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Abstract

Flaviviruses are single-stranded positive sense RNA viruses that include Dengue virus
(DENV). Composed of 4 serotypes that are genetically and antigenically distinct thus
allowing up to 4 infections in a lifetime, DENV is transmitted by Aedes species of
mosquitos, which limits its presence to tropical and sub-tropical regions of the world.
Over half of the world’s population are now at risk of dengue, and this is forecasted
to increase with continued urbanisation and climate change. DENV shows strong
evidence of seasonality, peaking in case numbers when weather conditions are
favourable to the propagation and survival of the insect vector. Yet, outside of these

transmission seasons, reporting case numbers can drop to very low levels.

This thesis investigated the immunological and viral risk factors for dengue
outbreaks. Using patient data collected as part of an index case led household study
in Vietnam that enrolled 1,650 participants with 838 dengue positive index cases and
their household contacts (HHCs). Initially, DENV whole genome sequencing
approaches were developed and contrasted. This allowed sample appropriate
techniques to be deployed on patient and HHC samples, which resulted in 511 whole
genomes from 701 qPCR positive subjects. Predictors of transmissibility were then
considered with little difference observed between serotypes and prior immune
status (although without serotype specific information). Analysis of serological and
viral marker data collected from enrolled participants revealed that sub-clinical
disease from HHCs had similar viral RNA blood levels to index cases. Analysis of the
sequenced DENV whole genomes showed long-term viral clade persistence in the
study area despite fluctuations in reported case numbers. 90 transmission clusters
were identified using genomic, epidemiological and serological data, revealing that

within household transmissions were relatively rare.

Together, the findings indicate the importance of underreported sub-clinical disease
in maintaining disease transmission and that human movement is an important

driver of outbreaks.
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Chapter 1 Introduction

1.1 The increasing significance of Dengue as a global disease

The World Health Organisation (WHO) considers dengue as a major global public
health challenge throughout tropical and sub-tropical regions of the world. DENV saw
a 30-fold upsurge worldwide between 1960 and 2010, due to increased human
population growth rate, global warming, rapid urbanisation, unsatisfactory vector
control and lack of suitable health care facilities>. Due to population growth in
endemic areas, around 2.5 billion people are now at risk of infection! and there are
estimated to be 400 million cases every year, although fortunately mortality is
generally very low, less than 1%3. Southeast Asia is the region where around two-
thirds of the global endemic DENV population live and within this area it is a leading
cause of death, hospitalization and economic burden*. With increasing urbanisation
and climate change the burden of DENV is modelled to grow in these areas and
expand to surrounding areas which were previously unsuitable for the mosquito
vector® and there are frequently cases being reported in previously non-endemic
areas such as Europe and the United States of America® as the climate becomes more
viable for the vector. Countries which are reported as being endemic for DENV are

shown in Figure 1.1A and burden of disease in 2021 is shown in Figure 1.1B.

The number of DENV infections reported has been steadily increasing over the past
few decades with 505,430 cases reported in the year 2000 to 5.2 million in 2019, in
addition worldwide deaths from 2000 to 2015 increased from 960 to 403272 It is
important to note that a significant increase in this reporting is likely due to better
testing and reporting as many of these countries have significantly improved their

healthcare infrastructure over the same time period as they have become wealthier.
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Figure 1.1: Global distribution of DENV cases. A. World map showing
countries/regions which are regarded as endemic (as of 14.03.2022). Generated
using the CDC HealthMap tool: https://www.healthmap.org/dengue/en/. B.
Number of DENV cases reported worldwide during 2021 (from the European Centre
for Disease Prevention and Control®).




Although present in tropical and sub-tropical regions of the world, DENV can show
evidence of significant periodicity from year-to-year, with Southeast Asia showing a
significant difference between years and generally showing peaks in case numbers
every three to five years!®. In addition to varying by year, case numbers show
seasonality and are highly correlated with temperature and periods of high rainfall
both of which are associated with vector density!! (for example Northern Thailand in

Figure 1.2).

The mechanisms behind this periodicity are not fully understood but are thought to
be the interplay between meteorological phenomena such as the El Nifio weather
pattern and changes in immunity in the endemic population as protection wanes or

susceptible individuals enter (or are born into) the area®?.

Cyclical cases strongly correlate with weather conditions indeed in many areas the
virus can appear to disappear and in several countries, especially China and Taiwan,
there is evidence that DENV is a seasonal disease which is introduced from abroad
most years®3. In tropical countries however, the virus can persist all-year despite

periods of very low case numbers??,

16
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Figure 1.2: Effects of various meteorological measurements on DENV incidence in
Thailand. A. DENV incidence, B. DENV incidence difference from mean, C. Rainfall,
D. Rainfall difference from mean, E. temperature, F. Temperature difference from
mean. From Phanitchat et al. 20192,
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Virology of DENV

DENV along with other flaviviruses (Table 1.1) contains a positive-sense single-

stranded RNA genome of around 10,500 nucleotides in length that encodes a

precursor polyprotein which is around 3,500 amino acids long®®. This polyprotein is

subsequently cleaved into ten polypeptides: three structural proteins (the capsid,

precursor membrane (prM) and envelope glycoprotein (E)) that form the virion and

seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) that

are essential for viral replication.

Table 1.1: The Flaviviridae family

Genus Hosts Transmission Notable members
Flavivirus Humans, mammals, Zoonosis, arthropod | Yellow fever, Dengue
mosquitos, ticks bite and Zika viruses

Hepacivirus | Humans Sexual, Blood-borne | Hepatitis C virus

Pegivirus Mammals Unknown Pegivirus A, B,C

Pestivirus Mammals Vertical Bovine viral diarrhoea
virus, classical swine
fever virus
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Figure 1.3: Diagram depicting the organisation of flaviviral genomes and their
subsequent processing into mature viral proteins. Adapted from Campos et al.

2018%

The four different DENV serotypes can be further broken down into different
genotypes, which have traditionally denoted where subtypes have circulated,
however as there has been more transmission of DENV between geographical
locations as globalisation and international travel increases, these genotype
denominations are being made more redundant?®, the phylogenetic relationships

between the serotypes and genotypes are depicted in Figure 1.4.
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Figure 1.4: Phylogenetic tree showing genetic relatedness of the 4 DENV serotypes
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given. Generated with type sequences from Dengue genome detective typing
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Viral proteins and their use in entry, replication and immune evasion

DENV must be able to infect both mammalian and insect cells to enable its continued
transmission cycle. Following feeding on an infected host, the mosquito takes up
infectious virus, a number of mosquito proteins have been suggested as attachment
targets for virus entry with heat shock protein 70, R80, R67 and an additional 45 kDa
protein all being shown to interact with DENV, The virus fully disseminates
throughout the mosquito and eventually infects the salivary glands where it can be
inoculated into a subsequent human host. The following human cellular protein have
been found as attachment target for viral proteins: Heparin sulphate Hsp 90, CD14, a
78 kDa glucose-regulated protein (GRP78/BiP), a 37/67 kDa high-affinity laminin

receptor and C-type lectin receptors®®.

An additional potential entrance mechanism for DENV is through the binding of non-
neutralising antibodies and subsequent phagocytosis by immune cells. This is termed
antibody-dependent enhancement and is one of the hypothetical mechanisms

behind the severe haemorrhagic form of DENV infection that can be seen?®.

Regardless of host infected, the process of viral replication is the same following viral
entry (Figure 1.5). Viral entry itself starts with a conformational change of the E
protein which is triggered by a low pH (6.5), this is subsequently followed by clathrin-
mediated endocytosis. At this stage the capsid protein releases the viral genome into
the cell cytoplasm and subsequently translates it into a single polyprotein in
association with endoplasmic reticulum-derived membranes. This polyprotein is
processed further into the structural and non-structural viral proteins by the action

of different cellular and virus-derived proteases?!.

Following translation and post-translational processing, viral proteins are ready for
assembly and trafficking out of the cell. The viral genome is replicated using the non-
structural proteins, which initiate the replication process itself by using a negative
strand intermediate as a template and through circularization of the genome multiple

copies of positive-strand viral genomic RNA are produced??. Afterwards, this newly
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formed RNA is packaged by the C protein to form a nucleocapsid and, meanwhile, a
heterodimer complex formed by prM and E proteins leaked into the ER lumen is
thought to be involved in the virion budding process (Kuhn et al., 2002). The
immature virus particles mature by using the secretory pathway, and the trans-Golgi

network triggers dissociation of the prM/E heterodimers in an acidic environment.

1) Entry to the cells occurs through receptor-mediated
endocytosis between the viral E protein and cell surface
molecules such as Fc receptors, glycosaminoglycans (GAG),
lipopolysaccharide-binding CD14 associated molecules,
heparan sulfate, and lectin-like receptors, such as dendritic
cell-specific intercellular adhesion molecule 3-grabbing non-
integrin (DC-SIGN). 4=y
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Figure 1.5: Replication cycle of DENV in animal cells. Adapted from Nasar et al.
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The proteins encoded by the DENV genome are used by the virus for replication
within a host cell and to evade host immune responses. The viral proteins NS1 and
Envelope are most relevant to this thesis however others are summarized in Table

1.2.

NS1 is found in all flaviviruses and is approximately 1056 nucleotides in length, the
resulting synthesised protein contains 352 amino acids and has a molecular weight
of 46-55 kDa that is dependent on glycosylation status. For its size NS1 shows
significant difference between the flaviviral species with phylogenetic analysis

between the species showing conservation that ranged from 50% to ~80%2*.

In DENV infections NS1 is secreted in high levels into the extracellular environment
as a barrel-shaped soluble hexamer?>. NS1 is therefore a common target for antigen
based diagnostics as it can persist in serum for longer than RNA2%, assays for its
detection can be cheaper and easier to run than RNA based detection and as NS1 has
high observed diversity between flaviviral species there can be greater specificity

than with other potential viral target proteins.
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Table 1.2: Summary of DENV structural and Non-structural proteins

Structural proteins

Protein functions

C Capsid protein, viral RNA packaging
prMm Prevents pre-mature fusion to host cell membrane
E Envelope glycoprotein, receptor binding, and entry into host cell

Non-structural proteins

Protein functions

NS1

Viral replication and immune pathogenicity

Acts as a viral toxin, inducing endothelial hyperpermeability
Secreted form acts as an immune agonist, inducing a pro-
inflammatory response and endothelial cell.

NS2A Interacts with 3’-UTR, critical for RNA synthesis
Virion assembly
Role in virus-induced cytopathic effect
NS2B Co-factor regulates NS3 protease activity
Immune evasion, targets cGAS DNA sensor for lysosomal
degradation, inhibiting IFN-I response in infected cells
NS3 Serine-protease
RNA helicase
RTPase/NTPase
NS4A Membrane remodelling
Autophagy induction
Antagonising host cell IFN response
Contributes to viral replication
NS4B Forms Virus Replication Complex
Immune evasion
NS5 Methyltransferase, required for 5’-RNA capping, aiding viral immune

evasion
RdRp
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DENV in Vietnam and Nha Trang City

Vietnam is one the countries with one of the most consistently high case numbers
every year with a modelled yearly burden of 2 million infections and an average of
95,000 cases reported annually?’. The disease was first reported in 1959 and has since
become endemic with higher and consistent incidence rate in southern region than
the north of the country?®. DENV was regularly introduced into the Central and
Northern Vietnam from the endemic southern regions through frequent human

migration, resulting in increased dengue cases throughout the country®.

Within Vietnam is Nha Trang, a coastal city situated in the South-Central region
(Figure 1.6), the population in 2021 was reported as 332,410 and has a mean growth
rate of 1.19% per year3°. Nha Trang City reported seasonal epidemic peaks in dengue
cases between 2006 and 2016 during the wet season (July-August or November-
January), with all four DENV serotypes co-circulated among hospitalised patients
within a single season; it is also been reported that the highest dengue incidence was

seen in the central urban wards of the city3™.

Xm

Figure 1.6: Map of Vietnam showing the location of Nha Trang city within Khanh
Hoa Province (A) and the administrative boundaries (B). From Quyen et al. 20183!
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1.2 Dengue virus infection and the complicated human immune response

Following infection with DENV in a susceptible individual, there is a 4-10 day
incubation period after which time symptoms can vary from individual to individual
depending on factors such as prior flaviviral exposure (other DENV serotype and Zika
virus)3%33, however frequently reported symptoms resemble a severe flu-like illness>.
Infection rarely results in death and is generally self-limiting. Symptomatic DENV
infection has been divided into two categories based on how presenting symptoms

can indicate risk of developing a more severe infection.

The WHO lists certain criteria which should cause clinicians in endemic areas to
suspect DENV infection; these are when a high fever (>40°C) is accompanied by any
2 of the following symptoms: severe headache, pain behind the eyes, muscle and
joint pains, nausea, vomiting, swollen glands or rash?. These are not sufficiently
specific for diagnosis alone as many other infections can present with these
symptoms, including other vector-borne infections such as Zika, Yellow fever and

Japanese encephalitis viruses.

Research into the pathogenesis of the severe haemorrhagic form of DENV infection
is complicated by the lack of a suitable animal model which replicates the symptoms
suffered by humans34. Severe DENV is defined by an acute high-grade fever which
lasts from 2 days to 1 week with accompanied haemorrhagic episodes (which include
according to the WHO: “Petechiae, purpura, ecchymosis, epistaxis, gingival and

mucosal bleeding, GIT or injection site, hematemesis and/or malena”3).

The WHO has also produced a list of warning signs which may indicate a patient is at
risk of developing the severe form of DENV infection, these include any two of the
following: severe abdominal pain, persistent vomiting, rapid breathing, bleeding

gumes, fatigue, restlessness or blood in vomit?2,
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Treatment options

There are currently no specific drugs or treatments licensed for DENV infection,
however the vast majority of DENV infections are self-limiting. For severe DENV
infection cases, medical care which prioritises maintaining fluid levels can improve
prognosis significantly?. Paracetamol is commonly given in many countries to help
with fever reduction, however as hepatocytes are targeted during DENV infection
there are increased risks of liver damage with no measurable benefit to fever or pain

reduction3>3°

As with other acute viral infections the usefulness of targeted anti-virals is often
limited, as by the time a patient presents with severe symptoms, they are often only
viraemic for 1 or 2 more days and viraemia is generally already waning®’. For
example, anti-influenza drug therapeutics are only effective at reducing symptoms
by 0.5-1.5 days when given within 48 hours of symptom onset38, but have very high
efficacy when given prophylactically®>. As with dengue disease it is likely an over-
reactive immune response rather than runaway viral infection that leads to severe
DENV infections, this limited effect is likely to be the same with potential DENV
therapeutics. Despite this, there is some evidence that reducing viraemia may lead
to less hospitalisation and improved recovery in DENV infections®®. There have
therefore been many candidate anti-DENV drugs over the years, some of which have
made it to clinical trials*'. One such recent example is an anti-viral which targets the
interaction between the NS3 and NS4B which has made it through safety and efficacy
testing and has been shown to be effective at reducing viraemia in vivo mouse models
for up to 4 days after infection®?. This anti-DENV drug, as with anti-influenza drugs,
has also been shown to be most effective as a prophylactic in limiting infection. Unlike
influenza however where effective ring prophylaxis can limit the spread of a
pathogen from an infected individual as it is transmitted through relatively close
contact®®, DENV is transmitted by a vector which can add an unknown dimension to
the viral transmission area, therefore identifying and giving prophylaxis to those most
at risk is difficult. One potential use could be to limit exposure to tourists to endemic

areas, so therapeutics could be taken in the same way anti-malarial drugs are used
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by visitors to endemic countries®® or as a preventative measure during peak seasons.
There are also studies ongoing and previously publish to determine how DENV
transmits around a population and who should be targeted with treatment to limit

its spread.

Vaccines for DENV

DENV remains a good candidate for a vaccine as it causes a significant amount of
morbidity in countries where it is found and tourists to the area are often infected,
therefore local and international vaccines could be economically viable. Additionally,
humans are both able to naturally clear infection and develop immunity to
reinfection of homotypic serotypes. Despite this, the increased pathology associated
from secondary infections, which is attributed to the cross-reactive sub-neutralising
immune response from an initial infection, has so far made designing a vaccine

challenging.

An additional difficulty associated with DENV vaccine development has been a lack
of a suitable animal model other than non-human primates (NHP). Since mice are
naturally resistant to DENV infection, human cell chimeric mice and immunodeficient
mice sensitive to DENV infection, as well as mouse-adapted virus** have been
established to be used as animal models, these often do not reflect the complicated

immune responses that are seen in human and NHP infections however®.

Despite the difficulties associated with producing a vaccine there is a licensed vaccine
available and there have been attempts to produce one using strategies including:
live attenuated, inactivated, recombinant subunit, viral vectored, and DNA
mediated®®. The only currently licensed vaccine against DENV is called Dengvaxia®
(Sanofi, Paris, France), it has been licensed for use in children over the age of 9, in 20

countries in South America and Asia, however, uptake has been very low.

The vaccine itself is a live attenuated vaccine that, through the use of recombinant

DNA technology, contains the premembrane (prM) and envelope genes from the

wildtype DENV Thailand PUO-359/TVP-1140 (Serotype 1), Thailand PUO-218
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(Serotype 2), Thailand PaH881/88 (Serotype 3), and Indonesia 1228 (TVP-980)
(Serotype 4) that are embedded in the yellow fever nonstructural genes*’. Although
originally recommended for everyone over 9 years of age, subsequent long-term
safety data showed that the risk of hospitalisation and severe disease was greater
among those who had received the vaccine without a prior dengue infection, when
compared with a placebo control group®. As a result of these findings, in April 2018,
the WHO Strategic Advisory Panel recommended that DENV serostatus should be

factored in to ensure that only DENV-seropositive individuals received the vaccine®.

Host immune response to Infection

Following a single DENV infection and recovery, there are three immune outcomes:
1. Long lasting and strong immunity against an infection of the same DENV strain, 2.
Transient immunity towards an infection of different serotypes of DENV for up to 6
months, and 3. Insufficient protection against a subsequent infection from a different

DENV serotype after 6 months that can result in more severe disease®°.

The immune response to DENV infection affects the clinical outcome with a notable
difference in symptoms and severity observed between a primary infection, the
second and then subsequent infections®!. Several studies have investigated the role
of time intervals between successive DENV infections on the disease outcome with
two such studies showing that the average time for asymptomatic secondary
infection was significantly shorter than for symptomatic or severe infection 23, This
supports the leading hypothesis that waning or non-neutralising antibody titres from
prior infections increase the infectivity of DENV in subsequent infections®, a

phenomenon termed antibody dependent enhancement (ADE).

During a DENV infection a typical anti-viral adaptive immune response is produced
with anti-viral IgM antibodies later being replaced with 1gG. Antibodies are produced
against both the structural and non-structural viral proteins with anti-structural
antibodies associated with opsonisation and neutralisation, whilst the roles of all

non-structural antibodies, apart from anti-NS1 which can induce apoptosis in
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infected endothelial cells though a caspase dependent route®, are not fully

understood.

During this initial exposure to DENV there is significant evidence that cross-reactive
and weakly neutralising antibodies to other serotypes are produced which are
weaker, less protective and shorter lasting®®. It is hypothesised that these antibodies
can form immune complexes with DENV and can increase infectivity by activation of
the FcyR2%°7°8 Indeed monoclonal antibodies produced against DENV E protein have

been shown to enhance infection when below the threshold for neutralisation®®.

The cellular response to DENV infection is similarly important in producing protective
and pathogenic effects. T cells generated in initial DENV exposure can become
predominant during a subsequent infection, resulting in an expansion of low-affinity
memory T cells, which provide ineffective viral control and can contribute to
immunopathology and severe dengue disease by the production of excessive amount

of inflammatory cytokines®.

Through immunisation studies of monovalent vaccines of all four serotypes
performed on healthy volunteers it was found that CD8+ T-cell responses are directed
against a variety of viral proteins, with participant immune cells either recognising
the NS3 or NS1.2a protein®?, it was found that donors who had a response to the NS3

protein had more cross-reactive T-cells to other serotypes.

CD4+ T-cells can produce interferon gamma (IFN-y), tumour necrosis factor-a (TNF-
a) and TNF-B in response to DENV antigens, the production of these cytokines has
been implicated in contributing to the pathogenesis sometimes seen in secondary
infections®2. IFN-y plays a key role in DENV infection of monocytes, especially during
a secondary infection, as it upregulates Fc gamma rectors which is the primary
receptor through which they enter in ADE situations®3. Additionally, DENV infection-
associated liver pathology is likely a result of CD4+ T-cells destroying non-antigen

presenting target cells such as hepatocytes®.
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Epithelial and immune cells including monocytes, B-cells and mast cells can all be
infected by DENV and subsequently produce cytokines in response to this infection.
One study demonstrated that serum concentrations of TNF-a, interleukin (IL)-2, IL-6
and IFN-y were most elevated within the first 3 days of illness whilst IL-10, IL-5 and
IL-4 increased afterwards®*. Due to the immune effects of these cytokine groups, it is
therefore implied that Thl responses are seen during the first 3 days with Th2

responses occu rring later.

Differences in cytokine levels have been observed between severe and mild DENV
infections with increased levels of IL-13 and IL-18 correlated with more severe forms
of disease in infected individuals®®. This correlation has also been found with
transforming growth factor-B (TGF-B) which is an inhibitor of Thl and enhancer of
Th2 responses, whilst the inverse relationship appears to happen with 1L-125°,
Together these findings suggest that a dominant Th2 response occurs in DHF/DSS

whilst dominant Th1 responses are more associated with protective responses.

Antibody dependant enhancement

Early on it was noticed that DENV infection can present in different ways and that the
more severe haemorrhagic manifestation of the disease occurred more frequently in
individuals experiencing a secondary infection®. It was additionally noted that
individuals who received the DENV vaccine without prior exposure were significantly

more likely to develop severe DENV infections in a subsequent infection®.

During a DENV infection cross-reactive neutralising antibodies are produced which
are weaker, less protective and shorter lasting. It is hypothesised that these
antibodies can form immune complexes with DENV and can increase infectivity by
activation of the FcyR 2%°7. Indeed monoclonal antibodies produced against DENV E
protein have been shown to enhance infection when below the threshold for

neutralisation®®.
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A study into the cellular mechanisms and interactions behind ADE showed that
antibody opsonised DENV has been shown to have unknown surface domains which
co-ligate the inhibitory receptor LILRB1 when engaged by FcyR>®. This leads to
inhibition of FcyR signalling including production of interferon gamma. The presence
of these proteins are essential for the occurrence of DENV ADE in some cell
models®®®’, ADE can therefore be replicated in vitro relatively easily with cell lines
and non-neutralising titres or monoclonal antibodies. How well these replicate what

is seen in vivo has been difficult to establish.

The lack of a suitable animal model, such as mouse, has made research into the in
vivo mechanisms behind ADE in subsequent DENV infections difficult to study®.
Although non-human primates can serve as natural hosts in a sylvatic setting and
have a very similar immune response they fail to show clinical manifestations®®. The
lack of a licensed DENV treatment means that DENV human infection models have

too great a risk for the participants to develop severe untreatable infection®.

ADE is the proposed mechanism behind the failure of many candidate DENV vaccines
and with the previously approved live attenuated vaccine Dengvaxia where in
previously approved countries it is no longer recommended without initial screening

for previous exposure to DENV’C,

1.3 The challenges associated with diagnosing current and historical Dengue

infections

In order for DENV to be accurately diagnosed the patient must seek medical attention
once clinical presentation of the disease has started. DENV infection which is severe
enough to require such medical attention is rare, with 70-80% of infections being mild
or asymptomatic’t. There are a wide variety of symptoms for DENV which make
accurate diagnosis based on symptomatic presentation difficult, with symptoms of
infection manifesting from a mild generic fever to Dengue Fever (DF); an acute
infection presenting clinically 4-10 days following the bite of a mosquito, to the

severe illnesses of dengue haemorrhagic fever/dengue shock syndrome (DHF/DSS)>.
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Laboratory diagnosis can be undertaken using several approaches, these target
various biomarkers of infection and include aspects of the virus itself or the host

immune response to viral infection.

Diagnosis of the viral component of infection is performed by isolating the virus in
cell culture, RT-gPCR of viral RNA and antigen recognition assays usually focussed on
conserved or genetically distinct sites of the virus such as the NS1 protein’2.
Serological diagnosis looks for a human immune response by detecting specific
antibodies using ELISA-based techniques or in rare cases neutralising antibodies by

plaque-reduction neutralisation tests (PRNT).

ELISA diagnostic tests can be used to infer whether a presenting case has a primary
infection or a post-primary infection, based on the ratios of IgM to IgG antibodies.
While relatively higher IgM levels indicate a recent primary infection compared to a
post-primary infection, the level ratios change quickly during the course of the
infection. This can be useful in explaining the reasons for symptoms observed with
severe cases more often seen in secondary infections’74,

The various diagnostic techniques have their benefits and drawbacks depending on
the time into infection when the assay is performed, and the number of times the

individual has been infected, both affecting which test would work best (Figure 1.7).
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1 2 3 4 5 6 7 8 9 10
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Figure 1.7: Laboratory diagnostic options based on viraemia and immune
responses. Adapted from Simmons et al. 201234,
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Antigen-based

Testing for viral antigens, especially those found in mucosal secretions, has become
one of the most frequent techniques for confirming viral diagnosis due to the low skill
requirement, low relative cost, and high speed of obtaining a result’>. With viral
infections including DENV, where viral loads are most easily detected in the
circulatory system, instead of for example mucosal secretions, antigen tests are still
used relatively rarely compared to antibody markers and nucleic acid techniques. This
is likely due to the need for a phlebotomy sample reducing the benefit from unskilled
testing, as well as a historical lack of accurate antigen tests available, with common
antigens of DENV being highly cross-reactive to other flaviviruses. Despite this, there
are several new antigen tests available which target the more viral specific NS1

protein and are increasingly being used to rapidly triage patients’®.

Serology

Determining DENV infection status using serology is made difficult by the high-degree
of cross-reactivity between not only the 4 DENV serotypes but also other flaviviruses
especially in areas where Zika virus is also found. Serology markers can be used to
diagnose active DENV infection through the detection of IgM as well as historical
infection through IgG detection. Before the wide-scale adoption of qPCR as a
diagnostic tool plaque-reduction neutralisation assays (PRNT) were the only method
of determining which serotypes an individual had been exposed to. These are still
used but their reliability is highly dependent on convalescence time as well as number

of previous DENV exposures.

Other serum and blood markers of infections which are used, especially to determine
the risk of a patient developing a severe infection, are haematocrit levels and platelet
counts. For example new guidelines issued by the Singaporean Ministry of Health
employ an admission criteria in parallel with the WHO guidelines: these suggest
clinicians should look for when a suspect DENV case has a rise in haematocrit 220%

of the baseline levels or a drop in their platelet threshold to <50,000/mm?3, these
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measures have helped focus medical attention on those most at risk especially during

peak DENV seasons®

ELISA

The detection of serological markers of infection in a diagnostic environment are
generally performed with ELISA based technologies. These platforms are easily

scalable, can be automated and the data generated by them is reproduceable.

The high degree of cross-reactivity between flaviviral species can make accurate
diagnosis with ELISAs difficult. To date no ELISA exists which can reliably differentiate
between DENV serotype infection and other techniques must be used. Many
commercial ELISAs have struggled to differentiate between DENV and ZIKV infections
although some developed following the ZIKV epidemic of 2015 have shown good

specificity’”’8,

ELISAs can be used to detect historical infection as well as active depending on the
markers investigated. Antibody profiles in DENV infections are different depending
on the infection number, with primary infections showing a classical pathogen
immune response of IgM which is followed and eventually replaced by an IgG

response.

IgM or antigen-detecting ELISAs are used in a clinical setting to detect active infection,
however due to the delay in the production of antibodies, IgM assays are less than
50% sensitive within the first 4 days of a primary infection’. In post-primary
infections IgM titres are significantly lower and can be undetectable in around 20%
of cases®’. The ratio of IgM to IgG can therefore be used to determine whether a
patient is experiencing a primary or post-primary infection, with improved accuracy

if the ratio cut-offs are changed by reported day of infection’3.
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Plaque-reduction neutralisation test (PRNT)

PRNT assays used to be the preferred test for determining historical exposure to
DENV and serotyping the causative virus’®. They cannot be used in viraemic
individuals and compared to newer assays they are significantly more expensive, take
longer to yield a result and require relatively highly skilled operators to perform the
labour-intensive protocols. Although they remain the only assay which can determine
historical exposures to DENV serotypes, their reliability for determining this and
subsequent inferred immunity to reinfection of this serotype is questionable®!, gPCR
is significantly more reliable for use in active infections and ELISAs are now preferred

for determining historical exposure.

Genomic

Reverse transcription quantitative polymerase chain reactions (RT-qPCR) have been
developed for uses in diagnosing DENV, these can have a very high sensitivity and a

specificity of 100% in acute patients who are still viraemic’®.

RT-gPCR can take advantage of multiple probe fluorophores to generate a
multiplexed assay which can detect each serotype. The CDC have developed
validated multiplex assays which can detect commonly circulating arboviruses®?
(DENV, ZIKV and Chikungunya virus) or individual DENV serotypes®3. Although these
assays are commonly used, particularly in the Americas, there is no global consensus
on a suitable assay, additionally there are no WHO reference materials to standardise
RT-gPCR assays between labs. An external quality assessment in 2009 of RT-qPCR
assays in 37 laboratories across 27 countries showed that fewer than half were fit for

diagnostic purposes with many missing moderate-to-low viraemic patient samples®.
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1.4 Current Dengue control measures and how their success can be determined

Currently, the primary control measures for DENV are aimed at reducing or removing
insect vector populations. Countries vary in their approaches to tackling the vector,
but generally focus on removing the breeding habitats, still bodies of fresh water, and
spraying insecticide in response to high case numbers. The day biting habits of the
primary vector reduces the effectiveness of insecticide-treated bed nets even if used
by children napping during the day® and studies have shown little evidence of their

effectiveness for use in control®87.

There are several biological control techniques which are being used to control DENV
in endemic populations. These include “Sterile Insect Technique” which refers to the
release of male mosquitoes, which have been previously sterilised through
irradiation, this reduces the reproduction rate of female mosquitoes, as no viable
offspring are produced, thereby lowering the vector density and subsequently

reducing the transmission of associated vector-borne diseases including DENV.

There is additionally the relatively novel strategy of infecting A. aegypti with
Wolbachia pipientis (subsequently referred to as Wolbachia). Wolbachia is a naturally
occurring intracellular bacterium which infects many species of insect but has not
been found to occur naturally in A. aegypti®®. Experimentation has demonstrated that
transinfection of A. aegypti with Wolbachia confers resistance to disseminated
infection by DENV and other arboviruses®-%°. Indeed, a field trial has shown that the
release of Wolbachia infected mosquitoes into endemic DENV populations has shown
a significant effect in decreasing the amount of virologically confirmed DENV
presenting at hospitals, with the protective efficacy of the intervention being 77.1%
(95% ClI, 65.3 to 84.9)°1. These studies have occurred relatively recently so their

success at reducing DENV infection in the future still remains to be seen.

This highlights the difficulties of assessing the long-term impacts of DENV control
strategies, especially as most studies are from relatively short-term trials and we can

see huge natural fluctuations in yearly case numbers independently of any control
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measures being in place. It is therefore possible that the effect of an intervention may
overestimate the effectiveness of the same intervention applied in a higher
transmission intensity context or underestimate the effects of the intervention in a
lower transmission intensity setting. Studies often use patients presenting at care
facilities as measures of case numbers and therefore any changes as a result of the
intervention however, as expressed earlier, a significant number of DENV s
asymptomatic and sub-clinical with most individuals not going to a health facility®2.
Additionally, there may be some differences in severity between DENV serotypes and
sub-genotypes which may have an effect on the reporting population®94, Although
randomly sampling the whole population for those positive for the virus may assist
with identifying asymptomatic infections, this is time-consuming, costly and may not
yield many viraemic individuals®>. A more reliable method may be serological testing
a proportion before and after a study to look for changes in serostatus or evidence

of recent infection by serological markers®®.

Techniques that directly or indirectly look for evidence of viral exposure can be
reasonably effective at measuring how effective a control strategy has been in
reducing the presence of the virus in a population, however, if the virus reappears in
the next year or later with the same serotype, it cannot identify whether it was a
reintroduction or a failure of the control strategy to eliminate the virus from
circulating within the population. Through genome sequencing of pathogens of
interest it is possible to reconstruct their ancestral relationship and therefore
determine how likely it is that they are persisting in a population or being

reintroduced?’.

1.5 Challenges associated with generating sequencing data from viral infections

WGS at its most basic involves generating the full genetic code of an organism.
Produced genetic information can then inform us of key protein-coding genes as well
as the amount of diversity that is available within a population. Traditional techniques

such as Sanger sequencing are regarded as highly accurate but have several shortfalls

39



in their application to sequencing pathogen genomes especially during an outbreak

situation.

Pathogen genomes were sequenced by generating ~2kb amplicons of the genome by
PCR from isolated patient samples which may have to have been grown in culture to
increase the pathogen load to a required amount. These were then subsequently
sequenced by Sanger sequencing methods®. Although sufficiently accurate for
pathogen identification and basic analysis the technology is unable to provide the
deep coverage required for variant detection. Additionally, identifying novel
pathogen genomes is incredibly difficult as prior knowledge is required to design
sufficiently specific amplifying primers. The primers themselves and amplifying

techniques can further introduce bias and make metagenomic analysis difficult.

Next-generation sequencing platforms resolve many of the issues of this older
technology®. They can combine short reads with extremely deep coverage in order

100101 35 well as capturing

to determine low-frequency within host variants
fragmented or partially degraded samples. The high throughput additionally allows
large numbers of viral sequences to be analysed in a relatively short time for a lower

cost.

Preparing viral genomes for whole-genome sequencing is primarily performed using
three methods: PCR amplicon sequencing, metagenomic sequencing and target
enrichment!%2, Whereas metagenomic approaches sequence all nucleic acid within a
sample, they require high very viral titres to provide sufficient coverage and will
generally yield very high background sequence data (which may or may not be
useful). The main goal of the other two methods is to produce or purify enough viral
nucleic acid to be distinct from the background contamination such as from human
serum in blood-borne viral isolates. PCR amplicon sequencing is similar to older
Sanger techniques, however, running the generated amplicons on next-generation
sequencing instruments generates considerably more data and enables variant

detection. In this study one of the techniques used was a modified version of the PCR
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amplicon techniques whereby multiple 400-500bp overlapping primers were used as

demonstrated in Figure 1.8.
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Figure 1.8: Example of 500 basepair (bp) overlapping primer scheme across a DENV
genome.

These overlapping primers mean lower titres of virus can be sequenced and primer
binding sites (which introduce bias) can be removed computationally after
sequencing. Additionally, whereas each amplicon would have to be read separately
with Sanger techniques, next-generation sequencing platforms allow for multiplexing

therefore amplicons can be pooled together.

Target enrichment techniques can sequence viral genomes without the need for
culture or a large number of PCR cycles. This method utilises small RNA or DNA probes
that have been designed to target the virus of interest. An advantage of this method
is that many target viruses (or other suspect pathogens) can be included in the probes
which can enable sequencing of pathogens which may be unable to be accurately
diagnosed; co-infections can additionally be detected if probes have been designed
accordingly. The hybridization reaction utilises probes which are bound to a solid
phase (generally streptavidin-labelled magnetic beads) and then are used to purify

complementary DNA from the target sample.

There have been very few studies comparing the results from different viral
sequencing approaches in detail. A paper sequencing Hepatitis C virus with the three

different methods described previously confirmed that PCR methods generated
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greater read depth than the other two but resulted in more incomplete genomes for
highly variable strains. Metagenomic and target enrichment approaches meanwhile

were extremely limited by viral copy number with coverage directly proportionall®,

1.6 How viral sequencing has the potential to enhance our understanding of

transmission

Whole genome sequencing of viruses from clinical samples is vital for gaining
knowledge of the phylogenetics, transmission and evolution of a virus 104105,
Epidemiological modelling is used to understand the spread and mechanism of
transmission of a viral outbreak. These methods have historically had to rely on
contact tracing and mathematical modelling techniques to inform researchers on
how a virus spreads©¢107,

Phylogenetics is the study of evolutionary relationships between biological entities.
Traditionally these relationships were generated using morphological similarities
between organisms however with the development of Sanger sequencing and PCR
we were able to use genetic information and subsequent similarities to develop
phylogenetic analysis!®.

Recent advances in sequencing technologies and reductions in costs have enabled
almost real-time monitoring of viral genomes from infected patients as
demonstrated during the Ebola outbreak in 20152% as well in vector-borne diseases
demonstrated by a Zika virus outbreak in Singapore', Such techniques have enabled
the identification of drug-resistance strains and virulence factors*!!. Viral sequencing
has been especially useful during influenza outbreaks for determining likely outbreak
source, for example during the 1997 H1N1 influenza outbreak in Hong Kong,
phylogenetic analysis showed that the virus most likely arose from a reassortments
between an H5N1 virus in poultry and a similar strain found in Quail**2. This

subsequently led to changes in legislation in the sale of live poultry.
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There is a wide range of methods for phylogenetic reconstructions, the most popular
(and accurate) of which are maximum likelihood or Bayesian inference!'®14, These
methods use aligned consensus sequence information from genomes of interest and
apply a nucleotide substitution model to determine the evolutionary distance
between them. Start date and cause of an outbreak can be determined using a
phylogenetic tree with sufficient and appropriate sampling date information. This
enables branch lengths to be converted to time based on the assumption that
nucleotide substitutions accumulate at a relatively constant rate, hence exhibiting a
‘clocklike’ behaviour’, in reference to the molecular clock theory'?>. Sufficient
sequence data obtained during a viral outbreak can therefore be used to infer the
likely origin of an outbreak and track its spread amongst a population more

accurately than just using contact tracing methods1¢117,

The ongoing 2019 coronavirus (SARS-COV2) outbreak is the most sequenced disease
outbreak in history with over 10 million genomes having been sequenced and made
publicly available as of April 202218, This information has been invaluable in
generating vaccines, therapeutics as well as identifying variants which are more
virulent or resistant to available treatment options!!®. Additionally, genome
sequencing has been used to help characterise transmission dynamics of the
pathogen at various resolutions from across the world down to a small healthcare
setting!?%121 As well as generating relevant data from the pathogen, whole genome
sequencing of patients infected with pathogens of interest has revealed host factors
which may influence disease outcomes!?2. Patient total mRNA sequencing (RNA-Seq)
has been undertaken on DENV infected individuals with the hope that an host marker
which is different in severe DENV cases can be identified and a potential targeted

treatment can be established!?3:124,

Phylogenetics as a tool to study infectious diseases

A hallmark of nucleic acid-based life is that this genetic code changes with each
successive generation in a process known as evolution. The rate at which this genetic

code changes is determined by several internal factors such as the fidelity of the
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proteins tasked with copying it or external ones generally related to physical and
chemical environmental factors such as UV radiation. These mutations may cause a
beneficial, neutral or negative change in fitness, which is determined by the ability of
derived lineage to proliferate thereby increasing its population. Most viruses have
high rates of evolution which are attributed to their large population sizes, short
generation times and relatively high mutation rates. Single-stranded RNA viruses
including DENV have some of the highest mutation rates of all viruses which is
explained partly by their use of RNA-dependent RNA polymerase (RdRp) which has

no proofreading ability!?°,

The genomic relationship between lineages related by a common ancestor is termed
phylogeny, with phylogenetic reconstruction being the quantification of differences
accumulated between lineages. Reconstructing the phylogenetics of viruses enables
us to investigate the relationships, putative origins, spread and selection pressures
that are applied over timel%%108 These have implications for understanding how the

virus can be effectively controlled.

Methods to characterise transmission of a pathogen

Identifying and characterising how pathogens spread from host to host and
subsequently inferring who infected whom can all help towards its eventual control
by attempting to disrupt and prevent future routes of transmission. The means by
which a pathogen can get from an infected host to susceptible ones generally
determine how easily the transmission pathways of a pathogen can be determined.
Diseases such as HIV and HCV require sexual contact or direct exchange of bodily
fluids through intravenous drugs, whilst for arboviruses including DENV there is an
insect vector which is needed to transmit the virus between hosts which can create

an unknown transmission pathway.

Contact tracing is commonly used with many diseases to reconstruct disease
transmission pathways!?®. These most frequently take the form of questionnaire-

based studies whereby people note down their contacts or their locations visited
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during a set period of time. These aim to infer transmission between individuals
based upon previous contact which may be known or inferred from their location
history. The effectiveness of such techniques are highly dependent upon the
pathogen of interest with greater accuracy associated with diseases which are spread
via close contact and which can persist for long periods of time, such as HIV or other
sexually transmitted diseases, and less reliable with pathogens spread by aerosols
such as influenza, especially when case numbers are high'9”126, There are limited
studies which have investigated the usefulness of contact tracing with vector-borne
diseases, especially those transmitted by mosquitoes, owing to this added step which
can significantly increase the distance which a pathogen can spread beyond just

human-dependant factors!.

Through WGS data, the phylogeny of pathogens will contain information of the
historical transmission of that pathogen in a given population, which would be
impossible to gain through other methods. Many studies using genomic information
have focussed on the phylodynamics of a pathogen in a large population, generating
information on the likely geographic origin of a newly detected strainl%127.128 pyt
some have been able to narrow this down to a local and even pairwise
resolution!?>130. However, a key limitation of using phylogenetic tools to infer
transmission is the requirement for sufficient genetic diversity at the epidemiological
timescales, which are being investigated. RNA viruses are generally strong candidates
for this kind of inference owing to their high mutations rates!3'. Another limitation is
the difficulty to infer transmission directionality from phylogenies, in which a cluster

of sequences can indicate recent transmission but not ‘who infected whom’.

1.7 Thesis Aims

In this thesis | describe 3 distinct chapters that aim to investigate the immunological
and virological factors associated with DENV transmission and expand our
understanding of how DENV persists in an endemic population with seasonal
fluctuations and investigate whether we can utilise genomic and serological data to

explore its transmission characteristics.
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Objective 1. To develop an experimental protocol for generating whole-genome

sequence data for DENV from isolated patient data (Chapter 2).

Develop a method for generating complete RNA viral genome data with
sufficient coverage that is suitable for applying to large numbers of patient

samples

Objective 2. To investigate the immunological and virological factors that may

predispose patients to severe infection and characterise sub-clinical infections

(Chapter 3).

i)

Investigate correlations between virological responses and disease
outcome

Determine whether underlying immune status has any implications for
disease outcome

Investigate viral titres in sub-clinical individuals to determine their

potential for transmission of the virus

Objective 3. Investigate whether genomic information can be used to determine the

time period that endemic DENV strains have persisted in a population (Chapter 4).

Using phylogenetic reconstruction of the available viral diversity
determine how long different sub-populations have persisted in an
endemic population.

Characterise the virus in an endemic population by its putative country of

origin to determine the amount of introduction

Objective 4. Characterise the transmission of DENV within an endemic population at

both a whole population scale and within households containing an identified

infected individual (Chapter 5).

i)

Using genomic data and available epidemiological information about

enrolled participants generate putative transmission pairs.
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ii) Using serological data identify potential exposures to the same virus and
their likely locations
iii) Combining genomic and serological data determine the likelihood of

identified transmission pairs
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Chapter 2 Development and Review of Next-Generation RNA viral

Sequencing Methods

2.1 Introduction

Viral whole genome sequencing (WGS) strategies are becoming more common in
both an epidemic and a routine diagnostic setting as the technology becomes
cheaper, faster and the data generated more useful. Positive sense RNA viruses are
the causative agents behind many viral infectious diseases of significant concern
around the globe including HIV and the SARS-COV2 pandemic. As DENV also has a
genome with a positive sense RNA strand, sequencing strategies are applicable

between viruses within Baltimore classifications IV and VI.

WGS with next-generation techniques can help improve are understanding of viral
infections and has several practical used for treatment, for example with viruses for
which anti-viral drugs and therapeutics exist, as even the prevalence of a small sub-
population of drug-resistant viruses can have implications for the success of
treatment options such as with HIV and HCV2, Although with DENV at least one
treatment option has shown promise, at least for prophylaxis and lowering viraemia,
and is currently in early clinical trial phases*?, there remain no direct anti-DENV drug

options for treating an infection!32,

WGS enables researcher to investigate several other important virological factors of
infection, many of these are in their relative infancy with more research required to
validate the results for example it is increasingly being used to reconstruct putative
transmission events and outbreak locations, which is not possible with traditional
sub-genomic sequencing techniques. This is because often the variability in single
viral genes is too low, even in highly variable RNA viruses, to reliably conduct

133

phylogenetic analysis*>°. More frequently, WGS is used extensively in the to identify

introduction events for example during the SARS-COV2 outbreak in 2020',

134

additionally to identify novel strains which may escape vaccine protection™“ and was

extensively used in mapping the spread of the Zika and Ebola outbreaks%:135,
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There are several challenges which must be overcome when performing WGS on an
RNA virus, especially one isolated from a clinical sample. High-throughput sequencing
instruments such as the lllumina Miseq and the lon Torrent require DNA as an input,
which necessitates the conversion of RNA genomes into DNA using a reverse-

transcriptase enzyme which can have a high error ratel3®

. Fortunately, these
instruments are also commonly used for mRNA-seq experiments, so often these
protocols can be easily applied to RNA virus sequencing. One of the main issues with
RNA viral sequencing is therefore overcoming the high background RNA material,
which even in a highly viraemic individual is often over 99% of the RNA reads®2.
Although metagenomic strategies can be employed which will sequence all material

non-specifically, as viral reads are so proportionately low, full viral genome coverage

may not be possible to achieve.

One of the strategies which are most commonly used to overcome this background
RNA material is PCR amplicon sequencing. In a similar vein to Sanger sequencing
strategies, large amplicons of the viral genome can be amplified by PCR using specific
primers. Products are often 1-2kb in size so for a small viral genome like DENV only 5
amplicons can be needed®. Produced amplicons must be subsequently pooled in
equimolar amounts and fragmented to smaller sizes for analysis on an Illumina

instrument such as the Miseq.

A similar strategy to this uses separate overlapping pools of small amplicons which
require less downstream processing. The simplicity of this strategy has enabled its
use in resource poor environments such as in a mobile laboratory in the Amazon
rainforest during the ZIKV outbreak. It can also be easily scaled up so is currently the

most used technique in the UK for COVID-19 sequencing®®’.

These PCR-based strategies can relatively quickly and cheaply enrich a sample with
target viral nucleic acid; however, they have several limitations. Primers must be

designed to a representative reference sequence and especially in new or diverse
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outbreaks, primer drop-off may occur as viral genomes mutate. This requires primer
schemes to be continuously updated or viruses to be partially genotyped before
sequencing. The requirement of already knowing the viral sequence additionally
limits such strategies during a new viral outbreak due to issues with primer design
accuracy. Many PCR cycles on a low copy-number starting template can cause PCR-
induced point mutations from lack of proofreading. This can result in an incorrect

sequence being generated for a viral target.

Capture based target enrichment protocols utilise thousands of DNA or RNA probes
which are complementary to the viral genome. This technique requires prior
knowledge of the target genome and works best when there is a large repertoire of
viral genome variants available32. The biotinylated probes are generally 80-120bp in
length and bind across the whole length of the genome, enabling the purification of
bound fragmented genomes. An overview of these sequencing approaches is given

in Figure 2.1.
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Figure 2.1: Overview of different sequencing approaches employed during study
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2.1.1 Chapter Aims

This chapter will be a summary of the main sequencing strategies employed during
the laboratory work component of this thesis and will discuss the benefits and
drawbacks of each technique as applied to whole genome sequencing of non-

segmented, positive sense, single-stranded RNA viral genomes.

i) Develop an in-house sequencing strategy that produces full-length viral
genomes with a read depth of at least 100x across the whole genome.

ii) Develop a sequencing strategy which can enable the efficient whole
genome sequencing of hundreds of clinical viral samples isolated during
the study.

iii) Conduct an assessment of the various sequencing strategies

Contributions

The team based at the Institute Pasteur in Nha Trang, Vietnam coordinated sample
collection as well as viral RNA extraction. RNA extracts were sent to LSHTM for gPCR
and whole genome sequencing. 18 of these sequences were initially generated using
a large amplicon sequencing strategy developed by Sonal Shah with assistance from
the Genome Institute of Singapore. Subsequent sequencing techniques for the
remaining 386 sequences were developed by me. 96 viral sequences were generated
by Renee Chang, an MSc summer project student using these protocols. Data was
analysed using a pipeline developed by myself with assistance from Neneh Salah and

Jody Phelan.
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2.2 Methods of Sequencing Approaches Investigated

2.2.1 qPCR Diagnosis of DENV

Initial optimisation steps of the various qPCRs used were performed on 4 DENV
serotypes donated from cultured virus by the National university of Singapore and a

combined 4-plex control from the CDC.

2.2.1.1 Pan-DENV qPCR

The Roche Tib-Molbiol Dengue Diagnostic qPCR kit was used with the NEB Luna rt-
gPCR kit for identification of samples which were positive for DENV. The
manufacturers protocol was followed with the run conditions for the NEB polymerase

kit used according to Table 2.1.

Table 2.1: PCR cycling conditions for NEB polymerase kit

Temperature Time

55°C 10 minutes
95°C 1 minute
95°C 10 seconds
60°C 30 seconds

Steps 3 & 4 repeated for a total of 45 cycles

4°C oo
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2.2.1.2 qPCR Serotyping of DENV

The CDC real-time RT-PCR assay was used to determine the serotype of DENV in the
infected individuals. The protocol used was based on Santiago 20138 with minor
adjustments. Primers and probes used are listed in the reference protocol. The
Quantifast multiplex gPCR kit (QIAGEN) was substituted for the recommended kit

with the run conditions according to Table 2.2.

Table 2.2: Quantifast multiplex qPCR kit run conditions

Temperature Time

50°C 20 minutes
95°C 5 minutes
95°C 15 seconds
60°C 30 seconds

Steps 3 & 4 repeated for a total of 45 cycles

4°C oo
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2.2.2 Large Amplicon sequencing approach

Background

16 DENV-1 consensus sequences had been generated previously in the group using a
large amplicon approach. The technique used for this was based on Aw 2014, |
generated 3 sequences using this approach as part of a laboratory induction.
Sequences for this technique had previously been serotyped using the CDC

serotyping qPCR assay.

cDNA preparation and PCR

Serotyped D1 samples were first converted to cDNA using the Maxima H Minus First
Strand Synthesis Kit (Thermo Scientific) according to the manufacturer’s protocol and
using the final D1 reverse primer at the 3’ end of the viral genome from Aw et al.

2014%.

Prepared cDNA was then runin 7 PCR reactions to generate amplicons which spanned
the whole DENV genome (Table 2.3). PfuUltra Il Fusion HS DNA Polymerase was used
(Agilent) with the manufacturer’s protocol followed and the PCR cycling conditions

used in Table 2.4.
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Table 2.3: List of primers used in large amplicon sequencing protocol

Primer Name Sequence
DI1f1F GTTAGTCTACGTGGACCGAC
DIfIR CATCGTGATAGGAGCAGGTG
D1f3F4 TCACAAGAAGGAGCAATGCACA
DIf2R2 AAGAAGAACTTCTCTGGATGTTA
D1f5F ACCAATGTTTGCTGTAGGGC
DIf5R TATTCCCCGTCTATTGCTGC
D1f7F CAGAGCAACGCAGTTATCCAS
DIf7R CAATTTAGCGGTTCCTCTCG
D1{f9F TCACAGATCCTCTTGATGCG
DIf9R CATGGCACCACTATTTCCCT
DIfI0F ATGGCTCACAGGAAACCAAC
DIfIOR TGCCTGGAATGATGCTGTAG

Table 2.4: PCR cycling conditions for large amplicon generation

Activation 2 min at 92°C
40 cycles 10s 92°C
20s at 55°C

1.5 mins at 68°C

Final extension

5 mins at 68°C




Library Preparation for sequencing

Individual amplicons from each PCR were processed to remove unincorporated
primers and nucleotides using Agencourt AMPure XP (Cat # A63881,
BeckmanCoulter). The DNA was purified with the ratio of 1.8 ratio of beads to DNA
volume. The amplicon concentration was determined by measuring its 260nm
absorbance with a Nanodrop ND-1000 spectrophotometer (Nanodrop, Wilmington,
DE). The required volume of each amplicon from one sample was calculated to match
the lowest concentration amplicon and amplicons from one sample were pooled in a
single tube. The DNA concentration of amplicon pool was 500ng/ul and the volume

of amplicon pool for library preparation was 35ul.

Amplicons were sheared enzymatically first into smaller fragments using the QlAseq
FX DNA library (cat #180479, Qiagen). The fragmentation incubation time for 2kb and
1kb amplicons were 3 and 2.5 minutes, respectively. The end-repaired and an 'A’
adding to the 3’ ends of the fragmented DNA were performed immediately. The DNA
fragments ready for adapter ligation was made. Each amplicon pool was labelled by
dual-barcoded by combining one D5 barcode and one D7 barcode in each ready-to-
use adapter. After library amplification, the reaction clean-up and removal of
adapter-dimers were achieved by using Agencourt AMPure XP (Cat # A63881,
Beckman Coulter). The library size was assessed using High Sensitivity DNA Kit (Cat #
5067-4626, Agilent) and the concentration of each library was measured using the
Qubit dsDNA High Sensitivity Assay Kit (Cat # Q32851, ThermoFisher). The libraries
were adjusted to 4nM and pooled into 1 tube. Denaturation of the 4nM library pool
was performed using fresh NaOH 1N 0.2N and the library was diluted to 10pM with
HT1 buffer (Miseq Reagent kit v2, lllumina technologies). Phix control was spiked into
the final denatured 8pM library at a final concentration of 5% prior to loading on the

[llumina Miseq instrument.

58



2.2.3 Small Overlapping Amplicons

Background

For samples which were positive by the serotyping assay (serotype 1 and 2), an
amplicon sequencing approach was used based on the protocol developed by Josh
Quick for Zika virus3°. This approach is also commonly used for other viruses such as
SARS-COV19, HIV and Influenza with resulting amplicons suitable for both Illumina

and Oxford Nanopore technologies!38,

Primer Design

Multiple 400bp amplicons were designed using the primal scheme software

(available at http://primal.zibraproject.org/) which is based on primal3. 10 whole

genome sequences from temporally and spatially close outbreaks were used to
design the sequencing primers. To ensure the maximum amount of diversity within
the viruses identified as being within the population was captured for primer design,
identified sequences were selected for using a 10% redundancy threshold on

JalView40,

cDNA synthesis and PCR

Isolated RNA, which was positive by serotyping qPCR, was converted into cDNA using
the SSIV VILO Master Mix (ThermoFisher) according to the manufacturers protocol.
DENV cDNA was then run in the amplicon generation PCR using the two pools of
primers and Q5 High-Fidelity DNA polymerase (New England Biolabs) which produced
400bp overlapping amplicons of the whole genome according to the conditions listed

in Table 2.5 Table 2.6.
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Component Volume in 25 pL reaction
Q5 2x Master Mix 12.5 uL
Primer pool (#1 or #2) 1 uL
Nuclease-free water 9uL
cDNA 2.5 uL

Table 2.5: PCR reaction conditions for amplicon generation

Temperature Time
98°C 30 seconds
95°C 15 seconds
65°C 5 minutes

Steps 2 & 3 repeated for a total of 35 cycles

4°C o0

Table 2.6: PCR cycling conditions for amplicon generation
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Following completion of the amplicon PCR the resulting products were purified using
a 1.8:1 bead to sample ratio of KAPA Pure beads (Roche — KK8000). Purified PCR
product was quantified using the HS DNA Qubit assay (ThermoFisher) and a correct

size was confirmed by agarose gel.

50ng of each pool were combined together for library preparation using the KAPA
Hyper prep kit according to the manufacturers protocol but with % of the
recommended reagents. Following library preparation product was quantified again
using the Qubit assay and size distribution was confirmed by Bioanalyzer assay. A

maximum of 48 samples were pooled together for sequencing by Illumina Miseq.
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2.2.4 Target Enrichment

Background

The relatively small number of available D4 sequences on GenBank, especially from
a similar time and space as the study location, and the poor sensitivity of the
serotyping gPCR assay, meant that a large number of qPCR positive samples were not
able to be sequenced using either of the previous techniques which had been
implemented. For this reason, | explored using a target enrichment approach which
would not require knowing the serotype and could make use of all the available
sequences for designing capture probes thus minimising the chances of primers not

recognising the target sequences.

RNA bait design and synthesis

The candidate capture bait sets were designed by CATCH (compact aggregation of
targets for comprehensive hybridisation, v1.3.0'%!) to generate 120-mer RNA baits
that cover the entire DENV genome and encompass the genetic diversity of DENV1
(n=2446), DENV2 (n=1891), DENV3 (n=1121) and DENV4 (n=339) on the National
Centre for Biotechnology Information (NCBI) GenBank 42, The input sequences were
aligned by multiple sequence alignment program MAFFT (multiple alignment using
fast fourier transform, v7.480'%%); the custom parameters were used to allow the
baits to tolerate up to 2nt mismatches within a bait and at an interval of 60nt
between baits in the viral genome. The designed biotinylated oligonucleotides (baits)
for DENV1 (n=416), DENV2 (n=736), DENV3 (n=648) and DENV4 (n=339) were
synthesised by Agilent Technologies for hybridisation and capture of DENV in

samples.

cDNA synthesis and Library preparation

Depleted RNA samples underwent fragmentation, first- and second-strand cDNA

synthesis using NEBNext® Ultra™ Il Non-Directional RNA First Strand Synthesis

Module (New England Biolabs, Ipswich, MA, USA) and NEBNext® Ultra™ Il Non-

Directional RNA Second Strand Synthesis Module (New England Biolabs) in a Veriti™
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96-Well Thermal Cycler (Thermal Fisher Scientific, Waltham, MA, USA) according to
manufacturer’s instructions for each. Briefly, 5uL of RNA was first fragmented and
primed in 4pL of first-strand reaction buffer and 1plL of random primer at 94°C for 10
minutes, followed by first strand cDNA synthesis reaction in 8uL of nuclease-free
water and 2ul of first-strand enzyme mix and incubated at 25°C for 10 minutes, 42°C
for 15 minutes and 70°C for 15 minutes. Second-strand c¢cDNA synthesis was
performed by incubating 20uL of first-strand cDNA with 48pL of nuclease-free water,

8uL of second-strand buffer and 4pL of second-strand enzyme mix at 16°C for 1 hour.

The purification of double stranded cDNA was performed using 1.8:1 ratio of
Agencourt AMPure XP beads (Beckman Coulter, Inc., Brea, CA, USA) to volume of
sample, followed by two washes of beads with 80% EtOH and eluted in 53uL of
nuclease-free water. The quantitation of purified double-stranded cDNA was carried
out using Qubit™ dsDNA High Sensitivity Assay kit (Thermo Fisher Scientific) prior to

library preparation.

For sequencing library preparation, the SureSelect*™ Low Input Library Preparation
Kit (Agilent Technologies, Santa Clara, CA, USA) was used. Briefly, the cDNA samples
underwent end-repair, dA-tailing, ligation of unique barcoded adaptors, 14 cycles
PCR amplification of adaptor-ligated library and purification of amplified library
according to SureSelect*™ Low Input Target Enrichment System for Illumina
Multiplexed Sequencing Platforms protocol (Version E1, April 2021); the
modifications to the existing protocols were based on the application note by
Williams et al. 2019 44, Purification step was performed with AMPure beads after
each step toisolate libraries and remove short fragments. The quantity and validation
for appropriate size of purified library were performed on a Qubit™ fluorometer

(Thermo Fisher Scientific) prior to target enrichment.
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Hybridisation, capture and post-capture amplification of DENV sequencing
libraries

The hybridisation and enrichment of DENV in samples were performed using
SureSelect*™ Low Input Target Enrichment Kit ILM Hyb Module (Agilent Tech.)
according to SureSelect*™ Low Input Target Enrichment System for Illumina
Multiplexed Sequencing Platforms protocol (Version E1, April 2021) with

modifications recommended for pathogen sequencing?4.

The prepared indexed and adaptor-ligated libraries were hybridised with the custom
designed bait set. Briefly, DNA libraries were incubated with 5uL of Low Input Blocker
Mix at 95°C for 5 minutes followed by 65°C for 10 minutes. The DNA + Blocker sample
was mixed with 25% RNase Block solution, 1:10 diluted capture bait library,
hybridisation buffer and nuclease-free water to make up to a 30uL reaction. The
assembled hybridisation reactions were then incubated as followed: 60 cycles of 65°C

for 1 minute and 37°C for 3 seconds followed by overnight incubation at 21°C.

For capture procedure per each 30uL hybridisation reaction, the hybridised DNA
libraries were bound to washed and re-suspended Dynabeads™ MyOne™
Streptavidin T1 magnetic beads (Thermo Fisher Scientific) in SureSelect Binding
Buffer (Agilent Tech.) and mixed at 1400rpm for 30 minutes at room temperature.
After binding, the beads were washed one time at room temperature with Wash
Buffer 1 (Agilent Tech.) and six times at 70°C with Wash Buffer 2 (Agilent Tech.). After
washing, the beads-bounded DNA-libraries were resuspended in 50uL of nuclease-
free water and subjected to post-capture PCR amplifications. The cycling conditions
were as followed: 98°C for 1 minute; followed by 22 cycles of 98°C for 30 seconds,
60°C for 30 seconds and 72°C for 1 minute; and a final extension at 72°C for 5 minutes.
The streptavidin beads were removed after the PCR and PCR products were purified
with AMPure XP beads and eluted in nuclease-free water. The fragment size
distribution of post-capture libraries was assessed by 2100 Bioanalyzer System with
High Sensitivity DNA Kit (Agilent Technologies) and concentrations were quantified
using NEBNext Library Quant Kit for Illumina (E7630, New England Biolabs) according

to manufacturer’s instructions. Each sample library was normalised to 4nM in TE

64



buffer (Invitrogen) for pooling and the concentration of the final pooled library sets

were determined by an additional qPCR reaction prior to sequencing.
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2.2.5 Modified RNA-seq technique using the Peregrine system

Background

The Peregrine method was established to overcome costs and time pressures
associated with these previous techniques, | used a technique developed for mRNA-
seq! but modified it for RNA viral sequencing whilst updating it with newer
materials and the option of target enrichment for purifying viral sequences from

background contamination.

The technique itself relies on a property of the reverse transcriptase enzyme MMLV
to add three untemplated cytosines (C) to the end of the template RNA. These
unmatched nucleotides can subsequently act as a template for second strand
synthesis in the presence of a complementary sequence with the addition of primers

containing tags for downstream processing (
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cDNA synthesis, fragmentation and initial tag addition

First strand synthesis of target RNA samples was done using the NEBNext® Ultra™ Il
Non-Directional RNA First Strand Synthesis Module (New England Biolabs, Ipswich,
MA, USA). 5uL of RNA was first fragmented and primed in 4l of first-strand reaction
buffer and 1uL of 25uM reverse transcription primer (Table 2.7) at 94°C for 10
minutes to obtain average fragments of 400bp. 10ul of fragmented and primed RNA
from the previous step was then added to a reaction mixture containing 8ul water,
2upl NEBNext First Strand Synthesis Enzyme and 1ul of 12uM Template switching
primer (Table 2.7). This was then incubated at 25°C for 10 minutes, 42°C for 15
minutes and 70°C for 15 minutes. A purification step was then performed as before

using a 1.8:1 ratio of AMPure beads.

Purified reverse-transcribed product was subsequently amplified using the PCR
binding sites added during the reverse-transcription step. This was performed using

the QC forward and reverse primers in Table 2.7 and according to Table 2.8.

Target enrichment of Viral Sequences

Target enrichment protocol used in 2.2.4 was followed.

Addition of indexing and multiplex barcodes by PCR

Following target enrichment protocol, a final PCR was run to add indexing barcodes
and lllumina adapters necessary for sequencing. Custom universal forward and
Barcode reverse primers from Table 2.7 were made into a master mix with

polymerase according to Table 2.8 with the protocol from Table 2.9 followed.

Resulting PCR product was purified following the standard AMPure beads purification

protocol.
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Table 2.7: Primer sequences used in Peregrine library preparation technique

Primer name Sequence
Reverse transcription primer CAGACGTGTGCTCTTCCGATCTNNNNNN
Template switching primer CAGGACGCTGTTCCGTTCTauggg

(lower-case letters indicating ribonucleotides)

Custom universal forward AATGATACGGCGACCACCGAGATCTACACTTCGCTACAGGACGCTGTTCCGTTCTATGGG

Barcoding reverse CAAGCAGAAGACGGCATACGAGAT-*BARCODE-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

(*unique 6nt barcode sequence)

QC forward CAGGACGCTGTTCCGTTCTATGGG

QC reverse CAGACGTGTGCTCTTCCGATCT
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Table 2.8: Reaction mixture for Peregrine PCR

Reagent Volume
Q5° High-Fidelity 2X Master Mix 20 ul
Custom forward indexing primer (10uM) 1l
Individual index/barcoding reverse primer (10uM) 1l
Water 8ul
cDNA from rt reaction 10ul
Table 2.9: Peregrine PCR protocol
Step Temperature Time
Initial denaturation 98C 30 seconds
gPCR result Cycles (10-25) | 98C 10 secs
65C 75 secs
Final extension 65C 5 minutes
Hold 4-10C
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2.3 Illlumina sequencing and resulting consensus generation pipeline

Libraries prepared using all methods were normalised to 4nM in TE buffer then run
on the lllumina Miseq instrument at 10pM final concentration following
denaturation. Libraries were run using the MiSeq Reagent kits v2 with 500 cycles used
for the amplicon-based techniques and 300 or 500 used for the target enrichment
strategies. Demultiplexing and base calling was performed using the onboard
[llumina software with resulting Fastq files analysed using a developed bioinformatics

pipeline.

Consensus DENV full genomes of the target viruses were generated from the FASTQ
files produced by lllumina MiSeq sequencing. Raw files were screened for quality and
trimmed to remove primer sequence bias using Fastp#®. Cleaned FASTQ files were
then aligned to a serotype-specific reference genome using the Burrow-Wheeler
Alignment for short-reads (BWA-MEM)'*’ along with the SAMtools view and sort

148

packages'*. Reference DENV genomes were extracted from GenBank: DENV1:

JQ045626, DENV2: GU131898 and DENV4:NC_002640. Aligned reads were called

149

using SAMtools mpileup and iVar consensus** programs with a resulting consensus

genome sequence in FASTA format.
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2.4 Results

2.4.1 qPCR results

Extracted RNA samples which had been diagnosed as positive by the antigen
detecting NS1 rapid test assay, were tested by both pan-DENV and serotype specific
gPCR assays (Table 2.10). The results of this testing showed that the pan-DENV assay
had significantly greater sensitivity, with positivity dropping from 83.9% compared to
65.9% with the serotyping assay (p < 0.005). This is shown in Figure 2.3 where we can
see gPCR results which were negative on the serotyping assay, were still positive by

the pan-DENV assay.

Overall D2 was the most frequent serotype observed with 247 identified, followed by
D1 and D4 with 205 and 95 respectively, 4 D3 samples were additionally detected
throughout the whole time of the study, indicating that all 4 serotypes were in

circulation at the study location.

Further investigation of the required viraemia for a positive serotyping assay result
showed that successfully serotyped samples had a significantly lower pan-DENV ct
(indicating higher viraemia) than those which were not able to be serotyped. Logistic
regression comparing the ct of the pan assay with the ability of it to be serotyped
showed that any sample with a ct greater than 29 had a less than 80% chance of being

successfully serotyped (Figure 2.4).
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Table 2.10: Breakdown of gPCR results for Pan-DENV and Serotyping assays

| | | | |
D1 D2 D3 D4 Neg

Serotype gPCR resulit

Pan-DENV gPCR assay Serotyping Assay
D1 205
D2 247
D3 4
D4 95
Positive 701 551
Negative 135 285
&
5 50—
(op
> -
Ll
Q
e 30—
©
o -I
O
| -
G
whed
5 10
7))
o
- 0
&)

Figure 2.3: Box-and-whisker plot showing qPCR Ct result of Pan-DENV assay

combined with serotyping qPCR result
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Figure 2.4: Logistic regression of probability of positive serotyping qPCR result based on the Pan-DENV gPCR value
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2.4.2 Comparison of Coverage and sequencing depth

Across the 3 library preparation methods primarily employed to generate whole
genome DENV sequences, there was an observable difference between the
coverages and read depths obtained, a representative sample ran using the large and
small amplicon as well as the target enrichment approaches is shown in Figure 2.5.
Peaks in read depth can be observed where the primers are overlapping in Figure 2.5
A and B, with distinct peaks also visible in example C where the probes should be

enriching for target sequences at 50nt intervals.

Genome coverage was generally sufficient to yield a consensus sequence for most of
the sequences prepared, however, occasionally when using the amplicon approaches
there were primer drop offs which necessitated repeat sequencing with revised
primers or gap filling using sanger sequencing. This is apparent in Figure 2.5 example
B where | saw regions with very low coverage for several of the primer pairs. This
occurred more frequently with D2 which was likely due to 2 genotypes being present

in the population.

Evenness of coverage is different between all the strategies employed with the large
amplicon strategy, amplicons are manually equilibrated according to the molarity of
the purified PCR reaction and subsequent fragmentation, in Figure 2.5 example A we
can see clear differences between the amplicons which were pooled together
indicating that they were not effectively balanced. Additionally with this technique,
especially with the final 2 amplicons, | saw that the read depth dropped off as the
read length increases, these were the 2 largest amplicons that were produced by PCR
and fragmented so there may have been an issue with the fragmentation reaction
time or PCR efficiency. The small amplicon technique had the most observable
difference across the genome, as mentioned earlier there are both regions of high
and very low coverage. The probes used in the target enrichment strategy were
designed using a bioinformatics program that factored in regions with high diversity.
| saw even coverage across the whole genome with all regions within the required

number to call a base (x100).
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Although the example given in Figure 2.5 shows the same D1 sequence runin all three
methods, comparisons between them are made difficult by differences in coverage
between runs as a result it being impossible to achieve the exact same read number
in repeat runs on an lllumina instrument especially with different libraries.
Unfortunately, as it is uneconomical to run the lllumina sequencer individually for the
same sequence every time, comparisons between read depth are based solely on
observable differences between these 3 runs. As the read depths between these runs
were generally sufficient to call a consensus sequence, | consequently can make some
conclusions on the efficacy in achieving a whole genome sequence out of each
method. There are additionally practicalities of applying each method to large
numbers of samples which as can be seen from Figure 2.1 are generally based on the

number of steps required in their preparation and will be discussed further.
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Figure 2.5: Distribution of sequencing reads and coverage for a control DENV sample across sequencing methods employed. A. Coverage
distribution for Large Amplicon Technique. B. Coverage distribution for Small Amplicon Technique. C. Coverage for Target Enrichment

technique.
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2.4.3 Comparison of Viral reads

A subset of DENV positive samples prepared using each library preparation technique and
one with only the rt step then adapter addition as a no-purification control were assessed for
percentage of viral reads using the Genome Detective online program?®’. As viral RNA is
normally only a very small percentage of final reads this measure informed how successful

the different strategies were in isolated viral RNA from the background reads.

The results shown in Table 2.11 demonstrate that all the strategies were able to enrich the
samples for their viral RNA contents with the amplicon-based PCR strategies proving to be
more reliable at removing background reads compared to the target enrichment techniques.
The occasionally lower reads in the target enrichment approach may be the result of poor

quality or small fragments of viral nucleic acid being carried through to sequencing.

Table 2.11: Breakdown of target viral reads by sequencing strategy. Viral read mapping
was calculated using the genome detective software'’ with 5 representative whole

genome fastq files assessed in the software and the resulting viral reads given below.

Sequencing Strategy | % Target Viral Reads

No enrichment <1%
Long amplicon >99%
Short amplicon >99%
Target Capture 80-99%

79



2.4.4 Successful library preparation

The majority of DENV sequences | generated were using the small amplicon and target
enrichment techniques. All D4 and D3 sequences were generated using the target enrichment
approach with the remaining serotypes prepared using all techniques. 31 samples for which
a full-length sequence was not produced following amplicon sequencing strategies were

repeated on the target enrichment approach.

In total 511 full length genome sequences were generated from 702 gPCR positive individuals.
Library preparation was undertaken on 598 samples which were deemed to be suitably
viraemic by gPCR (at least a ct of 30) and for the amplicon approaches it was required that

they were successfully gPCR serotyped as well.

The success rate of each sequencing approach, excluding failed runs, is given in Figure 2.6.
Here the small amplicon and target enrichment approaches had similar success rates at
achieving full-length viral genomes with both having a success rate of 87%, however with the
large amplicon this dropped to 48%. This is likely because larger amplicons require higher

template ct/copy numbers for successful amplicon generation.
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Figure 2.6: Sequencing success by library preparation strategy

2.5 Peregrine library sequencing analysis

An experiment was conducted to determine the success and potential of the Peregrine library
preparation protocol followed. Tested samples were prepared with and without target

enrichment from gPCR positive patient RNA extracts with ct values lower than 25.

Full length genome coverages were acquired for DENV with library preparation protocols with
and without target enrichment (Figure 2.7). In this experiment samples were equilibrated to
the same loading concentration on the flow cell, maximum read depths were significantly
higher for the samples which was prepared with target enrichment (50 without target
enrichment against 5371 for with), indicating a large number of wasted reads on non-viral
DNA (99% viral vs <1% when analysed on genome detective). Interestingly the coverage maps
overlap despite the added target enrichment step in one of the protocols, there is likely an
issue with the peregrine step itself in the protocol in producing cDNA equally across the whole

genome that requires further optimisation.
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approach. A. Metagenomic approach, B. With target enrichment protocol.
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2.6 Discussion

| successfully developed and optimised several diagnostic qPCR and sequencing library
preparation approaches to generate both a way of comparing viraemia in samples and
producing whole genome viral sequences. Previous sequencing strategies in my group have
depended on working out the serotype of the target virus however this required using a
serotyping qPCR which proved to have poor sensitivity when compared with the pan-DENV

gPCR assay.

The serotyping assay used was based on the widely implemented CDC assay®3. Assessment of
the primer and probe schemes with genomes generated in this study showed strong similarity
with all serotypes except for D4, where some genomes contained a mismatched base on the
probe. However, despite this, a redesigned probe factoring in this difference had no
difference in sensitivity or specificity in the assay. Future work could go into comparing the
polymerases available as the one recommended by the CDC is too expensive for large-scale

diagnostic purposes.

Comparisons between the success rates of the sequencing strategies showed similar
efficacies between the short amplicon and target enrichment approaches with both having
an over 87% success rate. This is likely due to more difficult samples being sequenced with
the target enrichment approach however, as early on | found that full-length consensus
sequences could be generated even from samples which had very high ct values (>30),
additionally samples that had failed small amplicon sequencing were often repeated on the
target enrichment approach. The failure of the small amplicon strategy to achieve full genome
coverage with some D2 samples is likely due to the presence of multiple genotypes present
in the population. Genotypes are sub-populations within serotypes that genomically are
similar to each other but genetically distant from other genotypes!*. Other sequencing
studies using this technique have shown that primers schemes must be continuously updated
as an outbreak progresses!®! or pathogens must be first sub-typed to determine their
suitability for use with a specific primer scheme®2, These problems are similar with the large
amplicon approach, however that technique also generally required higher levels of viraemia

in order for successful amplicon generation (ct<25).
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The practical applications of applying these techniques to large numbers of clinical samples
were evaluated by the ease of scaling up their protocols, with those with fewer steps and the
ability to perform them in larger formats such as in 96-well plate instead of individual reaction
tubes being preferential. The large amplicon protocol required additional quality control
steps in order to ensure the amplicons were balanced and each amplicon had to be
individually purified from its own PCR reaction. This made it difficult to scale up for the
numbers which were needed in this study. The target enrichment protocol contained the
greatest number of steps within its protocol, however they could all be accomplished with a
multichannel pipette, the target enrichment part of the protocol itself was very labour
intensive and the time limits of each of the steps meant that only 24 samples at a time could
be run. The small amplicon protocol was the simplest to scale up to the large numbers that
were involved in this study with multiple plates of samples able to be quickly prepared in a
day, but unlike the target enrichment protocol, required a positive serotyping result and

suffered from uneven coverage.

The small amplicon and target enrichment approaches could be optimised in further
experiments to improve on their sequencing coverage and potentially improve sensitivity.
This could be performed by redesigning the enrichment baits using the DENV genomes
generated in this study, especially with D4 where enrichment probes were designed without
a strong repertoire of locally circulating sequences. The primer pairs used in the small
amplicon approach can be optimised to improve average coverage distribution, as has been
shown with SARS-COVID19 strategies which utilise the technique®®!, but this is often

impractical to achieve with multiple genotypes and serotypes in circulation.

The modified Peregrine sequencing approach showed promise for a cheaper and faster
method for generating libraries for RNA viral sequencing, however, further optimisation steps
are required, especially to investigate the more significant variation in read depths across the

whole genome that were observed.
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Chapter 3 An investigation of the different virological and serological
markers of infection in a DENV endemic population shows difficulties

in identifying those at risk of a severe infection

3.1 Introduction

DENV is able to cause a wide variety of symptoms following infection of a susceptible host,
with most clinical infections resulting in a self-limiting febrile illness. The severe disease
phenotype, characterised by increased capillary permeability which can lead to dengue shock
syndrome from plasma leakage, can have a mortality rate of 20% if untreated*. These
symptoms are thought to be the interplay between the immune response of the host as well

as age, genetic and virological factors such as increased pathogenicity of certain strains'>3.

There are conflicting reports on differences between the 4 serotypes in their virulence and
abilities to cause severe disease during a primary infection. A study in Singapore
demonstrated that infection with D1 carried a higher risk of severe DENV when compared
with D21°*. However, a conflicting report in Brazil observed more severe cases among those
infected with D2 than D1, The difference in the human populations between these two
studies may also suggest a role of how different human populations interact with DENV
infections, studies have shown that the presence of different HLA domains may play a

protective role against developing more severe forms of DENV infection?>61%7,

The risk of developing DHF or DSS is greater in endemic regions where multiple serotypes are

circulating®>®

and was observed in naive individuals vaccinated during clinical trials of the
licensed Dengvaxia vaccine who were subsequently infected later, which led the WHO to
recommended that it is only used in individuals who have experienced a prior DENV
infection!>°. Both of these observations suggest that infection profiles and immune responses

are different in primary and post-primary exposures.
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ADE is the leading candidate explaining the proposed mechanism by which different DENV
serotypes are able in infect individuals and also cause more severe disease®. During ADE
DENV is able to infect immune cells with Fc receptors, despite this potential source of
increased viral titre, there is evidence that viraemia is greater among individuals experiencing
a primary infection and less during a post-primary infection®%6! aglthough this may be due to
differences in the speed of the disease progression. There could additionally be differences
in the time course an infection takes, with primary infections potentially lasting longer®!. The
amount of time an individual is viraemic and indeed their viral load, which is very difficult to
estimate, are all factors which affect the probability of the disease being passed onto a vector

and therefore transmitting to another host®2,

Although all 4 serotypes can circulate in an area, generally there are 1 or 2 dominant
serotypes in circulation, with serotypes circulating in and out of the population every few
years. This has led to speculation that serotype specific immunity may be a driver of specific
viruses waxing and waning in a population®3. However, there are a number of confounding
factors with models demonstrating that disease fluctuations associated with ADE and
antibody waning alone do not fully account for the temporal case fluctuations seen in case
numbers!®*. DENV infection with one serotype appears to only confer relatively short-term
antibody protection from reinfection from other serotypes, and while most are protected
against the infecting serotype for at least 60 years, there have been cases of people being
reinfected within 15 years 1%, Although these are believed to be a- or sub-symptomatic, they
are rarely captured in studies which investigate patients reporting at medical clinics. Despite
this, there have been studies which have shown that asymptomatic individuals are able to

166

transmit the virus to mosquitos*®® so homotypic reinfected individuals could be a source of

the continued presence of serotypes seen in endemic populations.

DENV is generally associated with a very low mortality rate, which seldom goes above 1% of
reporting cases in most populations, especially when suitable supportive care is performed®’.
There are documented differences between the pathogenicity of the serotypes and
genotypes with the Southeast Asian genotype of serotype 2 being documented as causing
significantly worse symptoms than the South American genotype in naive individuals®’. It is

however difficult to suitably compare differences in viral pathogenesis as there are no
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suitable laboratory or animal models and human populations typically have complex

immunological memory that may impact on disease presentation.

DENV has been observed to cause different symptoms depending on the number of times
infected with different serotypes with different outcomes based on order of DENV serotype

168 The most severe form of infection, when the disease manifests with

infections
haemorrhagic symptoms which can lead to death if not managed effectively, are most
frequently found in individuals who have previously experienced one previous DENV infection
of another serotype and infants born to DENV immune mothers®616°,

There have been several longitudinal studies which have investigated the differences in
outcomes between which serotype caused the primary infection and the severity of
symptoms following a secondary infection with a different serotype. A Cuban study showed
that DENV-naive individuals infected with D1 in 1977 experienced severe DENV infections 4
years later in 1981 and 20 years later in 1997 due to D2 introductions to the island!’?. These
studies were increasingly performed following the Zika virus outbreak in the Americas in
2015/16 as outbreaks with more severe neuropathology were often associated with regions
of high DENV endemicity32. Experimentation in vitro showed that ADE of human phagocytic
cell lines occurred with antibodies raised against both ZIKV and DENV, indicating that
enhancement was potentially possible in individuals initially infected with either virus!’®.

As mentioned previously there are conflicting reports on the ability of asymptomatic
infections in their ability to spread the virus to a mosquito host and whether there is suitable
viraemia to enable onward transmission®?°>'72, This is generally believed to be because
viraemia has been observed to be significantly lower in these individuals 3712, The high
number of asymptomatic individuals and the ability for humans to travel great distances could
provide a significant reservoir for the virus to spread further than just through mosquitos
alone. Capturing virus from asymptomatic individuals remains a challenge, owing to the short
viraemia of infection, typically less than 10 days, and difficulties associated with repeated
sampling of a blood-borne infection. Previous studies have attempted to sample people who

are most at risk of being exposed such as in high-transmission areas during peak season and
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close contacts of infected individuals’>174, This study has sampled household contacts of

people presenting at enrolled medical facilities.

3.1.1 Chapter Aims

The principal aim of this chapter is to characterise the observable differences between
infections of the circulating DENV viruses in the study population. | will therefore use virus

serotyping data in combination with surveyed symptom data to investigate the following:

i Describe the immune and virological responses following infection by different
circulating DENV serotypes
ii. Investigate differences in both viral titres and disease progression based on

evidence for previous exposure to DENV and symptomatic outcomes.

Contributions

The team based at the Institute Pasteur in Vietnam coordinated sample collection as well as
viral RNA extraction and the serological diagnostic tests. The algorithm for determining
primary or post-primary DENV infection using serological markers was developed by J. Biggs

at LSHTM. All other analyses and experimentation unless stated were performed by me.
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3.2 Methods

3.2.1 Study Population and Sample Collection

Individuals of all ages who resided in the communes of Vinh Hai, Vinh Phuoc, Vinh Tho, and
Vinh Hoa in Nha Trang City, Vietnam, and who visited either a partner local Polyclinic or the
city’s Tropical Medicine Hospital were eligible for the study. In the polyclinic, those who
presented with fever were eligible to be enrolled in the study and subsequently tested for
dengue with an NS1 rapid test (DENGUE NS1 AG STRIP, #70700, BioRad). In the hospital, only
those who were diagnosed with dengue fever on the basis of an NS1 rapid test as part of

standard practice, were eligible to be enrolled in the study.

Enrolment was conducted between October 2016 and May 2019 at the polyclinic and
between December 2016 and April 2019 at the hospital. Study teams then visited their given
home addresses, where additional consenting household members were administered
questionnaires and had blood samples taken at recruitment and again at an interval of 28

days.

3.2.2 Serological analysis

To characterise the presence and any changes to levels of IgM and IgG in the study population,
samples were assayed using the Panbio® capture IgM and IgG ELISA kits (Cat. No.:
01PE10/01PE20, Alere, Brisbane, Australia). Briefly, kits encompass antigen capable of
capturing host antibody specific to all four dengue serotypes and include plate-specific
calibrators that normalise output optical density (OD) readings to generate standardised
antibody panbio units. Pre-determined panbio unit serological thresholds categorised
individuals as negative (IgM <9, 1gG <18), equivocal (IgM 9-11, IgG 18-22) and positive
(IgM =11, 1gG = 22) for dengue infections.

We used these thresholds to define participant seroconversions between visits. Primary
infections were defined as negative to all immune markers at the first visit and then meeting
the positive threshold to NS1, IgM or IgG at the second. We characterised those who were

IgG positive at the first visit as historical and then those who seroconverted to post-primary

89



as an individual who was subsequently positive to IgM, NS1 or showed an increase of 2.2-fold
in their I1gG titre. Individuals could additionally remain either negative or historical without

undergoing further seroconversion.
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3.3 Results

3.3.1 Prevalence and distribution of DENV serotypes during the study

Patients presenting at an enrolling heath centre who tested positive for DENV NS1 through
serological testing, were subsequently tested using two qPCR assays. The first was a non-
serotype specific anti-DENV assay, chosen for sensitivity and comparability between

serotypes. The second assay was used to serotype positive samples.

In total 701 of 838 NS1 +ve patients were also positive for DENV nucleic acid; and of these
551 were successfully serotyped by molecular sequencing, with positive results for all 4
serotypes (Figure 3.1A). The breakdown of DENV serotypes found showed similar numbers of
D1 and D2 with 37.2% and 44.8% respectively, there were less D4 present, representing 17.2%

of all positive tests; and only 0.7% of tests were positive for D3.

All 4 of these serotypes were present at some point in the study area during its duration from
October 2016 to April 2019, with D2 replacing D1 as the dominant serotype by the end of the
study (Figure 3.1B). There were also periods when all 4 were present at the same time. The
serotype data alone indicates that the DENV season may peak around October-February
every year. We can see a significant increase in all serotypes during October 2018-February

2019 which appears to be the result of a local outbreak event.

The study was performed in 4 communes within Nha Trang city itself. Using the serotype data
generated, | subsequently investigated whether distinct clusters of cases and serotypes could
be observed (Figure 3.2A). This resulting distribution shows cases were found throughout the
study area with only limited evidence for close clustering of cases with all sequences and not

by serotype (Figure 3.2B).
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Figure 3.1 Distribution of dengue serotypes in the study area. A. Breakdown of positive

serotyping qPCR results. B. Distribution of serotype prevalence by month over the study

period.
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serotyped (n =516). B. Density plot of home addresses for all virus serotyped subjects,

with darker colour indicating more samples within a 500m radius.

3.3.2 Observed viraemic differences between serotypes

In this study | was able to compare viraemia between subjects infected with DENV of three
different serotypes, D1, D2 and D4. | initially compared average cycle threshold (ct) values
between these serotypes using the qPCR results from the pan-DENV serotyping assay. The
resulting average viral loads between serotypes showed limited differences with only D4
being significantly lower than D1 (p=0.047) (Figure 3.3A). With mean ct values for D1, D2 and
D4 being 23.8, 24.4 and 25.5 respectively.

| therefore investigated how viraemia dropped according to self-reported disease day (Figure
3.3B). Overall viraemia changes over time appear to have a sigmoidal curve distribution, with
individuals remaining at high viral load levels before quickly dropping and then a plateau was
observed with significant variations in viral load by disease day. The viral serotypes appear to
have a similar viraemia progression and the early stages of D4 infection are similar to the

earlier observation of significantly lower titres.
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at each day.

95



3.3.3 Antibody profiles of reporting population

To investigate the serotype specific variation of antibody responses to DENV, IgG and IgM
were compared. In the 2935 individuals who were tested for the presence of I1gG and IgM,
seropositivity was 72.6% and 15.3% respectively. Overall seropositivity, where individuals
were positive to either test, was 73.4% indicating that there was a high degree of prior
exposure to DENV among the study population. All antibody response measures were highly
variable across individuals as shown by the wide kit unit range and both displayed a skew to
the left (Figure 3.4). Kit units for anti-DENV IgG ranged from 0.4 to 104.7 (mean £ S.D =19.4
+ 25.9) (Figure 3.4A) all individuals with a value greater than 2.2 were considered positive for
exposure to DENV. Kit units for anti-DENV IgM displayed a similar range from 0 to 107.3 (mean
+S.D =8.9 +19.5) (Figure 3.4B), all individuals with a value greater than 9.9 were considered

positive for recent DENV exposure with this assay (as previously described, ref)

| subsequently investigated the seroprevalence changes by age and used logistic regression
to determine the likelihood of being exposed as age increases (Figure 3.4C). This showed that
there is a high amount of seroconversion within the population at a young age with 10-year-
olds being 54.5% likely to have already been exposed (95% Cl 46.2-62.8) and by the age of 20
there is a 79% chance (95% Cl 75.0-83.1).

Primary or post-primary status of individuals was assigned to patients who were presenting
at an enrolled health facility based upon their reported day of infection and serological
markers. In total 169 patients were identified as likely experiencing their first DENV infection

so were primary infections whilst 640 were identified as post-primary infections.
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Figure 3.4 Inter-individual variability of serological responses to DENV of Patients and
associated household members at their first visit and with complete data. A. Distribution
of anti-DENV NS1 IgG kit units. Red dotted line represents calculated cut-off for a positive
result (2.2). Seropositive=2135, Seronegative=800. B. Distribution of anti-DENV NS1 IgM
kit units. Red dotted line represents calculated cut-off for a positive result (9.9).
Seropositive=456, Seronegative=2479. C. Logistic regression of seroprevalence to DENV by
age as generated by the study population. Blue shading is the 95% confidence intervals of

predicted seroprevalence by age.
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3.3.4 Effect of primary/post-primary status of viraemia

I next investigated the effects on viral load of serological status, with individuals compared
based on whether they were experiencing their first or a subsequent infection.

Mean age of primary infection was used as a subsequent indicator for force of infection as
previously described!’>. | therefore initially compared the distributions of ages among
individuals classified as primary and post-primary (Figure 3.5A). This showed individuals
experiencing a primary infection were significantly more likely to be younger than those
with post-primary infection (mean 14.4 against 20.8, p<0.0001). Additionally, we see a
difference in the distributions between the 2 groups with primary infections being
significantly more skewed towards younger age groups (p<0.0001). There is a subset of
people who are younger than 1 which have been called as post-primary infections, this is
likely due to the prevalence of maternal IgG.

Symptomatic differences between primary and post-primary infections could contribute to a
different trend of day of presentation, with a more pronounced symptoms causing care to
be sought earlier than one where symptoms appear more slowly, thus indicating different
biological factors involved in infection. Through comparing the self-reported day of infection
between these two groups, | saw that primary infected individuals on average reported 1
day earlier than post-primary (Figure 3.5B), with primary individuals on average reporting
on day 2 against day 3 for post-primary, with primary individuals being significantly more
likely (p<0.005) to report earlier overall than post-primary individuals.

Due to the distribution of 1-6 days for the reported day of infection, | investigated whether
a difference in viraemia could be observed both between which day of fever a person
presented on, as previously, but results were divided between primary and post-primary
cases (Figure 3.5C). As expected, viraemia reduced as day of reported infection increased for
both cases presentation categories. There is a slight observable difference between the
viraemia patterns however with individuals experiencing a primary infection showing a
sigmoidal reduction of viral load, with a large drop in viremia between days 2 and 3, which
was not observed in post-primary cases, however case numbers for most days were too
small to show significant statistical differences.

Following this | compared overall viraemia between primary and post-primary individuals.
Viraemia was observed in this study to be significantly lower (p<0.005) among people
experiencing a post-primary infection than individuals who were a primary infection (Figure
3.5D). However, there is a 1-day delay between average reporting day which may give time
for the virus to wane.
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The distributions of primary and post-primary infections between the observed viral
serotypes were compared (Figure 3.5E). Statistical tests comparing these distributions
showed no significance between the 3 serotypes.
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Figure 3.5 Effect of prior exposure to DENV on Viraemia. A. Distribution of Primary and
Post-primary cases by viral serotype. B. Difference in Viraemia between all primary and
post-primary cases. C. Effect of immune status (primary or post-primary) on Viral load
throughout the course of infection. D. Difference in viraemia between primary and post-
primary with a T-test of significance between the means shown. E. Break-down of

distribution of reporting patients with primary and post-primary DENV infections.
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Following the assignment of primary or post-primary status to individuals who were
presenting at an enrolled clinic’. | used the serotype information and individuals age to
calculate the respective force of infections of each serotype in the final year of the study, April
2018-April 2019 (Table 3.1). There were insufficient data points during this time period to
determine this metric with D3 and D4. The resulting force of infections show that there is no
significant difference between the serotypes, with similar values for both and equally wide

and overlapping confidence intervals.

The overall force of infection calculation for this period, which determined by an NS1+ test
result and not on a successful serotype result, was significantly lower as this included D3 and
D4 which were less present during the sampling period, with a lower FOI, confidence intervals

for this estimate were additionally much closer.

Table 3.1: Force of infection for serotypes D1, D2 and all patients across the final year of

the study period (April 2018 — April 2019) with 95% confidence intervals.

Force of infection (%)[ 95% confidence intervals
D1 8.9 [6.8-12.6]
D2 8.1 [6.0-12.3]
Overall 5.5 [5.2-5.8]

101



3.3.5 Symptomatic outcomes of reporting population

Severe DENV disease is a rare manifestation of DENV infection which if left undiagnosed and
untreated can lead to death. The WHO has a list of warning signs which health professionals
should be aware of among individuals reporting at health facilities with a suspected DENV
infection. | used the presence of bleeding as the key indicator for warning signs among the

list of symptoms given in the questionnaire of an enrolled patient.

| first investigated the distribution of reporting days for those with warning signs to determine
whether it differed from the overall trend which we see among all other symptomatic
infections. The resulting distributions were skewed to later days of disease presentation
(mean*S.D=4.17 + 1.42) (Figure 3.6A). This is significantly greater (p<0.0001) than the mean

of 2.67 + 1.20 which we see for cases presenting without warning signs.

| next compared the Ct distributions of viral load between patients with and without warning
signs to investigate whether higher viral load was associated with a higher amount of warning
signs. The resulting distributions were significantly different (p<0.05) with patients with
warning signs generally having a higher Ct (Figure 3.6B). The difference is likely due to the
significant difference in reported day however as | previously saw that viral load drops over
time. It is therefore unlikely that the different manifestations of the disease have different

viraemia timelines.

Warning signs have been reported to be more common in patients experiencing a post-
primary infection instead of a primary one. | therefore investigated whether there was a
difference in the proportions of enrolled patients presenting with warning signs between
primary and post-primary dengue infections (Figure 3.6C). Interestingly there was no
significant difference observed between these groups with both experiencing an almost equal
proportion of warning signs (p>0.05). There were more post-primary cases enrolled within
the study than primary (169:640) which could indicate that post-primary cases are more likely

to be symptomatic.

| then investigated whether there was a difference in the risk of developing warning signs by

serotype within our study population. The results showed that despite the large range in case
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numbers between the serotypes there was no significant difference (Figure 3.6D) (p>0.05

between serotype).
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Figure 3.6 Investigation of predictors of severe disease. A. Distribution of reporting day of
infection among those with warning signs. B. Distribution of Ct results of those reporting
with and without warning signs. C. Proportion of those identified as primary or post-
primary with warning signs. D. Proportion of successfully serotyped individuals identified

as having warning signs.
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3.3.6 Differences in viraemia between sub-clinical and reporting populations

I next investigated whether sub-clinical and asymptomatic infections would have comparable
viraemia to individuals who presented with DENV at a medical facility enrolled in the study.
Viraemia is often reported to be lower in people with mild or asymptomatic infections,
suggesting that the ability to pass infection on to a mosquito is predicted to be less. Household
contacts of index cases were tested at 2 visits at an average of 30 days apart for the presence
of DENV and were asked if they had attended a clinic or were experiencing any DENV
symptoms. Although none had attended a clinic, and few reported symptoms. Those who
were positive for DENV by qPCR (26/1241), at either of the 2 timepoints, had DENV Ct results
that were comparable to symptomatic index cases (who had all reported to a clinic), with no

significant difference observed (P>0.05) (Figure 3.7A).

When sub-clinical individuals who reported having mild symptoms of DENV were compared
to the reporting population, a similar pattern of viraemia change over time can be observed
(Figure 3.7B). The individuals who were asymptomatic appeared to have a viraemia
distribution which was comparable to Ct results found within symptomatic individuals, with

the average result being around the equivalent of day 3 of the reporting cases (Figure 3.7B).
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but reported mild infection for a given number of days or were completely asymptomatic are shown in blue.
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3.4 Discussion

Correctly identifying patients who are most at risk of developing a severe DENV infection is
crucial in their successful management, which can significantly improve their prognosis?.
During this study | assessed various virological and immunological markers which could be
seen in the enrolled population presenting with DENV infections. As previous studies have
shown that viral serotype, infection number and age could be indicators for disease
severity!’®, | initially investigated these metrics. | saw no statistically significant difference in
disease outcome between either infecting viral serotype or whether they were primary or
post-primary infected individuals. There was a small but significant difference between the
viraemia of the infecting serotypes, with D4 being lower than D1 (p<0.05), interestingly
another study has shown that D4 can present with lower viraemia than the other serotypes,
with D1 and D2 generally having higher viraemial’’. Differences in qPCR assay efficiency
should not be ruled out however and future experiments could include viral plaque titration
assays to compare differences in viraemia. These results suggest that among a reporting
population there are other factors at play which may be causing severe infection. The majority
of viraemic individuals enrolled in this study were people presenting at health facilities with
disease, therefore asymptomatic and sub-symptomatic infections were likely missed, indeed
the younger age of primary infections likely led to them being more likely to be taken to
medical centres by a parent or guardian if they were suffering from an infection than an older
independent person with a similar infection. The resulting viral profiles of disease day show,
as expected, that the day of presentation following self-reported start of fever at a health
facility, was the most significant predictor of viral load. This observation is unsurprising given
the infection profile of DENV and is seen in other studies!®¥1’8, We observed that there were
more post-primary infections than primary infections observed during the study period
indicating that despite similar viraemia and observed risk of progression to severe disease,
symptoms may be more severe in post-primary infections or indeed there more be more post-
primary infections as most of the population will have already experienced a DENV infection

by the age of 10.

The lack of significant difference between viral serotypes and their chances of developing

severe disease suggests that there is little difference in the pathogenicity between viral
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serotypes which were found in this population. Previous studies have both supported this
finding and found differences in pathogenesis between serotypes 1’817°, Estimating the force
of infection from the average age of the reporting population has been shown to be a good
indicator for estimating the prevalence of DENV in a population'’>. | investigated whether any
difference could be observed between the serotypes during a year of the study period with
the greatest number of cases. Only D1 and D2 had sufficient case numbers to perform this
metric and there was no significant difference observed between them. The force of infection
calculated between serotyped and all samples with a positive DENV NS1 test result was
significantly lower (p>0.05), this is likely due to the high viraemia required for a successful
serotyping gPCR result, so force of infection measurements based on serotyping results are

likely unreliable.

We have introduced a potential bias into our selection criteria against post-primary infection
by using an NS1 test for selecting participants. This diagnostic test has been shown to be less
sensitive for patients who are experiencing a post-primary infection, possibly due to
competition between host antibodies and those used in the diagnostic test®°. Future
enrolment protocols could include qPCR diagnostics, especially for those who are

experiencing a post-primary infection.

| used any report of bleeding in recorded questionnaire information as an indication of DENV
disease with warning signs as it is listed as one of the warning signs for progression to severe
disease from the WHO criteria and has additionally been strongly associated with severe
disease®!8!, Bleeding may be too vague of a descriptor here as an unexpectedly large number
of individuals have been recorded as having severe disease, with over 10% of presenting
positive individuals indicating that severe disease is not a rare outcome, although, as noted
in other studies which investigate the prevalence of severe DENV, this is almost certainly a
bias that has been introduced from looking at people presenting at clinics'®2. As not all so-
called mucosal bleeding events have been associated with progression to severe infection,
such as gum bleeding and epistaxis, future studies could instead use more specific notifiers
of bleeding with hematemesis and gastrointestinal bleeding being the most highly significant

warning signs183,
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This study highlights the difficulties of capturing sub-clinical infections, as despite two visits
to index case households and over 2000 samples taken, only 26 contacts were positive by
gPCR for DENV. Serological changes were more readily captured, with around 10% of
household contacts showing seroconversion from naive to IgG positive or serological
evidence of recent exposure such as IgM positivity, more detailed results of which is covered
in a later results chapter. This low sub-clinical capture success rate of virus may be a result of
assuming that there is high transmission of the pathogen within a household as is the case

184 3nd other vector-

with pathogens such as those spread through aerosols such as Influenza
borne diseases like Malaria®. Indeed previous studies have shown slightly increased risk of
DENV transmission within a household!’374, Despite this, the fact that it is spread by a day-
biting vector makes it likely that other areas in endemic populations should be considered,
the role of human movement during the day also likely plays a role in its transmission with
one study noting that risk of DENV exposure is driven by individuals visiting places where
there are infected mosquitos regardless of distance from the home!. A future study could

therefore investigate the work, school or daytime contacts of index cases as well as their

household members to identify more sub-clinical individuals.

Through comparing sub-clinical, including asymptomatics, and individuals reporting with
more severe symptoms who sought medical help, | investigated whether there were any
indications of differences in viraemia. As the resulting viraemia profiles were similar, despite
the small sample size of sub-clinical and asymptomatic individuals, this suggests that
asymptomatic individuals have sufficient virus in their blood for it to be passed on to a vector.
Which has been shown in previous studies®*1%, although asymptomatic individuals in another
similar study were found to have significantly lower average viraemia throughout the course
of their infection?®2, Interestingly, the viral profile appeared to be more stable and at a lower
Ct (indicating more virus) for the sub-clinical individuals before viraemia quickly dropped off,
however as the sample size is small, significant conclusions are difficult to reach, further
studies should therefore be carried out to add more data to this finding. The viral kinetics of
these asymptomatic infections would be interesting to determine in future studies as a
previous study has shown that despite lower average viraemia at each day there is a slower

observed decay rate when the virus is sampled every day!®2.
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During this study | compared serological and genomic marker of infection to determine
whether any were indicative of a severe DENV infection. Samples sent to me had already been
assayed by NS1 antigen test which gave a simple positive or negative result. Future studies
could compare whether there were any significant differences in titre of NS1 between these

participants as this has been shown to be indicative of a more severe DENV infection87.188,
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Chapter 4 A Phylogenetic Study of Dengue Virus in Urban Vietham shows

Long-term Persistence of Endemic Strains

This chapter has been formatted as a journal article and has been submitted to the journal

“Virus Evolution” awaiting review.
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4.1 Abstract

4.1.1 Background

DENV causes repeated outbreaks of disease in endemic areas, with patterns of local
transmission strongly influenced by seasonality, importation via human movement, human
immunity, and vector control efforts. Understanding how each of these interact to enable
endemic transmission (continual circulation of local virus strains) is largely unknown. During
periods of low transmission, no cases can be reported in an area for extended periods of time,

perhaps wrongly implying eradication a local strain from that area.

4.1.2 Methods

Individuals who presented at a clinic or hospital in four communes in Nha Thrang, Vietnam
were initially tested for DENV antigen presence. Enrolled positive individuals then invited
their corresponding household members to participate, and those who enrolled were also
tested for DENV. The presence of viral nucleic acid was confirmed using gPCR and subsequent
viral samples were then whole genome sequenced using a target enrichment library
preparation technique and lllumina Miseq sequencing technology. Generated consensus
genome sequences were then analysed using phylogenetic tree reconstruction to categorise
sequences into clades with a common ancestor, enabling investigations of both viral clade
persistence and introductions. Hypothetical introduction dates were additionally assessed
using a molecular clock model that calculated the time-to-the-most-recent-common-ancestor

(TMRCA).

4.1.3 Results

We obtained 511 DENV whole genome sequences covering four serotypes and more than 10
distinct viral clades. For 5 of these clades, we had sufficient data to show that the same viral
lineage persisted for at least several months and others much longer. By comparison with
other published sequences from elsewhere in Vietnam and around the world, we saw at least
two different viral lineages were introduced into the population during the study period (April

2017-2019). Next, by inferring the TMRCA from the construction of molecular-clock
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phylogenies, we predicted that two of the viral lineages had been present in the study

population for over a decade.

4.1.4 Conclusions

We observed 5 viral lineages co-circulating in Nha Trang from three DENV serotypes, with two
likely to have remained as uninterrupted transmission chains for a decade, suggesting cryptic

persistence in the area, even in during periods of low reported incidence.
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4.2 Introduction

Dengue virus (DENV) is one of the most important arthropod-borne viral infections in the
world today, with roughly 2.5 billion people at risk of infection!, mainly in south-east Asia,
South America and the Caribbean. Globally there are estimated to be 100-400 million new
infections each year and around 40,000 deaths”’t. The number of confirmed infections
reported to the World Health Organisation (WHO) has increased every year since 1990,
primarily due to improvements in testing infrastructure and increased numbers of outbreaks,

peaking in 2019 with 5.2 million cases and 4032 deaths?.

DENV is an arthropod-borne virus of the Flaviviridae family that includes four genetically
related yet antigenically distinct serotypes (D1, D2, D3, and D4). The virus is spread by the
bite of Aedes mosquitoes, primarily A. aegypti®®, which are distributed in most tropical and
subtropical areas of the world. Households have been proposed as the primary location for

186

the insect vector*®, particularly those within areas of critical population density and without

190 with lower insect abundances associated with non-

access to piped drinking water
residential districts!®1. Vector control through prevention of biting, breeding site removal and
insecticide are currently the principal methods of controlling DENV in endemic populations!92,
There are also new vector control measures, which are attempting to reduce or remove the

vector population through the release of sterilised male mosquitoes®?

, as well as strategies
that reduce the ability of mosquitoes to transmit the virus by introducing those infected with
the Wolbachia bacteria®! that have had promising success in reducing reported DENV disease
194 A vaccine for all for DENV serotypes was developed in 20157°, although a requirement for
pre-testing before use has limited its widespread adoption!®®. There is also the possibility for
antiviral treatment in the near future*? that might have the potential for prophylactic

intervention in outbreaks!?®.

The persistence of DENV in a population is dependent upon several factors that involve the
interplay between the human host and insect vector®. The primary human factors are
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therefore population density and how many susceptible individuals remain or are added to a
population as the virus spreads through it. This is particularly challenging to measure with
DENV due to the complex cross-reactive role of antibodies between the four serotypes,
associated with both immune protection and enhancement of infection>®%°3197 Mosquito
vectors and the impact of the environment on their lifecycle are the primary reason why DENV
displays a seasonal pattern that is often closely related to rainfall and temperature, conditions
vital for the development of the larval stages of their lifecycle!®®. Epidemiological data can
indicate breaks in transmission during periods in which environmental conditions are
unfavourable to mosquito breeding!*, yet because a high percentage of cases are
asymptomatic and/or unreported, the virus could persist at levels below the threshold for

detection®>17>.

Previous studies have shown that locally circulating genotypes and strains from previous
seasons are capable of contributing to seasonal spikes in case numbers and even
outbreaks!9-201, Despite this, the amount of time DENV serotypes and strains remain in an
endemic population despite increasing immunity, control measures and periods of very low
circulation remains poorly studied. Additionally, the role of introduced strains in seasonal
outbreaks against a background of highly endemic strains has not been extensively

investigated.

The phylogenetic analysis of viral genomes enables the identification of closely related viruses
in an infected population, with similar viral genetic identity being indicative of a recent
transmission event between sampled cases!®. This approach allows the determination of
epidemiological linkage between observed infections without the reporting biases inherent
to traditional contact tracing methods!?’. DENV is a good candidate for this type of analysis,
as it typically only infects a host for a very short amount of time (between 4 and 7 days in
humans and up to the 1 month lifespan of the mosquito!’®) before being transmitted to a new

host, ensuing the evolution dynamics, that is the evolutionary rate of the virus, are on a scale
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that closely correlates with transmission?°2-204, By using these analyses, the transmission
characteristics of DENV from an international scale can be inferred, thereby determining likely

origins of viral import that can have implications for control measures?®.

Classifying viruses based on their genetic similarity using phylogenetic information gives us
the most reliable metric of viral persistence in a population. Phylogenetic information coupled
to molecular clock inference can additionally be used to determine the timing of
epidemiological events along a phylogeny, such as the time of the most recent common
ancestor (TMRCA) of a viral clade, which can be utilised to estimate a time of introduction of

a particular strain or clade to a country or how long it has been in circulation in the area.
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4.3 Methods

4.3.1 Study Population

The study was conducted at Nha Trang population-based cohort study site in central Vietnam.
Enrolment of the study cohort was conducted in the communes of Vinh Hai, Vinh Phuoc, Vinh
Tho, and Vinh Hoa in Nha Trang City, Vietnam. Individuals of all ages, who resided in the
selected communes and who visited either a local polyclinic (between October 2016 and May
2019) or the city’s Tropical Medicine Hospital (between December 2016 and April 2019) with
suspected dengue were deemed eligible. In the polyclinic, those who presented with
suspected dengue fever were approached, and those who consented to be enrolled in the
study were subsequently tested for dengue with an NS1 rapid test (DENGUE NS1 AG STRIP,
#70700, BioRad). In the hospital, only those who were diagnosed with dengue fever on the

basis of an NS1 rapid test, were enrolled in the study.

Study teams then visited the index case’s home addresses, where additional consenting
members of the household were also enrolled and had blood samples taken. A questionnaire
was also completed by all enrolled individuals in order to gather information on clinical and
demographic information relevant to this study, such as age, time of fever onset, home GPS

coordinates and typical daytime location.

Historical DENV case numbers were acquired from the Nha Trang Preventive Medicine
Center, Khanh Hoa CDC and Tropical Diseases Hospital and were based on clinical signs and

symptoms.

4.3.2 DENV RNA detection

NS1-positive serum samples were processed using Qiagen viral RNA extraction kit and tested
by real-time reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Viral
RNA detection and viral load quantification were determined using LightMix® Dengue Virus

EC kit (Cat. -No. 58-0700-96, TIB MolBiol, Berlin, Germany), which can identify all four DENV
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serotypes, with Luna® Universal Probe One-Step RT-qPCR Kit (New England Biolabs, USA). RT-
gPCR assay was then performed in Applied Biosystems® 7500 Fast Dx Real-Time PCR
instrument (Thermo Fisher Scientific, USA) following cycling conditions in the manufacturer’s

protocol.

The CDC real-time RT-PCR assay was used to determine the serotype of DENV in the infected
individuals. The protocol used was based on Santiago et al., 20138 with minor adjustments.
The Ultraplex 1-Step Tough Mix gPCR kit (Quantabio) was substituted for the recommended

kit with the manufacturer’s instructions followed.

4.3.3 Sequence Generation

RNA extracted from DENV gPCR positive patient sera were processed for whole-genome
sequencing on the Illumina Miseq platform. Two library preparation techniques were used;
for samples which were positive by serotyping assay (to serotypes 1 or 2), an amplicon
sequencing approach was used based on the protocol developed by Josh Quick for Zika
virus!39, Briefly, multiple 400bp amplicons were designed using the primal scheme software
(available at http://primal.zibraproject.org/) which is based on primal3. 10 whole genome
sequences from temporally and spatially close outbreaks were used to design the sequencing

primers.

For sequences with an unknown serotype but were positive for DENV RNA by the qPCR
singleplex assay, a target enrichment approach was followed. 120nt length biotinylated
probes were designed by running the CATCH programme!*! on available DENV 1,2,3,4
genomes from NCBI GenBank. The Agilent SureSelect*™™ Target Enrichment kit and protocol

was followed with the revisions recommended for pathogen sequencing?°®.
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4.3.4 Phylogenetic analysis

Consensus DENV full genomes of the target viruses were generated from the FASTQ files
produced by lllumina MiSeq sequencing. Raw files were screened for quality and trimmed to
remove primer sequence bias using Fastp#®. Cleaned FASTQ files were then aligned to a
serotype-specific reference genome using the Burrow-Wheeler Alignment for short-reads
(BWA-MEM)* along with the SAMtools view and sort packages!*®. Reference DENV genomes
were extracted from GenBank: DENV1: JQ045626, DENV2: GU131898 and
DENV4:NC_002640. Aligned reads were called using SAMtools mpileup and iVar consensus!4®
programs with a resulting consensus genome sequence in FASTA format. The genotype and
serotype of the sampled viral populations were confirmed from the generated consensus
genomes, using the DENV typing tool available from the Genome Detective resource!’ which

uses phylogenetics and pairwise distance within and between groups to known references,

to assign a genotype to a sequence.

Processed consensus genomes were aligned against all full-length DENV genomes available
in the NCBI Virus Variation Resource Database?®’ (as of 01/03/2022), per serotype, using
MAFFT!43, The resulting alighments were visually checked and manually adjusted in AliView?%
to remove the UTR sequencing regions, as these greatly differed in length between publicly
available sequences, and sequences which contained gaps where sequencing read depth
(<200) was insufficient. Maximum likelihood (ML) phylogenies were generated using IQTREE
209 under the best fitting model of nucleotide substitution (as determined by the model
finding procedure implemented in IQTREE) and 1,000 ultrafast bootstrap replicates for branch

support assessment. The resulting trees were edited, and mid-point rooted using FigTree.

Time-scaled phylogenies and root-to-tip linear regressions were inferred for each serotype

with TreeTime?1°

, using the ML trees generated with IQTREE. Time trees were estimated using
the treetime function, with up to 500 interactions, taking into account covariation when
estimating rates of nucleotide substitutions along the phylogeny and with automatic
rerooting of the tree to maximize the clock-like signal. The “mugration” model for ancestral

state reconstruction implemented in TreeTime was used to infer the most likely migration
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patterns of the sampled viruses along the phylogeny, using the sampling location of the

genomes as discrete traits (See Supplementary Table 1).

4.3.5 Selection analysis

We investigated positive evolutionary pressure across the genomes of the 2 clades with the
largest case numbers and which also spanned over the greatest time period (D1.l and D4.1)
using the MEME?!? and FUBAR?!! tools from datamonkey.org?!? to investigate the potential
presence of episodic and pervasive selection pressures respectively. The dengue polyprotein
amino acid sites which the models predicted were under significant positive pressure were

investigated for frequency, both before and during the period of elevated case numbers.
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4.4 Results

4.4.1 Genetic diversity of DENV1-4 genomes isolated in Nha Trang, Vietham, between

2016-2019

A total of 511 DENV full-length genomes were generated from the individuals sampled over
the study period (2016-2019). The breakdown of the serotype and genotype distribution of
the sequences, as determined by the Genome Detective, is given in Figure 4.1. Viruses from
all 4 serotypes were observed, with a majority of D1 (37.8%) and D2 (41.9%) and fewer D4
(18.8%) detected. D3 was represented by a single genome (0.2%) and was excluded from
subsequent analyses. Only one genotype within serotypes D1, D3 and D4 was identified
(Genotype |, Il and I, respectively), whilst with serotype D2 sequences were of two distinct

genotypes, namely Il and V.
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Figure 4.1: Stacked bar chart of number of full genome sequences generated during the

study and their breakdown by serotype and genotype.
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Maximum likelihood phylogenies of the three studied serotypes combined with international
full-length sequences available from GenBank confirmed the presence of multiple DENV
lineages amongst the sampled infections (Figures 4.2, 4.3 and 4.4). Clades were identified as
clusters of sequences with the same geographical origin according to the mugration
modelling in TreeTime and here are labelled according to their serotype and then given a
clade number (for example "Clade 1.1” is the largest clade identified for D1). The majority of
the Nha Trang D1 genomes formed three distinct clades: (I) a large main cluster containing
173 local sequences (Clade 1.1 in Figure 4.2; 90% of all Nha Trang D1 genomes) and 35
sequences from neighbouring countries and other parts of Vietnam (branch support 98.6%),
(ii) a smaller cluster of 13 sequences containing 12 local sequences and 1 from elsewhere in
Vietnam (Clade 1.1l in Figure 4.2; support 100%), and (iii) a cluster mainly made of sequences
from southern Vietnam and neighbouring countries (n=17), but also including 7 sequences
from Nha Trang (Clade 1.1ll in Figure 4.2; branch support 100%). These findings suggested
multiple introductions of DENV genotype D1 into Nha Trang prior to the commencement of

the study and over the course of the 3 years of the sampling in our study.

The D2 phylogeny also indicated at least two introductions of this serotype in the area (Figure
4.3), with one large clade of 218 genotype V sequences, including 214 from this study in Nha
Trang and four from southern Vietnam, China and Cambodia (Clade 2. | in Figure 4.3; 100%
branch support) and a second smaller clade (Clade 2.lI; branch support 100%) of 7 genotype

Il genomes from Nha Trang.

All but one D4 genomes formed a large clade of 101 sequences (Clade 4.1 in Figure 4.4; branch
support 96%) and included sequences from China, Cambodia and elsewhere in Vietnam. The
remaining D4 genome clustered distinctly with sequences isolated from Thailand (branch

support 99%).

At least one large clade of Nha Trang sequences (i.e., Clades 1.1, 2.l and 4.1) was observed in
each of the phylogenies (Figures 4.2-4), suggesting that, for each serotype, a vast majority of

the studied cases were sampled within local transmission chains. The average number of
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nucleotide substitution per sites within each clade are listed in Supplementary Table 1 and

depicted in Supplementary Figure 1.

Isolated sequences (sequences with no close relative from the study also in the phylogeny)
were observed for serotypes D1 and D4, indicating independent introductions that either did
not spread in the population or, more likely, were not sampled. Conversely, we observed that
D1 and D2 sequences clustered very closely with other sequences isolated from Nha Trang
and Vietnam. There were far fewer D4 sequences available, consequently clustering was

limited to a group of sequences imported into China.
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Figure 4.2: Midpoint rooted maximum-likelihood trees of 2446 publicly available full
genome length DENV1 sequences (black terminal branches) with 193 DENV1 genomes
generated in this study (red branches). The relevant region of the tree has been isolated as
a separate tree. Branch supports, calculated as bootstrap scores from 1,000 replicates, are
indicated on relevant branches. The sampling location of the publicly available sequences

in a Nha Trang cluster is indicated by a coloured dot (see legend). The most likely country
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of origin of relevant internal nodes is indicated by a coloured node, with probability values

given in brackets.
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Figure 4.3: Midpoint rooted maximum-likelihood trees of 1891 publicly available full
genome length sequences with the 221 full-length D2 genomes generated in this study
shown as red branches. The relevant regions of the tree have been isolated as separate
trees with the difference in genotypes of these sequences shown. The given country of
isolation for the most genetically similar corresponding sequences is marked as a coloured

dot at the end of the branch. Bootstrap support values over 70 and on relevant supporting
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branches have been shown except for genotype Il which is small enough to show all

bootstrap supports
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4.4.2 Evidence for Dengue virus persistence in the study area

The sampling time interval of the viral genomes within each local clade indicated that these
chains of transmission persisted for between 121 days (Clade 2.1l) and 878 days (Clade 1.1)
during the sampling period in the area (Figure 4.5). This provided a complex picture of
serotype prevalence shifting over time, but with at least two distinct serotypes present every
month of the sampling interval from April 2017 onwards. Serotypes D1 and D4 were
ubiquitous and remained in the population for at least 2 years, despite periods of low
incidence and even after the introduction of D2 (first sample: August 2018) and the resulting
outbreak of 2018-19. Our sampling strategy did not change during the sampling period,
suggesting that it was the increase in reporting dengue cases during the outbreak that
allowed more samples to be collected, that led to the consequent increased sensitivity to
detect more clades during this period. This absence of strain replacement and long-term
persistence of multiple serotypes in the population in the local area suggest sufficient levels
of susceptible hosts and on-going transmission to maintain the lineage all year round, even
between DENV outbreak periods, when incidence is low, and despite vector control in the

affected areas.
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Ancestral state reconstruction revealed that, of the 6 clades identified in Nha Trang across
the three serotypes, 4 had an ancestral node inferred to be located in Nha Trang with a
probability greater than 75%: Clade 1.I, Clade 1.II, Clade 2.I, Clade 4.l. These clades were
considered to represent local transmission chains and were further analysed. Inversely, the
most likely place of origin of Clade 2.1l was estimated to be China (Figure 4.3; probability 91%)

with and was excluded from the persistence time quantification.

The complete time of persistence of these local transmission clusters was estimated from
dated phylogenies as the time span between the estimated time of introduction of a clade’s
founder virus in the area and the time of sampling of the most recent isolate in that cluster
(Figure 4.6), using the sampling dates of the Nha Trang genomes to calibrate the molecular

clock.

Calculating the time to the most common recent ancestor (TMCRA) of the identified clades
suggested that the first of the clades to be imported into Nha Trang was clade 4.1, with a date
of introduction as early as September 2008 (90% Cl: May 2007 — Jan 2010), followed by clade
1.1. (Mar 2009; 90% Cl: Jul 2006 — Nov 2011), clade 2.1 (Jun 2014; 90% Cl: Jul 2012 — May 2015),
clade 1.11 (Jun 2017; 90% Cl: Feb 2017 — Aug 2017) clade 2.1l (Jun 2018; 90% Cl: Mar 2018 —
Sep 2018) (Figure 4.7 and Supplementary Table 2). Two of the clades showed evidence of at
least one decade of local persistence, with intervals of 3,887 days (clade 4.1) and 3,707 days
(clade 1.I) between the estimated time of introduction and most recent sampling. We see
introduction events of novel clades (Clades 1.Il and 2.11) to the population during a low case-
number season, these remained and were observed during the peak outbreak season in 2019.

No introduction events were noted during or within the previous year of 2019.
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4.5 Discussion

This study provides strong evidence of the persistence of locally circulating DENV
strains throughout its almost three-year duration, determined using phylogenetic
techniques. This is despite significant fluctuations in case numbers and control
measures implemented by the Vietnam National Dengue control program?3. In
addition to the continued prevalence of the clades that were directly sampled, we
also estimated that two of these circulating lineages had likely been present in the
area for a decade. Introduction events of new viral lineages that were distinct from

those in persistent circulation were also observed during the study period.

Categorising clades according to the phylogenetic similarity of the sampled viral
sequences, showed that clades 1.1 and 4.1 persisted for the longest time period, whilst
the more recently introduced clade 2.I clade became the dominant clade sampled
during the final year of our study. In this final year, an increase in case numbers
compared to other years occurred that coincided with the rainy season in this area
of Viet Nam?'* although interestingly all recent putative introduction events
appeared to occur outside of these peak years. This was a pattern that was also
reported across the whole of Viet Nam, and conforms to the cyclic nature of DENV
infections that has been reported elsewhere, with cases peaking roughly every 3
years'?15, Qur results suggest that some of these recent increases in cases may have
been related to the recent introduction of two new D2 clades into the population
(Clades 2.1and 2.11), although further serology work would be required to confirm this
effect and the effects of increased and improved sampling and diagnosis cannot be

excluded.

The successful establishment of a new viral lineage has been suggested to be
dependent on the historical exposure to different DENV serotypes of a population,
potentially generating an immunological niche of more susceptible individuals to the
new serotype, with previous studies showing that novel serotype introductions into
a naive population are more likely to become established, and cause greater case

numbers, than those for which there is already a serotype in long-term
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circulation>216_For establishment of viral lineages of a similar serotype to historical
exposures, previous investigations have suggested that positive selection for
epidemic potential may have occurred, which could potentially explain the increase
in case numbers. In our analysis of both pervasive and episodic changes on the
genome, we detected a mixed picture, (Supplementary Table 3), with Clade 1.1
showing some evidence of selection associated with the later increase in numbers,
while clade 4.1 did not. Given that the numbers of all three main clades were
observed to increase simultaneously during this later period, it seems likely that
environmental factors, such as the number of mosquitos, were more important than

virological adaptation.

The low case numbers sampled at certain times of the year, with prolonged periods
of weeks and even months where no clade members were sampled, could reflect
successful control strategies. However, phylogenetic inference has now enabled us
to show the subsequent re-emergence of the same clade at later dates, with the
expected low number of observed mutations accumulated during the missing time
period. The virus therefore continues to be cryptically transmitted in the population
and is likely not detected due to a lack of sampling during this period. Sampling is
generally lower during periods which also coincide with unfavourable conditions for
the vector?®. Such a period of low transmission, aggravated by a high prevalence of
underlying asymptomatic and mildly symptomatic transmission (estimated to
compromise up to 84% of total DENV infections in a population®?), is suggestive of
unsampled sub-clinical infection as the most likely explanation for viral persistence

of these clades.

Our data also provides evidence for viral persistence despite attempts of local
control, although continued re-importation of the same viral clade, probably from
nearby areas, is also possible. We suspect this may have happened with clades 1.
and 4.1, where we see distant ancestral branches between subclades (Figure 6). This
implies missed sampling in the local area over the many years since the predicted
tMRCA of these clades (Figure 4.5). This highlights one of the limitations with this

study where incomplete sampling of the total infected population will likely cause us
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to not fully capture the total viral diversity of each clade, which can cause an
underestimation of the calculated tMRCAs, and in turn of the time of introduction of
the observed lineages. However, despite this we still observe prolonged periods of

persistence in the population.

These findings have implications for future control strategies for DENV, as we have
shown that there is continued, often unreported DENV transmission year-round.
Vector control could therefore be implemented all year, as well as during peak
periods as is currently favoured?!’. The cyclic nature of DENV case numbers, with
peak outbreak periods occurring approximately every three years in this population3!
indicates a role for increased surveillance and control measures during outbreak
years and potentially the use of vaccines or prophylaxis if available*?. The discovery
of imported cases into the area from other regions of Viet Nam as well as from
abroad, one of which rapidly became the dominant circulating lineage, highlights a
potential role of border sampling of international visitors particularly from DENV
endemic regions with a high prevalence of unseen DENV serotypes (such as D3 of

which very few cases were observed in this study period).

4.5.1 Conclusions

We have identified epidemiological and phylogenetic evidence of uninterrupted
transmission chains that have lasted for the 3 years of our sampling period, and
through the use of TreeTime we have inferred that some of these transmission chains
may have persisted for more than 10 years. During this persistence, infected cases
per year have increased and decreased, implying that environmental changes (which
highly influence mosquito numbers) are more likely to be the cause of observed
changes in human infections, rather than the introduction of clades with specific viral
adaptations. In addition, our data also imply that anti-dengue strategies had only
limited success in preventing transmissions, even in the low seasons or non-outbreak
years, possibly due to the importance of unreported (potentially sub-symptomatic)

cases.
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Supplementary figures
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Supplementary Figure 1: Distribution of raw pairwise differences between

sequenced genomes across DENV1,2 and 4
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Supplementary Table 1: Distribution of average p-distances among sampled clades

Standard Error

Nucleotide Genome Length (base Average mutation
Clade Size substitutions/site (x1073) (x103) pairs) sites/genome
1.1 173 9.68 0.52 10415 100.85
1.2 12 0.44 0.098 10415 4.57
2.1 214 2.46 0.18 10411 25.61
2.2 7 9.68 0.52 10411 100.81
4.1 95 9.80 0.49 10594 103.83
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Supplementary Table 2: Summary of clade persistence findings from both sampling data and estimated tMRCA inference

Sampling dates tMRCA (90% Cl)
Serotype Clade . Duration Estimated root . Duration

First Last (days) date Min Max (days)

I 28/11/2016 25/04/2019 878 03/2009 07/2006(11/2011| 3707

' Il 15/06/2017 10/12/2018 543 06/2017 02/2017(08/2017| 557

I 19/07/2018 26/04/2019 281 06/2014 07/2013(05/2015| 1790

2 Il 10/09/2018 09/01/2019 121 06/2018 03/2018(09/2018 222

4 I 17/02/2017 24/04/2019 796 09/2008 05/2007(01/2010( 3887
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Supplementary Table 3: Positive selection analysis of clades which spanned the full study period. MEME and FUBAR analysis have been performed

with sites with significance values less than 0.05 and greater than 0.9 shown. The distribution of amino acids before and after the elevated case

number period are shown.

Clade AA location  Viral protein MEME (p- FUBAR Percentage before elevated Percentage during
value) (probability) cases elevated cases
1.1 183 Membrane Glycoprotein  NO YES (0.978)  100% Alanine 37.3% Alanine : 62.7%
Precursor Threonine

1.1 878 NS1 NO YES (0.961) 100% Isoleucine 63.2% Isoleucine : 36.8%
Valine

1.1 375 Envelope YES (0.01) YES (0.931) 61.1% Phenylalanine : 38.9% 100% Phenylalanine

Leucine

4.1 3164 NS5 YES (0.01) YES (0.96) 83.3% Cysteine :16.7% Histidine 100% Cysteine

4. 174 priv YES (0.03) NO 100% Threonine 97.2% Threonine : 2.8%
Isoleucine

4.1 670 Envelope YES (0.04) NO 95.8% Threonine : 4.2% Serine 98.6% Threonine : 1.4%
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Chapter 5 A mixed methods study of dengue virus transmission in

urban Vietnam

5.1 Abstract

Background

Human infection by the dengue virus is transmitted by the mosquito vector Aedes
aegypti, which is thought to reside in close proximity to affected cases. However,
identifying viral transmission chains, which are critical to preventing transmission, is
complicated by the difficulties in tracking infected mosquitos and the large number
of asymptomatic dengue cases that do not report for diagnosis. In the study
presented here, we have used a community-based household survey to identify
symptomatic and asymptomatic dengue cases; and used viral whole genome
sequencing to identify transmission chain pairs, to determine likely sites of vector-

born infection.

Methods

We identified 563 households with individuals having symptomatic infection (index
cases) within 4 communes of Nha Trang Vietnam and 35 of their dengue positive but
pre-symptomatic household contacts (HHCs), using NS1 rapid tests. From these
participants, 551 qPCR positive dengue infections were identified, and from these we
obtained 511 DENV whole genome sequences. Clusters of related viruses were first
generated based on their phylogenetic similarity, using a threshold of a maximum of
1 nucleotide difference between genomes. These clusters were then further refined
into transmission pairs according to the symptom’s onset date, using the program
‘outbreaker’. We identified pairs as being infected in parallel (presumed bitten by the
same already infected mosquito), sequential (with a mosquito infection cycle
occurring between cases) or ambiguous (where we could not distinguish between
parallel or sequential), according to the predicted dengue infection periods within

the mosquito. We then investigated the transmission pair’'s most likely exposure
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location, using home and daytime addresses. From 365 of the Index households, 805
HHCs were also studied by paired serology to investigate whether serological markers

could be used to capture transmissions missed by our viral sequencing strategy

Principal Findings

Viral genome transmission analysis identified 89 transmission pairs from 141
individuals (as both parallel and sequential infections can occur from the same
individual). The majority of the pairs were parallel infections that occurred outside of
the index case household. Distance analysis suggested that most transmission pairs
were infected within the 500m threshold that the mosquito vector is estimated to fly
in its lifetime, although most pairs were not within a household (suggesting
neighbourhood transmission). We also identified 19 cases where transmission was
likely to have occurred at the given daytime address, rather than a home address,
implying human movement as important mediators of the viral dispersal seen in the
study location. Our study did not detect sequential transmissions within the
household, probably because of infrequent sampling of HHCs. However, serological
analysis of HHCs suggested that this may have occurred, although at least half of
HHCs had different infecting serotypes from their Index cases, supporting our
virological findings that neighbourhood and daytime locations were driving most of

the infections.
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5.2 Introduction

Dengue virus (DENV) is associated with one of the largest burden of arthropod-borne
viral infections, with roughly 2.5 billion people at risk of infection! mainly in south-
east Asia, South America and the Caribbean. An estimated 400 million infections
occur each year, with a mortality rate ranging from 5-20%3 for the most severe forms

(dengue haemorrhagic shock).

Despite being considered a day-biting mosquito Aedes aegypti, is most active during
the hours of dawn and dusk?®. It is also considered as having a short flight range,
especially in urban environments, with the blood-feeding females flying not more
than 100-500m from their emergence sites?'922, Thus, DENV transmission is
believed to mainly occur in a small radius, with within-household infection being the
primary route of transmission!®9191 although direct evidence of this is rare. Indeed,
investigating the transmission dynamics of vector-borne diseases is complicated by
the addition of the vector phase of the disease, which necessity in-depth knowledge
of the behaviour and characteristics of three different organisms: the virus, the
mosquito and the human host . This makes traditional techniques such as contact
tracing difficult to conduct, a difficulty further enhanced by the observation bias

resulting from asymptomatic DENV infections.
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Figure 5.1: Comparison of contact tracing maps between a respiratory and vector-
borne disease when an infected individual walks from their household to school.
With a respiratory infection range of 2m, it is straightforward to distinguish
between the school and the home as infection site, but if the two sites are within

500m, an infected mosquito may have flown between the two sites
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Whole genome sequencing of pathogens from clinical samples has emerged as an
effective tool for describing transmission clusters and can also provide
supplementary evidence of transmission chains to inform researchers on how a virus
spreads!®®197 DENV has been classified into four serotypes (DENV-1, DENV-2, DENV-
3, and DENV-4), based on antigenic properties and genetic differences, which can
reach up to 40% across the full genome??2 223, This level of genetic diversity, both with
and between serotypes, makes DENV an attractive candidate for molecular
epidemiology studies. Yet this has not been applied comprehensively to dengue virus,
perhaps partially because of the difficulties of including the mosquito vector and the
difficulties of sampling dengue infections sufficiently well when many are unreported

or asymptomatic cases.

As DENV is principally spread by A. aegypti, a vector that can take a single blood meal
from multiple people, there can be a complex transmission cycle which can range
from, multiple people being exposed at the same time by the same mosquito (parallel
exposure), to around 38 days between cases if the maximum incubation and lifecycle
times of the virus and mosquito are taken into account (sequential transmission)?4

227 This is illustrated in Figure 5.2.
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Figure 5.2: Estimates of human and mosquito infection periods are used to
distinguish different infection profiles of sequential and parallel infections
involving human hosts and the mosquito vector. When a suspected transmission
occurs in humans with a symptom interval between 11 and 17 days, it is

ambiguous whether it can be called a parallel of sequential infection.
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Dengue virus is commonly diagnosed using serological tests for antibody status as
well as viral detection assays for antigen or viral genomic nucleic acid presence. As
the 4 serotypes of DENV are highly cross-reactive to antibody responses nucleic acid
detection is the most reliable method for serotyping of active DENV infection, whilst
convalescent patients must be serotyped using plaque reduction neutralisation

assays (PRNTSs) of their sera.

Following infection with DENV, serological responses differ depending on prior
history with the disease. Primary exposures illicit a typical serological response with
an initial IgM response which wanes over the next 6 months, followed by a typically
long-lasting IgG response which increases in titre following clearance of the infection.
Subsequent infections with a different serotype are associated with a reduced IgM
response and an increase in the titre of previous IgG responses which are thought to
be non-neutralising and can lead to an enhanced infection through antibody-

dependent enhancement (ADE).

Combinations of various serological assays can therefore be used to identify DENV
naive, active primary infections and active post-primary infections as well as various
changes in serostatus. A previous study has developed an algorithm to assist in
characterising the serostatus of individuals using IgG, IgM and PCR or antigen

ELISAs/Rapid Diagnostic tests in combination with self-reported disease day??8.

PRNTSs are a valuable tool for serotyping DENV infections. There are several factors
which are known to limit their reliability, the presence of IgM is known to induce a
significant cross-reactive neutralising response, the assay is also known to be more
unreliable with more DENV infections a person has recovered from, with significant
cross-reactivity between all 4 serotypes with each successive exposure. They are
therefore most useful in individuals who are experiencing their second dengue
infection, while having had their first DENV exposure more than 6 months previously
and so no longer have anti-DENV IgM present but have sufficient viremia to enable

molecular typing of their second infection. gPCR during acute viraemia is the most
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accurate method for serotyping DENV infection but this is generally only possible

when cases report in the first few days of fever.

Here we present data from a large-scale study into household DENV transmission in
Nha Trang city, Vietnam with the transmission dynamics of the virus in the population

assessed from the immunology, viral sequencing, and epidemiological data.
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5.2.1 Chapter Aims

With many viral and bacterial infections, being in close contact, such as living in the
same accommodation as an infected individual, increases the risk of exposure to the
pathogen. However, for vector-borne diseases, especially those transmitted by a day-
biting-flying vector, the exposure risk within a household is unclear. One of the
original aims of this study was therefore to characterise the amount of intra-
household DENV transmission that occurred in this endemic urban study area. | then
sought to determine whether other routes of transmission in the population as a
whole could be determined. In order to investigate these, | sought to combine
genomic gPCR and sequencing data with serological and epidemiological data of
presenting individuals and household contacts to understand how the virus transmits

between the population. Therefore, the aims of this chapter are to:

i) Use collected serological and epidemiological data to explore identified
household exposures

ii) Identify putative transmission pairs and exposure clusters within
households and the general population using generated viral genomic
sequences combined with epidemiological data and investigate their likely

exposure locations

Contributions

Sample collection, storage and shipment were conducted as previously stated by the
team at Pasteur Institute, Nha Trang, Vietnam. Plaque-reduction neutralisation
assays were performed by the National Institute of Hygiene and Epidemiology in

Hanoi, Vietnam. All other analysis unless otherwise stated were performed by me.
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5.4 Methods

5.4.1 Study cohort

Enrolment of the study cohort was conducted in the communes of Vinh Hai, Vinh
Phuoc, Vinh Tho, and Vinh Hoa in Nha Trang City, Vietnam, after local ethical review
and approval from the Vietnamese National Institute of Hygiene and Epidemiology
(study approval number IRB-VN01057). Individuals of all ages, who resided in the
selected communes and who visited either a local polyclinic (between October 2016
and May 2019) or the city’s Tropical Medicine Hospital (between December 2016 and
April 2019) with suspected dengue were deemed eligible. In the polyclinic, those who
presented with suspected dengue fever were approached, and those who consented
to be enrolled in the study were subsequently tested for dengue with an NS1 rapid
test (DENGUE NS1 AG STRIP, #70700, BioRad). Individuals who tested positive were
enrolled as index cases. Of those who tested negative for NS1, every tenth subject
was asked to return for a second test 30 days later to act as controls. In the hospital,
only those who were diagnosed with dengue fever on the basis of an NS1 rapid test

were enrolled in the study.

Following enrolment, study teams visited the index case’s home addresses, where
consenting members of the household were also enrolled and had blood samples
taken for dengue testing. After consent was obtained, a questionnaire was completed
by all enrolled individuals in order to gather information on clinical, demographic and
behavioural information relevant to this study, such as age, time of fever onset, home
GPS coordinates, recent travel history and typical daytime location. All information

was anonymised prior to the analyses.

5.4.2 Phylogenetic analysis

FASTQ files produced from lllumina Miseq runs as described in chapter 4, were
processed using the following pipeline in order to generate consensus sequence of
the target virus. Raw files were screened for quality and trimmed to remove primer

sequence bias using the program fastp#®. Cleaned FASTQ files were then aligned to
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a reference using the Burrow-Wheeler Alignment for short-reads (BWA-MEM)#
along with the SAMtools view and sort packages!*®. Reference DENV genomes were
from GenBank: DENV1: JQ045626, DENV2: GU131898 and DENV4:NC_002640.
149

Aligned reads were then called using the SAMtools mpileup and iVar consensus

programs with a resulting consensus sequence given in a FASTA format.

Processed sequences were aligned using MAFFT!43 against the available full-length
DENV genomes downloaded from the Virus Variation Resource database provided by
NCBI. The resulting alignment was then checked and manually adjusted in AliView?%8
to remove sequences had more than 10% of their genomes missing. Maximum
likelihood phylogenetic trees were generated using IQTREE?®® with the model finder
tool to select the best fitting model of nucleotide substitution and 1000 bootstrap

resamples to estimate branch supports. Resulting trees were visualised and edited

using FigTree with rooting at the mid-point and tips arranged in ascending order.

5.4.3 Identifying transmission pairs

In order to identify likely transmission pairs from the phylogenies, the following
workflow was applied to the generated sequences (summarised in Figure 5.3): The

229 was used to identify clusters of genomes that shared a

program TreeCluster
common ancestor and differed by a maximum of 1 nucleotide across the whole
sequence. These clusters were considered to represent recent dengue transmission
events amongst the participants represented by the viral genomes. Clustered
Individuals whose transmission times were outside the expected time for a
sequential DENV transmission (greater than 38 days between symptom onset) were
excluded from the putative transmission chain. For clusters containing more than 2
individuals, the program outbreaker2?3° was used to reconstruct transmission chains
within a cluster, determine the most likely infector/infected relationships between
the members of the cluster and exclude from the analysis those members with serial
intervals exceeding the estimated maximum duration of 38 days. Gamma
distributions of shape 5 and scale 0.4 for parallel infections, and of shape 3 and scale
4 for sequential were used to model dengue virus incubation period generation time,
respectively, in the transmission chain inference (these values were acquired based
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on the calculated transmission times between the two infection categories). Only
infector/infectee pairs inferred with a confidence >90% in a cluster were selected for

further analysis.

The putative transmission pairs thus identified were characterised as either parallel,
ambiguous or sequential based on the serial interval of the linked cases. Pair
members with symptoms onsets intervals of less than 11 days were likely exposed at
the same time by the same mosquito and were characterised as being exposed in
parallel (see Figure 5.3). Pair members with symptoms onsets intervals of more than
17 days (but less than 38 days, as described above) were characterised as being
infected through sequential transmission. Pair members with symptoms onsets
intervals between 11 and 17 days were classified as ambiguous. It is possible for an
individual to be part of more than one transmission pair. This led to transmission pair
members being counted in several chain of infections, reflecting the possibility that

a human can be bitten by multiple mosquitos.

The most likely location of transmission was determined by taking the shortest given
distance between the pairs according to their household and daytime locations. For
instance, if two individuals shared the same home address but had different daytime

address, the household was considered the most likely location of infection.

5.4.4 Identifying exposure to DENV among household contacts

Household contacts of index cases who had tested positive, were sampled twice

within 7 days of their index case enrolling and again 30 days later.
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Figure 5.3: Workflow for identifying putative transmission pairs from whole genome viral sequences.
A. Treecluster was used to identify clusters of individuals whose virus was within 1nt between
aligned sequences. B. Identified clusters were sorted according to the biological probability based on
the combined lifecycle of the mosquito and viraemia profiles into sequential transmission, parallel
exposure and ambiguous between the two. C. Identified clusters which contained biologically
possible tranmissions were sorted to infer who infected whom using outbreaker2 with pairs
containing a support of at least 90% chosen. D. In order to establish the most likely
exposure/transmission location, the closest distance between home and given most frequent

daytime location was measured.
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5.5 Results

5.5.1 Recruitment

During the study period 2,287 patients presented and were enrolled at either a
participating hospital or clinic. From these enrolled subjects, a total of 838 index cases
tested positive for DENV by NS1 rapid antigen test and were invited to enrol their
household contacts, with subjects from 563 index case households consenting. We
obtained samples from 1241 household contacts at first visit and 861 at their second
follow-up visit, at an average of 30 days later. None of the household contacts
reported to a clinic or hospital with dengue like symptoms during their enrolment
period, although 84 reported experiencing fever during their study period on their

guestionnaire and 38 tested positive to DENV by NS1 test.

| tested all NS1+ index and household contacts for the presence of dengue virus by
gPCR and identified 894 positive subjects. From these DENV positive subjects, 701
samples were identified as having sufficient viral RNA to attempt whole genome
sequencing (PCR Ct value < 32) with 511 of them successfully whole genome
sequenced. A summary of the demographic and serological data collected from index

cases and their associated household contacts is shown in Table 5.1.
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Table 5.1: Characteristics of the study participants. Case numbers and resulting

serological assays of index cases and associated HHCs with total numbers of

households surveyed given (HH). HHCs were visited twice with an average of a 30-

day interval

Enrolled Index cases (n = 838)

Household contacts Visit 1 (n =1241)

Household contacts Visit 2 (n= 861)

Average Age 18.7 (0-85) 33.2 (0-90) 34.1 (0-88)
Gender:
Male 483 (57.6%) 563 (45.4%) 382 (44.4%)
Female 355 (42.4%) 678 (54.6%) 479 (55.6%)
Average disease day 3.4(1-7)
Diagnostic data:
NS1+ 838 (100%) 35 (2.8%) 3(0.3%)
NS1- 1206 (97.2%) 858 (99.7%)
IgG+ 486 (58%) 1068 (86.1%) 765 (88.9%)
IgG- 197 (23.5%) 169 (13.6%) 92 (10.7%)
Untested IgG 155 (18.5%) 4(0.3%) 4(0.3%)

IgM+

284 (33.9%)

142 (11.%)

105 (12.2%)

IgM-

398 (47.5%)

1033 (83.2%)

722 (83.9%)

Untested IgM 155 (18.5%) 66 (5.3%) 34 (3.9%)
Disease presentation:
Dengue Fever 716 (86.4%) 68 (5.5%) 5 (0.6%)
With warning signs 121 (14.4%) 16 (1.3%) 2 (0.2%)
No symptoms 1(0.1%) 1157 (93.2%) 85 (99.2%)
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During the study period and among the 805 HHCs with serology sampled at both
visits, 101 showed evidence of active disease at the first visit (12.5%). Further
serological analysis identified that 18.7% of historical cases and 31.3% of negative
household members experienced an infection between visits 1 and 2 (Table 5.2).
Therefore, household members who were negative at V1 were more at risk of DENV
infection compared to historically infected members (Risk ratio 1.7 [1.2 — 2.3], as
previously shown in [4]). Overall, 20.5% of all household members of NS1+ve index
cases capable of experiencing a subsequent infection (negative and historical at V1),
did seroconvert, compared to 9.9% of returning NS1- Index case controls, (Risk ratio:

2.07 [1.58-2.56]) (Table 5.2).

Table 5.2: The number of household members that experienced dengue infections
in the households of reported NS1+ index cases, compared with NS1 -ve index

cases returning after 1 month (acting as controls).

DENV Immune status of
Index Cases household member Proportion of seroconversion
N % n
NS1+ Historical 605 18.7 113
Negative 99 31.3 31
Combined 704 20.5 144
NS1- Historical 111 8.1 9
Negative 31 16.1 5
Combined 142 9.9 14
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5.5.2 Transmission chain analysis

Using full genome sequence data generated as previously, | then sought to identify
transmission pairs who were likely infected by the same mosquito. The threshold of
1 SNPS between whole DENV genomes yielded 72 clusters of 201 individuals across
the 3 serotypes analysed, with the distribution of individuals within each cluster
across the 3 serotypes analysed shown in Figure 5.4, where we can see the majority
of clusters contain a pair of individuals (48/72 (67%)). After removing individuals who
declared symptoms more than 38 days apart and running outbreaker2 on clusters
with multiple individuals, we had 90 putative transmission clusters of 143 individuals
remaining. This increase in number of clusters is because an individual can be
involved in 3 different transmission events — parallel, ambiguous and sequential, so

can be counted multiple times in different clusters.
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These were then characterised as parallel, sequential or ambiguous based upon the
time differences between symptom onsets. | identified 49 parallel, 22 sequential and
18 ambiguous transmissions (Table 5.3). 8 of these transmissions occurred between
subjects of the same household, that were all parallel transmissions involving their
index case (Table 5.3). The lack of ambiguous or sequential transmissions reported
within the same household may be a consequence of the lack of sampling over the 1-
month enrolment period, as additional sampling between standard timepoints
required dengue symptoms to be reported to initiate them (and no HHC reported
dengue symptoms to a clinic). However, to investigate what happened between
sample points further, we explored these households using serological analysis

(further below).

| next investigated the likely exposure locations of the identified clusters using the
data given for daytime and home address locations. This showed that 42
transmissions likely occurred between households, given that the household
addresses of the transmission pairs were closer than their given daytime addresses
(Table 5.3). Indeed, the median distance between households forming transmission
pairs was 182.3m, which is similar to the commonly reported 150m distance used to

identify clusters in Singapore?3!

. However, parallel exposures had a significantly
shorter distance (median 153.6m) than sequential transmissions (median 470.8m)
(p<0.05), suggesting that there may be mosquito migration over time. While all pairs
identified were parallel infections involving index cases (n = 49), many transmission
pairs showed that members of the same household were infected with different

viruses from different transmission pairs, implying that multiple infection sites were

responsible.

| also identified that 4 pre-/asymptomatic household members formed pairs with
someone outside of their household and the remaining 7 potential within-household
transmission pairs, for which we had sequence data for both individuals, did not form
clusters together and did not meet the requirements for forming a transmission pair

with any of the other sequences generated.
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Analysis of the 22 pre-/asymptomatic household members who formed transmission
pairs, also showed that one of them (who was asymptomatic) formed a sequential
transmission pair with a symptomatic case who enrolled 21 days after the pre-
/asymptomatic household member gave their sample. The most likely infection site
for this transmission was near the household location of the asymptomatic case
(which was also given as their most frequent daytime location) and the daytime
location of the symptomatic case, with the distance between these being 204.6m (in

contrast to the distance between their households, which was 991.1m apart).

We found that daytime locations were involved in 39/89 (43.8%) transmissions as
compared to 70/89 (78.7%) that involved household locations with 39 pairs involving
a combination of daytime locations or both daytime and household against 50
involving just household transmissions. Suggesting that both daytime locations
(household or other) can be a risk factor for acquiring the disease and that there is a
risk of transmission to residential areas that are close to locations which people may

migrate to during the day, such as schools or commercial districts.
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Table 5.3: Distribution of transmission pairs identified characterised by time interval and optimal distance between cases. Average distances

are given as the median.

Closest location between pair Parallel Sequential Ambiguous | Total [Median distance (m)

Between Household 22 7 12 42 182.3
Within household 8 8 0

Between Daytime 5 9 5 19 607.6

Between Household and Daytime 13 6 1 20 494.6

Total 49 22 18 89

Median distance (m) 153.6 470.8 519.7 347.6
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| next investigated the actual distances between identified transmission pairs to
determine how likely observed transmission events were, given the estimated 500m

220 using the shortest distance

maximum flight range of the principal mosquito vector
between either the household or most frequent daytime addresses of the pair
members, the distance between their home addresses or the distance between their
daytime address (Table 5.3). | found that transmission between households were the
most common route of infection sampled (51 out of 89 pairs), with primarily parallel
infections between multiple people often being exposed at a similar time in
households which are within the flight range of a mosquito. Sequential infections
were most likely to occur between daytime addresses (n=9/22). This indicates a role
for daytime transmission in transmitting the virus across an urban population, whilst

households most likely provide large clusters of localised infections from a small

number of hosts (Figure 5.5).
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be possible with just the mosquito.
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same host helps to increase the
R, of the virus and ensure it is
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Figure 5.5: Key findings from analysis of identified transmission pairs and

distances between them

167



From examining the range of distances found (Figure 5.6B) we can see a distinct
clustering of distances within the estimated flight range of a mosquito in its lifetime
(<500m). The average distance between parallel exposures is significantly lower than
was found with sequential infections (P=0.0062 using Mann Whitney test) (Figure
5.6A). The median distances found for most categories analysed (Table 5.3) were
additionally within this distance threshold with the exception of transmissions

occurring between daytime locations (607.6m).

Despite the overall median transmission distance being 347.6m, there are significant
outliers for all transmission categories which cannot be explained by mosquito
transmission between the hypothesised transmission sites as the distance is far
beyond the vector flight range. Indeed, many putative parallel infections are over a
very large distance when using the 3 potential exposure locations this could imply a
role for human movement in spreading the disease further than the mosquito is able

to and that more daytime locations of participants are required to be sampled.
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Mapping and comparing the household and daytime locations of identified
transmission pairs shows that while the sampled population live over a wide area of
the study site and the given daytime locations are over an even wider range, with
some being outside of the city limits (Figure 5.7). There are distinct clusters where
higher densities of the study population reside and others where they spend the
daytime hours, these are generally separate, however there are several examples
where these locations overlap, which could have provided an opportunity for viral
migration. We found one example of an asymptomatic individual who was implicated
in sequential transmission to a patient who subsequently presented at a hospital or
clinic. Interestingly, the most likely transmission route (based on shortest possible
given distance between the two) for this patient was between the household of the
asymptomatic patient (which they have also given as their most common daytime
location) and a daytime address for the symptomatic patient (Figure 5.7). This
suggests that pre- or asymptomatic DENV infected individuals are involved in viral
transmissions which | have shown in Chapter 3 that they can have similar viraemia

levels, so it is possible virologically.
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Figure 5.7: Map showing sampled pairs household and given daytime locations.
Here we show a sequential infection between an asymptomatic individual and a
reporting index case. One daytime location in the city of Cam Nghia, 27km south is

not shown.
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5.5.3 Serological evidence for transmission

As we were not able to observe sequential transmission pairs within households using
sequenced genomes, we sought to determine if unobserved potential sequential
transmissions had occurred between samplings, using serology. To do this, we first
investigated if the Index and their HHCs shared the same serotype response, in a
subset of 23 households with their index cases and 81 of their HHCs, using PRNT
(Table 5.4). We showed that of the 14 HHCs (from 81) that seroconverted, the
antibody response at the second visit from 7 matched their index case serotype
(while 7 did not). Of 40 HHCs that did not seroconvert, 31 already had neutralising
antibodies to the serotype of the Index case, while 7 remained naive. In 16 cases, the
PRNT result was unclear due to cross-reactivity between serotype results, a

232 especially when IgM is present (as

commonly reported problem with PRNT assays
was observed in 6 cases). However, 5 of these individuals who did not seroconvert to
the serotype showed a significant increase in IgG titre between visits and 6 were

positive for IgM indicating recent exposure.

5.5.4 Combining serological and genomic data reduces the number of

transmissions consistent with intra-household events.

This study initially used a concurrent NS1+ result between an index case and their
associated HHC tested within 7 days as evidence for parallel exposure, implying that
both were exposed at the same time and location to the same mosquito. However,
by applying genomic and phylogenetic data from isolated viruses from these HHC-
index pairs | sought to determine whether these represented true parallel exposures
(Table 5.5). As DENV has 4 serotypes, a mismatch in serotype between the pairs
would indicate that this was not a parallel exposure, indeed when gPCR serotyping
was done on the pairs, 6 out of 21 pairs with a successful gPCR serotyping result had
such a mismatch, which makes it impossible that they were exposed to the same

virus.

Our analysis showed that 6 out of the 23 HHCs with a successful qPCR serotyping

result, were infected with a virus of serotype different to that of their index case or
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other HH members. This suggests that these infections were acquired outside of the
HH rather than within. We also explored to what extend two individuals from the
same household infected with the same DENV serotype were truly linked, as opposed
to individually infected outside of the HH by different strains of the same serotype.
We restricted this investigation to parallel transmissions, because the number within
household sequential transmissions we identified was too small. In our diagnostic
analysis, 35 HHCs (from 32 households) were positive by NS1 test at the first visit
(Table 5.1), suggesting parallel infections with their index case. While this suggested
that 17 of the pairs could be within household transmissions, phylogenetic
reconstruction analysis showed that only 9 of the 17 pairs which could be whole
genome sequenced (52.9%), clustered with each other (Figure 5.8). The remaining 8
did not form monophyletic groups with their index case of other HH members,
suggesting infections from independent sources. Altogether, 39.1% of Household
members with full molecular characterization were compatible with transmission
pairs, compared to the 74% suggested by serology typing. Thus, if sequential
transmissions are similar to parallel transmissions, then the PRNT analysis suggesting
50% compatibility for within household sequential transmission (Table 5.4) might be

an overestimate of the true number of within household sequential transmissions.

173



0.9
0.96|

D1

4{1

0.002
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Of the NS1+ pairs where there was a sequence available for both, and who were the
same serotype, only 9/17 clustered with each other (Table 5.5), the remaining pairs
(8/17) clustered closer to another individual or were separated by several branches
implying their common ancestral sequence was several generations ago. These
additional tests significantly dropped the overall number of identified parallel

exposure events from the starting 35 observations (Figure 5.9).
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Table 5.4: Breakdown of serotype seroconversions observed among HHCs of index

cases with a positive qPCR result.

Sequential Seroconversion Count
Same serotype 7
Different serotype 7
No Seroconversion
Prior immunity 31
Remained susceptible 9
Unclear Seroconversion 27

Table 5.5: Parallel exposures between participants inferred by various detection

techniques.

Inferred parallel

Serology (index &

Molecular serotype

Transmission pair

exposure HHC NS1+ visit 1) (same as index) by sequencing
(genetic similarity)

Yes 35 17 7

No 0 6 13

Unknown 0 12 15
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Figure 5.9: Representation of transmission pairs by the different experimental

techniques employed. Transmission pairs identified have been divided into

parallel and sequential exposure routes to show how different testing techniques

affect the total number of observed cases.
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5.6 Discussion

This work has used a household survey and DENV whole genome sequencing to
identify 90 high confidence transmission pairs that enable a data driven analysis of
the complex patten of infection that occurs during dengue outbreaks. Our closest
proximity distance analysis suggested that the majority of transmissions occurred
between households (47.8%), with transmissions involving out of household,
daytime addresses also common (43.3%), whereas transmissions pairs within the
same household were relatively rare (8.9%), despite these generally being thought of
as the primary location of disease exposure!®. This has important implications for
preventing DENV transmission and suggests that targeting control measures in areas

other than just the index identified households, would be more effective.

Previous studies have found it difficult to identify intra-household transmission using
viral detection assays and have instead relied on changes to serological status of
household members'’>174, One of the aims of our study design was to look for
transmission from index cases to contacts within the same household, as we enrolled
household contacts of the index case within three days of the index case reporting
and monitored them twice during one month of follow up. However, none of the
contacts reported sufficient dengue symptoms to prompt them to report to a clinic,
despite 296/840 showing evidence of recent infection or seroconverting during the
follow up, 6 reporting fever and 35 being dengue NS1 positive at the first visit and
then 3 at the second. This reflects the high proportion of dengue infections that are
known not to report to a clinic®>1%® (often classed as asymptomatic, subclinical or
non-reporting subjects) and reduced our opportunities to obtain samples from
enrolled HHCs outside the serologically determined protocol sampling windows,

when we may have obtained more dengue PCR positive serum samples.

At first sampling (<3 days after the index case), 7 of the HHCs were classed as parallel
transmissions using the viral sequencing data in combination with our transmission
identification method, but as none of the second visit samples were PCR positive, we

were not able to detect any sequential or ambiguous transmission pairs within the
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same household. We therefore used our serological neutralization assay to
investigate a sub-set of those HHCs who sequentially seroconverted between our
household visits and found that only half of them suggested sequential infections
were to the same serotype as the index case. This suggests that, while sequential
infections may have occurred, many may not have been between the index case and
their HHC. This is similar to our findings with the parallel infections, where most were
confirmed to be between households, rather than within them. Due to the high cross-
reactivity associated with the neutralisation used, as well as the relatively high
expense, future studies could instead test associated household members more
frequently, in order to attempt to capture the viraemic phase, therefore enabling the

use of genomic techniques to investigate transmission.

By combining serological, epidemiological and genomic analysis tools, we have
increased the confidence of identifying the transmission route of the virus and have
further characterised these transmissions by including the life cycle of the mosquito
(creating parallel and sequential infections) to gain additional information that could
be used by intervention strategies. The thresholds for distinguishing parallel and
sequential infections were based on extensive literature that reflects the biting habits
of the mosquito, which are known to bite multiple people during their lifetime, and
even during a single egg laying blood meal?33, and the well-established infection cycle
of DENV in mosquitos and humans. However it is important to highlight that these

226 and have not been

thresholds are likely to vary, particularly with temperature
studied specifically in our study site, which may mean that more transmissions were
ambiguous than we anticipated, although this does not affect our estimates of

transmission infection sites.

We also identified that in parallel infected pairs, despite the short times and
distances between them, many were not infected in their own household along with
the reporting index case, but rather they were more likely infected in neighbouring
households or daytime addresses. For sequential infections, where the transmission
chain between pairs takes longer to complete, we additionally observed greater

distances between addresses, which is consistent with the mosquito moving over
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time. However, some infection pairs are clearly outside of the mosquito lifetime flight
range and suggest that human movement may account for as much as half of all

transmission pairs.

Confirmation of this would require further study, that was able to specifically
characterise the now recognisably important subjects’ daytime movements. We
identified transmission locations using the shortest distances between the possible
address combinations reported for the transmission pairs, but as only two addresses
were recorded, it is possible that the transmission occurred at another location. More
thorough recording of participant daytime activities, GPS or contact tracing using
mobile phone data such as has been done with diseases such as SARS-COV2%* could

help identify this potential location.

This study recruited asymptomatic subjects (those dengue cases with mild or no
symptoms, that did not report to a clinic), with 144/704 (20.5%) identified by serology
as showing evidence for DENV exposure and 26/1241 confirmed by PCR, from which
24/26 whole genome sequences were obtained. While asymptomatic cases are
known to be important in the dengue infection burden, their role in transmission
chains is less clear. Amongst our subclinical subjects who were PCR positive, the
questionnaire identified 18 individuals who reported a fever, which allowed us to
compare the quantify the dengue viremia in these subjects’ using qPCR. We showed
that the viremia of subclinical subjects with and without fever was comparable, and
that both were similar to symptomatic cases. This suggests that asymptomatic and
subclinical infections are equally likely to transmit as more severe symptomatic cases.
Indeed, we identified an asymptomatic case that formed a sequential pair with a
subsequent symptomatic case (interestingly, most likely infected at their work

daytime address which was near the asymptomatic subject’s home address).

A potential explanation for our inability to detect sequential transmission within a
household appears to be suggested by the PRNT results. It would appear that a
significant amount of HHCs have already been exposed to one or more DENV

serotypes, so would be protected against future infections, especially those of the
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same serotype as the index case. Previous studies have indicated that exposure to
DENV serotypes can produce protective antibodies against other serotypes for many
months and lifelong infection to the same serotype!®>168235 |imiting the potential

spread of the virus especially in highly endemic regions.

When conducting studies to determine exposure routes and locations it is important
to use the correct diagnostic test. The results generated in this study showed that
different diagnostic tests can overestimate inferred exposure clusters among
household members who are positive concurrently. Contact tracing of positive
individuals has traditionally been used to infer transmission clusters, however, as
DENV has a mosquito vector, this is difficult to achieve via this method. Despite 35
pairs being inferred as exposed to the same virus using a DENV antigen test, this
dropped to 7 when further analysis took place investigating serotype and genome
similarity. Although this method also had a higher failure rate, requiring a full-length
genome for both pair members and a serotype results, it shows how phylogenetic
information can radically change the conclusions from more simple diagnostic

approaches inferring transmission.
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Chapter 6 Conclusions and Future Work

In this thesis | have described 3 distinct results chapters with the aim of exploring the
immunological risk factors for severe disease and using generated viral genomic
information to understand how DENV is able to persist in a population and infer

potential transmission routes despite the intermediate insect vector step.

Throughout the genomics work | have tried to explore alternative sequencing
approaches to better generate whole viral DENV genomes from clinical samples. |
covered the detailed methodology behind each approach followed as well as a
preliminary comparison between them in chapter 2, | also explored a novel viral
sequencing approach which could be implemented for future work. While the high
costs associated with sequencing meant that comparison experiments were
impossible, sequences ran on all three systems tried showed that the TE approach

more consistently yielded full-length genome coverage with more even coverage.

In chapter 3 | focussed on characterising the immune responses of the study
population to DENV and whether any virological or immunological risk factors could
be identified which could provide information on the complicated role of previous
DENV exposure and the subsequent risk of more severe disease in a later infection.
The results from these analyses yielded little significant findings with both primary
and post-primary cases being equally as likely to present with disease. Viraemia
profiles appeared to be different between the infection numbers with primary
infections remaining viraemic for longer however the results were not significant and
were most likely an artifact of primary infections presenting earlier, possibly due to
their age. Interestingly, although there was a small but significant difference in
average viraemia between D1 and D4, this had no implication on disease
manifestation, with all 3 commonly found serotypes in this study having similar
prevalence’s of disease. | identified 26 household contacts who were positive for
DENV, and 8 of these were completely asymptomatic with the remainder having sub-

clinical symptoms. Analysis of their viraemia showed no significant difference
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between these sub-clinical individuals and the reporting population, indicating that

they can reach the required viraemia to transmit the disease onto a mosquito vector.

For chapters 4 and 5, NGS was performed on viral RNA isolated from DENV positive
individuals who were enrolled in the study with full-length genomic data generated.
| applied a variety of phylogenetic and epidemiological techniques to this data to
investigate how long various sub-clades of the virus are able to persist in a population
and to reconstruct putative transmission pairs. Chapter 4 focussed on applying these
phylogenetic techniques to calculate estimated importation dates from the amount
of viral diversity found in the identified clades, even though the vast majority of
samples used in these metrics were from presenting cases, therefore excluding the
large number of sub-symptomatic individuals who would have further contributed to
the diversity, | still estimated prevalence times of over 10 years for two of the
circulating clades. This indicates both a failure of control measures to eradicate them
over the 10-year timespan, and the difficulty of a newly introduced clade to replace

those which are already established.

In chapter 5, generated genomic data was used to attempt to infer transmission
between enrolled participants despite the ability of the mosquito vector to transmit
the virus to untraceable individuals. | developed a workflow which combined viral
genomic similarity with biological information from the lifecycle of DENV within
humans and mosquito vectors. Using this workflow, | investigated whether
individuals were likely being exposed at their reported most frequent daytime
location or at their households. Using the shortest possible distance between
putative transmission pairs, | identified both inter-household and daytime address
transmissions and exposures, as well a combination of the two. | identified a
sequential transmission from a sub-clinical individual to a reporting index case
supplying evidence that individuals who have none to mild symptoms are involved in

the disease transmission in endemic areas.
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6.1 Immunological and viral risk factors for DENV disease outcome

Identifying immunological risk factors for severe DENV infection can help prioritise
palliative treatment, or targeted treatments should they become available, towards
those most at need. Many endemic populations can experience very high case
numbers during peak outbreak years which can stretch medical facilities despite the

low mortality and hospitalisation rate of the virus.

DENV has the potential to infect a wide age range of individuals and the 4 serotypes
mean that people can be infected multiple times, showing different symptoms with
each subsequent infection. Post-primary infections have been regarded as having the
potential to cause more severe DENV infection'®3, however the mechanisms and
causes behind this observation are unclear. The phenomenon ADE is implicated with
causing increased viral infection of immune cells which would normally clear the
virus, there are conflicting studies as to whether this additionally leads to increased
viraemia or a change in the infection time course when compared to a primary
infection2066.236_ The results generated in this study show no significance in previous
infection status on disease outcome, with equal proportions of primary and post-
primary infections within the reporting population presenting with disease. However,
there were very few cases of severe disease in this study, making estimates of this
outcome very difficult. As discussed previously this does not take into account
whether either primary or post-primary infections contained more asymptomatic
individuals who did not report or whether the younger age category of primary
infections meant that they were more likely to report despite having milder

symptoms.

Different DENV serotypes and within these, sub-genotypes, have been associated
with differences in disease outcomes®*1%7.216 |dentifying viruses associated with
more severe disease could be an opportunity for a screening process to identify those
who are most at risk of severe disease. Despite these previous studies suggesting
some differences in disease outcome between different viruses, the only significant

difference | observed was that people with D1 infections were slightly more likely to
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report with symptoms than those with D4 infections, which does support some other
studies which have suggested that D4 infections can be milder. Evidence discussed in
Chapter 4 implies that the viral population within the study area was stable, with few
observed introductions and that some of the strains in circulation had been there for
over a decade. The only introduced strain which was identified to have spread
significantly in the population was the Cosmopolitan genotype of serotype D2. This
strain has not been associated with significantly more disease??’ but has been found
to be able to establish itself in countries such as Taiwan and China were the virus has
only ever been shown to be seasonally introduced previously?3. Interestingly, | only
detected 2 D3 serotypes, this could be a result of it being less pathogenic so fewer
individuals reported with infection, or a lack of the virus being present in the
population. Serotyping evidence from the PRNT assay undertaken on a subset of the
samples found no individuals with only D3 reactive antibodies and among individuals
with difficult to call serotype immunity due high cross-reactivity and repeat exposure,
titres to D3 were very low, further suggesting limited exposure in the general
population. Indeed, another study in a similar geographical area and time have shown

a low prevalence of D3 so it is more likely the latter?®.

Asymptomatic and sub-clinical infections are modelled to be the most common
categories of infection®? but are the least studied owing to the difficulty in capturing
asymptomatic but viraemic individuals. In this study | managed to identify 26 sub-
clinical household contacts of presenting index cases. Of these, 18 had mild
symptoms and 8 were completely asymptomatic. That these sub-clinical individuals
were sufficiently viraemic to permit onward transmission of DENV is
contraversial®>162.166,172,174 ‘However, our data showed similar viremia levels between
both groups, and despite the low number of cases in the sub-clinical group, the viral

kinetics was very similar.
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6.2 Identifying pathogen persistence in populations using phylogenetic

techniques

Determining how long a virus is able to remain in a population, as opposed to being
regularly reintroduced, is essential for adapting control strategies evaluating their
success. In chapter 4 genomic data of DENV samples in an endemic urban population
estimated that most of the viral strains had been in circulation for years before the
study was started and some may have been in the population for up to 10 years.
Using genomic data in this way to estimate persistence time in a population can be
applied to other pathogens which can cause seasonal outbreaks of disease and whose
continued maintenance throughout the year is unknown. This method is beneficial
over others such as genotyping with gPCR or serotyping as it takes into account the

multiple lineages that can be present in a population?4°,

Although phylogenetic inference of viral diversity is useful for identifying the likely
persistence of endemic strains'#290241 there are limitations to this inference which
are primarily impacted by the sampling of the virus. For example, the mosquito vector
is a key source of viral diversity which has not been sampled during this study.
Additionally the mosquito provides a mechanism for the virus to persist in a
population for longer than would be possible with only humans as hosts owing to the
lifespan of the mosquito being longer than the time humans are viraemic (up to 30
days against 10 days??%242), This could impact the calculated diversity which has been
inferred using only human isolated viruses. Future studies could aim to sample the

mosquito virus to determine how much it contributed to the overall diversity.

An additional sampling limitation associated with this method was a result of the
majority of DENV cases do not present at a health facility, so the full pathogen
population diversity was not captured. However, through sampling sub-clinical
contacts of index cases, we attempted to mitigate this, although only 26/511
sequences were from such individuals. As discussed previously, this lack of fully
captured diversity will likely only cause an underestimation of the likely time of

introduction so for some of the clades identified in the population, their prevalence
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could be over 10 years. Future work could attempt to sample more of these
asymptomatic individuals to assess the impact of this sub-sampling on the overall

diversity.

The phylogenetic techniques used in this study can be readily applied to other
pathogens for which there are better control measures, for example malaria and
SARS-COVID-19, where active control strategies through vector control, treatment or
vaccination can be assessed. Any changes in the sampled diversity and any evidence
of new clade importations from generated global phylogenetic trees would be more

useful metrics than case numbers alone.

6.3 Using NGS to investigate pathogen dynamics during an outbreak

Determining exposure routes and locations is important for many infectious agents
for understanding risk factors for acquiring the disease and how it transmits through
a population, which can have implications for control. During this study | have
investigated viral transmission using a variety of means including NGS of patient
viruses. | have shown that NGS has the potential to allow us to more accurately
determine both exposure locations and potentially identify transmission routes of a

vector-borne pathogen around a population.

Serological and non-specific testing for DENV were shown to be more unreliable than
genomic techniques for inferring transmission. This is likely due to the impact of the
vector spreading the virus further than with other infections, such as those
transmitted by respiratory route. These traditional tests however have an important
role in quickly and easily diagnosing DENV infections which is vital in endemic areas

where case numbers can be extremely high.

Mapping the cases over time based upon household locations showed that the
pathogen was rapidly disseminated around the study area which would limit the

effectiveness of control strategies which are focussed on household locations. |
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showed that in order to investigate the dispersal patterns of DENV, daytime locations
must be included. Factoring in human movement explains how DENV is able to spread
so quickly around the population, it is able to travel far further than would be possible
with just the mosquito vector alone. This is likely a result of the day-biting habits of
the vector, it would be interesting therefore to compare the dispersal patterns
between a disease spread by a night-biting mosquito, where daytime human
movement would in theory have reduced impact, and DENV where we see rapid

spread around the population during peak season.

NGS enabled me to reconstruct putative transmission pathways of the virus around
the population, as part of this | was able to identify likely exposure location. This was
only using two given locations of individuals sampled, ideally future studies could use
tracking data or more detailed responses to determine whether putative
transmission pairs ever came into flight range of a mosquito between their disease
periods. This would help to validate the identified pairs and any potential hotspots
which could be targeted for vector control. The NGS data was critical in determining
true exposures among household members who were positive at the same time and
without this data household exposure would be overestimated. This shows how
constructing phylogenetic trees using NGS data has real world implications for
identifying exposure locations. Indeed from this data | was able to identify daytime
locations as being more significantly involved in transmission than was anticipated,
other studies have postulated that household locations are likely the most significant
exposure route for DENV in an endemic urban environment!62173,243,234 therefore
have suggested vector control measures should be prioritised into heavily residential
areas. However, the NGS data from this preliminary study showed that household
members who were positive at the same time were more likely to have been exposed

to different viruses than from the same source.

Although sub-clinical infections are hypothesised to make up the majority of the
infections®°2, this study highlights the difficulty in capturing those infections. In order
to reconstruct sequential transmissions using NGS data, virus was required to be

isolated from both the index case and their household contact at the second visit 30
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days later. Unfortunately, none of these second visits yielded virus which could be
sequenced. Future studies could look at either encouraging household members to
visit a health facility if they encountered any symptoms of DENV at all, even very mild,
or sample them more frequently within a 30-45 day period. This highlights that at the
moment capturing sequential DENV infections, especially those involving sub-clinical
individuals, with NGS techniques is challenging. Despite this, | was successful in
identifying one putative sequential transmission from a sub-clinical individual (who
had no symptoms at all) to an individual who presented at a clinic within the time
window for a sequential transmission. Inferring transmission from NGS data in
combination with case information remains difficult for many pathogen causing
clinical infections3!, however the relatively high mutation rate of DENV and the high

205 which is a

time between cases gives time for mutations between cases to develop
major limitation with some diseases. This meant that the software that | used to call
likely transmission events could reconstruct transmission pairs with biologically

plausible timeframes.
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