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ABSTRACT

Dengue virus has been circulating in a hyperendemic pattern in Brazil for
decades and the introduction of Zika virus, a closely related member of the flavivirus
genus, into the Americas has complicated this situation. Zika virus has only recently
begun to be viewed as a pathogen of significant concern. A dramatic increase in the
incidence of microcephaly in Northeastern Brazil was reported in late 2015, coinciding
with a large increase in ZIKV infection. This unique pattern of microcephaly and other
disabilities linked to infection with the Zika virus during pregnancy is known as
Congenital Zika Syndrome (CZS). The pathogenesis driving this phenomenon is
unknown, however, due to the similarities between Zika and dengue viruses, it is
theorized that dengue virus-mediated immune enhancement in mothers may be a risk
factor for the development of CZS in infants. As such, it is important to further study the
immune profiles of pregnant women infected with dengue and Zika viruses. Our
research analyzes the antibody response to dengue and Zika viruses among pregnant
women during the 2015-16 Zika outbreak in Salvador, Brazil, and characterizes cross-
reactive antibodies between dengue (DENV) and Zika (ZIKV). This study provides the
unique ability to study the background levels of dengue virus immunity in pregnant
women in Northeast Brazil at the time of the ZIKV epidemic. Much is unknown about the
effect of prior dengue infection and its ability to confer protection or risk of enhancement
of Zika virus infection, especially during pregnancy. We aim to better understand this
relationship and how it correlates to protection, with the long-term goal of facilitating the

development of safe and effective DENV and ZIKV vaccines.
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Chapter 1: Introduction



Genome and virion structure

Dengue and Zika viruses are members of the Flavivirus genus, in the family
Flaviviridae. Dengue virus refers to a group of four serotypes (DENV-1 to DENV-4) that
are genetically and antigenically related. There are over 70 viruses in the Flavivirus
genus, grouped by their mode of transmission: mosquito-borne flaviviruses (MBFVs),
tick-borne flaviviruses (TBFVs), and flaviviruses with no known vector (NKV). Mosquito-
borne flaviviruses are further divided into two clades: those associated with Culex
mosquitoes, and those spread by Aedes mosquitoes. Dengue and Zika belong to the
latter.'-3

Flaviviruses share a common structure, as shown by the cryo-EM of purified
virions.*” Dengue and Zika are relatively small (~50 nm), spherical, positive-sense,
single-stranded RNA viruses with a genome that is approximately 11,000 bases in
length. The viral genome encodes a single open reading frame that is translated as a
long polyprotein and then cleaved by host and viral proteases to generate three
structural and seven nonstructural proteins (Fig.1). The structural proteins (capsid,
membrane, and envelope) make up the structure of the virion, while the nonstructural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are involved in viral
replication and assembly, and immune evasion.38-14

In the core of the virion, underneath the viral envelope, lies the nucleocapsid, a
structure made up of capsid (C) proteins and the viral genome.'® The outermost layer of
the virion is made up of a viral envelope studded with two proteins, envelope (E) and

membrane (M), which form a protective layer that controls viral entry into human cells.
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The envelope (E) glycoprotein is the major surface component of both the
dengue and Zika virion. It is involved in receptor binding and membrane fusion during
virus entry and is the main target of neutralizing antibodies.?® The E protein is highly
conserved among flaviviruses, the four DENV serotypes share a sequence homology of
up to 70%, and the DENV serocomplex shares a nucleotide sequence homology of 54-
58% with the Zika virus.'-'7 It contains three domains (DI, DII, and DIII), with multiple
epitopes in each domain. Antibodies to these epitopes display varying degrees of cross-
reactivity across to other flaviviruses. The fusion loop (FL), at the tip of DI, is the most
conserved structural element among E proteins for all flaviviruses and is involved in the
broad antibody cross-reactivity observed between viruses and is an antigenic site that
contributes to the antibody-mediated enhancement of infection.%:18

Membrane protein (M), another flavivirus surface protein, is formed by cleavage
of the precursor prM protein during viral maturation. PrM is present in immature
particles (Fig.2) but is cleaved to form “pr” peptide and M protein by host cell furin
during transit through the Golgi.2%1%.16.1® The prM protein assists with the folding and
assembly of the E protein.'#1%-20 Cleavage of this protein is inefficient and the virus can
be present as mature, partially mature, or immature virions.®'%2" The final structural
protein is the capsid protein (C), which is essential for nucleocapsid formation and acts
as an RNA chaperone to assist with the nucleic acid arrangement. The primary role of
the capsid is to package the viral genome and release the genome during infection.??
Capsid is one of the least conserved proteins among flaviviruses.?®

Nonstructural protein 1 (NS1) is another highly conserved protein among

flaviviruses and plays an important role in both protection and pathogenesis.?#?5 NS1 is
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found as a cell membrane-bound form, on the cell surface, and as a soluble secreted
hexamer. NS1, along with the precursor membrane (PrM) and envelope (E) proteins,
are the principal targets of antibody response to dengue virus infections.? Studies have
found that a higher concentration of NS1 directly correlates with increased viremia and
disease severity.?6 NS1 is an important diagnostic marker and potential vaccine
candidate. The other nonstructural proteins (NS2A, NS2B, NS3, NS4A, NS4B, and
NS5) are involved in various enzymatic activities, immune evasion, and assist with viral

replication.?®
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Figure 1: Flavivirus genome showing structural and nonstructural proteins.?’
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Figure 2: Structure of mature and immature flavivirus particles.'® (A)
Representation of immature (left) and mature (right) flavivirus virion. (B) Cryo-EM
structure of immature dengue virus. (C) Cryo-EM structure of mature dengue virus
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Replication

The flavivirus replication cycle begins with virus attachment to the host cell via
interactions with various receptors on the cell surface. Several cell-surface receptors
have been indicated for DENV entry, including heparan sulfate?®, DC-SIGN?2%:30,

CD143" Mannose receptor?, TIM-133 | AXL33, and others34. For ZIKV, the receptors DC-
SIGN and AXL3536 appear to be the major attachment factors, however a recent
publication showed that NCAM1 may be an important receptor for entry into nerve
cells®”. DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3 grabbing non-
integrin) is an important factor for many flaviviruses as it is expressed on macrophages
and dendritic cells, which are primary targets during infection.'229-30.38 Following
attachment, virions enter the cell primarily via clathrin-mediated endocytosis.0:34:3940 |n
the endosome, acidification triggers a conformational change in the viral E protein that
results in fusion between the viral envelope and the endosomal membrane and
ultimately the release of the viral genome into the host-cell cytoplasm.®34 The positive-
sense RNA genome is translated into a single polyprotein that is then cleaved by viral
and host proteases into the three structural and seven nonstructural proteins. Genome
replication occurs and virus assembly takes place in the lumen of the rough
endoplasmic reticulum (ER). The immature virions are then transported through the
trans-Golgi network (TGN) where the host protease furin cleaves prM into M, resulting
in mature, infectious particles. The resulting virions are released from the cell via

exocytosis.® 10143439 This process is summarized in Fig.3.
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Figure 3: Dengue Virus Replication Cycle'* Image showing steps of viral replication
from initial infection to production of mature virions.

Phylogeny

The Flavivirus genus contains approximately 70 viruses, many of which are

associated with emerging and re-emerging human diseases. This genus can be divided

into three groups based on the mode transmission: mosquito-borne flaviviruses

(MBFVs), tick-borne flaviviruses (TBFVs), and those with no known vector (NKV). We

will focus on mosquito-borne flaviviruses. MBFVs can further be broken down into two

clades: those spread by Aedes mosquitoes and those spread by Culex mosquitoes.?
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Flaviviruses are then further divided into serocomplexes based on their antigenic
properties and ability to cross-neutralize by polyclonal sera. Cross-neutralization largely
correlated with amino acid sequence of the E protein, which can vary by up to 60%
between viruses within the genus.’34'42 Cross-neutralization with polyclonal sera
usually is lost when there is greater than 50% divergence in the amino acid sequence
homology of the E protein between different flaviviruses.'® The DENV serocomplex and
Zika virus share approximately 55% sequence homology of the E protein, allowing for
extensive cross-reactivity.*3

The dengue viruses are in their own serocomplex, encompassing all four
serotypes - DENV1, DENV2, DENV3, and DENV4. There are several different
genotypes and lineages within each DENV serotype.'! Zika virus is most closely related
to the rarely discussed Spondweni virus, together they form the Spondweni
serocomplex, which is more closely related to DENV than to the other mosquito-borne
flaviviruses, as shown in Fig.4.'° Zika virus exists as one serotype with two distinct
lineages, the African lineage and the Asian linage that appear to have diverged in the
1940s.4446 Phylogenetic studies have shown that the virus involved in the ZIKV
epidemic in Yap Island was from the Asian lineage.*” The French Polynesia ZIKV
outbreak was also caused by the Asian lineage Zika virus. Ultimately, a virus
descended from this French Polynesian ZIKV was the virus that caused the largest Zika
virus epidemic to date, in the Americas. Phylogenetic analyses indicated that this virus
arrived from French Polynesia to Brazil between May and December 2013, more than a

full year before the circulation of the virus was discovered.*®
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While human infections with the African or Asian Zika virus lineage typically
cause similar clinical presentations, severe manifestations such as GBS or CZS have
only been reported following infection with the Asian lineage.*>%° It is still unknown
whether this is a result of mutations resulting in greater virulence in this strain of ZIKV, a
function of incidence — with the outbreak in the Americas being large enough to capture
rare events or a result of a unique immunological profile and cross-reactivity to
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Figure 4: Phylogeny of select flaviviruses. Based on the percent amino acid
sequence divergence of E proteins.'®
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Dengue Virus Epidemiology

Already known as the most prevalent mosquito-borne viral infection worldwide,
the geographical range of the dengue virus is expanding even further in tropical and
subtropical regions of the globe as a result of climate change, urbanization, and the
movement of people and goods. The number of human infections has increased 30-fold
since the 1960s, with current estimates of 390 million infections annually.5?

Major dengue epidemics have been reported as far back as the 1700s, with
reports of clinically compatible illness outbreaks dating back over one thousand
years.? Between the 1700s and early 1900s, dengue virus was the cause of large but
infrequent epidemics throughout the tropics and eventually became endemic in many
cities across the globe (Fig. 5C).%%* Prior to 1970, only 9 countries had experienced
severe dengue epidemics, but in the past 50 years dengue has expanded rapidly.
Dengue is endemic in more than 100 countries in Africa, the Americas, the Eastern
Mediterranean, South-East Asia, and the Western Pacific and 128 countries are
considered at risk for a dengue outbreak. Globally, 3.9 billion people - nearly half of the
world’s population, are at risk of dengue infection.%5-%°

While dengue incidence rates are increasing in many tropical and subtropical
regions of the world, the Americas have seen a dramatic increase of cases during the
last decades.®%6061 |n the 1980s, 1 million dengue cases were reported in the Americas;
between the years 2000 and 2007, the case count was 4.7 million from the same

region.>* Historically, dengue in the Americas can be classified as four distinct phases:

(1) Introduction of dengue in the Americas (1600-1946); (2) Plan for the eradication of
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the Aedes aegypti (1947-1970); (3) Aedes aegypti reinfestation (1971-2000); (4)
Increased dispersion of Aedes aegypti and dengue virus circulation (2001-2010).6°

In dengue endemic areas, it is typical for all four serotypes to co-circulate or to
cyclically replace each other, meaning that multiple, sequential infections are common.
Following a primary DENV infection, an individual develops lifelong immunity to the
infecting serotype, but only transient immunity to the other dengue serotypes.62:63
Dengue in the Americas has an endemoepidemic pattern with outbreaks occurring
every three to five years, with increasing frequency and size.%%° Dengue
hyperendemicity, characterized by the circulation of more than one serotype, has been
reported in nearly every country in South America.*®

The first report of a dengue-like iliness epidemic in Brazil dates back to 1845,
and today Brazil accounts for more than half of the dengue cases in the Americas.*®
Brazil has been experiencing hyperendemic patterns of dengue infection, characterized
by the circulation of all four serotypes (DENV1-4) since 2010.5464-66 Hyperendemicity
leads to increased numbers of severe and fatal cases, for reasons that will be discussed
later. In Brazil, the highest dengue incidence and fatality are reported in the Southeast,
followed by the Northeast region, including the state of Bahia.®* Infections circulate all
year round, with regional differences in serotypes reported. Owing to the large size of
the country, when there is an outbreak of one serotype, it often remains regional,

leading to multiple serotypes circulating simultaneously in different areas of Brazil.>®
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Zika Virus Epidemiology

Unlike dengue’s centuries-long history, Zika virus is a much newer public health
threat. Zika virus was first isolated in 1947 in samples from a rhesus monkey in the Zika
Forest in Uganda. The second isolation of the virus was from a pool of Aedes africanus
mosquitoes collected from the same forest.%” In 1952, the first evidence of human
infection was discovered in a serological study in Uganda but the virus was not isolated
from humans until 1954, during an epidemic of jaundice in Nigeria.®¢%° For the next 50
years, Zika virus circulated quietly in Africa and Asia, without much evidence of disease.
Although the virus was repeatedly isolated from mosquitoes, only 14 human cases were
reported prior to 2007.4650

In 2007, physicians on the island of Yap in the Federated States of Micronesia
reported an outbreak of an illness involving symptoms of fever, rash, conjunctivitis, and
arthralgia. Serum samples were sent to the CDC and the causative agent was identified
as Zika virus. By the end of the outbreak, 73% of the island’s residents over the age of 3
years had serological evidence of infection. This outbreak was the first evidence of
transmission of Zika virus outside of Africa or Asia, as well as the first Zika epidemic
reported.”® This groundbreaking epidemic was followed by an even larger outbreak in
French Polynesia in 2013-2014 that included 30,000 cases — an estimate which is likely
far lower than the true number due to the highly asymptomatic nature of infections.”* A
retrospective serosurvey suggested an infection rate of 66%.°° The French Polynesia
epidemic was the first time that Zika virus was posited to cause neurological sequelae.
There were 42 cases of Guillain-Barré syndrome (GBS) reported from November 2013

to February 2014, compared with 3 cases reported in the entirety of the year 2012.72

19



Although not noted at the time of the outbreak, retrospective analysis suggested an
increase in microcephaly cases.”

Following the epidemics in Yap and French Polynesia, Zika virus spread
throughout the South Pacific causing smaller outbreaks in New Caledonia, the Cook
Islands, Easter Island, Vanuatu, the Solomon Islands, Samoa, and Fiji (Fig. 5A).4*
Clusters of acute exanthematous illness began being reported in late 2014 in the
Americas and in March 2015, Zika was identified as the cause of this iliness in Bahia,
Brazil.”* Epidemiologic evidence indicated that the outbreak began in Salvador, Bahia,
and Brazil and rapidly spread throughout the country. By December 2015, the Brazil
Ministry of Health estimated that 1.3 million suspected cases had occurred since the
start of the epidemic.” In 2015, the United States began to see Zika virus cases in
travelers returning from Central and South America along with sexual transmission of
Zika virus.”®77 In 2016, local transmission of Zika virus was reported in Florida and later
in Texas.497879

The introduction of the virus into the Americas was soon followed by the
detection of fetal neurological disorders, termed congenital Zika syndrome (CZS)
associated with maternal ZIKV infection, with a peak in microcephaly cases occurring in
October 2015.8° By 2017, ZIKV was detected in 47 American countries and territories.?’
Following this epidemic, Brazil reported over 350,000 suspected or confirmed ZIKV
cases, as well as 2775 cases of CZS, the highest number reported globally.®? Northeast
Brazil is described as the epicenter of the ZIKV outbreak, with high numbers of cases in
this region and evidence to support that ZIKV was first established here and spread

outward throughout Brazil and the rest of the Americas.®® The Northeastern Brazilian
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city of Salvador experience rapid spread and was among the most affected regions
during the 2015-2016 Zika epidemic in the Americas, with infection rates exceeding
60%.84 As for the current picture, 2021 PAHO data shows ongoing low-level
transmission of the Zika virus in the Americas, with 6,012 cases, 85% of which are

reported in Brazil.

Increasing risk of arboviral infections

Dengue is considered the most widely distributed and rapidly spreading arboviral
disease in the world, following its re-emergence in the 1980s. Meanwhile, the global
threat of Zika remains uncertain, as information pertaining to its spread and
pathogenesis continues to evolve.** Zika has only begun to be viewed as a public health
threat in the past 15 or so years, after causing epidemics linked to neurological
disorders and birth defects. Both viruses, spread by the same vector — Aedes sp.
mosquitoes (Fig. 5B), have a major impact on global public health that is predicted to
increase over time. Potential exists for the re-emergence of ZIKV in all places with prior
reports of transmission of this virus, indicating that Zika is likely to have significant
public health consequences across Latin America and the Caribbean in years to
come.?%88 Reported dengue cases have increased 8-fold globally in the past two
decades, from 505,430 cases in 2000 to 5.2 million in 2019.58 These increases are due
to a number of factors, including the change in reporting practices and the increasing
ability to detect cases in developing countries. While the increased case detection is a
positive reason for the increased case counts, we must also acknowledge the

increasing global risk due to a number of vector and human factors.
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Arboviral diseases, such as dengue and Zika, involve a complex relationship
between human, mosquito, and virus factors — any of these can contribute to an
increase in the spread of disease. As such, there are a number of factors that have
been proposed for the increasing incidence of dengue and Zika cases globally. The
world’s population is expanding rapidly leading to increased urbanization, often leading
to substandard housing and crowded conditions, which may lead to increased risk of
mosquito exposure. Rapid urbanization often leads to the inability of water and waste
systems to keep up with demand, leading to an increase in mosquito breeding sites.
Dengue and Zika are often described as diseases of poverty because of their
association with low GDP, poor household construction, and increased population
density.87-8 Additionally, civilizations are spreading into areas that disturb the natural
ecosystem, leaving populations at risk for spillover of pathogens from the sylvatic cycle
of transmission. Not only is the population expanding, but it is also getting more mobile.
It is cheaper and easier than ever to travel internationally, leading to an increased
movement of people and goods. This can lead to the direct introduction of infected
mosquitoes into new environments, as well as the introduction of infected individuals
who may be bitted by suitable mosquito vectors, leading to an outbreak. There has also
been a lack of effective mosquito control and the use of ineffective spraying. Aedes
mosquitoes are day-biters, so bed nets are not as effective for dengue and Zika virus as
they are against pathogens spread by night-biting mosquitoes. There is also a lack of
public health infrastructure in many places, making it difficult to detect and stop the
spread of diseases early on.%%98.90 Climate change is another factor that can contribute

to the increased spread of a number of arboviruses as a result of expansion of mosquito
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vector geographical range, increased vector competency, lengthened breeding season,
and increased survivability.5%5%°1 Currently, climate change is regarded as one of the

major factors enhancing the transmission intensity of dengue fever, with estimates citing
that nearly 1 billion additional people over the next century will become at risk of viruses

transmitted by Aedes aegypti and Aedes albopictus.®%°’

DENV/ZIKV/CHIKV Cocirculation

Many arboviruses are endemic to Brazil, including the four DENV serotypes,
yellow fever virus, Mayaro virus, and Oropouche virus, among others.>° The 2015 Zika
virus epidemic in Brazil was complicated by the re-emergence of dengue in Brazil and
the recent introduction of Chikungunya into the country (Fig. 6). This led to an
unprecedented situation in which three arboviruses that are spread by the same vector
(Aedes aegypti) were circulating at a high incidence at the same time. There was a high
burden on healthcare services and a surge in morbidity due to these three viruses, as
well as challenges in clinically differentiating these three infections.56.74.92.93

Chikungunya is not a flavivirus like dengue and Zika, but rather a member of the
genus Alphavirus and family Togaviridae; it has a capsid, a phospholipid envelope, and
a single-stranded RNA genome. The Alphavirus group contains 28 known viruses
including o’nyongnyong, Ross River and Mayaro.®* These viruses overlap in the
epidemiological risk factors associated with infection, due to the fact that they are
spread by the same vector.®® There is also overlap in their signs and symptoms, as

further described in the clinical section of this paper.
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Dengue Clinical Overview

Dengue infection in humans is asymptomatic in roughly 80% of cases and is
globally established in both endemic and epidemic transmission cycles.>?% The four
serotypes of dengue virus (DENV1-4) are capable of causing the same spectrum of
disease, ranging from asymptomatic to classical dengue fever to more severe
presentations such as dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS).%97 The average incubation period is 4-7 days, with a range of 3 to 14 days.

For those that do show symptoms of dengue, classical dengue fever is the most
common clinical syndrome. Three phases of dengue fever (DF) have been described:
febrile, critical, and recovery.'® The febrile phase of DF is characterized by fever,
headache, retro-orbital pain, myalgia, rash, and lymphadenopathy.®”-%¢ Minor
hemorrhagic manifestations, such as petechiae and nosebleeds may occur during this
stage.®® Typically, symptoms of the febrile phase resolve in less than a week without
complication.? Following the febrile phase, approximately 5% of patients will progress to
the critical phase.

The critical phase occurs after the virus is cleared from the bloodstream and the
fever resolves. Lasting 1-2 days, this stage is characterized by increased vascular
permeability, thrombocytopenia, loss of plasma volume, and risk of hemorrhage.
Possible complications include pleural effusion, disseminated intravascular coagulation,
shock, and organ damage. If untreated, mortality can be as high as 20-30%, however,
symptom management and fluid replacement can reduce mortality to 1%.76:54.959° For
those who survive the critical phase, the recovery phase follows. Persistent symptoms

such as arthralgia, fatigue, and headache have been reported in dengue patients up to
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two years after illness.'%1%! Severe dengue was first recognized in the 1950s during
dengue epidemics in the Philippines and Thailand. Today, severe dengue is most
commonly seen in Asian and Latin American countries and is a leading cause of
hospitalization and death among residents in these regions.%®

Dengue fever, typically seen in its mild febrile form, is a nonspecific illness that
may be confused with a number of other illnesses that cause fever, aches, and rash.
Symptoms overlap with other mosquito-borne viruses, such as Zika and chikungunya,
making clinical diagnosis difficult. Because mortality can be greatly reduced with early
diagnosis and appropriate clinical management, accurate diagnosis using laboratory

methods is critical.?6:99

Dengue Pathogenesis

Dengue is spread via the bite of infected Aedes species mosquitoes. All four
dengue virus serotypes cause the same clinical manifestations and show similar
patterns of systemic dissemination.'9%193 The virus is injected into the bloodstream and
infects the surrounding epidermis and dermis, where it is infects epidermal dendritic
cells, called Langerhans cells, and keratinocytes.'%41%5 |nfected cells then migrate to the
lymph nodes where macrophages and monocytes are recruited, ultimately becoming
the target of infection. Dengue virus amplifies in these cells and the virus is
disseminated through the lymphatic system.'% While the mononuclear phagocytic
lineage of cells (monocytes, macrophages, and dendritic cells) are the primary targets
for DENV, a number of other cells have been found to be infected during in vitro

experiments and human autopsy.'?” These include endothelial cells, hepatocytes, and
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mononuclear phagocytic cells in the spleen, lymph nodes, lungs, liver, kidney, and
stomach; indicating that three organ systems play an important role in the pathogenesis
of the dengue virus: the immune system, the liver, and endothelial cell linings of blood
vessels,106.108

The pathogenesis of dengue and the development of DHF/DSS is a complex
topic that remains to be fully elucidated. There are a number of risk factors that have
been implicated in the development of severe disease including age, viral serotype and
genotype, genetic background of infected individual, and presence of pre-existing
conditions, although secondary heterologous infection is the largest risk factor by
far.9.107.109.110 Epjdemiological observations have found the risk of DHF to be up to 80
times higher in secondary dengue infection and that up to 99% of DHF cases have
heterotypic antibodies to the dengue serotype causing the DHF 109111

Initial infection with a serotype of dengue (primary infection) is often
asymptomatic or causes a mild case of dengue fever. This infection confers lifetime
protection to the homologous serotype and transient immunity to heterologous
serotypes.®97112.113 Although primary infections can cause severe disease in a small
percentage of individuals, most cases of DHF/DSS occur when infected with a
secondary heterologous serotype. Of note, many of the severe cases of primary
infection are seen in infants born to DENV-immune mothers. It is believed that this is a
result of non-neutralizing dengue-specific antibodies that are transferred
transplacentally to infants.''4115 The severe presentation associated with secondary
dengue infection and the heightened risk of DHF/DSS in infants born to dengue-immune

mothers are often cited as evidence for antibody-dependent enhancement
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Antibody-Dependent Enhancement (ADE)

With dengue viruses, the phenomenon of antibody-dependent enhancement
(ADE) has been discussed for decades, owing to the fact that heterotypic secondary
DENYV infection has been shown to be the greatest risk factor for severe disease
outcomes, such as dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS)."5 It is theorized that antibodies generated to the primary infecting serotype will
not be of sufficient concentration or avidity to neutralize a secondary infecting serotype,
but rather, at a certain concentration, they will enhance disease. This disease
enhancement occurs as a result of Fc receptor-mediated endocytosis of the virus into
monocytes and macrophages, which are the principal site of DENV replication, thus
driving higher viral loads. ADE has been demonstrated in vitro and in mouse models,
but the evidence in nonhuman primates and in humans is mixed.''-""® Recent evidence
in @ human cohort study has shown that the risk of enhancement is highest within a
narrow range of preexisting anti-DENV antibody titers.'?° Given the relatedness
between DENV and ZIKV, and the high cross-reactivity demonstrated in serological
assays, ADE between DENV and ZIKV and potential for altered disease pathogenesis

require further investigation.

Zika Clinical Overview

Zika virus was thought to be an asymptomatic or mildly symptomatic infection in

the decades following its discovery.'?! It's been reported that up to 80% of Zika virus
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infections are asymptomatic.'?? For the remaining ~20%, ZIKV infection causes a mild
clinical illness similar to dengue and chikungunya, with rash, fever, arthralgia, and
conjunctivitis as the major symptoms. The self-limiting iliness typically lasts 4-7
days.5070.75,123

Compared with dengue, patients with Zika presented more frequently with
conjunctivitis and rash. Additionally, dengue symptoms tend to be more severe and
longer lasting than with Zika infection. However, there is substantial overlap and
symptoms alone cannot distinguish these diseases.'?*

In the past couple of years, following large Zika epidemics in the Pacific and the
Americas, more severe neurological complications have been linked to ZIKV-infections.
During the 2013-2014 ZIKV outbreak in French Polynesia, there was an increase in
reported cases of Guillain-Barré syndrome (GBS), an autoimmune disease causing
weakness and paralysis. '?° Between October 2013 and April 2014, French Polynesia
reported 42 cases of GBS — a 1400% increase from the entire year before, occurring in
only 6 months.** Further research has estimated that the risk of GBS following Zika
virus infection is around 1%."%® Guillain-Barré may be more common in symptomatic
ZIKV cases; during the French Polynesia outbreak, 88% of GBS cases reported
traditional Zika virus symptoms a median of 6 days before Guillain-Barré onset.'?®

The most concerning clinical aspect of ZIKV infection is the sharp increase in
infants born with microcephaly during the 2015-2016 Zika epidemic, concentrated
around northeastern Brazil. The term Congenital Zika Syndrome was coined to describe
the constellation of birth defects seen in infants born to mothers infected with Zika virus

during pregnancy. Microcephaly is the most apparent and well-known form of
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Congenital Zika Syndrome, defined as head circumferences <2 standard deviations
below the mean occipito-frontal circumference for age- and sex-appropriate size.'?’
CZS associated with maternal ZIKV infection, with a peak in microcephaly cases
occurring in October 2015 and by the time the epidemic was over Brazil reported over
350,000 suspected or confirmed ZIKV cases, as well as 2775 cases of CZS, the highest
number reported globally.8?

While microcephaly represents the most severe end of the spectrum, it has been
discovered that there are a number of long-term sequelae of congenital Zika
infection.'?8 Infants born to Zika-infected mothers may present as normal at birth but
later be found to have developmental delays, cerebellar calcifications, ventriculomegaly,
arthrogryposis, abnormal visual function, or seizures.'?® A study in Salvador, Brazil
found that nearly 30% of children with suspected ZIKV infection in utero had evidence of
significant retinal and optic nerve abnormalities.>'-'3° The identification of birth defects in
the years following the Zika epidemic in the Americas indicates that the true number of
CZS cases is likely far higher than those counted by microcephaly alone. While adverse
outcomes have been noted as a result of infection during all three trimesters of
pregnancy, it appears the risk of microcephaly is greatest if infection occurs during the
first trimester.51.131-133 Zika infection is not associated with mortality in its typical course,
fatality has been described in patients with congenital ZIKV infection and post-ZIKV
Guillain-Barré syndrome. 5" ZIKV infection during pregnancy has been associated with
increased rates of spontaneous abortion and stillbirth, although the true extent remains

unknown. 134
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Zika Pathogenesis

Similar to dengue, Zika is typically transmitted by the bite of an infected Aedes
mosquito. The virus is injected into the surrounding epidermis and dermis, where it
infects epidermal dendritic cells. Infected cells then migrate to the lymph nodes where
the virus is amplified, resulting in hematogenous dissemination.®' Sexual transmission
of the Zika virus was first reported in 2011 and contributed to the virus spread during the
epidemic in the Americas, although the extent of which is unknown.'3%136 The
contribution of sexual transmission in an area with active mosquito-borne transmission
is nearly impossible to estimate.*® Zika virus RNA can be detected in blood, urine, and
semen, and infrequently detected in saliva and vaginal secretions.'®” Zika virus appears
to have a broad tissue tropism, infecting monocytes and macrophages, endothelial

cells, various epithelial cells, and a variety of neuronal and placental cells."%

Congenital Zika Syndrome

Maternal ZIKV infection during pregnancy can lead to infection of the fetus,
resulting in CZS or pregnancy loss."3 Much remains to be discovered about the
measures of risk and mechanisms by which CZS is caused. The simplest mechanism
for ZIKV to cause birth defects would be for the virus to cross the placenta and directly
affect the nervous tissue in the fetus. There are numerous studies that have found Zika
virus RNA in various placental and fetal tissues, amniotic fluid and amniotic epithelial
cells, and fetal brain tissue, demonstrating the virus’s ability to cross the placenta.!?8.13%-

142 ZIKV has also been shown to infect and replicate within placental macrophages,
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indicating that these cells may aid in viral dissemination throughout the placenta.'*? It is
also possible that the association of maternal Zika infection and fetal birth defects may
be a result of a phenomenon similar to the antibody-dependent enhancement described
for the dengue virus. It is possible that the sudden occurrence of high rates of
microcephaly in Northeast Brazil was due to the introduction of the Zika virus into a
population with unique patterns of flavivirus immunity, thus modulating the pathogenesis

Of ZlKv_51,139,144

Cross-reactivity between DENV and ZIKV

As discussed in the genome and virion structure section of this review, DENV
and ZIKV are closely related flaviviruses with ~55% sequence homology of the E
protein, which gives a high degree of structural and antigenic similarity.43 The fusion
loop (FL) is the most conserved structural element among E proteins for all flaviviruses
and is involved in the broad antibody cross-reactivity observed between viruses and has
been shown to contribute to antibody-mediated enhancement (ADE) of
infection.10.18:41,118,144-146 \Whjle the cross-reactivity between DENV and ZIKV is known to
pose a diagnostic challenge, its role in disease pathogenesis remains to be
elucidated.'841:51.147 |t is theorized that these similarities are sufficient to drive ADE in a
similar to manner to what was described for heterologous secondary dengue
infections. 044144 Understanding the cross-reactivity of the antibody response to DENV
and ZIKV will give insight into the level of protection, or risk, associated with different

flavivirus serostatuses.

33



Historical Zika outbreaks have been largely localized within dengue-endemic
areas, making the potential for preexisting dengue-induced antibodies to enhance ZIKV
infection a concern. In areas that have been affected by Zika outbreaks, there is also a
risk that Zika immunity could predispose individuals to an enhanced DENV disease
pathology.'#®

Various studies have shown that several potent monoclonal antibodies (mAbs)
derived from DENV patients can neutralize the Zika virus in vitro.''®-118 |t has also been
shown that DENV-immune sera can cross-neutralize ZIKV in vitro. This was mainly
shown to occur in secondary DENV infections, where there is a more robust and cross-
reactive antibody profile, and this ability to cross-neutralize appears to wane over
time.117.118.148 ADE has been demonstrated in vitro and in mice, with several studies
showing that DENV-immune sera enhanced ZIKV replication.'18.119.144.145.149 However,
this same enhancement was not seen in several non-human primate models.'59-152

In terms of human studies, two cohort studies showed that prior DENV infection
(as measured by IgG titer) was associated with a decreased risk of symptomatic
infection.'3.1%* Gordon et al. found that prior DENV infection reduced the risk of
symptomatic ZIKV infection in a pediatric cohort in Nicaragua. Rodriguez-Barraquer et
al. found that in their cohort in Salvador, Brazil, DENV IgG titers were correlated with
protection against ZIKV infection, with a reduction in odds of disease in those who had
the highest DENV titers. Of note, Katzelnick et al. found that prior Zika virus infection
enhanced the risk of severe dengue disease in children in Nicaragua 2-3 years after the

ZIKV epidemic in that region.%®
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In summary, DENV-immune sera can enhance ZIKV replication in vitro and in
mice, but not in non-human primate studies. DENV-immune sera cross-neutralize ZIKV,
but this effect wanes over time. Results in human cohorts are mixed. Two pediatric
cohort studies showed that DENV infection may reduce the risk of symptomatic ZIKV
infection, but a study of the same pediatric cohort in Nicaragua showed that ZIKV
infection may enhance the risk of severe DENV in future infections. Overall, an in-depth
analysis of DENV-ZIKV cross-reactive antibodies in humans and their relationship with

disease outcomes, in particular for pregnant women, is lacking.

Hypothesis and specific aims

Dengue virus has been circulating in a hyperendemic pattern in Brazil for
decades and the introduction of Zika virus, a closely related member of the flavivirus
genus, into the Americas has complicated this situation. Zika virus has only recently
begun to be viewed as a pathogen of significant concern. The dramatic increase in the
incidence of microcephaly in Northeastern Brazil was reported in late 2015, coinciding
with a large increase in ZIKV infection. This unique pattern of microcephaly and other
disabilities linked to infection with the Zika virus during pregnancy is known as
Congenital Zika Syndrome (CZS). The pathogenesis driving this phenomenon is
unknown, however, due to the similarities between Zika and dengue viruses, it is
theorized that dengue virus-mediated immune enhancement in mothers may be a risk
factor for the development of CZS in infants. As such, it is important to further study the

immune profiles of pregnant women infected with dengue and Zika viruses.
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In order to close this gap in research, this study will analyze the antibody
response to dengue and Zika viruses among pregnant women during the 2015-16 Zika
outbreak in Salvador, Brazil, and characterize cross-reactive antibodies between
dengue (DENV) and Zika (ZIKV). Much remains to be explored about this topic,
including the role of background flaviviral immunity in pregnant women and how this
affects the risk of congenital Zika syndrome (CZS) in infants. This study provides the
unique ability to study the background levels of dengue virus immunity in pregnant
women in Northeast Brazil at the time of the epidemic.

The effect of prior dengue infection and its ability to confer protection or risk of
enhancement of Zika virus infection, especially during pregnancy remains to be
elucidated. We aim to better understand this relationship and how it correlates to
protection, with the long-term goal of facilitating the development of safe and effective
DENYV and ZIKV vaccines.

Specific Aim 1: To identify DENV immune status among pregnant women during the

2015-16 Zika outbreak in Salvador, Brazil.

Specific Aim 2: To characterize cross-reactive antibodies between DENV and ZIKV

among pregnant women with different immune statuses.
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Chapter 2: Characterizing the dengue
Immune status among pregnant women

during the 2015-16 Zika epidemic in
Salvador, Brazil.
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Introduction

Dengue virus history in Brazil

The past decades have seen rising dengue incidence rates throughout the
tropical and subtropical regions of the world. 56606 |n particular, the Americas have
seen a dramatic increase in dengue cases, with an increase from 1 million cases during
the 1980s to 4.7 million cases between the years 2000 and 2007.5*

While this increase in cases may partially be attributable to increased
surveillance and improved case reporting systems, it is also certainly due to the
expanding geographical distribution of mosquito vectors, change in serotypes
circulating, and increased population density resulting from urbanization. ' There is a
demonstrated relationship between the increased dispersion of Ae. aegypti and DENV
circulation (2000—-2010) characterized by a marked increase in the number of outbreaks
54,5660 Additional factors that may play a role in the increasing disease burden include
human population expansion, poor household infrastructure, barriers to accessing
health services, and weather and climate changes.'57-"6°

The movement of people is a factor known to influence patterns of disease.'6'-163
In the Americas, a new dengue outbreak during the period 2011-2017 was observed
after a great influx of people to observe four global sporting events: the 2011 Pan-
American Games in Guadalajara, Mexico, and the 2013 Confederations Cup, the 2014
World Cup and the 2016 Olympics, which were held in Brazil. This outbreak was

associated with an increased dengue mortality rate.54164.165
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Dengue cases have historically been concentrated in Southeast Asia, however,
in modern times Brazil has become the country that reports the largest number of cases
in the world.'®® When we look at the past 4 decades, the Americas have reported 23
million dengue cases, with 13.6 million cases occurring in Brazil 54167

In dengue-endemic areas, it is typical for all four serotypes to co-circulate or to
cyclically replace each other, meaning that multiple, sequential infections are common.
Following a primary DENV infection, an individual develops lifelong immunity to the
infecting serotype, but only transient immunity to the other dengue serotypes.62:63
Dengue in the Americas follows an endemoepidemic pattern with outbreaks occurring
every three to five years. These outbreaks are reported to be increasing in both
frequency and size.%%% Dengue hyperendemicity, characterized by the continuous
circulation of multiple serotypes, has been reported in nearly every country in South
America.%® %8 Brazil has been experiencing hyperendemic patterns of dengue infection
since 2010 and the number of cities reporting multiple circulating dengue serotypes is
increasing_54,64—66,169,170

Brazil has a long and complicated history with dengue, with the first report of a
dengue-like illness epidemic in Brazil dating back to 1845.5° In Brazil, the highest
dengue incidence and fatality are reported in the Southeast, followed by the Northeast
region, including the state of Bahia.®* Infections circulate all year round, with regional
differences in serotypes reported. Owing to the large size of the country, an outbreak of
a specific dengue serotype often remains contained within one region. This leads to

multiple serotypes circulating simultaneously in different areas of Brazil.>®
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Introduction of Zika virus to the Americas

Clusters of acute exanthematous illness were reported in late 2014 in the
Americas and in March 2015, Zika was identified as the cause of this illness.”*7
Epidemiologic evidence indicated that the outbreak began in Salvador, Bahia, Brazil
and rapidly spread throughout the country. By December 2015, the Brazil Ministry of
Health estimated that 1.3 million suspected cases had occurred since the start of the
epidemic.”#7% In 2015, the United States began to see travel-associated cases of Zika
virus in those returning from Central and South America as well as cases attributed to
sexual transmission.”877

The introduction of the virus into the Americas was soon followed by the
detection of fetal neurological disorders, termed congenital Zika syndrome (CZS)
associated with maternal ZIKV infection, with a peak in microcephaly cases occurring in
October 2015.8° By 2017, ZIKV was detected in 47 American countries and territories.?’
Following this epidemic, Brazil reported over 350,000 suspected or confirmed ZIKV
cases, as well as 2775 cases of CZS, the highest number reported globally.®? Northeast
Brazil is described as the epicenter of the ZIKV outbreak, with high numbers of cases in
this region and evidence to support that ZIKV was first established here and spread
outward throughout Brazil and the rest of the Americas.®® The Northeastern Brazilian
city of Salvador experienced rapid spread and was among the most affected regions
during the 2015-2016 Zika epidemic in the Americas, with infection rates exceeding
60%.84 As for the current picture, 2021 PAHO data shows ongoing low-level
transmission of the Zika virus in the Americas, with 6,012 cases, 85% of which are

reported in Brazil.

40



Co-circulation of flaviviruses in Brazil

Dengue and Zika viruses have a major impact on global public health that is
predicted to increase over time.'”2-17% Although we do not see the sustained
transmission of the Zika virus at the rates seen in the 2015 outbreak, the potential exists
for the re-emergence of ZIKV in all places with prior reports of transmission of this
virus.85176 This indicates that Zika is likely to have significant public health
consequences across Latin America and the Caribbean in years to come.?%86 As for
dengue, cases reported to the World Health Organization have increased 8-fold globally
in the past two decades, from 505,430 cases in 2000 to 5.2 million in 2019.%8 |t is
believed that this figure represents a gross underreporting of the true number of global
infections due to the fact that up to 75% of cases are asymptomatic, the clinical course
of the disease is similar to a number of other tropical diseases, diagnostic tests lack
sensitivity, and reporting requirements (and adherence to them) vary by country.58.177-180
One estimation puts the global disease burden as high as 390 million infections
annually.5?

Many arboviruses are endemic to Brazil, including the four DENV serotypes,
yellow fever virus, Mayaro virus, Oropouche virus, among others.®0.181.182 The 2015 Zika
virus epidemic in Brazil was complicated by the re-emergence of dengue in Brazil and
the recent introduction of Chikungunya into the country. This led to an unprecedented
situation in which three arboviruses that are spread by the same vector (Aedes aegypti)
were circulating at a high incidence at the same time. There was a high burden on
healthcare services and a surge in morbidity due to these three viruses, as well as

challenges in clinically differentiating these three infections.%6.74.92.93
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The impact of previous dengue infections on the Zika disease process is unknown

The purpose of this study is to understand the dengue immune profile in non-
Zika-infected individuals during the 2015 Zika virus outbreak in Salvador, Bahia, Brazil.
Dengue viruses have been circulating in a hyperendemic pattern in Brazil for decades
and the introduction of Zika virus, a closely related member of the flavivirus genus, into
the Americas has complicated this situation.'®3-18% Historical Zika outbreaks have been
largely localized within dengue-endemic areas, making the potential for preexisting
dengue-induced antibodies to enhance ZIKV infection a concern.'72.186

Zika virus has only recently begun to be viewed as a pathogen of significant
concern.’%.187.188 The dramatic increase in the incidence of microcephaly in Northeastern
Brazil was reported in late 2015, coinciding with a large increase in ZIKV infection.80.189
This unique pattern of microcephaly and other disabilities linked to infection with the
Zika virus during pregnancy is known as Congenital Zika Syndrome (CZS).12%1%0 The
pathogenesis driving this phenomenon is unknown, however, due to the similarities
between Zika and dengue viruses, it has been theorized that dengue virus-mediated
immune enhancement in mothers may be a risk factor for the development of CZS in
infants_155,191—193

An ideal study would involve a cohort with longitudinal samples from before,
during, and after the Zika epidemic in order to assess the potential cross-reactivity and
conversely, cross-protection between DENV and ZIKV."®* Since these types of samples
are not readily available, we aim to assess this question by understanding the
background immunity to dengue viruses among women living in a heavily impacted

region of Brazil. Much remains to be explored about this topic, including the role of
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background flaviviral immunity in pregnant women and how this affects the risk of
congenital Zika syndrome (CZS) in infants. This study provides the unique ability to
study the background levels of dengue virus immunity in pregnant women in Northeast
Brazil at the time of the epidemic.

Additionally, in areas that have been affected by Zika outbreaks, there is a risk
that Zika immunity could predispose individuals to an enhanced DENV disease
pathology.'# The city of Salvador, in Northeastern Brazil, was heavily impacted by Zika
virus in 2015-2016. It is important to understand the background dengue immunity in
this population, in an effort to understand the impact of prior DENV infection on Zika
virus outcomes. It is of particular importance to study pregnant women, due to the risk
of delivering infants affected by Congenital Zika Syndrome (CZS). We aim to study the
background dengue immunity, as well as the nuances of cross-reactive immunity to
dengue and Zika viruses, in pregnant women living in an area that is often described as

the epicenter of the Zika epidemic.
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Materials and methods

Sample Collection

The study of coded serum or plasma samples was approved by the institutional
review board (IRB) of the University of Hawaii at Manoa, as well as the IRB of the
Federal University of Bahia. Serum samples were collected from asymptomatic
parturient women receiving routine care at the Federal University of Bahia Hospital in
Salvador, Brazil. Samples were collected between November 2015 and December 2016
and tested using Euroimmun ZIKV non-structural protein 1 (NS1) IgG kit. 120 samples

that tested negative using this test were included in further analysis.

NS1 ELISA

Dengue virus and Zika virus NS1 1gG ELISAs were performed to determine
DENV and ZIKV serostatus. Using the methodology previously described by Tsai et al.,
96-well flat-bottom ELISA plates were coated with purified NS1 proteins from either
DENV or ZIKV and incubated overnight at 4° Celsius.'®® All NS1 proteins were
purchased from the Native Antigen Company. Plates were blocked and incubated with
patient serum diluted to 1:400 for 2 hours at 37° Celsius. Plates were then washed 4
times and incubated with secondary antibodies (anti-human IgG conjugated with
horseradish peroxidase, Jackson ImmunoResearch) for 1 hour at 37° Celsius before
being washed 6 additional times. ELISA substrate was added for 15 minutes per well
before stop-solution (2N H2SO4) was added. The optical density at 450 nm (OD450)

was read with a reference wavelength of 630 nm. Positive (OD >1) and negative
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controls were included on each ELISA plate. Serum samples were tested in duplicates
on each plate and two plates were run per sample. Two positive controls and 4
negative controls were included on each plate. The mean optical density of the negative
controls plus 12 standard deviations of the mean was used to calculate positivity of
serum samples being tested, this methodology has previously been shown to give a
confidence level of 99.9% for assessing positivity.'9%1% To standardize and compare
plates, OD values were divided by the mean OD of a selected positive control and used
to calculate a relative OD (rOD). Two-tailed Mann-Whitney test was used for
comparisons between the 2 groups. For combination ELISA, ELISAs were completed
for DENV and ZIKV NS1, and the rOD ratio of DENV:ZIKV with a cutoff of 0.24, was
used to distinguish ZIKVwpDENV from sDENV infection with a sensitivity of 87.5% and

specificity of 81.3% as previously described by Tsai et al.’®

Whole Virion ELISA

These same 120 serum samples were also tested by 3-layer virion IgG ELISA to
assess endpoint titers to both DENV and ZIKV. 3-layer ELISA is a type of indirect ELISA
that involves the primary antibody, secondary antibody, and substrate as described
below. 96-well flat-bottom ELISA plates were coated with either dengue DENV3 (H87
strain) or Zika virus (PRVABC-59 strain) and incubated overnight at 4° Celsius. Plates
were then blocked with 400ul of blocking buffer and incubated at room temperature for 1
hour. Serum samples were then added in a dilution of 1:400 before plates were sealed

and incubated at 37° Celsius for 2 hours. Plates were then washed 4 times and
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incubated with secondary antibodies (anti-human IgG conjugated with horseradish
peroxidase, Jackson ImmunoResearch) for 1 hour at 37° Celsius before being washed
6 additional times. ELISA substrate was added for 15 minutes per well before the stop-
solution (2N H2>SO4) was added. The optical density at 450 nm (OD450) was read with a
reference wavelength of 630 nm. Positive (OD >1) and negative controls were included
on each ELISA plate. Serum samples were tested in duplicates on each plate and two

plates were run per sample.

Endpoint Titer ELISAs

Whole virion 3-layer ELISAs were used to assess endpoint titers to ZIKV and
DENV3. 96-well ELISA plates were coated with either DENV3 (H87 strain) or Zika virus
(PRVABC-59 strain) and incubated overnight at 4° Celsius. Plates were then blocked
and samples were tested in duplicates, using serial dilutions ranging from 1:400 to
1:102400 using the methodology described above. Two positive controls and 4 negative
controls were included on each plate. The mean optical density of the negative controls
plus 12 standard deviations of the mean was used to calculate the positivity of the
serum samples being tested. This methodology has previously been shown to give a
confidence level of 99.9% for assessing positivity.'%¢ Each plate of duplicates was
tested twice to obtain 4 data points for each dilution. Titration curves were generated

based on the mean for each dilution of each sample and plotted in GraphPad Prism 5.
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Virus Propagation

Dengue 1-4 and Zika viruses were grown in a monolayer of Vero cells in T75
flasks, lysed with tryptase, and purified using sucrose cushion ultracentrifugation.’®”
After UV inactivation, viruses were subjected to serial two-fold dilutions (1:200 to
1:6400), coated on 96-well plates, and tested with positive control serum to determine
the titer, which was the highest dilution to reach optical density (OD) of 1. The viruses

were aliquoted and stored at -80° Celsius.

Microneutralization (FRNT)

Flat-bottom 96-well plates were seeded with Vero cells 24 h prior to infection to
create Vero cell monolayers. Twofold serial dilutions of serum were mixed with 50
focus-forming units of DENV1, DENV2, DENV3, DENV4, or ZIKV (grown as described
above) at 37°C for 1 h. After adding this mixture to the wells, the plates were incubated
48 to 70 hours depending on the virus serotype. The medium was removed and plates
were fixed as described by Tsai et al.’® Murine Mab 4G2 and a secondary antibody
mixture (IRDye 800CW-conjugated goat anti-mouse IgG at 1:10,000 and the DRAQS
fluorescent probe at 1:10,000) were then added and plates were read using the LiCor
Odyssey classic imaging system (LiCor Biosciences) at a wavelength of 800 nm/700 nm
fluorescence. Murine Mab 4G2 is an anti-Flavivirus Envelope protein antibody that binds
to a conserved epitope on the E protein of the flavivirus family. It has been shown to
recognize Dengue virus, West Nile virus, Japanese Encephalitis virus, and Zika

Virus.'®® These signals were analyzed using Image Studio software to determine
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percent neutralization at different concentrations and NT50 and NT90. The titers of
FRNTS50 and FRNT90 were determined by nonlinear regression analysis (GraphPad

Prism 5.0).

Results

Serostatus to dengue and Zika viruses were determined by combined NS1
ELISA and verified by FRNT. NS1 was selected as the target for this assay due to the
known issues of cross-reactivity between flaviviruses. Specifically, E protein is highly
conserved among flaviviruses.'5-17200 NS1 ELISA has previously been shown to have
high specificity and a low level of cross-reactivity between ZIKV and DENV

viruses.201.202

Among 120 women presenting for routine prenatal care at the Federal University
of Bahia in Salvador, Brazil, 106 out of 120 samples (88%) were positive for dengue
virus. Of note, these samples were selected based on negative Zika virus results using
Euroimmun ZIKV non-structural protein 1 (NS1) IgG kit. Our methodology was more
sensitive and was able to determine that Zika virus immunity existed in 6 of these 120
samples (5%). These samples were classified into serostatus groups that included
primary dengue (pDENV), secondary dengue (sDENV), dengue not otherwise specified
(DENV), primary Zika (pZIKV), Zika with previous dengue (ZIKVwprDENV), or naive
(Figure 1A) as defined by Tsai et al.’® Overall, the dengue seroprevalence in this
sample set was 88.3%. Of those, 61% were indistinguishable between one previous

dengue infection (primary dengue/pDENV) and multiple previous dengue infections
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(secondary dengue/sDENV) using current techniques. This is a known complication with
dengue virus serology due to the cross-reactivity of closely related serotypes.203-205 A
key strength of our methodology is the ability to differentiate between sDENV and

ZIKVwprDENV (S1).

Samples were collected between November 2015 and December 2016, which
encompassed the peak of exanthematous disease in Bahia, Brazil related to the Zika
virus epidemic in the Americas (S2). To assess the impact of the peak of Zika virus
transmission in the region, we further split the samples into an early collection group
(November 2015 to March 2016) and a late collection group (April 2016 to December
2016) and assessed the percentage of samples in each of the serostatus groups
designated: pDENV, sDENV, DENV, pZIKV, ZIKVwprDENV, and naive (Figure 1B).
Using a two-way ANOVA table, we found no statistical significance in the serostatus
patterns between the two groups. A possible limitation is the small sample size of our
cohort, with only 120 total participants. Additionally, our cohort was selected based on
negative Zika serology performed in Brazil and does not represent the true incidence of
Zika virus infection in this region.

Using an ELISA assay including serial dilutions of serum samples, we were able
to asses endpoint titers to dengue (DENV3) and Zika virus. DENV3 became the most
prevalent serotype in Brazil after its introduction in the early 2000s.2°¢ From 2006 on,
Brazil experienced multiple DENV serotypes circulating in unison.?%” In 2015, both
DENV3 and DENV4 were reportedly circulating in Northeast Brazil.2%6

Each sample was run 4 times and the mean was calculated for each titration

point of the samples. Figure 2A shows a representative sample of the pattern that was
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frequently seen with our primary dengue samples. These samples showed a pattern of
binding to dengue (dotted line) as well as cross-reactive binding to Zika virus (solid line)
that was weaker overall. Figure 2B shows a representative sample of secondary
dengue binding patterns seen in our titration ELISA. These samples overall had higher
dengue titers than the pDENV samples, as well as higher Zika virus titers than the
pDENV samples. There was significant cross-reactivity, with high titers to the Zika virus
in many of these samples. The endpoints of the dengue and Zika viruses were
significantly different. When confirmed by FRNT, these samples were unable to
neutralize the Zika virus. Additionally, the ELISA assay used measured one specific
protein, NS1, whereas the antibodies demonstrated by FRNT are likely dominated by E
protein. Figure 2C shows the endpoint titers of our primary Zika-infected sample. This
sample essentially shows the inverse pattern of the primary dengue samples, with
higher endpoint titer to Zika but some cross-reactivity to dengue virus. Of note, this was
the only sample in this category, but we believe that this pattern would be observed in
additional samples based on the known cross-reactivity between dengue and Zika virus.
Figure 2D is a representative sample of an individual who has had past dengue and
Zika virus infections. The individuals in this group showed titers for both dengue and
Zika virus. It would be helpful to repeat this study with additional Zika-exposed
individuals to see if this pattern can be flushed out further with a larger sample size. It
would not be possible to determine the sequence of infection using neutralization, for
example, ZIKVwprDENYV could not be differentiated from DENVwprZIKV. Samples were
able to be classified as ZIKVwprDENV in this cohort due to the known timing of Zika

virus introduction.
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In Figure 2E, see the titration curves of our representative samples for pDENV,
sDENYV, pZIKV, and ZIKVwprDENV binding to dengue virus (DENV3). The primary Zika
sample shows a significantly lower titer than the other samples. This pattern is expected
as a result of cross-reactivity, rather than past dengue virus infection. In the samples
with previous dengue virus exposure (pDENV, sDENV, and ZIKVwprDENV) the titers
are higher and there is an overlap in the confidence interval of the endpoint titers of
sDENV and ZIKVwprDENV. This highlights the importance of our combined NS1 ELISA
methodology that allows us to differentiate between these serostatus groups. By using
the previously described ratio of the optical densities of our NS1 binding ELISAs to ZIKV
and DENV, we are able to determine if these samples are sDENV or ZIKVwprDENV.
This methodology is much quicker and easier to perform than neutralization assays,
while still providing accurate results as verified by FRNT in this study.

Figure 2F shows the titration curves of the representative samples, this time to
Zika virus. We see the pDENV sample has a much lower endpoint titer to Zika virus,
again owing to the cross-reactivity of these viruses. The Zika virus titers of the
ZIKVwprDENV sample are significantly higher than the other groups, but there is
overlap between pDENV and sDENV samples. We were unable to differentiate a
number of these samples using our combined NS1 methodology and neutralization
assays, creating a number of samples that were classified as dengue not otherwise
specified in our serostatus groups. We aim to develop a future methodology to address
this issue.

Figure 3A shows a comparison of dengue and Zika virus endpoint titers between

the pZIKV sample and the ZIKVwprDENV samples, there was no statistical difference in

51



endpoint titers between these two groups, although the number of samples tested was
quite small. We did find a statistically significant (p-value 0.005) difference in the
endpoint titers between the two groups: pDENV and sDENV, as seen in Figure 3B.
Secondary dengue infections caused a significantly higher titer to both dengue and Zika
virus when compared to those with one prior dengue infection. Figure 3C shows the
positive correlation between dengue and Zika endpoint titers. This is a pattern we
expected to find, owing to the known cross-reactivity between these viruses. In Figure
3D, there is a comparison of endpoint titers to Zika virus, comparing the mean endpoint
titer of the early collection group and the mean endpoint titer of the late collection group.
There is no significant difference between these groups. This is a result of these
samples being selected based on Zika seronegativity. Completing this analysis with
samples not selected based on a negative Zika test would likely give different results, |
would expect to see increased Zika titers in those collected during and after the peak of
the epidemic. Figure 3E shows the grouped endpoint titers to dengue virus, and
surprisingly there was a significant 4-fold increase (P-value < 0.0001) in dengue titers in
the late collection group compared to those collected early on in the outbreak. This may
be an indication that ongoing dengue virus transmission was occurring during this time
and not reported. It is possible that the attention to the Zika outbreak led to a decrease

in clinical suspicion and testing for dengue virus.
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Figure 2: Titration curves of select samples to DENV3 and ZIKV. Each panel shows a
representative sample of a serostatus group. A) Titration curves calculated for BP06, a pDENV
sample. B) Titration curves calculated for BP036, a sSDENV sample. C) Titration curves calculated
for BP35, a pZIKV sample. D) Titration curves calculated for BP04, a ZIKVwprDENV sample. E)
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BP35, and BP04 to ZIKV.
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Figure 3: Endpoint titers to ZIKV and DENV as measured by ELISA. A) Endpoint titers
to DENV and ZIKV of pDENV sample (BP35) and ZIKVwprDENV samples (BP4, BP32,
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earlier) and “second” (late time period samples collected after March 2016). E) DENV
endpoint titers of “first” and “second” time periods.
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Discussion

This study aimed to assess background dengue immunity among pregnant
women in Northeast Brazil. We believe that understanding the patterns of previous
dengue infections in this cohort is a key component of understanding the factors that led
to the emergence of Congenital Zika Syndrome.

We used a series of ELISA assays, as previously validated by Tsai et al. to be an
effective measure for differentiating between those with multiple previous dengue
infections versus those with previous dengue and Zika virus infections. Confirming
these results with neutralization, the gold standard methodology for distinguishing
dengue and Zika infections, allowed us to determine background immunity to both
viruses in a cohort of asymptomatic parturient women from Salvador, Brazil — an area
often called the epicenter of the Zika epidemic in the Americas. Consistent with previous
reports, we found overall DENV-seroprevalence among this cohort to be 88.3%170.209-212

Based on the high seroprevalence of DENV in this population, there is a
significant risk of severe dengue infection or dengue hemorrhagic fever as a result of
ADE. This is most likely to occur in women who have had one previous dengue
infection. A limitation of this study is that the methods used were unable to distinguish
pDENV from sDENV in 61% of samples. As a result, it is not possible to determine the
percentage of women that are at increased risk for developing severe dengue.
Additionally, research has identified that ADE is more likely to occur when the
subsequent dengue infection occurs 3-5 years after the initial infection.?'® Information
about when the women in this study were infected with dengue is not accessible,

causing further difficulty in assessing risk of ADE in this cohort.
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Using titration ELISAs, we assessed endpoint titers for dengue and Zika viruses.
Endpoint titers were used as a measure of the strength of antibody response. Our
results showed a positive correlation between the endpoint titers to DENV and ZIKV as
expected based on the known cross-reactivity of these viruses. Surprisingly, our
analysis found that the DENV endpoint titers of samples collected during the later time
period (after the peak of the outbreak) were 4-fold higher than those during the early
time period. We believe this indicates that ongoing dengue transmission was occurring
in the background of the Zika epidemic.

The increased dengue titers we found corresponded with the decline of the Zika
epidemic as shown in Supplemental Figure 2. Our findings suggest that higher DENV
antibody titers among non-ZIKV-infected individuals may have contributed to the decline
of the ZIKV outbreak, though the underlying causes and mechanisms remain to be
investigated. Future studies of DENV and ZIKV immunity involving longitudinal samples
during and after the ZIKV outbreak are warranted. Of particular interest would be to see
if Zika-infection rates were influenced by DENV-immunity.

One limitation of our study included the small sample size of 120 participants.
Future studies involving a larger cohort will be valuable in assessing immunity to
dengue and Zika viruses on a larger scale in Salvador, Brazil. Additionally, we were
unable to differentiate between pDENV and sDENV in a number of samples using our
combined NS1 methodology and neutralization assays. We aim to develop a future
methodology to address this issue. Having a larger number of samples from this cohort
would be beneficial for further assessing the NS1 binding patterns and endpoint titers to

dengue and Zika virus represented by the various serostatus groups. Having a cohort
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with known flavivirus infection history would be ideal as a comparison group for our
unknown samples.

Additionally, these samples were selected based on negative Zika virus serology
conducted in Brazil as we were interested in assessing background dengue immunity.
Future studies to further analyze flaviviral immunity in this population and to assess the

impact that pre-existing dengue immunity has on Zika virus outcomes are merited.
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Chapter 3: Characterizing cross-reactive
antibodies to DENV and ZIKV among
pregnant women in Salvador, Brazil
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Introduction

Virology

Dengue and Zika viruses are members of the Flavivirus genus, in the family
Flaviviridae. “Dengue virus” refers to a group of four serotypes (DENV-1 to DENV-4)
that are genetically and antigenically related.'-3°724 The Flavivirus genus contains
approximately 70 viruses, many which are associated with emerging and re-emerging
human diseases.? Flaviviruses share a common structure, as shown by cryo-EM of
purified virions.*” Dengue and Zika are relatively small (~50 nm), spherical, positive-
sense, single-stranded RNA viruses with a genome that is approximately 11,000 bases
in length.38-14

Flaviviruses are then further divided into serocomplexes on the basis of their
antigenic properties and ability to cross-neutralize by polyclonal sera.*?> Dengue viruses
are grouped into one serocomplex, encompassing all four serotypes - DENV1, DENV2,
DENV3, and DENV4. There are a number of different genotypes and lineages within
each DENV serotype.'" Zika virus is most closely related to the rarely discussed
Spondweni virus, together they form the Spondweni serocomplex, which is more closely
related to DENV than to the other mosquito-borne flaviviruses.' Zika virus exists as one
serotype with two distinct lineages, the African lineage and the Asian lineage that
appear to have diverged in the 1940s.44-4¢ Phylogenetic studies have shown that the
virus involved in the ZIKV epidemic in Yap Island was from the Asian lineage.*” The
French Polynesia ZIKV outbreak was also caused by the Asian lineage Zika virus. And

ultimately, a virus descended from this French Polynesian ZIKV was the virus that
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caused the largest Zika virus epidemic to date, in the Americas. Phylogenetic analyses
indicated that this virus arrived from French Polynesia to Brazil between May and
December 2013, more than a full year before the circulation of the virus was
discovered.*®

While human infections with the African or Asian Zika virus lineage typically
cause similar clinical presentations, severe manifestations such as GBS or CZS have
only been reported following infection with the Asian lineage.*>%° It is still unknown
whether this is a result of mutations resulting in greater virulence in this strain of ZIKV, a
function of incidence — with the outbreak in the Americas being large enough to capture
rare events or a result of a unique immunological profile and cross-reactivity to
DENV.49-51

Cross-neutralization is largely correlated with the amino acid sequence of the E
protein, which can vary by up to 60% between viruses within the genus.'-34'42 Cross-
neutralization with polyclonal sera usually is lost when there is greater than 50%
divergence in amino acid sequence homology of the E protein between different
flaviviruses.'® The DENV serocomplex and Zika virus share approximately 55%
sequence homology of the E protein, allowing for extensive cross-reactivity.*3 This
cross-reactivity presents a challenge for serological assays, but is overcome by using
more specific assays such as NS1 ELISA and neutralization assays.

Several human mAbs derived from DENV patients can neutralize ZIKV.116-118
Additionally, DENV immune sera has been shown to cross-neutralize ZIKV in vitro.
However, this was mainly seen with sera from secondary DENV infections and the

cross-neutralization ability wanes over time."7.118.148 An in-depth analysis of DENV-
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ZIKV cross-reactive antibodies in humans following ZIKV infection and their relationship

in disease outcomes, in particular for pregnant women, is lacking.

Similarities between Zika and Dengue Viruses

DENV and ZIKV are closely related flaviviruses with ~55% sequence homology
of the E protein, which gives a high degree of structural and antigenic similarity.**> Not
only are these viruses similar in structure, they also share a disease vector and overlap
in their clinical presentation.72:214.215

Dengue and Zika are transmitted by Aedes mosquitoes, mainly A. aegypti and A.
albopictus.?32” These vectors are no longer confined to just tropical and subtropical
regions and instead are expanding globally, increasing the risk for flavivirus emergence
and reemergence.50-216-218 Dengue is already known as the most prevalent mosquito-
borne viral infection worldwide, the number of human infections has increased 30-fold
since the 1960s, with current estimates of 390 million infections annually.5?

Unlike dengue’s centuries-long history, the Zika virus is a much newer public
health threat. Zika virus was first isolated in 1947 in samples from a rhesus monkey in
the Zika Forest in Uganda.?'® The second isolation of the virus was from a pool of
Aedes africanus mosquitoes collected from the same forest.?” In 1952, the first evidence
of human infection was discovered in a serological study in Uganda but the virus was
not isolated from humans until 1954, during an epidemic of jaundice in Nigeria.?88% For
the next 50 years, Zika virus circulated quietly in Africa and Asia, without much
evidence of disease. Although the virus was repeatedly isolated from mosquitoes, only

14 human cases were reported prior to 2007.46:5° Zika virus continued to spread through
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the Pacific, causing outbreaks in Yap, French Polynesia, New Caledonia, the Cook
Islands, Easter Island, Vanuatu, the Solomon Islands, Samoa, and Fiji.** Clusters of
acute exanthematous illness began being reported in late 2014 in the Americas and in
March 2015, Zika was identified as the cause of this illness in Bahia, Brazil.”
Epidemiologic evidence indicated that the outbreak began in Salvador, Bahia, Brazil,
and rapidly spread throughout the country. By December 2015, the Brazil Ministry of
Health estimated that 1.3 million suspected cases had occurred since the start of the
epidemic.” In 2015, the United States began to see Zika virus cases in travelers
returning from Central and South America along with sexual transmission of Zika
virus.”®77 In 2016, local transmission of Zika virus was reported in Florida and later in
Texas.49'78’79

The introduction of the virus into the Americas was soon followed by the
detection of fetal neurological disorders, termed congenital Zika syndrome (CZS)
associated with maternal ZIKV infection, with a peak in microcephaly cases occurring in
October 2015.8° By 2017, ZIKV was detected in 47 American countries and territories.?’
Following this epidemic, Brazil reported over 350,000 suspected or confirmed ZIKV
cases, as well as 2775 cases of CZS, the highest number reported globally.®? Northeast
Brazil is described as the epicenter of the ZIKV outbreak, with high numbers of cases in
this region and evidence to support that ZIKV was first established here and spread
outward throughout Brazil and the rest of the Americas.®® The Northeastern Brazilian
city of Salvador experience rapid spread and was among the most affected regions
during the 2015-2016 Zika epidemic in the Americas, with infection rates exceeding

60%.84 As for the current picture, 2021 PAHO data shows ongoing low-level
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transmission of Zika virus in the Americas, with 6,012 cases, 85% of which are reported
in Brazil.

Many arboviruses are endemic to Brazil, including the four DENV serotypes,
yellow fever virus, Mayaro virus, Oropouche virus, among others.>° The 2015 Zika virus
epidemic in Brazil was complicated by the re-emergence of dengue in Brazil and the
recent introduction of Chikungunya into the country. This led to an unprecedented
situation in which three arboviruses that are spread by the same vector (Aedes aegypti)
were circulating at a high incidence at the same time. There was a high burden on
healthcare services and a surge in morbidity due to these three viruses, as well as
challenges in clinically differentiating these three infections.®6.74.92.93 Ag a result of this
perfect storm of overwhelmed surveillance systems, ecological factors favoring disease
emergence, and the known difficulties in testing and clinically differentiating flaviviruses,
much remains to be investigated about the true burden of these viruses and interactions

between them during this time.

Antibody-Dependent Enhancement

Neutralization of the dengue virus occurs when antibodies prevent binding between the
virion (primarily of the envelope (E) glycoprotein) and receptors on the surface of target
cells.?8 In antibody-dependent enhancement (ADE), DENV-specific antibodies bind to
the virus, but not at sufficient con concentration or avidity to neutralize the virus and
prevent entry into the cell. The virus-antibody complexes that are formed by this failed
attempt to neutralize attach to Fc receptors on cells such as macrophages, neutrophils,
and NK cells and facilitate viral entry.? This results in an increased number of infected

cells and increased viral output.?2°

66



With dengue viruses, the phenomenon of antibody-dependent enhancement
(ADE) has been discussed for decades and numerous reports have identified that
heterotypic secondary DENV infection is the greatest risk factor for severe disease
outcomes, such as dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS).16.115,120,220

It is theorized that antibodies generated to the primary infecting serotype will not
be of sufficient concentration or avidity to neutralize a secondary infecting serotype, but
rather, at a certain concentration, they will enhance disease. This disease enhancement
occurs as a result of Fc receptor-mediated endocytosis of the virus into monocytes and
macrophages, which are the principal site of DENV replication, thus driving higher viral
loads. ADE has been demonstrated in vitro and in mouse models, but the evidence in
nonhuman primates and in humans is mixed.''6-119 Recent evidence in a human cohort
study has shown that the risk of enhancement is highest within a narrow range of
preexisting anti-DENV antibody titers.2°

Historical Zika outbreaks have been largely localized within dengue-endemic
areas and the high level of virus homology makes the potential for preexisting dengue-
induced antibodies to enhance ZIKV infection a concern.'5193.221 |n greas that have
been affected by Zika outbreaks, there is also a risk that Zika immunity could
predispose individuals to an enhanced DENV disease pathology. '

While the cross-reactivity between DENV and ZIKV is known to pose a
diagnostic challenge, its role in disease pathogenesis remains to be elucidated.841.51.147
It is theorized that these similarities are sufficient to drive ADE in a similar manner to

what was described for heterologous secondary dengue infections.0:44.144
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Understanding the cross-reactivity of the antibody response to DENV and ZIKV will give
insight into the level of protection, or risk, associated with different flavivirus

serostatuses.

Study Rationale

It is theorized that there is a risk of antibody-dependent enhancement from
sequential infections with Zika and dengue viruses. Multiple studies have shown that
DENV-immune sera can cross-neutralize ZIKV, but this effect wanes over time.!17.118.148
As this immunity wanes, it is possible that antibodies reach a level where they increase
the risk of ADE."S® In-vitro experiments and studies in mice have shown that DENV-
immune sera can enhance ZIKV replication, but this same phenomenon was not seen in
non-human primates_118,119,144,145,149—152,222

Results in human cohorts are mixed. Two pediatric cohort studies showed that
DENYV infection may reduce the risk of symptomatic ZIKV infection, but a study of the
same pediatric cohort in Nicaragua showed that ZIKV infection may enhance the risk of
severe DENV in future infections.'53.154

The dramatic increase in the incidence of microcephaly in Northeastern Brazil
was reported in late 2015, coinciding with a large increase in ZIKV infection.80:80.193.223
The pathogenesis that caused this phenomenon is unknown, however, one possible
theory is that dengue virus-mediated immune enhancement in mothers may be a risk
factor for the development of CZS in infants.??4-227 For this reason, it is important to

further study the immune profiles of pregnant women infected with dengue and Zika
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viruses. An in-depth analysis of DENV-ZIKV cross-reactive antibodies in humans and
their relationship with disease outcomes, in particular for pregnant women, is lacking.

In order to close this gap in research, this study analyzes the antibody response
to dengue and Zika viruses among pregnant women during the 2015-16 Zika outbreak
in Salvador, Brazil, and characterizes cross-reactive antibodies between dengue
(DENV) and Zika (ZIKV). Much remains to be explored about this topic, including the
role of background flaviviral immunity in pregnant women and how this affects the risk of
congenital Zika syndrome (CZS) in infants.

This study provides the unique ability to study the background levels of dengue
virus immunity in pregnant women in Northeast Brazil at the time of the epidemic. The
effect of prior dengue infection and its ability to confer protection or risk of enhancement
of Zika virus infection, especially during pregnancy remains to be elucidated. We aim to
better understand this relationship and how it correlates to protection, with the long-term

goal of facilitating the development of safe and effective DENV and ZIKV vaccines.
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Methods

Sample Collection

The study of coded serum or plasma samples was approved by the institutional
review board (IRB) of the University of Hawaii at Manoa, as well as the IRB of the

Federal University of Bahia. Serum samples were collected from pregnant women

receiving care at the Hospital Universitario Professor Edgard Santos in Salvador, Brazil

between 2015 and 2017.

Virus Propagation

Dengue 1-4 and Zika viruses were grown in a monolayer of Vero cells in T75
flasks, lysed with tryptase, and purified using sucrose cushion ultracentrifugation.’®”
Virus strains used were DENV1 (Hawaii strain), DENV2 (NGC strain), DENV3 (H87),
DENV4 (H241 strain), or ZIKV (PRVABCS59 strain). After UV inactivation, viruses were
subjected to serial two-fold dilutions (1:200 to 1:6400), coated on 96-well plates, and
tested with positive control serum to determine the titer, which was the highest dilution
to reach optical density (OD) of 1. The viruses were aliquoted and stored at -80°
Celsius. Cell lysate was collected using tryptase and a cell scraper and stored at -80°

Celsius.

Microneutralization (FRNT)

Flat-bottom 96-well plates were seeded with Vero cells 24 h prior to infection to

create Vero cell monolayers. Twofold serial dilutions of serum were mixed with 50
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focus-forming units of DENV1, DENV2, DENV3, DENV4, or ZIKV (grown as described
above) at 37°C for 1 h. After adding this mixture to the wells, the plates were incubated
48 to 70 hours depending on the virus serotype. The medium was removed and plates
were fixed as described by Tsai et al.'*® Murine Mab 4G2 and a secondary antibody
mixture (IRDye 800CW-conjugated goat anti-mouse IgG at 1:10,000 and the DRAQS
fluorescent probe at 1:10,000) were then added and plates were read using the LiCor
Odyssey classic imaging system (LiCor Biosciences) at a wavelength of 800 nm/700 nm
fluorescence. These signals were analyzed using Image Studio software to determine
percent neutralization at different concentrations and NT50 and NT90. The titers of
FRNTS50 and FRNT90 were determined by nonlinear regression analysis (GraphPad

Prism 5.0).

Depletion of Cross-Reactive Antibodies

To deplete cross-reactive antibodies, sera (1:20 dilution in 1x PBS) were
incubated with UV-inactivated DENV1-4 or ZIKV (from Vero cells) or pellets derived
from the culture supernatants of mock-infected Vero cells in 1x PBS at 37°C for 1 h and
ultracentrifuged at 150,000 x g and 4°C for 1 h to remove bound cross-reactive
antibodies. Sera were then tested by ELISA to confirm depletion was complete. The
proportion (in percent) of type-specific (TS) antibodies was equal to the endpoint titer of
DENYV or ZIKV-depleted serum/endpoint titer of mock-depleted serum x 100. The
percentage of cross-reactive (CR) antibodies was equal to 100 minus the percentage of

TS antibodies.?28
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Binding Pattern ELISAs

96-well ELISA plates were coated with columns of cell lysate from virus
propagation in the pattern: DENV1, DENV2, DENV3, DENV4, ZIKV, Mock. Viruses
used are described in the virus propagation step above and mock refers to mock-
infected cell lysate prepared in the same manner as the virus-infected cell lysates. This
setup was duplicated on each plate. Samples were tested for IgG activity to each virus
and controls were included in each run. Mock-infected lysates were also included as
internal controls for non-specific binding.

Plates were blocked and incubated with patient serum diluted to 1:400 for 2
hours at 37° Celsius. Plates were then washed 4 times and incubated with secondary
antibodies (anti-human IgG conjugated with horseradish peroxidase, Jackson
ImmunoResearch) for 1 hour at 37° Celsius before being washed 6 additional times.
ELISA substrate was added for 15 minutes per well before stop-solution (2N H2SO4)
was added. The optical density at 450 nm (OD450) was read with a reference

wavelength of 630 nm.

Urea ELISA

To measure serum avidity, we used a modified ELISA protocol. Plates were
coated with whole virus (D1, D2, D3, D4, or ZIKV) as opposed to NS1. Before the
secondary Ab (anti-human IgG conjugated with horseradish peroxidase, Jackson
Immune Research Laboratory), was used, we conducted a urea wash. 100 pL urea 8
mol/L was added to each well at room temperature for 5 min between the second and

third washings (total 4 washes).
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Results

Serum samples from pregnant women in Salvador, Brazil were analyzed by NS1
ELISA methodology to determine serostatus groupings: primary dengue (pDENV),
secondary dengue (sDENV), primary Zika (pZIKV), Zika with previous dengue
(ZIKVwprDENV). Results were confirmed using the gold standard neutralization assays.
Additional samples were included in this chapter to increase the number of Zika
samples analyzed. Samples that were previously used begin with the prefix “BP”,
additional samples that were included in these assays begin with the prefix “ZK”. All
samples were collected from asymptomatic pregnant women seeking routine care at the
Federal University of Bahia Hospital. Samples that were flavivirus naive or that could
not be delineated into one of these 4 serogroups were excluded from this analysis.
Figure 1 shows the serostatus groupings of this sample set: 3 women (14%) were
classified as pZIKV, 3 women (14%) were classified as pDENV, 6 women (28%) were
classified as sDENV, and the remaining 10 women (43%) were classified as
ZIKVwprDENV. Of note, the pDENV samples included 2 women who had been infected
by DENV4 and 1 woman who had been infected with DENV3 as confirmed by focus
reduction neutralization (FRNT).

All samples were tested by binding pattern ELISA and results showed
characteristic patterns that differed between serostatus groups, a subset of these
results can be seen in Figure 2A. Cross-reactivity between these closely related
flaviviruses was seen in this assay, as expected based on known difficulties in
serological differentiation between ZIKV and DENV. pZIKV samples showed binding of

various levels to all 4 DENV serotypes, although with a significantly lower strength of
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binding than seen to ZIKV. The inverse is true for pPDENV samples, minimal levels of
binding to ZIKV were seen in pDENV samples. Of note, pPDENV samples showed a high
optical density (OD) reading to the presumptive infecting serotype and cross-reactivity
to all other DENV serotypes. This pattern of higher reactivity to infecting serotype was
repeated at much stronger OD readings in sDENV, these samples showed stronger
cross reactivity to ZIKV as well as to all DENV serotypes. ZIKVwprDENV samples
showed strong binding to ZIKV as well as strong reactivity to all DENV serotypes.
When compared to FRNT results (Figure 2B), we can see a reduction in
“pbackground noise” caused by flavivirus cross-reactivity. Although binding to all 4
dengue serotypes was seen in ELISA results of the pZIKV samples, these samples
were only able to neutralize Zika virus. For our pDENV samples, the binding that was
seen by ELISA was also delineated by assessing neutralization capability. These
samples showed strong neutralization of the infecting dengue serotype and
neutralization of other DENV serotypes and ZIKV were below the threshold for positivity
determined by our methods. SDENV samples showed strong neutralization of one
serotype as well as moderate neutralization of all other DENV serotypes, but no
neutralization capacity for ZIKV. This pattern is likely due to “original antigenic sin”, a
commonly described pattern in dengue immunity where the highest neutralizing titers to
in both acute and convalescent sera are to the infecting serotype, with lower cross-
reactive titers seen to the other dengue serotypes 2229231 This is thought to play a role
in ADE. ZIKVwprDENYV samples showed the widest variability in neutralization results,

with some samples showing very strong neutralization of ZIKV and low to moderate
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neutralization capacity for the 4 DENV serotypes, while others showed strong
neutralization of ZIKV as well as the DENV serotypes.

The identification of two seemingly separate neutralization patterns among the
ZIKVwprDENYV serogroup suggested that these women may truly fall into two separate
groups: those who have been infected with Zika virus as well as multiple dengue
serotypes (further referred to as sDENV-ZIKV and those who have been infected with
Zika virus and one serotype of dengue (further referred to as pDENV-ZIKV).

This hypothesis was explored by utilizing a urea ELISA to assess IgG avidity, as
shown in Figure 3. Zika virus antibodies were depleted from our samples and then the
sera were tested for avidity to DENV (D1). By depleting ZIKV-reactive antibodies and
comparing to the non-depleted sera, | was able to determine the percentage of type-
specific versus cross-reactive antibodies. Figure 3A shows the urea ELISA results of
representative samples of pZIKV, pDENV, sDENV, and ZIKVwprDENV. As expected,
depletion of ZIKV-specific antibodies from the pZIKV sample (BP35) eliminated titers
against DENV. The ZIKVwprDENV samples showed two patterns. One subset showed
a large drop in IgG OD and avidity after depletion of ZIKV antibodies (BP04), we
hypothesize that these samples represent pDENV-ZIKV immunity. The other group
showed a negligible drop in avidity following ZIKV antibody depletion (BP112),
suggesting that these samples have more durability immunity that | theorize may come
from having multiple prior dengue infections (sDENV-ZIKV). Although there were
different patterns in avidity seen, a decrease in IgG avidity after urea wash was not able
to separate ZIKVwprDENV panel into sDENV-ZIKV and pDENV-ZIKV subgroups as

shown in Figure 3B, as two clusterings of avidity were not seen. Using this
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methodology on a larger sample size may help flush out these differences further. A
linear relationship between the percentage of cross-reactive antibodies and a decrease
in 19G avidity after urea wash was found, as shown in Figure 3C. This indicates that
cross-reactive antibodies have a lower avidity than type-specific antibodies.

During infection with Zika virus, antibodies specific to ZIKV are generated (type-
specific antibodies) as well as cross-reactive antibodies to DENV.'9".232 The inverse
holds true as well, DENV infection yields DENV-specific antibodies as well as cross-
reactive antibodies to ZIKV. Because the role of background flaviviral immunity is
thought to play a role in the development of congenital Zika syndrome (CZS) in infants,
it is important to understand the underlying antibody profiles in pregnant women from
Salvador, Brazil — the epicenter of the ZIKV epidemic in the Americas. We depleted
dengue virus serotypes 1-4 (D1-4) antibodies from serum samples from 22 pregnant
women in order to assess the percentage of type-specific and cross-reactive antibodies.
By comparing the ELISA binding of D1-4 depleted and non-depleted samples (Figure 4)
we were able to determine that our pZIKV panel had a higher proportion of ZIKV type-
specific antibody (70-82%) than ZIKVwprDENV panel (2-16%). Our ZIKVwprDENV
panel had a higher proportion of DENV-ZIKV cross-reactive antibodies (84-98%) than
had been previously reported.3*1%5232 This may contribute to the protective effects of
previous DENV on ZIKV as well as ZIKV on DENV, as demonstrated by the low number
of cases and severe infections seen during 2017-18 and enhancing effect , as
demonstrated by a high number of severe dengue (DHF/DSS) and fatalities seen during
2019-20 in human cohort studies. Flavivirus infection causes temporary cross-

protection to other flaviviruses, which may explain the low case numbers of DENV
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and ZIKV in 2017-18. A recent publication found a dengue antibody half-life of 4
years, correlating to a peak risk of enhancement, which may explain the severe
dengue phenotype seen in 2019-20."%° Figure 5 shows repeating this methodology
with the change of depleting ZIKV antibodies. Our pZIKV samples showed 0% DENV
type-specific antibodies, however, the results were highly variable among the sDENV
and ZIKVwprDENV sample sets. The ZIKVwprDENV samples showed a range of 42-

90% DENYV type-specific antibodies remaining after ZIKV depletion, and our sDENV

samples showed 27-92% DENYV type-specific antibodies. In agreement with a previous

report, a high proportion of ZIKV type-specific antibodies was found in pZIKV infection,

as shown in Figure 6A.2%2 In contrast to the previous literature showing predominant

ZIKV type-specific antibodies following ZIKV infection, our results showed a high

proportion of DENV-ZIKV cross-reactive antibodies in ZIKVwprDENYV infection (Figure

6B).
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BP35 pZIKV
ZK714 pZIKV
ZK256 pZIKV
ZK66 | ZIKVWprDENV
ZK219 | ZIKVwprDENV
ZK452 | ZIKVWprDENV
ZK343 | ZIKVWprDENV
ZK204 | ZIKVwprDENV
ZK479 | ZIKVwprDENV
BP4 ZIKVWprDENV
BP32 | ZIKVWprDENV
BP51 | ZIKVwWprDENV
BP112 | ZIKVWprDENV
BP36 SDENV
BP60 SDENV
BP71 SDENV
BP73 SDENV
ZK85 SDENV
ZK225 SDENV
BP6 pD4
BP67 pD4
BP31 pD3

SEROSTATUS

pDENV
14%

Figure 1: Serostatus of 22 samples. A) Table of serostatus classification for each
selected sample. B) Serostatus group (pDENV, sDENV, pZIKV, ZIKVwprDENV)
classification by percent.
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Figure 2: Binding Pattern ELISA and FRNT results. A) Binding ELISA results showing
individual samples from each of the 4 serogroups included. B) FRNT results showing
individual samples from each of the 4 serogroups included. Each sample was testing by
ELISA to assess for antibody binding to Dengue virus 1-4 (D1, D2, D3, D4) and Zika
virus (ZK). Mock-infected cell lysate (m) was used as an internal control.
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Figure 3: Avidity analysis as measured by urea ELISA. A) ELISA OD of original and
ZIKV-depleted samples before and after urea wash. The ratio of the OD of urea washed
sample and OD of the non-urea washed sample is shown as the IgG avidity. B) 1IgG

avidity of samples plotted by serostatus group (ZIKVwprDENV, sDENV, pDENV). C)
Decrease in IgG avidity of ZIKV-depleted samples plotted against the percentage of
cross-reactive antibodies as determined by ELISA. Includes ZIKVwprDENV and sDENV

samples.
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Figure 4: : Comparison of D1-4 depleted and non-depleted samples. A) Binding ELISA
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ZIKVwprDENV, and sDENV samples.
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NT90
D1 D2 D3 D4 | ZIKV
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Supplemental Figure 1: FRNT results for D1, D2, D3, D4, and ZIKV for all samples,
used for serostatus group classification.



Discussion

A combination of DENV and ZIKV NS1 IgG ELISAs was used to differentiate
DENV and ZIKV serostatus among pregnant women during the ZIKV outbreak in
Salvador, Brazil. Following this, antibodies were depleted with inactivated DENV1-4 or
ZIKV, and endpoint ELISA titers were analyzed to determine the ZIKV type-specific and
cross-reactive NS1 antibodies. The results showed that the pZIKV panel had a higher
proportion of ZIKV type-specific antibodies (70-82%) than the ZIKVwprDENV panel (2-
16%). | also found that the ZIKVwprDENV panel had a higher proportion of DENV-ZIKV
cross-reactive antibodies (84-98%) than previously reported by Andrade et al. It is
possible that this is a function of time since previous dengue infection or a result of
having numerous prior dengue infections that have shaped a broadly cross-reactive
population of antibodies.

As described by Katzelnick et al., ADE appears to be a dose-dependent
phenomenon, with a high titer of cross-reactive antibody titer offering protection
whereas a low titer of cross-reactive antibodies drives enhancement.'?® The high
proportion of cross-reactive antibodies may have contributed a protective effect that
explains the low numbers of DENV and ZIKV infections seen in 2017-18. The 2019-20
season was characterized by a severe dengue outbreak and large proportion of severe
dengue cases in Northeast Brazil. This may be a result of waning antibody populations
Ieading to ADE_154,155,232,233

ELISA results were confirmed with FRNT. Although cross-reactivity was seen on
ELISA, pZIKV samples were only able to neutralize Zika virus. While pDENV samples

showed extensive cross-reactivity to all DENV serotypes on ELISA, they were only able
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to neutralize one dengue serotype — presumably the infecting serotype. ELISA results
for sDENV samples showed cross-reactivity to Zika virus, but no neutralization
capability was seen. Of note, cross-reactive antibodies to dengue and Zika virus are
often targeted against the highly conserved E protein. NS1 ELISA is a useful tool for
minimizing cross-reactivity seen on ELISA, although it does not completely remove this
effect. NS1 titers and E titers may not be correlated and future studies should compare
titers to these two distinct proteins in this population.

Avidity was assessed using whole DENV1 virus and identified two avidity
patterns in ZIKVwprDENV samples. One group showed a large decrease in IgG avidity
following urea wash, whereas the other group remained relatively unchanged. This may
be due to differences in number of prior dengue infections in these individuals, but the
sample size was not large enough to prove this hypothesis. Additionally, a linear
relationship between the percentage of cross-reactive antibodies and a decrease in IgG
avidity after urea wash was seen, indicating that cross-reactive antibodies have a lower
avidity than type-specific antibodies. One limitation of this study is that the use of
DENV1 virus for all assays may underestimate avidity of individuals infected with other
DENV serotypes.

These samples may not be representative of a larger population, as they were
collected from one hospital. It would be helpful to repeat this methodology using more
samples from various healthcare centers in Northeast Brazil to increase the power of
our findings. The ability to test sequential samples would be ideal, in order to
understand how the type-specific (TS) versus cross-reactive (CR) antibody profile

changes over time.
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This study serves as a reference point for the background immunity to Zika and
dengue viruses among pregnant women in an area of Brazil that was heavily impacted
by Congenital Zika Syndrome. The effects of DENV-ZIKV cross-reactive antibodies on
virus neutralization and antibody-dependent enhancement and disease outcomes in

pregnant women remain to be studied in the future.
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Chapter 4. Summary and Future Directions
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Summary

The 2015-2016 Zika epidemic took the world by storm with a sudden increase in
adverse fetal outcomes in Latin America. Although the vast majority of prenatal Zika
virus infections may not cause harm to the fetus, a wide spectrum of congenital
malformations is now recognized as associated with Zika virus infections during
pregnancy - ranging from mild to life-limiting. 234 The severity and incidence of birth
defects vary by trimester of infection, with the most severe outcomes reported from first-
trimester infections. One study found the risk of birth defects decreases from 8% for
first-trimester infections to 6% for second-trimester infections to 3.8% for third-trimester
infections.?%

While microcephaly was the finding that first drew attention to the Zika epidemic,
further research identified that this was merely one part of a variable syndrome that
became known as Congenital Zika Syndrome (CZS).2%6:23” Qutcomes are now known to
include a wide spectrum of structural anomalies, ocular manifestations, intracranial
calcification, ventriculomegaly, hearing loss, and functional impairments in addition to
microcephaly. 129:234-237

The long-term outcomes of CZS are not fully described. As this first generation of
affected children is developing, researchers are finding that the severity of microcephaly
is an important prognostic factor and case fatality rate may be as high as 10% in the
first years of life.234236.238

The epicenter of the Zika epidemic and subsequent cases of Congenital Zika

Syndrome occurred in Brazil, where a 20-fold increase in the incidence of microcephaly
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was seen in newborns in 2015.2%° The number of cases of microcephaly as a result of
this epidemic is hard to definitively pinpoint due to limitations of detection and
surveillance, lack of clear diagnostic criteria in the early days, and increased abortion
rates of fetuses with suspected microcephaly.?'%-240.241 Estimates range from 1,950 to
8,600 cases of microcephaly due to Congenital Zika Syndrome (CZS) in Brazil.234.242.243
When you expand this to include congenital malformations of the central nervous
system besides microcephaly, this number jumps to nearly 15,000 suspected cases in
Brazil between 2015 and 2017.48

Even more elusive than the true case count of this outbreak is the pathology
driving this newly reported syndrome. While Zika virus (ZIKV) was first isolated and
described in 1947, the neurological effects of this virus were not widely described until
this past decade when Zika virus was implicated in an outbreak of Guillain-Barré
Syndrome in French Polynesia in 2013 and CZS in 2015.21924 Was this change the
result of a more virulent strain of the virus? Some theorize that mutations of the Asian
lineage Zika virus that caused these outbreaks are the cause of the more severe
phenotype and some studies have shown more tropism for neural tissue in vitro and in
mouse studies. %245-247 However, these findings do not explain why maternal ZIKV
infection leads to severe microcephaly in some fetuses, but not others. 248 This also
does not explain why the majority of Zika-associated microcephaly occurred in Brazil,
specifically in the Northeast region of the country.®

The other prevailing theory is that an antibody-dependent enhancement (ADE) of
Zika virus is occurring. The antigenic similarities between ZIKV and dengue virus

(DENV), combined with high levels of DENV background immunity among affected
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populations in recent outbreaks, suggest that anti-DENV maternal antibodies are driving
ZIKV-induced neurological damage.?*®

Several human cohort studies suggest that background immunity and DENV
antibody levels might affect the severity of ZIKV infections or complications.53.154
However, it appears that the risk level is not linear. A previous study in Brazil showed
that having neutralizing antibodies against a greater number of dengue serotypes was
protective against having an infant with CZS.24°

Much is still unknown about this topic as it pertains to the antibody profiles
associated with the risk of enhancement versus protection. DENV-ZIKV ADE has been
demonstrated in vitro and in mouse models, but the evidence in nonhuman primates
and in humans is mixed."'6-11% Two recent human cohort studies suggest that
background immunity and DENV antibody levels might affect the severity of ZIKV
infections. '35 Another cohort study showed that previous ZIKV infection may impact
the severity of future dengue infections, suggesting that antibody-dependent
enhancement can occur from DENV to ZIKV and vice versa.'s®

An in-depth analysis of DENV-ZIKV cross-reactive antibodies in humans
following ZIKV infections, and their relationship with disease outcomes, in particular for
pregnant women, is lacking. In this study, we sought to determine the level of
background dengue immunity, as well as the nuances of cross-reactive immunity to
dengue and Zika viruses, in pregnant women living in an area that is often described as

the epicenter of the Zika epidemic.
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Seroprevalence

Serostatus to dengue and Zika viruses were determined by combined NS1
ELISA and verified by neutralization assays. This NS1 methodology allows us to
distinguish dengue and Zika antibodies, a known challenge when analyzing flaviviral
immunity, with high sensitivity. '°> Among 120 women presenting for routine prenatal
care at the Federal University of Bahia in Salvador, Brazil, we found an overall DENV
seroprevalence of 88.3%, which is consistent with other DENV seroprevalence reports

from Northeast Brazil. 170.209-212

Neutralization Patterns

One main goal of this study is to gain further understanding of the nuances of the
antibody response to DENV and ZIKV, in terms of cross-reactive versus type-specific
immunity, as well as avidity. This study identified specific patterns of neutralization
antibodies across various serostatus groups (pDENV, pZIKV, sDENV, ZIKVwprDENV).

The primary Zika virus-infected samples (pZIKV) showed a clear ability to
neutralize ZIKV without the ability to neutralize any of the 4 dengue serotypes. The
primary dengue virus-infected samples (pDENV) showed a majority of their neutralizing
activity to their infecting dengue serotype, with minimal neutralizing capacity seen in the
other viruses tested. SDENV samples showed strong neutralization of one DENV
serotype as well as moderate neutralization of all other DENV serotypes, but no
neutralization capacity for ZIKV. This pattern is likely due to “original antigenic sin”, a

commonly described pattern in dengue immunity where the highest neutralizing titers in
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both acute and convalescent sera are to the initial infecting serotype, with lower cross-
reactive titers seen to the other dengue serotypes. 222°-231 This is thought to play a role
in ADE.

ZIKVwprDENYV, samples with prior dengue and Zika virus infections, fell into two
categories of patterns. The first group showed high neutralizing capacity across the
board, with high NT titers to ZIKV and all 4 DENV serotypes. The other group showed
high neutralizing titers to ZIKV and lower NT titers to dengue viruses. We hypothesized
that the first group, with robust neutralizing antibodies to all viruses tested, were those
who had experienced Zika virus infection along with 2 or more dengue virus infections
while those with the lower NT titers to dengue viruses were those with one prior Zika
virus infection and one prior dengue virus infection. The lower NT titers to DENV in the

ZIKwprDENYV group may be due to time after last DENV infection.

Avidity Analysis

In order to better understand the two distinct neutralization patterns seen in the
ZIKVwprDENYV panel of samples, | assessed IgG avidity using a series of Urea ELISA
tests using whole virus as antigen. One subset showed a large drop in IgG avidity after
depletion of ZIKV antibodies, we hypothesize that these samples represent pDENV-
ZIKV immunity. The other group showed a negligible drop in avidity following ZIKV
antibody depletion, suggesting that these samples have more durability immunity that
we theorize may come from having multiple prior dengue infections (sSDENV-ZIKV).

Although there were different patterns in avidity seen, a decrease in IgG avidity after
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urea wash was not able to separate the ZIKVwprDENV panel into two distinct groups.
However, this experiment showed an inverse relationship between the % of cross-

reactive antibodies and IgG antibody avidity as measured by the Urea ELISA.

Cross-Reactive and Type-Specific Antibodies

| used combined DENV and ZIKV NS1 IgG ELISAs to differentiate DENV and
ZIKV serostatus among pregnant women during the ZIKV outbreak in Salvador, Brazil.
We found that the pZIKV panel had a higher proportion of ZIKV type-specific antibodies
(70-82%) than the ZIKVwprDENYV panel (2-16%). | also found that the ZIKVwprDENV
panel had a higher proportion of DENV-ZIKV cross-reactive antibodies (84-98%) than
previously reported by Andrade et al. It is possible that this contributed to the protective
effects of previous DENV on ZIKV as well as ZIKV on DENV during 2017-18 and

enhancing effect during 2019-20 in human cohort studies from Northeast Brazil.'54155.232

Using titration ELISAs, | assessed endpoint titers to dengue and Zika viruses.
Endpoint titers were used as a measure of the strength of antibody response. The
results showed a positive correlation between the endpoint titers to DENV and ZIKV as
expected based on the known cross-reactivity of these viruses. Surprisingly, my
analysis found that the DENV endpoint titers of samples collected during the later time
period (after the peak of the outbreak) were 4-fold higher than those during the early
time period. We believe this indicates that ongoing dengue transmission was occurring

in the background of the Zika epidemic.
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The increased dengue titers found corresponded with the decline of the Zika
epidemic. These findings suggest that higher DENV antibody titers among non-ZIKV-
infected individuals may have contributed to the decline of the ZIKV outbreak, though
the underlying causes and mechanisms remain to be investigated. Future studies of
DENYV and ZIKV immunity involving longitudinal samples during and after the ZIKV

outbreak are warranted.

Limitations and Alternative Strategies

This study aimed to assess background dengue immunity among pregnant
women in Northeast Brazil. We believe that understanding the patterns of previous
dengue infections in this cohort is a key component of understanding the factors that led
to the emergence of Congenital Zika Syndrome. While this research serves as a
reference point for the background immunity to Zika and dengue viruses among
pregnant women in an area of Brazil that was heavily impacted by Congenital Zika
Syndrome, we were unable to correlate the antibody profiles of these women with the
clinical outcomes of their infants. The effects of DENV-ZIKV cross-reactive antibodies
on virus neutralization and antibody-dependent enhancement and disease outcomes in

pregnant women remain to be studied in the future.

Additionally, the samples used for this research may not be representative of the
population as a whole, as they were collected from one hospital and were a limited
number of samples. It would be beneficial to repeat this methodology using more

samples from various healthcare centers in Northeast Brazil to increase the power of
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our findings. Testing the DENV and ZIKV seroprevalence of this population could also
be done using a Luminex assay. It would be beneficial to test these samples for a panel
of related flaviviruses, as well as test for Chikungunya, which also was known to be
circulating in Brazil during this time period.

We were unable to differentiate between pDENV and sDENV in a number of
samples using our combined NS1 methodology and neutralization assays. We aim to
develop a future methodology to address this issue. Having a larger number of samples
from this cohort would be beneficial for further assessing the NS1 binding patterns,
endpoint titers to dengue and Zika virus, and IgG avidity represented by the various
serostatus groups. Having a cohort with known flavivirus infection history would be ideal
as a comparison group for our unknown samples.

The ability to test sequential samples would be ideal, in order to understand how
the type-specific (TS) versus cross-reactive (CR) antibody profile changes over time.
The assessment of type-specific vs cross-reactive antibodies could be done with other
methods, for example, a quantitative antibody assay. Testing memory B-cells (MBCs)
would be beneficial if it is possible to obtain cryopreserved blood samples from these
subjects. This could be assessed in comparison to the antibody response.

Additionally, these samples were selected based on negative Zika virus serology
conducted in Brazil as we were interested in assessing background dengue immunity.
Future studies to further analyze flaviviral immunity in this population and to assess the

impact that pre-existing dengue immunity has on Zika virus outcomes are merited.
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Future Directions

There are wide-ranging and severe societal impacts of CZS, from fear and
anxiety in the general population to increased healthcare expenditures of affected
countries to the physical, mental, social, economic, and educational impacts on families
affected by this lifelong syndrome. Unfortunately, many basic questions regarding this
disease and associated long-term consequences still remain unanswered.

The factors leading to the development of Congenital Zika Syndrome (CZS) are
unknown. Previous research has found that a broader profile of neutralizing antibodies
to multiple DENV serotypes was found in pregnant women who delivered healthy
children compared with mothers who delivered babies affected by Congenital Zika
Syndrome.?# |t is theorized that cross-reactive antibodies are driving DENV-ZIKV ADE.
In this study, we found a high proportion of DENV-ZIKV cross-reactive antibodies (84-
98%) among pregnant women in Salvador, Brazil who had been sequentially infected
with DENV and ZIKV. A future research goal is to assess how these cross-reactive
antibodies to DENV and ZIKV in pregnant women correlate to clinical outcomes in their
infants.

Understanding the antibody profile of mothers at risk for delivering infants with
Congenital Zika Syndrome has numerous scientific and public health impacts. This
information can be used to aid in vaccine development — ensuring that vaccines do not
drive ADE and more severe phenotypes of Zika-infection. It can also be used to identify
a smaller population at risk for CZS, which may quell fears and population-level anxiety

if another epidemic occurs. Additionally, this information can be applied to other regions
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of the globe at risk for Zika virus introduction and can be used to predict which regions

are at highest risk of CZS based on local patterns of dengue transmission.

98



References

1. Kuno G, Chang GJJ, Tsuchiya KR, Karabatsos N, Cropp CB. Phylogeny of the
Genus Flavivirus. J Virol. 1998;72(1):73-83.

2. Rothman AL. Immunity to dengue virus: a tale of original antigenic sin and
tropical cytokine storms. Nat Rev Immunol. 2011;11(8):532-543. doi:10.1038/nri3014
3. Pierson TC, Diamond MS. Chapter 26 Flaviviruses. In: Fields Virology 6th
Edition. Lippincott Williams & Wilkins; 2013.

4. Stass R, Ng WM, Kim YC, Huiskonen JT. Structures of enveloped virions
determined by cryogenic electron microscopy and tomography. Adv Virus Res.
2019;105:35-71. doi:10.1016/bs.aivir.2019.07.009

5. Zhang W, Chipman PR, Corver J, et al. Visualization of membrane protein
domains by cryo-electron microscopy of dengue virus. Nat Struct Biol. 2003;10(11):907-
912. doi:10.1038/nsb990

6. Xie X, Yang Y, Muruato AE, et al. Understanding Zika Virus Stability and
Developing a Chimeric Vaccine through Functional Analysis. Lipkin WI, ed. mBio.
2017;8(1). doi:10.1128/mBi0.02134-16

7. Sirohi D, Chen Z, Sun L, et al. The 3.8 A resolution cryo-EM structure of Zika
virus. Science. 2016;352(6284):467-470. doi:10.1126/science.aaf5316

8. Lindenbach BD, Murray CL, Thiel HJ, Rice CM. Chapter 25 Flaviviridae. In:
Fields Virology 6th Edition. Lippincott Williams & Wilkins.

9. Gubler DJ. Dengue and Dengue Hemorrhagic Fever. Clin Microbiol Rev.
1998;11(3):480-496.

10. Heinz FX, Stiasny K. The Antigenic Structure of Zika Virus and Its Relation to
Other Flaviviruses: Implications for Infection and Immunoprophylaxis. Microbiol Mol Biol
Rev. 2017;81(1):e00055-16. doi:10.1128/MMBR.00055-16

11. Zeng Z, Shi J, Guo X, et al. Full-length genome and molecular characterization of
dengue virus serotype 2 isolated from an imported patient from Myanmar. Virology
Journal. 2018;15(1):131. doi:10.1186/s12985-018-1043-2

12.  Sirohi D, Kuhn RJ. Zika Virus Structure, Maturation, and Receptors. J Infect Dis.
2017;216(suppl_10):S935-S944. doi:10.1093/infdis/jix515

13.  Barrows NJ, Campos RK, Liao KC, et al. Biochemistry and Molecular Biology of
Flaviviruses. Chem Rev. 2018;118(8):4448-4482. doi:10.1021/acs.chemrev.7b00719
14.  Mukhopadhyay S, Kuhn RJ, Rossmann MG. A structural perspective of the
flavivirus life cycle. Nat Rev Microbiol. 2005;3(1):13-22. doi:10.1038/nrmicro1067

15. Hou J, Shrivastava S, Loo HL, Wong LH, Ooi EE, Chen J. Sequential
immunization induces strong and broad immunity against all four dengue virus
serotypes. npj Vaccines. 2020;5(1):1-11. doi:10.1038/s41541-020-00216-0

16. Guzman MG, Harris E. Dengue. The Lancet. 2015;385(9966):453-465.
doi:10.1016/S0140-6736(14)60572-9

17.  Kostyuchenko VA, Lim EXY, Zhang S, et al. Structure of the thermally stable Zika
virus. Nature. 2016;533(7603):425-428. doi:10.1038/nature17994

18. Tsai WY, Driesse K, Tsai JJ, et al. Enzyme-linked immunosorbent assays using
virus-like particles containing mutations of conserved residues on envelope protein can

99



distinguish three flavivirus infections. Emerg Microbes Infect. 2020;9(1):1722-1732.
doi:10.1080/22221751.2020.1797540

19. Wong SS, Hagshenas G, Gowans EJ, Mackenzie J. The dengue virus M protein
localises to the endoplasmic reticulum and forms oligomers. FEBS Letters.
2012;586(7):1032-1037. doi:10.1016/j.febslet.2012.02.047

20. Lorenz IC, Allison SL, Heinz FX, Helenius A. Folding and dimerization of tick-
borne encephalitis virus envelope proteins prM and E in the endoplasmic reticulum. J
Virol. 2002;76(11):5480-5491. doi:10.1128/jvi.76.11.5480-5491.2002

21.  Junjhon J, Edwards TJ, Utaipat U, et al. Influence of pr-M Cleavage on the
Heterogeneity of Extracellular Dengue Virus Particles. J Virol. 2010;84(16):8353-8358.
doi:10.1128/JVI1.00696-10

22. Byk LA, Gamarnik AV. Properties and Functions of the Dengue Virus Capsid
Protein. Annu Rev Virol. 2016;3(1):263-281. doi:10.1146/annurev-virology-110615-
042334

23. Nasar S, Rashid N, Iftikhar S. Dengue proteins with their role in pathogenesis,
and strategies for developing an effective anti-dengue treatment: A review. Journal of
Medical Virology. 2020;92(8):941-955. doi:10.1002/jmv.25646

24.  Muller DA, Young PR. The flavivirus NS1 protein: Molecular and structural
biology, immunology, role in pathogenesis and application as a diagnostic biomarker.
Antiviral Research. 2013;98(2):192-208. doi:10.1016/j.antiviral.2013.03.008

25. Reyes-Sandoval A, Ludert JE. The Dual Role of the Antibody Response Against
the Flavivirus Non-structural Protein 1 (NS1) in Protection and Immuno-Pathogenesis.
Frontiers in Immunology. 2019;10:1651. doi:10.3389/fimmu.2019.01651

26. Rastogi M, Sharma N, Singh SK. Flavivirus NS1: a multifaceted enigmatic viral
protein. Virology Journal. 2016;13(1):131. doi:10.1186/s12985-016-0590-7

27. Guzman MG, Halstead SB, Artsob H, et al. Dengue: a continuing global threat.
Nat Rev Microbiol. 2010;8(12 0):S7-16. doi:10.1038/nrmicro2460

28. ChenY, Maguire T, Hileman RE, et al. Dengue virus infectivity depends on
envelope protein binding to target cell heparan sulfate. Nat Med. 1997;3(8):866-871.
doi:10.1038/nm0897-866

29. Navarro-Sanchez E, Altmeyer R, Amara A, et al. Dendritic-cell-specific ICAM3-
grabbing non-integrin is essential for the productive infection of human dendritic cells by
mosquito-cell-derived dengue viruses. EMBO Rep. 2003;4(7):723-728.
doi:10.1038/sj.embor.embor866

30. Tassaneetrithep B, Burgess TH, Granelli-Piperno A, et al. DC-SIGN (CD209)
mediates dengue virus infection of human dendritic cells. J Exp Med. 2003;197(7):823-
829. doi:10.1084/jem.20021840

31.  Chen YC, Wang SY, King CC. Bacterial lipopolysaccharide inhibits dengue virus
infection of primary human monocytes/macrophages by blockade of virus entry via a
CD14-dependent mechanism. J Virol. 1999;73(4):2650-2657.
doi:10.1128/JVI.73.4.2650-2657.1999

32. Miller JL, deWet BJM, Martinez-Pomares L, et al. The Mannose Receptor
Mediates Dengue Virus Infection of Macrophages. PLOS Pathogens. 2008;4(2):e17.
doi:10.1371/journal.ppat.0040017

100



33. Meertens L, Carnec X, Lecoin MP, et al. The TIM and TAM families of
phosphatidylserine receptors mediate dengue virus entry. Cell Host Microbe.
2012;12(4):544-557. doi:10.1016/j.chom.2012.08.009

34.  Cruz-Oliveira C, Freire JM, Concei¢cado TM, Higa LM, Castanho MARB, Da Poian
AT. Receptors and routes of dengue virus entry into the host cells. FEMS Microbiology
Reviews. 2015;39(2):155-170. doi:10.1093/femsre/fuu004

35.  Strange DP, Jiyarom B, Pourhabibi Zarandi N, et al. Axl Promotes Zika Virus
Entry and Modulates the Antiviral State of Human Sertoli Cells. mBio. 10(4):e01372-19.
doi:10.1128/mBi0.01372-19

36. Richard AS, Shim BS, Kwon YC, et al. AXL-dependent infection of human fetal
endothelial cells distinguishes Zika virus from other pathogenic flaviviruses. PNAS.
2017;114(8):2024-2029. doi:10.1073/pnas.1620558114

37. Srivastava M, Zhang Y, Chen J, et al. Chemical proteomics tracks virus entry and
uncovers NCAM1 as Zika virus receptor. Nat Commun. 2020;11(1):3896.
doi:10.1038/s41467-020-17638-y

38. Hamel R, Dejarnac O, Wichit S, et al. Biology of Zika Virus Infection in Human
Skin Cells. J Virol. 2015;89(17):8880-8896. doi:10.1128/JV1.00354-15

39. Neufeldt CJ, Cortese M, Acosta EG, Bartenschlager R. Rewiring cellular
networks by members of the Flaviviridae family. Nat Rev Microbiol. 2018;16(3):125-142.
doi:10.1038/nrmicro.2017.170

40. Acosta EG, Castilla V, Damonte EB. Functional entry of dengue virus into Aedes
albopictus mosquito cells is dependent on clathrin-mediated endocytosis. J Gen Virol.
2008;89(Pt 2):474-484. doi:10.1099/vir.0.83357-0

41.  Rockstroh A, Moges B, Barzon L, et al. Specific detection of dengue and Zika
virus antibodies using envelope proteins with mutations in the conserved fusion loop.
Emerg Microbes Infect. 2017;6(11):€99. doi:10.1038/emi.2017.87

42. Calisher CH, Karabatsos N, Dalrymple JM, et al. Antigenic Relationships
between Flaviviruses as Determined by Cross-neutralization Tests with Polyclonal
Antisera. Journal of General Virology. 70(1):37-43. doi:10.1099/0022-1317-70-1-37

43. Montoya M, Collins M, Dejnirattisai W, et al. Longitudinal Analysis of Antibody
Cross-neutralization Following Zika Virus and Dengue Virus Infection in Asia and the
Americas. J Infect Dis. 2018;218(4):536-545. doi:10.1093/infdis/jiy164

44. Lessler J, Chaisson LH, Kucirka LM, et al. Assessing the global threat from Zika
virus. Science. 2016;353(6300):aaf8160. doi:10.1126/science.aaf8160

45. Liu ZY, Shi WF, Qin CF. The evolution of Zika virus from Asia to the Americas.
Nat Rev Microbiol. 2019;17(3):131-139. doi:10.1038/s41579-018-0134-9

46. Faye O, Freire CCM, lamarino A, et al. Molecular Evolution of Zika Virus during
Its Emergence in the 20th Century. PLOS Neglected Tropical Diseases.
2014;8(1):e2636. doi:10.1371/journal.pntd.0002636

47. Haddow AD, Schuh AJ, Yasuda CY, et al. Genetic Characterization of Zika Virus
Strains: Geographic Expansion of the Asian Lineage. PLOS Neglected Tropical
Diseases. 2012;6(2):e1477. doi:10.1371/journal.pntd.0001477

48. Faria NR, Azevedo R do S da S, Kraemer MUG, et al. Zika virus in the Americas:
Early epidemiological and genetic findings. Science. 2016;352(6283):345-349.
doi:10.1126/science.aaf5036

101



49.  Aliota MT, Bassit L, Bradrick SS, et al. Zika in the Americas, year 2: What have
we learned? What gaps remain? A report from the Global Virus Network. Antiviral Res.
2017;144:223-246. doi:10.1016/j.antiviral.2017.06.001

50. Musso D, Gubler DJ. Zika Virus. Clin Microbiol Rev. 2016;29(3):487-524.
doi:10.1128/CMR.00072-15

51. Lazear HM, Diamond MS. Zika Virus: New Clinical Syndromes and Its
Emergence in the Western Hemisphere. J Virol. 2016;90(10):4864-4875.
doi:10.1128/JVI1.00252-16

52. Bhatt S, Gething PW, Brady OJ, et al. The global distribution and burden of
dengue. Nature. 2013;496(7446):504-507. doi:10.1038/nature12060

53. Holmes EC, Twiddy SS. The origin, emergence and evolutionary genetics of
dengue virus. Infection, Genetics and Evolution. 2003;3(1):19-28. doi:10.1016/S1567-
1348(03)00004-2

54. Salles TS, da Encarnacdo Sa-Guimaraes T, de Alvarenga ESL, et al. History,
epidemiology and diagnostics of dengue in the American and Brazilian contexts: a
review. Parasit Vectors. 2018;11(1):264. doi:10.1186/s13071-018-2830-8

55. Bavia L, Melanda FN, de Arruda TB, et al. Epidemiological study on dengue in
southern Brazil under the perspective of climate and poverty. Sci Rep. 2020;10(1):2127.
doi:10.1038/s41598-020-58542-1

56. San Martin JL, Brathwaite O, Zambrano B, et al. The epidemiology of dengue in
the americas over the last three decades: a worrisome reality. Am J Trop Med Hyg.
2010;82(1):128-135. doi:10.4269/ajtmh.2010.09-0346

57. Brady OJ, Gething PW, Bhatt S, et al. Refining the Global Spatial Limits of
Dengue Virus Transmission by Evidence-Based Consensus. PLOS Neglected Tropical
Diseases. 2012;6(8):e1760. doi:10.1371/journal.pntd.0001760

58. Dengue and severe dengue. Accessed December 1, 2021.
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue

59. Messina JP, Brady OJ, Golding N, et al. The current and future global distribution
and population at risk of dengue. Nat Microbiol. 2019;4(9):1508-1515.
doi:10.1038/s41564-019-0476-8

60. Brathwaite Dick O, San Martin JL, Montoya RH, del Diego J, Zambrano B, Dayan
GH. The History of Dengue Outbreaks in the Americas. Am J Trop Med Hyg.
2012;87(4):584-593. doi:10.4269/ajtmh.2012.11-0770

61. Dengue - PAHO/WHO | Pan American Health Organization. Accessed December
1, 2021. https://www.paho.org/en/topics/dengue

62. Guzman MG, Gubler DJ, Izquierdo A, Martinez E, Halstead SB. Dengue
infection. Nat Rev Dis Primers. 2016;2(1):16055. doi:10.1038/nrdp.2016.55

63. Reich NG, Shrestha S, King AA, et al. Interactions between serotypes of dengue
highlight epidemiological impact of cross-immunity. J R Soc Interface.
2013;10(86):20130414. doi:10.1098/rsif.2013.0414

64. Nunes PCG, Daumas RP, Sanchez-Arcila JC, Nogueira RMR, Horta MAP, dos
Santos FB. 30 years of fatal dengue cases in Brazil: a review. BMC Public Health.
2019;19(1):329. doi:10.1186/s12889-019-6641-4

65. Temporéo JG, Penna GO, Carmo EH, et al. Dengue Virus Serotype 4, Roraima
State, Brazil. Emerg Infect Dis. 2011;17(5):938-940. doi:10.3201/eid1705.101681

102



66. Silva MMO, Tauro LB, Kikuti M, et al. Concomitant Transmission of Dengue,
Chikungunya, and Zika Viruses in Brazil: Clinical and Epidemiological Findings From
Surveillance for Acute Febrile lliness. Clin Infect Dis. 2019;69(8):1353-1359.
doi:10.1093/cid/ciy1083

67. Dick GWA, Kitchen SF, Haddow AJ. Zika Virus (l). Isolations and serological
specificity. Transactions of The Royal Society of Tropical Medicine and Hygiene.
1952;46(5):509-520. doi:10.1016/0035-9203(52)90042-4

68. Dick GWA. EPIDEMIOLOGICAL NOTES ON SOME VIRUSES ISOLATED IN
UGANDA (Yellow fever, Rift Valley fever, Bwamba fever, West Nile, Mengo, Semliki
forest, Bunyamweral Ntaya, Uganda S and Zika viruses). :36.

69. MacNamara FN. Zika virus : A report on three cases of human infection during an
epidemic of jaundice in Nigeria. Transactions of The Royal Society of Tropical Medicine
and Hygiene. 1954;48(2):139-145. doi:10.1016/0035-9203(54)90006-1

70.  Duffy MR, Chen TH, Hancock WT, et al. Zika Virus Outbreak on Yap Island,
Federated States of Micronesia. N Engl J Med. 2009;360(24):2536-2543.
doi:10.1056/NEJM0a0805715

71.  Cao-Lormeau VM, Roche C, Teissier A, et al. Zika virus, French polynesia, South
pacific, 2013. Emerg Infect Dis. 2014;20(6):1085-1086. doi:10.3201/eid2006.140138
72.  Cao-Lormeau VM, Blake A, Mons S, et al. Guillain-Barré Syndrome outbreak
associated with Zika virus infection in French Polynesia: a case-control study. Lancet.
2016;387(10027):1531-1539. doi:10.1016/S0140-6736(16)00562-6

73. Cauchemez S, Besnard M, Bompard P, et al. Association between Zika virus and
microcephaly in French Polynesia, 2013-15: a retrospective study. Lancet.
2016;387(10033):2125-2132. doi:10.1016/S0140-6736(16)00651-6

74.  Cardoso CW, Paploski IAD, Kikuti M, et al. Outbreak of Exanthematous lliness
Associated with Zika, Chikungunya, and Dengue Viruses, Salvador, Brazil. Emerg Infect
Dis. 2015;21(12):2274-2276. doi:10.3201/eid2112.151167

75. Petersen LR, Jamieson DJ, Powers AM, Honein MA. Zika Virus. Baden LR, ed.
N Engl J Med. 2016;374(16):1552-1563. doi:10.1056/NEJMra1602113

76. Hamer DH, Barbre KA, Chen LH, et al. Travel-Associated Zika Virus Disease
Acquired in the Americas Through February 2016: A GeoSentinel Analysis. Ann Intern
Med. 2017;166(2):99-108. doi:10.7326/M16-1842

77.  McCarthy M. Zika virus was transmitted by sexual contact in Texas, health
officials report. BMJ. 2016;352:i720. doi:10.1136/bm);.i720

78.  Sanchez JD, https://www.facebook.com/pahowho. PAHO/WHO | Timeline of
Emergence of Zika virus in the Americas. Pan American Health Organization / World
Health Organization. Published April 29, 2016. Accessed December 1, 2021.
https://www3.paho.org/hg/index.php?option=com_content&view=article&id=11959:timeli
ne-of-emergence-of-zika-virus-in-the-americas&ltemid=41711&lang=en

79.  HAN Archive - 00399|Health Alert Network (HAN). Published November 26,
2018. Accessed December 1, 2021. https://emergency.cdc.gov/han/han00399.asp

80. Oliveira WK de. Increase in Reported Prevalence of Microcephaly in Infants Born
to Women Living in Areas with Confirmed Zika Virus Transmission During the First
Trimester of Pregnancy — Brazil, 2015. MMWR Morb Mortal Wkly Rep. 2016;65.
doi:10.15585/mmwr.mm6509e2er

103



81.  Proenca-Modena JL, Milanez GP, Costa ML, Judice CC, Maranh&o Costa FT.
Zika virus: lessons learned in Brazil. Microbes Infect. 2018;20(11-12):661-669.
doi:10.1016/j.micinf.2018.02.008

82. Zika - PAHO/WHO | Pan American Health Organization. Accessed October 20,
2021. https://lwww.paho.org/en/topics/zika

83. Faria NR, Quick J, Claro IM, et al. Establishment and cryptic transmission of Zika
virus in Brazil and the Americas. Nature. 2017;546(7658):406-410.
doi:10.1038/nature22401

84. Netto EM, Moreira-Soto A, Pedroso C, et al. High Zika Virus Seroprevalence in
Salvador, Northeastern Brazil Limits the Potential for Further Outbreaks. mBio.
2017;8(6):e01390-17. doi:10.1128/mBi0.01390-17

85. Pielnaa P, Al-Saadawe M, Saro A, et al. Zika virus-spread, epidemiology,
genome, transmission cycle, clinical manifestation, associated challenges, vaccine and
antiviral drug development. Virology. 2020;543:34-42. doi:10.1016/j.virol.2020.01.015
86. Colon-Gonzalez FJ, Peres CA, Bernardo CSS, Hunter PR, Lake IR. After the
epidemic: Zika virus projections for Latin America and the Caribbean. PLOS Neglected
Tropical Diseases. 2017;11(11):e0006007. doi:10.1371/journal.pntd.0006007

87.  Gardner LM, Bdéta A, Gangavarapu K, Kraemer MUG, Grubaugh ND. Inferring
the risk factors behind the geographical spread and transmission of Zika in the
Americas. PLoS Negl Trop Dis. 2018;12(1):e0006194.
doi:10.1371/journal.pntd.0006194

88.  Ajelli M, Moise IK, Hutchings TCSG, et al. Host outdoor exposure variability
affects the transmission and spread of Zika virus: Insights for epidemic control. PLoS
Negl Trop Dis. 2017;11(9):e0005851. doi:10.1371/journal.pntd.0005851

89. Morgan J, Strode C, Salcedo-Sora JE. Climatic and socio-economic factors
supporting the co-circulation of dengue, Zika and chikungunya in three different
ecosystems in Colombia. PLOS Neglected Tropical Diseases. 2021;15(3):e0009259.
doi:10.1371/journal.pntd.0009259

90. Tran BL, Tseng WC, Chen CC, Liao SY. Estimating the Threshold Effects of
Climate on Dengue: A Case Study of Taiwan. Int J Environ Res Public Health.
2020;17(4):1392. doi:10.3390/ijerph17041392

91. Ryan SJ, Carlson CJ, Mordecai EA, Johnson LR. Global expansion and
redistribution of Aedes-borne virus transmission risk with climate change. PLOS
Neglected Tropical Diseases. 2019;13(3):e0007213. doi:10.1371/journal.pntd.0007213
92. Paixao ES, Teixeira MG, Rodrigues LC. Zika, chikungunya and dengue: the
causes and threats of new and re-emerging arboviral diseases. BMJ Glob Health.
2018;3(Suppl 1):e000530. doi:10.1136/bmjgh-2017-000530

93. Zanotto PM de A, Leite LC de C. The Challenges Imposed by Dengue, Zika, and
Chikungunya to Brazil. Front Immunol. 2018;9:1964. doi:10.3389/fimmu.2018.01964
94. Pialoux G, Gauzere BA, Jauréguiberry S, Strobel M. Chikungunya, an epidemic
arbovirosis. The Lancet Infectious Diseases. 2007;7(5):319-327. doi:10.1016/S1473-
3099(07)70107-X

95. Patterson J, Sammon M, Garg M. Dengue, Zika and Chikungunya: Emerging
Arboviruses in the New World. Western Journal of Emergency Medicine. 2016;17:671-
679. doi:10.5811/westjem.2016.9.30904

104



96. Symptoms and Treatment | Dengue | CDC. Published September 20, 2021.
Accessed December 6, 2021. https://www.cdc.gov/dengue/symptoms/index.html

97. Roy SK, Bhattacharjee S. Dengue virus: epidemiology, biology, and disease
aetiology. Can J Microbiol. 2021;67(10):687-702. doi:10.1139/cjm-2020-0572

98. Kalayanarooj S. Clinical Manifestations and Management of Dengue/DHF/DSS.
Trop Med Health. 2011;39(4 Suppl):83-87. doi:10.2149/tmh.2011-S10

99. Katzelnick LC, Coloma J, Harris E. Dengue: Knowledge gaps, unmet needs and
research priorities. Lancet Infect Dis. 2017;17(3):e88-e100. doi:10.1016/S1473-
3099(16)30473-X

100. Garcia G, Gonzalez N, Pérez AB, et al. Long-term persistence of clinical
symptoms in dengue-infected persons and its association with immunological disorders.
Int J Infect Dis. 2011;15(1):e38-43. doi:10.1016/].ijid.2010.09.008

101. Gonzalez D, Martinez R, Castro O, et al. Evaluation of Some Clinical, Humoral
and Imagenological Parameters in Patients of Dengue Haemorrhagic Fever Six Months
after Acute lliness. 2005;29:6.

102. Jessie K, Fong MY, Devi S, Lam SK, Wong KT. Localization of dengue virus in
naturally infected human tissues, by immunohistochemistry and in situ hybridization. J
Infect Dis. 2004;189(8):1411-1418. doi:10.1086/383043

103. Durbin AP, Vargas MJ, Wanionek K, et al. Phenotyping of peripheral blood
mononuclear cells during acute dengue illness demonstrates infection and increased
activation of monocytes in severe cases compared to classic dengue fever. Virology.
2008;376(2):429-435. doi:10.1016/j.virol.2008.03.028

104. Limon-Flores AY, Perez-Tapia M, Estrada-Garcia |, et al. Dengue virus
inoculation to human skin explants: an effective approach to assess in situ the early
infection and the effects on cutaneous dendritic cells. Int J Exp Pathol. 2005;86(5):323-
334. doi:10.1111/1.0959-9673.2005.00445.x

105. Guabiraba R, Ryffel B. Dengue virus infection: current concepts in immune
mechanisms and lessons from murine models. Immunology. 2014;141(2):143-156.
doi:10.1111/imm.12188

106. Martina BEE, Koraka P, Osterhaus ADME. Dengue Virus Pathogenesis: an
Integrated View. Clin Microbiol Rev. 2009;22(4):564-581. doi:10.1128/CMR.00035-09
107. Clyde K, Kyle JL, Harris E. Recent Advances in Deciphering Viral and Host
Determinants of Dengue Virus Replication and Pathogenesis. J Virol.
2006;80(23):11418-11431. doi:10.1128/JVI.01257-06

108. Ngono AE, Shresta S. Immune Response to Dengue and Zika. Annu Rev
Immunol. 2018;36:279-308. doi:10.1146/annurev-immunol-042617-053142

109. Thein S, Aung MM, Shwe TN, et al. Risk factors in dengue shock syndrome. Am
J Trop Med Hyg. 1997;56(5):566-572. doi:10.4269/ajtmh.1997.56.566

110. Rathore AP, Farouk FS, St. John AL. Risk factors and biomarkers of severe
dengue. Current Opinion in Virology. 2020;43:1-8. doi:10.1016/j.coviro.2020.06.008
111. Guzman MG, Vazquez S. The Complexity of Antibody-Dependent Enhancement
of Dengue Virus Infection. Viruses. 2010;2(12):2649-2662. doi:10.3390/v2122649

112. Mathew A, Rothman AL. Understanding the contribution of cellular immunity to
dengue disease pathogenesis. Immunological Reviews. 2008;225(1):300-313.
doi:10.1111/j.1600-065X.2008.00678.x

105



113. Snow GE, Haaland B, Ooi EE, Gubler DJ. Research on Dengue during World
War Il Revisited. Am J Trop Med Hyg. 2014;91(6):1203-1217. doi:10.4269/ajtmh.14-
0132

114. Kliks SC, Nimmanitya S, Nisalak A, Burke DS. Evidence that maternal dengue
antibodies are important in the development of dengue hemorrhagic fever in infants. Am
J Trop Med Hyg. 1988;38(2):411-419. doi:10.4269/ajtmh.1988.38.411

115. Pathogenesis of Dengue: Challenges to Molecular Biology on JSTOR. Accessed
December 6, 2021. https://www-jstor-
org.eres.library.manoa.hawaii.edu/stable/17002757seq=1#metadata_info_tab_contents
116. Barba-Spaeth G, Dejnirattisai W, Rouvinski A, et al. Structural basis of potent
Zika-dengue virus antibody cross-neutralization. Nature. 2016;536(7614):48-53.
doi:10.1038/nature18938

117. Swanstrom JA, Plante JA, Plante KS, et al. Dengue Virus Envelope Dimer
Epitope Monoclonal Antibodies Isolated from Dengue Patients Are Protective against
Zika Virus. mBio. 2016;7(4):e01123-16. doi:10.1128/mBio.01123-16

118. Priyamvada L, Quicke KM, Hudson WH, et al. Human antibody responses after
dengue virus infection are highly cross-reactive to Zika virus. Proc Natl Acad Sci USA.
2016;113(28):7852-7857. doi:10.1073/pnas.1607931113

119. Bardina SV, Bunduc P, Tripathi S, et al. Enhancement of Zika virus pathogenesis
by preexisting antiflavivirus immunity. Science. 2017;356(6334):175-180.
doi:10.1126/science.aal4365

120. Katzelnick LC, Gresh L, Halloran ME, et al. Antibody-dependent enhancement of
severe dengue disease in humans. Science. 2017;358(6365):929-932.
doi:10.1126/science.aan6836

121. Salehuddin AR, Haslan H, Mamikutty N, et al. Zika virus infection and its
emerging trends in Southeast Asia. Asian Pacific Journal of Tropical Medicine.
2017;10(3):211-219. doi:10.1016/j.apjtm.2017.03.002

122. Moghadas SM, Shoukat A, Espindola AL, et al. Asymptomatic Transmission and
the Dynamics of Zika Infection. Sci Rep. 2017;7(1):5829. doi:10.1038/s41598-017-
05013-9

123. Lessler J, Ott CT, Carcelen AC, et al. Times to key events in Zika virus infection
and implications for blood donation: a systematic review. Bull World Health Organ.
2016;94(11):841-849. doi:10.2471/BLT.16.174540

124. Belaunzaran-Zamudio PF, Mateja A, Guerra-de-Blas P del C, et al. Comparison
of clinical characteristics of Zika and dengue symptomatic infections and other acute
illnesses of unidentified origin in Mexico. PLoS Negl Trop Dis. 2021;15(2):e0009133.
doi:10.1371/journal.pntd.0009133

125. Cao-Lormeau VM, Blake A, Mons S, et al. Guillain-Barré Syndrome outbreak
associated with Zika virus infection in French Polynesia: a case-control study. The
Lancet. 2016;387(10027):1531-1539. doi:10.1016/S0140-6736(16)00562-6

126. Barbi L, Coelho AVC, Alencar LCA de, Crovella S. Prevalence of Guillain-Barré
syndrome among Zika virus infected cases: a systematic review and meta-analysis.
Braz J Infect Dis. 2018;22(2):137-141. doi:10.1016/j.bjid.2018.02.005

127. CDC. Congenital Anomalies of the Nervous System: Microcephaly. Centers for
Disease Control and Prevention. Published March 11, 2021. Accessed December 6,

106



2021. https://lwww.cdc.gov/ncbddd/birthdefects/surveillancemanual/quick-reference-
handbook/microcephaly.html

128. Oliveira Melo AS, Malinger G, Ximenes R, Szejnfeld PO, Alves Sampaio S, Bispo
de Filippis AM. Zika virus intrauterine infection causes fetal brain abnormality and
microcephaly: tip of the iceberg? Ultrasound Obstet Gynecol. 2016;47(1):6-7.
doi:10.1002/uog.15831

129. Freitas DA, Souza-Santos R, Carvalho LMA, et al. Congenital Zika syndrome: A
systematic review. PLoS One. 2020;15(12):e0242367.
doi:10.1371/journal.pone.0242367

130. de Paula Freitas B, de Oliveira Dias JR, Prazeres J, et al. Ocular Findings in
Infants With Microcephaly Associated With Presumed Zika Virus Congenital Infection in
Salvador, Brazil. JAMA Ophthalmol. 2016;134(5):529-535.
doi:10.1001/jamaophthalmol.2016.0267

131. Brasil P, Pereira JP, Moreira ME, et al. Zika Virus Infection in Pregnant Women
in Rio de Janeiro. N Engl J Med. 2016;375(24):2321-2334.
doi:10.1056/NEJMoa1602412

132. Hoen B, Schaub B, Funk AL, et al. Pregnancy Outcomes after ZIKV Infection in
French Territories in the Americas. N Engl J Med. 2018;378(11):985-994.
doi:10.1056/NEJMoa1709481

133. Cauchemez S, Besnard M, Bompard P, et al. Association between Zika virus and
microcephaly in French Polynesia, 2013—-15: a retrospective study. The Lancet.
2016;387(10033):2125-2132. doi:10.1016/S0140-6736(16)00651-6

134. Dudley DM, Van Rompay KK, Coffey LL, et al. Miscarriage and Stillbirth
Following Maternal Zika Virus Infection in Nonhuman Primates. Nat Med.
2018;24(8):1104-1107. doi:10.1038/s41591-018-0088-5

135. Foy BD, Kobylinski KC, Foy JLC, et al. Probable Non—Vector-borne
Transmission of Zika Virus, Colorado, USA. Emerg Infect Dis. 2011;17(5):880-882.
doi:10.3201/eid1705.101939

136. Moreira J, Peixoto TM, Siqueira AM, Lamas CC. Sexually acquired Zika virus: a
systematic review. Clinical Microbiology and Infection. 2017;23(5):296-305.
doi:10.1016/j.cmi.2016.12.027

137. Paz-Bailey G, Rosenberg ES, Doyle K, et al. Persistence of Zika Virus in Body
Fluids — Final Report. New England Journal of Medicine. 2018;379(13):1234-1243.
doi:10.1056/NEJMoa1613108

138. Rasmussen SA, Jamieson DJ, Honein MA, Petersen LR. Zika Virus and Birth
Defects — Reviewing the Evidence for Causality. New England Journal of Medicine.
2016;374(20):1981-1987. doi:10.1056/NEJMsr1604338

139. Barzon L, Trevisan M, Sinigaglia A, Lavezzo E, Palu G. Zika virus: from
pathogenesis to disease control. FEMS Microbiology Letters. 2016;363(18):fnw202.
doi:10.1093/femsle/fnw202

140. Tabata T, Petitt M, Puerta-Guardo H, et al. Zika Virus Targets Different Primary
Human Placental Cells, Suggesting Two Routes for Vertical Transmission. Cell Host
Microbe. 2016;20(2):155-166. doi:10.1016/j.chom.2016.07.002

141. Mlakar J, Korva M, Tul N, et al. Zika Virus Associated with Microcephaly. N Engl
J Med. 2016;374(10):951-958. doi:10.1056/nejmoa1600651

107



142. Bayer A, Lennemann NJ, Ouyang Y, et al. Type Il Interferons Produced by
Human Placental Trophoblasts Confer Protection against Zika Virus Infection. Cell Host
Microbe. 2016;19(5):705-712. doi:10.1016/j.chom.2016.03.008

143. Quicke KM, Bowen JR, Johnson EL, et al. Zika Virus Infects Human Placental
Macrophages. Cell Host Microbe. 2016;20(1):83-90. doi:10.1016/j.chom.2016.05.015
144. Dejnirattisai W, Supasa P, Wongwiwat W, et al. Dengue virus sero-cross-
reactivity drives antibody-dependent enhancement of infection with zika virus. Nat
Immunol. 2016;17(9):1102-1108. doi:10.1038/ni.3515

145. Stettler K, Beltramello M, Espinosa DA, et al. Specificity, cross-reactivity, and
function of antibodies elicited by Zika virus infection. Science. 2016;353(6301):823-826.
doi:10.1126/science.aaf8505

146. Lai CY, Tsai WY, Lin SR, et al. Antibodies to Envelope Glycoprotein of Dengue
Virus during the Natural Course of Infection Are Predominantly Cross-Reactive and
Recognize Epitopes Containing Highly Conserved Residues at the Fusion Loop of
Domain IlI. J Virol. 2008;82(13):6631-6643. doi:10.1128/JVI.00316-08

147. Morales |, Rosenberger KD, Magalhaes T, et al. Diagnostic performance of anti-
Zika virus IgM, IgAM and IgG ELISAs during co-circulation of Zika, dengue, and
chikungunya viruses in Brazil and Venezuela. PLOS Neglected Tropical Diseases.
2021;15(4):e0009336. doi:10.1371/journal.pntd.0009336

148. Collins MH, McGowan E, Jadi R, et al. Lack of Durable Cross-Neutralizing
Antibodies Against Zika Virus from Dengue Virus Infection. Emerg Infect Dis.
2017;23(5):773-781. doi:10.3201/eid2305.161630

149. Castanha PMS, Nascimento EJM, Braga C, et al. Dengue Virus-Specific
Antibodies Enhance Brazilian Zika Virus Infection. J Infect Dis. 2017;215(5):781-785.
doi:10.1093/infdis/jiw638

150. McCracken MK, Gromowski GD, Friberg HL, et al. Impact of prior flavivirus
immunity on Zika virus infection in rhesus macaques. PLOS Pathogens.
2017;13(8):e1006487. doi:10.1371/journal.ppat.1006487

151. Pantoja P, Pérez-Guzman EX, Rodriguez IV, et al. Zika virus pathogenesis in
rhesus macaques is unaffected by pre-existing immunity to dengue virus. Nat Commun.
2017;8(1):15674. doi:10.1038/ncomms 15674

152. Breitbach ME, Newman CM, Dudley DM, et al. Primary infection with dengue or
Zika virus does not affect the severity of heterologous secondary infection in macaques.
Kuhn RJ, ed. PLoS Pathog. 2019;15(8):e1007766. doi:10.1371/journal.ppat.1007766
153. Gordon A, Gresh L, Ojeda S, et al. Prior dengue virus infection and risk of Zika: A
pediatric cohort in Nicaragua. PLOS Medicine. 2019;16(1):e1002726.
doi:10.1371/journal.pmed.1002726

154. Rodriguez-Barraquer |, Costa F, Nascimento EJM, et al. Impact of preexisting
dengue immunity on Zika virus emergence in a dengue endemic region. Science.
2019;363(6427):607-610. doi:10.1126/science.aav6618

155. Katzelnick LC, Narvaez C, Arguello S, et al. Zika virus infection enhances future
risk of severe dengue disease. Science. 2020;369(6507):1123-1128.
doi:10.1126/science.abb6143

156. Teixeira MG, Jodo Bosco Siqueira J, Ferreira GLC, Bricks L, Joint G.
Epidemiological Trends of Dengue Disease in Brazil (2000-2010): A Systematic

108



Literature Search and Analysis. PLOS Neglected Tropical Diseases. 2013;7(12):2520.
doi:10.1371/journal.pntd.0002520

157. Gutierrez-Barbosa H, Medina-Moreno S, Zapata JC, Chua JV. Dengue Infections
in Colombia: Epidemiological Trends of a Hyperendemic Country. Trop Med Infect Dis.
2020;5(4):E156. doi:10.3390/tropicalmed5040156

158. Villar LA, Rojas DP, Besada-Lombana S, Sarti E. Epidemiological Trends of
Dengue Disease in Colombia (2000-2011): A Systematic Review. PLOS Neglected
Tropical Diseases. 2015;9(3):e0003499. doi:10.1371/journal.pntd.0003499

159. de Sousa SC, Carneiro M, Eiras AE, Bezerra JMT, Barbosa DS. Factors
associated with the occurrence of dengue epidemics in Brazil: a systematic review. Rev
Panam Salud Publica. 2021;45:e84. doi:10.26633/RPSP.2021.84

160. Simon LM, Rangel TF. Are Temperature Suitability and Socioeconomic Factors
Reliable Predictors of Dengue Transmission in Brazil? Frontiers in Tropical Diseases.
2021;2. Accessed March 11, 2023.
https://www.frontiersin.org/articles/10.3389/fitd.2021.758393

161. Wesolowski A, Qureshi T, Boni MF, et al. Impact of human mobility on the
emergence of dengue epidemics in Pakistan. Proc Natl Acad Sci U S A.
2015;112(38):11887-11892. doi:10.1073/pnas.1504964112

162. Padmanabha H, Correa F, Rubio C, et al. Human Social Behavior and
Demography Drive Patterns of Fine-Scale Dengue Transmission in Endemic Areas of
Colombia. Paul R, ed. PLoS ONE. 2015;10(12):e0144451.
doi:10.1371/journal.pone.0144451

163. Reiner RC, Stoddard ST, Scott TW. Socially structured human movement
shapes dengue transmission despite the diffusive effect of mosquito dispersal.
Epidemics. 2014;6:30-36. doi:10.1016/j.epidem.2013.12.003

164. Ximenes R, Amaku M, Lopez LF, et al. The risk of dengue for non-immune
foreign visitors to the 2016 summer olympic games in Rio de Janeiro, Brazil. BMC
Infectious Diseases. 2016;16(1):186. doi:10.1186/s12879-016-1517-z

165. Aguiar M, Coelho GE, Rocha F, Mateus L, Pessanha JEM, Stollenwerk N.
Dengue transmission during the 2014 FIFA World Cup in Brazil. The Lancet Infectious
Diseases. 2015;15(7):765-766. doi:10.1016/S1473-3099(15)00073-0

166. Rodriguez-Barraquer |, Cordeiro MT, Braga C, de Souza WV, Marques ET,
Cummings DAT. From re-emergence to hyperendemicity: the natural history of the
dengue epidemic in Brazil. PLoS Negl Trop Dis. 2011;5(1):e935.
doi:10.1371/journal.pntd.0000935

167. PAHO. Dengue Data Since 1980. https://www3.paho.org/data/index.php/en/mnu-
topics/indicadores-dengue-en.html

168. Messina JP, Brady OJ, Scott TW, et al. Global spread of dengue virus types:
mapping the 70 year history. Trends Microbiol. 2014;22(3):138-146.
doi:10.1016/j.tim.2013.12.011

169. Villabona-Arenas CJ, Oliveira JL de, Capra C de S, et al. Detection Of Four
Dengue Serotypes Suggests Rise In Hyperendemicity In Urban Centers Of Brazil.
PLOS Neglected Tropical Diseases. 2014;8(2):e2620.
doi:10.1371/journal.pntd.0002620

170. Chiaravalloti-Neto F, da Silva RA, Zini N, et al. Seroprevalence for dengue virus
in a hyperendemic area and associated socioeconomic and demographic factors using

109



a cross-sectional design and a geostatistical approach, state of S&o Paulo, Brazil. BMC
Infectious Diseases. 2019;19(1):441. doi:10.1186/s12879-019-4074-4

171. Campos GS, Bandeira AC, Sardi Sl. Zika Virus Outbreak, Bahia, Brazil. Emerg
Infect Dis. 2015;21(10):1885-1886. doi:10.3201/eid2110.150847

172. Silva NM, Santos NC, Martins IC. Dengue and Zika Viruses: Epidemiological
History, Potential Therapies, and Promising Vaccines. Trop Med Infect Dis.
2020;5(4):150. doi:10.3390/tropicalmed5040150

173. Ryan SJ, Carlson CJ, Tesla B, et al. Warming temperatures could expose more
than 1.3 billion new people to Zika virus risk by 2050. Global Change Biology.
2021;27(1):84-93. doi:10.1111/gcb.15384

174. Carreto C, Gutiérrez-Romero R, Rodriguez T. Climate-driven mosquito-borne
viral suitability index: measuring risk transmission of dengue, chikungunya and Zika in
Mexico. International Journal of Health Geographics. 2022;21(1):15.
doi:10.1186/s12942-022-00317-0

175. Weaver SC. Prediction and prevention of urban arbovirus epidemics: A challenge
for the global virology community. Antiviral Research. 2018;156:80-84.
doi:10.1016/j.antiviral.2018.06.009

176. Christofferson RC. Zika Virus Emergence and Expansion: Lessons Learned from
Dengue and Chikungunya May Not Provide All the Answers. Am J Trop Med Hyg.
2016;95(1):15-18. doi:10.4269/ajtmh.15-0866

177. Silva MMO, Rodrigues MS, Paploski IAD, et al. Accuracy of Dengue Reporting
by National Surveillance System, Brazil. Emerg Infect Dis. 2016;22(2):336-339.
doi:10.3201/eid2202.150495

178. Diaz-Quijano FA. Dengue severity: a key determinant of underreporting. Tropical
Medicine & International Health. 2015;20(10):1403-1403. doi:10.1111/tmi.12542

179. Coelho GE, Leal PL, Cerroni M de P, Simplicio ACR, Siqueira JB. Sensitivity of
the Dengue Surveillance System in Brazil for Detecting Hospitalized Cases. PLoS Negl
Trop Dis. 2016;10(5):e0004705. doi:10.1371/journal.pntd.0004705

180. Junior JBS, Massad E, Lobao-Neto A, Kastner R, Oliver L, Gallagher E.
Epidemiology and costs of dengue in Brazil: a systematic literature review. International
Journal of Infectious Diseases. 2022;122:521-528. doi:10.1016/,.ijid.2022.06.050

181. Mota MT de O, Terzian AC, Silva MLCR, Estofolete C, Nogueira ML. Mosquito-
transmitted viruses — the great Brazilian challenge. Brazilian Journal of Microbiology.
2016;47:38-50. doi:10.1016/j.bjm.2016.10.008

182. Salgado BB, de Jesus Maués FC, Pereira RL, et al. Prevalence of arbovirus
antibodies in young healthy adult population in Brazil. Parasites & Vectors.
2021;14(1):403. doi:10.1186/s13071-021-04901-4

183. Borchering RK, Huang AT, Mier-y-Teran-Romero L, et al. Impacts of Zika
emergence in Latin America on endemic dengue transmission. Nat Commun.
2019;10(1):5730. doi:10.1038/s41467-019-13628-x

184. Cohen J. Zika has all but disappeared in the Americas. Why?
doi:10.1126/science.aa06984

185. Lazear HM, Stringer EM, de Silva AM. The Emerging Zika Virus Epidemic in the
Americas: Research Priorities. JAMA. 2016;315(18):1945-1946.
doi:10.1001/jama.2016.2899

110



186. Brito AF, Machado LC, Oidtman RJ, et al. Lying in wait: the resurgence of
dengue virus after the Zika epidemic in Brazil. Nat Commun. 2021;12(1):2619.
doi:10.1038/s41467-021-22921-7

187. Epelboin S, Dulioust E, Epelboin L, Benachi A, Merlet F, Patrat C. Zika virus and
reproduction: facts, questions and current management. Human Reproduction Update.
2017;23(6):629-645. doi:10.1093/humupd/dmx024

188. loos S, Mallet HP, Leparc Goffart I, Gauthier V, Cardoso T, Herida M. Current
Zika virus epidemiology and recent epidemics. Médecine et Maladies Infectieuses.
2014;44(7):302-307. doi:10.1016/j.medmal.2014.04.008

189. Rubin EJ, Greene MF, Baden LR. Zika Virus and Microcephaly. N Engl J Med.
2016;374(10):984-985. doi:10.1056/NEJMe 1601862

190. Franga GVA, Schuler-Faccini L, Oliveira WK, et al. Congenital Zika virus
syndrome in Brazil: a case series of the first 1501 livebirths with complete investigation.
Lancet. 2016;388(10047):891-897. doi:10.1016/S0140-6736(16)30902-3

191. Langerak T, Mumtaz N, Tolk VI, et al. The possible role of cross-reactive dengue
virus antibodies in Zika virus pathogenesis. PLoS Pathog. 2019;15(4):e1007640.
doi:10.1371/journal.ppat.1007640

192. Zimmerman MG, Wrammert J, Suthar MS. Cross-Reactive Antibodies during
Zika Virus Infection: Protection, Pathogenesis, and Placental Seeding. Cell Host
Microbe. 2020;27(1):14-24. doi:10.1016/j.chom.2019.12.003

193. Carvalho MS, Freitas LP, Cruz OG, Brasil P, Bastos LS. Association of past
dengue fever epidemics with the risk of Zika microcephaly at the population level in
Brazil. Sci Rep. 2020;10(1):1752. doi:10.1038/s41598-020-58407-7

194. Katzelnick LC, Harris E. The use of longitudinal cohorts for studies of dengue
viral pathogenesis and protection. Current Opinion in Virology. 2018;29:51-61.
doi:10.1016/j.coviro.2018.03.004

195. Tsai WY, Youn HH, Brites C, et al. Distinguishing Secondary Dengue Virus
Infection From Zika Virus Infection With Previous Dengue by a Combination of 3 Simple
Serological Tests. Clin Infect Dis. 2017;65(11):1829-1836. doi:10.1093/cid/cix672

196. Frey A, Di Canzio J, Zurakowski D. A statistically defined endpoint titer
determination method for immunoassays. J Immunol Methods. 1998;221(1-2):35-41.
doi:10.1016/s0022-1759(98)00170-7

197. Samanthi. Difference Between Sucrose Gradient and Sucrose Cushion
Ultracentrifugation. Compare the Difference Between Similar Terms. Published October
15, 2020. Accessed March 26, 2023. https://www.differencebetween.com/difference-
between-sucrose-gradient-and-sucrose-cushion-ultracentrifugation/

198. Tsai WY, Chen HL, Tsai JJ, et al. Potent Neutralizing Human Monoclonal
Antibodies Preferentially Target Mature Dengue Virus Particles: Implication for Novel
Strategy for Dengue Vaccine. J Virol. 2018;92(23):e00556-18. doi:10.1128/JV1.00556-
18

199. Aubry M, Richard V, Green J, Broult J, Musso D. Inactivation of Zika virus in
plasma with amotosalen and ultraviolet A illumination. Transfusion. 2016;56(1):33-40.
doi:10.1111/trf.13271

200. Mukhopadhyay S, Kuhn RJ, Rossmann MG. A structural perspective of the
flavivirus life cycle. Nat Rev Microbiol. 2005;3(1):13-22. doi:10.1038/nrmicro1067

111



201. Steinhagen K, Probst C, Radzimski C, et al. Serodiagnosis of Zika virus (ZIKV)
infections by a novel NS1-based ELISA devoid of cross-reactivity with dengue virus
antibodies: a multicohort study of assay performance, 2015 to 2016. Euro Surveill.
2016;21(50):30426. doi:10.2807/1560-7917.ES.2016.21.50.30426

202. Lima M da RQ, Chouin-Carneiro T, Azeredo E, et al. The inability of a dengue
NS1 ELISA to detect Zika infections. Sci Rep. 2019;9(1):18596. doi:10.1038/s41598-
019-55160-4

203. Matheus S, Deparis X, Labeau B, Lelarge J, Morvan J, Dussart P. Discrimination
between Primary and Secondary Dengue Virus Infection by an Immunoglobulin G
Avidity Test Using a Single Acute-Phase Serum Sample. J Clin Microbiol.
2005;43(6):2793-2797. doi:10.1128/JCM.43.6.2793-2797.2005

204. Cordeiro MT, Braga-Neto U, Nogueira RMR, Jr ETAM. Reliable Classifier to
Differentiate Primary and Secondary Acute Dengue Infection Based on 1gG ELISA.
PLOS ONE. 2009;4(4):e4945. doi:10.1371/journal.pone.0004945

205. Lam HM, Phuong HT, Thao Vy NH, et al. Serological inference of past primary
and secondary dengue infection: implications for vaccination. Journal of The Royal
Society Interface. 2019;16(156):20190207. doi:10.1098/rsif.2019.0207

206. Ana Beatriz Souza Martins. Ecoepidemiology of dengue in Brazil: from the virus
to the environment. One Health & Implementation Research. 2022;2(1):null.
doi:10.20517/0hir.2021.10

207. Fares RCG, Souza KPR, Aihez G, Rios M. Epidemiological Scenario of Dengue
in Brazil. Biomed Res Int. 2015;2015:321873. doi:10.1155/2015/321873

208. Herrera BB, Tsai WY, Brites C, et al. T Cell Responses to Nonstructural Protein 3
Distinguish Infections by Dengue and Zika Viruses. mBio.
2018;9(4):10.1128/mbio.00755-18. doi:10.1128/mbio.00755-18

209. Teixeira MG, Skalinski LM, Paixao ES, et al. Seroprevalence of Chikungunya
virus and living conditions in Feira de Santana, Bahia-Brazil. PLOS Neglected Tropical
Diseases. 2021;15(4):e0009289. doi:10.1371/journal.pntd.0009289

210. Francisco MV, Costa B, Almeida B, et al. Seroprevalence of Zika, Chikungunya
and Dengue viruses in a rural area of northeastern Brazil. International Journal of
Infectious Diseases. 2020;101:245. doi:10.1016/}.ijid.2020.11.074

211. de Aguiar DF, de Barros ENC, Ribeiro GS, et al. A prospective, multicentre,
cohort study to assess the incidence of dengue illness in households from selected
communities in Brazil (2014-2018). International Journal of Infectious Diseases.
2021;108:443-453. doi:10.1016/}.ijid.2021.04.062

212. Teixeria MG, Lima Barreto M, Conceicao N. Costa M da, et al. Exposure to the
risk of dengue virus infection in an urban setting: ecological versus individual
heterogeneity. Published online 2007. Accessed March 27, 2023.
https://apps.who.int/iris/handle/10665/170454

213. Shukla R, Ramasamy V, Shanmugam RK, Ahuja R, Khanna N. Antibody-
Dependent Enhancement: A Challenge for Developing a Safe Dengue Vaccine. Front
Cell Infect Microbiol. 2020;10:572681. doi:10.3389/fcimb.2020.572681

214. Pierson TC, Diamond MS. The continued threat of emerging flaviviruses. Nat
Microbiol. 2020;5(6):796-812. doi:10.1038/s41564-020-0714-0

112



215. SunJ, Du S, Zheng Z, Cheng G, Jin X. Defeat Dengue and Zika Viruses With a
One-Two Punch of Vaccine and Vector Blockade. Front Microbiol. 2020;11:362.
doi:10.3389/fmicb.2020.00362

216. Gubler DJ. Epidemic dengue/dengue hemorrhagic fever as a public health, social
and economic problem in the 21st century. Trends in Microbiology. 2002;10(2):100-103.
doi:10.1016/S0966-842X(01)02288-0

217. Lambrechts L, Scott TW, Gubler DJ. Consequences of the expanding global
distribution of Aedes albopictus for dengue virus transmission. PLoS Negl Trop Dis.
2010;4(5):e646. doi:10.1371/journal.pntd.0000646

218. Mittal R, Nguyen D, Debs LH, et al. Zika Virus: An Emerging Global Health
Threat. Front Cell Infect Microbiol. 2017;7:486. doi:10.3389/fcimb.2017.00486

219. Gubler DJ, Vasilakis N, Musso D. History and Emergence of Zika Virus. J Infect
Dis. 2017;216(Suppl 10):S860-S867. doi:10.1093/infdis/jix451

220. Guzman MG, Alvarez M, Halstead SB. Secondary infection as a risk factor for
dengue hemorrhagic fever/dengue shock syndrome: an historical perspective and role
of antibody-dependent enhancement of infection. Arch Virol. 2013;158(7):1445-1459.
doi:10.1007/s00705-013-1645-3

221. Adams LE, Martin SW, Lindsey NP, et al. Epidemiology of Dengue,
Chikungunya, and Zika Virus Disease in U.S. States and Territories, 2017. Am J Trop
Med Hyg. 2019;101(4):884-890. doi:10.4269/ajtmh.19-0309

222. Brown JA, Singh G, Acklin JA, et al. Dengue Virus Immunity Increases Zika
Virus-Induced Damage during Pregnancy. Immunity. 2019;50(3):751-762.e5.
doi:10.1016/j.immuni.2019.01.005

223. Schuler-Faccini L. Possible Association Between Zika Virus Infection and
Microcephaly — Brazil, 2015. MMWR Morb Mortal Wkly Rep. 2016;65.
doi:10.15585/mmwr.mm6503e2

224. Sariol CA, Nogueira ML, Vasilakis N. A Tale of Two Viruses: Does Heterologous
Flavivirus Immunity Enhance Zika Disease? Trends Microbiol. 2018;26(3):186-190.
doi:10.1016/j.tim.2017.10.004

225. Crooks CM, Weiler AM, Rybarczyk SL, et al. Previous exposure to dengue virus
is associated with increased Zika virus burden at the maternal-fetal interface in rhesus
macaques. PLOS Neglected Tropical Diseases. 2021;15(7):e0009641.
doi:10.1371/journal.pntd.000964 1

226. Kawiecki AB, Christofferson RC. Zika Virus—Induced Antibody Response
Enhances Dengue Virus Serotype 2 Replication In Vitro. The Journal of Infectious
Diseases. 2016;214(9):1357-1360. doi:10.1093/infdis/jiw377

227. Petzold S, Agbaria N, Deckert A, et al. Congenital abnormalities associated with
Zika virus infection—Dengue as potential co-factor? A systematic review. PLOS
Neglected Tropical Diseases. 2021;15(1):e0008984. doi:10.1371/journal.pntd.0008984
228. Tsai WY, Durbin A, Tsai JJ, Hsieh SC, Whitehead S, Wang WK. Complexity of
Neutralizing Antibodies against Multiple Dengue Virus Serotypes after Heterotypic
Immunization and Secondary Infection Revealed by In-Depth Analysis of Cross-
Reactive Antibodies. J Virol. 2015;89(14):7348-7362. doi:10.1128/JV1.00273-15

229. Zompi S, Harris E. Original antigenic sin in dengue revisited. Proc Natl Acad Sci
US A.2013;110(22):8761-8762. doi:10.1073/pnas.1306333110

113



230. Halstead SB, Rojanasuphot S, Sangkawibha N. Original antigenic sin in dengue.
Am J Trop Med Hyg. 1983;32(1):154-156. doi:10.4269/ajtmh.1983.32.154

231. Midgley CM, Bajwa-Joseph M, Vasanawathana S, et al. An In-Depth Analysis of
Original Antigenic Sin in Dengue Virus Infection. Journal of Virology. 2011;85(1):410-
421. doi:10.1128/JVI1.01826-10

232. Andrade P, Gimblet-Ochieng C, Modirian F, et al. Impact of pre-existing dengue
immunity on human antibody and memory B cell responses to Zika. Nat Commun.
2019;10(1):938. doi:10.1038/s41467-019-08845-3

233. Arién KK, Michiels J, Foqué N, Heyndrickx L, Esbroeck MV. Can Zika virus
antibodies cross-protect against dengue virus? The Lancet Global Health.
2018;6(5):e494. doi:10.1016/S2214-109X(18)30122-0

234. Paixao ES, Cardim LL, Costa M da CN, et al. Congenital Zika Syndrome: A
Nationwide Cohort Study in Brazil, 2015-2018. N Engl J Med. 2022;386(8):757-767.
doi:10.1056/NEJM0a2101195

235. Roth NM. Zika-Associated Birth Defects Reported in Pregnancies with
Laboratory Evidence of Confirmed or Possible Zika Virus Infection — U.S. Zika
Pregnancy and Infant Registry, December 1, 2015—-March 31, 2018. MMWR Morb
Mortal Wkly Rep. 2022;71. doi:10.15585/mmwr.mm7103a1

236. Wheeler AC, Toth D, Ridenour T, et al. Developmental Outcomes Among Young
Children With Congenital Zika Syndrome in Brazil. JAMA Network Open.
2020;3(5):e204096. doi:10.1001/jamanetworkopen.2020.4096

237. Moore CA, Staples JE, Dobyns WB, et al. Characterizing the Pattern of
Anomalies in Congenital Zika Syndrome for Pediatric Clinicians. JAMA Pediatr.
2017;171(3):288-295. doi:10.1001/jamapediatrics.2016.3982

238. Panchaud A, Stojanov M, Ammerdorffer A, Vouga M, Baud D. Emerging Role of
Zika Virus in Adverse Fetal and Neonatal Outcomes. Clin Microbiol Rev.
2016;29(3):659-694. doi:10.1128/CMR.00014-16

239. Kleber de Oliveira W, Cortez-Escalante J, De Oliveira WTGH, et al. Increase in
Reported Prevalence of Microcephaly in Infants Born to Women Living in Areas with
Confirmed Zika Virus Transmission During the First Trimester of Pregnancy - Brazil,
2015. MMWR Morb Mortal Wkly Rep. 2016;65(9):242-247.
doi:10.15585/mmwr.mm6509e2

240. Grossman T, Gelber S. 637: Microcephaly in the era of the Zika virus: diagnostic
criteria needed. American Journal of Obstetrics & Gynecology. 2017;216(1):S372-S373.
doi:10.1016/j.ajog.2016.11.371

241. Carabali M, Austin N, King NB, Kaufman JS. The Zika epidemic and abortion in
Latin America: a scoping review. Global Health Research and Policy. 2018;3(1):15.
doi:10.1186/s41256-018-0069-8

242. Oliveira WK de, Franga GVA de, Carmo EH, Duncan BB, Kuchenbecker R de S,
Schmidt MI. Infection-related microcephaly after the 2015 and 2016 Zika virus
outbreaks in Brazil: a surveillance-based analysis. The Lancet. 2017;390(10097):861-
870. doi:10.1016/S0140-6736(17)31368-5

243. Zika Virus. Baylor College of Medicine. Accessed July 2, 2023.
https://www.bcm.edu/departments/molecular-virology-and-microbiology/emerging-
infections-and-biodefense/specific-agents/zika

114



244. Lowe R, Barcellos C, Brasil P, et al. The Zika Virus Epidemic in Brazil: From
Discovery to Future Implications. Int J Environ Res Public Health. 2018;15(1):E96.
doi:10.3390/ijerph15010096

245. Noguchi KK, Swiney BS, Williams SL, et al. Zika Virus Infection in the Developing
Mouse Produces Dramatically Different Neuropathology Dependent on Viral Strain. J
Neurosci. 2020;40(5):1145-1161. doi:10.1523/JNEUROSCI.1376-19.2019

246. Aubry F, Jacobs S, Darmuzey M, et al. Recent African strains of Zika virus
display higher transmissibility and fetal pathogenicity than Asian strains. Nat Commun.
2021;12(1):916. doi:10.1038/s41467-021-21199-z

247. Hung SJ, Huang SW. Contributions of Genetic Evolution to Zika Virus
Emergence. Frontiers in Microbiology. 2021;12. Accessed July 4, 2023.
https://www.frontiersin.org/articles/10.3389/fmicb.2021.655065

248. Rathore APS, Saron WAA, Lim T, Jahan N, St. John AL. Maternal immunity and
antibodies to dengue virus promote infection and Zika virus—induced microcephaly in
fetuses. Science Advances. 2019;5(2):eaav3208. doi:10.1126/sciadv.aav3208

249. Pedroso C, Fischer C, Feldmann M, et al. Cross-Protection of Dengue Virus
Infection against Congenital Zika Syndrome, Northeastern Brazil. Emerg Infect Dis.
2019;25(8):1485-1493. doi:10.3201/eid2508.190113

115



