and
hydrophobic are only a few examples of the "weak interactions™ that contribute to the link

between antigen and antibody. The range of typical bond energy is 54-150 kJ/mol [148].

A small part of the molecules, consisting of only a couple of amino acids, are involved in this
interaction (Vanoss, 1995) [149]. In lateral flow tests, antibodies are a great choice for
determining the analyte because they primarily interact with specific antigens through
immunoreactions. Lateral flow immunoassays (LFIA) are the common name for lateral flow
assays that depend on an antibody. Primary antibody and secondary antibody are the two types
of antibodies utilized in lateral flow experiments. Primary antibodies are those that can bind to
a particular analyte (target analyte). Despite not having a direct affinity for the target analyte,
the secondary antibody can still interact with the primary antibody and the immunocomplex
that was created by the primary antibody and the target analyte. Primary antibodies are
employed as detection elements in common LFIA, while secondary antibodies serve the
purpose of the control line. An immunochromatographic device's total performance is
significantly influenced by the antibody's affinity, particularly the primary antibody.
Throughout the entire process of developing lateral flow sensors, the creation of antibodies
plays a key role. If other factors are correctly managed, an antibody with strong affinity can
typically provide exceptional sensitivity. However, compared to antibodies with mediate
performance, these are typically significantly more expensive. Some of them aren't even sold

commercially. On the one hand, additional elements like the target detection limit, price, and

The required quantity of strips should also be considered, particularly while a commercial LFA
product is still in the research and development stage. Nevertheless, maximizing additional
strip features like immunoreagent concentrations and nitrocellulose membrane type can also

aid in enhancing the performance of the sensing system.

1.15 Working mechanism of lateral flow Immunoassay
1.15.1 Sandwich-format

Analytes having more than two distinct epitopes can typically bind to two different types of
antibodies at once. Based on this concept, the sandwich format was created. The pregnancy
test, which Unipath invented in 1984 and uses to measure human chorionic gonadotropin
(HCG), is one of the earliest applications of the sandwich assay (Wild, 2013) [150]. Two

25



unique primary antibodies are employed in the sandwich configuration. A pre-coated version
of one of them is present on the nitrocellulose membrane. Capturing the target antigen is its
purpose. This antibody is known as a "detection antibody."” "Test line' refers to the area covered
with the detecting antibody. The second kind of antibody is called "reaction antibody," and
applying it on the conjugate pad [151]. Typically, reaction-specific antibodies are coupled to
additional labels like magnetic nanoparticles (MNPs), silver nanoparticles (AgNPs), or gold
nanoparticles (AuNPs). These labels can display the ultimate location of response antibodies
on the test strip following the measurement, which can aid in understanding the outcomes.
Secondary antibodies are immobilized in a different location following the test line known as
the "control line™ in addition to the test line. Every antibody and immunocomplex in existence
(the result of an immunoreaction), which are not caught by the test sequence, is captured using
secondary antibodies. The validity of the assay is also demonstrated by the control line. In the
event that the control line is signal-free, the measurement may be deemed invalid. After the
sample is placed on the sample pad, capillary force will cause the solution to move down the
membrane. When the targeted antigen reaches the conjugate pad, it will interact with the
corresponding antibody in the solution to form an immunocomplex. The detection antibody
will then bind to the immunocomplex on the test line. Depending on the label employed in the
assay, the buildup of immunocomplex on the testing line may be seen by unaided eyes or by
various lateral-flow-strip readers when the concentration of the target analyte reaches a
specified level. A positive result, for instance, would show two red stripes on the strip if the
response antibody was labeled with AuNPs. This indicates that the target analyte's
concentration in the sample solution exceeds the detection limit. On the contrary hand, if the
analyte level is less than the detection limit, a neg result with just one red zone (control line)

can be observed on the membrane.
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Figure 1.6.: Lateral flow immunostrip with sandwich format (185)

The sandwich configuration has several key advantages, including the ability to apply multiple
signal-enhancing techniques to the strip, which significantly boosts sensitivity. In recent years,

lateral flow assays have become increasingly popular, and the sandwich format has benefited

1.15.2 Competitive format

Small compounds that are inappropriate for the sandwich format were the focus of the
development of the competing format. One sort of antibody is utilized in the competitive

format. The competitive format has two possible layouts. The initial one uses the antibody as
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a "detection antibody,"” This is on the testing line's pre-coated, similar to the sandwich format.
Nanomaterials were used to mark a known quantity of analyte, which was subsequently
entrapped on the conjugate pad. Those tagged analytes will disintegrate into the sample
solution and proceed with the flow once it reaches the conjugation pad. The labeled analyte
and any unbound analytes in the sample will compete with one another for the antibody's
constricting sites when the liquid reaches the testing line. As a result, the sign on the testing
line will have a negative correlation with the concentration of the target analyte. This implies
that the lower the analyte concentration in the sample solution, the higher the color intensity
on the test line. The "reaction antibody" in the second scenario is a primary antibody that has
been tagged and printed on the conjugate pad. Antigen-protein conjugate was coated on the
testing line at the same time. The protein known as bovine serum albumin (BSA) is frequently

utilized to conjugate with antigens. There are two phases to the whole reaction process:

First, the free analyte will interact with the antibody and create an immunocomplex before the
sample even reaches the test line. Second, the immunocomplex will pass through the test line
and be caught aside the control line while the free response antibodies will be caught by the

test line when the sample passes through the test line.

There are two main factors in competitive format that describe the strip's sensitivity. One is the
term "limit of detection™ (LOD), which describes the lowest analyte concentration at which the
sign on the testing line can become noticeably weaker than the signal in the negative control
[152]. The other is known as ‘cut-off' value. It indicates that the signal on the test line disappears
at the lowest analyte concentration (Chen et al., 2016) [153].

1.15.3 Immunothreshold format

The immunothreshold format is less common in lateral flow assays than the other two
techniques, and there aren't many papers on it either. Sandwich format is comparable to how
its results are interpreted. The 'test line' and ‘control line' in this procedure, however, are not
predetermined. According to Posthuma-Trumpie et al. (2009), the two sections are simply
referred to as "line one/1st line" (the line close to the conjugate pad) and "line two/2nd line"
(the line close to the absorbent pad) [154]. Only the signal on the first line is visible when the
concentration of the target analyte is below the detection threshold. On the other hand, if the
antigen concentration is more than the detection limit, a signal can be seen in the second line.

Additionally, in this case, the color intensity in the first line will vary based on the analyte
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concentrations. A signal won't appear in the first area if the concentration exceeds a particular
threshold, which is analogous to a competitive mechanism. When the analyte is present, two
bands are discernible at concentrations between moderate and high. Consequently, this

approach also has the capacity for semi-quantification.

The immune threshold approach was initially inspired by the risk of result interpretation in a
competitive mechanism. When this method is employed by untrained individuals, issues could
arise since the signal strength in competing mechanisms is negatively connected to analyte

concentration [154].

The immune threshold method has several shortcomings even if it can prevent some unclear
result interpretations in competitive format. First off, test lines typically use more than a purely
competitive process to consume immunoreagents. Because when evaluating blank samples, a
nearly 100% of 45 antibody absorbency is required for the first line. When the amount of
analyte is relatively low, the second line won't be capable of obtaining the immunocomplex if
the concentration of immunoreagents is not high enough. The cost as well as the optimization
processes will go up as a result. Additionally, it will be challenging to determine the
concentration of the analyte because it depends not only on the signal strength on the second
line but also on the first line. The creation of a trustworthy quantification methodology will

face extra challenges if these two intensities are taken into consideration simultaneously.

Finally, there is no further evidence that the immunothreshold technique outperforms
competitive mechanisms in terms of total sensing performance. Very little information has been
written about this strategy in the literature in recent years following the deployment of

combined labels in competitive mechanisms.

1.16 Labels used in lateral flow assay

Labels/tracers are primarily proteins and nanomaterials that can produce detectable signals
when aggregated in the testing line and control line of an NCM. They are employed in lateral
flow assays. Labels are first coupled with biorecognition components during the production of
a lateral flow strip, and then they are deposited onto the conjugate pad or combined with sample
solution prior to testing. In lateral flow assays, tracers are crucial because they have a
significant impact on sensor performance. In this section, a number of frequently used LFA

labels will be discussed.
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1.16.1 Colloid gold/Gold nanoparticles (AuNPs)

Colloidal gold, commonly referred to as gold nanoparticles (AuNPs), has a long history of use
in human society. The initial documented usage of AuNP for medical purposes dates back to
roughly 2500 years [155]. One of the earliest uses of AuUNP in a lateral flow device was reported
in 2002. Shyu et al. created a device based on a sandwich structure for ricin detection. Later, it
can be increased to 100pg/ml by employing a silver enhancement approach [156]. Numerous
articles relating to AuNP-based LFIA have now been published. In addition to antibodies,
AuNPs are employed to label aptamers and other DNA probes, as well as other biorecognition
components. To determine thrombin, developed an LFA using aptamers as the detecting unit
and AuNP as the labeling substance. A DNA-based lateral flow test for the identification of the
35S promoter, a regulatory component frequently present in genetically modified (GM) crops,
was created by Kolm et al. The detection limit is 0.5% GM content, which complies with the
European regulation requiring the labeling of any product or feed containing more than 0.9%
GM content [157]. The many benefits of AuNPs include their simple production, great
chemical stability, outstanding biocompatibility, customizable size, relative affordability, and
high molar extinction coefficient. Additionally, due to its wide surface area, it is possible to
combine it with other biomolecules, such as enzymes, which opens up the possibility of further
enhancing the signal [158,159]. These characteristics have made AuNPs one of the most widely

used labels in lateral-flow-assay in recent years.

1.16.2 Silver nanoparticles (AgNP)

Silver nanoparticles (AgNPs) are growing in popularity in a range of fields, including those
involving industries, medicine, food, and consumer goods because of their unique physical and
chemical properties [160-162]. Among them include high electrical conductivity as well as
optical, electrical, thermal energy, and medical qualities. Due to their unusual qualities, they
have been used for a wide range of applications. These include the pharmaceutical and food
industries, diagnostics, orthopedics, drug delivery, antibacterial agents, consumer goods,
medical equipment coatings, sensors for optics, and healthcare products. In the end, they have
also been used to enhance the tumor-killing actions of anticancer medications [163]. AgNPs
have recently been widely used in a variety of fabrics, keyboards, dressings for injuries, and
biomedical equipment [164,165]. It's significant to note that biologically produced AgNPs
exhibit great yield, solubility, and stability. Among the several synthetic techniques for AgNPs,

biological techniques appear to be straightforward, quick, non-toxic, trustworthy, and
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environmentally friendly ways that may generate well-defined size and morphology under ideal
circumstances for translational research. The production of AgNPs using green chemistry has
great potential, in the end. Because of their simplicity of production, chemical stability, high
conductivity, and antibacterial capabilities, silver nanoparticles (AgNPs) have gained a lot of
interest. Silver ions are reduced in aqueous solution in the presence of a capping agent, such as
citrate molecules, which imparts negative surface charges that inhibit nanoparticle aggregation
through repulsion forces. This process is a common way to create AgNP [166]. AgNPs have a
significant increase in surface energy due to the abundance of surface atoms. It has been noticed
that they have a propensity to interact with nearby components that have donating or accepting
sites in order to lower their high surface energy. According to data published in the literature,
when nanoparticles are put into a biological environs, proteins tend to act and form a protein
corona shell [167, 168].

1.16.3 Carbon nanoparticles (CNPs)

Another significant type of coloured biomarker is carbon nanoparticles (CNPs), commonly
referred to as colloidal carbon or carbon black. Strong black coloration gives CNPs a high
signal-to-noise ratio that enables visual detection down to the picomolar range [169]. In
addition to their excellent sensitivity, CNPs also exhibit outstanding stability, non-toxicity,
ease of preparation, and lack of activation [170]. The use of CNPs in lateral flow tests was first
described in 2003. Aldus et al's lateral flow immunostrip enabled the simultaneous
identification of verotoxin and E. Coli O157:H7 in milk that had been experimentally
inoculated [171].

Since then, numerous articles pertaining to CNPs in lateral flow tests have been published. For
example, Blakova et al. created an immunostrip to quickly identify the genus Cronobacter using
carbon-neutravidin conjugate as the marker. The detection limit for the test was 8ng/ml, and it
may be completed in 10 minutes. According to Blakova et al. (2011), the LFIA results showed
excellent agreement with those from traditional microbiological techniques [172]. The
performance of conventional CNP-based LFA has recently been improved by research. For the
purpose of detecting DNA, created a lateral-flow-biosensor with fluorescent carbon
nanoparticles (FCN). The benefits of carbon nanoparticles and fluorescent labeling are
combined in FCN [173].
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1.16.4 Magnetite nanoparticles (MNPs)

Scientists have recently discovered magnetite nanoparticles (MNPs), which offer some distinct
advantages as a label for lateral flow assays. MNPs have a brilliant brown hue that is good for
optical identification in qualitative tests. However, their magnetic characteristics make them
ideally suited for quantitative assay [174]. Quantitative analysis is typically done through
conventional optical lateral flow tests using readers that gauge the brightness of reflected light
or fluorescence. The ability to preserve the strip after experiments for further verification is
made possible by the long-term stability of the magnetic signals produced by MNPs [175].
Beads of Magnetic are considerably less likely to experience background noise in biological

samples, which typically contain turbidity, natural fluorescence, and hue [176].

1.16.5 Up-converting phosphor nanoparticles (UCPs)

Another kind of luminescent and fluorescent probes are up-converting phosphor nanoparticles
(UCPs), which may "emit high-energy visible or UV light when irradiated with low energy
infrared light" [177]. Owing to their narrow bandwidth, variable emission colors, low
cytotoxicity, and excellent chemical and photo rigidity, UCPs have been receiving a lot of
attention recently [178]. Long fluorescence lifetimes are another benefit of UCPs; These
lifetimes can improve the signal-to-noise ratio and decrease background autofluorescence,

which can raise vulnerability by a few orders of magnitude [179].

1.16.6 Latex bead and liposomes

According to Quesada-Gonzalez and Merkoci (2015), latex beads (LBs) are homogeneous-size
particles that can be employed as labels after being colored. It is a fairly traditional marker used
in lateral flow experiments, much like AuNP [159]. The research by Greenwald et al. indicates
that LBs have greater sensitivity than AuNP in the lateral flow assay for the identification of
Mycobacterium bovis [180]. Even though LBs are less common than AuNPs in lateral flow
devices, certain lateral flow experiments using LBs have been described recently.
Deoxyribonucleic acid in plasma was measured using a quantitative lateral flow nucleic acid
biosensor (LFNB) created by Mao et al. An LBs-based lateral flow device designed by Reiko
et al. can detect 103-104 focus-forming units/mL of ebolaviruses. It is regarded as a useful

technique for tracking the virus in underdeveloped African nations [181].
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1.16.7 Other LFA labels

Traditional labels may not always be able to match the sensitivity or quantification
requirements during the determination of particular analytes due to the rapid development of
immunochromatography technology. Scientists worked hard to create new labels for lateral
flow devices as a result. New tracers can be broadly divided into two categories. The first is
the combining and integrating of conventional labels [173,182]. The other sort of label is
constructed from unusual substances. For example, Liang et al. developed the label for
Europium (I11) chelate microparticles, which are used in LFIA to measure antibodies to the
hepatitis B virus (anti-HBV). The instrument has a wide linear range of 0.63-6401U/mL and
can quantitatively measure anti-HBV levels with a limit of detection of 0.311U/mL [183].
Another chromatographic device used fluorescein isothiocyanate as the label to determine the
presence of E. coli O157:H7. The LOD was approximately 1CFU/mL. According to articles
that have been published, these labels have demonstrated exceptionally excellent sensing
performance in the lab and are quite promising moving forward. There is still much work to be
done before these innovative tracers can be used commercially, thus it is still unclear if they

will continue to perform similarly in field applications.
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Aims and Objectives

Identification of dengue severity biomarkers through using several

established methodology like LC-MS/MS, ELISA, Western Blot.

Development of a point of care immunoassay for diagnosis of Severe Dengue
by performing extensive optimization experiments for the different

parameters.

Validation of the newly developed assay by estimating analytical and
diagnostic sensitivity, specificity limits along with NPV (Negative-Predictive-
Value), PPV (Positive-Predictive-Value) and establishing a ROC(Receiver

Operating Characteristic) curve of the new assay.
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CHAPTER -2

Materials and Methods

2.1. Ethical Statement

Blood samples were collected from patients of the School of Tropical Medicine, Kolkata after
explaining the benefit and objective of the study to the patient and his/her family members. All
enrolled patients and the healthy control group gave written informed consent, with the
assurance that their identities would be kept private (from parents or legal guardians in the case
of pediatric patients). They also had the option to remove their names from the study if they
wanted to. After appropriate explanation, Study subjects were chosen for the research. As
agreed upon, the members of the medical team gathered demographic information such as age,
sex, type and length of treatment, and clinical complaints. Following the initial screening, 5
milliliters of venous blood were drawn into vials containing EDTA and those without
anticoagulants. Routine blood test of all the enrolled subjectes was also performed was also
run. The School of Tropical Medicine, Kolkata's Clinical Research Ethics Committee
examined and accepted the study sites' ethical considerations as well as those of the
department's outdoor and indoor departments of dermatology and tropical medicine [CREC-
STM/ IEC Ref N0:2018-AG2 dated 18/06/2018 & CREC-STM/ IEC Ref No: 2022-AS07,
dated 06/07/2022].

2.2. Study population

Five milliliters (5.0 ml) of venous blood were obtained by venepuncture from patients who had
symptoms similar to dengue and preserved in EDTA anticoagulant tube and no- anticoagulant
tube. NS1 ELISA, IgM/1gG ELISA, and RT-PCR were performed on plasma that had been
separated by centrifugation at 3000 rpm. The study was conducted in India at the Calcutta
School of Tropical Medicine during the period of July 2019 to December 2023. Apart from the
Calcutta School of Tropical Medicine, we also collected blood from three other Govt. Hospital
i.e. Barasat, Habra of North 24 Parganas and Bongaon, in the state of West Bengal at the time

of the dengue outbreak.
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Figure 2.1.: Dengue outbreak work at affected region in West Bengal

We got 782 dengue suspected patients. From suspected patients, 302 dengue confirmed
samples were collected and categorized into three groups based on clinical symptoms. Among
302 confirmed dengue suspected patients, 176 were considered as DWOWS, 106 patients were
considered as DWWS and 20 patients were considered as SD. DWOWS and DWWS are
considered as Nonsevere dengue infection. Additionally, 30 other febrile illness (OFI) and 30
healthy donors (HD) were included in this investigation as control individuals. The plasma was

collected for the entire study and stored at -20°C until future study.
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Figure 2.2. Diagram of participates evaluated and enrolled in this study

2.3. Quantification of Biochemical parameters

To characterize the pathophysiological condition of the study subjects a detailed biochemical
analysis of the blood samples was measured using a standard autoanalyzer (ERBA Model No-
EM360). These included Serum glutamic oxaloacetic transaminase (SGOT)/ Aspartate
transaminase (AST), Serum glutamic pyruvic transaminase (SGPT)/Alanine transaminase
(ALT), globulin (GLB), albumin (ALB). Additionally, WBC (White Blood Cell) count, RBC
(Red Blood Cell) count, hematocrit (HCT), and platelet (PLT) count, were measured by using
Automated Cell counter (SYSMEX Model No- KX100). Following the manufacturer’s
instruction manual, The tests were accomplished. All the samples were tested in triplicates and
the mean value was taken for analysis. These data typically involved plotting patient data on a
chart i.e. Dengue nomogram to determine the risk of severe and nonsevere dengue-infected
patients. The nomogram incorporated vomiting, NS1 levels, platelet count, and AST levels as

key parameters to calculate a severity score for dengue-infected patients [216].
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2.4. Dengue viral load determination

DENV-infected individuals in the febrile phase were chosen for real-time PCR-based viral
RNA quantification in order to measure the viral burden. In summary, 140 pl of samples of
serum were subjected to viral RNA extraction using a Qiagen Viral RNA kit. Tagman-based
Real-Time PCR was used to measure the dengue virus load in the patient's sera (Genome
Diagnostic Pvt. Ltd.) [186]. Reagents and enzymes for both the specific amplicon's direct
detection in the fluorescence domain FAM (fluorescent 6-carboxyfluorescein) and the specific
amplification of the Dengue genome are included in the kit's Specific Master Mix. The gene
load may be measured according to the external positive standards provided in the kit. PCR

was conducted in real time by using the ABI-Prism (7500) instrument.

The immunological pathophysiology of several diseases, such as dengue, measles, chronic
hepatitis, persistent viral infections, and malaria has been linked to circulating immune
complexes (CICs). These complexes, formed by the binding of antigens to antibodies, can
trigger a cascade of inflammatory responses that contribute to tissue damage and disease
progression. To elucidate the specific role of CICs in dengue infection, researchers have
conducted studies exploring the formation, composition, and biological effects of these
complexes in the context of dengue pathogenesis. By understanding the mechanisms
underlying CIC-mediated immune responses, scientists aim to identify potential therapeutic

targets for mitigating the severity of dengue illness.

2.5. Quantification of Circulating Immune Complexes

The polyethylene glycol precipitation method of Creighton was used to extract the immune
complex from the plasma of dengue patients as well as healthy control [187]. In summary, the
plasma was diluted 1:3 ratio with 0.1 M borate buffer at pH 8.4. It was then combined with 2
ml of 4.16% PEG 6000 in borate buffer [4.16 gm PEG MW-6000 dissolved in 100 ml borate
buffer saline (BBS)] and incubated for one hour at 4°C temperature. The turbidity caused by
the precipitation of CIC in the PEG-containing tube was determined at 450 nm using a
spectrophotometer, which was compared to the absorbance of the control sample that contained

borate buffer.
The outcome was given as the PEG-index, which was obtained using the formula below.
Absorbance with PEG

PEG index = $3 1000
Absorbance with BBS
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2.6. Gradient gel electrophoresis and SDS-PAGE analysis used for Characterization of
CICs

Serum was incubated with 8% PEG 6000 for a whole night at 4°C in order to extract circulating
immune complexes from it. After removing the supernatants, the precipitates were rinsed and
resuspended in 3% PEG in PBS (pH 7.2), and they were centrifuged once more at 13,000 rpm
for 20 minutes at 4°C. After that, the precipitates were dissolved in equal parts of PBS, the
supernatants were removed, and the mixture was kept incubated for an hour at the temp of
37°C [188]. After the incubation period, 7.5% SDS-PAGE was used to analyze the complexes.
For 3.5 hours, the isolated patient CIC was exposed to a continuous voltage of 70 V. After 20
minutes of incubation in coomassie staining, the gel was destained and photographed. Using a
protein ladder, the molecular weight of the unidentified patient proteins CIC was determined
based on the relative mobility of the proteins.

Moreover, By using denaturing gradient gel electrophoresis, bands of protein were separated.
In conclusion, 50ug of the CICs solution was used for the electrophoresis, and 5%-15% of an
SDS PAGE gradient gel was created, which was run for 1.5 hours at a fixed voltage of 110V.

Coomassie brilliant blue stain was used to visualize the protein bands in the gel [189].

2.7. Sample preparation for affinity purification

Different categories of DENV patients’ plasma samples i.e., Severe and Nonsevere were
pooled down separately and CICs were precipitated by a 50% saturated solution of ammonium
sulfate as described by [190]. After that, the samples were dialyzed for 48 hours at 4°C using
Dialysis tubing (Sigma-Aldrich) and repeated 1000-ml PBS changes. In order to make it easier
to detect low abundant proteins, high abundant plasma proteins were eliminated using depletion
column resins. This method followed the manufacturer's directions and involved utilizing the
Albumin Depletion kit (Pierce-85170) to remove highly abundant proteins like albumin.
Albumin-depleted samples were treated with Glycine—HCL buffer to dissociate the antigen-
antibody complex [191, 192]. After that, the acid-dissociated CICs were affinity-purified for
45 minutes at room temperature (RT) using an equilibrated Protein A Sepharose 4B column
(Invitrogen, USA). The glycated CICs antigenic fraction was purified by subjecting the
antibody-free CICs antigen fraction to an m-phenyl boronic acid column (Sigma) for an
overnight period at room temperature [192, 193]. After being eluted with a solution of Taurin-

NaOH (50 mM, pH 8.7), the Glycated Fractions were dialyzed using Dialysis Tubes (Sigma-
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Aldrich) and continuous 1,000 ml PBS exchanges for 24 hours at 4°C [9]. The Lowry technique

was used to measure the protein content.

The Glycated Fractions were dialyzed using Dialysis Tubing (Sigma-Aldrich) and repeated
1,000 ml PBS changes for 24 hours at 4°C after being eluted with 50 mM Taurin-NaOH
solution, pH 8.7 [194]. Protein concentration was measured by the Lowry method [195].

2.8. Zip Tipping & LC-MS/MS

After being dried using centrifugation of speed-vacuum, protein samples were dried after being
resuspended in 40 pL of 0.1% formic acid and eluted with acetonitrile again. The specimens
were replenished with 0.1% formic acid (15 pl). The various peptides in the polypeptide
solution were isolated using nano-LC prior to MS. Using the LC 1200 system [ Easy-nano,
Thermo Scientific] connected to a mass spectrometer [Q Exactive Plus Orbitrap, Thermo
Scientific], peptides were examined by electrospray ionization mass spectrometry. Six
microliters of tryptic digested peptide were briefly placed onto a PepMap 100um x 2 cm,
nanoviper C18, 5um, 100A nano-precolumn (Thermo Fisher Scientific Acclaim). The peptides
were separated using a linear gradient of water, 0.1% formic acid (v/v) 80% acetonitrile in a
nano column of HPLC (100A, 75um x 50 cm, ES 803 PepMap RSLC C18 2um). The samples
were then sprayed with ion into MS with a spray-voltage (1.90KV) and 300-C of capillary
temperature. Additionally, Proteome Discoverer Software 2.2 (Thermo Scientific) was used to
analyze raw data and identify proteins of interest. The following criteria were applied: Mass
values: Max Missed Cleavages: 2, Monoisotopic, SequestHT Uniprot Human database;
database; Precursor mass tolerance: 10 ppm, Protein mass: Unrestricted, Fragment mass
tolerance: 0.05Da. Variable modifications: Oxidation (M). The label-free quantification option
was chosen when conducting searches [196]. Via the PRIDE member repository, the
proteomics data acquired by liquid chromatography-mass spectrometry (LC-MS/MS) were
submitted to the Proteome-Xchange-Consortium. Proteome Xchange offers data under the
identifier number PXD051713.

2.9. SDS-PAGE and Western blotting

To validate the identification of upregulated dengue severity biomarkers, the expression of
VTN and MASP-1 were validated with western blot analysis. Thirty micrograms of affinity-
purified CIC antigens from Dengue patient plasma were electrophoresed in SDS PAGE. The
samples were run on a 7.5% resolving gel that was prepared with 1.5M Tris-HCI (pH-8.8),
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30% acrylamide and bisacrylamide solution, 10% SDS, 10% APS, and SUITEMED. Mini
protean tetra cells (Bio-Rad, USA) were used for the electrophoresis, and the electrophoresis
buffer (Tris 0.025M, glycine 0.19M, and SDS 0.1%) was used. Using monoclonal biotin-
tagged VTN anti-human antibody (BIOSS, USA) and biotin-tagged MASP-1 (Mybiosource,
San Diego, USA), a Western blot was conducted. Subsequently, HRP-avidin anti-human IgG
secondary antibody monoclonal 1gG (1:1000) (Sigma-Aldrich, Cat#: A0170) was applied, and
it was visualized by using DAB substrate kit (Pierce, USA) [197].

2.10. Determination of Circulating Proteins Titers

In 1971 and 1972, the ELISA technology was initially introduced. It is based on the useful
theories and research of Engvall and Perlmann, who provided a methodology for determining
the level of immunoglobulin G in human serum [198]. The procedure entails adding
sera/plasma for analysis after the suggested antigen /antibody has been bound in a solid phase
[199]. Circulating proteins like TSP-1, VTN, and MASP-1 were involved in DENV
pathogenesis [200, 201]. To evaluate their levels of TSP-1, VTN, and the key components of
the MBL pathway i.e. MASP-1 in DENV illness, stored plasma of DENV patients were thawed
at room temperature, and levels of TSP-1, VTN, and MASP-1 were evaluated using standard
ELISA kits (Ray Biotech and Fine test). The tests were carried out as per the manufacturer’s
instructions. The sample used for this assay included HD and the patient with Severe dengue,

Nonsevere dengue, and OFI.

2.11. Protein Network Analysis

A comprehensive analysis of protein networks was carried out in order to clarify the functional
connections between the identified proteins. First, the human gene symbols that matched the
proteins found by LC-MS/MS analysis were carefully chosen. After that, these gene symbols
were added to the STRING database (version 11.0), which is a well-known resource for
creating useful protein association networks. Interactions and linkages between the proteins of
interest were deduced by utilizing STRING's large knowledgebase and computational
techniques, which offered important insights into their possible functional interplay [202]. A
gene ontology (GO) enrichment study was carried out to examine these protein networks'
biological importance in more detail [203]. In order to provide light on the possible cellular
roles and pathways involved, this research sought to discover biological process phrases that

were over-represented among the proteins under study.
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2.12. Nitrocellulose membrane selection

Nitrocellulose is commonly used as a membrane for strip development (i.e. NCM). Easypack
membrane Kit device was made available by Advanced Microdevices Pvt. Ltd., based in
Ambala, Haryana, India. The package includes 8um (CNPF-SN12-L2-H50), 10um (CNPF-
SN12-L2-H50), 12um (CNPF-SS12-L2-H500, and 15um (CNPC-SS12-L2-H50) NCM pore
sizes, which were utilized during the standardization procedure. Because the NCM pore size
influences how fluid flows through the strip, the porosity of the strip is important. Flow time
is a crucial morphology for choosing NCM with the right size of pores since it allows us to
examine the flow time of various porosities of the NCM lump combined on the strips.

2.13. Sample-pad, conjugate-pad, and absorbent-pad selection

For developing a lateral flow assay, we used different components like a Conjugate pad (glass
fiber; GFB-R7L, GFB-R4), Sample pad (Cellulose fiber; PT-R7 and PT-R5), and Absorbent
Pad (Cellulose; AP080 and AP045), procured from Advanced Microdevices Pvt. Ltd. Ambala,

Haryana, India.

2.14. Assembly of the immunostrip for the detection of Dengue severity

The Lateral Flow Immunoassay (LFIA) strip is a composite element that has a plastic backing
that has been laminated. Plastic backing laminate (4 x 25 mm) requires three elements on the
surface, every component has distinct characteristics and attributes and is essential to the test
process's performance. The first component is the sample pad, different materials like cellulose,
glass fibers, etc. are used to produce sample pads. The sample pad sheet (4 x 14 mm) adhered
to the backing laminate so that it overlapped the conjugate pad. The sample pad receives the
sample, retains it while forwarding it to the conjugate pad, and then releases it to the NCM.
The conjugate pad maintains the stability of the protein bioconjugates throughout LFIA's shelf
life. The conjugate pad should release the bioconjugate consistently and efficiently during the
LFIA analysis. Because of its advantages in terms of stability, capillary flow, ease of
fabrication, and high fluid holding capacity, glass fiber is the material of choice for the
conjugate pad. The conjugate pad is normally dipped in the bioconjugate mixture and then
dried in preparation for installation on the LFIA strip. Using a paper cutter, a sheet of the
conjugate pad (4 x 2 mm) was cut, the adhesive label on the sample pad side was removed, and
the conjugate pad sheet was assembled on the backing laminate with a 2 mm overlap on NCM

(nitrocellulose membrane). The membrane used for LFIA strip development, or NCM is
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usually nitrocellulose. It has several advantages, such as inexpensive cost, strong mechanical
properties, high capacity for binding proteins, simplicity in handling, effective capillary flow,
etc. This section of the LFIA assembly is where the actual analysis is done. Different proteins
have been immobilized on the surface of the control and test parts of NCM as detection
markers. On the other side of the strip, the absorbent pad sheet (4 x 19 mm) adhered in a similar
pattern. Attached to the opposite end of the strip, the absorbent pad was placed with a 2 mm
overlap at the NCM. Because the absorbent pad acts as an engine to move fluid from the strip
to the end, this overlap is an important consideration. The strip must be dried as soon as the
replacement kit packet is received since any moisture that has been absorbed or adsorbed onto
the Kit's component surfaces could interfere with the LFIA process. If moisture is present, the
fluid may seep throughout the pad, altering the flow pattern. Following the placement of the
required parts on the plastic backing laminate, the sheet was cut into strips that were 4 mm

wide.

2.15. Preparation of Gold nanoparticle conjugated antibody

We used a Gold Conjugated Kit (40nm, 200D, ab154873) for the preparation of Gold
conjugated Antibody. Stock antibody (Vitronectin Monoclonal Antibody) was diluted with the
Gold antibody diluent provided in the kit to 0.1 mg/ml. For each reaction in a clean 1.5 ml
microfuge tube 42 pl of Gold reaction buffer was added followed by 12 ul of diluted antibody.
45 pl of the mixture was added to a vial of Gold. This was allowed to stand at room temperature
for 15 minutes. Finally, 5 pl of EL Gold Quencher was added to yield 50 pil of 20 OD conjugate.
To confirm the successful conjugation of the antibody to the gold nanoparticles, UV spectra of
both the unconjugated gold nanoparticles and the antibody-conjugated gold nanoparticles were

analyzed individually.

2.16. Control line and test line optimization for AuNPs

The components, such as an absorbent pad at the plastic backing laminate that has been
preassembled with NCM, are assembled according to the standard operating protocol for LFIA
development. Initially, standardization was done using a laminated NC membrane. Initially,
the NC membrane was dried out for 20 minutes at 55°C in a hot air oven. One microlitre of
various concentrations of the capture antibody (Goat Anti-Mouse 1gG Antibody, #31160
Invitrogen) was used for the control line optimization, and two lectins (MAA, vector lab-L-
1310) and DSA, vector lab-L-1180) in varying concentrations were used for the test line

optimization. The NCM was then dried at room temperature for the entire night in front of the
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dehumidifier. After that microcentrifuge tubes were obtained. A microcentrifuge tube was
prepared with different concentrations of the capture antibody (i.e., 0.25, 0.5, 1, and 2 pg/ul)
and lined on the NCM. A microcentrifuge tube was prepared with different concentrations of
lectins (i.e., 10, 5, 2.5, and 1.25 pg/ul) on the test line and lined on the NC membrane. A
conjugated detection antibody (Anti-VTN mADb) in the form of a microcentrifuge tube was
applied on the conjugated pad and left overnight at room temperature. An optimized lectin
concentration was used for the detection of severe and nonsevere dengue-infected patients.

2.17. LFIA strips with Gold nanoparticles testing with clinical samples

By loading human plasma from Dengue-infected patients, the viability of the generated
immunostrips as instruments for determining the severity of Dengue infection was examined
in triplicate trials. A sample pad containing 50 pl of positive or negative human plasma was
added to the case of strips where the conjugates were made up of AuNP-anti-VTN mAb. During
the first five minutes of the test, capillary pressures led samples to move from the conjugate
pad to the membrane, where they contacted the lectin test lines and control lines before entering
the absorbent pad. The results were visually evaluated after thirty minutes. The color intensity
of each strip's test and control lines was further measured using the Image J application.
Sensitivity, specificity, and the intra- and inter-assay coefficient of variation (CV) were used
to calculate the assay performance. To calculate the reproducibility of this assay, samples in
triplicate from each set were assayed by two independent experiments. Further assay
performance is validated through standard ELISA determining VTN titers of severe and

nonsevere Dengue patients.

2.18. Synthesis of Silver nanoparticles.

The unique properties of silver nanoparticles make them promising candidates for a wide range
of applications, from medical devices to water purification. Silver nanoparticles have acquired
significant scientific interest due to their exceptional optical, electrical, and catalytic properties.
This study seeks to investigate synthesis methods for tailoring their characteristics to specific

applications.

Sodium borohydride (NaBH4) was used as the reducing agent in a straightforward chemical
reduction process to create AgNPs [204]. An Erlenmeyer flask was filled with 30.0 mL of 0.00
2 M aqueous NaBH. solution, and 10.0 mL of 0.001 M AgNOs solution was added while
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vigorously swirling at a rate of around 1 drop per second. The solution was left to react until it
changed from a pale yellow to a brighter yellow color.

One way to express the AgNOs reduction process is as
2AgNOs + 2NaBHs — 2Ag + Hz + B2Hs + 2NaNOs3

To stabilize the colloidal AgNPs, 1.0 mL of 0.02 M TSC solution was added at the end. Because
of the repulsive interaction between the particles and the net negative charge on their surface,
TSC stabilized the colloidal AgNP in a colloidal form. 0.1 M K>COs was used to bring the pH
of AgNP down to 9.0.

2.19. UV-Visible Spectroscopy

For the initial characterization of synthesized nanoparticles, UV-vis spectroscopy is a highly
helpful and trustworthy method. It is also used to track the synthesis and stability of AgNPs
[205]. AgNPs have distinctive optical characteristics that cause them to interact strongly with
particular light wavelengths. Additionally, UV-vis spectroscopy is quick, simple, sensitive,
selective for various types of NPs, only requires a small amount of time for measurement, and

lastly, calibration is not necessary for particle characterization of colloidal suspensions [206].

2.20. Transmission electron microscopy (TEM)

To gain a deeper understanding of the structural properties of silver nanoparticles (AgNPs),
transmission electron microscopy (TEM) is an indispensable tool. TEM allows for direct
visualization of particle size, shape, and crystal structure, providing valuable insights into their
physical and chemical properties. TEM was carried out using a JEOL (JEM-2100 HR WITH
EELS) apparatus at an accelerating voltage of 80 kV after a drop of aqueous AgNPs on copper
that had been coated with carbon-dried. Prior to loading on a specimen holder, TEM grid
samples were dried and vacuum-stored in desiccators. AgNPs' particle size distribution was
assessed utilizing the Model 963 GIF Quantum Imaging Filter System. Quantitative
measurements of particle and/or grain size, size distribution, and morphology are obtained
using the useful, popular, and significant TEM technique for the characterization of
nanomaterials [207]. The distance between the objective lens and the specimen and the distance
between the objective lens and its image plane mostly define the magnification of TEM.

Compared to SEM, TEM has two advantages: higher spatial resolution and the ability to
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conduct extra analytical measurements [208]. Therefore, sample preparation is extremely
important in order to obtain the highest-quality images possible.

2.21. Preparation of Silver nanoparticle conjugated antibody

The preparation of antibodies coupled with silver nanoparticles has the potential to
revolutionize diagnostics. These conjugates provide early illness diagnosis and surveillance by
enabling the detection and quantification of biomarkers in a range of biological samples. To
10.0 mL of AgNP solution, an additional 60.0 puL of 1.0 mg/mL Anti-MASP-1 Ab was added
dropwise. Following a one-hour period of gentle agitation at 37 °C, monodentate or bidentate
bonding allowed Ab to bind to the colloidal AgNP surface. After adding 2.5 milliliters of 5.0
wt% BSA solution to the combination, which blocked the non-coated colloidal AgNP surfaces
for 15 minutes, the mixture was centrifuged for 20 minutes at 6000 rpm. After two rounds of
washing, the supernatant unconjugated antibody was removed by centrifugation at 6000 rpm
for 20 minutes, yielding colloidal AgNP conjugated Ab in soft pellet form. Once more, the
pellet was cleaned using PBST solution. At last, Ag- conjugated Ab was reconstituted in 50.0
uL of PBS (pH 7.4) solution and kept cold for storage [209].

Different types of protein interaction with nanoparticles:-

+ —2 5
+ _B_%
—C 5

s

Figure 2.3. Protein can bind with NP through several types of interactions : A- Electrostatic, B -
Hydrophobic, C - Dative bonds.
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2.22. Dynamic Light Scattering (DLS)

A useful method for precisely determining the size distribution of silver nanoparticles is
Dynamic Light Scattering (DLS). By measuring a particle's Brownian motion in solution, DLS
enables us to determine its hydrodynamic size and comprehend the homogeneity of the
nanoparticle population. The stability, biocompatibility, and molecular interactions of silver
nanoparticles are significantly influenced by their surface charge. Through the measurement of
the particles' electrophoretic mobility, DLS can be utilized to infer information regarding the
colloidal stability of the surface charge. For the dynamic light scattering (DLS) experiments, a
Malvern Nano ZS light scattering equipment (Malvern Instruments Ltd., Malvern, UK) was
employed. Every 10s, 15 acquisitions were made in order to measure the time-dependent
autocorrelation function of the photocurrent. A 633 nm laser was used to illuminate the
materials, and an avalanche photodiode was used to gauge the light's intensity as it was
reflected at a 173 degree angle. The manufacturer's software was used to determine the
hydrodynamic mean diameters (dz), polydispersity (PDI), and distribution profiles of the
samples. The samples listed here were measured: 1) AgNPs that have been citrate-stabilized 2)
Coated AgNP with an antibody and incubated for 1 hour at 37-C with gentle, constant stirring
3) An antibody-coated AgNP was incubated for two hours at 37°C while being gently and
continuously stirred. For the investigation of biological activities utilizing radiation scattering
techniques, the physicochemical characterization of produced nanomaterials is crucial [210].
DLS is capable of measuring the size distribution of tiny particles in suspension or solution on
a scale ranging from submicron to one nanometer. A technique that relies on light and particle
interaction is dynamic light scattering. This technique can be used to measure tiny particle size
distributions, particularly in the 2- to 500-nm range [211]. The most often utilized method for
the characterization of nanoparticles is DLS. DLS primarily depends on Rayleigh scattering
from the suspended nanoparticles to quantify the light scattered from a laser that passes through
a colloid. Next, the time-dependent modification of scattered light intensity is examined, and
the hydrodynamic size of the particles can be calculated [212]. Particle size and size
distributions are the main uses of DLS in aqueous or physiological fluids. It's possible that
Brownian motion has an impact on why the size acquired from DLS is frequently larger than
that from TEM. The average diameter of nanoparticles scattered in liquids can be determined
using the nondestructive technique known as DLS. It offers the unique benefit of
simultaneously probing a high number of particles, but it has a number of sample-specific

restrictions [213].
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2.23. Density gradient centrifugation Method

To produce pure and precisely defined populations of nanoparticles by sorting particles
according to their density, is the density gradient centrifugation method, a useful method for
separating silver nanoparticles from impurities like a complicated heterogenic mixture of
particles.

One of the most significant separation methods utilized extensively in cellular and molecular
biology as well as colloid science is centrifugation. Gravity causes items thicker than liquids
to settle on their own. This procedure may take a very long time; for minuscule particles (such
as in nanoparticles). The particles won't settle at all when exposed to thermal energy. Still,

Particles can travel radially away from the axis with the assistance of centrifugal forces.

Density gradient centrifugation is one of the methods, where particles are spun in a liquid
column that supports a density gradient (such that the buoyant force changes inside the tube).
Carefully layering liquids with varying concentrations on top of one another can produce a
density gradient, which causes the density of the tube to grow from top to bottom. This method

has two variations: (i) isopycnic centrifugation and (ii) rate zonal centrifugation.

Successful applications of isopycnic centrifugation for diameter-dependent separation have
been made. In the isopycnic method, the item densities that need to be separated must lie
between the gradient's lowest and maximum values for the column. On top of the gradient, the
sample is typically applied as a thin layer. Only when the density of each particle matches the
gradient will it settle at that location in the centrifuge tube; only then will it stay there.
Consequently, the isopycnic method divides particles into zones based only on the variations
in their buoyant densities. Though longer centrifugation periods do not further affect the
positions of the particles, the run time must be adequate for the particles to separate to their
isopycnic points. The sample density in the rate zonal centrifugation (RZC) process is higher
than that of the gradient's greatest density part. A tiny layer of the sample is put to the tube's
top, and when it is centrifuged, the particles start to settle into distinct zones based on their
size, shape, and density as they go along the gradient. However, the separation must end before

the divided particles reach the tube's bottom, in contrast to the isopycnic approach.

Particles from distinct zones can be easily removed using a pipette syringe or needle in both

the RZC and isopycnic procedures.
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Pure sucrose was dissolved in deionized water and stirred to create the sucrose gradients. Thus,
from bottom to top of a test tube, four sucrose solutions with volumes of 2 ml and fractions of
10, 20, 30, and 40% were placed on top of one another in 15 ml vials. Next, using a syringe,
load 4 ml of the colloidal silver nanoparticle solution onto the prepared sucrose gradient.
Centrifuge for 2 hours at 5°C at 6000 rpm. Subsequently, the distinct layers were gathered
using a syringe, cleaned three times in deionized water, centrifuged to eliminate any leftover
material, and then distributed in deionized water for subsequent research [214].

2.24. Agarose Gel Electrophoresis assay

By comparing the migration patterns of silver nanoparticles, antibody-conjugated silver
nanoparticles, and binding with targeted analytes present in the sample on agarose gel, we can
estimate the efficiency of the conjugation process. This information is valuable for optimizing
the preparation of antibody-conjugated nanoparticles and conjugated with targeted analytes as

well.

The technique known as agarose gel electrophoresis (AGE) assay is frequently used in the
study and separation of macromolecules such as DNA and RNA. Nevertheless, its usefulness
goes beyond biomolecules because it works well for describing other types of nanoparticles,
such as silver nanoparticles (AgNPs) [215]. The AGE concept is simple to understand. To
adjust pore size, a porous matrix made from seaweed called agarose gel is created in different
quantities. Charged particles migrate through the pores in the gel according to their size, shape,
and charge when an electric field is applied across it. Smaller particles go through the gel more
quickly and easily through the pores. Bigger particles move more slowly and face greater
resistance. The agarose gel electrophoresis, or AGE, test has been widely used to characterize
mixtures of synthetic or pure NPs. Firstly, an agarose gel of 0.3% was prepared. 0.3% agarose
gel contains 0.3 gm agarose powder in 100ml 0.5x TBE containing 0.2% SDS. 0.5x TBE (Tris-
Borate-EDTA) was used as the electrophoresis buffer (EB) and 1% SDS was used as a
stabilizing agent. The various AgNPs were combined with a loading buffer (LB) (ratio 1:1)
which contains glycerol (30% m/m). AgNPs and LB were combined before being injected into
the wells (15 pL of sample volume per well). The power supply was attached to the
electrophoresis cell, which was operated for 30 minutes at a constant voltage of 150 V, or a

potential gradient of 10 V/cm.
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2.25. Control line and test line optimization for AgNP

The components, such as an absorbent pad at the plastic backing laminate that has been
preassembled with NCM, are assembled according to the standard operating protocol for LFIA
development. Initially, standardization was done using a laminated NC membrane. Initially,
the NC membrane was dried out for 20 minutes at 55°C in a hot air oven. One microlitre of the
capture antibody, Goat Anti-Mouse 1gG Antibody (#31160 Invitrogen), and various test
antibody concentrations, such as Anti-MASP-1 Ab (PA5-119268, Invitrogen), were lined up
on the NCM and allowed to dry overnight at room temperature in front of the dehumidifier.
Following that, tubes for microcentrifuges were taken. In a microcentrifuge tube, test
antibodies at different concentrations (i.e., 5, 4, 3, 2, and 1 pg/ul) were made and lined on the
NC membrane. Two microgrammes of gold-conjugated detection antibody (Anti-MASP-1
Mab) were then applied to the conjugated pad and left overnight at room temperature. With an
optimal test antibody concentration, the LFIA strip is also utilized for the identification of

patients with dengue infection, both severe and nonsevere.

2.26. LFIA strips with Silver nanoparticles testing with clinical samples

The usefulness of the produced immunostrips as tools for assessing the severity of Dengue
infection was investigated in triplicate experiments by loading human plasma from individual
infected patients. A sample pad containing 50 pl of positive or negative human plasma was
added to the case of strips where the conjugates were made up of AgNP-anti-MASP-1Mab.
Capillary pressures caused samples to travel from the conjugate pad to the membrane, where
they met the test lines and control lines and finally into the absorbent pad during the first 5 min
of the test, and the findings were visually assessed within 30 min. The color intensity of each
strip's test and control lines was further measured using the Image J application. Sensitivity,
specificity, and the intra- and inter-assay coefficient of variation (CV) were used to calculate
the assay performance. To calculate the reproducibility of this assay, samples in triplicate from
each set were assayed by two independent experiments. Further assay performance is validated
through standard ELISA determining MASP-1 titers of both severe and nonsevere Dengue

patients.

2.27. Quantification of color intensity

The program ImageJ 1.49 v was used to quantify the intensity of the lines. After converting the

photos to RGB format, the proper color was chosen. Software enabled selection of an area

50



whose intensity was measured along with the area, minimum, and maximum values. A plot
profile throughout the illuminated region was created using a rectangle that was drawn. Column
averages of the data to the left and right of the location were used to create a baseline.

Depending on the exposure times used, the signals were scaled appropriately.

2.28. Statistics

All graphs were plotted in Graph Pad Prism statistical program (Graph-Pad Software Inc., San
Diego, CA), and Microsoft Excel 2016. Initially, each data set underwent to a normality test
using the D'Agostino and Pearson normality tests. Analyses using a single nonparametric
ANOVA (i.e. Kruskal-Wallis test) and t-test (Mann-Whitney-Test) were performed. Data
representation was done by Box plots to show Tukey whiskers values and P values below 0.05
were considered statistically significant. Values for each set of experiments were analyzed by
calculating their respective mean, medians, and Standard error of the mean. A cut-off value of
circulating proteins (MASP-1 and VTN, TSP-1) was determined by using the Youden index.
Efficiency was analyzed using receiver operating characteristic (ROC) curves. Values for
specificity and sensitivity were computed for the same at various thresholds. Also computed
were statistically significant areas under the curve (AUC) values. The Spearman's correlation
was applied. Using CombiROC (area under the curve), the most efficient parameter

combinations with the corresponding sensitivity, specificity, and accuracy were selected.
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CHAPTER -3

Results

3.1. Demography & Clinical parameters

In this study, 302 confirmed dengue patients were enrolled out of 782 suspected patients. They
were confirmed by the NS1/IgM test. On the basis of the clinical symptoms, 176 patients were
included in DWOWS, 106 patients were included in DWWS and 20 patients were included in
the SD category. According to WHO guidelines, classification was based on the clinical history
and characteristics of a subset of patients. As shown in table 3.1. the Mean £ SEM age of
dengue patients with DWOWS was (31.07 £ 1.09) years with male preponderance; 101 out of
176 (57.38%) were male and 75 (42.61%) were female. For DWWS, the Mean + SEM of age
was (34.29 + 1.25) years. Among the patients infected with DWWS, approximately 66.98%
(n=71) were male and 33.01% (n=35) were female. Among the SD patients, approximately
65% (n=13) were male and 35% (n=7) were female and the age of Mean = SEM was (38.25 £
2.69) years. Among the patients with OFI, 66.66% (n=20) patients were male 33.33% (n=10)
patients were female and the Mean + SEM of the age of OFI was (34.77 = 2.81). For healthy
donors, the males and females were 50% (n=15) and the Mean = SEM of age was (36.37%
2.09). All patients observed (respectively DWOWS, DWWS, SD, OFI) had fever, myalgia
(61.36%, 41.5%, 40%, 56.66%), vomiting (32.38%, 23.58%, 50%, 6.66%), Rash (34.09%,
16.47%, 15%, 0%), abdominal pain (29.54%, 23.58%, 50%, 0%) hemorrhage (0%, 4.71%,
15%, 0%).

Table 3.1.: Demographic study and clinical parameters of enrolled subjects.

DWOWS DWWS SD HD OFI
Total number of (n=176) (n=106) (n=20) (n=30) (n=30)
population
Male (%) 57.38 % 66.98 % 65 % 50 % 66.66 %
Female (%) 42.61 % 33.01 % 35 % 50 % 33.33%
Age (Mean +tSEM) | 31.07 £1.09 | 34.29+1.25 | 38.25+£2.69 | 36.37£2.09 | 34.77 £2.81
Clinical Parameters
Day of Fever (Mean | 4.54 £0.18 4.81+0.2 52+0.32 - 4,13 £0.56
+ SEM)
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DWOWS DWWS SD HD OFI
Rash (%) 34.09 % 16.47 % 15 % - 0%
Abdominal Pain 29.54 % 23.58 % 50 % - 16.66 %
(%)
Nausea (%) 37.5% 25.47 % 45 % - 43.33 %
Vomiting (%) 32.38 % 23.58 % 50 % - 6.66 %
Fluid accumulation 3.4 % 0.94 % 20 % - 0%
(%)
Myalgia (%0) 61.36 % 41.5 % 40 % - 56.66 %
Headache (%) 65.34 % 46.22 % 40 % - 83.33%
Haemorrhage (%) 0% 4.71 % 15 % - 0%

Figure 3.1.: Dengue outbreak work at affected regions in West Bengal (A)Phlebotomy for sample
collection (B)Medical team visiting the affected area (C) Clinicians providing treatment guidelines
to patients (D) Dengue patient with rash (E) USG showing Gall bladder thickening of affected
patient (F) X ray showing fluid accumulation in dengue patient
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3.2. Laboratory parameters

The results of biochemical parameters of dengue-infected patients showed lower levels
(median) of platelet (33000 X 103/ ul) in SD patients than DWOWS and DWWS. Further, a 5-
fold increased C-reactive protein (CRP) was observed in SD as compared to patients with
DWOWS, whereas almost 4.1-fold lower CRP was observed in DWWS compared to SD.
Increased hematocrit (HCT) was observed in patients with SD compared to nonsevere dengue-
infected patients (DWOWS and DWWS) whereas decreased levels of Albumin and globulin
were observed in SD patients compared to nonsevere dengue-infected patients. Mann-Whitney
analysis between Nonsevere and SD with respect to, platelet (p<0.0001), albumin (p<0.0001),
globulin (p=0.0052), and hematocrit (p=0.2442) showed significant differences as shown in
table 3.2.

Table 3.2: Basic laboratory parameter study of enrolled subjects

BiochemicalParameters DWoWS DWWS SD ANOVA Mann-
analysis | WhitneyTest
(p* (Nonsevere
value) Vs Severe)
(p* value)
Mean + Mean + Mean
SEM SEM +SEM
Platelet (/ul) 152977 + 75236 40000 + <0.0001 <0.0001
4398 4441 4479
CRP (mg/l) 10.74 £ 2.10 13.15+ 54.65 0.0111 <0.0001
1.273 6.29
Albumin (gm/dlI) 3.939 £ 0.04 3.5682 + 3.2+0.09 | <0.0001
0.05 <0.0001
Globulin (gm/dl) 3.203+0.04 | 3.05+0.05 | 2.77£0.09 | 0.0007 0.0052
Haematocrit (%0) 37.45 +0.52 37.67 40.59 + 0.1705 0.2442
0.55 1.47

Table shows biochemical parameter of dengue infected patients @ ANOVA followed by Kruskal-Wallis test
(K). Biochemical results showed the value of Mean + SEM

3.3. CICs estimation by PEG index

For nonsevere, severe, and HD, the corresponding Mean +SEM of the PEG index were 115.5
+ 6.891, 205.0 £ 10.13, and 62.77 + 1.605 respectively. As a result, CICs in nonsevere were
1.84 times higher than in HD, and SD patients had 3.26-fold higher CICs than HD patients. An
ANOVA comparison between the groups showed a statistically significant P value of less than
0.0001.
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Figure 3.2.: Level of CICs in sera of Dengue WithOut Warning Sign (DwoWS), Dengue With
Warning Sign (DwWS), and Severe Dengue (SD) patients. The horizontal line indicates the mean
value. **** P<(.0001, significantly different from each category.

3.4. Affinity Purification of CIC antigens

Affinity purification is a powerful technique for the isolation of highly specific CIC antigens.
A pooled Plasma sample that contained a combination of proteins was progressively purified

and the concentration of proteins dropped as it was run through the columns.

Figure 3.3. (A) demonstrated the degree of purification of affinity-purified CIC in each
category of dengue patients. Figure 3.3. (B) also showed the elution profile of affinity
purification. The Elution profile describes how the target proteins separate from the other

proteins during elution [217].

A Classification Sample Concentration Purification B
(ng/pl) fold (O e
@M  Severe Pooled sample 34.15 - an
Dengue SAS cut 3033 L12 - “
03
Albumin cut 17.66 1.71 :f -
0
Protein A column pass 6.87 257 . 1.2 w2
through (i) o
Boronic acid column Elute 3.10 221 0s
s 045 0D value
(i)  Nonsevere Pooled sample 318 < bn):
Dengue SAS cut 217 146 o
Albumin cut 16.26 133 8 os | 4
o -
Protein A column pass 541 3 o
(hm“gh L 5 0 15
Fractions.
Boronic acid column Elute 22 245 (iii)
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o1
SAS cut 19 147 % e - oowke
0.08 A
Albumin cut 9.4 202 8oo ./ \
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Protein A column pass 4.46 2.10 K ) 10 2
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Boronic acid column Elute 0.77 579

Figure 3.3.: (A) Purification fold of different categories of enrolled subjects (i) Severe dengue (ii)
Nonsevere (iii) Healthy. (B) Elution profile of different categories of enrolled subjects (i) Severe
dengue. (ii) Nonsevere dengue (iii) Healthy.
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3.5. Plasma Proteomic Changes

To compare protein profiles across severe and nonsevere dengue infection, we isolated and
processed plasma samples from dengue patients with varying clinical presentations. These
samples underwent proteomic analysis, involving in-solution digestion followed by high-
performance liquid chromatography-tandem mass spectrometry (nano LC-MS/MS) using a
mass spectrometer (Q-Exactive Plus orbitrap). Samples were run in triplicate sets for each
comparison: (i) severe vs nonsevere, allowing us to identify proteins with differential

abundance between these groups.
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Figure 3.4.: (A) Mass spectrometric analysis of (i) Severe, (ii) Nonsevere and (iii) Healthy; data
revealed list of up and down regulated proteins in severe dengue as compared to non severe
dengue.Data submitted in PRIDE Database Project accession: PXD051713; B(i) 7.5 % SDS-
PAGE profile of purified CIC antigens in lane 1 Severe; lane 2 Nonsevere; lane 3 Healthy, stained
with Silver. D(ii) 7.5 % SDS-PAGE profile of purified CIC antigens in lane 4 Severe; lane 5
Healthy; lane 6 Nonsevere stained with coomassie.

Characteristics of different categories of dengue subjects are presented in Table 3.3. Of these
144 proteins were upregulated in severe cases compared to nonsevere cases, and 89 proteins
were downregulated in severe cases as compared to nonsevere cases. This analysis examined
the fold change, which represented the relative increase or decrease in abundance, of each

identified protein across patient groups. This study aimed to pinpoint protein signatures
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common to all groups in the experiment ( severe vs. nonsevere ). These potential biomarkers
could serve as valuable tools for predicting dengue severity and, more importantly,
differentiating its severity stages, leading to improved disease management strategies.
Interestingly, several proteins, such as C-reactive protein, Apolipoprotein B, Alpha-2
macroglobulin, Complement C3, Complement C4A, Complement C4B, Plasminogen, ITIH4,
Apolipoprotein A, were up-regulated (fold change >1) in severe dengue group. Some proteins
like Haptoglobin, Alpha-1 acid glycoprotein, and Apolipoprotein E showed 2 times
upregulation and lectin galactoside binding soluble 3 binding protein, Myosin reactive
immunoglobulin, Complement component C8 (beta chain), Fibulin-1 showed almost 3 times
upregulation in severe dengue as compared to nonsevere dengue. Ficolin-3 is also upregulated
(fold change >1) in severe dengue infection compared with nonsevere which activates the
complement system, which acts against dengue virus. Complement proteins such as C5,
C4BPB, C3, C8, MASP-2,
downregulation (fold change <1) in Severe dengue cases. These were Apolipoprotein A,

showed upregulation in SD patients. Some proteins showed

Antithrombin 111, Fibrinogen alpha chain, Fibronectin -1, etc. Proteins such as Mannan binding
lectin serine protease -1 (MASP-1), Vitronectin (VTN), and Thrombosondin-1 (TSP-1) were
significantly up-regulated in severe patients with dengue infection as compared to nonsevere
patients with dengue infection. In this study, we investigated the status of MASP-1, TSP-1, and

VTN in dengue infection.

Table 3.3.: Represented gene ontology terms associated with differential proteins in SD patients

compared to non-severe dengue patients.

Proteins Biological
Protein regulation in Associated molecules
. process
dengue patient

Upregulated 144 Innate Immune C5, C4BPB, C3, MASPI1, C4BPA,
response CIRL, CRP, GSN, APCS, CLU, FCN3,
CFH, C7, C1QB, C8A, JCHAIN, CS8B,

C8G, CFH, C1QC
Transport APOM, APOAL1, APOE, APOCl1,
LCAT, APOA2, CLU
Coagulation F10, PLG, F2, KLKBI1, F5, VWF,
FBLNI1, ACTB, C4BPB, FBLNI,
SERPINAI1, HBB, TSP-1

Inflammatory ITIH4, CRP, APCS, VCAMI, F2,

responses ORM2, HPR, APOA2, A2M, KLKBI,
SERPINA2, SERPINAI1
Defense GSN, PRDX2, HPR, CD5L, C1QB,
responses CI1QC, CRP, VCAMI1, C3, MASP-1,
FCN3, CFH, ITIH4, C5, F2, A2M,
JCHAIN, KLKB1
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Proteins

Protein regulation in Biological Associated molecules
. process
dengue patient
Endocytosis ACTB, VTN, FCN3, CD5L
Opsonization C3, MASP-1, FCN3
Downregulated 89 Innate Immune CIR, ACTR3, GAPDH, PGLYRP2,
response APOA4, HPX, KRT16, FGB, FGA

Cell adhesion | TGFBI1, AZGP1, AMBP, LRG1, FGA,
FGB, FGC, VCL, LRGI
Defense HPX, SERPINGI1, CIR, ACTR3,
responses GAPDH, HP, APOA4, FGA, FGB,
KRT16, PGLYRP2
Coagulation F13B, FGA, FGB, FGC, VCL, PROS,
SERPINDI1, SERPING, TSP-1

After that, We carried out a comparative study of the detected proteins' expression levels in
several groups of dengue-infected individuals in order to confirm their diagnostic usefulness.
Our aim was to determine whether these proteins could effectively differentiate severe cases

from non-severe dengue infections.
3.6. Quantifying TSP-1 Protein Levels and CombiROC analysis

Decreased Thrombospondin-1 titers (P<0.0001) were obtained in severe dengue infection. In
vitro suppression of TSP-1 transcription in endothelial cells was observed during viral
infections, leading to a reduction in TSP-1 protein accumulation in the extracellular matrix of
endothelial cells [219]. TSP-1 levels may have decreased as a result of a comparable molecular
reaction during dengue infection. Among patients with severe dengue infection, TSP-1 level is
2.14-fold lower in DWOWS, 2.14-fold lower in DWWS, and 3.92-fold lower in SD than in
healthy donors (HD). TSP-1 level is upregulated in HD with “Mean = SEM” value of 16109 *
1121 ng/ ml as compared DWOWS (7519 £ 557.9 ng/ml), DWWS (7496 + 421.8 ng/ml) and
SD (4102 £ 251.9 ng/ml) (Fig. 3.5.). In addition, TSP-1 cutoff of 4818 ng/ mL with a promising
AUC-0.9234 showed its potential to be a novel indicator of dengue severity. It was reported
that increased consumption or insufficient production of TSP-1 may lead to impairment of the

integrity of capillary and small vessels.
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Figure 3.5. A. Levels of Thrombospondin 1 (TSP1) of dengue without warning sign (DwoWS),
dengue with warning signs (DWWS), and severe dengue (SD). Study subjects are significantly
different from each category. The Kruskal-Wallis test was used in a one-way ANOVA to compare
several study categories, and Dunn's multiple test was used to compare repeated measures.
Symbols (¥) represent statistically significant differences (P<0.05) between different groups. B.
Receiver operating characteristics curve analysis obtained the cutoff value (4818 ng/ml),
AUC=0.9234, Sensitivity-90%, and Specificity-82.98 %. C. MS-MS Spectra of Thrombospondin-
1 (TSP-1).

Despite achieving 90% sensitivity and 82.98% specificity, the diagnostic performance of TSP-
1 could be further enhanced. To improve its diagnostic accuracy, we explored the combination
of TSP-1 with selected biochemical parameters known to be significantly dysregulated in
dengue infections, using CombiROC analysis. CombiROC offers a straightforward process and
an intuitive user interface to assist researchers in choosing the best marker combinations. The

CombiROC tool, designed to select multi-marker signatures from the panel of markers
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evaluated, is accessible at http://CombiROC.eu and was used to investigate the best marker

combination. Based on the maximum area under the curve (AUC), sensitivity (SE), and

specificity (SP), the ideal marker or marker combination is selected.

Multiple ROC curves

2—1_/_

Sensitivity

1-Specificity

A

Sensitivity

Marker 1: TSP-1, Marker 2: Platelet, Marker 3: HCT

Multiple ROC curves

==

1-Specificity

B

Combo I : TSP-1 & Platelet, Combo II: TSP-1 & HCT, Combo III: Platelet & HCT, Combo IV: TSP-1 &

Platelet & HCT

Figure 3.6. a—b Multiple receiver operating characteristic (ROC) curve as a function of sensitivity
vs 1-specifcity to compare the performance of markers and combos for TSP-1 PLATELET and

HCT.

Table 3.4.: The performance of combination of biomarkers via receiver operating characteristic

(ROC) curve analysis

TSP-1
Platelet
HCT
TSP-1 & Platelet
TSP-1 & HCT
Platelet & HCT

TSP-1 & Platelet
& HCT

0.923
0.941
0.617
1.000
0.923
0.943

1.000

0.830
0.894
1.000
1.000
0.872
0.872

1.000

60

0.9
1.0
0.5
1.0
0.9
1.0

1.0

0.786
0.810
0.657
0.500
0.715
0.824

0.500



3.7. Individual Sample Analysis: Quantifying Protein Levels

Apart from the LC-MS studies, we employed enzyme-linked immunosorbent assay (ELISA)
to quantify the other upregulated proteins like MASP-1 and VTN in individual samples from
various dengue groups: non-severe and severe. Notably, MASP-1 levels were significantly
higher in the severe group (Mean = SEM: 20.12 + 0.7427 pg/ml) compared to the non-severe
(9.713 £0.4126 pg/ml) whereas VTN levels were significantly lower in the severe group (920.2
+ 69.39 ug/ml) as compared to nonsevere (1679 + 50.89 ug/ml) as shown in figure. Among
patients with severe dengue infection, the MASP-1 level is almost 2.07-fold higher and the
VTN level is 1.82-fold lower in SD than in nonsevere dengue infected patients. In addition,
MASP-1 and VTN cut-offs of 15.54pug/ml and 941ug/ml with an encouraging AUC value of
0.8813 and 0.8730 indicated its potential to serve as novel dengue severity markers.

3.8. Evaluating Protein Biomarkers for Dengue Diagnosis: A Western Blot Approach

Western blot analysis was employed to corroborate the proteomic identification of
differentially expressed proteins. Pooled samples from severe and non-severe dengue patients
were utilized for this experiment. Equal protein loading across lanes was verified using
Ponceau staining. As anticipated from the proteomics data, Western blots demonstrated a clear
overexpression of MASP-1 protein in the severe patient group compared to the non-severe
group, whereas VTN showed three isoforms with different molecular weights as reported in
(Poole-Smith BK,.. et al. 2014) [218] were downregulated in severe dengue infection as
compared to nonsevere suggesting its potential as a biomarker for dengue severity. Using
ImageJ software, we were able to determine the western blot's color intensity, which shows
that individuals with severe dengue had about nine times higher color intensity than those with

less severe dengue.
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Figure 3.7.: A) Levels of VTN of Nonsevere and Severe, Healthy and OFI, B) Level of MASP-1 of
nonsevere, severe, healthy and OFI. C) Receiver operating characteristics curve analysis of VTN
level in Severe and Non-severe Dengue infected patients obtained the AUC=0.8730. D) Receiver
operating characteristics curve analysis of MASP-1 level in Severe and Non-severe Dengue
infected patients obtained the AUC=0.8817.E) Validation of VTN using western blotting image.
(F) Validation of MASP-1 using western blotting image. G) MS-MS Spectra of Vitronectin (VIN).
H) MS-MS Spectra of Mannan associated serine protease-1 (MASP-1).

3.9. Functional Data Analysis of differentially Expressed Proteins

To understand the biological processes impacted by the protein with altered abundance in
severe dengue patients compared to non-severe patients we employed STRING analysis.
Protein interaction networks were generated for a group comparison (severe vs. nonsevere)
using the STRING database (Figures 3.8 & 3.9). Utilizing the identified proteins, we then
conducted gene ontology analysis, which revealed changes in biological functions primarily
associated with defense, inflammatory, and innate immune responses. Details of the up- and
down-regulated proteins in a comparison group (severe vs. nonsevere) are provided in Table

3.3.
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Figure 3.8.: STRING analysis uncovering protein-protein interactions of upregulated proteins in
severe dengue as compared to nonsevere dengue. A.& D: Proteins identified in different cells.B.&
E Biological functions of proteins. C,F,G & H: Basic settings of string analysis. A protein is
represented by each node, and an interaction, including a functional or physical relationship, is
represented by each edge. The only interactions displayed are those with a high confidence score
of 0.7.
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Figure 3.9.: STRING analysis uncovering protein-protein interactions of downregulated proteins
in severe dengue as compared to nonsevere dengue.A.& D: Proteins identified in different
cells.B.& E Biological functions of proteins. C,F,G & H: Basic settings of string analysis. A protein
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is represented by each node, and an interaction, including a functional or physical relationship,
is represented by each edge. The only interactions displayed are those with a high confidence
score of 0.7.

Gene ontology mining of the identified proteins revealed alteration in the biological functions,
mostly involved in inflammatory and immune response and transporter activity (Table 3.3).

3.10. Correlation in between MASP-1, VTN with Blood Parameters

According to Nguyen et al. (2004), dengue fever is frequently associated with changes in
hepatic functioning. Increased SGOT levels were positively correlated with MASP-1 (r=0.614
with p<0.0001) and negatively correlated with VTN (r=-0.1898 with p=0.0009) whereas
platelet was negatively correlated with MASP-1 (r=-0.5781 with p<0.0001) and positively
correlated with VTN (r=0.5081 with p<0.0001). Further, HCT was found to be negatively
correlated with the levels of VTN and positively correlated with MASP-1 respectively.

Table 3.5.: Association of MASP-1 and VTN with biochemical parameters of severe dengue

patients

SGOT SGPT Platelet CRP HCT ALB GLB MASP-1 VTN

(IU/L) (IU/L) m (mg/L) (%) (gm/dl)  (gm/dl) | (pg/ml) (ng/ml)
SGOT r value 0.0000 0.8657 -0.4788 0.1973 0.0616 -0.3230 -0.1751 0.6140 -0.1898
(Iu/L) P value 0.0000 <0.0001 <0.0001 0.0006 0.2852 <0.0001 0.0023 <0.0001 0.0009
SGPT r value 0.8657 0.0000 -0.3400 0.1472 0.1373 -0.1723 -0.1253 0.5298 -0.1292
(Iu/L) P value <0.0001 0.0000 <0.0001 0.0104 0.0169 0.0027 0.0295 <0.0001 0.0247
Platelet r value -0.4788 -0.3400 0.0000 -0.2565 -0.1077 0.3397 0.3225 -0.5781 0.5081
(/ul) P value <0.0001 <0.0001 0.0000 <0.0001 0.0617 <0.0001 <0.0001 : <0.0001 <0.0001
CRP r value 0.1973 0.1472 -0.2565 0.0000 0.1200 -0.0746 -0.1145 0.2309 -0.2330
(mg/L) P value 0.0006 0.0104 <0.0001 0.0000 0.0371 0.1961 0.0468 <0.0001 <0.0001
HCT r value 0.0616 0.1373 -0.1077 0.1200 0.0000 0.2373 0.0198 0.0746 -0.0373
(%) P value 0.2852 0.0169 0.0617 0.0371 0.0000 <0.0001 0.7314 0.1957 0.5185
ALB r value -0.3230 -0.1723 0.3397 -0.0746 0.2373 0.0000 0.2294 -0.2890 0.1277
(gm/dl) P value <0.0001 0.0027 <0.0001 0.1961 <0.0001 0.0000 <0.0001 : <0.0001 0.0265
GLB r value -0.1751 -0.1253 0.3225 -0.1145 0.0198 0.2294 0.0000 -0.2292 0.1662
(gm/dl) P value 0.0023 0.0295 <0.0001 0.0468 0.7314 <0.0001 0.0000 <0.0001 0.0038
MASP-1 r value 0.6140 0.5298 -0.5781 0.2309 0.0746 -0.2890 -0.2292 0.0000 -0.2526
(pg/ml) P value <0.0001 <0.0001 <0.0001 <0.0001 0.1957 <0.0001 <0.0001 0.0000 <0.0001
VTN r value -0.1898 -0.1292 0.5081 -0.2330 -0.0373 0.1277 0.1662 -0.2526 0.0000
(pg/ml) P value 0.0009 0.0247 <0.0001 <0.0001 0.5185 0.0265 0.0038 <0.0001 0.0000

3.11. Correlation in between MASP-1, VTN with Viral load

RT-PCR-based nucleic acid detection is one of the innovative molecular techniques for
accurately diagnosing dengue infection. Here, we employed real-time polymerase chain
reaction (RT-PCR) to detect the acute phase infection of the DENV population. A total of
seventy-six DENV patients were recruited to investigate the relationship between the dengue
viral load and the biomarkers found. During the fever phase of the disease, a higher viral load

(2 x 107 copies/ml) was found compared to the defervescence period (3 x 10° copies/ml).
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Patients in the acute phase with higher viral loads may have experienced a cellular immune
response that eliminated the plasma viremia during the defervescence phase. According to our
data, during the febrile phase of infection, viral load was negatively connected with VTN (r =
—246, p = 0.03) and positively correlated with MASP-1 (r = 0.266, p = 0.01), suggesting that
these biomarkers may be directly correlated with viral load.
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Figure 3.10. Correlation of MASP-1 and VTN with viral load. (A) MASP-1 versus viral load and
(B) VTN versus viral load.

MASP-1: Mannose Asociated Serine Protease-1, VTN: Vitronectin.

From the LC-MS, ELISA, and Western blot technigue MASP-1 and VTN proteins could be
validated as dengue severity biomarkers. Subsequently, these proteins were utilized for the
development of lateral flow strips or point-of-care assays. Development of these assays
required standardization of various components, which are described in detail in the following
sections. The following sections describe the development of two LFIA systems. With VTN a
lectin-based gold nanoparticle LFIA system was developed. Whereas utilizing MASP-1 a silver

nanoparticle-based LFIA system was developed.

3.12 Preparation of immunostrip for Lectin-based LFIA using AuNPs

To conduct these experiments, we used a backing laminate with a pre-assembled Nitrocellulose
Membrane (NCM). A conjugate pad, containing VTN monoclonal Antibody conjugated
AuUNPs, was placed on the NCM with 2 mm overlap. A sample pad was then placed on the
conjugate pad with a 1 mm overlap. Finally, an absorbent pad was placed on the opposite end
of the NCM with a 2 mm overlap. The overlap between each component is crucial for fluid

wicking and efficient flow. For the test line, we used two types of lectins (DSA and MAA),
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while a goat-anti-mouse 1gG antibody was used for the control line. The assembled strips were

then trimmed to 4 mm wide for testing. Schematics are represented in Figure.

14 25 19
2 > 15
4mm
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Y (DSLectm ) (Goat Anti-Mouse
Conjugate Pad 186 Antibody) Absorbent Pad
(AuNPs conjugated
with VTN Monoclonal .
Antibody) Nitrocellulose Membrane (NCM)
\
58 mm Backing Membrane

Schematics of the LFIA assembly (measurements in mm)

Figure 3.11.: Schematic view of a lectin-based lateral flow test strip using VTN-MAD conjugated
AuNPs.

3.13 Morphological analysis of the NCM (Nitrocellulose membrane)

During the standardization process, NCM pore diameters ranging from 8 to 15 um were
utilized. The strip's porosity quality is important because the pore size of NCM influences the
fluid flow through the strip. When NCM's pore size grows, it draws fluid in and wicks it more
quickly than when its pore size is lower. However, the larger pore size of NCM also decreases
its ability to bind proteins. Thus, a 10 um pore size was utilized for the construction of LFIA

as indicated in figure 3.11 to modify fluid flow and protein binding on the NCM.
3.14 Morphology analysis of Sample pad, Conjugate pad and Absorbent pad

Appropriate sample, absorbent, and conjugate pad selection are essential to the success of

lateral flow assays (LFASs). Fluid flow time, which controls the entire assay speed and results
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interpretation, is a crucial factor in determining this decision. As the sample's first point of
contact, the sample pad needs to strike a balance between allowing fluids to absorb quickly and
avoiding particulate matter interference. Assuring effective sample transfer without sacrificing
test specificity is possible with a pad that has the ideal porosity and thickness. Here the
component of the selected sample pad was Glass fiber (GFB-R7) because of its ability to
prevent non-specific binding of sample components, high absorption capacity, and ensure
steady and uniform flow of the sample to the conjugate pad and helps to reduce background
noise. The glass fiber is mainly composed of silica (silicon dioxide) mixed with various other
ingredients. The main components of glass fiber are Silica (SiO2), Lime (CaO), Magnesia
(MgO), Alumina (AL203), Soda (Na20), Potash (K-0), Boric oxide (B203), etc. CaO, and MgO
act as a stabilizing agent whereas AL.Oz and B.O3 showed linking capacity. On the other hand,
the absorbent pad at the end of the strip functions as a fluid sink. Its ability to continuously
draw fluid is essential for preserving a constant flow rate. Absorbent pads are made from
cellulose fiber or a combination of cotton and glass fiber. These materials are chosen for their
hydrophilic nature allowing liquid absorption and consistent flow. Here we have chosen AP080
for its high absorption capability and its higher thickness than the other type. The remaining
component of lateral flow assay is the conjugate pad. The conjugate pad is a key component of
lateral flow immunoassay. The labeled reagents are stored in the conjugate pad. In fluid
dynamics, its job is to release the conjugate as optimally as possible without interfering with
its activity. It's crucial to strike a balance between quick release and avoiding conjugation loss.
The material of the conjugate pad is a polyester matrix. Polyester is a common material used
for conjugate pads along with fiberglass and rayon. This synthetic composition ensures quick
and uniform release of the dried conjugate. The polyester matrix is primarily composed of
unsaturated polyester resins which are created from the reaction of polyhydric alcohols (e.g.
Ethylene glycol) and unsaturated dibasic acids (e.g. maleic anhydride). Styrene is often used
as a reactive diluent to reduce viscosity and is also used for cross-linking. Among the two
categories of the conjugate pad, we have selected PT-R7 because of its better uniform

movement of protein-conjugated nanoparticles.
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Components  Catalogue No. ~ Flow time

(Sec/2.5¢cm)

#] Sample pad GFBR7L 11.60+0.72
GFBR4 9.08+0.75
Conjugate pad PT-RS 9.35+0.31
PT-R7 9.71+0.95

NC membrane LCCF008075X260  59.32£0.37
X

LCCF010075X260 41+1.25
X

LBCF012075X260 36.95+0.35
X

LBCFO1: E 60 30.74+0.94

Absorbant pad AP080 5.14£0.28
AP040 6.96£0.56

Figure 3.11. A. Sample pad standardization, B. Conjugate pad standardization, C. NC membrane
standardization, D. Absorbent pad standardization, E. table shows flow time of different
categories of components.

3.15 Characterization of Gold nanoparticles by using UV-Vis Spectrophotometry

Abcam’s Gold conjugation kit offers a streamlined approach to attaching antibodies or proteins
to gold nanoparticles. This kit utilizes a covalent conjugation method that is both rapid and
efficient, requiring less than 4 hours to complete [222]. However we have confirmed
conjugation of anti-VTN mAb with gold nanoparticles by using Uv-Vis Spectrophotometry.
The successful binding of the anti-VTN mAb to the gold nanoparticles from the Abcam
(154873) gold conjugation kit was revealed by a shift in the UV absorption peaks following
antibody conjugation [223, 224].

3.16 Control line optimization for AuNPs-Lectin-based LFIA

A crucial factor impacting the lateral flow assay's sensitivity and specificity is the antibody
concentration immobilized on both the control and test lines. In order to confirm that the
detected signal at the test line was actually caused by particular antigen-antibody interactions

rather than non-specific causes, the employment of a secondary antibody at the control line
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acted as a critical control to validate assay functionality. The assay's performance is firmly
supported by this optimized condition, which also makes it possible to reliably detect the target
analyte within the intended analytical range. After careful optimization, the best results in our
assay were obtained with a control antibody concentration of 2 pg/pl (in a 1 pl volume). This
concentration strikes a balance between specificity and sensitivity; too much of either could
result in non-specific binding and false-positive results, while too little could possibly boost

signal intensity.

3.17 Test line MAA (Maackia amurensis agglutinin) and DSA (Datura stramonium
agglutinin) optimization for AuNPs- Lectin-based LFIA

For the development of a gold nanoparticle lectin-based LFIA system test line standardization
is an important parameter. In order to verify that specific antigen-antibody interactions or
lectin-carbohydrate linkage, as opposed to non-specific ones, were the true origin of the signal
that was recorded at the test line. An immunoassay for lateral flow was created to identify
dengue infection. The assay's performance was largely dependent on the capture antibody
concentrations being optimized. The concentration of 5 g/l was found to be the most efficient
for two lectins that were used as test lines i.e. DSA and MAA, producing a distinct line as seen
in Figures 3.12. C and 3.12.D for DSA and figure 3.12.A and 3.12.B for MAA. The different
dengue patient categories were then treated with these optimized concentrations. A control line
was added utilizing the Goat Anti-Mouse IgG antibody as a marker to guarantee test reliability.
In order to create a strong LFIA platform for wider use, this study concentrated on figuring out
the optimal capture antibody concentrations for the test and control lines. Test line optimization

was conducted with strict adherence to the experimental protocol.

70



b Test
65 85 1 | Line
./.___i—-—dz y
. 60 . o }/I/‘ Control
32 2z Line
88 ss 85 ss5 ;
Test ¢ 9z 8=
Line { ) 50
L _ A ‘
\2’ T T T T ;i '.
& l 12 25 5 10 12 25 5 10 :
“ontro "
Concentration (ug/ul) Concentration (ug/ul)
Line o s 10pg Spg 2.5pg 1.2ng
B C
6.5
6.4
Control
S Line
o2
S % 62
L 61
-l
6.0
10pg  Spg 2.5pg 1.2pg gi ' ' .
0.25 0.5 1 2
A Concentration (ug/pl) 2pg 1pg 0.5pg 0.25pg

E F

Figure 3.12. Test and control line optimisation using point-of-care assay analysis. ANOVA is used
first, then the Kruskal-Wallis test (K). A) Variations in MAA (Maackia amurensis agglutinin)
concentration. B) Graph represents color intensity of different concentration of one lectin, i.e., of
MAA (Maacki aamurensis agglutinin). C) Graph represents color intensity of different
concentration of another lectin, i.e., of DSA (Datura stramonium agglutinin). D) Different
concentration of DSA (Datura stramonium agglutinin). E) Graph represents color intensity of
different concentration of control line, i.e.Goat anti-mouse IgG antibody. F) Different
concentration of control line (Goat anti-mouse IgG antibody)

3.18 Synthesis of Silver Nanoparticles (AgNPs)

Silver nanoparticles were successfully synthesized using sodium borohydride as a reducing
agent. The formation of these nanoparticles was evident by the distinctive bright yellow color
of the resulting solution, a characteristic indicative of the presence of silver nanoparticles. This
simple yet effective method provides a foundation for further exploration of silver

nanoparticles and their potential applications.

3.19 Characterization of Silver nanoparticles through TEM and UV-Vis
Spectrophotometry

UV/Vis spectrophotometry, TEM (Figures 3.13.), and DLS measurement were used to
characterize the prepared AgNPs. The resulting AgNP solution has a distinctive absorption

maximum at 401 nm, as shown by the UV/Vis spectra. Since the diameter of AgNPs and a
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maximum of 401 nm suggests the presence of nanoparticles with dimensions of about 10 nm,

which is consistent with the data from the literature [259].
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Figure 3.13.: A) Chemical reaction behind the synthesis of Silver Nanoparticle Synthesis, B)
Figure shows colour of solution of Silver nanoparticles gradually changed, C) Characteristic UV-
Vis spectrum, with maximum absorbance at 401 nm, D) Bar graph represents size distribution of
AgNPs. E) Transmission electron microscope (TEM) image of the synthesised AgNPs.

Using information from TEM images, the diameter of AgNPs was directly determined,
confirming the data. AgNPs were 15.43 nm in diameter on average (median 15.66 nm, SD
3.688 nm) according to TEM measurements. The distribution of AgNP particle sizes as seen
by TEM is depicted in Figure 3.13. The physical characterization of silver nanoparticles was

assessed by TEM analysis.

3.20 Characterization of Ab-conjugated AgNPs

The Z-average of the AgNPs-ab, as determined by the intensity distribution, is 39.24 nm,
according to DLS measurement (Figure 3.14). Following the addition of the antibody to the
solution containing the silver nanoparticles for one hour, data were collected. The modified
AgNPs have a larger zeta potential (-22.35 mV) than the conjugated AgNPs, hence they ought
to be more prone to aggregation. The antibody-coated AgNPs remained stable in the solution
even when the Zeta potential increased. This supports earlier findings that nanoparticles
become more stable when covered in proteins. Protein-coated nanoparticles do not combine

because of hydrophobic and ionic interactions between proteins and nanoparticles.
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Figure 3.14.: Dynamic light scattering (DLS) size distribution curves for AgNPs (A.[i] - A.[v] ) and
AgNPs + Ab (B [i] - B [ii]):- (A1) intensity vs size of AgNPs, (B1) Correlation coefficient vs time
of AgNPs , (C1) Number vs size of AgNPs, (A2) intensity vs size of AgNPs + Ab, (B2) Correlation
coefficient vs time of AgNPs +Ab, (C2) Number vs size of AgNPs + Ab, (D1) Zeta potential graph
of AgNPs, (D2) Zeta potential of AGNPs +Ab

To assess the mean diameter of AgNPs, estimated by intensity distribution, dynamic light
scattering was used. The polydispersity index (PDI) was evaluated through dynamic light
scattering, which was 0.5311. The polydispersity index (PDI) is a measure of the heterogeneity
of a sample based on size. The mean of the diameter of AgNPs was almost 30.9 nm. The mean
and median AgNP diameter values obtained by DLS were greater than those obtained by TEM.
This could be explained by the dispersant's interaction with the AgNPs' hydrodynamic
diameter. While the DLS method measures the mean hydrodynamic diameter, which greatly
favors the larger structures in the solution, TEM displays the diameter of the particles devoid
of this aqueous and ionic payload. The mean particle size was thus higher according to DLS.
The study by Souza et al. [260] described similar findings. Due to the non-narrow particle size
distribution, the presence of larger particles may increase light scattering, leading to larger
measured particles. Synthesized silver nanoparticles are of different sizes and different shapes
in nature. The dynamic light scattering figure showed a heterogenic curve and the PDI value
was 0.5311 which means the solution is heterogeneous in nature. To maintain the homogeneity,

we used a standard silver dispersion kit. The concentration of the AgNPs solution is 0.02 mg/ml
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and the diameter of the silver nanoparticle is 20 nm. Further, we characterized AgNPs through

TEM and DLS as shown in Figure 3.15. and 3.16.
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Figure 3.15 A) TEM micrograph of the Silver dispersion kit, B.i) Intensity vs size of AgNPs, ii)
Correlation coefficient vs time of AgNPs, iii) Number vs Size distribution of AgNPs, iv & v) zeta
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Figure 3.16.: Dynamic light scattering (DLS) size distribution curves for AgNPs of Silver
dispersion kit which conjugated with antibody. A.i) Intensity vs Size of Ab conjugated AgNPs after

30 minutes, ii) Correlation coefficient vs time of Ab conjugated AgNPs, iii) Number vs Size, iv)
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Zeta potential graph of AgNPs, v) Statistical table of Ab conjugated AgNPs, B. i) Intensity vs Size
of Ab conjugated AgNPs after 1 hr, ii) Correlation coefficient vs time of Ab conjugated AgNPs, iii)
Number vs Size, iv) Zeta potential graph of Ab conjugated AgNPs, v) Statistical table of Ab
conjugated AgNP.

3.21 Characterization of AgNPs, Ab conjugated AgNPs and Conjugated AgNPs with

targated analytes present in plasma

Agarose gel electrophoresis assay (AGE assay) is a known method to characterize the size of
silver nanoparticles in pure or synthetic mixtures. Different sizes of AgNPs standards applying
electrophoretic conditions mostly using 0.2% agarose gel and 0.5x TBE as electrophoresis
buffer and glycerol as loading buffer led to the different sizes-AgNPs moved according to their
size/charge ratio. In agarose gel electrophoresis, only AgNPs migrated faster than Ab
conjugated AgNPs and Ab conjugated AgNPs bound with analytes present in plasma. Lane 1
represents only AgNPs, Lane 2 represents Ab conjugated AgNPs and Lane 3 represents Ab
conjugated AgNPs bound with analytes. Ab Conjugated AgNPs bound with targeted analytes
present in plasma migrated very slowly in agarose gel. The reason behind that, was the size of

AgNPs was successfully modified by the binding of antibodies and analytes.

Intensity (Percent) ¥
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analytes present in patient sample. ii) MASP-1 conjugated AgNPs, iii) Ab conjugated AgNPs
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further bind with analytes present in patient sample, D i) Graph shows DLS of AgNPs- Intensity
vs Size and ii) Correlation coefficient vs time of AgNPs.
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Figure 3.18. A) Graph represents Zeta potential of only AgNPs and value of zeta potential
represents in statistical tabulate form, B) Graph represents zeta potential of Ab conjugated AgNPs
and statistical table shows value of zata potential.

3.22 Preparation of immunostrip for MASP-1-based LFIA using AgNPs

To conduct this experiments, we used a backing laminate with pre-assembled Nitrocellulose
Membrane (NCM). A conjugate pad, containing MASP-1 monoclonal Antibody conjugated
AgNPs, was placed on the NCM with 2 mm overlap. A sample pad was then placed on the
conjugate pad with a 1 mm overlap. Finally, an absorbent pad was placed on the opposite end
of the NCM with a 2 mm overlap. The overlap between each component is crucial for fluid
wicking and efficient flow. For the test line, we used MASP-1 Polyclonal antibody, while a
goat-anti mouse IgG antibody was used for the control line. The assembled strips were then

trimmed to 4 mm wide for testing. Schematics represented in Figure.
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Figure 3.12.: Schematic view of a lectin-based lateral flow test strip using MASP-1-MADb
conjugated AgNPs.

3.23 Control and Test line optimization for LFIA by using AgNPs

The optimum concentration of capture antibody at the control line was found to be 2 pg/ul (1
ul) in lateral flow immunoassay, which is shown in Figure 3.19. For the development of LFIA,
Goat Anti Mouse IgG Antibody was used as a marker for the control line. Thus, LFIA was
developed to determine the optimum concentration of capture antibody at the control line for
further application. The optimum concentration of detection antibody (MASP-1 polyclonal
antibody) at the test line was found to be 1pug/pl in lateral flow immunoassay, which is shown
in Figure 3.19. For the development of LFIA, Goat-anti Mouse IgG antibody was used as a
control line. Thus, LFIA was developed to determine the optimum concentration of detection

antibody at the test line for further application.
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Figure 3.19. Point of care immunoassay analysis of test and control line optimization. ANOVA
followed by Kruskal-wallis test (K). (A) Obtained colour intensity by using ImageJ software, (B)
Different concentration of Goat anti-mouse IgG antibody in lateral flow assay, (C) Graph
represents colour intensity of different concentration of control line i.e. Goat anti-mouse IgG
antibody. (D) Different concentration of Masp-1 polyclonal (test line) antibody in lateral flow
assay, (E) Graph represents colour intensity of different concentration of test line.

3.24 Validation of the newly developed Lectin-based assay using clinical samples

Three groups of patients were used to test the recently developed assay. For the newly
developed assay we also performed the inter and intra-assay coefficient of variation (CV) to
check variability. The intra-assay CV measures the variability within a single assay run while
inter-assay CV measures the variability between different runs. Acceptable taget values are

generally : intra-assay CV< 10% and inter-assay < 15% [220].

For VTN, we used 50 patients with Dengue without a warning sign (DWoWS), 35 patients
with Dengue with warning sign (DwWWS), and 12 patients with severe Dengue (SD) illness.
Dengue with both DWoWS and DwWWS is considered non-severe. Through inter- and intra-
assay testing, the recently created assay was validated. The assay yielded a %CV, which was
calculated and displayed in the table. In short, intra-assay (MAA) non-severe Dengue infected
patients had a coefficient of variation (%CV) of 1.07%, while severe Dengue patients had
a %CV of 1.35%. For patients classified as non-severe, the intra-assay (DSA) variation (% CV)
was 0.69%, while for those classified as severe, it was 0.63%. It was discovered that the VTN-
MAA interaction had higher area under curve, sensitivity and specificity i.e. 0.93, 91.67%
sensitivity and 83% specificity, while the VTN-DSA interaction displayed almost 0.9069, 91%
sensitivity and 85% specificity. In case of VTN-DSA, it showed 40% positive predictive value
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(PPV) and 98% Negative predictive value (NPV) whereas VTN-MAA showed 50% PPV and
98% NPV.

3.25 Validation of the newly developed MASP-1-based assay using clinical samples

For MASP-1, we used 176 patients with DWoWS, 106 patients with DwWWS and 20 patients
with SD. MASP-1 test showed greater area under curve i.e. 0.9387. It showed 90% sensitivity
but 85 % specificity although MASP-1 test was done on 302 study population. Lectin-based
LFIA was applied on 97 dengue patients on the other hand MASP-1 based LFIA applied on
302 dengue patients and it showed 35% PPV and 99% NPV. Despite a lower positive predictive
value, the silver nanoparticle-based LFIA demonstrated notable diagnostic performance in a
larger patient population of 302 individuals. Our goal is to establish a silver nanoparticle-based
LFIA for the rapid diagnosis of severe dengue, with the potential for future development of an
electrochemical assay employing silver nanoparticles, which have been shown to possess good
electrochemical activity compared to gold nanopaticles. A study suggested that AgNPs also
provide a six-times more sensitive assay. The AgNP bioassay is particularly advantageous
because it requires no additional solution to be added once it is employed in a biological
sample, making it much simpler and more suitable for usage in a POC environment [221]. The
intra-assay (MASP-1) non-severe Dengue infected patients had a coefficient of variation
(%CV) of 7.08%, while SD patients had a %CV was 6.21% and interassay (MASP-1) Non-
severe dengue patients had a coefficient of variation (%CV) of 7.02%, while SD patients had
a %CV was 6.19%.

3.26 Comparison between assays with nomogram

As demonstrated by this study, both AuNPs-based and AgNPs-based LFIAs exhibit acceptable
inter-assay and intra-assay coefficient of variations. These assays were further compared with

conventional nomogram to compare assay performance.
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Figure 3.20. Validation of the newly developed assay using clinical samples. A) A graph showed
the logarithmic color intensity of the LFIA strip when using DSA lectin, B) A receiver operating
characteristic (ROC) curve analysis was performed to evaluate the diagnostic accuracy of the
newly developed point-of-care assay using DSA lectin, C) A graph showed the logarithmic color
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intensity of the LFIA strip when using MAA lectin, D) A receiver operating characteristic (ROC)
curve analysis was performed to evaluate the diagnostic accuracy of the newly developed point-
of-care assay using MAA lectin, E) A graph showed the logarithmic color intensity of the LFIA
strip when using MASP-1 protein, F) A receiver operating characteristic (ROC) curve analysis
was performed to evaluate the diagnostic accuracy of the newly developed point-of-care assay
using MASP-1 protein, G) A graph showed the severity scores of dengue patients as calculated by
a nomogram, H) A receiver operating characteristic (ROC) curve analysis was performed to
evaluate the diagnostic accuracy of the severity score of dengue patients as calculated by a
nomogram.

Table 3.6.: Inter- and intra-assay variation.

Categories Lectins/Proteins Nonsevere CV(%) Severe CV(%)
Dengue Dengue
Mean+SEM Mean+SEM

Inter-assay DSA 5.91+0.004 0.72% 5.83+0.01 0.66%
MAA 6.32+0.007 1.07% 6.18+0.02 1.37%

MASP-1 2.96+0.01 7.02% 3.33+£0.04 6.19%

Intra-assay DSA 6.22+0.004 0.69% 6.15+0.01 0.63%
MAA 6.31+£0.007 1.07% 6.28+0.02 1.35%

MASP-1 2.963+0.01 7.08% 3.34+0.04 6.21%

The results showed Mean + SEM value of inter- and intra-assay followed by descriptive statistics. Abbreviations:
DSA: Datura stramonium agglutinin, MAA: Maackia amurensis agglutinin, MASP-1: Mannose associated serine
protease-1, CV: coefficient of variation.
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CHAPTER -4

Discussion

The majority of cases of dengue, an acute illness, are either asymptomatic or exhibit a variety
of clinical signs and symptoms [225]. According to the World Health Organisation, dengue
fever is hyperendemic in India, where yearly cyclical outbreaks are on the rise. In our study,
the average age of dengue fever patients was almost in between 30-40 years old. The high
frequency in this age group may be due to the fact that middle-aged persons typically work,
either in the office or on the job in the field, which makes them more vulnerable to daytime
mosquito bites. In this study, more male preponderance of dengue was noted than female. This
was consistent with what Deshkar et al. Discovered [226]. In the Indian population, Garg et al.
reported similar findings [227]. A higher incidence of dengue in men may result from more
time spent outside or at work. High fever, headache, nausea, vomiting, skin rash, stomach pain,
and arthralgia are common symptoms of adult dengue infection. Still, a few of these signs and
symptoms are also seen in other infectious illnesses. The most prevalent symptoms reported by
the patients in this study were headache, nausea, and abdominal discomfort. These findings
were in line with studies conducted by Khan et al.[228] and Pan ST et al.[229]

Early detection of severe dengue is one of the most challenging areas in dengue research. There
is a need for severe dengue patients to be identified and treated as soon as possible to reduce
the death rate. In the early phase of the infection, dengue symptoms often mimic other common
ilinesses like flu, making it difficult to distinguish. Additionally, there is no single test to predict
who will progress to severe dengue. Early intercession is crucial for better outcomes. In this
study, the aim of this work is to investigate the possibility of using proteomics to find new
indicators for severe dengue. In this study, we analyzed and compared the proteomics profile
of severe and nonsevere dengue-infected patients followed by the identification of a
statistically significant protein that might be useful for early prediction of severity of dengue
infection. Further attempts have been made to utilize these severity biomarkers in the
development of lateral flow immunoassay systems to predict severe dengue-infected patients.
LC-MS/MS analysis identified 144 up-regulated proteins and 89 down-regulated proteins in
severe dengue infection as compared to nonsevere dengue-infected patients. Among the
different altered proteins identified through proteomics, three proteins showed promising

results. Subsequently, these proteins were further validated by measuring their expression titers
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through ELISA. These proteins are MASP-1 (Mannan-associated serine protease -1), VTN
(Vitronectin) and Thrombospondin-1 (TSP-1). Currently, the molecular mechanism of dengue
pathophysiology which occurs during severe conditions, is attributed to increased viral
replication, apoptosis, proinflammatory cytokines, and complement activation. Although many
molecular mechanisms have been proposed the exact role of effector proteins like TSP-1, VTN,
and MASP-1 in pathology is not yet known.

In the case of TSP-1, decreased TSP-1 titer showed in severe dengue-infected patients than
nonsevere dengue infection. To improve its diagnostic accuracy, we explored the combination
of TSP-1 with selected biochemical parameters known to be significantly dysregulated in
dengue infections, using CombiROC analysis, which helps researchers select the optimal
marker combinations with an easy-to-use interface and a straightforward approach. The
CombiROC tool is intended to choose multi-marker signatures from the assessed panel of
markers. Reduced TSP-1 levels and platelet counts both inhibit clot formation and have the
potential to start internal bleeding. The dengue virus can induce abrupt liver failure or
asymptomatic transaminase increase as liver damage. Our research demonstrated a negative
correlation between TSP-1 and transaminase levels, supporting the notion that both proteins
are linked to the severity of dengue infections and that TSP-1 can be used as a potential

biomarker to identify dengue severity.

VTN is another promising biomarker till now which had not been reported in the Indian cohort
[230, 231] exhibiting greater protein folding alterations than thrombospondin-1 (TSP-1). We
aimed to leverage VTN to enhance the accuracy of dengue severity prediction. Our research
focused on developing a lateral flow immunoassay that can rapidly and reliably assess the
severity of dengue infections. VTN is a multifunctional glycoprotein involved in platelet
aggregation and coagulation. Its various isoforms circulate in the bloodstream and may
influence dengue pathogenesis [232, 233]. Our analysis revealed higher VTN levels in non-
severe dengue-infected patients as compared to severe cases. VTN expression was upregulated
after infection but decreased overall in severe conditions. VTN exhibits structural flexibility
and exists in both monomeric and multimeric forms with distinct functions. Severe dengue was
associated with a decrease in the 10 kDa VTN isoform. VTN recruitment to injured tissues may
contribute to decreased levels in severe cases. It plays a role in both the clotting cascade and
vascular extracellular matrix regeneration [234, 235, 236]. According to our findings, VTN
showed a “Mean = SEM” value of 920.2 + 69.39 pg/ml in severe conditions which is almost

1.86 fold lower than the “Mean = SEM” value of 1679 + 50.89 pg/ml in nonsevere conditions.
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VTN revealed 75% sensitivity and almost 92% specificity as shown in Figure 3.7. VTN could
successfully identify 15 out of 20 severe dengue cases and 260 cases out of 282 nonsevere
dengue cases and could not identify 5 severe cases out of 20 cases. Additional comparisons
were made between this VTN and a reported standardized severity nomogram. Nomogram
could not identify correctly 3 severe cases out of 20 and 71 nonsevere cases out of 282, the
sensitivity and specificity is 85% and 74%. According to this study, the VTN is more effective
at detecting dengue severity than the previously published and standardized nomogram.

Human VTN has a high glycosylation level, and changes to its glycan moieties have been
linked to human cancer [250, 251]. Using a high-throughput analysis, Mayampurath et al.
discovered eight glycopeptides related to vitronectin 13 in human blood; however, they were
only able to attach to two of the three N-glycosylation sites of vitronectin [252]. From the
typical vitronectin, 15 glycans were identified and reported using a nonspecific digesting
method with pronase [253]. The goal of the current study was to characterize patients with
Dengue fever based on their glycosylation profiles of human VTN using two distinct lectin-
based approaches: DSA (Datura stramonium agglutinin) and MAA (Maackia amurensis
agglutinin). This was the first larger analysis of Dengue-infected patient samples. We were
able to collect and visualize secondary antibodies on the control line and VTN on the lectin test
line by using gold coupled with anti-VTN antibodies. Concentrations of control line 0.25-2 g
ul™t and concentration of test line 1.25-10 pg pl™* have been tested and detected as shown in
Figure 3.12. We have chosen this concentration because titration analysis recommended that
lower concentration ensure the clear signal development without saturation and it is suggested
that in lateral flow assay antibody should be used in a LFIA which is 10 to 100 times lower
than the concentration of analytes present in the plasma of infected patients sample [254, 255].
In the investigation, we showed that lectin binding, including DSA-VTN and MAA-VTN
interaction, allowed the lectin-based lateral flow immunoassay method to characterize both
severe and non-severe Dengue-infected patients. Our results indicate that DSA-VTN and
MAA-VTN interactions are substantially higher in non-severe Dengue patients compared to
severe participants (Figure 3.20.). The lectin LFIA technique shows that in nonsevere Dengue
patients, the color intensity of lectin binding of VTN increases, suggesting a greater level of

VTN concentration in nonsevere Dengue patients, which is also confirmed by VTN ELISA.

The color intensity data intra-assay for MAA in nonsevere cases had a "Mean + SEM" value
of 6.31 £ 0.007; this was higher than the color intensity data inter-assay for severe Dengue
patients, who had a "Mean + SEM" value of 6.18 + 0.02 for MAA. Whereas, for DSA, the color
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intensity data intra-assay for nonsevere patients was 6.22 + 0.004 higher than the severe
Dengue patients with a "Mean £ SEM" value of 6.15 £ 0.01. However, the interassay for MAA
showed a coefficient variation in nonsevere Dengue infected patients of 1.07% and in severe
with 1.37% whereas DSA showed a coefficient variation in nonsevere inter-assay with 0.72 %
and for severe 0.66%. The general guidelines of the value of the coefficient variation of inter-
assay and intra-assay should be less than 15% and 10%, acceptable targeted values [256, 257].

The lectin-based point-of-care immunological assay could correctly detect 11 out of 12 severe
cases and 74 out of 85 nonsevere cases when employing MAA in the test line; however, DSA
could identify 11 severe cases and 71 nonsevere cases. Further comparisons were made
between this assay and a previously published, standardized severity nomogram. Nomogram's
sensitivity and specificity were 85% and 74%, respectively, although it was unable to
accurately identify three out of 20 severe cases and 71 out of 282 nonsevere cases. To ascertain
the VTN level, this recently created test was also compared with a conventional ELISA. The
specificity and sensitivity of the VTN ELISA were 92% and 75% respectively since it could
detect 260 nonsevere cases out of 282 and 15 severe cases out of 20. This study demonstrates
that for the detection of Dengue severity and ELISA, a lectin-based point of care is far more
effective than an already established nomogram. Initially, a predictive POC test for severe
Dengue can be used in the diagnosis process, and individuals can be tested for Dengue infection

using a lectin-based Lateral Flow Immunoassay technique.

VTN also has another role. It acts as a complement regulator. Apart from plasma and other
bodily fluids, VTN is present in connective tissue and is likely to play a significant role in
connections between cells. Similar to clusterin, VTN attaches itself to the developing C5b-7,
C5b-8, and C5b-9 complexes to stop them from being incorporated into cell membranes. VTN's
N-terminal somatomedin B domain (SMB) controls cell adhesion and migration by binding
PAI-1 and the urokinase receptor with great affinity. Since PAI-1's intact reactive center loop
spontaneously inserts itself into the primary -sheet of the molecule, rendering it inactive, it is
an unusual member of the serpin family of serine protease inhibitors with an intrinsically short
half-life [237].

The clinical spectrum of dengue ranges from mild to severe complications. Understanding the
molecular mechanisms underlying the diverse clinical presentations of dengue is crucial for
developing effective diagnostic and therapeutic strategies. Dengue virus activates the

complement system through different mechanisms. Anti-DENV antibodies can stimulate
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complement activation on infected endothelial cells, influencing immune response [238].
Additionally, the lectin pathway of the complement system plays a role in dengue infection,
activated by antigen-antibody immune complexes [239]. MBL (Mannan binding lectin) is a
key component of the lectin pathway and directly interacts with flaviviruses, such as DENV in
vitro [240, 241]. On the surface of the virus, oligosaccharides, or glycoproteins, are recognized
by MBL. Numerous studies on different viruses have shown that glycosylation affects the
pathogenicity of the virus. Three structural proteins make up each flavivirus particle: the
envelope (E), membrane (M), and capsid (C) [242]. The primary envelope glycoprotein on the
surface of the virion, the E protein, is responsible for the virus's attachment and fusing onto
target cells for successful replication [243]. The N-glycans of the E glycoprotein in virions
derived from human hosts versus those from mosquito vectors most likely differ significantly
in structure, which may have an impact on the target cell binding and infection efficiency in
distinct ways [244]. The majority of virions produced in mammalian cells have complex types
of glycans, with the exception of DENV, which has an additional high mannose in the second
N-glycosylation site. In contrast, viruses derived from mosquito cells exhibit high-mannose

and/or paucimannose glycans with terminal mannose residues [243].

MASP-1 (Mannose-binding lectin serine protease-1) is essential for complement activation,
playing a vital role in the innate immune response but still now it is not reported in dengue
infection. Recent research has increasingly implicated MASP-1 in the pathogenesis of dengue
infection, particularly in severe cases. In this study, LC-MS/MS analysis has demonstrated an
upregulation of MASP-1 levels in the plasma of patients with severe dengue infection
compared to individuals with nonsevere dengue or healthy controls. This upregulation of
MASP-1 suggests its potential involvement in the development of severe dengue
complications. It has already been reported that the liver is the targeted organ of the dengue
virus and MASP-1 is secreted mainly from the liver cells [239] so, Dengue virus might directly
stimulate the production of MASP-1 from infected cells. This enhanced production could
contribute to excessive complement activation, leading to inflammation and tissue damage.
The overstated immune response observed in severe dengue patients, characterized by cytokine
storm and activation of various immune cells, might contribute to increased MASP-1
production. MASP-1 triggers the production of IL-6 and IL-8 [245]. Our lab has previously
investigated the production of IL-6 and IL-8 in severe conditions [246]. Additionally, MASP-
1’s dysregulation could be connected with abnormal immune responses affecting immune cell

infiltration and molecular pathways like IL-6/JAK/STAT3 signaling [247]. Over all MASP-
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I’s role in immune modulation highlights its significance in different pathological and
physiological conditions [248]. Dengue infection can damage endothelial cells and the lining
of blood vessels. This damage could lead to the release of MASP-1 from these cells [249],
further contributing to complement activation and vascular leakage, a hallmark of severe
dengue infection. The upregulated MASP-1, in turn, can have several potential consequences
in severe dengue like excessive complement activation. MASP-1 may play a central role in
activating the complement cascade, leading to the generation of inflammatory mediators and
opsonization (tagging) of pathogens for phagocytosis. However, uncontrolled activation of the
complement system in severe dengue can lead to excessive inflammation and tissue damage.
According to our findings, MASP-1 was significantly overexpressed in severe dengue
infection. Severe dengue patients with a “Mean + SEM” value of 20.12 + 0.7427 pg/ml for
MASP-1 which was almost twofold higher than nonsevere dengue patients with a “Mean +
SEM” value of 9.713 4+ 0.4126. Western blot analysis also showed the overexpression of
MASP-1 in severe dengue conditions. MASP-1 revealed 95% sensitivity and 76% specificity
as shown in Figure 3.7. MASP-1 could successfully identify 18 severe cases out of 20 and 210
nonsevere cases out of 282 and could not identify only 2 severe cases out of 20. Additional
comparisons were made between this MASP-1 immunoassay and a reported standardized
severity nomogram. Nomogram could not identify correctly 3 severe cases out of 20 and 71
nonsevere cases out of 282, the sensitivity and specificity being 85% and 74% whereas MASP-
1 could not identify only two severe cases. According to this study, the MASP-1 immunoassay
is far more effective at detecting dengue severity than the previously published VTN ELISA
and standardized nomogram. The association between MASP-1 upregulation and severe
dengue has significant clinical and therapeutic implications. MASP-1 levels could potentially

serve as a biomarker for identifying patients at risk of developing severe dengue complications.

Building upon our previous research, we are investigating the development of a more
economically viable lateral flow immunoassay. This endeavor involves the conjugation of
silver nanoparticles with MASP-1. Literature suggests that MASP-1, another protein identified
through LC-MS/MS analysis and confirmed through ELISA and Western blotting, has the
capacity to elevate endothelial permeability. This increase in permeability contributes to
plasma leakage, a hallmark of severe dengue illness. MASP-1 is primarily explicit in the liver,
a primary target organ of the dengue virus. Therefore, this study aims to employ a more
affordable lateral flow immunoassay by utilizing MASP-1 in conjngation with synthesized

AgNPs within a laboratory setting. The widespread application of AgNPs in diverse fields has
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been steadily growing due to their unique properties. These properties have rendered them
valuable in various applications, including household products, healthcare, food preservation,

environmental conservation, etc.

Initially, AgQNPs were synthesized utilizing silver nitrate (AgNO3) and sodium borohydride
(NaBH4) as a reducing agent [258]. Subsequent to synthesis, the nanoparticles were
characterized by using transmission electron microscopy (TEM). TEM analysis revealed that
the nanoparticles exhibited a variety of shapes and sizes. In the following step, the
nanoparticles were conjugated with an antibody, and this conjugation was characterized by
dynamic light scattering (DLS). DLS data indicated a gradual increase in nanoparticle size,
suggesting successful binding of the antibody to the silver nanoparticles. Further DLS analysis
revealed a polydispersity index (PDI) value of 0.53, indicating a heterogeneous distribution of
nanoparticle sizes. To enhance homogeneity, a standard silver dispersion kit was employed.
This kit contained AgNPs with a uniform diameter of 20 nm, resulting in a more homogeneous
distribution with a PDI value of 0.27. Subsequently, density gradient centrifugation was
utilized to isolate nanoparticles based on their size within the synthesized AgNP solution.
These separated nanoparticles were then employed as probes for the development of the lateral
flow immunoassay. Characterization of the isolated silver nanoparticles by using TEM and
DLS revealed a homogeneous distribution with nanoparticle sizes ranging from 10 to 30 nm.
The DLS-determined PDI value of 0.27 was consistent with the PDI value of the standard silver
dispersion kit. Additional DLS analysis confirmed the successful conjugation of the antibody
to the AgNPs. To further validate the DLS findings, an agarose gel electrophoresis assay (AGE)
was conducted. AGE results demonstrated that unconjugated AgNPs migrated at a faster rate
compared to both antibody-conjugated AgNPs and analyte-bound antibody-conjugated
AgNPs. This suggests that the unconjugated AgNPs were smaller in size, enabling them to
travel the gel matrix more rapidly. The slower migration of antibody-conjugated AgNPs
compared to unconjugated AgNPs suggests that the conjugation process increases the overall
size of the nanoparticles. Analyte-bound antibody-conjugated AgNPs exhibited the slowest
migration, indicating the successful binding of both the antibody and analyte to the AgNPs.
Subsequently, the various components of the lateral flow immunostrip were assembled for the
detection of MASP-1 in dengue-infected patients. Antibody-conjugated silver nanoparticles
were incorporated into the conjugate pad of the LFIA strip. The patient sample was applied to
the sample pad, allowing it to flow towards the conjugate pad. The antibody-conjugated silver

nanoparticles bound to the target analytes present in the sample, formed complexes that
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migrated towards the test line. The test line, precoated with antibodies, reacted with the
complexes, resulting in the appearance of a brown-colored line. In this study, we successfully
optimized the antibody concentrations used for the control and test lines. The primary objective
of this research was to differentiate between severe and non-severe dengue patients based on
the presence of MASP-1 in confirmed dengue cases. By utilizing silver-united anti-MASP-1
antibodies, we were able to detect and visualize secondary antibodies on the control line and
MASP-1 antibodies on the test line. Various test line concentrations ranging from were
evaluated and found to be perceptible, as illustrated in Figure 3.19. The selection of this
concentration range was informed by titration analysis, which suggested that lower
concentrations promote clear signal development without saturation. Additionally, it is
recommended that the antibody concentration in lateral flow assays be 10 to 100 times lower
than the analyte concentration present in the plasma of infected patients [254, 255]. In this
investigation, we demonstrated that the MASP-1-based lateral flow immunoassay system is
capable of differentiating between severe and non-severe dengue-infected patients. Our
findings indicate that the interaction between AgNPs-conjugated MASP-1 and target analytes
is significantly higher in severe dengue patients compared to non-severe cases (Figure 3.20).
The LFIA technique revealed that severe dengue patients exhibit a more intense color reaction
resulting from the binding of AgNPs-conjugated MASP-1 to analytes. This suggests a higher
concentration of MASP-1 in severe dengue patients, a finding that was further confirmed by
MASP-1 ELISA and Western blotting.

Intra-assay analysis of color intensity data for MASP-1 in non-severe cases revealed a Mean +
SEM value of 2.963 + 0.01. This value was slightly higher than the inter-assay color intensity
data for non-severe dengue patients, which exhibited a Mean + SEM value of 2.96 + 0.01.
Conversely, the inter-assay color intensity result for severe patients was 3.33 + 0.04 lower than
the intra-assay result for severe dengue patients, with a Mean £ SEM value of 3.34 £ 0.04.
Inter-assay coefficient variation for MASP-1 in non-severe and severe dengue-infected patients
was 7.02% and 6.19%, respectively. Intra-assay coefficient variation for non-severe and severe
cases was 7.08% and 6.21% respectively. General guidelines suggest that acceptable target
values for inter-assay and intra-assay coefficient variation should be less than 15% and 10%,
respectively [256, 257]. The MASP-1-based point-of-care (PoC) immunoassay correctly
identified 18 out of 20 severe cases and 249 out of 282 non-severe dengue cases. Comparative
analysis was conducted between this assay and a previously published, standardized dengue

severity nomogram. The nomogram demonstrated a sensitivity of 85% and a specificity of 74%
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but inappropriately classified three of 20 severe cases and 71 of 282 non-severe cases. To
validate the MASP-1 levels, the newly developed test was compared with a conventional
ELISA. The MASP-1 ELISA exhibited a specificity of 95% and a sensitivity of 74%, correctly
diagnosing 210 non-severe cases out of 282 and 19 severe cases out of 20. In this study, we
observed that while the MASP-1 ELISA miss-classified one severe case and Seventy-one non-
severe cases, the MASP-1 LFIA miss-classified two severe cases and thirty-three non-severe
cases. This study highlights that MASP-1-based and lectin-based point-of-care assays are
significantly more effective than established nomograms for diagnosing dengue severity and
using ELISA. Initially, a predictive point-of-care test for severe dengue can be employed in the
diagnostic process. Subsequently, individuals can be further evaluated for dengue infection
using lectin-based and MASP-1-based lateral flow immunoassay techniques.

Comparative analysis in between AuNPs-based and AgNPs-based LFIA demonstrated the
superior performance of AgNPs as probes. The development of AgNPs-based LFIA is
significantly more straightforward and economical than its AuNPs-based LFIA counterpart.
Recent research has highlighted a rising preference for AgNPs due to their unique properties,

including enhanced electrochemical activity.

Despite progress in applying these biomarkers to check the severity of dengue infection, further
research is needed to fully understand the complex role of MASP-1 and VTN in dengue
pathogenesis. Some key challenges include deciphering the exact mechanisms leading to
MASP-1 upregulation and VTN, TSP-1 downregulation and its precise contribution to various
pathological processes in severe dengue is crucial. Translating promising preclinical findings
into safe and effective therapeutic interventions for human patients necessitates rigorous
clinical trials. For lateral Flow Immunoassay, further validation is required before any of these
biomarkers can be formulated as prognostic tests. A dengue diagnostic test and a prognostic
POC test should ideally be used together for severe dengue cases. Patients who have a positive
dengue test can then undergo a severity test. Patients who are at a high risk of developing a
serious illness may be admitted to the hospital and closely watched by a doctor. Patients at low
risk of serious illness and without clinical warning signals, however, can be sent home with

greater confidence to recover.
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CHAPTER -5

Summary & Future directions

A major worldwide health problem is still dengue, a virus spread by mosquitoes that is most
common in tropical and subtropical areas. Proper diagnosis of dengue severity in a timely
manner is essential for efficient care and averting sequelae. Even though they are useful,
traditional diagnostic techniques frequently lack the sensitivity and specificity needed to
identify severe illnesses in their early stages. A new strategy that combines the measurement
of platelet counts and thrombopoietin (TSP-1) levels has shown promise, according to recent
studies. A remarkably substantial correlation between TSP-1 and platelet levels and the severity
of dengue infections has been found using CombiROC analysis, a statistical approach used to
assess the performance of diagnostic procedures. When compared to current diagnostic
techniques, the combination of TSP-1 and platelet levels has many advantages. Its sensitivity
and specificity are extraordinarily high, over 100%. In other words, there is less chance of false
positives or negatives because the test can correctly identify people who have severe dengue
as well as those who do not. The test only needs a blood sample and a laboratory analysis,
making it very easy to do. It can therefore be applied in a variety of healthcare environments,
including those with few resources. Although the initial results are encouraging, more
investigation is required to confirm the therapeutic usefulness of the TSP-1 and platelet
combination for dengue severity prediction. Extensive research with a variety of patient
populations is required to verify the constancy of the observed correlation and assess the test's
efficacy across various geographic contexts. Furthermore, research into the molecular
pathways that connect TSP-1 and platelet counts to dengue severity may yield important new
understandings of the disease's etiology. The combination of TSP-1 and platelet counts has the
potential to completely change dengue treatment if it is shown through thorough clinical trials.
Healthcare professionals can minimize mortality and morbidity by implementing focused
treatments to enable early identification of individuals at risk of severe disease. This novel
strategy underscores the value of biomarker-based diagnostics for better patient outcomes and

is a major advancement in the fight against dengue.

The viral disease dengue, which is spread by mosquitoes, is a serious threat to international
health, especially in tropical and subtropical areas. Timely and precise diagnosis is essential

for efficient care and averting serious consequences. Even if they are trustworthy, traditional
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diagnostic techniques are typically unavailable in environments with limited resources since
they need laboratory space and skilled staff. A unique strategy using lectin-based Lateral Flow
Immunoassay (LFIA) is being investigated as a solution to this problem.

Proteins called lectins attach themselves to particular carbohydrate structures. This technology
has many benefits, such as being inexpensive, simple to use, and able to produce results
quickly. The lectin-based LFIA can be used as a screening method to determine who has a
Dengue infection, to start. In order to determine the likelihood of contracting a more severe
form of the disease, a predictive POC test for severe Dengue can be given if the results are
positive. Healthcare resources can be allocated more effectively. In this study, the lectin-based
LFIA successfully detected glycoprotein i.e. VTN in the plasma sample of dengue-infected
patients and predicted the severity of dengue infection. By providing rapid, accurate, and
accessible diagnostics, this technology has the potential to improve patient outcomes and
contribute to the global efforts to combat Dengue.

The current work emphasizes how important MASP-1 protein, which acts as a lectin, is to the
pathophysiology of dengue infection, especially in severe cases. According to our research,
patients with severe dengue illness had significantly higher levels of MASP-1 than patients
with less severe infection. This finding raises the possibility that MASP-1 could be used as a
biomarker to guide therapeutic measures and develop a MASP-1-based LFIA that can forecast
the severity of a disease. LFIA tests may offer quick and precise answers at the point of care

(POC) by utilizing their capacity to identify distinct glycan patterns linked to Dengue infection.

Although conventional biochemical criteria have been utilized as markers of dengue severity
at the later stage of infection our investigation exposes their shortcomings in delivering prompt
and precise evaluations within 4 to 5 days. The potential of MASP-1 as a more sensitive and
specific marker for the course of the disease is highlighted by the early and substantial elevation
of these levels in individuals with severe dengue. Additionally, our study has effectively shown
that creating a lateral flow immunoassay with MASP-1 antibody-conjugated silver
nanoparticles is feasible. This diagnostic tool has the potential to provide a quick, point-of-care
method for identifying dengue early and determining its severity. Through the utilization of
lateral flow technology and the special qualities of MASP-1, this immunoassay has the

potential to greatly enhance patient outcomes and management.

In conclusion, the upregulation of MASP-1 in dengue infection, coupled with its potential as a

biomarker for disease severity and the successful development of a lateral flow immunoassay,
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presents promising avenues for advancing dengue research and clinical care. Continued
investigations into the underlying mechanisms of MASP-1 dysregulation and its contribution
to severe dengue complications are warranted. By elucidating these pathways, we can pave the
way for the development of novel therapeutic strategies that target MASP-1 or its downstream
signaling pathways, potentially improving clinical outcomes for patients with this enervating
disease.

There is a great chance to include potential biomarkers employing gold and silver nanoparticles
into POC immunoassay after they have been discovered. The development of sensitive and
quick point-of-care (POC) immunoassays has been demonstrated by the use of gold and silver
nanoparticles in electrochemical bioassays. These nanoparticles are perfect for biosensing
applications because of their special qualities, which include good conductivity,
biocompatibility, and simplicity of functionalization. Numerous research avenues are essential
to improve these technologies' functionality and applicability even more. One important
development in diagnostic technology is the capacity to identify many analytes at once in a

single experiment i.e. multiplex assays.

Multiplexing: Multiplex assays provide a complete approach for illnesses with complicated
pathophysiology, like dengue, where several variables might influence disease severity.
Because of their speed and ease of use, lateral flow immunoassays (LFAs) make excellent
candidates for multiplexing integration. In LFAs, multiplexing entails adding several test lines,
each intended to detect a distinct biomarker, on a single strip. Analytes of different kinds can
be distinguished from one another by coupling different kinds of nanoparticles or by utilizing
nanoparticles with unique optical characteristics. For example, one test line may utilize gold

nanoparticles, while other test lines may use silver or colored nanoparticles.

Nanoparticle engineering: The efficacy of gold and silver nanoparticles in immunoassays can
be improved by adjusting their size, shape, and surface functionalization. Anisotropic
nanoparticles, for instance, have special optical features that make them useful for improving

sensitivity.

Core-shell structures: Developing core-shell nanoparticles with increased biocompatibility
and conductivity can boost the sensor's overall performance. For instance, a silica core can
enhance stability and bioconjugation, whereas a gold core with a silver shell can offer greater

conductivity and biocompatibility.
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Electrode Material and Fabrication: Selectivity and sensitivity can be increased by
investigating electrode materials other than conventional gold and carbon, such as conducting
polymers, graphene, and nanostructured materials. For example, graphene is a great choice for
electrochemical sensing due to its enormous surface area and good conductivity. Creating
integrated, low-cost, and miniaturized electrochemical sensors requires the development of
sophisticated microfabrication processes. Complex electrode architectures can be precisely
fabricated with the use of methods like soft lithography and 3D printing. Signal amplification
can be improved and surface area can be increased by designing three-dimensional electrode
designs. Using a variety of materials and production techniques, porous or hierarchical
structures can be created to accomplish this.

Integration with Microfluidics and Lab-on-a-Chip Devices: Combining microfluidic
platforms and electrochemical bioassays can produce completely automated, portable POC
instruments. Microfluidics makes it possible to precisely manage sample handling and fluid
flow, which improves performance and repeatability.

Clinical Validation and Implementation: To assess the new POC immunoassays' diagnostic
accuracy, sensitivity, and specificity, comprehensive clinical studies must be conducted
rigorously. In practical contexts, this will guarantee the device's dependability and efficacy. It
is essential to provide interfaces that are both simple to use and intuitive for healthcare
providers and patients to utilize at the point of treatment. The tool should be simple to use and

understand in order to reduce mistakes and guarantee accurate findings.

To guarantee that the gadgets are widely accessible, it is imperative to develop manufacturing
techniques that are both scalable and economical. Because of this, both rich and

underdeveloped nations will be able to afford the POC immunoassays.

Integration of artificial intelligence for data analysis and interpretation: Artificial
intelligence (Al) has the potential to completely transform healthcare when it is included in
diagnostic platforms. 1. Artificial intelligence (Al) can greatly improve data analysis and
interpretation in the field of point-of-care immunoassays. Artificial intelligence (Al) systems
can detect patterns, correlations, and trends in complex datasets produced by these tests that
may be invisible to human researchers. 2. This feature is especially helpful for diseases like
dengue, which has complex pathophysiologies and many biomarkers that influence the severity
of the disease. Al can be used to create predictive models that link biomarker profiles to the

course of a disease, improving prognosis and diagnosis. Moreover, interpreting lateral flow
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assays can be automated by Al-powered picture analysis, which lowers inter-observer
variability and boosts productivity. Clinical decision-making will surely become more precise,

instructive, and timely as Al develops and is included in point-of-care diagnostics.

By concentrating on these areas, scientists can enhance public health outcomes and hasten the
creation of efficient point-of-care (POC) instruments for assessing dengue severity.
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ABSTRACT

Rapid diagnosis of patients with severe Dengue infection can be
useful for the efficient clinical management of cases caused by the
Dengue virus. Lateral Flow Immunoassay (LFIA) have been broadly
used for rapid Dengue diagnosis, because of their quick readouts
with the human eye, simplicity of use, and affordability. Despite the
availability of several commercial Dengue point-of-care assays,
none has shown to be successful in discriminating between severe
and nonsevere forms of Dengue infection. In the current study, for
the first time, a novel lectin-based point-of-care assay for the early
detection of patients with severe Dengue infection with gold-
adorned sheets as detection labels is being reported. In this
assay, Dengue severity was diagnosed by detecting the glycosyla-
tion profile of vitronectin, a known Dengue severity marker. Two
lectins were employed namely DSA (Datura stramonium) and MAA
(Maackia amurensis) that can recognize specific glycans like galac-
tose Gal-(1-4) GIcNAc and sialic acid in an (a2-3) linkage, which
displayed high sensitivity and high specificity, i.e. 90% and 85% for
DSA and 90.91% and 95% for MAA. The new assay has a detection
limit of 5ug pl™" and enables the quick (30 min) and sensitive
detection of severe Dengue cases. The reported point-of-care
immunoassay exhibits considerable promise for early identification

of patients with Dengue severity.

Introduction

KEYWORDS

Dengue fever; DSA (Datura
stramonium); MAA (Maackia
amurensis)

One of the most prevalent arboviral diseases is Dengue, affecting human
beings. Several tropical and subtropical regions in the world are affected by
this disease.l"? As per the World Health Organization (WHO), this disease is
largely indigenous to South-East Asia and the Western Pacific. In recent years,
multiple epidemics have occurred in Kolkata, a Dengue hyperendemic area in
West Bengal, India. In India and throughout the world, Dengue infection is

still one of the biggest health issues. Dengue is caused by four serotypes.

(3]

Aedes mosquitoes are the primary vectors of Dengue virus transmission (i.e.

Aedes aegypti and Aedes albopictus).

CONTACT Sumi Mukhopadhyay @ drsumimukhopadhyay@gmail.com @ Department of Laboratory Medicine,

Calcutta School of Tropical Medicine, West Bengal, India
© 2023 Taylor & Francis

142


http://orcid.org/0000-0003-1400-3715
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15321819.2023.2260480&domain=pdf&date_stamp=2023-09-27

2 M. PAUL ET AL.

The interplay between the viral component and the host’s genetic and
immunological makeup greatly influences the pathological outcome of
Dengue infection."! Clinical symptoms caused by the Dengue virus infection
range from self-limiting Dengue-without-warning- sign (DWOWS), Dengue-
with-warning-sign  (DWWS) to life-threatening severe-Dengue (SD)
infection.”” Currently, there are no vaccines available for Dengue prevention.
There are no antiviral drugs also for Dengue infection.”! To reduce the rate of
fatalities, appropriate laboratory-based early diagnosis of febrile cases which
might become severe is highly necessary.

One of the most challenging areas in Dengue disease management has been
the early diagnosis of Dengue severity.”) Antigen capture-enzyme linked
immunosorbent assay and laboratory-based reverse transcription polymerase
chain reaction (RT-PCR) are already applied to diagnose Dengue, but none of
these assays can predict Dengue severity. No such test for the detection of
Dengue severity is being reported or commercially available.”®! This study
aimed to develop a simple, highly sensitive, and low-cost point-of-care immu-
noassay using gold conjugated vitronectin monoclonal antibody and lectin
(DSA{Datura stramonium} and MAA{Maackia amurensis}) which detect gly-
cosylated VTN rapidly.

Vitronectin (VIN) is a multifunctional glycated protein, present in the
extracellular matrix of tissues, blood, amniotic fluid, and urine.”) VTN is
a part of the extracellular matrix that affects cell adhesion and cell
necrosis.!'”’ Similar to fibronectin, VIN is an adhesion protein found in
plasma that contains the amino acids arginine, glycine, and aspartic acid
(RGD)."" Human glycoprotein broadly has two types of glycosylation,
N-linked and O-linked modification, respectively, in which glycan is attached
to the asparagines or serine and threonine residues. Though VTN is reported
in Dengue infection, its application in the development of point of care
immunoassay to detect the severity of Dengue infection is still unknown.!?
This test will aid in the early detection of severe Dengue cases and provide
a predictive evaluation for the progression of the disease severity.

Approximately 30% of human VTN is glycosylated. Changes in glycosyla-
tion of plasma VTN may be associated with cellular functions, related to
different physiological states.!"*! According to mass spectrometry and chro-
matography data, VTN has an N-glycan with outer fucosylation.™*! A post-
translational alteration known as glycosylation involves the attachment of
glycans, which are sugar molecules, to specific locations on the protein’s
backbone. During cellular functions and cirrhosis, VIN’s glycosylation mod-
ulates cellular functions.!">'®! De N-glycosylation and desialylation of VTN in
humans, swine, and rodents have also been shown to improve collagen-
binding activity.!"”) When compared to normal VTN, dermal fibroblast and
hepatic stellate cell proliferation are significantly reduced by desialylated VTN
(deNeu-VN) but not by desialylated VIN that has been deN-glycosylated
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(deN-gly-VN).I"8) According to these findings, VTN and its glycosylation
should be essential in the remodeling of organs and tissues where collagen is
the primary constituent.

The altered glycosylation profile of vitronectin in disease can thus be conveni-
ently read through a simple lectin binding assay. These lectin-recognized carbohy-
drates can thus be created in a high throughput platform for LFIA.""! Lectins are
glycan-binding proteins that recognize the glycan epitope of free carbohydrates or
glycoprotein.”*” For direct and accurate detection of functional glycans on intact
glycoproteins taking into account accessibility, the lectin binding-based method
provides an interesting strategy. Lectins are a widespread class of natural proteins
that bind with specific glycans. Due to their specificity and diversity, lectins can be
useful tools in molecular research.

DSA (Datura stramonium) and MAA (Maackia amurensis) are one of the most
widely studied lectins due to their wide range of biological functions, such as
immune stimulating activity. MAA can recognize specific glycans like sialic acid in
a2-3 linkage, whereas DSA is specific for galactose Gal-(1-4) GlcNAc.”!! The
present study was designed to evaluate the potential of lectin affinity-based
approaches for characterizing the glycosylation pattern of human VTN from
Dengue-infected patient’s plasma samples in LFIA format.

Method
Study population

A total of 30 confirmed Dengue patients enrolled at the Calcutta School of Tropical
Medicine during the period of June to November 2021, evaluated in this study.
After a clinical evaluation, an NS1 IgM antibody capture enzyme-linked immu-
nosorbent test (MAC-ELISA) and an IgM/IgG ELISA were used to confirm the
diagnosis of Dengue infection. Among the 30 subjects, patients (PT) 1-10 were
included in the category of Dengue without warning sign (DWOWS), PT 11-20
were included in the category of Dengue with warning sign (DWWS), and PT 21-
30 were included in the category of severe Dengue (SD).

Preparation of immunostrip

For the studies, a backing laminate with a 10 um porosity Nitrocellulose
Membrane (NCM) preassembled on its surface was used. By removing the
adhesive tape from the sample pad side, a 4 mm wide conjugate pad was put
together on the NCM. The conjugate pad was stuck on the strip so that it overlaps
on the NCM by 2 mm. This overlap is crucial for the fluid’s ability to move freely
across the strip because the wicking motion helps move the fluid from one layer to
the next. On the conjugate pad, a sample pad was similarly positioned with a 1 mm
overlap. The absorbent pad was assembled on the strip with an overlap of 2 mm on
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Figure 1. lllustrates the dimension of components on assembled LFIA strip along with the side
view. Abbreviations: LFIA: lateral flow immunoassay.

the NCM from another end. As the absorbent pad acts as a tool and pulls the fluid
from the strip to the end, this overlap is an important consideration. The presence
of moisture on the strip surface may diffuse the fluid throughout the pad and affect
the flow pattern. After putting the necessary components on the plastic backing
laminate, the sheet was trimmed into 4 mm strips. Schematics are represented in
Figure 1. For the experiments, a backing laminate with a preassembled NCM with
a 10 mm porosity was used. By removing the adhesive tape from the sample pad
side, a conjugate pad measuring 4 mm broad was put together on the NCM.

Conjugation of gold nanoparticles with anti-VTN mAb

We use gold nanoparticles as optical probes to provide a meaningful signal in the
presence of the targeted biomarker. We used Gold Conjugated Kit (40 nm, 200D,
ab154873) for the preparation of Gold conjugated Antibody which is used as
a detection probe for lectin-based lateral flow immunoassay. Stock antibody (Anti-
Vitronectin Monoclonal Antibody raised in mouse {Invitrogen CSI003-0202})
was diluted with the gold antibody diluent provided in the kit to 0.1 mg/ml. For
each reaction in a clean 1.5 ml, microfuge tube 42 pl of gold reaction buffer was
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added followed by 12 ul of diluted antibody. Forty-five microliters of the mixture
was added to a vial of gold. Finally, 5 ul of EL Gold Quencher was added to yield 50
ul of 20 OD gold conjugated anti-VTN antibody, i.e. AuNP-anti-VTN.

Nitrocellulose membrane selection

As a membrane for strip development, nitrocellulose is frequently utilized (i.e.
NCM). Advanced Microdevices Pvt. Ltd. of Ambala, Haryana, India, provided the
Easypack membrane kit device. The kit comprises different pore sizes of NCM, i.e.
8,10, 12, and 15 um, which were used in the standardization process. The porosity
of the strip is crucial because the NCM pore size affects how fluid flows through the
strip. To study the flow time of different porosity of the NCM lump together on the
strips, flow time is an important morphology for selecting NCM with appropriate
pore size.

Sample-pad, conjugate-pad, and absorbent-pad selection

For developing a lateral flow assay, we used different components like a Sample
pad (glass fiber; GFB-R7L), Conjugate pad (Cellulose fiber; PT-R7, R-1816] E02),
NC Membrane (CNPEF-SN12, MEMBRANE TECHNOLOGY), and Absorbent
Pad (Cellulose; AP080), procured from Advanced Microdevices Pvt. Ltd. Ambala,
Haryana, India.

Assembly of the immunostrip for the detection of Dengue severity

Plastic backing laminate (4 x 25 mm) requires three elements on the surface,
sticker for sample pad meeting at one end. The sample pad receives the sample,
retains it while forwarding it to the conjugate pad, and then releases it to the NCM.
Using a paper cutter, a sheet of the conjugate pad (4 x 2 mm) was cut, the adhesive
label on the sample pad side was removed, and the conjugate pad sheet was
assembled on the backing laminate with a 2 mm overlap on NCM. Throughout
the LFIA shelflife, the conjugate pad maintains the protein bioconjugates’ stability.
For the LFIA study, the conjugate pad should reliably and effectively release the
bioconjugate. After that, the sample pad sheet (4 x 14 mm) adhered to the backing
laminate so that it overlapped the conjugate pad but was no longer attached to
NCM. On the other side of the strip, the absorbent pad sheet (4 x 19 mm) adhered
in a similar pattern. To confirm the consistent construction, the strip was flattened
on a level surface using a plastic cover sheet. It was then seen that the sample pad
had no folds or aberrations. A paper cutter was used to cut the sheet into 4 mm-
wide strips, which were then placed in a desiccator until they were needed.
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Control line and test line optimization

The standard running protocol for the LFIA development consists of an assembly
of the elements like an absorbent pad at the plastic backing laminate preassembled
with NCM. In the beginning, a laminated NC membrane for standardization was
carried out. At first, the NC membrane was kept in a hot air oven at 55°C for 20
min to eliminate moisture if any. For Control line optimization, 1 pl of capture
antibody, i.e. Goat Anti-Mouse IgG Antibody (#31160invitrogen), and for test line
optimization, different concentrations of two lectins, i.e. MAA (vector lab-L-1310)
or DSA (vector lab-L-1180), were lined on the NCM and dried at room tempera-
ture overnight in front of the dehumidifier. After that, microcentrifuge tubes were
taken. Various concentrations of the capture antibody, i.e. 0.25, 0.5, 1, and 2 pg/ul,
were prepared within a microcentrifuge tube and lined on the NCM, and various
concentrations of lectins, ie. 10, 5, 2.5, and 1.25 pg/pl, on the test line were
prepared in a microcentrifuge tube and lined on the NC membrane; 2 pl of gold
conjugated detection antibody (Anti-VTN Mab) was applied on the conjugated
pad and kept overnight at room temperature. LFIA strip is also used for the
detection of severe and nonsevere Dengue-infected patients with optimized lectin
concentration.

Quantification of color intensity

The intensity of dots and lines was quantified using Image] 1.49 v software. After
converting the photos to RGB format, the proper color was chosen. A line created
by hand encircled the intensity, and the measure icon was used to measure the area,
minimum, and maximum values. A plot profile throughout the illuminated region
was created using a rectangle that was drawn. To establish a baseline for the data,
column averages to the left and right of the point were utilized. The signals were
suitably scaled if various exposure times were employed.

LFIA strips testing with clinical samples

Confirmed Dengue patients were enrolled in the indoor Calcutta School
of Tropical Medicine from June to November 2021. Thirty patients were
included in this study. Clinical and laboratory-based diagnostic confir-
mation tests were performed using NS1 and IgM/IgG capture ELISA
and PCR tests. Plasma samples were collected from Dengue-infected
patients in the course of their indoor admission to the Calcutta School
of Tropical Medicine, West Bengal. During their stay in the hospital,
hematocrit and platelet counts were measured using automated cell
counters (SYSMEX Model No. XP100), and liver function was tested
using an Autoanalyser (ERBA Model No. EM360), which were utilized
for development of nomograms. A nomogram was used to predict the
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severity of severe Dengue patients. The nomogram is used by totaling
the points assigned on the scales for each independent parameter, i.e.
NS1, platelet, HCT, SGOT, and SGPT.!*!

By loading human plasma from Dengue infected patients, the viability
of the generated immunostrips as instruments for determining the
severity of Dengue infection was examined in triplicate trials.
A sample pad containing 50 ul of positive or negative human plasma
was added to the case of strips where the conjugates were made up of
AuNP-anti-VTNMab. Capillary pressures caused samples to travel from
the conjugate pad to the membrane, where they met the lectin test lines
and control lines and finally into the absorbent pad during the first 5
min of the test, and the findings were visually assessed within 30 min.
Using the Image ] program, the color intensity in the test and control
lines of each strip was further quantified. The assay performance was
calculated by determining sensitivity, specificity, and the inter- and
intra-assay coefficient of variation (CV). To calculate the reproducibility
of this assay, samples in triplicate from each set were assayed by two
independent experiments. Further assay performance is validated
through standard ELISA determining VTN titers of severe and nonse-
vere Dengue patients.

Determination of circulating glyco-proteins (VTN) titres

To measure the levels of plasma circulating glycoproteins (VIN) in different
categories of Dengue infected patients, stored plasma of Dengue patients was
thawed, and levels of VTN were evaluated using standard ELISA kits (Ray
Biotech, ISO 13,485 Certified, 3607 Parkway Suite 100, Norcross, GA 30,092,
Catalog #: ELH-VTN). The tests were carried out as per the manufacturer’s
instruction. Samples used for this assay include severe and nonsevere Dengue
patients.

Statistics

First, the D’Agostino and Pearson omnibus normality tests were used to
perform a normality test on each data set. Analyses using a single non-
parametric ANOVA (i.e. Kruskal-Wallis test) and t-test (Mann-
Whitney-Test) were performed, and P values below 0.05 were consid-
ered statistically significant. Area-under-curve (AUC) values that were
statistically significant were also calculated. Applied statistical analysis
utilizing the Graph-Pad Prism statistical program (Graph-Pad Software
Inc., San Diego, CA).
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Ethics statement

This study received ethical permission from the Clinical Research Ethical
Committee of Calcutta School of Tropical Medicine (CREC-STM/461 dated
18/06/2018), following the Helsinki protocol.

Result
Morphological analysis of the NCM

Different pore sizes of NCM, i.e. 8, 10, 12, and 15 um, were used in the
standardization process. Since the pore size of NCM affects the flow of
fluid through the strip, the strip’s porosity quality is crucial. An increase
in pore size of NCM increases the wicking rate and pulls fluid at
a faster rate as compared to the NCM with a smaller pore size, but
the protein-binding capacity of NCM is reduced with the increase in
pore size. Thus, to adjust fluid flow and protein binding on the NCM,
having 10 um pore size was used for the development of LFIA as shown
in Table 1.

Control line optimization using LFIA

The optimum concentration of capture antibody at the control line was found
to be 2 pg/ul (1 pl) which is shown in Figure 2e-f.

Test line DSA (Datura stamonium agglutinin) optimization using LFIA

The optimum concentration of DSA was found to be 5pg/ul for LFIA.
A cleared line was found in this concentration which is shown in Figure 2c,d
This concentration of DSA was applied to different categories of Dengue-
infected patients which are shown in Figure 3c.

Test line MAA (Maackia amurensis agglutinin) optimization using LFIA

The optimum concentration of MAA was found to be 5 pg/pl for LFIA. A cleared
line was found in this concentration which is shown in Figure 2ab. This

Table 1. Flow time analysis of different pore sizes of NC membrane.

Strips Pore size of NC membrane Flow time (sec/2.5 ¢cm)
A 8 um 59.32£0.3765

B 10 um 41+£1.25

C 12 um 36.95 £ 0.3567

D 15 pm 30.74 £ 0.9483

The results showed Mean + SEM value of flow time. Abbreviations: NC membrane-
nitrocellulose membrane.
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Figure 2. Point of care assay analysis of test line and control line optimization. ANOVA followed by
Kruskal-Wallis test (K). a) Different concentration of MAA (Maackia amurensis agglutinin). b) Graph
represents color intensity of different concentration of one lectin, i.e., of MAA (Maacki aamurensis
agglutinin). c) Graph represents color intensity of different concentration of another lectin, i.e., of
DSA (Datura stramonium agglutinin). d) Different concentration of DSA (Datura stramonium
agglutinin). e) Graph represents color intensity of different concentration of control line, i.e.
Goat anti-mouse IgG antibody. f) Different concentration of control line (Goat anti-mouse IgG
antibody).

concentration of MAA was applied to different categories of Dengue-infected
patients which are shown in Figure 3d. For the development of LFIA Goat Anti-
Mouse IgG Antibody was used as a marker for the control line. Thus, LFIA was
developed to determine the optimum concentration of capture antibody at the
control line and test line for further application. The experimental protocol was
followed for the development of LFIA for test line optimization.

Validation of the newly developed assay using clinical samples

The newly developed assay was tested with different categories of Dengue-
infected patients, i.e. 10 patients with Dengue without a warning sign
(DWoWS), 10 patients with Dengue with a warning sign (DwWS), and 10
patients with severe Dengue (SD) infection. Nonsevere Dengue infection
includes both DWoWS and DwWS. The study population included severe
and nonsevere Dengue patients.**!

The newly developed assay was validated by performing inter and intra
assay. The %CV observed in this assay was determined as shown in Table 2.
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Figure 3. Receiver operating characteristics curve (ROC) analysis of severe and non-severe Dengue
infected patients. a) ROC analysis of VTN level as obtained through standard ELISA had 90% sensitivity
and 80% specificity. b) ROC analysis of severity score of Dengue patients as obtained from nomogram
calculation had 90% sensitivity and 65% specificity. ¢) ROC analysis of newly developed point-of-care
assay using DSA had 90% sensitivity and 85% specificity and d) ROC curve analysis of newly developed
point-of-care assay using MAA had 90.91% sensitivity and 95% specificity. Abbreviations: VTN:

vitronectin, DSA: Datura stramonium agglutinin, MAA: Maacki aamurensis agglutinin, CV: coeffi-
cient of variation.
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Briefly, the coefficient of variation (%CV) for intra-assay (MAA) non-severe
Dengue infected patients was 0.81% and, for severe Dengue patients, was 1.3%.

Table 2. Inter- and intra-assay variation.

MEAN+SD MEAN+SD MEAN=SD MEAN=+SD

Inter-assay Inter-assay Intra-assay Intra-assay
Categories (DSA) CV (%) (MAA) CV (%) (DSA) CV (%) (MAA) CV (%)
Nonsevere ~ 5.912+0.053 0.89%  6.329+0.051 0.81% 5.938+0.053 0.89%  6.331+£0.051 0.81%
Severe 5.822+£0.031 0.5345% 6.156+0.082 1.339 5.845+0.031 0.5355% 6.102+0.082 1.34%

The results showed Mean + SEM value of inter- and intra-assay followed by descriptive statistics. Abbreviations: DSA:
Datura stramonium agglutinin, MAA: Maackia amurensis agglutinin, CV: coefficient of variation.

About the intra-assay (DSA) variation, the % CV was 0.899% for nonsevere and
0.5355% for severe patients.

The sensitivity and specificity were found to be higher for VIN-MAA
interaction, i.e. 90.91% sensitivity and 95% specificity, whereas VIN-DSA
interaction showed 90% sensitivity and 85% specificity. Though there is no
such assay available that can predict Dengue severity, we cannot compare this
assay with any standard assay. However, we compare the assay performance
through the standard severity-determining nomogram which can generate
severity scores (Figure 3).

Comparison between assay with nomogram and VTN ELISA

From this nomogram, we also get the percentage of the predicted risk factor of
severity. Among the Dengue patients enrolled in the study, the nomogram was
applied and it yielded a sensitivity of 90% and specificity of 65%. The area under
the curve (AUC) was 0.7575, whereas ELISA of VTN yielded a sensitivity of 90%
and specificity of 80% and AUC being 0.8500 (Figure 4).

Characteristics of blood parameters of clinical samples used for LFIA testing

According to the patients clinical presentation, they were categorized into
Dengue without warning sign (DWoWS), Dengue with a warning sign
(DWWS), and severe Dengue (SD). Nonsevere Dengue infection includes
both DWoWS and DwWS. The study population included DWoWS,
DwWS, and SD. Biochemical results showed that low concentrations
(Mean + SEM) of serum glutamic oxaloacetic transaminase (SGOT;
46.70 £10.09 TU/L) and serum glutamic-pyruvic transaminase (SGPT; 32
+4.115 IU/L) were obtained in the DWoWS sera. In patients with DwWS,
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Figure 4. a) Levels of vitronectin (VTN) of nonsevere and severe Dengue infected patients. Study
subjects are significantly different from each category. b) Graph represents severity score of severe
and nonsevere Dengue patients. ¢) Graph represents the log value of color intensity of LFIA strip
using DSA lectin. d) Graphical representation of colour intensity of LFIA strip using MAA lectin. All
analysis performed were unpaired t test followed by Mann-Whitney method.

SGOT (160.4 £27.37 TU/L) and SGPT (77.50 £ 13.65 IU/L) were lower
than the patients with SD (205.8 +58.13 IU/L) and (158.5 +40.63 IU/L),
respectively, as shown in Table 3.

Table 3. Laboratory parameters of the study population

DWOWS (n=10) DWWS (n=10) SD (n=10)
ANOVA analysis (P
Laboratory measure MEAN+SEM MEAN=SEM MEAN+SEM value)
PIatelset (x 128800 + 22898 66800 + 8700 44400 + 10696 0.0068
10°/ul)
SGOT (U/L) 46.70 = 10.09 160.4 + 27.37 205.8 +£58.13 0.0004
SGPT (U/L) 32+4.115 77.5+13.65 158.5 +£40.63 0.0029
Hematocrit (%) 36.87 +0.9435 38.90 + 1.840 36.65 + 2.442 0.6419
Nomogram Score 109.4+£3.519 161.6+7.196 169.8 + 7.684 <.0001

The statistical analyses were performed using ANOVA followed by Kruskal-Wallis test (K) significance is indicated by
P < 0.05. Biochemical results showed the value of mean + SEM.

Abbreviations: DWOWS: Dengue without warning sign, DIWWS: Dengue with warning sign, SD: severe Dengue, SGOT:
serum glutamic-oxaloacetic transaminase, SGPT: serum glutamic-pyruvic transaminase.
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Discussion

To enhance disease management and reduce healthcare system costs globally,
there is a demand for point-of-care diagnostic technologies that enable quick
and affordable screening/diagnosis of infectious diseases. In the case of
Dengue infection, there is no such assay that can predict the severity of
Dengue-infected patients. This study demonstrated for the first time
a reliable and affordable, lateral flow technology, well suited to point-of-care
Dengue severity diagnostics. Considering this, the new aspect of the current
study develops a point-of-care platform for diagnosis based on a strip-based
test using VIN in combination with gold nanoparticles. The LFIA created is
dependent on AuNPs’ capacity to interface with anti-VTN antibodies to form
conjugates that are employed as recognition tools capable of associating with
VTN present in the plasma of patients with Dengue infection, then VTN-
AuNP-Anti-VTN binds with lectins present in NCM as a test line. VIN is
a glycosylated protein and a severity biomarker in Dengue-infected patients.
However, the application of this protein in the development of point-of-care
immunoassay is an innovative concept for early detection of the severity of
Dengue infection. Glycosylation patterns are altered in several human
diseases.'**! The lectin-based LFIA was developed and optimized for the
detection of glycosylated VTN, particularly those coupled with sialic acid
and N-acetylglucosamine residues. These two methods were based on the
binding affinity of two different lectins with glycoproteins of current Dengue
biomarkers, i.e. vitronectin (VIN). Changes in the connections between
carbohydrate moieties can have a significant impact on the glycosylation
state of VIN. To detect VIN glyco-patterns, two lectins were used which
showed the most binding affinity with Plasma VTN, i.e. (i) Datura stamo-
nium agglutinin (DSA) recognizes (GlcNAc)2-4 and (ii) Maackia amurensis
lectin (MAA) recognizes terminal a-2,3 sialylation of VTN were employed. To
the best of our knowledge, this study is the first to apply the binding affinity of
lectins with glycoproteins in the LFIA system for severity detection of Dengue
infection. A higher sensitivity of detection was observed with Image] software,
allowing discriminating fine differences of lectin binding.

VTN, a versatile glycoprotein found in blood and ECM, is essential to
several physiological functions. Severe Dengue is characterized by endothelial
dysfunction that causes the vascular leak. The crucial period, which occurs 3-
6 days following the beginning of the disease, is when vascular leak usually
becomes clinically noticeable.””>**) Human VTN is highly glycosylated, and
alterations in its glycan moieties were reported in human cancer.?*”)
Vitronectin circulates in the blood, usually as an inactive monomer, until it
is recruited to regulate coagulation and platelet aggregation.'***! Vitronectin
is mostly produced by the liver. In plasma, the level of vitronectin is associated
with chronic liver disease.’*** Mayampurath et al. found eight vitronectin
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glycopeptides in human blood using a high-throughput study; however, they
were only able to bind to two of the three N-glycosylation sites of
vitronectin.**! A nonspecific digesting approach using pronase was used to
identify and report 15 glycans from the standard vitronectin.** Our present
study described the first larger analysis of Dengue-infected patient samples to
characterize severe and non-severe Dengue-infected patients using glycosyla-
tion profiles of human VTN through two different lectin-based approaches,
i.e. DSA (Datura stramonium agglutinin) and MAA (Maackia amurensis
agglutinin). The use of gold conjugated with anti-VTN antibodies allowed us
to capture and visualize secondary antibodies on the control line and VIN on
the lectin test line. Concentrations of control line 0.25-2 ug mL™" and con-
centration of test line 1.25-10 pg mL " have been tested and detected as shown
in Figure 2a-f.

The VTN oligomer has two distinct capabilities that could have implica-
tions for DENV infection and pathogenesis. First, the oligomer binds to
heparin, a known receptor for DENV*! Second, it regulates coagulation by
forming a bridge between integrin and fibrin to induce platelet aggregation to
inhibit plasma leakage.***"] The overall VTN glycosylation was measured by
the lectin-based LFIA system. VIN levels in severe and nonsevere Dengue
infected patients and discriminant patterns of lectin interactions were
compared.

In the present paper, we demonstrated that the lectin-based lateral flow
immunoassay system revealed the characterization of severe and non-severe
Dengue infected patients through lectin binding, including DSA-Vtn and
MAA-Vtn interaction. According to our findings, Figure 4 shows that DSA-
Vtn and MAA-Vtn interactions are significantly higher in non-severe Dengue
patients than in severe subjects. The color intensity of lectin binding of VTN
increases in nonsevere Dengue patients, as demonstrated by the lectin LFIA
system, indicating a higher level of VIN concentration in nonsevere Dengue
patients, which is also corroborated with VTN ELISA. The intraassay of the
color intensity data with a “Mean + SD” value of 6.331 £0.051 for MAA in
Nonsevere was higher than severe Dengue patients with a “Mean + SD” value
of 6.102 £0.0825 for MAA, whereas for DSA, the intraassay of the color
intensity data is 5.938 +0.053 in Nonsevere Dengue patient is higher than
severe Dengue patients with “Mean + SD” value of 5.845+0.031 but the
interassay of MAA showed lower coefficient variation in nonsevere Dengue
infected patients than DSA which is 0.8137% for nonsevere MAA and 0.89%
for nonsevere DSA. While using MAA in the test line of the lectin-based point-
of-care immune assay, the assay could successfully identify 9 out of 10 severe
cases and 19 out of 20 nonsevere cases, but DSA could identify 15 nonsevere
cases and 9 severe cases. This assay was further compared with an already
reported standardized severity nomogram. Nomogram could not identify
correctly seven such nonsevere patients and one severe patient, the sensitivity
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and specificity being 90% and 65%. This newly developed assay was also
compared with standard ELISA to determine VTN level. VTN ELISA could
identify 15 nonsevere and 9 severe cases therefore the specificity and sensitiv-
ity were 80% and 90%. This study shows that a lectin-based point of care is
much better than an already standardized nomogram for the detection of
Dengue severity and ELISA. A lectin-based Lateral Flow Immunoassay
method can be utilized to test individuals for Dengue infection initially, and
if possible, a predictive POC test for severe Dengue can be employed in the
diagnosis process. Patients who will be identified as having a non-severe
Dengue infection, that is, with and without warning signs and low risk for
Dengue infection, can be more confidently sent home to recover, whereas
patients who will be identified as having a severe Dengue infection can be
hospitalized and monitored by a physician.

There are some limitations in this study which include a small number of
study subjects recruited. Before the widespread implementation of this assay, it
must be evaluated in a larger cohort of patients.
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Abstract Severe dengue is a life-threatening complica-
tion. Biological markers that can predict or serve as corre-
lates for rapid identification of disease severity are urgently
needed.Thrombospondin-1 (TSP-1) is a matricellular func-
tional protein that plays an important role in the extracel-
lular matrix. In the present investigation, the level of TSP-1
was investigated for its possible utility as a dengue severity
marker. Accordingly, confirmed dengue cases were enrolled
from July to November of 2020. Plasma from all the study
subjects was subjected to the standard enzyme-linked immu-
nosorbent assay test for TSP-1 analysis. This study showed
that the TSP-1 titers significantly decreased in severe den-
gue (SD) patients in contrast to those with a milder form of
dengue infection. This is the first study demonstrating that
a combination of parameters like TSP-1titers and platelets
exhibit sensitivity and specificity of 100% with an AUC of
1.000 in predicting severity. The investigation revealed that
low TSP-1titers along with decreased platelet are novel indi-
cators of dengue severity.

Keywords Dengue - Severity - TSP-1 - Platelet

Significance Statement: We investigated the status of TSP-1 and
its possible utility as a dengue severity marker. This is the first
study demonstrating that a combination of parameters like TSP-
Ititers and platelets exhibit sensitivity and specificity of 100%
with an AUC of 1.000 in predicting severity.
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Introduction

Dengue displays a broad range of clinical manifestations like
dengue-without-warning-signs (DWOWS), showing symp-
toms such as fever, nausea, rash, aches, pain, and leuko-
penia. Dengue-with-warning-signs (DWWS) usually shows
abdominal pain, persistent vomiting, clinical fluid accumu-
lation, bleeding, restlessness, liver enlargement of > 2 cm,
an increased hematocrit level with decreased platelet count.
Patients with Severe Dengue (SD) become fatal over time.
Simple markers to reliably identify severe dengue patients
are lacking and are much needed to avoid unnecessary hos-
pitalization, reduce disease burden, and control the poten-
tial severity of the infection [1]. In search of such markers,
we have previously demonstrated a high VEGF (vascular
endothelial growth factor) level in severe dengue cases
[2]. VEGF stimulates endothelial permeability by induc-
ing nitric oxide (NO) and can contribute to inflammation,
while thrombospondin (TSP-1) inhibits NO synthesis; thus,
VEGF and TSP-1 have an antagonistic relationship and con-
tribute to disease pathogenesis [3]. The current study was
undertaken to investigate the utility of TSP-1 in combination
with other laboratory parameters for further improving the
sensitivity and specificity limits to diagnose severe dengue
cases. Recent data have also suggested that TSP-1 is also
responsible for capillary architecture [4]. It was reported
that downregulation of TSP-1 in diabetic wounds resulted
in capillaries having increased permeability and delayed
wound healing [5—7]. The cause of this increase in vascular
permeability is believed to be manifold with cytokines such
as TNF-a and dengue NS1 antigen, factors such as VEGF,
and activation of NF-kB, all likely to be contributing factors
[8—13]. TSP-1 is a potent activator of the NF-kB pathway
and is strongly associated with TNF-a expression [14].
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Hence, the role of TSP-1 in vascular leakage and its asso-
ciation with dengue severity must be evaluated. Many stud-
ies have shown that elderly patients are more susceptible to
this infection, resulting in an increased mortality rate. To
improve this situation, more studies are essential to figuring
out the underlying cause and management of the severity of
this infection.

To overcome this situation, it is imperative to establish
a reliable dengue severity biomarker that shows 100% sen-
sitivity and specificity to avoid unnecessary hospitalization
and control the potential severity of the infection. This study
was thus undertaken to identify the role of thrombospon-
din-1 as a potential biomarker for the identification of den-
gue severity. Cutoff values of TSP-1 for different categories
of Dengue were determined and compared to that of healthy
controls. A clinician examined all the patients thoroughly,
and NS1, IgM/IgG capture ELISA, and RT-PCR were used
to confirm disease diagnosis. Platelet counts and hemato-
crit were assessed with the aid of an automatic cell counter
(SYSTEM version No.- XP100). Liver function checked
using an autoanalyzer (ERBA version No.- EM360). Addi-
tionally, an effort was made to correlate several routine
parameters, including platelet count, SGOT, and SGPT, to
the TSP-1 levels in the blood plasma. Further, CombiROC, a
freely available web-based software tool, was also adopted to
determine sensitivity and specificity limits of a combination
of laboratory parameters.

Methods

A cross-sectional, analytical study was performed. A total of
57 dengue patients were enrolled in the study. While most
of the patients were admitted at Calcutta School of Tropi-
cal Medicine from July to November 2020, some patients
were also enrolled from outbreaks in North and South 24
Parganas, Howrah, and Hooghly. They were well informed
about the study being conducted and gave written consent
for participation. Peripheral blood was therefore drawn
from individuals who gave their consent. Following clinical
assessment, the NS1 IgM antibody capture enzyme linked
immunosorbent assay (MAC-ELISA), IgM/IgG ELISA, and
RT-PCR were used to confirm the diagnosis of dengue fever.
The enrolled subjects were classified into dengue-with-
out-warning-sign (DWOWS), dengue-with-warning-sign
(DWWS), and severe-dengue (SD) according to the WHO
2016 guidelines, based on their clinical symptoms. Out of
the 57 dengue-infected patients, 27 had secondary dengue
illness, whereas 30 had initial dengue infection. Addition-
ally, ten healthy donors (HD) who had no recent medical
history were enlisted as a control group. Blood samples of
all the enrolled subjects, both patients and healthy, were col-
lected separately. Five milliliters of blood was collected from
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each individual by venipuncture and into a sterile tube. The
collected blood was immediately processed, and centrifu-
gation was used to separate the plasma for ten minutes at
900 g. The isolated plasma was stored at — 80 °C temperature
till further use. All the experiments were performed using
this stored plasma. Routine biochemical tests of blood sam-
ples were carried out utilizing the auto-analyzer ERBA XL
600 to define the pathological state of the study individuals.
These measurements include serum glutamic oxaloacetic
transaminase (SGOT) and serum glutamic oxaloacetic
transaminase (SGOT) (SGPT). Hematocrit (HCT) and
platelet count (PLT) were also assessed using a 3-part cell
counter like the KX-21. The values from each sample were
examined and analyzed.

Thrombospondin-1 levels were evaluated using commer-
cially available ELISA Kkits in different categories of dengue
infected patients (Ray Biotech). The tests were carried out
in accordance with the manufacturer’s instruction manual.
Calculating the medians and interquartile ranges allowed for
the analysis of the results from each set of studies (IQR). In
order to compare multiple groups, one-way ANOVA with
Kruskal-Wallis tests was performed because the numerical
variables had a nonparametric distribution. Descriptive sta-
tistics were used to calculate mean SEM values. Differences
were considered statistically significant if their p values were
less than 0.05. To assess the statistical differences in labo-
ratory parameters between each group, the Mann—Whitney
test was used. If necessary, Spearman’s correlation was
used. The generated data were examined using statistical
analysis tools (GraphPad). The most effective parameter
combinations with the corresponding sensitivity, specific-
ity, and accuracy were chosen with the aid of CombiROC
(area under the curve).

Result and Discussion

There were 25 DwoWS, 22 DWWS, and 10 SD in the study
population. Out of the 57 patients with confirmed dengue
infection, 30 patients were identified as having primary
dengue infection and 27 as having secondary infection.
Patients with DwoWS, DWWS, or SD had fever (96, 100,
100%), myalgia (4, 18.18, 40%), headache (4, 9.09, 40%),
abdominal pain (4, 4.54, 40%), ascites (0, 4.54, 20%) and
bleeding (0, 0, 20%), respectively. Biochemical results
showed 4.29-fold low platelets in SD than DWOWS and
1.73-fold low in DWWS than DWOWS. The platelet level
is significantly (< 0.0001) low in SD patients than DWOWS
and DWWS. Low platelet count, or thrombocytopenia, is
a characteristic of dengue infection [15-17]. The serum
glutamic-oxaloacetic-transaminase (SGOT) were 2.67-fold
higher in DWWS than DWOWS and 5.55-fold higher in SD
than DWOWS. The serum glutamic- pyruvic transaminase
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(SGPT) level was 2.06-fold lower in DWOWS than DWWS
and 5.64-fold lower find DWOWS than SD patients. The
hematocrit level of SD patients was 1.20-fold higher than
DWOWS and DWWS patients (Table 1).

Decreased Thrombospondin-Ititers (P <0.0001) were
obtained in severe dengue infection. In vitro suppression
of TSP-1 transcription in endothelial cells was observed
during viral infections, leading to reduction in TSP-1 pro-
tein accumulation in the extracellular matrix of endothe-
lial cells [18]. A similar molecular response may also be
responsible for decrease in TSP-1 levels during dengue
infection. Among patients with severe dengue infection,
Thrombospondin-1(TSP-1) level is 2.14-fold lower in
DWOWS, 2.14-fold lower in DWWS and 3.92-fold lower
in SD than healthy donor (HD). TSP-1 level is upregulated
in HD with “mean + SEM” value of 8,616,109 + 1121 ng/
ml as compared DWOWS (7519 +£557.9 ng/ml),
DWWS(7496 +421.8 ng/ml) and SD(4102 +251.9 ng/ml)
(Fig. 1). In addition, thrombospondin-1 cutoff of 4818 ng/

Table 1 Biochemical parameters of the study subjects

mL with a promising AUC—0.9234 showed its potential
to be a novel indicator of dengue severity (Fig. 1).It was
reported that increased consumption or insufficient produc-
tion of TSP-1 may lead to impairment of the integrity of
capillary and small vessels.

Thrombospondin-1 had a positive correlation with plate-
let and negative correlation with SGOT, SGPT and HCT.
This information may indicate that there is a possible asso-
ciation of thrombospondin-1 with platelet in dengue severity.
A blood coagulation system gets initiated in response to the
vascular injuries, resulting in aggregation of platelets at the
site of vascular leakage. Aggregated platelets release TSP-1,
which gets incorporated into fibrin clots and acts as a sub-
strate for fibrin and factor XIIIa [19]. This localized accu-
mulation and increased consumption of platelets may also
be responsible for the decreased TSP-1 levels. To predict
severity of severe dengue patients a nomogram was utilized
[20]. The nomogram is used by totaling the points assigned
on the scales for each independent parameter, i.e., platelet,

Laboratory measure DWOWS (n=25) DWWS (n=22) SD (n=10) ANOVA® Mann—Whitney U test
- - - nonsevere vs severe p*
Mean + SEM Median Mean+SEM  Median Mean+SEM  Median
Platelet (X 103/pl) 141,400+10,711 140,000 81,545+7758 70,000 32,900+4173 30,000 <0.0001 <0.0001
SGOT (IU/L) 46.44+4.943 41 1243+13.29 122 258 £63.75 174.5 <0.0001 <0.0001
SGPT (IU/L) 32.64 +4.046 29 67.55+12.09 44 184.4+43.21 130 <0.0001 <0.0001
Hematocrit (%) 3594 +1.125 38 35.99+1.328 37.30 43.45+2.909 47 0.0621 0.0310

*Mann—Whitney U test between nonsevere vs severe Dengue cases. The statistical significance is indicated by P <0.05

@ ANOVA followed by Kruskal-Wallis test (K)
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Fig. 1 a Levels of Thrombospondin 1 (TSP1) of dengue without
warning sign (DwoWS), dengue with warning signs (DWWS) and
severe dengue (SD). Study subjects are significantly different from
each category. One-way ANOVA with Kruskal-wallis test was done
for comparing different study categories and Dunn’s multiple com-

chl T T 1 1 1
0 20 40 60 80 100

100% - Specificity%

parisons test was done for repeated measures. Symbols (¥) represent
statistical significant differences (P <0.05) between different groups.
b Receiver operating characteristics curve analysis obtained the cutoff
value (4818 ng/ml), AUC=0.9234, Sensitivity—90% and Specific-
ity—82.98%
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HCT, SGOT and SGPT. From this nomogram, we also got
percentage of predicted risk factor of severity. Percentage of
risk factor of severe dengue patient has negative correlation
with TSP-1. Decreased level of TSP-1 may indicate that risk
factor of severity of dengue patients (Table 2).

CombiROC offers a straightforward process and an
intuitive user interface to assist researchers in choosing the
best marker combinations. The CombiROC tool, which is
designed to select multi-marker signatures from the panel
of markers evaluated, is accessible at http://CombiROC.eu

Table 2 Correlation of Thrombospondin-1 with laboratory param-
eters

Serial Laboratory parameters Spearman r p value
number

1 Platelet (x 10/ul) 0.4570 0.0189
2 HCT (%) —0.5455 0.0039
3 SGOT (IU/1) —0.3707 0.0401
4 SGPT (IU/T) —0.3933 0.0235
5 Percentage of predicted —0.3168 0.0435

risk factor of severity

Multiple ROC curves

I =

marker.1 Marker 1: TSP-1
T warker? Marker 2 : Platelet
Marker 3 : HCT

Sensitivity

1-Specificity

a
Symbol AUC SE
TSP-1 0.923 0.830
Platelet 0.941 0.894
HCT 0.617 1.000
;Is;’;ef‘ 1.000 1.000
TSP-1 & HCT 0.923 0.872
Platelet & HCT 0.943 0.872

TSP-1 &
Platelet 1.000 1.000
& HCT

Fig. 2 a-b Multiple receiver operating characteristic (ROC) curve as
a function of sensitivity vs 1-specificity to compare the performance
of markers and combos for TSP-1 PLATELET and HCT. ¢ The per-

@ Springer

Sensitivity

and was used to investigate the best marker combination.
Based on the maximum area under the curve (AUC), sensi-
tivity (SE), and specificity (SP), the ideal marker or marker
combination is selected. Figure 2 presents the obtained best
marker on multiple receiver operating characteristics (ROC)
curve. TSP-1 also plays an important role in platelet aggre-
gation and vascular dysfunction. Although TSP-1 is secreted
from various sources, including macrophages and smooth
muscle cells, platelets are its major source of secretion [21].
Almost 25% of the platelet secreted proteins is made up of
TSP-1 [22]. Thrombocytopenia, was negatively correlated
with disease severity and plasma TSP-1 levels. Therefore,
the decrease in TSP-1 levels could be attributed to the low
platelet count leading to decreased synthesis of the protein.

TSP-1 is also involved in responses to inflammation
which may get affected in reverse by the decreased serum
TSP-1 levels leading to further aggravation of the dysfunc-
tion [23, 24].The more severely infected patients showed
lower levels of platelets and TSP-1 in their blood (Fig. 1b).
One of the outcomes of dengue infection is fluid loss through
vascular leakages causing depletion of intravascular volume
and hemoconcentration [25]. Patients show increased levels

Multiple ROC curves

Combo I : TSP-1 & Platelet
Combo I1 : TSP-1 & HCT
Combo III : Platelet & HCT
Combo IV : TSP-1 & Plateles
& HCT

1-Specificity

b

SP Opt Cutoff
0.9 0.786
1.0 0.810
0.5 0.657
1.0 0.500
0.9 0.715
1.0 0.824
1.0 0.500

formance of combination of biomarkers via receiver operating char-
acteristic (ROC) curve analysis
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of hematocrit from the third day of the infection. A negative
correlation was obtained between TSP-1 levels and hema-
tocrit, while hematocrit showed a positive correlation with
dengue severity. It can be hypothesized that as TSP-1 is
downregulated, activity of endothelial nitric oxide synthase
(eNOS) and soluble guanylate cyclase (sGC) is enhanced,
leading to vasodilation and increased permeability. Plasma
escapes into the body from the vessels, leaving behind
the larger RBCs, thus giving a higher hematocrit value of
(“Mean+SEM”) 43.4 +2.9.

Decreased platelets along with decreased TSP-1 levels
limits clot formation and can initiate internal bleeding.
Liver injury caused by dengue virus can range from asymp-
tomatic transaminase elevation to acute liver failure. Our
study revealed a negative correlation between TSP-1 and
the transaminase levels, further validating an association of
these proteins with dengue infection severity and the use of
TSP-1 as a novel biomarker in dengue severity identification.

Conclusion

CombiROC analysis has shown a very high association of
TSP-1 and platelet combination with Dengue severity. If
suitably implemented, can help detection of severe Dengue
with extremely high sensitivity and specificity, which is
almost higher (100%) than VEGF, as shown in our previous
study. While most diagnostic methods are time-consuming,
this can be developed into a rapid diagnostic kit for point of
care diagnosis.
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In Silico Molecular Docking and in Vitro M)
Analysis of Eugenol as Free Radical G
Scavenger in Patients with Dengue

Infection

Moumita Paul, Sourav Misra, Goutam Patra, Sourav Datta, Bibhuti Saha,
and Sumi Mukhopadhyay

Abstract Infection by the Dengue virus (DENV) threatens global public health due
to its high prevalence and the lack of effective treatments. Oxidative and cytotoxic
damage plays an important role in Dengue pathogenesis and may serve as an impor-
tant target for treatment. DENV infection activates Keap1/Nrf2 signaling pathway
that leads to transcription of downstream antioxidant and detoxification genes such
as HMOX-1, SOD2, NQO1, etc. In this study, both the molecular docking technique
and In-Vitro experiments were performed to show potentiality of Eugenol as an acti-
vator of Keap1/Nrf2 signaling pathway. The molecular docking work concludes that
Eugenol can actually induce Keap1/Nrf2 signaling pathway with a significant change
in negative Firedock Global-Energy value, AScore value and as well as experimen-
tally, Eugenol demonstrated promising antioxidant potential and free radical (RNS)
scavenging activity.

Keywords Keapl/Nrf2 - RNS « DENV - Eugenol - DPPH - PatchDock -
FireDock - BioVia discovery studio + Global-energy value  ArgusLab + AScore
value

1 Introduction

Dengue-infection is a mosquito-borne viral infection spreading rapidly throughout
the world, particularly in tropical or subtropical countries (Mapalagamage et al.
2018). Dengue-virus belongs to the family-Flaviviridae and genus-Flavivirus and
might cause dengue-infection. According to WHO guidelines in 2009, Dengue infec-
tion has been classified based on their symptoms: Dengue-without warning-sign
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(DWOWS) (Nausea, Vomiting, Aches, and pain leucopenia), Dengue-with warning-
signs (DWWS) (Abdominal pain or tenderness, persistent vomiting, clinical-fluid-
accumulation, Mucosal-bleeding, Restlessness) and Severe-dengue (SD) (Severe
plasma-leakage, Severe bleeding). A current model calculates 390 million belong-
ings each year, with ninety-six million cases manifesting with a minimum of some
clinical displays. As per WHO, the South-East Asia and Western Pacific regions
square measure extremely endemic for this sickness (Ahmad et al. 2018). In India,
Kolkata is a hyperendemic region and has witnessed many Dengue epidemics in
current years. So far, dengue infection remains the number one pathological state, in
Asian nations and around the world (World Health Organization 2011).

Viral infections usually cause the enhanced expression of proinflammatory
cytokines. Reactive-Oxygen and Nitrogen-species (i.e. ROS, RNS) are generated
in the monocytes, macrophages, and many other resistant cells in viral infections.
However excessive secretion of ROS, RNS makes the inequity between these perox-
idant and antioxidants leading oxidative-stress which may cause many deleterious
effects on the host. Damages induced by oxidative-stresses and changes into redox
status are being identified in some patients with Dengue infection which suggests the
crucial role of oxidative-stress in Dengue pathogenesis (Chaturvedi and Nagar 2009).
NO is one such extremely reactive molecule and considered as major peroxidant in
the body which can spread through cells. The enzyme NO synthase produces NO.
Peroxynitrite is also harmful when it is there in high concentration, oxidizing genetic
material, lipids, and oxidizing and nitrating proteins thus peroxynitrite enhances
oxidative stresses (Chaturvedi and Nagar 2009). Defense against such excessive free
radical accumulation and reticence of the RNS is important cytoprotective mecha-
nisms that are regulated and controlled by the activation of Keapl/Nrf2 signaling
pathway (Olagnier et al. 2014). Keap1-Nrf2 signaling cascade is the key controller
pathway against prolonged oxidative stresses. Nrf2 (nuclear factor E2-related factor
2) belongs to family of leucine zipper transcription protein factors. It binds with
Maf-Proteins to the regulatory promoter region of downstream Nrf2 targeted genes
and enhances expression of >200 oxidative stress-related genes to protect the cell
from oxidative stress-induced damages (Barrera-Rodriguez 2018; Kansanen et al.
2013; Leung et al. 2019). The transactivation of Nrf2 targeted genes within the cell
is strictly regulated and maintained at its basal level by Keapl1, a cytoplasmic adaptor
protein molecule of the Cullin3 based E3- ligase complex (David et al. 2017). The
605-residue human Nrf2 protein is composed of seven Nrf2-ECH homology (Neh1—
7) domains all that have distinct functions. The N-terminal Neh2 domain mediates
interaction with C-terminal portion of Keapl that tightly regulates the permanency
of Nrf2 (Tonelli et al. 2018). Keapl (Kelch-like ECH-associated protein 1) contains
five domains of which the C terminal portion of Keaplor the Kelch domain interacts
with Neh2 domain. The other domains of Keapl namely BTB domain and IVR help
in homo dimerization of Keapl and interacting with Cullin3 (Taguchi et al. 2011).
Neh2 domain is bound to Kelch domain in homeostasis. Keapl protein moderates
Cul3 E3 complex for ubiquitination, which leads to continuous ubiquitination and
destruction of Nrf2 during non-stressed conditions (Tong et al. 2006). This kind of
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quenching interaction keeps up lower basal expression of Nrf2 mediated cytoprotec-
tive gene transcription. However, when cell experiences oxidative stress, Keapl gets
inactivated and the poly-ubiquitination of Nrf2 is halted and newly synthesized Nrf2
proteins bypass Keapl mediated degradation resulting in accumulation of the Nrf2 in
cytoplasm. Consequently, Nrf2 gets accessed into nucleus, transcribes downstream
Nrf2 targeted genes like SOD2, HMOX1, etc. (Theodore et al. 2008).

Thus the administration of antioxidant molecules to Dengue infected patients
may limit virus-mediated cell damage and restrict the patient to go into severe condi-
tions. Any phytochemical that has potent antioxidant activity and proved to be less
toxic to human body can be employed in Dengue pathogenesis. Eugenol, a very
common natural phytochemical suffice all our requirements to study its beneficial
role in Dengue-induced oxidative stress and in future it may open up novel treat-
ment methods for Dengue-associated diseases. Eugenol (4-allyl-2-methoxy phenol
(EUG)) a hydrocarbon is present as yellow viscous oil (de Aratjo Lopes et al. 2018).
This is an associate with aromatic and phenolic compound from the category of
phenylpropanoids (Barboza et al. 2018). It is a key component of cloves and found
in bay leaves and all spices (Barboza et al. 2018; Ghofran et al. 2019). This is utilized
in food industry (Nagababu et al. 2010)) as a preservative compound, appreciated
due to its inhibitor property (Zhang et al. 2009). Eugenol shows numerous biological
activities like bactericide, (Xu et al. 2016) antifungal (Chami et al. 2005; Gayoso
et al. 2005) antiallergic (Kim et al. 1998; Corréa et al. 2008) properties. Eugenol
conjointly has medication, chemoprotective effects furthermore it has antioxidant-
activity (Yogalakshmi et al. 2010) credited due to the existence of the phenolic cluster
in its structure. For that reason, Eugenol has attracted several researchers. Numerous
studies also opine that Eugenol has bioactive terpenes that inhibit ROS production
in human neutrophil. Eugenol is a helpful pain reliever, and has antioxidant-activity.
Taken together the current study aims to investigate the effectiveness of Eugenol (if
any) in Dengue infection.

2 Materials and Methods

2.1 [In-Silico Analysis

Protein preparation: The X-ray Crystallographic structure of Keap1-Neh2 complex
(PDB ID 3ZGC) was obtained from the Protein Data Bank (PDB) at a resolution of
2.2 A. Water molecules, ligands, and other hetero atoms were removed from protein
complex and obtained the C-terminal Kelch domain (A and B chain) of Keapl and
the Neh domain (C chain) of Nrf2 separately by using Biovia Discovery Studio client
software.
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Ligand Preparation: The 3D structure of Eugenol was obtained and downloaded
from the PUBCHEM database. The proteins and ligand were saved as PDB format
for further analysis.

Automatic Docking: The computational molecular docking was accomplished by
PatchDock server. Protein-small ligand platform of PatchDock was employed for
docking by using clustering Root-Mean-Square-Deviation (RMSD) value of 4.0
(Chaturvedi et al. 2016). Neh domain of Nrf2 was docked against Kelch domain
of Keapl and Eugenol was docked against Kelch domain followed by docking of
Neh domain against Kelch-Eugenol complex domain in separate pair of docking anal-
ysis. In both analyses, the complexes were sorted based on their PatchDock scores
produced by the server. Further, PatchDock score refinement was accomplished by
using FireDock server. The most stable conformations of desired protein—protein
and the protein-ligand complexes were selected based on highest negative Global
Energy (GE) value given by the FireDock server. Further validation was done by
implementing flexible algorithm with ArgusLab 4.0.1 Docking Engine. The grid
box was generated for assortment and formation of the dynamic binding pocket
where the ligand could actually bind using grid resolution of 0.40 A. Docking calcu-
lation was performed using AScore scoring function and the complexes that were
best docked were chosen depending on the least AScore calculated by ArgusLab
(Chikhi and Bensegueni 2008). The conformations of the complexes were envisaged
by Discovery Studio software for further analysis.

2.2 In-Vitro Experiments

Chemicals: The subsequent compounds used for inhibitor activities, obtained from
Sigma-Aldrich: Eugenol (4-allyl-2-methoxyphenol), Ascorbic acid. DPPH was
purchased from Himedia. Ethanol was purchased from Merck. Griess chemical agent
was purchased from Sigma. NO colorimetric assay kit from Cayman, subsequent
experimental procedures were applied to guage the radical scavenging activity of
Eugenol.

Study Population: Enrolled 37 Dengue patients at Calcutta School of Tropical
Medicine from July 2019 to October 2019 after obtaining their consent. They were
confirmed by both Dengue-NS1/IgM ELISA, and RT-PCR. They are classified into
Dengue-without warning-sign (DWOWS), Dengue-with warning-signs (DWWS)
according to WHO 2009 criteria through their symptoms. We had also enrolled
15 Healthy Donors (HD) with no history of illness in the past 3 months.

Serum separation and processing: Venous blood was collected from all patients
and healthy. Five ml of blood were collected by venipuncture into a germ-free clot-
activated tube and blood was separated by centrifugation process at 2000 RPM for
ten minutes, stored in -20 °C temperature and clear serum were used for experiments.
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DPPH assay: To assess the antioxidant potential of Eugenol, DPPH assay based
on the methods of Brand-Williams et al. with small modification (Szerlauth et al.
2019) was used. Diphenyl-1-picrylhydrazyl (DPPH) has a radical-scavenger effect
and has the ability to donate hydrogen, especially those with a phenolic cluster
in their structure. This method is based on electron transport. It produces a purple
ethanolic solution. Free radical molecules are decreased by the antioxidant molecules,
producing yellowish ethanolic solution. Different concentrations (1.5-5.5 pg/ml) of
Eugenol and Ascorbic acid (standard) were used, mixed with equivolume of DPPH
solution. Optical density was measured at 492 nm after 30 min incubation at room
temperature. The radical scavenging activity was calculated in percentage from the
following formula: % scavenging [DPPH] = [(AO — A1)/A0] x 100.Where AQ was
the absorbance of the control and A1 was the absorbance of the samples. IC50 value
was interpolated from the standard graph.

Serum Nitrite and Nitrate measurement: Reactive-nitrogen-species were deter-
mined by estimating the stable merchandise of nitrite and nitrate. Total nitrite
+ nitrate was considered by utilizing a nitrate and nitrite colorimetric-assay-kit
(Cayman, USA) in the serum sample, following the manufacturer’s directions. This
assay determine nitrite 4 nitrate depending on the enzymatic translation of nitrate
to nitrite by nitrate reductase enzyme. The reaction following a quantitative chem-
ical analysis detection of nitrite by Griess reaction supported by the diazotization-
reaction within which acidified NO,~ produces a nitrosating agent that reacts with
sulphanilic acid to yield the anion particle. This particle is then combined to N-(1-
naphthyl) ethylenediamine making deep purple chromophoric chemical group spin
off that absorbs light-wavelength at 540 nm.

Statistical Analysis: All analysis was performed using Graph-Pad Prism statistics
software (Graph-Pad-Software-Inc., San-Diego, CA, USA). As the numeric vari-
ables had nonparametric distribution, One-way ANOVA with Kruskal-Wallis tests
was used to differentiate more groups, respectively. Mann—Whitney test was used
to compare two groups. For Mean + SEM values, we used descriptive statistics.
Differences with p values smaller than 0.05 were considered to be statistically
significant.

3 Results

In-Silico Results: To find the potentiality of Eugenol as an antioxidant molecule
and whether it could enhance the Keapl/Nrf2 pathway, two different sets of anal-
ysis on molecular docking were done. The first set of docking analysis showed
Neh domain of Nrf2 docked against Kelch domain of Keapl protein via PatchDock
server. The docking result shows FireDock GE value of —48.90 with 10 conven-
tional Hydrogen-bonding (SER363, ASN382, SER508, GLN530, TYR572, SER602,
ASN387, GLY574, GLY386 of Keap1), 3 salt bridges (ARG380, ARG415, ARG483
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of Keapl), 3 electrostatic interactions (ARG415 of Keap1, GLU78, GLU79 of Nrf2)
and 2 hydrophobic interactions (GLU82, THR80, GLY81 of Nrf2)—a sum total of 18
Non-bonding interactions (Table 1). In the other set of docking analysis, Eugenol was
docked against Kelch domain of Keap1 and the most stable Keap1-Eugenol complex
structure was chosen on the basis of highest negative Firedock GE value. Then, Neh
domain of Nrf2 was docked against Keap1-Eugenol complex via PatchDock server.
The docking result shows decreased FireDock GE value of -38.04 with 2 conven-
tional Hydrogen bonding (ASN382, TYR572 of Keapl), 1 Salt bridge (ARG380 of
Keapl) and 4 electrostatic interactions (ARG380, ARG483 of Keapl, and GLU78
of Nrf2)—a total of 7 Non-bonding interactions (Table 2) demonstrating Eugenol
prevents Keapl to bind Nrf2 and thus bypassing proteasomal destruction of Nrf2.
ArgusLab flexible docking analysis also shows similar kind of results. Nrf2 when
docked against Keap1 best Ligand Pose energy of —5.80586 kcal/mol was obtained
and when Nrf2 docked against Keap1-Eugenol complex best Ligand Pose energy of
—5.53895 kcal/mol was obtained.

Study Population: Dengue-patients were classified into DWOWS, DWWS as per
2009 WHO guidelines. They were categorized according to their symptoms and the
result of the biochemical test.

Table 1 Amino acids involved in non-bonding interactions in Nrf2-Keapl docked complex
(obtained from Discovery Studo software)

Neh2 Domain of Nrf2 interacting with Kelch Domain of Keapl

Bond Donor to bond acceptor Type of bond

1. keapl:ARG380:NH1—nrf2:GLUS82:0El Salt bridge

2. keapl:ARG415:NH2—nrf2:GLU79:0E2 Salt bridge

3. keapl:ARG483:NH1—nrf2:GLU79:0E| Salt bridge

4. keapl:ARG415:NH1—nrf2:ASP77:0D2 Electrostatic

5. keapl:ARG415:NH1—nrf2:GLU79:0E1 Electrostatic

6. keapl:SER363:0G—nrf2:GLU82:0E2 Conventional hydrogen bond
7. keapl:ASN382:ND2—nrf2:GLUS82:0E1 Conventional hydrogen bond
8. keapl:SER508:0G—nrf2:GLU79:0E2 Conventional hydrogen bond
9. keapl:GLN530:NE2—nrf2:GLU78:0 Conventional hydrogen bond
10. keapl:GLN530:NE2—nrf2:GLU78:0E| Conventional hydrogen bond
11. keapl:TYR572:OH—nrf2:GLU78:0E2 Conventional hydrogen bond
12. keapl:SER602:0G—nrf2: THR80:0 Conventional hydrogen bond
13. keapl:ASN387:N—nrf2:GLY76:0 Conventional hydrogen bond
14. keapl:GLY574:CA—nrf2:GLU78:0E1 Conventional hydrogen bond
15. keapl:GLY386:CA—nrf2:GLY76:0 Conventional hydrogen bond
16. nrf2:GLU78:C,0;GLU79:N—keapl:TYR525 Electrostatic

17. nrf2:GLU82:0E2—keapl:TYR334 Hydrophobic

18. nrf2:THR80:C,0;GLY81:N—keapl:TYR572 Hydrophobic
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Table 2 Amino acids involved in non-bonding interactions when Nrf2 docked against Keapl-
Eugenol complex (obtained from Discovery Studio software)

Neh2 Domain interacting with Kelch Domain in presence of Eugenol

Bond Donor to Bond acceptor Type of bond

1. keapl:ARG380:NH2—nrf2:GLU82:0E2 Salt bridge

2. keapl:ARG380:NH1—nrf2:GLUS82:0E1 Electrostatic

3. keapl:ARG483:NH1—nrf2:GLU78:0E2 Electrostatic

4. keapl:ARG483:NH2—nrf2:GLU78:0E1 Electrostatic

5. keapl:ASN382:ND2—nrf2:GLU82:0E1 Conventional hydrogen bond
6. keapl:TYRS572:OH—nrf2:GLU79:0E1 Conventional hydrogen bond
7. nrf2:GLU78:0E1—keapl:TYR525 Electrostatic

Fig. 1 Determination of IC
50 of Eugenol IC50

EUGENOL
—— Linear (EUGENOL)

SCAVENGING%

CONCENTRATION (pg/ml)

DPPH Assay: The antioxidant property of Eugenol was determined by using DPPH
scavenging assay followed by gross IC50 value determination. The IC50 of Eugenol
was 3.02 pg/ml. A standard curve was prepared using ascorbic acid in different
concentrations. The DPPH—scavenging capacity, was calculated from the graph
through linear regression (R2 = 0.941). Thus Eugenol’s ability to sequester free
radicals within the DPPH solution was obtained (Fig. 1).

3.1 Determination of Nitrite and Nitrate Level

High concentration of nitrite and nitrate was observed in the patients with DWWS
(57.25 £ 5.9 uM) compared with patients with DWOWS (42.71 4+ 5.5 wM) and
HD (23.56 &+ 2.6 uM) (Fig. 2). Though there was no significant difference between
patients with DWWS and DWOWS (p = 0.3077). The level of nitrite + nitrate level
is significantly higher in DWWS than HD (p = 0.0340).

172



590 M. Paul et al.

p=0.0233
I 1

S 22- p—t—

=2 L ns I

"g 2.0 I :

= .0 =

L 1.8 -

©

=

4

Z 16 -

o

9 i

o

9 12 T T T
DWOWS DWWS HD

Fig. 2 Nitrite and Nitrate values in serum samples (WM of NO>™ and NO3 ™) of patients with
Dengue without warning sign (DWOWS, n = 19), Dengue with Warning sign (DWWS, n = 18),
and Healthy Donors (HD, n = 15) measured by Griess reaction. Results were expressed by the
median value using the box plot. Symbols (*) represent statistically significant differences (p =
0.0340) between DWWS and HD. Nitrite and Nitrate level is comparatively higher in DWWS
(p = 0.0233) than DWOWS and HD. One-way ANOVA with Kruskal-Wallis test was done for
comparing different study categories and Dunn’s multiple comparisons test was done for repeated
measures

3.2 Determination of Nitrite and Nitrate level After Eugenol
Treatment

From Figs. 1 and 2, the antioxidant property of Eugenol was obtained and additionally
high nitrite 4+ nitrate level was found in patients with Dengue with warning signs.
Further following Srejayar and Rao.et.al protocol the RNS quenching ability of
Eugenol was investigated. Serum samples containing high nitrite + nitrate level
were treated with/without Eugenol for 150 min, room temperature, subsequent to
which Griess reagent was added and Optical Density was measured at 546 nm after
30 min incubation (Fig. 3).

Interestingly, very low amounts of nitrite and nitrate were obtained in the eugenol
treated serum of dengue infected patients (28.37 + 4.9 M) as compared to samples
without eugenol treatment (59.14 &= 5.9 wM). Thus, 2.1 fold reduced nitrite and nitrate
were obtained in the serum of dengue patients when it was treated with eugenol.

4 Discussion

Dengue infection is one of the fastest spreading viral infections, threatening the whole
world. Its cure and treatment have become a major concern. In this respect, the current
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p=0.0070

Log value of Nitrate+Nitrite (uM)

Fig.3 Nitrite and nitrate value of patients with dengue infection before Eugenol treatment and after
Eugenol treatment. Results were expressed, using Mann—Whitney test. Nitrite and Nitrate level is
significantly reduced (p = 0.0070) after Eugenol treatment

study tried to find out a natural cure for dengue pathogenesis and found Eugenol to
be a potent candidate for our studies. Eugenol was demonstrated to modulate the
antioxidative Keapl-Nrf2 pathway through In Silico studies and could results in
reduction in the free radical accumulation during Dengue infection through in vitro
serum analysis. In this investigation, In Silico studies showed a reduction in free
energies as well as diminution in the number of non- bonding interactions. Though
the changes obtained in the free energy by the docking engines may seem very little
and insignificant but all these changes are moderated by only a single molecule of
Eugenol. Decreasing the number of non-bonding interactions inbetween Keapl and
Nrf2 is evident that Eugenol binds with Keap1 in the same interacting domain where
Nrf2 binds. The lowering in the negative FireDock GE value as well as AScore
pose energy value indicates that Keapl cannot bind Nrf2 so firmly that it can act
as an adaptor protein molecule for the Cul3 E3 ligase as long as Eugenol is bound
to it. This propounds that newly synthesized Nrf2 can then bypass Keapl mediated
proteasomal degradation pathway which might lead to summoning up of Nrf2 in the
cytosol followed by translocation into nucleus where it can induce transcription of
oxidative stress-related genes (Fig. 4).

Eugenol, a compound, containing phenolic resin clusters, exhibits antioxidant-
property by ending radical species through the loss of atom. In step with the results
of our study, Eugenol had the foremost powerful antioxidant-activity. Nitric oxide
is an essential chemical moderator, generated by neurons, macrophages, endothe-
lial cells etc., and is implicated in many physiological processes. NO produced in
macrophages and epithelial cells acts as an important molecule in the regulation of
the diameter of blood vessels, inhibiting WBC adhesion and platelet aggregation. A
balanced quantity of NO in the body is essential to maintain vital metabolic activi-
ties, a decreased or increased level, however may be deleterious to health. Figure 2,
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Fig.4 aNehdomain interacting with Kelch domain. b Neh domain interacting with Eugenol-Kelch
complex (Discovery Studio visualization). ¢ Neh domain interacting with Eugenol-Kelch complex
(ArgusLab visualization)

demonstrated, higher concentration of Reactive Nitrogen species (nitrite + nitrate)
in Dengue with warning sign. In the acute phase of Dengue infection, the amount of
Reactive-Nitrogen-Species remains high in infection, causing major pathophysiolog-
ical effects. Therefore, the RNS quenching ability of Eugenol was next investigated,
Fig. 3 demonstrated the amount of nitrite + nitrate, which is drastically reduced after
Eugenol treatment. This may be caused by occurrence of antioxidant properties in
the Eugenol, which competes with oxygen, doing a reaction with nitric oxide and
thereby blocking the formation of nitrite and nitrate. This, therefore, demonstrates
the usefulness of Eugenol in Dengue infection.

5 Conclusion

Thus, In-Silico analysis concludes that Keapl cannot bind Nrf2 to that extend so
that it can degrade Nrf2 by Proteasomal pathway as long as Eugenol is bound to
Keapl. So, Keapl-Nrf2 pathway can be modulated in presence of Eugenol which
ultimately leads to cytoprotection during oxidative stress. We conclude from the
above discussion that Eugenol has an antioxidant activity by scavenging the free
Reactive-Nitrogen-Species. Eugenol thus could be a possible drug candidate for
treating Dengue infections. However, our conclusions must be verified in a larger
study population.
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1 | INTRODUCTION

Arthropod-borne infectious diseases are considered to be one of the
major contributors to global mortality and disability.” In India, every

year during the monsoon and post-monsoon period, a large number
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Abstract

For the past several decades, dengue fever has been emerging in epidemic proportions in
several regions of the world. During August-September 2019, an increasing number of
fever cases were being reported from some areas of North 24 Parganas district of West
Bengal, India. Accordingly, outbreak investigation of fever cases from these affected
areas of Bongoan, Barasat, and Habra was carried out. To characterize clinical and
biochemical features of fever cases as well as to investigate the utility of CRP as a
Dengue severity marker in resource-limited settings. We systematically enrolled 108
patients from the affected region of North 24 Parganas. Standard diagnostic assays along
with routine serological and biochemical parameters were performed. Of the 108 pa-
tients, 77 (71%) were confirmed with Dengue infection followed by 22 (20%) DENV
seronegative and 9 (8%) coinfected DENV cases. Among the 77 confirmed Dengue
patients, 53 (69%) had primary infection while 24 (31%) had secondary infection. Among
the DENV clinical symptoms, fever (r = 0.50; p = 0.004), headache (r = 0.40; p = 0.03) and
abdominal pain (r = -0.40; p = 0.02) were found to bear significant correlation with DENV
viral load. The predominant circulating serotype was found to be DENV2. CRP Dengue
severity cut-off level of 10.15 mg/L (AUC: 0.85; 86% sensitivity, 77% specificity) was
obtained. CRP had correlation with viral load (r=0.4, p =0.05) within febrile phase of
infection. The performance of biomarkers can be influenced by local epidemiology,
geography, and several patient factors, therefore, CRP Dengue severity cut-off value
may be region-specific. This study for the first time attempts to estimate CRP Dengue
severity cut-off value based on routine immunoturbidometric evaluation from Dengue

Hyperendemic zones of North 24 Parganas, West Bengal, Eastern India.

KEYWORDS
CRP, dengue, ELISA, RT-PCR, West Bengal

of individuals get affected with Dengue and Chikungunya, which
almost occur in epidemic proportion causing significant morbidity and
mortality.? An upsurge of all these infections during these periods can
impose significant challenges to the healthcare system. To reduce the

rate of fatalities appropriate laboratory-based diagnoses of febrile
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iliness are highly necessary. Dengue virus is a flavivirus transmitted
by Aedes mosquito occurring in the tropical and subtropical area of
the world with a huge disease burden.® All four types of different
serotypes can cause a diverse range of unpredictable clinical symp-
toms of dengue infection. However, the sensitivity of clinical
symptoms is significantly low to discriminate among different cate-
gories of dengue infection within the early phase. As a consequence,
dengue-infected individuals are often essential for triage, suitable
treatment, which can create pressure on the resource-limited health
care system. A useful and reliable simple biomarker is thus needed to
discriminate between the mild and severe forms of dengue infection
within the febrile phase. C-reactive protein (CRP) is an acute-phase
protein that can get synthesized by the hepatic cells of the liver at the
early phase of infection.® The level of CRP can increase up to 25% in
presence of inflammation. CRP stimulates the complement pathway
of the innate immune response during microbes' infection, resulting
in the increased inflammatory response and host defense to infec-
tion.” This early inflammatory marker can also discriminate between
dengue and malaria infection.? Accordingly in this study, we studied
the level of this inflammatory marker in an Indian cohort from North
24 Paraganas, West Bengal. Here, we also investigated the level of
CRP in between DENV seropositive and seronegative samples. We
also studied the correlation between viral load and CRP in the acute
phase of infection. Scrub typhus also an arthropod-borne infection is
caused by the bacterium Orientia tsutsugamushi and transmitted to
humans through the bite of the trombiculid mite.” Another common
disease during the monsoon period is Typhoid, which is a waterborne
infection caused by Salmonella sp.’°,** For the past few decades, the
state of West Bengal in India has been plagued with a huge
arthropod-borne disease burden. Among the 11 districts of West
Bengal, North 24 Parganas has time and again been affected with
Dengue infection in epidemic proportions. This study reports the
detailed investigation of the Dengue outbreak in three affected re-
gions of North 24 Parganas, West Bengal as well as the utility of CRP
as a Dengue severity biomarker in a resource-limited setting.

2 | MATERIAL AND METHODS
2.1 | Ethical approval

This study received ethical permission from the Clinical Research
Ethical Committee of Calcutta School of Tropical Medicine (CREC-
STM/408 dated 21.12.2017) and ethical standards were maintained as

per the act of the 1964 Helsinki Declaration and its later amendments.

2.2 | Study population

Patients with suspected dengue fever were enrolled from the sub-
divisional Govt hospitals of three municipality areas, that is, Bongaon,
Barasat, and Habra of North 24 Parganas in the state of West Bengal
during August-September 2019. Geographically, North 24 Parganas

extends in the tropical zone from latitude 22°11'6" north to 23°15'2"
north and from longitude 88°20’ east to 89°5’ east; it is situated in the
eastern region of the country at an elevation of 13 m above sea level. The
monsoon season spans from June to September with an average pre-
cipitation of 1579 mm. The district lies within the Ganges-Brahmaputra
delta. Taken together, rapidly growing urbanization, favorable tempera-
ture, rainfall, and humidity make ideal grounds for Dengue viral trans-
mission in this hugely populated district. During the post-monsoon period
too small clogged drains, water-storing practices of the local residents

serve as ideal breeding grounds for mosquito and dengue transmission.

2.3 | Diagnostic tests

Dengue was confirmed on the basis of NS1 and immunoglobulin M
(IgM) enzyme-linked immunosorbent assay (ELISA) and polymerase
chain reaction (PCR) test positivity, Chikungunya by MAC IgM ELISA
(InBios), Typhoid through Widal test (Tulip tidal test), and Scrub Typus
through IgM ELISA test (InBios). Five milliliters of peripheral blood was
collected from 108 clinically suspected patients during their indoor
admission in the sub-divisional govt. hospitals of North 24 Paraganas,
West Bengal. Sera and plasma were prepared from the whole blood of
patients and were stored at -20°C for downstream processing. All the
enrolled Dengue patients exhibited any four of the following symp-
toms: fever, nausea, abdominal pain, myalgia, vomiting, fluid accumu-
lation, and retro-orbital pain. Based on their symptoms, the patients
were classified according to WHO criteria of dengue disease severity.*”
Chikungunya patients were characterized by small joint pain, nausea,
rash, headache.”® As per World Health Organization, symptoms of
Scrub and Typhoid are very similar to Dengue and Chikungunya, that is,
fever, headache, and rash. All the clinically suspected patients (n = 108)
were enrolled for detection of NS1 antigen by Dengue NS1 Ag
MICROELISA (J.Mitra&Co.Pvt.Ltd.) of Anti Dengue IgM & IgG antibody
in patient's sera was determined using Anti Dengue IgM & IgG ELISA kit
(Panbio) following manufacturer's instruction.

2.4 | Dengue viral load determination and
serotyping

To quantify the viral load, DENV infected febrile phase patients were
selected for real-time PCR-based viral RNA quantification. Briefly,
viral RNA was isolated from 140 ul of serum sample of dengue pa-
tients using a viral RNA extraction kit (Qiagen). Dengue viral load
among patients was quantified using Tagman based Real-Time PCR
(Genome Diagnostic Pvt. Ltd.)."* The Specific Master Mix in the kit
contains reagents and enzymes for the specific amplification of the
Dengue genome and for the direct detection of the specific amplicon
in fluorescence channel FAM. External positive Standards are sup-
plied in the kit which allows the determination of the gene load.
Real-time PCR was programmed in an ABI Prism 7500 instrument.
Confirmed dengue patients in their febrile phase of infection were
selected for detecting all four serotypes of dengue infection. The
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samples were processed as per the manufacturer's protocol (Genome
Diagnostic Pvt. Ltd.)."* Multiplex reverse-transcription polymerase
chain reaction (RT-PCR) reactions were performed following the
steps of real-time PCR-based dengue viral RNA quantification. Four
different fluorescence channels were used for the detection of spe-
cific DENV serotypes. Positive control was used to interpret the data

with the unknown samples.

2.5 | Biochemical parameters

Complete blood count (CBC test) of the enrolled patients was per-
formed using an automated cell counter (SYSMEX Model No-XP100).
The serum of the enrolled samples was also analyzed for liver en-
zymes along with CRP. All the tests were performed following
standard protocols on an automated biochemistry analyzer (ERBA
Model No-EM360)."> CRP was measured by turbidimetric im-
munoassay to quantitate the level of CRP in samples. The method is

based on the end-point reaction of antigen-antibody.

2.6 | Statistical analysis

The counting method was used to differentiate among categorical
variables by using absolute number (n) and percentage (%) while,
biochemical data were analyzed by calculating mean+SEM and
Median value followed by Mann-Whitney U test. One-way analysis
of variance was performed to study the comparison among con-
tinuous variables. CRP threshold was determined using receiver op-
erating characteristic curve (ROC) analysis followed by the Youden
index. Spearman’s correlation was also performed between DENV
clinical symptoms and viral load. A p < 0.05 was considered significant
for the entire test performed. Statistical analysis was performed using
the Graph-Pad Prism statistics software (Graph-Pad Software Inc.).*®

TOTAL SCREENED
POPULATION
(n=108)

3 | RESULTS
3.1 | Demography and clinical parameters

In the present study, we systematically enrolled 108 patients from
three hyperendemic regions of North 24 Paraganas, West Bengal
during the monsoon period from August 2019 to September 2019.
Among the patients, predominantly male patients 57% (n = 61) were
infected with DENV followed by female patients 43% (n=47). The
prevailing infected age group were between 20 and 40 (n=51
[47.2%]). Out of 108 patients, laboratory-confirmed dengue patients
were 71% (n=77) and dengue coinfected patients were 8% (n=9)
followed by dengue seronegative patients were 20% (n=22)
(Figure 1). Among the 22 infected DENV seronegative patients, four
were infected with Chikungunya (n = 2) and Scrub Typhus (n = 2), two
were coinfected with Scrub+ Chikungunya (n=1) and Scrub+
Typhoid (n=1), rest of the Dengue seronegative patients (n=16)
showed clinical symptoms of hepatomegaly, enlarged liver, and other
febrile illness. Further among the Dengue coinfected patients, five
were infected with Dengue + Chikungunya and four were with
Dengue + Scrub. According to the WHO? criteria, we further cate-
gorized the Dengue patients into Dengue without Warning sign
(DwoWS) (n = 44), Dengue with a Warning sign (DWWS) (n = 26), and
Severe Dengue (SD) (n = 7). Out of 77 dengue infected patients, NS1
based serological test confirmed patients were 100% (n = 77), primary
infected patients were 69% (n = 53) and secondary infected patients
were 31% (n=24) (Figure 1). During the time of blood collection,
fever (74%) was the most common symptom among the Dengue
seropositive patients compared to Dengue seronegative patients.
Additionally, other Dengue-specific symptoms such as Nausea
(83.33%), Rash (70%), Myalgia (82%), Headache (72%) were pre-
dominantly found in seropositive samples (Table 1). The symptoms
among different categories of DENV infection, DwoWS, DwWS,
and SD had fever along with nausea (20%, 31%, and 57%), vomiting

* Dengue sero-negative patients (n=22)
*  Dengue co-infected patients (n=9)

Dengue NS1/IgM
confirmed patients (n=77)

PRIMARY DENGUE PATIENTS

SECONDARY DENGUE PATIENTS

(n=53) ACCORDING TO (n=24)
WHO DENGUE
< < 1 340 Jl g FIGURE 1 Flowchart diagram showing the
DWOWS DWWS sD DWOWS DWWS sD distribution of enlisted study population. Dengue
(n=34) (n=16) (n=3) (n=10) (n=10) (n=4) without Warning Sign (DwoWS), Dengue With

Warning Signs (DWWS), and Severe Dengue (SD)
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(9%, 15%, and 29%), abdominal pain (14%, 20%, and 71%) and
myalgia (32%, 46%, and 71%). Among the dengue seronegative pa-
tients, myalgia and headache were predominantly found in Chi-
kungunya and Scrub Typhus infected population. Dengue and
Chikungunya coinfected patients showed the typical characteristics
of rash and small joint pain. In the case of Scrub and Dengue coin-

fected patients, myalgia and rash were predominantly found.

3.2 | Detection of DENV viral load and serotypes
by qRT-PCR

Furthermore, we analyzed the DENV infected patient population for
the presence of viral load and different dengue serotypes. Previous
studies have demonstrated that high viral load can be detected within
the febrile phase (1-4 days) of dengue infection. In our study po-
pulation, 32 DENV patients were in this category, therefore these
patients were analyzed for their viral load and serotype detection.
Total 32 patients were included on the basis of low platelet count
(mean < 85000/ul), high Hematocrit (HCT) (mean > 41.2), and den-
gue clinical symptoms. Among the DENV clinical symptoms, fever
(r=0.491; p=0.004), headache (r=0.375; p=0.03) and abdominal
pain (r=-0.403; p = 0.02) were found to bear statistically significant
correlation with DENV viral load (Table 2). Among the infected pa-
tients, predominant serotypes were DENV2 (n=14) followed by
DENVS3 (n = 5). Co-circulation of multiple dengue serotypes was ob-
served in seven patients, that is, DENV2+DENV3 (n=5) and
DENV1 + DENV2 (n = 2). No positive results were found for DENV4
infection.

3.3 | Biochemical parameter of infected patients at
the time of hospital visit
Blood parameters like platelet count demonstrated a 1.2-fold de-

crease in DENV seropositive samples compared to seronegative
samples with a statistical significance of 0.023 (Table 3). According to

TABLE 1

Dengue without warning

Clinical symptoms sign (n = 35)
Fever (number, percentage) 35; 100%
Nausea (number, percentage) 17; 48%
Rash (number, percentage) 9; 25%
Myalgia (number, percentage) 17; 48%
Headache (number, percentage) 25; 71%
Abdominal Pain (number, percentage) 8; 22%

Clinical fluid accumulation (number, percentage) 0

Hemorrhage (number, percentage) 0

the WHO (2009) criteria, the low platelet count is a significant
characteristic of dengue-infected patients. Furthermore, a 0.93-fold
increase of hematocrit was observed in DENV seropositive samples
compared to DENV seronegative samples (Table 3). A different bio-
chemical parameter was tested among the dengue-infected popula-
tion. The level of liver enzymes such as serum glutamic oxaloacetic
transaminase (SGOT) and serum glutamic pyruvic transaminase
(SGPT) were higher in DENV seropositive samples compared to
DENV seronegative samples with a statistical significance of 0.01
(Mann-Whitney U test) (Table 3). Furthermore, levels of albumin and
globulin in the blood of infected patients were significantly low in
DENV seropositive samples compared DENV seronegative with a
p =0.007 and 0.04, respectively (Mann-Whitney U test). One of the
inflammatory marker CRP levels was quite low in the DENV popu-
lation with a median value of 4.50 mg/L (Table 3). DENV seronegative
patients had a fivefold increased (median value) level of CRP com-
pared to DENV seropositive with a statistical significance of 0.0008
(Mann-Whitney U test). DENV seronegative population (n=22)

TABLE 2 Variation of clinical symptoms (febrile phase) with
dengue viral loads

Clinical symptoms (febrile phase) Spearman correlation  p value
Fever 0.491 0.0041
Nausea 0.272 0.1307
Headache 0.375 0.0341
Myalgia -0.276 0.1260
Rash -0.121 0.5088
Vomiting 0.013 0.9437
Abdominal Pain -0.403 0.0221
Clinical Fluid Accumulation -0.220 0.2249
Hemorrhage 0.223 0.2184

Note: The statistical significance is indicated by p < 0.05 and their
corresponding spearman correlation value has been bold faced. Statistical
analysis was performed using Graph-pad Prism statistic software.

Demography of the subjected study population among DENV seropositive, coinfected DENV and DENV seronegative samples

Dengue with warning Severe dengue

sign (n=27) (n=10)
24; 88% 9; 90%
14; 51% 6; 60%
10; 37% 0
14; 51% 6; 60%
20; 74% 7, 70%
14; 51% 5; 50%
3; 11% 4; 40%
0 3; 30%
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=22)

=9), and DENV seronegative (n

77), coinfected DENV (n

TABLE 3 Comparison of laboratory parameter levels in blood from DENV seropositive (n

DENYV seropositive samples
vs. DENV seronegative

DENV seronegative

DENYV seropositive samples
vs. coinfected DENV

DENV seronegative

Coinfected DENV

samples (n

DENYV seropositive

samples (n

samples vs. coinfected
DENV “(Mann-Whitney

U test)

ANOVA®

=22)

samples (n

=9)

=77)

samples “(Mann-Whitney

U test)

samples “(Mann-Whitney

U test)

analysis (p
value)

Laboratory
measure

Median

Median Mean * SEM

Mean + SEM  Median Mean * SEM

ns 0.0206

ns

116417+11175 945000 0.023

82872+6229 85500 83222+15717 82000
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Note: The statistical significance is indicated by p < 0.05. @ANOVA followed by Kruskal-Wallis test (K).

Abbreviation: ANOVA, analysis of variance.

Mann-Whitney U test. Statistical analysis was performed using Graph-pad Prism statistic software.

consisted of patients with Scrub (n=2), Chikungunya (n=2),
Scrub + Chikungunya (n = 1), Scrub + Typhoid (n = 1), and other febrile

illness (n = 16).

3.4 | Laboratory characteristic of DENV population
One of the most common hematological findings observed in the
DENV population was low platelet count (mean+SEM) in SD
(24 500/l +8878) compared to DWWS (55000/ul +6659) and
DWoWS (142 000/ul £ 7060) (Table 4). Furthermore, 1.06-fold in-
creased hematocrit was observed in SD patients compared to
DWWS. In addition, we also studied the level of SGOT and SGPT in
different categories of DENV infection. Increased level (Mean + SEM)
of SGOT (204.41U/L+57.15) and SGPT (169.70 IU/L £ 26.37) were
obtained in SD patients compared to DWWS (126.7 IU/L + 16.86 and
110.4 IU/L + 12.86, respectively) (Table 4).

3.5 |
severity

CRP as diagnostic predictor of dengue

In patients with DENV infection, the mean + SEM value of CRP level
in SD patients (27.89 mg/L + 6.90) were higher compared to DWoWS$S
(9.71 mg/L+2.14) and DWWS (6.36 mg/L +1.31) with a statistical
significance of 0.003 (Figure 2). The ROC curve analysis was per-
formed for DWoWS/DWWS versus SD patients. Regardless of the
phase of illness, for DWoWS/DWWS versus SD, the AUC value is
0.85 with a CRP cutoff of 10.15 mg/L (Sensitivity: 86%, Specificity:
77%, Likelihood ratio: 3.750) (Figure 2). The level of CRP was also
analyzed on the basis of days of illness. A higher level of CRP was
observed in 1-3 days (14.28 mg/L + 2.82) of infection compared to
4-6 and 7-10 (7.49 mg/L + 3.98, 8.94 mg/L + 2.37, respectively) days
of infection with a statistical significance of 0.036 (Figure 2). Fur-
thermore, a correlation study was performed between CRP and la-
boratory parameters. The increased level of CRP was positively
correlated with SGOT (r=0.25 with p=0.02), SGPT (r=0.24 with
p =0.03) and HCT (r=0.318 with p = 0.004), while negatively corre-
lated with platelet (r = -0.344 with p =0.002) Again, CRP was posi-
tively correlated with viral load (r = 0.4, p = 0.05) within febrile phase
of infection (Figure 3).

4 | DISCUSSION

Since 1990, epidemics of Dengue in India have become more
frequent, especially in urban zones. The epidemiology of Dengue in
India was first reported in Chennai (1780), followed by the first
outbreak in Kolkata (1963).1%72° Presently the geographical range
of DENV infection has shifted from urban to rural areas,’’,??
However, there have been several studies in urban areas, while
this is the first study of DENV infection in the hyperendemic re-

gion of North 24 Parganas.
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TABLE 4 Comparison of laboratory parameter levels in blood from patients who were positive for DENV infection

Laboratory Dengue without Warning Sign (n = 44) Dengue with Warning Sign (n = 26) Severe Dengue (n=7) ANOVA®
measure Mean + SEM Median Mean + SEM Median Mean * SEM Median  analysis
Platelets (/ul) 142886 + 7061 134500 55346 + 6659 43500 24500+8878 16500  <0.0001
Haematocrit (%) 36.32+0.728 35.60 38.57+0.984 38.05 41.20+1.742  40.50 0.026
SGOT (1U/1) 57.33+5.203 48 126.7 £16.86 120 204.4+57.15 144 <0.0001
SGPT (1U/1) 47.12 +4.202 38.50 110.4+12.86 98 169.70+26.37 144 <0.0001
CRP (mg/L) 6.36+1.314 2.70 9.712+2.149 4.800 27.89 +6.902 37.60 0.003

Note: The statistical significance is indicated by p < 0.05. @ANOVA followed by Kruskal-Wallis test (K). Statistical analysis was performed using Graph-pad

Prism statistic software
Abbreviation: ANOVA, analysis of variance.
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FIGURE 2 (A) C-reactive protein (CRP) level in the blood from Dengue without Warning Sign (DwoWS), Dengue with Warning Signs
(DWWS), and Severe Dengue (SD). Study subjects are significantly different from each other. (B) Receiver operating characteristics curve
analysis obtained the cut-off value (10.15 mg/L) and AUC = 0.85. Arrow line showing the severity cutoff value (10.15 mg/L) obtained from the
Youden index. AUC, area under the curve. (C) Day wise changes of the level of CRP. Study subjects are significantly from each other

In the present study, the serological and clinical report indicates
that the outbreak was predominantly due to dengue viral transmis-
sion. More male patients were infected compared to females. In our
study population, we found 47% of infected patients were within the
age group of 20-40. A similar result was reported by Bandyopadhyay
et al. (2012) from the Calcutta School of Tropical Medicine.?® Study
populations were enrolled from three hyperendemic regions (Bon-
gaon, Barasat, and Habra) of North 24 Parganas. The majority of the
infected patients showed typical clinical manifestations of Dengue
such as fever (74%), nausea (83%), rash (70%), headache (72%).

Additionally, DWWS characteristics such as abdominal pain and
clinical fluid accumulation were seen in a maximum number of DENV
positive populations compared to DENV negative. Typical clinical
manifestations of SD, such as gum bleeding was observed within
three DENV seropositive patients. This current finding showed

similarities with the studies done by Eamchan et al. in Thailand
(2008).%*

RT-PCR-based nucleic acid detection is one of the novel mole-
cular methods to diagnose dengue infection successfully. Here we
used RT-PCR-based Dengue viral load detection and serotyping of
the acute phase infected DENV population. Total 32 DENV patients
were enlisted based on low platelet count and high HCT to detect
different serotypes of dengue infection, among this population, male
n=21 (65%) were predominant followed by female 11 (35%). The
prevalent age group of the infected patients was 20-50 years. High
viral load (2 x 107 copies/ml) was detected within the febrile phase of
disease compared to the defervescence period (3 x 10° copies/ml).
Higher viral load in acute phase patients might have induced cellular
immune response, which cleared the plasma viremia at the de-
fervescence period. Our data also demonstrated that viral load was
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FIGURE 3 Correlation of CRP with biochemical parameters and viral load. (A) CRP versus platelet, (B) CRP versus HCT, (C) CRP versus

SGOT, (D) CRP versus SGPT, (E) CRP versus Viral load. Statistical an
C-reactive protein; SGOT, serum glutamic oxaloacetic transaminase;

positively correlated with fever (r=0.491, p=0.004), headache
(r=0.375, p=0.034) and negatively correlated with abdominal pain
(r=-0.403, p = 0.022) within the febrile phase of infection indicating
that clinical symptoms bear direct correlation with viral load. DENV2
was predominantly found in the study population, followed by
DENV3. According to Dey et al. study, in 2016 predominant serotype
of Dengue in Kolkata was DENV2.%° In 2012, the reemergence of the
DENV3 serotype in Kolkata caused a major DENV outbreak with a
considerable number of severe cases.”® This serotype shift can cause
Antibody-dependent enhancement (ADE) where pre-existing anti-
bodies against primary infection fail to neutralize the virus caused by
different dengue serotypes.

CRP is a highly conserved pentraxin family of proteins.?” It is an
acute-phase protein that is rapidly synthesized in the presence of in-
flammation. The level of CRP in plasma can increase up to 25% in the
presence of inflammatory disorder.?® CRP level can increase up to
1000-fold within a few hours after the introduction of bacterial in-
fection.” In our study, the level of CRP in the DENV seronegative
population was five times (median value) higher than the DENV ser-
opositive population. However, in this study, we analyzed our findings
exclusively in the Dengue virus-infected population. Evidence sug-
gested that a high viral load evokes the macrophages to produce
several proinflammatory cytokines. IL6 is the major proinflammatory
cytokine that can stimulate the liver cells to produce CRP.%’

A higher level of CRP in DENV infection indicates a higher rate of
inflammation which may cause severe hepatitis, kidney injury, organ
dysfunction, and other poor outcomes. Previously, Chen et al. had
reported an elevated level of CRP during the febrile phase of

alysis was performed using Graph-pad Prism statistic software. CRP,
SGPT, serum glutamic pyruvic transaminase

infection in SD patients compared to non-severe (defined using 2009
WHO classification).*° Our analysis established an elevated level of
CRP in SD patients compared to DwoWS/DwWS with a statistical
significance of 0.0028. CRP's turbidimetric immunoassay showed
reasonable sensitivity (86%) and specificity (77%) for SD detection
with a cutoff value of 10.15 mg/L. Furthermore, a higher level of CRP
was obtained in the 1-3 days (febrile phase) of infection compared to
4-6 and 7-10 days. Our study also demonstrated that higher viral
load was positively correlated with the level of CRP. So within the
febrile phase of infection higher CRP level was significantly asso-
ciated with the prediction of SD infection. Furthermore, laboratory
parameters were also showed a significant correlation with CRP. Our
current study revealed that SD patients had decreased platelet count,
increased liver enzymes and were clinically associated with fluid ac-
cumulation and liver enlargement.

Although this is the first effort to study dengue outbreaks from
the hyperendemic regions of North 24 Paraganas, this study has
several limitations. Large numbers of febrile phase patients are re-
quired further to investigate the pathogenicity of DENV infection in
rural areas. Cohort studies are needed in these hyperendemic regions
for better patient health care management.

In conclusion, this study demonstrates the clinical and bio-
chemical parameters of the hospitalized patients in the three muni-
cipalities' areas of North 24 Parganas. The continuous spread of
DENYV serotypes can invade new areas and populations, thereby in-
creasing health problems. The clinical symptoms of Dengue are
pretty similar to other febrile phase infections such as Chikungunya,

Scrub, and Typhoid. Such nonspecific clinical symptoms thus make
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proper diagnosis considerably challenging. Necessary and reliable
laboratory facilities in rural areas to detect different types of febrile
infection can overcome this issue. This study also demonstrated that
CRP might be used as a marker within the febrile phase to detect
individuals with the risk of dengue severity. This finding suggested
that patients with DENV infection with a high CRP value should get
intensive hospital care with routine monitoring. Thus, appropriate
vector control, systematic tracking of infected individuals, community
awareness, rapid diagnosis are key features for better patient
health care management and restricting the increasing number of
dengue cases.
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