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Abstract

The flaviviruses are a genus of enveloped, positive-strand RNA genome viruses that
includes the dengue viruses (DENV) and West Nile virus (WNV). Transmitted by the bite of an
infected tick or mosquito, many flaviviruses cause severe disease in humans. The dengue viruses,
in particular, are thought to infect 100 million people a year and can be found in tropical and
subtropical environments worldwide. Primary infection by any of the four DENV serotypes can
be asymptomatic or cause a mild, but painful febrile illness; however, heterologous secondary
infection has been linked to severe, life-threatening disease characterized by vascular disruption
leading to systemic shock. In the face of the disease risk associated with endemic and emerging
flaviviruses, research to further our understanding of the interactions between virus and host may
open avenues toward developing new therapeutics and improved techniques for patient care.

Our lab has previously demonstrated the utility of a class of small regulatory RNAs
called microRNAs (miRNAs) in elucidating virus-host interactions at the cellular level. In brief,
by identifying a miRNA that alters flavivirus infection and the mRNAs regulated by that
miRNA, cellular factors directly involved in viral infections can be revealed. In this thesis, I will
describe two miRNAs that regulate cellular proteins that alter flavivirus replication. The first
study characterizes the cellular miR-424, which was observed to restrict DENV infection by
inhibiting the E3 ubiquitin ligase SIAH]1. Further analysis demonstrated that the cell’s unfolded
protein response (UPR), triggered by DENV infection, induces transcription of SIAHI that

results in ubiquitination and degradation of the innate immune signaling molecule MyD8S8.



These observations revealed a unique pathway of UPR-mediated innate immune inhibition
induced by DENV infection that is regulated by miR-424.

In the second study, I investigated the mechanism of miR-526b inhibition of flavivirus
infection. I observed that miR-526b greatly enhanced intracellular immune signaling when cells
were stimulated with a pathogen recognition receptor agonist. However, a change in cytokine
response was not observed during flavivirus infection, suggesting that interference with innate
immunity by the virus overcomes the enhancing effect of miR-526b. Based on a time-dependent
reduction in viral genome replication, I propose a role for miR-526b in regulation of the
endoplasmic reticulum (ER) or ER-resident proteins required for genome replication and virion
assembly.

In conclusion, this dissertation describes the implementation of a technique for using
cellular miRNAs as tools for the discovery of virus-host interactions. With this methodology, I
discovered a new function for the UPR during DENV2, namely inhibition of innate immune
signaling, as well as identifying a miRNA that impedes flavivirus infection in spite of failure to

enhance cellular immunity.
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Chapter 1: Introduction

1.1 Flaviviruses
1.1.1 Classification

The flaviviruses are a genus of positive-stranded RNA viruses primarily transmitted by
the bite of a hematophagous arthropod and are capable of causing serious disease in humans and
animals. Flaviviruses are one of four genera of the family Flaviviridae, which also includes the
hepaciviruses, the pestiviruses, and the pegiviruses (Figure 1.1)'. The Flaviviridae have spherical
particles consisting of an icosahedral nucleocapsid enclosed in a host cell membrane-derived
lipid bilayer containing two to three viral proteins”. Their genome is a single strand of positive
sense RNA 11 to 12 kilobases (kb) long with extensive secondary structure in the 5 and 3’ end
non-coding (NC) regions’. The genome consists of a single open reading frame (ORF) that is
translated into a large polyprotein and proteolytically cleaved into the individual viral proteins,
both structural and nonstructural (NS). Although the Flaviviridae share general similarities
between genera and species in regards to their virion structure, genome replication, and general
protein function, the transmission cycles, host species, cell tropism, and disease manifestations
vary greatly between the genera and species of Flaviviridae.’

The flaviviruses comprise the largest genus of the Flaviviridae, representing 53 species
of viruses'. Most flaviviruses are transmitted horizontally between a vertebrate host species and a
hematophagous mosquito or tick species. The mosquito-borne viruses include the dengue viruses
(DENV), West Nile virus (WNV), yellow fever virus (YFW), Zika virus (ZIKV), and Japanese

encephalitis virus (JEV), all sources of significant human disease globally **. Likewise, the tick-



borne flaviviruses, such as tick-born encephalitis virus (TBEV) and Powassan virus (POWYV),

pose a significant threat to human life”.

Flavivirus
TBEV YFW
JEV
WNV
DENV4
DENV2
CSFV
Pestivirus
DENV3 BDV
DENV1
Pestivirus
HCV 2b
HCV 2a
GBV A
Hepacivirus
HCV 1a
GBVD HCV 1b
HCV 3a

Figure 1.1 Flaviviridae phylogeny

Phylogenetic relation of representative members of the Flaviviridae genera.



Hepatitis C virus (HCV) is the only known human pathogen in the hepacivirus genus,
although similar hepaciviruses have been identified in a variety of wild and domesticated animal
species, including bats, primates, horses, and cows®. HCV is transmitted person-to-person,
typically hematogenously, and infects 185 million people globally’. Infection with HCV often
causes a lifelong chronic hepatotrophic infection, leading to liver fibrosis, cirrhosis, and cancer”.
However, the recent advent of potent antiviral drugs for treating HCV infection may significantly
reduce global HCV morbidity when made broadly available®.

The best studied pestiviruses are pathogens of livestock as pestiviral morbidity and
mortality is an important factor in the economics and stability of the global livestock industry™”.
Common pestiviruses, such as classical swine fever virus (CSFV), bovine viral diarrhea virus
types 1 and 2 (BVDV-1, BVDV-2), and border disease virus (BDV), are shed in high amounts
and are readily transmitted through all bodily fluids as well as vertically from mother to fetus. In
addition, pestiviruses can establish asymptomatic persistent infection, making the virus difficult
to detect and eliminate in spite of vaccination and well-established elimination protocols in
practice in most countries’ .

In 2013, the International Committee on Taxonomy of Viruses officially recognized the
genus pegivirus as a distinct genus within the Flaviviridae"'°. Originally designated the GB
viruses, based on the initials of the surgeon from whom the first virus was thought to be isolated,
the pegiviruses were placed in the Flaviviridae due to their genomic similarity to HCV'"™",
Subsequent amino acid analysis of the viral polymerase and the identification of GB viruses in
tamarins, other New World monkeys, and bats led to the establishment of the pegivirus

genus'>'*'®. Pegiviruses have also been identified in Old World, as well as New World,



primates, rodents, horses, pigs, and although the viruses can cause prolonged, even life-long,

infection, they have not been associated with any disease manifestation'*"”.

1.1.2 Host-vector cycle

The genus flavivirus can be subdivided into four clusters based on mode of transmission
and host species. The mosquito-borne and tick-borne clades are the only two that contain viruses
that have been found to cause human disease; the remaining two clades contain viruses
transmitted only between arthropods and those viruses of unknown vector (typically identified in
bats and rodents)'®*°. Among the mosquito-borne flaviviruses for which humans and primates as
the primary vertebrate hosts, such as DENV, ZIKV, and YFV, two geographically distinct
transmission cycles have been observed: an enzootic, sylvatic cycle and an epizootic, urban cycle
(Figure 1.2)***'. In forest environments, these viruses circulate between arboreal mosquitoes and
non-human primates; in contrast, in regions of dense populations, the viruses cycle between
humans and domestic or peridomestic species of mosquitoes such the Aedes aegypti and Aedes
albopictus®. In addition to infection via mosquito, non-vector transmission can occur—most
often through percutaneous or mucosal exposure to infected blood, although ZIKV has also been

shown to be transmitted sexually as well as vertically from mother to fetus™°.
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Figure 1.2 DENYV transmission

DENV, as well as YFW and ZIKV, exist in a sylvatic cycle between arboreal mosquitoes and non-human
primates and an urban cycle between domestic mosquito species and humans. (TOT = transovarial transmission)
Images courtesy of the Integration and Application Network, University of Maryland Center for Environmental

Science (ian.umces.edu/symbols/).



In contrast to DENV, YFV, and ZIKV, humans are only incidental hosts of WNV.
Rather, the natural reservoir of WNV appears to birds, with over three hundred species
vulnerable in the United States alone®’. The virus is maintained in an enzoonotic bird-mosquito-
bird cycle by the ornithophagic species of Culex mosquitoes (Figure 1.3)*. Transmission of
WNYV amongst birds can also occur through exposure to infected avian fecal matter or the
consumption of infected mosquitoes®. Birds typically survive WNV infection, developing
transient viremia sufficient to infect naive mosquitoes, followed by recovery and development of

30-32

permanent immunity” " ~°. However, some avian species, often corvids in North America, appear

30,33

particularly vulnerable to WNV, resulting in large die-offs”"". Both humans and horses may

develop encephalitic disease when infected with WNV but do not appear to transmit the virus to
naive mosquitoes, presumably because circulating viral titers in the blood are insufficient to

29,34

infect a feeding mosquito™"". Non-vector modes of human transmission include blood

transfusion, organ transplant, transplacentally, or through breast milk®>™.
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Figure 1.3 WNYV transmission

WNV infects birds and Culex mosquitoes through the enzootic cycle and through exposure to infected fecal
material. Infected Culex mosquitoes can also transmit the virus to offspring. Horses and humans are dead-end
hosts of the virus but infection can be transmitted via blood transfusion and organ transplantation. (TOT =
transovarial transmission) Images courtesy of the Integration and Application Network, University of Maryland

Center for Environmental Science (ian.umces.edu/symbols/).



Similar to WNV, the tick-borne flaviviruses appear to infect humans only incidentally,
cycling primarily through either rodents or birds*’. Due the prolonged attachment of the tick
during feeding and the tendency of ticks to cluster in groups on the host animal, such as on the
ears or near the beak, tick-borne flaviviruses do not appear to require viremia in the host in order

41-43

to infect naive ticks” . Rather, infection of migratory Langerhans cell, neutrophils, and

macrophages in the skin region infested by co-feeding ticks appears sufficient to transmit the

43-45

virus to uninfected ticks™ ™. Humans do not produce high enough viremia to transmit the virus

nor are they often subject to clustered tick infestation, and therefore, no do not represent an

40,42

amplifying host to the virus™"". However, infection with TBEV or another tick-borne flavivirus

. . . .. . 40
can cause severe disease, including encephalitis and hemorrhagic fever™.

1.1.3 Serology

Prior to the advent of gene sequencing and genome analysis, the classification of
arthropod-borne viruses, or arboviruses, relied on serologic reactivity, determined by the degree
to which antibodies raised against one virus would neutralize another’. Jordi Casals and Leslie
Webster first demonstrated the cross-reactivity between antibodies raised against some
arboviruses in 1944: whereas sera from mice infected with either Russian spring-summer
encephalitis virus or Louping ill virus (both now classified as tick-borne flaviviruses) would
protect naive mice from infection with the other virus, such sera would not protect mice from
infection with rabies or poliomyelitis***’. Furthermore, while both the tick-borne flaviviruses
cross-reacted with the mosquito-borne WNV, JEV, and St. Louis encephalitis viruses, the

neutralization was stronger amongst the members of the tick-borne or mosquito-borne groups



than between viruses of differing vector groups, suggesting that viruses within each vector group

were more closely antigenically related to one another*”**

. These observations provided a
template on which the structure of arbovirus classification was formed, driven by three
guidelines developed by Casal and supported by antigen modeling and genome sequencing

(133

decades later: in his words, “‘(1) No virus can belong to two antigenic groups. (2) If two viruses

cross-react antigenically, they are related. (3) If viruses of different groups cross-react, they do
not belong to different groups’”*’.

Further advancement in techniques for growing large amounts of virus and for collecting
antigens and antibodies, as well as the rapidly expanding catalogue of virus isolates sampled
from around the world, allowed more and more detailed serologic classification of the
arboviruses as well as provided a much needed tool for diagnosis of arbovirus infection using
patient sera*’. These studies into the interrelationships of viruses led to the categorization of
arboviruses into groups based on antigenic cross-reactivity: the Group A arboviruses, which is
now the genus alphavirus of the Togaviridae family, and the Group B arboviruses, which now
compose the genus flavivirus. Further work reclassified the flaviviruses, from the Togaviridae to
an independent family, Flaviviridae'*'. Studies of arboviral particle structure by electron
microscopy revealed morphological characteristics common among antigenically-related virus
groups, providing a practical explanation of the cross-reactivity of antibodies between virus
groups*7 450,

Work by Calisher, et al. published in 1989 demonstrated that the flaviviruses could be

further subdivided in eight serologic groups, termed serocomplexes’'. These groupings

corresponded not only to serologic cross-reactivity but also correlated to the transmission vector



of the virus”. For example, members of the Japanese encephalitis virus serocomplex, such as
JEV, WNV, and Murray Valley encephalitis virus, are transmitted by Culex species mosquitoes.
The International Committee on the Taxonomy of Viruses now recognizes 14 flavivirus
serocomplexes: nine mosquito-borne, two tick-borne, two with unknown vectors, and one
nonvectored, arthropod serocomplex'. Epitope mapping, amino acid sequencing, and molecular
modeling of the exterior of the virus particle, in particular the envelope protein E, has shed light
on the source of the antigenic relationships within and between serocomplexes. About 40%
amino acid identity is conserved between E proteins of the 14 serocomplexes” . This variation is
concentrated in the portions of E on the outer surface of the virus particle, resulting in a
significant variation in exterior epitopes and explaining the poor cross-reactivity of antibodies
from one serocomplex to another’”. Antigenic similarity within serocomplexes varies as well;
while WNV and JEV in the Japanese encephalitis complex share approximately 80% amino acid
sequence identity, within the dengue serocomplex, amino acid identity of E diverges by up to
37%*. The divergence between the four members of the dengue serocomplex (DENV1-4)
provides an explanation for the temporary cross-reactivity and the rapid loss of protection from

heterologous infection after DENV infection.

10



1.2 The dengue viruses
1.2.1 Introduction and history of DENV

The earliest records of a disease matching the clinical description of dengue infection
come from a Chinese medical encyclopedia printed and reprinted several times between 265 AD
and 992 AD™**. The book refers to the disease as “water poison” and draws a connection
between instances of sickness and flying insects near bodies of water’*. Seven centuries later,
reports from the French West Indies and Panama describe outbreaks of disease matching the
symptoms of dengue occurred in 1635 and 1699, respectively™. A series of epidemics of dengue-
like disease in Indonesia, Egypt, Spain, and the United States late in the 18" century suggest a
global distribution of dengue virus, although the true etiological source of the outbreaks cannot

>3 Until the onset of World War II, a century and a half later, large

be determined definitively
but infrequent epidemics of dengue-like disease occurred in tropical and subtropical regions
worldwide, becoming endemic in urban centers and frequently causing illness in nonimmune
travelers™".

Although the causative agent of dengue was identified as filterable (and therefore, a
virus) in 1907 and transmission by Aedes aegypti confirmed in 1926, the virus was not isolated
until 1943 when the Japanese and US militaries independently formed scientific commissions to
determine the etiologic agent of the dengue epidemics sweeping through vulnerable populations
displaced by World War I, The ecologic changes and mass troop and refugee movement
wrought by the war expanded the geographic distribution of both mosquito vector and virus,

leading to epidemics throughout East Africa, the Caribbean, and the Pacific theater of

operations™". Following the cessation of World War II, no epidemics of dengue occurred outside

11



of Southeast Asia for nearly two decades. The absence of dengue in the Americas may be
attributed to Aedes mosquito eradication programs instated throughout the region to eliminate the
Aedes-transmitted YFV, although the mosquito quickly rebounded upon discontinuation of the
eradication measures".

Dengue returned to the Americas in 1963, emerging in Puerto Rico and Jamaica, and
reappeared in Oceania in 1964°”%'. A surveillance program in Nigeria in 1964 detected endemic
DENV amongst the human population®®. Dengue outbreaks continued to increase in frequency
and intensity worldwide through the 1990s as urban populations expanded, international and
intercontinental air travel increased, and vector mosquito control programs failed>®. The first two
decades of the 21* century have witnessed further spread of DENV, which is now present on all
continents save Antarctica®. Epidemics causing confirmed infections in tens of the thousands to
hundreds of thousands of people have occurred in the Americas, Southeast Asia, India, and
Africa®®. The World Health Organization (WHO) estimates 100 million DENV infections occur
globally each year, leading to 20,000 deaths®’. Mortality from severe dengue ranges from 1-5%,
dependent heavily upon a patient’s access to hospitalization and advanced supportive care®™®’,
Approximately 3 billion people are at risk of dengue infection, particularly in the world’s urban
and periurban areas, and as global temperatures rise and new regions become hospitable for

vector mosquito habitation, the at-risk global population is expected to grow® %,

1.2.2 Serotypes
The dengue virus serocomplex consists of four antigenically-distinct but

symptomatically-similar viruses, designated serotypes 1-4 (DENV1, DENV2, DENV3, and
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DENV4)’!. Albert Sabin first noted the existence of immunologically-discrete species of DENV
when he observed that serum against a strain of DENV from New Guinea cross-reacted against a
strain from Hawaii if collected 4 to 8 weeks after the infection with the New Guinea strain but
not with sera collected after more than 8 weeks®. The discovery of the two serotypes represented
by the Hawaii and New Guinea DENV, dubbed DENV1 and DENV2, was soon followed by the
identification of DENV3 and DENV4 in the Philippines in 1956”°. Sylvatic and urban strains of
DENVI, -2, and -4 have been isolated and seroconversion of sentinel monkeys suggests a
sylvatic DENV3 strain, indicating that the 4 DENV serotypes likely diverged and were
maintained in sylvatic cycles separately, before independently emerging into the human
population between 1,000 and 1,500 year ago """

The twentieth century post-World War II witnessed the explosive spread of DENV across
the globe; however, most endemic areas reported the presence of one or rarely, two DENV
serotypes circulating in a given region’". In the 1980s, the number of serotypes reported in many
regions began in to increase. The rise may be partially attributed to advances in diagnostic
techniques at the time, but the trend of multiple serotypes becoming endemic (hyperendemicity)
in a given region has continued through the beginning of the twenty-first century. As of 2013, all
4 serotypes had been observed on all afflicted continents save Africa’.

Dengue viruses vary significantly at the genetic level between serotypes as well as
between genotypes within a single serotype. For example, the 5 genotypes of DENV2 that
circulate amongst humans differ in the E protein amino acid sequence by an average of 7.3%’°.
Whether the differing genetics of individual species between and within serotypes correlate to

virulence is not well understood, but evidence suggests that disease outcome may be somewhat
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