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ABSTRACT
Kari Ema Hacker: CHARACTERIZATION OF DENGUE VIRUS INTERAGONS WITH
HOST CELLS
(Under the direction of Aravinda de Silva)

Dengue virus (DENV) is an emerging pathogen of global impoeta The causative
agent of dengue fever and dengue hemorrhagic fever (DHF), DENpftead to humans via
the bit of an infectedhedes aegypti mosquito. With the rise of massive urban centers in
tropical regions of the world and the increasing range of the mosquitor vdengue virus
has become endemic in over 100 countries resulting in explosive epidemics of DHF.

In this dissertation, we characterized the interactions of\BEMNth host target cells,
specifically human dendritic cells and monocytes. We report vinases derived from
mosquito and mammalian cells were able to interact with human tenckll-specific
ICAM3-grabbing non-integrin (DC-SIGN), a dengue attachment fagtara high mannose
glycan on the viral envelope protein (E). The second glycan on Eedifteapending on the
cell type in which the virus was grown. Mosquito-derived dengue hambeimannose at
this position whereas this sugar was complex in mammalian-derived virus.

Beginning in 1989, DHF emerged in Sri Lanka and has continueduse cerious
epidemics annually. The emergence of DHF in Sri Lanka appedes associated with the
replacement of native viruses with a new genotype of denguethidndissertation, we
determined that sixteen conserved amino acids differentiate8riheankan pre- and post-

DHF viruses. We tested viruses from each group and found that DBiisaied DENV3 do



not replicate in DC-SIGN expressing cells as well as vwisaated after the emergence of
DHF.

In order to identify the amino acid residue(s) responsible forgtioieth difference,
we developed a dengue virus type 3 subtype Il reverse genetiemsy8Ve were able to
isolate recombinant virus and determined that it grows identitalthe parental virusn
vitro. We also generated chimeric viruses expressing the strugemak of one virus and
the non-structural genes from the other virus. The chimeraswedae and we are currently
characterizing their growth kinetidas vitro. Using this reverse genetics system, we can
determine which amino acid differences are important in gengrdhie kinetic growth

difference in DC-SIGN expressing cells.
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CHAPTER 1. BACKGROUND AND SIGNIFICANC E



DENGUE VIRUS

Dengue virus (DENV) is a member of the famihaviviridae, genus flavivirus. As
such, it is a positive sense RNA virus of approximately 50nm in dean(®9, 25). DENVs
are composed of four serologically distinct viruses, designated RDER¥NV2, DENV3
and DENV4. These viruses evolved in the forests of Africa in sgheycles with non-
human primates (61). DENVs were first isolated during Worldr Wdrom American
servicemen stationed in southeast Asia and western Pacifion @taads (61). Despite the
relatively recent isolation of the virus, DENV has been infedtimgans for centuries. The
first definitive case description of DENV disease is fromdtemer of 1780 in Philadelphia
(179). Ancient medical writings from China suggest that dengag mave been causing

disease as far back as 1100 years ago (61).

VIRION STRUCTURE AND COMPOSITION

The DENV particle is composed of five components: a ~10,700 nucelotide RNA
capsid protein, membrane (M) protein, envelope (E) protein, and adrostdllipid bilayer.
Viral particles appear as smooth surfaces of DENV E dimeenged in a head-to-tail
fashion parallel to the viral membrane (116). On one particle, nibeliyners are arranged
in a herring-bone pattern of icosahedral symmetry. As thernsajdace protein, many
groups have focused on E in their studies of viral particles. ciysal structure of E
revealed each monomer consists of three domains believed to plagrdifi@es in the virus
life cycle (147, 148). E is a glycoprotein and contains two poteglyiabsylation sites at N-

67 and N-153. Some of the biologic functions attributed to E includetoecbinding,

induction of antibody responses, viral fusion and viral assembly (25).



The other proteins comprising the viral particle help packagdkie and aid in
assembly. Capsid is approximately 11kD and possesses positivelyeahzasic residues
(130). This protein encapsidates viral RNA and interacts with éhetg material through
charged residues. Membrane is the mature form of pre-membrafe (phis glycoprotein
acts as a chaperone for, and is important in the folding of, E (1BQ)ing viral egress
through the trans-Golgi network, host furin cleaves prM to M. Followiegvage, viral
particles are considered mature (130).

The DENV RNA is composed of a 5 untranslated region (UTR)arge open
reading frame coding for one polyprotein, and a 3' UTR (130). This RNA hagd bygap
of m'GppA but lacks a polyA tail (25). The 5 UTR contains structurapoitant in
mediating translation of viral proteins and serves as a site of imitiafipositive strand RNA
synthesis (130). Additionally, the 5’ UTR interacts with hostdect Directly downstream
of the 5’ UTR is one long open reading frame coding for ten distiral proteins (19). The
structural genes are encoded in the 5’ third of the genome ameintiaender of the genome
codes for the non-structural proteins (25). Following the stop codohighly structured 3’
UTR essential for RNA replication and protein translation (13he stem loop structures
formed by intra-strand base-pairing within the 3° UTR interath elongation factors
essential for translation. Additionally, cyclization motifs matg with the 5’ UTR and play
important roles in replication. The 3' UTR has also been postulatederact with regions

of capsid, leading to viral RNA packaging (130).

DENV NON-STRUCTURAL PROTEINS

There are seven DENV non-structural proteins that have essetgslin the virus

life cycle. NSL1 is found inside of, secreted from, and on the suofaicdected cells (130).



The cell-surface NS1 is GPI anchored and may play a role malsig (130). NS1 is
essential for viral replication and co-localizes to site®RRNA replication (130). Infected
individuals develop a strong immune response to NS1 but the functionreteseprotein
remains unknown. NS2A is a small protein that coordinates the shifted viral
replication and packaging (130). NS2B is the viral serine pm@teadactor and interacts
with NS3. NS3 possesses serine protease, helicase and NTfRagesaand is involved in
polyprotein processing and RNA replication.(130). The roles of N$®ANS4B in infected
cells are unknown. Along with NS2A, these proteins have been implicatanterferon
antagonism but no role in viral replication or translation has beenfiddntl52). NS5 is
the viral RNA-dependent RNA polymerase. The amino-terminahisf protein has cap-
processing activity and the C-terminal end possesses RNAdempe RNA polymerase

activity (130).
DENV LIFe CycCLE

DENV is an Arbovirus, meaning that it requires a blood-sucking aptitr to
complete its life cycle. DENVs two hosts are humans and mogsgu{63). Since it is an
Arbovirus, DENV is able to replicate in human and mosquito cellsonUgncountering a
cell, the virus particle binds at target cell surfaces throirgeractions between viral
glycoproteins and cellular receptors (130). Following receptor engage DENV enters
cells via receptor-mediated endocytosis and clathrin coated pits (TB8)decreasing pH of
pre-lysosome endosomal compartments triggers an irreversiblangament of E proteins,
resulting in the formation of E trimers that mediate fusion betwthe viral and endosomal
membranes (151). Following fusion, viral RNA is released intacyt@plasm. Translation

of the viral genome begins immediately on the rough endoplasnigtilven, leading to



rearrangement of cytoplasmic membranes in the perinuctear af the cell. Following
translation of NS5 and other viral replicase complex proteinsyitaegenome replicates in
vesicle packets, smooth structures of 70 to 200nm vesicles (130)omBepackaging is
coupled to replication and assembly of viral particles occurs dimingling into the ER
(130). From the ER, viral particles exit cells by passing tjindhe exocytic pathway where
envelope glycans are processed and the heterotrimers of prMraad &ge to form mature

virions (238).

HUMAN DISEASE

Humans infected with dengue exhibit a number of clinical syndroamgging from
asymptomatic infection to dengue fever (DF) to dengue hemorrhager {DHF) and
dengue shock syndrome (DSS) (diagramed in Figure 1.1). As discuskedsattion below,
there are a number of host factors that influence the outcome eafsdisincluding age,

ethnicity and DENV immune status.

DENGUE FEVER

The age of an individual influences their clinical outcome followirfgction with
DENV. Children are often asymptomatically infected with DENM may demonstrate
several clinical syndromes. Infants and young children most oftesemr with an
undifferentiated febrile illness accompanied by a maculopapukt (@2, 232). As
individuals age, they are more likely to become ill followinQENV infection, with 80% of
adults developing clinical symptoms of disease (76). Older childrel adults typically
present with classic DF. First described as “breakbone”feyeBenjamin Rush during an
epidemic in Philadelphia in the summer of 1780 (179), DF is chamedeby an acute,

5



sudden onset saddleback fever, severe headache, nausea and vomitgigs nmgalo-orbital
pain, an early maculopapular rash, low grade thrombocytopenia and hepato(i@g 90,
232). Some DF patients may exhibit hemorrhagic tendencies, inclaghisgaxis and
gastrointestinal bleeding (179, 232). Patients ill with DF vadaver in two to seven days

and suffer no short- or long-term sequelae of illness (178).

DENGUE HEMORRHAGIC FEVER

Dengue hemorrhagic fever (DHF) cases progress similarF cases for the first
two to seven days of illness. Following DF symptoms, patients iexgera rapid drop in
body temperature and abruptly become more ill (72). Defervescersecompanied by
signs of vascular leakage and circulatory disturbance (72, 232). Theatabf DHF is
increased vascular permeability, and patients experience throropenid,
hemoconcentration, hemorrhage and shock (72, 232). Signs of shock include coo, blotch
and congested skin, circumoral cyanosis and increased pulse. tdPatiém increased
vascular permeability who develop shock are assigned a diagnosis of dengue/stiomkea
(DSS). The baseline vascular permeability of children is feegnily higher than that of
adults and most patients presenting with DHF and DSS are betheages two and eight
(9). DHF and DSS are usually of short duration with patientsgdwiithin 24 hours of

developing symptoms or recovering within two days (232).

Atypical Manifestations of Dengue
Although most individuals who contract DENV and display clinical symptom
present with DF or DHF/DSS, a portion of patients display atypaeadifestations of dengue
(reviewed in 68). Unusual disease symptoms seen during denguéomfaeclude

neurological signs, hepatitis and Gl involvement, cardiovascular rstatitens, acute renal

6



failure, respiratory distress, lymphoreticular complications, antlsculoskeletal

involvement.

Neurological Manifestations

Most of the atypical dengue cases that present with neurologifastations display
encephalopathy. Encephalopathy is characterized by decreasgtivitg convulsions,
nuchal rigidity, pyramidal signs, papilloedema and behavioral clsarlig® 117). In
Vietnam, as many as 1 in 200 DHF patients exhibit signs opeatapathy (20). In addition
to encephalopathy, neurologic diseases exhibited during dengue infeciohmdei
encephalitis (134), neuropathy (34, 187, 188), Guillain-Barré syndrome (189, 209, 210),
myelitis (118), and cerebral ischemia (32). Some patieqsriexce neurological sequelae
following dengue illness, including amnesia, dementia, manic psyclieyg’'s syndrome
and meningoencephalitis (68).

It is largely unknown why some patients experience neurologicfessaions of
dengue. Physicians hypothesize that the increased vascularap#éitimeand capillary
fragility seen in DHF may lead to intracranial hemorrhageehral edema, hyponatremia, or
cerebral anoxia (68). If a patient goes into shock, important orgagdail leading to an
increase in toxic substances in the blood which influence centrabuse system (CNS)
function (68). There is some evidence that DENV may enter the @@lg8tients (10, 134,

144, 169). Once in the CNS, DENV may infect neurons (10) or trigger infected macrophages

to interact with neurons and induce cell damage (144).

Hepatic and Gastrointestinal Manifestations

A number of hepatic and gastrointestinal complications can be seieig MENV

infection, including heptatitis, fulminant hepatic failure, acaluldusiecystitis, pancreatitis,
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parotitis and diarrhea (reviewed in 68). Patients with heptatrafeséations present with

acute abdominal pain, jaundice, hepatomegaly and elevated aminotransferelagédgv

WORLD HEALTH ORGANIZATION DIAGNOSTIC CRITERIA

The World Health Organization (WHO) has strict criteria foagdosing and
classifying dengue disease. DF is considered probable pitient has an acute illness with
two or more of the following symptoms: headache, retro-orbital payalgia, arthralgia,
rash, hemorrhagic manifestations, leucopenia AND supportive serologiZIBA or illness
concurrent with a confirmed dengue case. DF is confirmed inlaylaine of the following:
virus isolation through cell culture or mosquito inoculation; viral antigetection with
ELISA, immunohistochemistry or immunofluorescence; a four-fold am@ein antibody
titer; or viral RNA detection by PCR.

DHF diagnosis requires fever, hemorrhagic tendencies, thrombocyahpeni
evidence of plasma leakage due to increased vascular permgeahditording to the WHO,
hemorrhagic tendencies are present if patients exhibit one ofollogving: a positive
tourniquet test petechia, echymoses, and/or purpura; bleeding from mucosal sutfeees,
gastrointestinal tract and/or injection sites; hematemesigoa malena. An increase in
hematocrit equal to or 20% above normal, a decrease in hematoaivifgjl column
replacement, and signs of fluid accumulation (pleural effusiongeasmi hypoproteinemia)

are considered evidence of plasma leakage.

! The WHO characterizes DHF thrombocytopenia as less than 100,000 platefets/mm

2 A tourniquet test is a measure of capillary fragility and is considereshaure of a

patient’s hemorrhagic tendency. It is performed by inflating a blood peessti on the
upper arm of the patient to midway between systolic and diastolic pressurigs foirfutes.
After five minutes, the cuff is removed and the number of petechiae is counted. Auetrni
test is considered positive if there are 20 or more petechiae in a square anchthee
patients arm (104).



The WHO classifies dengue hemorrhagic fever into fouregad severity. Grades |
and Il are DHF while Il and IV are DSS. DHF grade traracterized by a severe fever
with non-specific constitutional symptoms. The only required manifestaf hemorrhage
IS a positive tourniquet test or easy bruising. A patient isndsgd with grade 1l DHF if
they exhibit spontaneous bleeding in addition to a positive tourniquet tessprbruising.
Patients receive the more serious diagnosis of dengue shock syndrome xhibéysgns of
circulatory failure (grade IIl) or profound shock characterizedabhyundetectable blood
pressure or pulse (grade 1V).

Some patients with DF may show signs of hemorrhage includingaeisisgingival
bleeding, Gl bleeding, hematuria and menorrhagia. However, in gena@b of signs of
hemoconcentration and vascular permeability, these patients are betdiagnosed with
DHF. Instead, they are assigned the diagnosis of DF with atypical hemorrhage

Many physicians who study dengue and treat patientsHatthe WHO diagnostic
criteria vastly underestimate the occurrence of DHF (7).e dlagnostic criteria were
developed in the mid-1960’s in response to outbreaks of DHF/DSS ihessutAsia and
they may not be appropriate for diagnosing modern disease in gllagbacal areas (175).
In a number of retrospective chart studies, the sensitivity oMk diagnostic criteria
approaches only 80%, suggesting that a vast number of DHF/DSSacaseder-diagnosed
and under-reported (7, 175, 193). Physicians have suggested a number of foragoss
discrepancy and offered ways to improve the WHO guidelines.

The WHO guidelines are unknown or mistakenly applied by many pagsicn
countries inexperienced with dengue (175). Although the hallmark ofeselgease is

increased vascular permeability, many physicians are uninfeamegt@nly diagnose patients



with DHF if frank hemorrhage is present (175). One difficuitgliagnosing severe disease
is the reliance of the WHO criteria on the tourniquet test.(TA described above, the TT is
an uncomfortable test that requires five minutes to perform. Mamgmely ill and irritable
young patients are unable to remain inactive for a sustagm@obpso this test is omitted (7,
175). The TT may be difficult to interpret in certain patientste€hiae are difficult to see
on dark skinned patients and poorly perfused children may have ané&aéve result (7,
175). In addition to poor sensitivity, the TT has poor specificityrang fail to differentiate
between DF and DHF/DSS patients (74). If repeated more than omeg daspitalization,
up to 90% of DF patients can have a positive test (7). Becausgrasimof Grade | DHF is
dependent upon a positive TT, up to 20% of DHF cases may be misdiagnoBé&difas
doctors fail to perform the test or it yields a false negativéb). A WHO diagnosis of
DHF/DSS requires many different and repeated lab values thabendifficult to perform in
resource poor hospitals overwhelmed with dengue patients (175). In tordikagnose
increased vascular permeability, a physician must determihé¢hthgatient’'s hematocrit is
more than 20% above baseline, or visualize signs of fluid accumulatiothout/baseline
hematocrit values, physicians must obtain a convalescent hemasbdeetbefore assigning a
firm diagnosis (76, 175). Additionally, an increased hematocrit mawyibged if the patient
begins rehydration therapy prior to development of DHF/DSS (7, 17&hoMY a measured
increased in hematocrit physicians must depend on signs of flaushadation to diagnose
increased vascular permeability. The type of test orderethantiming of the test may aid
or limit this finding. Small pleural effusions may be missedchgst X-ray or may appear
only following IV fluid replacement (7). The final important caeteristic of DHF/DSS

according to the WHO criteria is thrombocytopenia, defined asrfévan 100,000 platelets
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peruL. This value is outdated and modern physicians diagnose thrombocgt@sefawer
than 150,000 platelets pat. Platelets fail to drop below 100,000/rhin many dengue
patients and thrombocytopenia may be transient and missed if nevg@suis are not taken
frequently (7, 76). Finally, vascular permeability is a halkmair DHF/DSS in children.
According to one study, healthy children have higher vasculangadility compared to
adults (9). Therefore, signs of vascular permeability mamnbee subtle or absent in adult
patients. Based on these limitations in the WHO diagnostiaiaritdthe WHO should re-
evaluate their guidelines. In their examination, the WHO should densedefining
thrombocytopenia as <150,000 platelets per standardizing or removing the TT as a
criteria for Grade | DHF, and adding additional measurementsctirporate the level of

treatment a patient has received at the time of diagnosis (175).

DENGUE TREATMENT

The WHO has developed guidelines to treat the most common thmécafestations
of dengue infection. Because there are no antivirals effectjenst dengue, their
recommendation is supportive care (233). Despite the lack of ancariglity rates due to
DHF/DSS are reduced from greater than twenty percent wheratetr® one percent with
proper medical care as outlined below (233).

For classic DF, doctors should recommend that their patientangstke oral fluids
(88, 176). DF patients may exhibit signs of dehydration due to feveitingnor diarrhea
and should replace lost fluids with oral electrolyte replacen@uatiens (232). Doctors can

treat symptoms of DF with Tylenol and antiemetics (232). Aspsrimot recommended in
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dengue patients due to its anticoagulation effects and the riskyesFSyndrome in children
(88, 176). DF patients are advised to seek immediate medicalattéribhey develop signs
of more severe disease, including hemorrhage, shock, or mental stahgescH&8).
Hospitalization and admission to the intensive care unit is recomighehgatients present
with signs of severe dehydration or shock (88, 232)

The mainstay of DHF/DSS treatment is intravenous fluid inftme of isotonic
solutions or Ringers for twenty-four hours or until the patient’sadteonit drops (88, 232).
Restoring fluids in DHF/DSS patients can be tricky as therm fine balance between too
much fluid replacement and not enough (176). Fluid overload can resuftassive
effusions, respiratory compromise, and congestive heart failuve.liffle fluid replacement
can lead to worsening shock, acidosis, and disseminated intravaszagpration (DIC)
(176). While hospitalized, physicians should continuously monitor the patibidbd
pressure, hematocrit, platelet count, urinary output, and mental st@hemnges in any of
these can indicate worsening shock and a poor prognosis (176). Inetapolic or
electrolyte imbalances appear, physicians should correct theswidosis can lead to DIC
(232). If DIC does occur, heparin therapy is indicated (88). Ratieay also be transfused
if they lose excessive amounts of blood due to hemorrhage (232). Heapdal is
recommended for at least twenty-four hours following defervescamt@atients should not
be sent home until they meet the following criteria: return of epelinical improvement,

no respiratory distress, stable hematocrit, platelets grémters0,000/mrh and good urine

% Severe dehydration is characterized by a greater than 10% loss of bokdy \@tms of
shock include increased heart rate, increased capillary refill tihegeonds), cool, mottled
or pale skin, decreased peripheral pulses, mental status changes, oligurianarsuedse
in hematocrit or continued high hematocrit despite fluid replacement, narrowed pulse
pressures (<20 mm Hg), and hypotension (232).
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output (176, 232). DSS patients should remain hospitalized for at leaskatg following

their recovery from shock (232).

DENV TRANSMISSION

Dengue is an Arbovirus that requires a blood-sucking arthropod to contpléte
cycle (63). DENV has completely adapted to humans and is maohtaane mosquito-
human-mosquito transmission cycle in tropical and subtropica$ ¢&i&). The primary and
most efficient DENV vector iAedes aegypti (63, 90). Aedes aegypti is a domesticated
mosquito that has adapted to feed entirely on humans (135). Once a mbsguied on a
viremic human, the virus replicates in the arthropod mid-gut andrdisates to the salivary
glands within twelve to twenty-seven days (206). Following digs&ion to the salivary
glands, femaleAedes mosquitoes are infected with, and able to transmit, dengue for the
remainder of their lives (63, 206)Aedes mosquitoes lay their eggs in clean, standing water
that collects in containers around homes (135). These mosquitoesigue in that they
feed on more than one person per gonadotropic cycle and will regaalied on a second
individual if interrupted (87, 135). It has been postulated the DENV gdetiosquitoes may
feed on humans longer than non-infected mosquitoes, increasing the riskusf
transmission (161). Secondary DENV vectors inclukles albopictus and Aedes

polynesiensis (135).
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DENGUE EPIDEMIOLOGY

Within the past forty years, DENV has emerged as an imporfabalghuman
pathogen. Factors responsible for the emergence of this disedsdeinmcreased
population size, uncontrolled urbanization, increased transportation, andseecmélic
health control (157). Prior to 1980, epidemics of DHF were confined toiedi number of
countries in southeastern Asia. Today, over 100 nations report DENVsaliseBhese
countries are located in Africa, Latin America, the easterdifdeanean, southeast Asian
and the Western Pacific (71, 233). Dengue transmission is hebstasten 38N and 35S

latitude, the northern and southern most boundaries of the v&eties, mosquitoes (61).

DENGUE PATHOGENESIS

Once introduced into a human host through the bite of an infected mosquiy, DE
replicates at the site of the bite or regional lymph node (7B ifitial target cells of DENV
are skin Langerhan’s cells and dendritic cells (DC) (91, 140, 234).af@ potent antigen
present cells (APC) that express a variety of pathogen mgmyygreceptors; one of these,
dendritic cell specific ICAM3-grabbing non-integrin (DC-SIGNgnges as an attachment
factor for DENV (133, 153, 162, 220). DENV replicates with DC, macrogh@ddge), and
other monocytes, seeding a serum viremia (6, 11, 133, 145, 153, 162, 220, 228)hd-rom t
serum, DENV can enter a number of organs and tissues.

Risk factors for the development of severe disease suggebamgos of disease
pathogenesis. These risk factors include: i) pre-existing DENWuUnity, ii) viral genotype,

and iii) sequence of infecting serotypes (71, 72). Based on thagevations, it has been
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proposed that viral virulence and aberrant host immune responsessoasible for the

development of severe disease.

VIRAL VIRULENCE

One hypothesis on disease pathogenesis suggests that someaveusese virulent
and that severe disease is associated with these specifiesviil&r). All four serotypes of
DENV have been isolated from DHF/DSS patients, showing clézatyone serotype is not
more virulent than the other three (72). Within each serotype, visepesate into different
genotypes based on nuclei acid sequence differences betwaars g172). Specific
genotypes of DENV2 and DENV3 are associated with the emergen@HF in new
geographical areas (64, 142, 173, 174). A new DENV2 genotype was introdutted to
Caribbean from southeast Asia in 1981 resulting in a DHF epidé@ticontinues in Latin
American today (174). Similar observations have been made reganeingtroduction of
new DENV3 genotype into Latin America and Sri Lanka (64, 142). Thdynatroduced
DENV2 and DENV3 were associated with DHF in their geograpbdgions of origin and
appear to have replaced the less virulent native DENV3 viruskatim America and Sri
Lanka (142, 173, 174).

Viruses associated with severe disease have alteredhgcbatacteristics compared
to viruses circulating prior to the emergence of DHF/DSS. Stheheast Asian DENV2
replicates more efficiently in primary human dendritic celhsl Aedes aegypti mosquitoes
(39). In these systems, more virus is released during infeciitbntme southeast Asian
viruses compared to American viruses (39). This increasedeefficimay lead to higher
serum and salivary gland titers. The viruses introduced intog®kd and associated with

DHF replaced native DENV3 viruses within a short period of tind2)1 The invasive
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viruses infect similar percentagesAmdes aegypti mosquitoes but replicate to higher titers in
the midgut and disseminate more efficiently to the salivanydgiauggesting they may have
a fitness advantage in mosquitoes (85). iAwitro phenotype in human cells has not yet

been characterized.

HOST IMMUNITY

The observation that DHF/DSS occurs primarily in children egpenng a secondary
DENV infection suggests that the host immune response plays ia dikease pathogenesis
(72). Halstead first proposed that DHF was “due to a selftd#iste immune response
sensitized by the first [DENV] infection” (72). Evidence supportirgyhypothesis included:
i) most all patients with DHF/DSS have detectable DENV lgi&n they present to the
hospital, ii) severe disease is seen only in areas whereotwmore serotypes are
simultaneously or sequentially endemic, and iii) severe diggasstricted to local residents
whereas visitors present with DF (84). In the DENV field, piist@yg host immunity to
DENV is generally accepted to play a role in disease patlesge However, there are
conflicting opinions as to whether humoral or cell-mediated immurnmnsges contribute to

disease pathogenesis.

Humoral mmune Responses and Antibody Dependent Enhancement

In 1970, Halstead first proposed a role for anti-DENV antibody imévelopment of
severe disease (79). He observed that shock during a primaryoimfects rare and only
occurred in patients younger than one year. It was later showilitthainfants developed
DHF during a primary infection when the titers of their maadly derived anti-DENV
antibody fell below neutralizing levels (110)n vitro, the maternal antibodies were able to

neutralize or enhance DENV infection of mouse macrophages at ldvo@ytoncentrations
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(110). Kiiks et al were able to demonstrate a relationship between the neutratizing
enhancing activity of pre-infection sera and disease severityanchildren (111). In this
study, the presence of enhancing antibody in pre-infection sera st@sng risk factor for
the development of severe disease (111).

Animal studies have supported these findings in Thai children. Noathpnmates
experiencing a secondary infection had higher serum titers thaarpyinmfected animals
(82, 139). Additionally, passively transferred antibodies enhanceti@a in DENV2 and
DENV4 infection (54, 73).

Based on the data discussed above, antibody dependent enhancemeritg@®b&gn
proposed as a mechanism for the development of severe disease. ingoboprimary
DENV infection, individuals develop cross reactive immune responsesvaftd three
months in duration (183). Cross-reactive antibodies wane and a strongypiamot
neutralizing antibody response to the homologous serotype persittie ide of the patient
(74, 183). When a patient is infected with a second DENV serotypépdias from the
primary infection may bind to but not neutralize virus. In this shna circulating APCs
expressing Fc receptors may bind antibody-antigen complexes rdaechalize virus
(reviewed in 75). After entering APC via ADE, DENV maylieate to high titers, trigger
cytokine production, or stimulate immune signaling (75).

Despite enhancement data in humans and collaboration in animals, $6i\é D
researchers are not convinced that ADE plays an important rdie pathogenesis of DHF
and DSS. At least one group has been unable to replicate dagdatong in vitro
enhancement with an increased risk of developing severe deligemse (126). Its is

possible that each cohort of dengue patients may differ in theladoty role of ADE in
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their disease outcome or that ADE will differ depending on thectimig virus. It is also

possible that the differem vitro enhancement assays led to differing results.

Cell Mediated | mmunity

The second explanation for immune-mediated development of severasedise
involves T cell-mediated immunity. Since the onset and resolutioncoédsed vascular
permeability in DHF/DSS is rapid, some groups suspect that cg®keleased by activated
T cells trigger the development of severe disease (178) Thsim@ig evidence that a high
level of T cell activation is associated with DHF (156). Vamtigens presented to memory
CD4+ and CD8+ T cells stimulate them to proliferate and sel@aoinflammatory cytokines
(reviewed in 156). The cytokines produced include TN&Rd IFNy. High levels are these
cytokines have been documented in DHF patients, lending credencelt farractivated
memory T cells in disease pathogenesis (224).

It is probably an interplay of viral virulence, humoral adaptiwenunity and cell
mediated immunity that leads to the development of DHF/DSS. Thexmtng immunity
towards dengue probably creates an environment in which the virulenV®ENger a
pathogenic adaptive immune response that results in DHF/DSS ratrersubclinical

disease.

HUMAN GENETIC RISK FACTORS

Variance between individuals in clinical outcomes of a secondégtion with the
same dengue viruses has led some groups to postulate that humics gefext disease
progression. This phenomenon was first observed in the absence of severerssaséd

ethnic groups (reviewed in 36). An important example of these ethfeceti€es in disease
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susceptibility is illustrated in the resistance of Africanck$ato the development of dengue
illness (36). In western Africa, multiple DENV serotypescaoulate but there are no
documented cases of DHF in native Africans. Additionally, denglextioh in Haiti is
symptomatic in only white visitors, despite evidence of multiplegdennfections in Haitian
children of African descent (83). Because of the presumed link betgenetic background
and susceptibility to developing severe disease, many genaliesthave investigated the
correlation of gene polymorphisms with susceptibility to and pratediiom developing
severe dengue disease (reviewed in 36). Since DHF and DSfestations are believed to
be due to aberrant immune stimulation, most of these studies hagtigated the role of

innate and adaptive immunity genes in susceptibility to severe disease.

I NNATE | MMUNE FACTORS

Important components of the innate immune response to dengue include tesnocy
and dendritic cells, serum complement, and natural antibodies. ®engally infects
monocytes and dendritic cells during human infection and may antagbeizeability to
produce interferon and cytokines, as well as their ability to commateniwith adaptive
immune cells. Complement can coat virus in the presence emabsf antibody, leading to
neutralization (reviewed in 16). Dengue has been shown to coziedlh complement on
the surface of circulating cells (17, 180). Natural antibodies gaoh tbi dengue and cause
agglutination.

DC-SIGN, a C-type lectin expressed on human dendritic cellyjeseas an
attachment factor for DENV (133, 153, 220). DC are important antigeseipting cells that
respond to viral infection and bridge the innate and adaptive immspenses. Infection by

DENV may modulate innate immune responses and communication bet@eandDI" cells.
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Therefore, Sakuntabhat al investigated whether polymorphisms in DC-SIGN correlate
with disease severity (185). In Thai children, one allele, [BBB}336, did affect disease
severity (185). A G at position 336, located in the DC-SIGN promoteanged multiple
predicted transcription factor binding sites and decreased SR&ctiptional activity
compared to an A at this position. SP1 is a zinc-finger motif gongatranscription factor
that binds directly to DNA and enhances transcription of spagdines. In this population,
the G allele was rare in DF patients compared to controlsvasdstrongly associated with
DHF (185). The authors postulated that the decreased transcripgmeiasesd with the G
allele might reduce DC-SIGN expression on the surface of BG tlecreasing DENV
infection of these cells (185). Instead, virus may be forced to ealisrvia an alternate
pathway, specifically Fc receptors via antibody dependent enhancemeningasUulHF.

In addition to DC, monocytes are a major target of DENV tidac Therefore the
role of glucose-6-phosphate dehydrogenase in dengue disease hasviesggated (26).
Glucose-6-phosphate dehydrogenase is an enzyme located in thescytophl cells that is
involved in mopping up free radicals that result in oxidative stress @pgcific glycose-6-
phosphate dehydrogenase alleles result in decreased enzywity aciil confer increased
susceptibility to bacterial infections (137, 226) and increased sewéniral infections (55)
due to leukocyte dysfunction (40, 57, 226). Because dengue targets magntcwtas
investigated whether glucose-6-phosphate dehydrogenase defiaféauty disease outcome
(26, 219). Such studies determined that red blood cell glucose-6-phodphgtiEogenase
deficiency is associated with an increased risk of developingiBDHRai children (26, 219).
Additionally, PBMCs from deficient patients were more readilfgcted with DENV2 than

monocytes from normal controls (26). Because glucose-6-phosphate dgnase
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deficiency leads to leukocyte dysfunction, cells from affectedemiat probably don't
respond as efficiently to DENV infection, leading to increasedl| wieplication (35).

Increased replicated in these cells likely results in higlhinseviremia which has been
associated with DHF (5).

Complement activation has been implicated in the development ofesdeague
disease (5). In Thai patients, high levels of activated conglein acute phase sera were
strongly correlated with the development of DHF (5). Three pathwagslead to the
activation of complement: the mannose binding lectin, the classitiélody dependent, and
the alternative (16). The mannose binding lectin (MBL) recogniadsbydrate patterns on
microorganisms and activates complement (16). Additionally, oncdeittia recognizes
carbohydrate patterns, it can promote complement independent opsonophagocytos
modulate inflammation, and promote apoptosis (5). MBL deficiencybkas associated
with increased susceptibility to HIV and other viral infectionad gorotection from
intracellular bacterial diseases (5). Because MBL dafoy could limit complement
activation, the serum levels of MBL and MBL2 genotype have been igatst for a
correlation to dengue disease severity in a Brazilian cohortlilhis population, an allele
associated with low serum level of MBL appeared protectivensigthrombocytopenia but
not disease development (1). Patients with the wildtype MBLZeattely have been more
susceptible to thrombocytopenia because high levels likely promoigingi to viral
carbohydrates resulting in complement activation and platelet destruction (1)

The role of TNFe, a cytokine associated with the development of severe disease
(160, 224), in susceptibility to dengue disease has been examinedeneaudlan cohort

(52). In this group, the frequency of the TNBO8A allele was increased in DHF patients.
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This allele is a strong transcriptional activator of T&Fexpression (52). This study
supports previous studies examining cytokine levels and suggestsgtha¢vels of TNFe
contribute to the development of DHF and DSS.

A final component of the innate immune response that has been exdariele
in dengue infection is natural antibodies. Individuals make antibddieABO blood
antigens. Patients who express none or one blood group antigens make emntibdte
carbohydrate residues associated with the other blood group antiggnkdke These
antibodies may recognize DENV carbohydrates and play a rolenate protection from
disease. Thus, the role of blood group in the development of severe dbsgmse was
examined (103). In a Thai cohort, individuals with blood group AB were nitaely to
develop severe DHF (grade 3 vs grades 1 and 2) (103). Thus, the AB bloodrgeguips a
risk factor for the development of severe disease.

The studies summarized above show that a number of differeas gavolved in
innate immunity may be important in the development of DHF and DOSE. too soon to
determine which components of the human innate immune system areshémportant
contributors to the pathogenic immune response to DENV in DHF and D&Sclear from
the studies above and previous studies that the innate immune genebutntioi

pathogenesis in the context of a secondary infection.

ADAPTIVE |MMUNE FACTORS

The adaptive immune system plays an important role in dengue padsig
Because secondary infection greatly increases the risk oflopawg severe disease, it
appears there is a role for pathogenic adaptive immunity. BothdBTacells have been

examined for a role in the development of DHF/DSS (reviewdd1fl). Because cytotoxic
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T cells may play a role in the development of DHF/DSS, majdodosnpatibility (MHC)
class | alleles have been examined. Additionally, the role €M and antibody subclass
has been examined.

The vitamin D receptor is expressed on immune cells and isiagsbavith the
stimulation of cell mediated immunity, decreased IgG production, eacased lymphocyte
proliferation (131). Thus it was examined whether SNPs in the gecoding the vitamin D
receptor play a role in the outcome of dengue disease. One 3$iIN#&, @osition 352 of the
receptor, results in an enhanced cell mediated immune responisasaibelen associated with
enhanced viral clearance and resistance to intracellular lba¢i®1). In a Vietnamese
cohort, the SNP is associated with protection against severe DHF (131).

Different HLA class | alleles have been correlated witled#nt cytotoxic T cell
responses to dengue (53). A number of groups have examined whethee sfzessfl MHC
alleles are associated with severe dengue disease (rdvievd6). In Thai populations,
some alleles of HLA-A and HLA-B appear protective againstFDahd others appear to
increase susceptibility to severe disease (reviewed in 27yer@lyr no single HLA allele is
consistently associated with DENV disease severity indic#tiaigprocessing and presenting
of endogenous dengue antigens and the T cell repertoire is aezaasgbciation and may be
specific to certain ethnicities (36).

A final component of the cellular adaptive response is TAP-1 and-ZTAH AP
proteins, or transporter associated with antigen processing, trdesjueptides from the
cytosol into the endoplasmic reticulum where the peptides assoatdt Class | (211). A
recent study, performed in a south Indian population, found that three cge&Hi alleles

may influence primary dengue infection (211). Specifically,ftbguencies of isoleucine at
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position 333 and asparagine at position 637 of TAP1 were decreased anypbiF and
DSS patients compared to DF patients. Additionally, the frequeinsline at 379 of TAP2
was lower in primary DHF patients compared to DF patients (2Thus, it appears that
homozygous patterns of isoleucine at TAB1valine at TAP2’®, and asparagine at TAF1
are protective against the development of DHF.

Only a single study has been conducted to examine the rolelGf d¥ass Il alleles in
the development of dengue disease (122). In previous studies, HLA-DRBbebkas
implicated in the pathogenesis of several diseases (122). Thetbéorele of HLA-DRB1
alleles was examined for a role in dengue pathogenesis imxacdh population. The
frequency of HLA-DRB1*04 was decreased in DHF patients comparddFtgatients,
indicating that this allele is negatively associated withFDii$k in this population (122).
From this study it appears that HLA-DRB1*04 may act as a resistartoe égainst DHF.

Immunoglobulin classes and Fc receptors have been associated weith dengue
disease. This association may be due to the ability oficdg& subclasses to bind to
specific Fc receptors, resulting in antibody internalizationlg® is bound to DENV, the
resultant ADE of virus infection may influence disease outcommefived in 75). 1gG1, a
complement fixing antibody subclass, has been associated witletteébopment of severe
dengue disease (114, 221). The levels of this antibody subclageatly increased in the
acute phase serum of DHF and DSS patients compared to DF pafentsawve high levels
of 19G2 (114, 221). Lokeet al investigated the role of Faeceptor allele IIA in the
development of DHF/DSS in Vietnamese patients (131). They found thaiziigasity for
arginine at position 131 of IIA appears protective against the a@weint of DHF, and that

an arginine at this position of the receptor is associated witleal®ed opsonization of 1IgG2
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antibodies (131). Thus, homozygosity for this allele may resulessantibody dependent
entry of DENV into host cells.

As with innate immunity, it is not clear from the studies pmes® above which
adaptive immune system genes play a significant role in thdogewent of DHF. Genes
may play different contributory roles in different ethnic or ragi@ups or upon infection
with different viruses. It is clear that much more work mustiddee to understand the role

that host genetics play in the development of DHF and DSS.

ANIMAL MODELS

One of the difficulties of studying dengue pathogenesis isattledf a good animal
model that recapitulates human disease. Currently there argypes of animals used to
study dengue - non-human primates and mice. Neither is a compided that reproduces
human disease. DENV cannot productively infect all non-human psnzaté does not
cause symptomatic disease in species that do develop viremmunbcompetent mice do
not usually develop viremia following infection with DENV strainslaged from human
patients. Clinical isolates of DENV can infect various strainsnmunocompromised mice,
but cause neurologic disease instead of DF or DHF seen in hunesmesvgd in 235).
Hemorrhagic disease or shock syndrome has been observed in two nuouede but both
are contrived. AG129 mice deficient in interferon signaling exisigins of shock following
intravenous infection with a mouse adapted DENV2, D2S10 (163, 200). Immunocoimpete
C57BL/6 mice develop hemorrhage within days of intradermal inoculatitin extremely

high doses of DENV2 16681 (28, 236).
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NoON-HUMAN PRIMATE MODELS

DENV naturally infects only humans and non-human primates (206)spitee
circulating naturally in a jungle sylvatic cycle in Asian and Africamptes (172, 227), there
is no evidence that DENV causes disease in non-human primatesv@gdvin 235). Non-
human primates do develop viremia (81) and are the closest nwodheintan infection;

therefore, rhesus macaques are used to test vaccine candidates.

Chimpanzees

Although closely related to humans, chimpanzees do not serve as angdetifor
DENYV infection (191). Following intradermal or subcutaneous inoculatioglesistrains of
DENV1, DENV2, DENV3 or DENV4 failed to cause overt, febrile or hémogically
detectable disease (191). Following primary infection, chimpandeesloped low-level
viremia within three days of inoculation and displayed neutralizimpoady responses
within eight weeks (191). Individual animals did develop some cliratalormalities.
Some chimpanzees exhibited a skin rash at the injection sitg,dageloped small, palpable
lymph nodes, and one had a slightly enlarged spleen (191). However, no chiespanze
developed thrombocytopenia. Chimpanzees were infected with a hgtersI®ENV
serotype twenty-six months following primary infections to satrilsecondary infection.
Individuals infected with DENV1 or DENV4 developed low level viranbut those infected
with DENV2 or DENV3 did not have detectable virus in their sera (19ctors such as
animal size and cost have precluded further characterization ofualeimdection in

chimpanzees.
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Macaca mulatta

The majority of the work characterizing DENV infection of nhon-harpamates has
been through infection of rhesus macaqudscaca mulatta). Following subcutaneous
inoculation of juvenile macaques with DENV, individuals did not developpsymatic
disease (81). Despite inguinal and axillary lymphadenopathy andiajrenonkeys did not
exhibit changes in behavior or appetite. Viremia developed betweemtiiowr days post
infection and lasted for three to six days (81). Laboratory teste performed to determine
if the macaques developed characteristics of human disease. rSonkeys exhibited
leucopenia with relative lymphocytosis but none displayed thrombocytopenia
hypoprotenemia (81). Additionally, no monkeys showed signs charéictefisDHF/DSS.
During this primary infection, the distribution of the virus was tedi(139). Prior to the
development of viremia, DENV was detected only at the injectitnand in the regional
lymph node. At the time of viremia, virus was slightly more widead and was located in
skin, lymph nodes and other reticularendothelial system organs (139). videceéa had
subsided, DENV was detected in the gastrointestinal tract amdgpieatory tract in addition
to lymph nodes and peripheral leukocytes (139). In all of these orgasgu staining
revealed that DENV antigen was restricted to lymphocyteshvaatophages (78). DENV-
infected macaques were tested for antibody responses to thenmfaod heterologous
serotypes. Regardless of viremia levels, all animals dewklogetralizing antibodies
specific to the infecting serotype (81). Based on these stuidvess concluded that rhesus
macaques have viremia kinetics and antibody responses similar to DEdYedhhumans.

In an attempt to develop a model of DHF/DSS, DENV-immuneamaes have been

inoculated with heterologous serotypes of DENV (82). In all secgnfactions except for
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DENV3 monkeys developed delayed onset viremia compared to prinfacgiam with the
same serotype. Secondary infection with DENV3 was unique inntbakeys had peak
viremia greater than that seen in primary DENV2 infection (82)dditionally, some
monkeys exhibited thrombocytopenia. In all secondarily infected macaguesrecovery
from tissues was increased compared to primary infection (139). DE&NV4-immune
animal was of particular interest because it showed lab vatuessstent with those seen in
human DSS patients (82). Following DENV2 infection, this animal develtg&ocytosis,
thrombocytopenia and hypoproteinemia, and exhibited increased prothroméiasiwell as
elevated hematocrit (82).

One other characteristic significant to the rhesus macaque lmdtde phenomenon
of antibody dependent enhancement during DENV infection (54, 73). Subrzzodgrali
guantities of DENV immune sera (73) or monoclonal antibodies (54 peantraveneously
administered to dengue naive macaques, rendering their sera eghaniro. Following
infection with either DENV2 or DENV4, monkeys developed increased tiiers compared
to control animals (54, 73). The @Homain of the Fc region of IgG appears responsible for
mediating this phenomenon (54).

Because of the similarity of the rhesus macaque infectiortiégsn@and immune
response compared to human DENV infection, their small size andota&see, and the
enhancement phenomenon similar to human infants (111, 205), rhesus macaques are
considered to be a reasonable model of DENV infection. Follopiimgary infection with
all four serotypes, animals remain susceptible to the remaimree tserotypes (77).
Therefore, rhesus macaques are considered a good model to testlitheofari DENV

vaccine to produce neutralizing or enhancing antibodies. Howevemalls! is not without
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limits. Primarily, animals do not develop symptoms of illnessnduprimary or secondary
infection. Thus, the only way to differentiate neutralization or eoé@ent of a virus is
through measurement of serum virus titers. One of the reasotiefdifference in human
and macaque clinical profile in response to DENV may be aw@edifferent innate immune
response mounted against the virus. There has been preliminaryd&mdastrating that
macaques produce different cytokines in response to primary DENVtioh compared to
humans. Five days post infection these animals produce a potent hntgipanse
characterized by the induction of interferon-stimulated genes, dagnt of IFNet, IFN-

B, IFN—-y and TNFew (190). In humans, there is potent upregulation of these genes,

particularly TNFew (160, 224).

MOUSE M ODELS

There are three types of mouse models of DENV infection: immurmetem mice,
immune deficient mice, and human chimeric mice (reviewed in 218, 238) of these
models have limitations and none closely mimic human disease. Hiimiaal isolates of
DENV do not infect immunocompetent mice very well and these miceadodisplay
symptoms consistent with human disease (reviewed in 218). An ideaé mmgel would
be physiologically relevant in route of infection, immune statut®host, and clinical signs
of disease. A model in which some animals develop a DF-like dissas other animals
exhibit signs of DHF/DSS, particularly following a secondary toddgous infection, is

desired and is being pursued.

I mmunocompetent Mouse Models

The ability of DENV to infect four immunocompentent mouse strdias been

investigated. Initial studies with DENV and the albino swiss mauwgaved intracranially
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inoculating suckling or weaning mice with human clinical isolated passaging them until
mice developed paralysis (37, 184). Once adapted to mouse braiesyithiees were no
longer able to infect and cause disease in humans (184). Muanetlye dengue has been
studied predominantly in two mouse strains: Balb/c, and C57BL/6.

Balb/c mice have been tested as a model for DENV infectioh5d), These mice
developed paralysis at four days post infection when inoculated intosmgaily with a
mouse-adapted DENV2 (4). On necropsy they showed thrombocytopenia@asibetr
hematocrit, hemorrhagic necrosis of the spleen, and liver dampagd s pathology was
TNF-o. mediated and could be delayed by administering an anti-df Nfeénoclonal antibody
(4). When Balb/c mice were intraperitoneally inoculated withuman DENV isolate, the
mice developed no clinical signs of disease (154). The human DENV did appegetdha
liver of these mice, since hepatic injury was seen from oneetenteen days post infection
and mice exhibited elevated liver enzymes. Additionally, the méseloped low-levels of
viremia (154). A Balb/c mouse model has not been further explorachasdel for human
DENV infection as liver and CNS involvement are not prominent charatts of primary
human infection.

The other immunocompetent mouse strain that has been investigatedhagse
model for DENV infection has demonstrated some promise. DEN3GB1, a Taiwanese
isolate, is able to infect C57/BL6 mice and induce hemorrhage (28, 2BB)ee days
following intradermal inoculation of three billion infectious virions, mice depdiigh serum
viremia and hemorrhage at various sites (28). In addition to hemeridtathe site of
inoculation, mice exhibit bleeding at lymph nodes and in the gastranaiesact (28). The

sites of gross hemorrhage exhibit red blood cell extravasation andelmlatell apoptosis
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microscopically (28). Hemorrhage in this model is dependent on endbtieliapoptosis
induced by TNFa and free radical production (236). The route of viral inoculation appears
important in the C57BL/6 model since intravenous inoculation resultgeninjury rather
than hemorrhage (29). While promising, this model is not without limist Hemorrhage
in DENV-infected people is exhibited primarily during secondargdtbn of a DENV-
immune individual with a heterologous serotype. In this model, hbigeris seen during a
primary infection. Additionally, increased vascular permeabilittheshallmark of DHF, not
hemorrhage (233). Therefore, in an ideal model mice would show sifjnuid
accumulation and shock instead of bleeding. Another concern with the nsoded
enormous infectious dose required. As the viral dose decreasesexhitxd signs of
neurological disease rather than hemorrhage (28).

All of the mouse models of DENV infection in immunocompetent miedimited in
their applicability to human disease. The Albino Swiss and Bafiwdels require mouse
adaptation of DENV strains and exhibit clinical symptoms irrelea human disease.
While human isolates of dengue can infect A/J mice, infected thdils do not develop
viremia, an important component of human disease, and the symptomextiici do not
resemble human disease. While the most promising of the fouanooompetent mouse
models, C57BL/6 mice are not ideal. An infected C57BL/6 mouse exlhibitsorrhage
following intradermal inoculation but a high infectious dose is resargsand hemorrhage
occurs within three days of a primary infection. In order to mcoeirately resemble human
disease, an infected mouse should develop fever and viremia followangary infection

and hemorrhage should occur during a secondary infection as serum viruslkiters fa
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| mmune-Deficient Mouse Models

Many labs have attempted to develop a mouse model of DENVigrfenotimmune-
deficient mice since human isolates of DENYV fail to repli¢atenmunocompetent mice and
these mice fail to exhibit symptoms of DF and DHF/DSS. Mef#cient in the adaptive and
the innate immune system have been infected with DENV. Noties¢é immune-deficient
mice exhibit signs consistent with human disease and the ladkngrtant immune
components confuscates data interpretation.

Very little work has been performed to investigate DENV atite of mice deficient
in adaptive immune components. Severe combine immunodeficient (SAdB) lacking
both T and B cells, are resistant to intraperitoneally inoculagedue and do not develop
signs of disease or viremia (129). |If the virus is injectech@naémnially, these same mice
develop paralysis and die despite showing no clinical, pathological,almoratory
abnormalities (2).uMT mice, deficient in B cells, do not show signs of infection and virus
cannot be recovered from extraneural or neural tissues (199e défficient in CD2% or
CDS8" T cells survive DENV infection and virus is not recovered fronir ttigsues (199).
RAG knockout mice, deficient in both B and T cells, are extremedgeptible to infection
with a mouse-adapted DENV1 isolate. These same mice aréodbiat virus replication
when infected with a non-mouse adapted DENV2 (199). The resistanttee ®RAG
knockout mice to DENV infection indicates that B and T cells arereguired to limit
DENYV infection.

A/J mice, which lack the complement component C5, intraveneousistadfevith
PLO46, a Taiwanese DENV?2 isolate, develop paralysis and die wighihte fourteen days

of infection (96, 198). DENV2 was not recovered from serum but virusleisted in the

32



central nervous system and the liver (96). In addition to paralysise developed
thrombocytopenia and leukopenia (198). DENV2 infected mice had high numbers of
activated B and T cells in their spleens and produced copious amoulibl-gf(198).
Because A/J mice do not develop high serum viremia and their nyappt@m of disease is
paralysis, they are not a good model to study human DENYV disease.

To determine if transgenic mice deficient in the IFN respamsee susceptible to
DENV, mice deficient for IFNa/f (A129), IFNy (G129), and both IFN«p and IFNy
(AG129) receptors were intraperitoneally and intraveneously inodulaitlh DENV (102,
192, 199). Mice deficient in either IF&{3 or IFN-y receptors did not exhibit symptoms of
disease when infected intraperitoneally (102). When infected intvagéy, these same mice
developed high levels of viremia and G129 mice succumbed to infection (A@1)29 mice
infected via both routes developed a dose-dependent paralysis followeagian with
mouse adapted and human isolated DENV1 and DENV2 (102, 199). Infecteelxmicéed
a dose-dependent viremia, an enlarged spleen, an inflammatoryneytsponse and
convalescent IgG (102, 192). Infectious DENV was found in the CNS (199 &hdvas
detected in serum (192). Additionally, viral antigen was deteictedendritic cells and
macrophages of the spleen and lymph nodes respectively (6, 121).

STAT1-deficient mice, which are less immunocompromised than AG129,besre
intravenously infected with DENV1 and DENV2 (201). These miceresistant to DENV
disease and control virus load early during infection. This moidBIENV infection has
also demonstrated that CLEC5A, a C-type lectin, plays a roENV-induced vascular

leakage and hemorrhage (31).
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In order to develop a model of DENV infection that more closely nsodelere
human disease, one group alternately passed a human DENV?2 IsilaeznAedes C6/36
cells and AG129 mice. The resultant virus, D2S10, causes a le#ationfof AG129 mice
between three and five days post infection but is unable to infedtyp& mice (200).
Infected AG129 mice exhibit hunching, fur ruffling and lethargy, but patlysis. An
important component of this DENV model is increased vascular pbiiite4200). The
microvasculature of the liver and small intestine display am@d permeability and damage
at a cellular level (200). The increased vascular permeabili®G129 mice following
infection with D2S10 is dependent on TNFn the serum (200). The ability of D2S10 to
cause vascular permeability is mapped to two mutations in the viral envelopstains 124
and 128 (163, 200). In D2S10, substitutions at these positions result in aegatevely
charged external surface of E. This change in charge lingtability of DENV to bind to
heparin sulfate, and viral clearance from the peripheral circulation igede(63).

AG129 mice infected with D2S10 represent a model that mimics hin8&) but
this model has two major drawbacks. First, it does not allow afmalysis of an
immunocompetent host response to DENV. Second, the virus has been adagtthvia
passage between mosquitoes and a host so that it may induce diseas@use-specific

manner.

Human Chimera Mouse Models

Since most human isolates don’t easily infect immunocompetent ravases, a few
groups have attempted to infect humanized mice with clinical DENYiIns. In these
models, human cells are transplanted into immunocompromised micagaamkiadaptive

immune system (reviewed in 235). DENV appears to infect timsglanted human cells,
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resulting in viremia and signs of clinical illness. Despite moderate suadtsinfection and
disease development, human chimera mouse models are fraughtewetial dimitations.
Due to the absence of an intact immune system in these mice,ishiémited crosstalk
between the mouse’s innate immune response and the adaptive imaspoese developed
in human cells. Additionally, these mice have proven extremelicdiffto work with.
Transplantation of these mice with human cells tends to be lab@mlisngraftment rates
vary. Furthermore, these mice are often sickly and fail to thrive.

Because some human DF and DHF/DSS patients exhibit signs roinadvement,
two groups have attempted to transplant SCID mice with human daledines. Mice
transplanted with the human hepatocarcinoma cell line HepG2 weagdntoneally
infected with DENV2 (2). Early during infection, virus was detdcin the liver and in
serum. These mice lost weight and developed hind limb paralygigh wo weeks of
infection. In addition to manifesting physical signs of infectioncanexhibited marked
thrombocytopenia, elevated hematocrit, and increased prothrombin timdn(Zddition to
these laboratory abnormalities, HepG2 engrafted mice had hemiogha the liver and
small intestine. These findings suggest that this mouse model sDeiFgDSS-like
manifestations (2).

Since monocytes and dendritic cells appear to be the primary ¢drigeman DENV
infection, two groups have infected CD3#ematopoietic stem cell engrafted mice with
DENV (8, 120). Non-obese diabetic (NOD)/SCID mice transplantida thhese stem cells
have circulating DC (8) and display symptoms of DF following 2Nnfection. Between
two and eight days post infection, infected mice experienced nareaise in body

temperature, visible skin rash and marked thrombocytopenia (8). loaddithese clinical
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signs, engrafted mice had virus in their spleens, liver and skinAlB)nice recovered from
DENV infection within three weeks of inoculation. RAG’ engrafted with CD3%
hematopoietic stem cells (RAG-hu) are reconstituted with humandTB cells, DC, and
Md (120). Following intraperitoneal and subcutaneous inoculation with a REdgektail,
RAG-hu mice supported productive viral infection and exhibited viremiaup to three
weeks following infection (120). These mice displayed a high feweup to two weeks
following infection but did not show other signs of DF or DHF/DSS (1Z6g RAG-hu
mouse model of DENV infection is intriguing because these micel@jged human
neutralizing IgM and 1gG responses to DENV (120). Thus, this model possntially

provide an avenue to study human immune responses to primary DENV infection.

DENGUE PREVENTION

PREVENT TRANSMISSION

The most effective way to decrease the spread of dengue istihcontrol of the
vector, Aedes mosquitoes (90, 233). Environmental management and chemical eradication
are means by which the mosquito vector can be controlled (233). Thecosb®ffective
way to decrease dengue transmission is to elimidedes breeding sites in and around the
home (61, 88). Aedes mosquitoes breed in clean water and thus larval reduction can be
achieved by eliminating water containers that serve as ldmabitats (61). The most
effective way to implement this environmental management is throagimunity-based
efforts involving health education and community outreach (61). Wh#eajpproach may
be slow in eliminating mosquito populations, it is the most sustaindhlehe recent past,

vertical paramilitary organizations were successful in negiginating Aedes mosquitoes
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and drastically reducing dengue transmission in Latin Ame@itaq3). Once success was
achieved, resources were reallocated and dengue has returned (6f)icaCheethods of
vector elimination are expensive and may adversely affect hurealthh Therefore,

chemical spraying should be used only during an outbreak to curb transmission.

V ACCINATION

Due to the current inability to reduce dengue transmission througbr\amtrol, a
vaccine is needed to prevent transmission and disease in endemsid1®@ga Currently
there is no licensed dengue vaccine for use in humans. Adaptivenitgnsontributes to
resolution of infection and has a role in preventing reinfection. oftiniately, adaptive
immunity also plays an important role in the enhancement of diseaseity as discussed
above (231). Therefore, immunization against dengue must address dgspotective
immunity and the role of pathogenic immunity (231).

There are many challenges to the development of an effective demagume
(reviewed in 69, 231). Currently, we do not entirely understand immunil¥edV and the
correlates of protective immunity are unknown. Due to the risk of swrere disease with
a heterologous secondary infection, an effective vaccine must indoteztpre immunity
against all four serotypes of DENV (80). In endemic areaspguaevaccine must be able to
overcome pre-existing immunity from either passively transtematernal antibodies or a
previous dengue infection (231). Additionally, an effective vaccine mdsice long-term
humoral and cell-mediated immunity (69). Thus, the ideal dengu@neawould meet the
following criteria (reviewed in 69, 231): be free from significaeactogenicity, induce
lifelong immunity against infection by any of the four dengue ypes, be suitable for use

in infants, not increase the risk of DHF/DSS from concomitant oresulesit dengue
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exposure, induce long-term humoral and cell-mediated immunity, and dm@recal to
produce with minimal or no repeat immunizations. Current effortdeteelop a dengue
vaccine can be divided into four groups: live attenuated virus vaccimesgrec vaccines,

inactivated virus vaccines, and subunit/vectored vaccines.

Live Attenuated Virus Vaccines

Most of the groups working towards a dengue virus vaccine are fgoosithe use
of live attenuated virus. This form of vaccine is preferred becausan produce a durable
humoral and cell-mediated immune response to both structural anstrootral genes
(231). Because the virus is alive, attenuated virus vaccinesthaveotential to produce
clinical disease if underattenuated or revert to wildtype. Tiugsattenuated virus vaccine
candidates must be tested extensively in humans and meetcspatgfiia. It is preferred
that the attenuated virus be genetically stable and the attenoattagjons understood (69).
A live attenuated virus should be limited in its ability to repgicaystemically, producing
little to no viremia (231). However, in a tetravalent formuolatieach component of the
vaccine must be able to replicate sufficiently to produce a tedaimmune response (69).
To date, four different live attenuated dengue vaccines havedssetoped with varying
degrees of success. Three groups have passaged clinical isolREENWfin tissue culture
until the virus has become attenuated. The fourth group has oglieationally designed
genetic attenuation.

The first live attenuated tetravalent dengue vaccine was dedeiope joint effort
between Mahidol University in Thailand and Sanofi Aventis. They passa clinical
isolate of each of the four serotypes in cell culture until tiseyated viruses that were

attenuated in mouse and monkey models (231). An unsuccessful Phaseal trlal was
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initiated in Thailand and this vaccine has since been abandoned duestio ceafcerns.
Despite limited replication in mice and moneys, it was found ttiiatvaccine was under-
attenuated upon vaccination of Thai adults and children (181, 182, 186). In tihessd cl
trials, up to ninety percent of patients complained of systegmgp®ms, and numerous
patients developed clinical dengue fever (181, 182). Additionally, the tetravalentdton
induced an imbalanced immune response (181, 182).

The United States Army and GlaxoSmithKline are jointly devalppa live
attenuated tetravalent dengue vaccine. Their vaccine is based upses\attenuated by
passage in primary dog kidney cells with terminal passages nmarirhesus lung cells
(231). The monovalent and tetravalent vaccines have been evaluatedinmaesaques and
are attenuated in their ability to produce viremia (47, 106, 215). Addlty, vaccinated
macaques developed decreased viremia following challenge widkypé virus (47, 106,
113, 215). In response to the tetravalent formulation, macaques develoglgghtly
unbalanced antibody profile to the four serotypes, suggesting lows le¥ehterference
(215). Based on these promising results in primates, multiple fationg of a tetravalent
vaccine have been tested in humans in Phase I/l clinical (g5 214). In these trials, all
patients reported mild systemic symptoms following their fidsise of the vaccine.
Following the second vaccine dose, all patients developed tetrameléndlizing antibodies,
however the response was unbalanced (204, 214).

The third live attenuated dengue vaccine generated by pasaaging is at a much
earlier stage of development than the ones described above. iilgs RDK-53, is a

monovalent DENV2 vaccine attenuated through mutations outside of theusthgenes. It
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has currently been tested in mice and monkeys and been deemed safenandgenic
(167).

The final live dengue vaccine, in development by the National dtessitof Health
(NIH), is based on attenuating genetic mutations (231). DEASU4wvas isolated in a 3'UTR
deletion screen designed to identify potential vaccine candidatfesesiuced replication in
monkeys (141). In a Phase I clinical trial, volunteers vaccinaitbdthvs virus exhibited low
levels of viremia and high levels of neutralizing antibodies (48ased on the promising
attenuation with a thirty nucleotide deletion in the 3° UTR of DEINYhe NIH developed a
tetravalent vaccine by deleting the same thirty nucleotfi &ENV1, DENV2, and DENV3
(15). DENV330 was found to be under-attenuated in SCID-Huh7 mice and rhesus
macaques (14, 15). In its current form, the tetravalent formulatosists of DENVA3O,
DENV4A30, DENV2A30 and DENV3/A30 (15). DENV3/A30 is a chimera, replacing the
prM and E genes of DENWBO with those of DENV3. Following vaccination with this
tetravalent formulation, macaques exhibited a balanced antibody responall four
serotypes and protection from challenge (15). This tetravabedine has not yet been
tested in humans.

Although live attenuated tetravalent dengue vaccines are imeetValinical trials,
they are not perfect. Thus far, it has proven difficult to produsafe vaccine that induces a
balanced immune response in humans. The two most promising vaccows;eat by the
US Army and the NIH, both have limitations. Following vaccinatiagthwhe US Army
formulation, volunteers complained of side effects and some patiaioped symptomatic
dengue. Additionally, the attenuating mutations of the four virusesuaknown. The

tetravalent vaccine in development by the NIH looks promising inhumman primates, but
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ultimately the effectiveness of the vaccine will be deteadiin human clinical trials, and by
the ability of the vaccine to elicit a balanced immune resportseemains unclear if live
attenuated vaccines will be able to induce immunity in the fagaesexisting DENV or

other flavivirus immunity.

Chimeric Virus Vaccines

Two groups are attempting to generate a dengue vaccine byuotingtrchimeric
viruses between dengue and other flaviviruses. In both of thesensy§&teimeraVAX and
RepliVAX, the prM and E of Yellow Fever virus (YF) and West Nilgus (WNV)
respectively have been replaced with those of DENV.

ChimeraVAX, developed by Acambis and now licensed to Sanofi, isihgsmn the
Yellow Fever 17D vaccine. YF17D has been used in humans for gedrs considered
relatively safe and effective. In ChimeraVAX, the structgmhes prM and E of YF have
been replaced with the structural genes of DENV (67). Non-hunraates vaccinated with
two doses of the tetravalent formulation of ChimeraVax producedatieirtg antibodies
towards all four DENV serotypes (67). In Phase | clinicaldriaaccinated individuals
exhibited few adverse effects and had broad humoral and cell-sedi@nune responses to
all four DENV serotypes following boosting (70). This vaccine ieng Phase Ill clinical
trials this year and is a leading dengue vaccine candidate.

ReplivaxD2, uses a single-cycle encapsidation defective WitstVirus system, in
which prM and E of WNV have been replaced by those of DENV (21v}hi$ system, the
WNV RNA genome contains a truncated capsid gene and cells qaewi@ge the genome
without capsid supplied itrans. Virions containing the defective RNA can infect normal

cells and these cells will release subviral particles aantathe DENV prM and E (217).
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Since the RNA genome cannot spread cell-to-cell, the vaccineryssaée. Following
optimization of subviral particle secretion in cell culture, AG128enwere vaccinated with
the WNV/DENV chimera, RepliVaxD2 (217). These mice exhibitededtependent
DENV2 neutralizing antibody responses and were protected from DENV2 chalBtHe
ChimeraVAX and RepliVax are promising DENV vaccine technodiet both
require further testing. RepliVax has only been tested in a mmosel and may not act
similarly in mice and primates. ChimeraVAX appears safpreliminary studies but larger

trials will be necessary to confirm safety and balanced immunity.

Whole I nactivated Virus, Subunit and Vectored Vaccines

In order to overcome some limitations of live attenuated and clinvagcines,
groups are developing vaccines based on inactivated virus, viral suburither viral
vectors. Inactivated virus and viral subunit vaccines are exyesate and should produce
balanced immune responses to all four serotypes. Unfortunatelyptbéyce immunity
only to structural genes and require adjuvants to produce robust imespenses (231).
Vectored DENV vaccines are safe and should be able to overcerexipting immunity in
endemic regions (231).

Purified formalin-inactivated whole DENV2 has been tested in non-hirimates
alone and in combination with other subunit vaccines (166, 167, 207). Following
immunization with purified inactivated virus (PIV) alone, macaqueveloped high
neutralizing antibody titers and were protected from challevitte DENV2 (166, 167, 207).
When administered with a DENV DNA vaccine, PIV was lesgatife at inducing a

protective immune response (207).

42



Regions of DENV2 E have been tested in vaccine formulationslimifed success
(167, 207). The amino 80% of E given with various adjuvants was ainléuce high levels
of neutralizing antibodies but was unable to protect rhesus macaquoesifemia following
challenge (167).E. coli-expressed E domain Il fused to mannose binding protein produced
poor antibody responses in rhesus macaques when administered alone [R0¢én
recombinant protein was combined with a DNA vaccine expressingapdME, vaccinated
monkeys produced neutralizing antibodies but were not protected fromiavifellowing
virus challenge (207).

A number of groups have attempted to develop DNA vaccines to eXpEId9ENV
(3, 12, 127, 170, 207). prM and E expressed from a CMV promoter and administered
intradermally have produced conflicting results in non-human prim&@&NV2 prM and E
DNA was able to induce long-lasting immunity and protection framsvchallenge in rhesus
macaques (207)Aotus nancymae monkeys were partially protected from DENV3 challenge
following immunization with a plasmid expressing DENV3 prM andLE)( The final DNA
vaccination approach immunized Balb/c mice with a plasmid expressiagdomain IlI
consensus sequence (cEDIII) designed to represent all four serotypes of(DENYV Serum
from mice vaccinated with three doses of cEDIII could neutralize all foatygpes of DENV
(127).

Venezuelan Equine Encephalitis (VEE) vectors have been engineer@qiess
DENV antigens, and VEE replicon particles (VRP) have been admedste mice and
monkeys (30, 230). DENV VRPs contain the full-length genome of VEE tvé structural
genes of VEE replaced with prM and E of DENV. These partatessingle-cycle vectors

that enter target cells and express high levels of prM andsHlting in the formation of
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DENV subviral particles (230). DENV1 VRPs have been adminigtewecynomolgous
macaques in combination with a DNA vaccine designed to expresathe antigens. A
DNA prime and boost followed by a VRP boost resulted in completegiron from DENV
challenge (30). When a DENV2 VRP was administered to DENV2ung Balb/c mice, the
vaccine induced neutralizing antibodies in young mice and protected & lethal
intracranial challenge (230).

Replication-defective recombinant adenovirus vectors expressingvDdEictural
genes have been tested in mice and non-human primates (92, 99, 17t)e ihiial
experiments mice were vaccinated with Adenovirus vectors dasido express the
ectodomain of DENV2 E (99). These mice developed neutralizing antibodyThl
immune responses against DENV2 (99). Following the development of adengatoss
that can accommodate larger transgenes, a new tetravalent R&dd¢ine was developed
(92, 171). This vaccine is composed of two bivalent vectors that conkdianat E of either
DENV1 and DENV2, or DENV3 and DENV4 (92, 171). As single bivalent vess;ithese
vectors were able to induce potent neutralizing antibody responsestagafour DENV
serotypes and broadly cross-reactive cellular immune respd@®es Based on success in
mice, this vaccine was tested in rhesus macaques as a foomwbboth bivalent vectors
(171). After administration of two doses, animals exhibited high rengaantibody titers
to all four DENV serotypes, were protected from challenge RENV 1 and DENV3, and
were partially protected from challenge with DENV2 and DEN(171). Vaccinated
animals did not develop a detectable cell mediated immune response (171).

Subunit vaccines are not as immunogenic as live attenuatechesi@nd may not

stimulate long-term immunity. Oftentimes, subunit vaccines mestdministered with an
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adjuvant to boost the immune reponse. Additionally, antivector immunaycancern with
Adenovirus vectored vaccines and VRP. Thus far, the Adenovirus immung ks not
effected immune responses to Adenovirus vectored vaccines in magqdqd¢s VEE
immunity is of little concern since VEE in humans is extrennatg in dengue endemic areas
(230). Only time will tell how subunit vaccines will fare in indugia balanced immune

response and overcoming pre-existing vector immunity.

OVERVIEW OF THIS THESIS

The goal of this dissertation was two-fold. The first goas wo compare the abilities
of mosquito- and mammalian-derived DENV to interact with and irfieenan DC-SIGN
expressing monocytes. The second goal was to characterizedwus @f viruses in their
ability to infect via DC-SIGN.

Unlike Alphaviruses, mosquito- and mammalian-derived DENV infeotilay
numbers of DC-SIGN expressing monocytic cells and replicate swhilar kinetics. In
order to discern why these viruses infect similarly, we charaed the E glycans and
determined that both mosquito- and mammalian-derived DENV have highose glycans.
The high mannose glycan of virus produced in both cells types is doaajgosition N-67
and interacts with DC-SIGN, mediating infection. The secondy&ag at position N-153
differs in mosquito- and mammalian-derived DENV. In mosquito céfis glycan is
processed down to three mannose residues during viral egress. Nanutels are able to
add sugar residues to proteins during egress and the N-153 is a complex sugare Adeve

to determine that when expressed as the ectodomain alone, E does amt aopthigh
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mannose glycans. Membrane anchoring of E packs many dimerssimallearea and likely
hinders access of processing enzymes to this glycan.

In the second chapter, we sequenced the entire genomes of véalagsd in Sri
Lanka prior to and following the emergence of DHF. We wdike &0 compare the
sequences of these viruses to DHF-associated viruses isolatédcan aad Latin America.
Based upon these sequences, we were able to identify coding anchiiges conserved in
DHF-associated viruses. We compared the abilities of Sri Lgmearand post-DHF viruses
to infect DC-SIGN expressing human monocytes, and found that post-DH$esimay
replicate less well in mammalian cells than the pre-DHREises. By comparing one
representative virus from each group, we were able to show thigiothe¥ virus enter cells
and progresses past fusion faster.

In the third portion of this dissertation, we developed a revensetige system for
DENV3, genotype Il. We were able to show that the recombinant valigved similarly to
the parental virus in cell culture. We were also able to comsthimeric viruses by
assembling the full-length virus with a coding region from anothersvinserted from E
through NS3. Now that we've developed a reverse genetic systeoanwese it to identify

residues in DENV3 that are important for replication and growtittio.
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Figure 1.1 Clinical manifestations of DENV infection in humans

Upon infection with DENV, 90% of people do not develop symptoms. In the mergai
10%, dengue disease can manifest itself as a number of diffgreshomes. Patients may
develop an undifferentiated fever, dengue fever with or without hemocrhagiifestations,
dengue hemorrhagic fever, or dengue shock syndrome.
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ABSTRACT

In this study we compared the ability of mosquito and mammaeagénderived
dengue virus (DENV) to infect human dendritic cell-specific Mz4rabbing non-integrin
(DC-SIGN) expressing cells and characterized the structugavalope (E) protein N-linked
glycans on DENV derived from the two cells types. DENVs ddrivem both cell types
were equally effective at infecting DC-SIGN-expressing hummmocytes and dendritic
cells. The N-linked glycans on mosquito cell-derived virus werexaofrhigh mannose and
paucimannose glycans. In virus derived from mammalian cells,-thké&t glycans were a
mix of high mannose and complex glycans. Our results indicateNthaked glycans are
incompletely processed during DENV egress from cells, raguiti high mannose glycans
on viruses derived from both cell types. Studies with full-length emtcated E protein
demonstrated that incomplete processing was most likely a ofghk poor accessibility of

glycans on the membrane-anchored protein.

[Citation: Hacker KE, White LJ, de Silva AM. N-Linked Glycans@engue Viruses Grown

in Mammalian and Insect Cell3Gen Virol (2009) (epub)]
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INTRODUCTION

Dengue viruses (DENVSs) are enveloped, positive-sense RNA viofisies flavivirus
genus that are transmitted via the biteAefles mosquitoes. Each year, over 2.5 billion
people are at risk of contracting dengue, 100 million people develop @yt infections,
and up to 2.5% of dengue hemorrhagic fever (DHF) patients die (62, 6823332, Despite
the global public health importance of dengue, the cell biology oN\DES poorly
understood. Vector-borne viruses such as dengue must productivetyceifeof arthropod
and mammalian origin. As the post-translational protein processachinery is different in
insect and mammalian cells, the structure of virion glycoproteimduped in the two hosts
may be different. Recent work with a wide variety of viruses Bhown that protein
glycosylation can influence viral virulence (reviewed in 223). Recgudies with
alphaviruses, which are also transmitted by arthropod vectors, have datechthat
membrane protein N-linked oligosaccharides on membrane proteins #&eeerdilly
processed by enzymes in insect and mammalian cells (195). Situtifferences in the
glycans derived from insect and mammalian cells influence thigyaddithe viruses to infect
target cells (112, 194, 195). In this study we characterized the Bdligkycans on the
envelope protein of DENVs grown in different cells types and astese functional
consequences of these differences.

The DENV patrticle is made up of three structural proteinggdated: envelope (E),
membrane (M) and capsid (C) proteins (23, 116). E is the majobraamglycoprotein on
the surface of the virion responsible for virus attachment and fusion R3nan dendritic
cells (DCs) are a target of DENV infection (91, 140, 234). imfextion of DCs is mediated

by the binding of DENV to dendritic cell-specific ICAM-grabbingn-integrin (DC-SIGN),
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a C-type lectin that preferentially binds to terminal mannosarsugn glycans (21, 22, 49,
153, 220). DENV E protein has two potential N-linked glycosylation sitd$-67 and N-
153, whereas most other flaviviruses have only a single N-linkedgfiation site at N-154
(24, 89). DC-SIGN binds to DENV via the glycan at N-67 on E prdt33, 149, 153, 162,
220).

Virions produced in the mosquito vector and the human host may haverstltyc
different N-linked glycans because insect and mammalian celtess glycans differently
during exocytosis (100). Both hosts transfer a lipid-linked oligosadeha
GlcsMangGIcNAC,, to asparagine residues co-translationally in the endoplasticoluen
(ER) (98). Insects and mammals have mannosidases and glucosajaeigle of trimming
mannose and glucose residues during exocytosis. In mosquito ceiésnprcan make it
through the exocytic pathway maximally (paucimannose) or milm@igh-mannose
sugars) trimmed (95, 98, 100, 138). In either case, terminal mannaheeseare present on
N-linked oligosaccharides in insects. Mammalian cells havegneez that can further
process trimmed oligosaccharides by adding sialic acid, glugatsctose and other sugars
to produce complex N-linked oligosaccharides with no terminal manresséues (100,
158). As DC-SIGN preferentially binds to terminal mannose residues, one wodiict finat
viruses grown in insect cells would bind to this receptor andtifd&s better than viruses
grown in mammalian cells. In fact, DC-SIGN can distinguishwbeh mosquito- and
mammalian-derived alphavirus E2 glycans, resulting in more @éftienfection by mosquito-
derived virus (112, 194, 195). Similarly, mosquito-derived West Nile viauBlavivirus

relative of dengue, also infects cells through DC-SIGN béter mammalian-derived virus
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(43). The ability of DC-SIGN to preferentially interact kvihosquito-derived WNV maps to
the lectin carbohydrate recognition domains (43).

The glycans on DENV envelope have been roughly charactedeedrme serotypes.
There is no consensus on the number and structure of the sugarscagdednosquito or
mammalian cells. Smith and Wright first reported that the madapted dengue type 2
(New Guinea C) has two N-linked glycans on the envelope glycaprotdhey also
concluded that the sugars added were heterogeneous in structure and tcom(R63).
Johnsoret al confirmed the addition of two glycans to the envelope protein of daggeael
(Hawaii) grown in C6/36 cells, but found only a single glycan aitipos67 in dengue type 2
(Jamaica) grown in the same cells (101). They concluded theses sugyar high mannose
based on their ability to bind ConA. More recently, the structurglyfans has been
characterized on soluble E of DENV1, DENV2 and DENV3. In thesemgstboth glycans
were processed to paucimannose or complex glycans in insect amgnahan cells
respectively (133, 145, 148). Two recent papers have examined the pherfotypelope
glycan mutant DENVs and shown that the glycan at N-153 is not segefor virus
production and spread in either mosquito or mammalian cells (18, 146). wds essential
for virus spread in mammalian cells, which is consistent withieafor this glycan in binding
to host cell receptors. There is disagreement over whethghfiten at N-67 is necessary
for viral spread in mosquito cells (18, 149).Further studies are needed to characterize the
structure and functional significance of N-linked glycans on therétyes of DENVs
produced in mosquito or mammalian cells.

In this paper, we report that both mosquito- and mammalian-deDNENV infect

DC-SIGN-expressing cells with similar efficiency. Weed lectin blots and enzymes that
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specifically cleave glycans of defined structure to charee N-linked glycans on
mosquito- and mammalian-derived DENV. All four serotypes oNMErown in insect and
mammalian cells had two N-linked glycans on E protein. In lsethtypes, one of the
glycans had a high mannose structure indicating incomplete procedgiegsecond sugar
was either paucimannose or complex on virus produced in mosquito or rMiamowls,

respectively. We propose that, unlike alphaviruses and other flaviviiD&®¢éVs derived

from both hosts can efficiently infect DCs because of the pceseh unprocessed, high

mannose glycans on E protein.

MATERIALS AND METHODS

CELL LINES AND VIRUS STRAINS

C6/36 Aedes albopictus cells were obtained from the American Type Culture
Collection (ATCC No: CRL-1660) and propagated in Miminal EsseMiadlia with Earl’s
salts (E-MEM) supplemented with 1% L-glutamine, 1% penicilliefgiomycin/fungizone,
1% non-essential amino acjdad 10% fetal bovine serum (Gibco/Invitrogen) at°28in
5% CQ. Vero (African Green Monkey) Clone 81 cells were a giftifrRobert Putnak at
Walter Reed Army Medical Center, and were propagated in Duwlseddodified Eagle
Medium: Nutrient Mixture F-12 (D-MEM/F-12) supplemented with 1%glutamine, 1%
penicillin/streptomycin/fungizone, 1% non-essential amino a€id® sodium bicarbonate
and 10% fetal bovine serum (Gibco/Invitrogen) af@75% CQ. The DENVs used in this
study were DENV1 West Pac 74, DENV2 New Guinea C and 16681, DENB73afd

CH53489, and DEN4 TVP 360.
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VIRUS PROPAGATION AND PURIFICATION

DENV stocks were grown in either C6/36 mosquito cells or Vero.cdlts generate
stocks, seed virus was added to 80% confluent cells at a multigicibfection (MOI) of
0.01 in reduced serum media (E-MEM supplemented with 1% L-glutamine, 1%
penicillin/streptomycin/fungizone, 1% non-essential amino aeidd 2% fetal bovine serum
for C6/36 cells and D-MEM/F-12 supplemented with 1% L-glutamine, 1%
penicillin/streptomycin/fungizone, 1% non-essential amino a€id®6 sodium bicarbonate
and 5% fetal bovine serum for Vero cells). After seven days,aweas harvested from cells
and clarified by centrifugation at 10,000  for 30 minutes. The virus containing
supernatant was supplemented with 20% fetal bovine serum and sta@&tCat For studies
requiring purified and concentrated virus, the supernatant wasfugedr at 76,221 x for 5
hrs to pellet virus under a 20% sucrose:PBS (w:v) cushion. Pelletedwas resuspended
in PBS, loaded onto a 15%-60% (v:v) continuous iodixanol gradient, and cgedrifat
29,331 xg for 154 minutes. Fractions containing purified virus were diluteBBS and
centrifuged at 76,221 g for 5 hours to pellet the virus and remove the iodixanol. Purified

virus was stored at -SiT.

VIRUS GENOME QUANTIFICATION AND TITRATION

Viral genomes were quantitated by real-time PCR as prdyialescribed using
primers to amplify the 3° UTR (94). To calculate MOls foreiction assays, virus titers were
determined using flow cytometry in a method similar to the oneridescby Lambettet al
(124). Briefly, two thousand Vero cells were plated in 96-welteglaand infected with
known amounts of viral genomes. Twenty-four hours after infection, edectlls were

stained and infection was determined by flow cytometry. @edle fixed and permeabilized
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and then stained with Alexa488-conjugated anti-flavivirus envelope aptihG@ (ATCC
HB-112). Virus released into the supernatant of infected waltsquantitated on Vero cells
in a 24-well format immunofocus assay modified from that describe®P61 cells (45).
Subconfluent Vero monolayers were infected with serial dilutionsindécted cell
supernatants. Overlay media (Opti-MEM | (Gibco/Invitrogen) cormtgird.8% methyl
cellulose (Electron Microscopy Sciences)) was then addedtes@ad cells were incubated
for five days at 37°C, 5% CQ. Monolayers were stained with 400 ng anti-flavivirus
envelope antibody 4G2 (ATCC HB-112) followed by a 1:500 dilution of a peacr
conjugated secondary antibody (Sigma-Aldrich) for 1 hour each %.37Foci were
visualized with peroxidase substrate. Titers were expressdocus forming units per mL
and were calculated by multiplying the average number of foavpkrat a given dilution by

the inverse dilution factor and dividing by the volume added to each well.

DENV INFECTION OF U937 CELLS EXPRESSING DC-SIGN

A human monocytic cell line (U937) constitutively expressing DGMs was
obtained from Mark Heise at the University of North Carolina laapgel Hill (115). The
parental and DC-SIGN transduced cells were maintained diC3%% CQ in RPMI
complete media (RPMI 1640 supplemented with 1% L-glutamine, 1%
penicillin/streptomycin/fungizone, 1% non-essential amino acids, 50 midr2aptoethanol,
and 10% fetal bovine serum (Gibco/Invitrogen)). For infection assdtys was added to
cells at MOls of 0.001, 0.01, and 0.05. Cells and virus were incubatédddrours in the
presence of media alone, 100 ug hisotype control monoclonal antibody clone 20116
(R&D Systems mABO004), 100 pg ritlanti-CD209 blocking antibody clone 120507 (R&D

System mAB1612), 20 pug riLmannan, or 5 mM EDTA. After two hours, cells were
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washed and resuspended in RPMI complete media. Twenty-four howisfpogon, cells

were processed and stained for infection with 4G2 as described. abovehe forty-eight
hour DENV2 time course experiment, cell and supernatants werestexha twelve-hour
intervals. Cells were processed for FACS and supernatantditeeed on Vero cells in the

immunofocus assay described above.

| SOLATION AND |INFECTION OF MONOCYTE—DERIVED DENDRITIC CELLS

Human dendritic cells were derived from peripheral blood monocytéesasibed by
Moranet al (150). Briefly, buffy coats obtained from the American Red Cvwame diluted
1:2 with PBS and peripheral blood monocytic cells were isolatedebrifuigation over
Ficoll-Hypaque (Sigma). Monocytes were enriched by adding 10@mcells to a tissue
culture flask for 2 hours and removing the non-adherent cells. Theeatlloslls were
cultured in complete RPMI media supplemented with 800 U' 8M-CSF and 500 U mt
IL-4 (Peprotech). Fresh cytokines were added on day 3 and imnukndeitic cells were
harvested on day 6. Immature dendritic cells were infected withugevirus at an MOI of

0.05 and processed for flow cytometry as described above for U937+DC-SIGN cells.

CHARACTERIZATION OF N-LINKED GLYCANS ON DENV

Purified DENVs were digested with EndoglycosidaseH or PNG#sew England
BioLabs) according to the manufacturer’'s protocol with a minor fivation. Instead of
denaturation in the provided glycoprotein denaturation buffer containing iaiukes were
denatured in 0.5% SDS. Treatment with these enzymes can dawetexmether glycans are
high mannose or complex (136). Digested viral proteins were segpatat SDS-
polyacrylamide gel electrophoresis (PAGE) under non-reducing comsliind analyzed by

Western or lectin blots. In Western blots, E protein was detegséuly anti-dengue
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monoclonal antibody 4G2 as a primary antibody and HRP conjugated goat antilig®use
a secondary antibody. Glycosylated envelope was detected witie’Rd2IG Glycan
Differentiation Kit lectins Galanthus nivalis agglutinin (GNA) or Datura stramonium
agglutinin (DSA) according to the manufacturer’s protocol. Wesasich lectin blot films

were scanned and images were processed with Adobe Photoshop.

DETERMINING THE ROLE OF PRM IN E PROTEIN N-LINKED GLYCAN PROCESSING

To study whether E packaging in viral or subviral particlesot$fthe processing of N-
linked glycans in E protein, we created constructs of DENV2 trudcadtodomain E and
full-length E protein for expression using Venezuelan Equine Entgph@plicons as
previously described by Whitt al (230). Reverse transcriptase PCR was used to create full
length E protein with prM (prM/E) and the soluble ectodomain of B witVl (prM/E85).
The amplified DNAs were cloned into the multicloning sites of VEdplicon vectors
provided by Nancy Davis of the Carolina Vaccine Institute. -Femigjth T7 transcripts were
generated as previously described and electroporated into Verell81(42). Cells were
plated into 6-well plates. At 4 hours post electroporation the welre starved for 1 hour in
cysteine- and methionine-free media (MP Biomedicals). At 5 hpos$ electroporation,
cells were metabolically labeled with 1Qi/well [**S] methionine and cysteine (Promix
amino acid mixture (GE Healthcare)) for 7 hours. At the endbalitzg, the cells and media
were harvested to examine cell associated and secreted Eprotee media was clarified
by centrifugation at 10,000 g for 10 minutes. Labeled cells were lysed in TNE NP-40
buffer containing protease inhibitors (10 mM Tris; 200 mM NaCl; 1 BEDNTA; pH 7.4 +
1% (v:v) NP-40). Cell associated and secreted E proteins wenarioprecipitated with 2

ng 4G2 and Protein A Sepharose beads (Sigma). Purified proteiesdigested with
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endoglycosidases as described above, separated by SDS-PAGEatha®ng conditions

and visualized using a Phosphorimager or film.

RESULTS

INFECTION OF DC-SIGN-EXPRESSING MONOCYTIC AND DENDRITIC CELLS BY

MOSQUITO - AND MAMMALIAN -DERIVED DENV

Studies with some mosquito-borne viruses have demonstrated that pirichged
in insect cells infect dendritic cells better than virions producedammalian cells (43, 112,
194). In these studies the superior infectivity of mosquito-derives was linked to high
mannose N-linked glycans present in mosquito- but not mammalian-diefines (42, 43,
112, 194, 195). We performed experiments to determine if mosquito-derivid¥ REso
infected monocytes and dendritic cells better than mammalian-derived viru

Initial experiments were conducted with a human monocytic ¢edl (U937)
engineered to stably express human DC-SIGN, a DENV attactiawtot (115). Mosquito
and mammalian-derived DENVs were used to infect DC-SIGN-ezprg U937 cells
(Figure 2.1a). Cells were harvested twenty-four hours post-iorfieiciiowing a single cycle
of replication. We determined the efficiency of infection byamging the percentage of
cells expressing DENV E protein. Both mosquito- and mammalienedeviruses of all
four DENV serotypes infected similar numbers of cells (Fég2.1a). To determine if this
phenotype was dependent on the amount of virus used to infect cdiks tomé of testing,
we performed dose-response experiments and growth curves with DENXY all MOls
tested, mosquito- and mammalian-derived DENV2 infected simiascentages of cells

(Figure 2.1b). Additionally, similar percentages of DC-SIGN esgirgg U937 cells were
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infected at all time points tested (Figure 2.1c) and similar amounts ofwengsreleased into
the supernatant (Figure 2.1d).

Interactions between DC-SIGN and its mannose ligand can tet@thby DC-SIGN
antibody, excess mannan or EDTA treatment (153, 220). To confirmmibsquito- and
mammalian-derived DENV infection was DC-SIGN dependent, wectedeparental U937
cells and DC-SIGN expressing U937 cells in the presence of totsl(Figure 2.2a). As
expected the expression of DC-SIGN enhanced DENV infection (153, P28)jincubation
of cells with DC-SIGN blocking antibody (100 ug il mannan (20 pg i) or EDTA (5
mM) for 30 minutes reduced infection of both mosquito- and mammalianedeDENV
(Figure 2.2a). These studies indicated that mosquito and mammadlialeroeed DENVsS
use DC-SIGN and infect cells with similar efficiency.

Primary human myeloid DCs are susceptible to DENV infectionaaadikely to be
an important target during natural infection (91, 140). Experiments damne to compare
infection of these primary cells with mosquito- and mammalianve@ DENV. Myeloid
DCs were obtained from 3 different donors and infected with BN an MOI of 0.05.
Both mosquito- and mammalian-derived viruses infected similar propsrof primary DCs
(Figure 2.2b). Moreover, DENV2 infection of primary DCs was reduby DC-SIGN
antibody, mannan and EDTA indicating that infection was dependent e8IGR (Figure
2.2b). We conclude that unlike some other mosquito-borne viruses, insgcthaamalian-

derived DENVs infect DC-SIGN-expressing cells with similar égficy (43, 112, 194).

COMPOSITION OF N-LINKED GLYCANS ON DENV

DENV E protein possesses two conserved, potential N-linked glytmsylsites at

N-67 and N-153 (23, 208). To determine why mosquito-derived DENV did not mave a
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advantage infecting via DC-SIGN compared to mammalian-derived,we compared the
structures of the glycans added to E protein of DENV producetthantwo cell types.
Purified DENV2 and DENV3 were treated with PNGaseF or EndoHG&3&F removes all
N-linked glycans, whereas EndoH only removes N-linked sugars contanargythan three
terminal mannose residues, typically found in immature N-linkedagly (136). Following
treatment with PNGaseF, DENV grown in Vero and C6/36 cells hadeatrophoretic shift
of approximately four kilodaltons, corresponding to a loss of two glycans €38y labeled
ON) (208). When the viruses were treated with EndoH, DENV2 disglalffering
digestion patterns compared to DEN1, DENV3 and DENV4. E protein nrhosquito-
and mammalian-derived DENV1, DENV2 and DENV4 exhibited an electrefiboshift
corresponding to 2 kilodaltons, indicating the presence of one high martBodeH
sensitive glycan and another more processed glycan that was Eesistant (Figure 2.3,
labeled 1N). DENV2 did not exhibit one distinct band when digestedBmtloH. Instead,
there were three bands corresponding to E: one migrated with undigegtd),Eone
migrated with PNGaseF digested E (ON), and one migrated betiveeunndigested and
deglycosylated E (1N) (Figure 2.3). These results indicatatlbajlycans on DENV2 E are
heterogeneous. A significant portion of E had at least one Esédositive or high mannose
glycan. Importantly, the digestion patterns exhibited by mosqartd-mammalian-derived
DENV did not differ. Thus, both cell types produce virus in which astl®ne N-linked
glycan on DENV is not fully processed during virus egress frelis.c The resulting high
mannose glycan is likely responsible for the ability of both mésqu@nd mammalian-

derived virus to efficiently infect DC-SIGN-expressing cells.
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To further characterize the EndoH resistant and sensitive Ndliglgeans on DENV,
we used lectins with defined specificity for terminal suggsidues in lectin blotting assays
(Figure 2.4). The two lectins used wesalanthus nivalis agglutinin (GNA) andDatura
stramonium agglutinin (DSA). GNA specifically recognizes terminahnmose linked to
mannose, whereas DSA recognizes Gal(1-4)GIcNAc present in comNgieked glycans
(41, 197). Ininsect cells, both unprocessed (EndoH sensitive) and fudlgsped (EndoH
resistant) N-linked glycans should contain terminal mannose redidgesise insects do not
have Golgi enzymes for the addition of terminal sugars to producglexsugars (100). As
expected, when insect-derived DENV2 was analyzed by lectindgoti protein bound to
GNA but not DSA. The GNA binding was lost following treatmenthwPNGase, which
removed all N-linked gycans. The EndoH resistant glycans bound to iBNAot DSA
confirming that they have a paucimannose structure.

When DENV?2 E protein from mammalian-derived virus was testelédtin binding,
both lectins bound to E protein indicating that a high mannose and a zoghytan were
present on the protein (Figure 2.4). Following EndoH treatment GNdirlg was lost while
the DSA binding remained, confirming that the virus had a heteenges population of both
high mannose and complex glycans. The lectin binding studies alsanoehfithat
irrespective of host, DENV contains one high mannose N-linked glycha.sdcond glycan
was a complex sugar or a paucimannose sugar in virus derived nrammals and

mosquitoes respectively.

ROLE OF E PROTEIN MEMBRANE ANCHOR IN N-LINKED GLYCAN PROCESSING

DENVs assemble on the ER membrane. The virions containing atipelope with

prM and E proteins and a capsid with the RNA genome bud into the lunties BR and the
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virus particles are secreted out of the cell. E and prM esguesithout other viral proteins
are secreted out of cells as subviral particles that bud int&fh€51). To determine if
membrane anchoring and/or viral particle formation was responédsleincomplete
processing of DENV N-linked glycans, a Venezuelan Equine Encéph@EE) replicon
particle (VRP) protein expression system was used to exprissviph full-length E and
prM with just the ectodomain of E (prM/E85) (44). Full-length Btein is secreted out of
cells as a subviral particle, whereas E85 is secreted as a soluble @8®inThe constructs
were expressed in Vero cells, metabolically labeled wi®][and the glycans on intra- and
extracellular E were characterized by glycosidase digespsré=2.5). Full-length E and E85
had two glycans added as indicated by an electrophoretic shiftiokilodaltons following
PNGaseF digestion (Figure 2.5). All intracellular forms ofwEre sensitive to EndoH
indicating that the majority of this protein was in the ER and haghmogfressed through the
Golgi (Figure 2.5a). Full-length E expressed with prM and settetéhe media as subviral
particles exhibited an EndoH digestion pattern identical to whole Viigare 2.3) and
consisted of a mixed population of EndoH resistant and sensitivenglycaln contrast,
ectodomain of E (E85) expressed with prM was completely EndoHtamessi®llowing
secretion from cells indicating that both glycans were fulgcessed into complex sugars
(Figure 2.5b). These findings indicate that incomplete N-linkedaglyrocessing of DENV

is a result of the membrane anchor and/or secretion as a subviral particle.

DisSCUSSION

In this study we compared the ability of DENVs derived from ¢uods and

mammalian cells to utilize DC-SIGN as an attachmenofafcr infecting monocytic cells.
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Our results demonstrate that viruses derived from both cells typee equally effective at
infecting DC-SIGN-expressing human monocytes and DCs. We alsactirazed the
structure of N-linked glycans on DENVs grown in insect and manamalells. Two N-
linked glycans were added to E protein in both cells types. Indaxged from mammalian
cells, the N-linked glycans were a mix of high mannose sugars@mplex sugars. The N-
linked glycans on mosquito-derived virus were a mix of the high mansogars and
paucimannose sugars. The carbohydrate recognition domains of hum&IiGRC-
preferentially interact with high mannose glycans when compareihgle mannoses and
complex carbohydrates (50, 146). We propose that the presence of urgmpdegh
mannose sugars in both mosquito- and mammalian-derived virus is riespémsthe ability
of these viruses to infect DC-SIGN-expressing cells wittlar efficiency. We chose Vero
cells as a representative cell line to produce DENV sinte gommonly used in vaccine
studies to grow virus (reviewed in 231). DENV produced in other maramedill types can
also infect DC-SIGN expressing U937 cells, including virus prodircddiman monocytic
cells (data not shown).

Previous studies with alphaviruses and West Nile virus have dewrtedstihat
mosquito-derived virus infects DC-SIGN-expressing cells béktan mammalian-derived
virus (43, 112, 194). The superior infectivity of mosquito-derived virusattabuted to the
presence of terminal high mannose glycans in mosquito- but not manroall derived
virus. Our results demonstrate that this phenomenon cannot be gedetaliBENV
because both mosquito- and mammalian- derived viruses had incompietedssed, high
mannose glycans and were able to efficiently infect DC-Sb@&krng cells. In studies with

alphaviruses and West Nile virus, the superior infectivity of mosal@tored virus has also
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been attributed to the ability of mosquito- but not mammalian-grovus Y@ suppress type |
interferon responses (194, 202). The mechanism by which mosquitoederiues
suppresses this innate immune response is currently unknown. Confirmunguprreports,
we were unable to detect type | interferon by bioassay in either our nesguihammalian-
DENV infected cultures at twenty-four hours (data not shown) (33, 155, 2EGjther
studies are needed to explore if mosquito- and mammalian-deriZz&t/® differ in their
ability to suppress host innate anti-viral responses.

Previous studies have come to different conclusions about the numbstrastdre
of N-linked glycans on DENV E protein. Smith and Wright reportedl deague type 2 E
has two N-linked glycans and that the glycans were heterogeneosisucture (208).
Johnsoret al confirmed the addition of two glycans in dengue type 1 but found omhgke s
glycan in dengue type 2 (101). Moreover, they concluded that thessugee high mannose
due to the binding of ConA. More recently, the structure of glycandéen characterized
on recombinant soluble E expressed in insect, human and rodent celBlieglycans are
EndoH resistant, indicating heavy glycan processing (133, 145, 147, 148)e wder
compared the number of glycans in multiple isolates of DENV latgnto all 4 serotypes
and observed the presence of two glycans in all but one casee(Biguand data not shown).
Thus, we propose that two N-linked glycans is the norm for DENWME. also observed a
mix of fully processed (paucimannose or complex) and unprocessgu rflannose) N-
linked glycans for all 4 serotypes grown in both mosquito and maemaklls. The
presence of high mannose and complex glycans on mammaliatieceied virus is not

unique to DENV (128). We conclude that incomplete glycan processangeseral feature
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of DENVSs, resulting in terminal high mannose N-linked glycans baimpgrt of the virion
irrespective of the host cells used to propagate virus.

Two recent papers have examined the phenotype of mutant DENVs aodstieited
that the glycan at N-153 is not necessary for virus production aeddsm mosquito or
mammalian cells (18, 149). These studies demonstrated thatiN-@s&ential for virus
spread in mammalian cells, which is consistent with a rol¢éhfsrglycan in binding to host
cell receptors and in other steps of the viral life cycle 67Nvas not required for production
of infectious virus from mosquitoes or mosquito cells, indicating a searntial role for N-
67 in the vector (18, 149). In this current study we did not determine¢hton of the
unprocessed and processed N-linked glycans. We predict that the piposEsRlex
(mammalian-derived virus) or paucimannose (insect-derived yighgan is at position N-
153 because the West Nile virus glycan at the corresponding positimmdessed to an
EndoH reisistant form (86). Consequently, the second potential glytosydae at N-67 is
likely to contain the unprocessed, high mannose glycan we observed in derange This
location is consistent with published data indicating this glycadsbto DC-SIGN (149,
162). A glycan at N-67 is present in dengue but not other flavivirusesvever, when an
N-linked glycan was artificially added to this position of Wede Nirus reporter particles,
the glycan was unprocessed (high mannose) and mediated infectior®if3N=expressing
cells (42).

When expressing recombinant DENV E proteins, we observed incorppbetssing
of N-linked glycans only when the protein was membrane anchore& photein secreted
from cells expressing DENV E ectodomain, both glycans were proaessed, EndoH

resistant form. In contrast, when full length E protein, which esnbrane anchored, was
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expressed, the secreted protein had an EndoH digestion pattern identicas with some
envelopes containing EndoH sensitive, high mannose glycans. Membraneedné&ho
protein and prM bud into the ER to form subviral particles thateseeted out of cells (51).
We speculate that the membrane anchoring of these proteins Ibeayglycosidase
processing of N-67 by placing structural constraints on celjljaosidases, thereby limiting
processing. When envelope is produced as a soluble form, as in prMEBSstructs,
the protein passes through the host ER and Golgi as monomermens dhat may be
associated with prM (132). In this context, the glycans areylilegdily accessible by host
glycosidases. Previous work with Sindbis virus shows that the afffilitgst glycosidases to
access specific locations determines the structure of envdlgiang (97). Our results have
implications for the interpretation of DENV E protein crystalistures. The structures that
have been solved for E to date are based on recombinant, solublecié peatreted from
Drosophila cells (147, 148). We demonstrated that glycans on the virion are gedces
differently by ER and Golgi enzymes compared to glycans on sotebbmbinant proteins.
If glycan structure is important for dimer formation or proteimifod, the E structures based
on secreted E ectodomain may be misleading.

Our results demonstrate that the heavily processed N-lingedrg{most likely at N-
153) has a different structure in mosquito (paucimannose, with termmaahose) and
mammalian (complex, with no terminal mannose) cells. Therdiftees between these
structures may influence receptor interactions. Deved showed that envelope N-154 of
WNV, which corresponds to N-153 of DENV, can mediate infection viaSDGNR(42).
DC-SIGNR recognizes both high mannose and complex glycans (43).redbdgnition of

complex glycans is mediated by binding to terminal N-acetgliggamine (42). DENV
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infection of myeloid cells can also be mediated by mannose oecepbich specifically
recognizes glycans terminating in mannose, fucose and N-acetgbsgimine (145).
LSECtin can act as an attachment factor for viruses suéitoasus and SARS-CoV (56).
Although the specificity of LSECtin is not known, mannan cannot inhibit bgtb filovirus
glycoproteins suggesting that it does not recognize high orrtafnmannose glycans (56).
Since mammalian- and mosquito-derived DENV contain differentaglycat N-153 and
since DC-SIGNR, LSECtin, and MR differentially recognize ¢hglycans, there may be cell
types expressing these lectins that are differentiallyciaéeby mosquito- and mammalian-

derived DENV.
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Figure 2.1 Infection of human U937 cells expressing C-SIGN by mosquito and
mammalian cell-derived dengue virus (DENV)

a) DC-SIGNexpressing U937 cells were infected with all foarosypes of DENV derive
from insect cells (gray bars) or mammalian celladgk bars). DENV1 and DENV4 we
added at an MOI of 0.001 while DENV2 and DENwere added at an MOI of 0.01.
Mosquitoderived (gray squares) and mamme-derived (black triangles) DENV2 we
added to U937 cells expressing -SIGN at MOls of 0.001, 0.01, 0.05 and 0.1. c) dic
DC-SIGN expressing U937 cells were infected wilosquito-(gray squares) or mammal-
derived (black triangles) at an MOI of 0.01. At-hour intervals for 48 hours, cells we
harvested and stained for intracellular antigenafa) supernatants were titers to deterr
virus release (d). All valuespresent average of experiments performed in tai@and ar:
representative of one of two experiments. Standakdations are shown. The dotted g
line in (d) indicates the level of detection of @mmunofocus titration ass:
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Figure 2.2Infection of primary human myeloid dendritic cells (DCs) and DC-SIGN
expressing monocytes by mosquito and mammalian c-derived dengue virus (DENV)
is DC-SIGN dependent.

DC-SIGN expressing U937 (a) and DC from three diffedonors (b) were infected w
mosquitoeerived (gray bar) or mammali-derived (black bar) DENV2 at an MOI of 0.(
Percentages represent the averages of infectiorfsrped in triplicate with standal
deviations indicated. Infections were done in thespnce and absence of -SIGN
antibody, mannan or EDTA. Cells were harvestednty-four hours post infection ar
infected cells were detected by staining with ati-E antibody followed by flow cytometry
Values represent average of experiments performétpiicate and are regsentative of one
of three experiments. Standard deviations are sl
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Figure 2.3 Dengue viruses grown in both insect and mammalian cells have high
mannose N-linked glycans.

DENVs were grown in C6/36 (mosquito) and Vero81 (mammalian) celsfid®l virus was

digested with PNGasefP), EndoH(E) or mock digestedU), and the relative gel mobility
of E was determined by Western blot. Bands are labeled with Oy 2N, corresponding
to the number of N-linked glycans on E protein.
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Figure 2.4 Mosquito-derived DENV has two terminal mannose sugars while
mammalian-derived DENV has only one.

Purified DENV2 produced in C6/36 and Vero cells was digested RMNGaseF(P) or
EndoH (E) and lectin blots were performed. GNA is a lectin that reizeg terminal
mannose residues. Both mosquito and mammalian cell-derived DENV botimd tectin
indicating the presence of terminal mannose residues. Follaligegtion with EndoHE),
only the mosquito-derived virus bound to the lectin. These resultsoasestent with the
mammalian derived virus having one EndoH sensitive high mannose glydama EndoH
resistant complex glycan with no terminal mannose residues.reshts are also consistent
with insect derived virus having one EndoH sensitive high mannosenglychone EndoH
resistant paucimannose glycan with terminal mannose residues. i©%3Alectin that
recognizes Gal-(1,4) GIcNAc, which is only found in complex suig&@nly the virus grown
in Vero cells bound to this lectin.
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Figure 2.5 Role of the E protein membrane anchor in glycan processing.

DENV2 full-length (preM/E) and soluble (preM/E85) E were expeésin Vero cells using a
VEE replicon particle (VRP) expression vector. Vero cellsewedectroporated with VRP
RNA and radiolabeled with *JS]-methionine and cysteine. Envelope protein was
immunoprecipitated from cell lysat€panel a) and supernatani@anel b), digested with
endoglycosidases, and separated by SDS-PAGE. Intracellules &dré protein(panel a)
were completely sensitive to End@H) indicating that most of the protein had not proceeded
beyond the endoplasmic reticulum. The secreted full length E pr@anel b, preM/E)
was incompletely processed and consisted of a mix of Er@)Hesistant and sensitive
glycans. In contrast, soluble(Ranel b, preM/E85) was fully processed and contained two
glycans that were EndoH resistant.
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ABSTRACT

Prior to 1989, DHF/DSS was a rare disease in the small isdar8ri Lanka.
Beginning in 1989 and continuing through 2009, DENV infection frequently residts/ere
cases of DHF and DSS. Previous work analyzing nucleic acid seguaingeuses isolated
between 1983 and 1997 suggested that the emergence of DHF in Srivaskae to the
introduction of a distinct clade of viruses that replaced virusesilating prior to 1989
(142). In this study, we sequenced the entire genomes of virusakaiing in Sri Lanka
prior to the emergence of DHF and viruses associated with iDEEfi Lanka, east Africa
and Latin America. Based on these full-length sequences, wé&ncedfthe previous
evolutionary studies. Additionally, we identified sixteen conserveid@uacid substitutions
and one 3'UTR change between the two virus groups. To determDidH-associated
viruses may possess arvitro growth phenotype, we performed infection assays and growth
curves in mosquito and mammalian cell lines. Twenty-four hour iofeetssays suggested
that Sri Lankan pre-DHF viruses may have a higher infectivithuwman monocytic cells
than post-DHF viruses. We performed kinetic growth experiments comparing osiérgm
each group and discovered that UNC3009 (pre-DHF) has a growth advawadgdNC3006

(post-DHF).
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INTRODUCTION

Within the past forty years, dengue has emerged as a majoanhpathogen
worldwide. The virus has been recognized as a human pathogetthsirk® century but it
wasn’t until recently that explosive epidemics of DHF haveoberzcommon in tropical and
subtropical regions surrounding the globe (63). During and after Woald INVsoutheast
Asia and western Pacific islands exhibited high rates of detngnemission and thousands
of DHF/DSS cases each year (60). Beginning in the 1980s, tlte dpkdemic spread to
India, China, the Caribbean and Latin American (60).

Despite evidence that pre-existing host immunity to dengue cotgsibto the
development of severe disease, the emergence of DHF as a glabehiepis not all
attributable to host factors alone. The dramatic expansion of DE8-Has been associated
with urbanization and expanded vector habitats (60). Additionally, all derotypes co-
circulate in regions that used to only have one or two serotypesA@8)tionally, there are
a number of examples where epidemics of DHF coincide with theunttion of a new virus
into specific geographical areas (60, 66, 174). One such exampleeméngence of DHF
on the Indian subcontinent, specifically in Sri Lanka.

Prior to 1989, all four serotypes of DENV circulated in Sri Lankatheite were no
regular epidemics of severe disease (143, 222). Between 1966 and 1880ydieefewer
than ten cases of severe disease in Sri Lanka (143). Additiooaljy22 potential cases of
DHF were documented between 1980 and 1985 (225). Beginning in the sunit@86ph
major DHF epidemic began in Sri Lanka. During the first yahe epidemic, there were
206 cases of clinically diagnosed DHF with a case mortadity of 10% (225). In the two

years that followed, there were 1,121 and 867 DHF cases (225).
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Since 1991, huge DHF epidemics have continued to occur annually iraisa
(105, 143) (figure 3.1). In order to elucidate a cause for the suddengeme of DHF, the
Sri Lankan Ministry of Health carried out seroprevalence studies angzadanvironmental
factors, examining whether a change in DENV transmissiordaxplain the emergence of
DHF (143, 225). DENV transmission did not increase between 1966 and 1991; in 1966, 33%
of the Colombo population had antibodies to DENV versus 48% in 1991 (225).
Additionally, all four viruses circulated in Sri Lanka prior and subsagto the emergence
of DHF with DENV2 and DENV3 dominating (143). There was also no aanghe
density, species, or feeding frequency of mosquitoes in Colombo (22%)wkgjlanalysis
of isolates of all four serotypes, Messerl discovered that a new group of DENV3 viruses
within genotype lll, designated 11IB, had replaced the group of virtlessexisted prior to
1989 on Sri Lanka (I11A) (125, 142). These post-DHF viruses are olosely related to
DHF-associated viruses isolated in Africa and Latin Amehea tl1A viruses isolated in Sri
Lanka prior to the emergence of DHF (142).

Since 2000, there have been enormous epidemics of DHF in Sri Lartkayesac
(Figure 3.1) (105). All four serotypes of DENV still circulate the island and DENV2 and
DENV3 predominate (105). Following phylogenetic analyses based on gl E
sequencing, it was discovered that a new clade of DENV3 viragesrherged in Sri Lanka.
These new viruses are closely related to DENV3 genotypeviilBes and likely arose by
virus evolution on the island of Sri Lanka (105).

In this study, we sought to further characterize genotyp®e dhd 111B DENV3
isolated in Sri Lanka. First, we sequenced the entire genomghaf &ii Lankan DENV3

isolated between 1983 and 1997. We confirmed that these viruses formeédtiact virus
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clades within genotype IlIB and that the post-DHF viruses sha@mamon ancestor with
viruses from east Africa and Latin America. We were alsie to characterize amino acid
substitutions that differentiated pre-DHF viruses from post-DHEses. These changes
were located in E, NS1, NS3, NS4A and NS5. Finally, we sought éondiee if there is an
in vitro phenotype differentiating the pre-DHF viruses from the post-DH&ses. We
determined that the pre-DHF viruses infected slightly moreSD&N expressing U937 cells
than post-DHF viruses. Cells infected with the pre-DHF virusks® released more
infectious virus into the supernatant compared to those infected witbpiésviruses. We
focused on one virus from each group that displayed different reptic&tnetics in
mammalian cells and determined that a replication kinetic diffax is responsible for the

phenotype in human monocytic cells.

MATERIALS AND METHODS

CELL LINES AND VIRUS STRAINS

C6/36 Aedes albopictus cells were obtained from the American Type Culture
Collection (ATCC No: CRL-1660) and propagated in Miminal EsseMiadlia with Earl’s
salts (E-MEM) supplemented with 1% L-glutamine, 1% penicilliefsiomycin/fungizone,
1% non-essential amino acjasd 10% fetal bovine serum (Gibco/Invitrogen). Cells were
grown at 28°C in 5% CQ. A human monocytic, cell line (U937) constitutively expressing
DC-SIGN was obtained from Mark Heise at the University ofthN@arolina at Chapel Hill
and were maintained at 3€, 5% CO2 in RPMI complete media (RPMI 1640 supplemented
with 1% L-glutamine, 1% penicillin/streptomycin/fungizone, 1% non+&sseamino acids,

50 mM 2-mercaptoethanol, and 10% fetal bovine serum (Gibco/Invitrogeh}). Vero

77



(African Green Monkey) Clone 81 cells were a gift from Rolbartnak at Walter Reed
Army Medical Center, and were propagated in Dulbecco's ModifegdleBMedium: Nutrient
Mixture F-12  (D-MEM/F-12) supplemented with 1%  L-glutamine, 1%
penicillin/streptomycin/fungizone, 1% non-essential amino a€id¥® sodium bicarbonate
and 10% fetal bovine serum (Gibco/Invitrogen) af@75% CQ.

Twelve virus strains were used in these studies. Eight were isolated frpitaloed
patients in Sri Lanka between 1983 and 1997. The Sri Lankan clismates are:
UNC3001 (89SriLankal; D2783), UNC3002 (83SriLanka2; D1306), UNC3006
(97SriLankal; L57), UNC3008 (89SriLanka3; D2803), UNC3009 (89SriLanka2; D2863),
UNC3010 (93SriLanka; D5241), UNC3011 (85SriLanka; 073), and UNC3013 (83SriLanka;
D1266). One virus, UNC3028 (85Mozamb3; 1559), was isolated in Mozambique in 1985.
All nine of these viruses were provided by Duane Gubler at thée€3efor Disease Control,
Peurto Rico. Three Latin American DENYV isolates, UNC3017 (98Nicaral; 6845)3QINC
(98Nicara3; 7071) and UNC3020 (94Nicara; 032267), were provided by Eva Hiathe

University of California, Berkeley.

VIRUS PROPAGATION AND TITRATION

DENV stocks were grown in C6/36 mosquito cells. To generatksteeed virus
was added to 80% confluent cells at a multiplicity of infection of Gr0teduced serum
media (E-MEM supplemented with 1% L-glutamine, 1% penicillin/stnepytin/fungizone,
1% non-essential amino acjdsd 2% fetal bovine serum for C6/36 cells and D-MEM/F-12
supplemented with 1% L-glutamine, 1% penicillin/streptomycin/fungizafe non-essential
amino acids0.2% sodium bicarbonate and 5% fetal bovine serum for Vero cellser Aft

seven days, media was harvested from cells and clarifieértyifuging at 10,000 g for 30
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minutes. The virus containing supernatant was centrifuged at 76,@24r» hrs to pellet
virus under a 20% sucrose:PBS (w:v) cushion. Pelleted virus wageesesl in PBS
containing 20% FBS and stored at <80

Virus preparations were titered on Vero cells in a 24-weth&drimmunofocus assay
modified from that described in AP61 cells (45). Subconfluent Vero mosrslayere
infected with serial 10-fold dilutions of infected cell supernataims Opti-MEM |
(Gibco/lnvitrogen) supplemented with 1% penicillin/streptomycin (Gflnwitrogen) and
2% heat-inactivated FBS. Virus was allowed to adsorb for 2 et 8%C. Overlay media
(Opti-MEM | containing 5% FBS, 1% penicillin/streptomycin and 0.8%hylecellulose
(Electron Microscopy Sciences)) was then added to plates asdaeet incubated for five
days at 37C, 5% CQ. Cells were washed two times with 1X PBS (Cellgro) axedfiand
permeabilized by incubating in 80% methanol:PBS (v:v) at room textyserfor 20 minutes.
Cells were then blocked with 5% milk:PBS (w:v) at room tempeeafor 10 minutes.
Monolayers were stained with 400 ng anti-flavivirus envelope antibody (AG2C HB-
112) followed by a 1:500 dilution of a peroxidase conjugated secondary an{iBigpina-
Aldrich) for 1 hour each at 3C. Foci were visualized with 128 of TrueBlue Peroxidase
Substrate (KPL, Inc). Titers were expressed as focus formmniig per mL and were
calculated by multiplying the average number of foci per wela given dilution by the

inverse dilution factor and dividing by the volume added to each well.

WHOLE VIRUS SEQUENCING , ALIGNMENT AND PHYLOGENETIC TREE CONSTRUCTION

Viral RNA was isolated from clarified infected cell supaams with the QiaAmp
Viral RNA Mini Kit (Qiagen) using the manufacturer’s protoesl described by Messaral

(65, 142). Viral RNA was recovered and first strand synthesis peaformed using
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Superscript Il reverse transcriptase (Invitrogen) and a reyaimer at the 3’ terminus of
the viral genome (5-TACATGCCTTCAATGAAGAGATTCAGG-3’). The viraDNA was
amplified using the EXPAND High Fidelity PCR System (Rechpplied Science,
Indianapolis, IN) in six fragments using the primers listed ipletaA.1. These PCR
fragments were then sequenced using primers on both strands, with cad@bage (table
A.2). cDNA sequences were assembled and analyzed in ContigEf@ibss/Invitrogen).
Whole genome sequences were aligned in Align X and translatedector NTI

(Gibco/lnvitrogen). Phylogenetic trees were constructed in Mega4.

I NFECTION OF AEDES C6/36 AND HUMAN MONOCYTIC CELLS

For infection assays, virus was added to 5 X1937+DC-SIGN or C6/36 cells per
well at a multiplicity of infection (MOI) of 0.05. Virus waadsorbed onto cells for two
hours at 37°C or 28°C, 5% CQ in reduced serum media. After two hours, cells were
washed with PBS to remove unbound virus. U937+DC-SIGN cells werepesgled in
RPMI complete media and incubated at°87 At 6-hour intervals post infection, infected
cells and supernatant were harvested. E-MEM complete mediaddad to adherent C6/36
cells and the cells were incubated af@8 At 12-hour intervals, cells and supernatants were
harvested. Supernatants from U937+DC-SIGN and C6/36 cells were clarifieduntters
were determined on Vero cells in the immunofocus assay desatiioe®. Both cell types
were stained and % infection was determined by flow cytome@glls were fixed and
permeabilized and then stained with Alexa488-conjugated anti-flaviwieusbrane antibody

2H2 (kindly provided by Robert Putnak, Walter Reed Army Medical Center).
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AMMONIUM CHLORIDE ASSAY

DC-SIGN expressing U937 cells were infected with eitheC3006 or UNC3009 at
an MOI of 1.0. Prior to infection, these cells were either in@that 40mM ammonium
chloride (NHy), pH 7.4 or reduced serum RPMI media for forty-five minutes. \ivas
adsorbed to cells as described above in the presence or abkéitdge d~ollowing a two-
hour adsorption, cells were washed with PBS and resuspended in R&Mh gnedia or
media containing 40mM NH NH,; was added to cells to attain a final concentration of
40mM at various timepoints post infection (15, 30, 45, 60 and 90 minutes, and 222 and
hours post infection. At twenty-four hours post infection, cells hargested and stained

and % infection was determined by flow cytometry as described above.

RESULTS

WHOLE GENOME SEQUENCING OF DENV3 CLINICAL ISOLATES

Eight dengue serotype 3 viruses isolated in Sri Lanka betd@83 and 1997, one
East African virus isolated in 1985, and three Nicaraguan viruskdead in 1994 or 1998
were sequenced and analyzed in Contigexpress. The nucleic qoehses of all eight Sri
Lankan viruses are 99% identical (figure 3.2). Following sequentireg 5’ non-coding
region, the complete polyprotein coding region and approximately omeehthe 3’ non-
coding region were aligned and a phylogenetic tree was cotstrudigure 3.3).
Phylogenetic trees depict evolutionary relationships between ssxgue®ur tree confirms
previous trees based on prM and E sequencing. In trees basedcturatigene sequences
and the entire genome sequence, the pre-DHF and post-DHF virusesworalistinct
evolutionary groups (figure 3.2 and 142). All four pre-DHF viruses sequencedtshbw
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viruses sampled between 1983 and 1989 and not associated with DHF forerege dis
evolutionarily distinct group of viruses. Three of the post-DHF esusUNC3001,
UNC3006 and UNC3008, form a distinct second clade. UNC3010 appears é¢hese
post-DHF viruses and the pre-DHF viruses, despite being isolated in 1993 duringraalout
of DHF. As discussed in Messaral (142), the two distinct groups suggest the introduction
of new viruses into Sri Lanka and replacing previously circudastrains rather than
evolution into more virulent strains.

In an attempt to discover the origin of DHF-associated virus&siihanka, the pre-
and the post-DHF DENV3 were compared to viruses isolated in Mozaminidil@85 and
Nicaragua in the 1990s. Figure 3.2 confirms that these DENV&a@sely related to the Sri
Lankan post-DHF viruses (142). The East African isolate is olosely related, indicating
that viruses from this area may have been introduced into Sri Lankan.

Following the confirmation of evolutionary relationships within DENV3 genotype llI,
we wanted to compare the polyprotein amino acid sequence of the pre- and padirididF
isolates. Therefore, the coding regions of the eight virusestragmsated into polyproteins
in VectorNTI (Invitrogen/Gibco). The protein sequences of these efghses are also
extremely similar (figure 3.4) and there are a number of cordenading changes conserved
within the two groups. One of these changes, a serine in pre-DHF virus and a proline in post
DHF viruses, occurs at positions 124 in domain Il of envelope and isnllgeconserved
structural change. The remaining fifteen conserved changdsward in the non-structural
genes (highlight in figure 3.4). The majority of the non-strutitlanges are found in NS5,
the viral RNA-dependent RNA polymerase. Interestingly, all fout of the conserved

changes that distinguish the post-DHF viruses are also found iMézembique and
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Nicaraguan isolates. This finding suggests that the Sri Lankasesgi have evolved since
their introduction to the island. If conserved amino acid differebeéseen pre- and post-
DHF DENVS3 are responsible for viral virulence, this findingaahints at residues important
in pathogenesis.

In addition to the coding changes discussed above, there are consenamlingn
differences in pre- and post-DHF viruses found in the 3'UTR (@d12). These changes
are: C at nucleotide 10,307 of IlIA viruses changed to T in all {asociated viruses, G at
nucleotide 10,436 of IlIA viruses and UNC3020 changed to A in all other sisespienced,

and a T at nucleotide 10,594 changed to C in llIB viruses (203).

PRE-DHF ISOLATES MAY DIFFERENTIALLY INFECT MAMMALIAN CELL LINES

In previous experiments with DENV2, the southeast Asian virusssciased with
severe disease behave differently in cell culture experintieatsless pathogenic American
viruses (38, 39). Thim vitro phenotype has been mapped to differences in E and the non-
coding regions. Because our pre- and post-viruses differ in regimven to influencen
vitro viral growth, we examined whether the Il1A and 1lIB clinicsdlates behave differently
in vitro. To test this, we infected DC-SIGN expressing U937 cellb wiir Sri Lankan
DENV3 at high and low MOls. At twenty-four hours, there wasggsstion that pre-DHF
viruses may infect a high percentage of cells than post-DHRM3E(figure 3.5a). To
further examine and tease apart this phenotype, we performethgrawes in DC-SIGN
expressing U937 cells, harvesting and titering supernatantg @wve hours post infection
(figure 3.5b).

Unfortunately, we only have four Sri Lankan clinical DENV3 isolatesach group.

Therefore, if the magnitude of the difference in growth is kma& do not have the statistical
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power to conclude whether pre-DHF viruses enter cells and repfaster than post-DHF
viruses. Thus, we decided to focus on two viruses that firmly geptetheir groups,
UNC3009 (IlIA) and UNC3006 (llIB). UNC3009 infects DC-SIGN exgsmg U937 and
primary DC extremely well while UNC3006 is a poor infectortltése same cells (figure
3.6a and data not shown). After performing detailed growth curvis WNC3009 and
UNC3006, we learned that the UNC3006’s growth defect is seen omhammalian cells
(figure 3.6). UNC3006 and UNC3009 infect an equal percentage of C6/36 noosgjistat
all time points tested and an equal amount of virus is releasethe supernatant of infected
cells (figure 3.6b).

Based on these growth curves performed in DC-SIGN expressing @88/tkere
appears to be a kinetic difference between UNC3009 and UNC3006. UNC3@0& is
replicate more quickly than UNC3006. To determine if the structiff@rence at position
124 of envelope enable the virus to enter cells more quickly than UMC8@& performed
an ammonium chloride fusion inhibition experiment with these two vir(iggge 3.7). In
human monocytic cells, ammonium chloride increases the pH of intdlacelompartments.
Since DENV undergoes a low-pH mediated fusion event to enter tbhplaytn of cells,
ammonium chloride will prevent the fusion of DENV and thus a produttfegetion by any
virus upstream of endosomal escape. All virus particles thatgrageessed past fusion will
be able to continue the life cycle, resulting in a productive DEN¥ction. In this entry
inhibition time course experiment, NEI was added to cells every fifteen minutes for the
first hour of infection, at ninety minutes post infection, and at two, four and tweotiidurs
post infection. Interestingly, our DENV3s were slow to enterscédlking at least ninety

minutes for fifty percent of infectious virus to progress pasofugfigure 3.7). In multiple
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experiments, fifty percent of UNC3009 progressed past fusion bytynmeutes post
infection. It was not until four hours post infection that fifty @ercof UNC3006 had
escaped the endosome. Based on thgONenhtry inhibition experiments we performed there
may be a small difference in the speed at which UNC3009 and UN@Bd&6cells. We do
not know if this short delay in UNC3006’s entry could have a downstréfact eesulting in

a significant replication defect.

DisCUSSION

In this chapter, we analyzed two groups of viruses isolated from patiemd eng&a.
The viruses in one group, DENV3 genotype IlIA, were isolated podhe emergence of
DHF and are not associated with severe disease. The second groly3 Dé&notype 1lIB,
is associated with the emergence of DHF in Sri Lanka (142)rlieEaenetic and
evolutionary studies of these viruses focused only on the strugemak, specifically prM
and E. In this study, we sequenced the entire virus and repeatedoganiutinalyses. The
relationships based upon the previous sequencing were confirmed in o@ gdmime
analysis. We also translated the whole genome sequences ofndlAlIB viruses and
analyzed amino acid positions that differ between the two groups. fowwl sixteen
conserved amino acid difference between pre- and post-DHF virusely. o@e of these
conserved changes was in the structural genes and fifteemvibkesnon-structural proteins.
Finally, we performed infection assays with pre- and post-Dikses that suggested pre-
DHF viruses infect more mammalian cells. This higher infégtimay be due to faster

replication kinetics associated with quicker entry into target cells.
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The phylogenetic trees constructed in this study confirm findyg#/esseret al
(142). We found that the pre- and the post-DHF viruses form two distades of viruses.
The post-DHF viruses are more closely related to an easAfDENV3 isolate than they
are to the pre-DHF viruses. These results lend credendee tbypothesis proffered by
Messeret al that DHF emerged in Sri Lanka following the introduction of geneticallyndis
DENV3 from east Africa or India (142).

Following whole genome sequencing of the pre- and post-DHF cliscktes, we
analyzed the polyprotein amino acid sequences and identifiedopssitiat differ between
the two groups. Because UNC3010 does not cleanly group with eitheorlIli8 viruses,
we excluded it from our analysis. There are only sixteen anaitlod#fferences conserved
between the pre- and the post-DHF viruses. Only one of these ch8igd4® in domain II
of E, occurs in the structural proteins. This change is sudaposed and is located in the
vicinity of the fusion peptide. Because a serine to prolinedismstic amino acid difference,
it is possible that this change could influence the structure of the virion, tldeswith host
cell receptors, or fusion characteristics of E. With DENV2, trarta in this region have
been associated with mouse adaptation and viral clearance (163). e€harg different
region of E are implicated with different infectivity of then&rican and southeast Asian
DENV2s in monocytic cells (38, 39).

The conserved non-structural differences between the pre- and theviposts are
located in NS1 (4), NS2A (1), NS3 (1), NS4A (2), and NS5 (7). Odettehanges, four
(including the one difference in NS2A) are seen only in the Dé#6@ated viruses in Sri
Lanka and not in those isolated in east Africa or Latin Amer¢&1 plays an important role

in viral replication and co-localizes to sites of RNA replmat(130). Recent work has
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suggested that NS1 may also play a role in signaling duringinfeaition (reviewed in 58).
NS3 is the viral serine protease that co-translationallywebeahe polyprotein, producing
active individuals proteins (130). The role of NS4A during viral replication ramdlation is
unknown. Currently, its only known role is as a potential interferorgantst (152). NS5 is
the viral RNA-dependent RNA polymerase. The amino-terminal &f pinotein has cap-
processing activity and the C-terminal end possesses RNAdeme RNA polymerase
activity (48, 130). Only one of the changes conserved among all Bsti€iated viruses was
located in the polymerase domain (48). The other conserved differarecéscated in the
nuclear localization signal (374) and the methyltransferase do®@ir253 and 270) (48).
Additionally, there were two conserved 3'UTR nucleotide changes faondiruses
associated with DHF: C 10,307 T and G 10,436 A. The non-coding regiorisNdf BNA
play an important role in polyprotein translation and viral repbeafll30). Specifically, the
basepairing between regions of the 3’ UTR forms stem loop stracthat interact with
elongation factors essential for translation and play a role in RNA enatipri130).

During our comparison of the IlIA and 1lIB DENV3 Sri Lankan iselgt we
performed experiments that suggested the pre-DHF viruses migtttnmbee cells than post-
DHF DENV3. Results with representative viruses from thesegreaps, UNC3009 and
UNC3006, suggested this infectivity difference is because UNC300@akssl faster than
UNC3006. Amino acid differences in E, NS1, NS3 and NS5, and nucleotidgeshemnthe
3'UTR could influence various stages of the viral lifecycle,ultgsg in more efficient
infection of pre-DHF viruses (UNC3009) compared to post-DHF viry&#$C3006).
Specifically, the S124P change in E could influence receptor bindingad fusion. The

two conserved NS4A differences could alter the host respongEN& ®infection, resulting

87



in different outcomes of infection. NS1, NS3 and NS5 changes coaldladt efficiency of
protein translation, serine protease cleavage or RNA replicatimallyf- nucleotide changes
in the 3'UTR could alter stem loop structures and result in deetdepolyprotein translation
or RNA encapsidation.

Experiments performed with UNC3006 and UNC3009 to determine why UNC3009
infects more cells faster than UNC3006 have so far been inconcluBiues far, it does not
appear that viral binding to host cell receptors differs betweesethiwo viruses.
Additionally, a host cell interferon response does not appear to be nédpofe
UNC3006’sin vitro growth defect. In order to more definitively answer why UNC3004 (a
potentially pre-DHF clinical isolates) infects mammalianiscanore efficiently than
UNC3006 (post-DHF clinical isolates), we would like to utilize vyanetics and identify
the protein responsible fom vitro phenotype. In the next chapter we describe the
construction of a DENV3 infectious to identify genetic determinametspansible for

phenotypic differences between DENV3 strains.
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Figure 3.1 Emergence of DHF in Sri Lanka.

The number of cases of DHF/DSS (black circles) gtn@number of deaths due to DE!
(gray squares), as reported to the Sri Lankan Minf Health, are shown above. The ¢
representing 2009 is only through April 21, 300Bigure is adapted fror(143) and data
provided by the Sri Lankan Ministry of Health Epndielogy Unit.
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06

UNC3001 AGTTGTTAGTCTACGTGGACCGACAAGAACAGTTTCGACTCGGAAGCTTGCTTAACGTAGTGCTAACAGTTTTTTATTAGAGAGCAGATCTCTGATGAAC [ 100]

ok T U [ 100]
ok T U [ 100]
ok A [ 100]
ok T [ 100]
ol 1 U [ 100]
ol AU [ 100]
ol T T [ 100]
UNC3001 AACCAACGGAAGAAGACGGGAAAACCGTCTATCAATATGCTGAAACGCGTGAGAAACCGTGTGTCAACTGGACCACAGTTGGCGAAGAGATTCTCAAAAG [ 200]
UNC3002 ........... A e e e e L [ 200]
ok T L S [ 200]
ok L S [ 200]
UNC3009 ........... A e e e L S [ 200]
ok 2 - L S [ 200]
UNC3011 ....evwn... A e e e L S [ 200]
UNC3013 ........... At e e e e L S [ 200]

UNC3001 GACTGCTGAACGGCCAGGGACCAATGAAATTGGTTATGGCGTTCATAGCTTTCCTCAGATTTCTAGCCATTCCACCAACAGCAGGAGTCTTGGCTAGATG [ 300]

] ok T 1< X [ 300]
ok T 1< -3 [ 300]
ok T =T S [ 300]
ok T 1< - AT [ 300]
ok T A [ 300]
ok T A [ 300]
] ok T A [ 300]
UNC3001 GGGAACCTTCAAGAAGTCGGGAGCCATTAAGGTCCTGAAAGGCTTCAAGAAGGAGATCTCAAACATGCTGAGCATAATCAACAAACGGAAAAAGACATCG [ 400]
UNC3B02 ..'veverererannnnnnns [T A ettt e e e e e e A [ 4e0]
UNC3B06 v eveveveveeeeeeeneeaearanaeneannnns Aveeeinaannn. S R [ 400]
U a1 - S Aveeeenanannn. S R [ 400]
UNC3B09 ..'vevererernnnnnnnss Gevrereenannns A e ettt e e e e, [ 400]
UNC3010 ...vvvnrnnnnn.. A..... Geetee e LIPS PR [ 400]
UNC30L1 tveverererenennnnnnns Grvereenannns At ettt e e e e e e A [ 4e0]
UNC3013 tvvererernnnnnnnnnns [T A e et e e e e, [ 400]

Figure 3.2 Nucleic acid sequence alignment of eight DENV isolated frono$pitalized patients in Sri Lanka.

UNC3002, UNC3009, UNC3011, UNC3013 were isolated in or before 1989 and are naitadseth DHF. The other four viruses,
UNC3001, UNC3006, UNC3008 and UNC3010, were isolated in or after 1989 and are closalytodld&lV3 viruses that continue

to circulate in Sri Lanka. The sequence of UNC3001 is listethesdnsensus and periods indicate identity. Dashes represent
missing sequence data. All nucleic acid changes are represented esghidetow the consensus.
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UNC3001 CTCTGTCTCATGATGATATTGCCAGCAGCACTTGCTTTCCACTTGACTTCACGAGATGGAGAGCCGCGCATGATTGTGGGGAAGAATGAAAGAGGAAAAT [

] ok T 1< PR [
] ok T 1< - PR [
] ok T 1< - S PR [
] ok T 1< - PP [
] ok T S P [
] ok T PR [
] ok T PR [
UNC3001 CCCTACTTTTTAAGACAGCCTCTGGAATTAACATGTGCACACTCATAGCCATGGACTTGGGAGAGATGTGTGATGACACGGTCACTTACAAATGCCCCCA [
a1 1= T Attt [
ok T 1< -3 [
ok T =T S [
ok L= - T Attt [
UNC30LO o veveverereeerenaeeranennnns ettt R [
ok T T Attt e [
ok T T Attt [
UNC3001 CATTACCGAAGTGGAGCCTGAAGACATTGACTGCTGGTGCAACCTTACATCAACATGGGTGACTTATGGAACGTGCAATCAAGCTGGAGAGCATAGACGC [
UNC3002 ...evvevnnnnn.. Attt T Cournnn [
UNC3006 ..'vevevnrnnn.. A [
UNC3008 ....ovvvnvnnn.. e e et e [
UNC3009 .....oevvnvnnn.. At Teteeieieannns T T Couinnn [
UNC3010 ..'vvvevnrnnn.. At e et e e e e e e [
UNC3011 vvverevnnnnn.. At e TR Couirnnn [
UNC3013 tvnverernnnnn.. Attt T Couinnn [
UNC3001 GACAAAAGATCAGTGGCGTTAGCTCCTCATGTCGGCATGGGACTGGACACACGCACCCAAACCTGGATGTCGGCTGAAGGAGCTTGGAGACAAGTCGAGA [
UNC3002 ..... Geve i Covrn 2 PO T ettt e et e e e e [
] ok T 1< - P [
] ok T 1< - S PP [
UNC3009 ..... Geve e Corn 2 PO T ettt e e e e e e e e [
UNC3010 ..... Geveerenannn, Covinnnn o A ettt e e [
UNC3011 ..... G i Covn 2 PO T ettt e e e e e e e e [
UNC3013 ..... Guve i Covrn 2 PO T ettt e e e e e e e e e [
UNC3001 AGGTAGAGACATGGGCCCTCAGGCACCCAGGGTTCACCATACTAGCCCTATTTCTTGCCCATTACATAGGCACTTCCTTGACCCAGAAGGTGGTTATTTT [
UNC3002 ...vevererarannnnss Tttt e e e e e e Tttt Covtn [
] ok T 1< -3 N Covtn [
1 ok T - - S Tt e e e e e e e e e [
UNC3009 ...evvvvernrnnnnns. T ettt et e e e i Tttt Covtn [
UNC3010 «.veverernrnnnnss L PR o [
UNC30L1 vvvvererenanennnns. L PR T et Covtns [
UNC3013 tvvvererernnennnns. L PSR Tt e Covtn [

500]
500]
500]
500]
500]
500]
500]
500]

600]
600]
600]
600]
600]
600]
600]
600]

700]
700]
700]
700]
700]
700]
700]
700]

800]
800]
800]
800]
800]
800]
800]
800]

900]
900]
900]
900]
900]
900]
900]
900]

UNC3001 TATACTACTAATGCTGGTCACCCCATCCATGACAATGAGATGTGTGGGAATAGGAAACAGAGATTTTGTGGAAGGTCTATCAGGAGCTACGTGGGTTGAC [ 1000]
UNC3B02 Covevereeeeeee e e et et e e et e et e et eeenes Gttt L P [ 1000]



C6

UNCBOB6 ittt ittt iiiitienneeennaeenaeeenseenassensseenaseensseasseenasesnsseensseensseenacenasennsennans
UNC30O8 .ottt ittt tintntteneeeenaeennseenasnnnnnn P
UNC30B9 C.tttitiiiiiii it teninttenaeeenaeennseanannnnnns [P LI
UNC3010 . ... . Tttt iieiitennaeenneeennnnnnnns [ L
LU0 e P [ LI
L0 T [N Ao..... LI

UNC3e02 ...

UNC300e6
UNC3008

UNC3009 ...

UNC3010

UNC3011 ...
UNC3013 ...

UNC3001 AGGGAGTCACGGCTGAGATAACACCTCAGGCATCAACCACTGAAGCCATCTTGCCTGAATATGGAACCCTTGGGCTAGAATGCTCACCACGGACAGGTTT [

UNC3002
UNC3006

........ L
........ L
........ L
........ L P

................................................... L P
.......................................... Tttt it ittt ittt tenaatenneeennasenascanasenannns
................................................... L
................................................... LI
................................................... L
................................................... L

LI
L [
...................................................................................... [
LI [
L [

1000]
1000]
1000]
1000]
1000]
1000]

1100]
1100]
1100]
1100]
1100]
1100]
1100]
1100]

1200]
1200]
1200]
1200]
1200]
1200]
1200]
1200]

1300]
1300]
1300]
1300]
1300]
1300]
1300]
1300]

1400]
1400]
1400]
1400]
1400]
1400]
1400]
1400]

1500]
1500]
1500]
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UNC300e8
UNC3009
UNC3010
UNC3011
UNC3013

UNC3002

UNC3006 ...

UNC3008
UNC3009
UNC3010
UNC3011
UNC3013

UNC3001 ACAACAGAAACGCCAACCTGGAACAGGAAGGAGCTTCTTGTGACATTCAAAAACGCACATGCGAAAAAACAAGAAGTAGTCGTCCTTGGATCGCAAGAGG

UNC3002
UNC3006
UNC3008
UNC3009
UNC3010
UNC3011
UNC3013

UNC3001 GAGCAATGCATACCGCACTGACAGGAGCCACAGAAATCCAAAACTCAGGAGGCACAAGCATTTTTGCGGGGCACTTAAAATGTAGACTTAAGATGGACAA

UNC3002
UNC300e6
UNC300e8
UNC3009
UNC3010
UNC3011
UNC3013

UNC3001 ATTGGAACTCAAGGGGATGAGCTATGCAATGTGCACGAATACCTTTGTGTTGAAGAAAGAAGTCTCAGAAACGCAGCATGGGACAATACTCATTAAGGTC

UNC3002
UNC300e6
UNC3008
UNC3009
UNC3010
UNC3011
UNC3013

UNC3001 GAGTACAAAGGGGAAGATGCACCTTGCAAGATTCCTTTCTCCACAGAGGATGGACAAGGGAAAGCTCACAATGGCAGACTGATCACAGCCAACCCAGTGG

UNC3002
UNC3006
UNC3008

B i e e i e et e et i ettt

[

1500]
1500]
1500]
1500]
1500]

1600]
1600]
1600]
1600]
1600]
1600]
1600]
1600]

1700]
1700]
1700]
1700]
1700]
1700]
1700]
1700]

1800]
1800]
1800]
1800]
1800]
1800]
1800]
1800]

1900]
1900]
1900]
1900]
1900]
1900]
1900]
1900]

2000]
2000]
2000]
2000]
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L0

UNC3010 .

L1t
L i

UNC3002 ..........coivnnn. L Covvnnnnnnnn,
UNCBOB6 o vttt ittt iitteeeaeeenansenaesonaseenasssnassseasssensessasseassesnssssnssssenssssansesnsssnssnnns
UNCBO08 ottt it ittt iiitiitieetnnaasenaesenseenasesassseasssensessasseassesnssssnsssenssssansesnsssnssnnns
UNC3009 ............cc.... L Covinnnianen,
UNC3010 ............ G..... L
UNC3011 ........cvvinunnn. L Covinninnen,
UNC3013 ........ccvinunnn. L Coviinianen,

UNC3002 .......civiiiinnnnnnnn. Gttt it T i i it i it ittt ienaaesennesnansannsnnnnns
UNCBOB6 o ittt ittt iiitteeeaeeenansennesonseenasesnssseasssensessasseassssassssnsssenssssansesnssnnnsnnns
L0 L
UNC3009 ........civiiinnnnnnn, [P L P
L0 L L
UNC3011 ....ciiitiiinninnnnnnns [P L P
UNC3013 ....ciiiiiiiiiinnnnnn, [P L P

UNC3002 .......... ettt ittt ittt ittt teineaeenaeeennesenaseeaaseensoensseenassenaseenaseenasennsnnnsnn
UNCBOB6 ottt ittt ittt tennieeenaeeeneeeeneeenassensesenssennseensssensssensesnnssnnnas G
L0 <
UNC3089 .......... it i it ittt ittt i teneaeenaeeenneeenaaeesasoensoensseeaassensscenaseenasennsennsan
L0 et it i it i it ittt e tenaetenaeennasenannns
UNC3011 .......... it i it ittt ittt teenaeenaaeenneeenaaeenasoansoensseeeaseenassenaseenasanasnnnsan
UNC3013 .......... it i it ittt ittt teeeeeenaeeennesenaaeenaseenseensseeeaseenassenaseenasennsnnnnan

2000]
2000]
2000]
2000]

2100]
2100]
2100]
2100]
2100]
2100]
2100]
2100]

2200]
2200]
2200]
2200]
2200]
2200]
2200]
2200]

2300]
2300]
2300]
2300]
2300]
2300]
2300]
2300]

2400]
2400]
2400]
2400]
2400]
2400]
2400]
2400]

2500]
2500]
2500]
2500]
2500]
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ok - AP 2 P [ 2500]

ok T oAU [ 2500]
ok - T T o [ 2500]
UNC3001 GAGCAATACAAATTCCAAGCAGACTCCCCAAAAAGATTGGCGACAGCCATTGCAGGCGCTTGGGAGAATGGAGTGTGCGGAATTAGGTCAACAACCAGAA [ 2600]
UNC30B2 & v eveteeeteee et et ee e et e e et e et et e e e e ettt e et e e e Avvnnnn. [ [ 2600]
ok [ 2600]
ok AU [ 2600]
ok T AP Acvnnnn. [ [ 2600]
Lok 2 J At et e 2 N [ 2600]
ok 2 A Acevnnnn. [ [ 2600]
ok 2 T J A Acevnnnn. [ [ 2600]
UNC3001 TGGAGAATCTCTTGTGGAAGCAAATAGCCAATGAACTGAACTACATATTATGGGAAAACAATATCAAATTAACGGTAGTTGTGGGCGATACAATTGGGGT [ 2700]
ok 2 [ 2700]
ok TS | P Bttt e [ 2700]
ok A [ 2700]
ok 1< T A [ 2700]
ok 21 Covurn [ 2700]
ok 2 [ 2700]
ok [ 2700]
UNC3001 CTTAGAGCAAGGAAAAAGAACACTAACACCACAACCCATGGAGCTAAAATACTCATGGAAAACATGGGGAAAGGCAAAAATAGTGACAGCTGAAACACAA [ 2800]
UNC3002 ............ TR ) T T.... [ 2800]
UNC3006 .o vvreeeereeeee et eneanenenenn, Tttt e et e e e [ 2800]
UNC3008 ..'vvvvvrinennnnannns L T [ 2800]
UNC3009 ............ T ) P Gttt e T.... [ 2800]
UNC3010 ............ B e et e e e e ettt e e [ 2800]
UNC3011 ..uvvvnnnn.. Gttt e ) DU Gttt e T.... [ 2800]
UNC3013 .......n.... G ettt e ) DU Gttt e T.... [ 2800]
UNC3001 AATTCCTCCTTCATAATAGACGGGCCAAACACACCGGAGTGTCCAAGTGCCTCAAGAGCATGGAATGTGTGGGAGGTGGAAGATTACGGGTTCGGAGTCT [ 2900]
UNC3002 ........ Tttt et e e e e e e e e [ 2900]
ol U [ 2900]
ok U [ 2900]
UNC3009 ........ T ettt e e e e e e e e [ 2900]
UNC3010 ........ Tt e e e Tt et e e e e e [ 2900]
UNC3011 ........ T ettt e e e e e e e [ 2900]
UNC3013 ........ Tt ettt et e e e e e e [ 2900]

UNC3001 TCACAACCAACATATGGCTGAAACTCCGAGATGTGTACACCCAACTATGTGACCATAGGCTAATGTCGGCAGCCGTCAAGGATGAGAGGGCCGTACACGC [ 3000]

UNC3B02 oveverereeeeeeeeeeeaeaenanns G ettt e e L P T.. [ 3000]
ok T 1< - Ge.w. L P [ 3000]
ok T 1< - S [ 3000]
UNC3B09 v everereeeeeeeeeeeeeaeaenanns G e et e e L P T.. [ 3000]

UNC3OLO +veverereeeeeeeeeeeeeeaennnanns G et e e e L P G..T.. [ 3000]
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UNC3011
UNC3013

L1 C..... Toeooon.
L0
UNCBOO8 oottt ittt ittt eneaeeenseenasseansenassessssennsssnsssenssenassenansssnnsennns Covvvnnniinnnn
UNCBO0 ottt ittt ittt neaaeenseenasseassesassessssennsssnnsseassenasseansssnnsennns C..... Toeooon.
UNC3010 ..... C..... L Covvvnnninnnnn
L1 1 C..... Tooooon.
L0 1 C..... Toeooon.

UNC3002 ....

UNC3006

UNC3008 ....
UNC3009 ....
UNC30e10 ....
UNC3011 ....
UNC3013 ....

UNC3010 ....

UNC3011
UNC3013

UNC3001 TGGTATGGCATGGAAATCAGACCCATCAGTGAGAAAGAAGAGAACATGGTAAAGTCTTTAGTCTCAGCGGGAAGTGGAAAGGTGGACAACTTCACAATGG [

UNC3002
UNC3006
UNC3008
UNC3009
UNC3010
UNC3011

3000]
3000]

3100]
3100]
3100]
3100]
3100]
3100]
3100]
3100]

3200]
3200]
3200]
3200]
3200]
3200]
3200]
3200]

3300]
3300]
3300]
3300]
3300]
3300]
3300]
3300]

3400]
3400]
3400]
3400]
3400]
3400]
3400]
3400]

3500]
3500]
3500]
3500]
3500]
3500]
3500]



L6

[0 L Teeevnoon, Covvnnnnnnnn
L0 L
L0 <
L0 L S Teeevnoonn, Covvnnnnnnnn
L0 T Teei i
L e Teeevnoon, Covvnnnnnnnn
L1 1 Toeeiaon Covvnnnnnnn

UNC3002 .. .G.tiitiiiiiiiiiiininnernanennnnnnnns Covvnnnn A i e it i e, LI
UNCBOB6 o vttt ittt ititteeeaeeeeaasenaesoneeenasssnsssenssssnsesnasseassesnssssnssssenssssansesnsssnssnnns
UNCBO08 ottt ittt iiititeeeenaasenaeseaseenasesnsssenssssnsessasseassesassssnssssenssssansesnsssnssnnns
UNC3009 .. .G.tiitiiiiiiiiiiininrnannnnnnnnnns Covvnnnn A i ittt e, LI
L1 1 C..
UNC3011 ... G.viiiiiiiiiiiinnneernaneennnnnnns Covvnnnn A it it e, LI
UNC3013 . ittt ittt iieternanennnannnns Covvnnnn A i i it e, LI

UNC3002 ........ e Toeeeon.
UNCBOB6 o vttt ittt ititteteneeenansenaesonaseenasesassseasssensessasseassesnssssassssnssssansesnsssnssnnns
UNCBO08 ottt ittt it iiitttietteeansenaeseaseenasesassseassssnsessasseassssassesasssenssssansesnsssnssnnns
UNC3009 ........ e Toeeeonn.
UNC3O10 .ttt ittt iiiiiitinienneasennesnasssnnsnnannnnnns [ T....C

UNC3011 ........ [P Toeeaon,
L0

UNC3002 .......iiiiiiiinnnnnnnneeeeaaCinnnnnnnnn, [
UNC3OO6 .ottt ittt iiiiitieniennansenneseassennsnnnnnnns A i e ettt et
L0 -
UNC3009 ................ A..... O e
UNC3010 .. .G.tiiriiiiiiiiinnnnennansnnnnnnnnnnnns LI L
UNC3011 .....iiieiiiiiiinnnnnnneeeaaCinnnnnns, [
L1 1

3500]

3600]
3600]
3600]
3600]
3600]
3600]
3600]
3600]

3700]
3700]
3700]
3700]
3700]
3700]
3700]
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3800]
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3900]

4000]
4000]
4000]
4000]
4000]
4000]
4000]
4000]



86

UNC3001 TTACCAGTGTGCCAGTCTTCGAGCATGAGGAAAACAGACTGGCTTCCAATGACAGTGGCAGCTATGGGAGTTCCACCCCTACCACTTTTTATTTTTAGCT [

UNC3002
UNC300e6
UNC300e8
UNC3009
UNC3010
UNC3011
UNC3013

UNC3001 ACATCCTAACAGTGCTTTTAAAAACAGCATTACTAATAGTATCAGGCATCTTTCCATACTCCATACCCGCAACATTGTTGGTCTGGCATACTTGGCAAAA [
................................................. L P U |
................................................................... LIPS RO |
.................................................................................................... [
................................................. L PSRN |
................ o IR NN |
................................................. T et e e e e
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4100]
4100]
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66

UNC3001 GCAAACCCAAAGGTCCGGCGTTCTGTGGGACGTACCCAGCCCCCCAGAGACACAGAAAGCAGAACTGGAAGAAGGGGTTTATAGGATCAAACAGCAAGGA [
UNC3002 ............ U At ettt e e e, ol [
UNC3006 ....ovevnnn. At ettt e, [
UNC3008 ............ At e et e, [
UNC3009 ............ U S Tt e e e e e e e Gttt [
UNC3010 .....eovnnn. Avevinnns T e ettt ettt ettt e e e e e, [
UNC3011 ..uvevnnnnn. U A e ettt e e e, Gttt [
UNC3013 ...eevnrnnn. U A e ettt e e e e, [
UNC3001 ATTCTTGGGAAAACCCAAGTAGGGGTTGGAGTACAGAAAGAAGGAGTCTTCCACACCATGTGGCACGTCACAAGAGGGGCAGTGTTGACACATAATGGGA [
ok T = X ol oAU [
ok T 1= -3 A [
ok T 1< - S [
ok T 1= - T ol oAU [ [
ok T A [
ok T T o o [
UNC3013 ..... o [
UNC3001 AAAGACTGGAACCAAACTGGGCTAGCGTGAAAAAAGATCTGATTTCATACGGAGGAGGATGGAGAT TGAGCGCGCAATGGCAAAAGGGGGAGGAGGTGCA [
ok T 1< X L [
UNC30O6 veveverereeeennnenannnns 2 PSR [
ok T =T S Attt [
ok T 1< - L [
ok T L P Covinrn Attt [
ok T L [
ok T = Attt [
UNC3001 GGTTATTGCCGTGGAGCCTGGGAAGAACCCAAAGAACTTTCAAACCATGCCAGGCACTTTTCAGACTACAACAGGGGAAATAGGAGCAATTGCACTGGAT [
UNC3002 ...... ol SRR [
] ok T 1< - PR [
] a1 1< - St At et e [
UNC3009 ...... o S PP [
UNC3010 ...C........ A..... At ettt et Teven.. [
UNC3011 ...... ol S PP [
UNC3013 ...... Couin At e, At et e [

UNC3001 TTCAAGCCTGGAACTTCAGGATCTCCTATCATAAACAGAGAGGGAAAGGTAGTGGGACTGTATGGCAATGGAGTGGTTACAAAGAATGGTGGCTACGTCA [
ok - s T [
UNC3B06 vveveverereenanananannn. ettt e e e e o [
] ok T 1< - S PR [
ok T L= - e [
] ok T Tooo. [
ok T T A [
ok T [

UNC3001 GCGGAATAGCGCAAACAAATGCAGAACCAGATGGACCGACACCAGAGTTGGAAGAAGAGATGTTCAAAAAGCGAAATCTAACCATAATGGATCTTCATCC [
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UNC3002
UNC300e6
UNC300e8
UNC3009
UNC3010
UNC3011
UNC3013

.................... LN
.................... LN
.................... LN
.................... LN
.................... N

UNC3002 .....ciitiiiiiiiiiinnnnnnnn A e
UNC3006 ... C. . i itiiiiiiiiiiiiinitenneennaeennseenannnnnens
[0 N
UNC3009 ......iitiiiiiinnnnnnnnn, A e
L1 1
UNC3011 .. ..eiiiiiiii i it innnnnnns A i e
UNC3013 ...ttt iiiiiinnenns A e

5100]
5100]
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IOT

UNCBOB6 oottt ittt iiittienneeenaeeenaeeeneeenaseensseenaseensseanseenasesnssesssseensseenasenasennsennns
L0 <
UNC3009 ..T....iveiviniinnnnnnnn [ Gt Gt i i i i it i it
L0
LU e PN e i it i it ittt ittt iatienaaennnannas
L0 N e i it it ittt ettt tenaaennnennns

UNC3e02 ....

UNC3006

UNC3008 ....
UNC3009 ....
UNC30e10 ....
UNC3011 ....
UNC3013 ....

UNC3006 ...

UNC3008
UNC3009

UNC30e10 ...

UNC3011
UNC3013

T..... A i i i i e A i et e S
ettt ittt i i i i ittt ettt ieeeenenaaaaaasseeeeeeeenasasassosssseseseeenanasssssssesennnnns
T..... A e Govvvvnnnnnn N S
Tttt ittt i i i i i ittt et teeeeeennaaaaassseeeeeeenasasassosssseseseeanasasssssssesennnnns
T..... 2 N A N Ao Connnnniniina,
T..... 2 N A N Ao Connnnniiiiin,

..... L
.............................................. A i e
...................... A i i et ittt et i i e
..... L
..... L
..... L
..... L

................................................................... L PP
S
..................................... L
..................................... T i i i i it ittt ittt et eeenaesenaesnansennssenssnnnnnns
................................................................... L
................................................................... L

5600]
5600]
5600]
5600]
5600]
5600]

5700]
5700]
5700]
5700]
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5700]

5800]
5800]
5800]
5800]
5800]
5800]
5800]
5800]

5900]
5900]
5900]
5900]
5900]
5900]
5900]
5900]

6000]
6000]
6000]
6000]
6000]
6000]
6000]
6000]

6100]
6100]
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UNC300e6
UNC300e8
UNC3009
UNC3010
UNC3011
UNC3013

Coootn L P
Coootn L
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Coootn L
Coootn L
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UNC3009
UNC3010
UNC3011
UNC3013

UNC300e8
UNC3009
UNC3010
UNC3011
UNC3013

.................... O U I
.................... P I
.................... O L I
.................... O P I

........................ LI L R IR SO
........................................................................... Aot
........................ L 1
........................ L
........................ L 1
........................ L 1
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yOT

] ok T SRR Gewrnn. T
UNC3011 +vuvevnrnnnnn. e et [
UNC3013 +.uvvnrnnnnn. Bt e e, [
UNC3001 TGGCATTGGGTTGCTATTCACAAGTGAACCCACTGACTCTAACAGCGGCAGTACTTTTGCTAATCACACATTATGCTATTATAGGTCCAGGATTGCAGGC [
] ok T 1< PR A.. [
] ok T 1< - PR [
] ok T2 - S PP [
] ok 1< - P Coveeeeeeeennn Covnnennnn, A.. [
UNC3010 ..... o L Covnenannns C....A.. [
ok T A.. [
ok AL [
UNC3001 AAAAGCCACTCGTGAAGCTCAGAAAAGGACAGCTGCTGGAATAATGAAGAATCCAACGGTGGATGGGATAATGACAATAGACCTAGATCCTGTAATATAT [
] ok T 1< XS [
ok T 1< -3 [
ok T 1< - S [
ok T 1< - A [
UNC3010 ......... ol [
ok T [
] ok T T [
UNC3001 GATTCAAAATTTGAAAAGCAACTGGGACAGGTTATGCTCCTGGTTTTGTGTGCAGTTCAACTTTTGTTAATGAGAACATCATGGGCCTTGTGTGAAGCTT [
ok T 1< At et cr
ok T 1< -3 [
ok T 1< - S [
] ok T 1< - T Ut ol cr
UNC3010 ...evvnrnnnnn. T T [
] ok T At e cr
] ok T I S At e e cr

UNC3001 TAACTCTAGCTACAGGACCAATAACAACACTCTGGGAAGGATCACCTGGAAAGTTTTGGAACACCACGATAGCTGTTTCCATGGCGAACATTTTTAGAGG [
UNC3B02 oo Ceeteeeeeee e eeee e e e e e eeeeeaeienanananns Gttt e L P [
UNC3006 .......... ol PR [
U ok T - SR R PP [
U a1 1= - F Y ol R Gttt e ) P [
U ok T . Y T ol U R PP [
] ok T A ol U Gttt e ) P [
] ok T I J Y ol U Gttt e e L P [
UNC3001 GAGCTATTTAGCAGGAGCTGGGCTTGCTTTTTCTATTATGAAATCAGT TGGAACAGGAAAAAGAGGAACAGGTTCACAAGGCGAAACTTTAGGAGAAAAA [
ok T 1< XS Covennnn L P [
ok T 1< -3 [
ok T 1< - S L P [
ok T 1< - S Coveennnn L P [
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L0 Covvvnnn T [ 7600]

] ok T S Coviennnn L P [ 7600]
UNC3001 TGGAAAAAGAAATTAAATCAATTATCCCGGAAAGAGTTTGACCTTTACAAGAAATCTGGAATCACTGAAGTGGATAGAACAGAAGCCAAAGAAGGGTTGA [ 7760]
] ok T 12 P o C... [ 7700]
UNC3006 «.uvvvnvnrnannnns o A.... [ 7700]
] ok T 1< - SRR [ 7700]
] ok T 1< - P o C... [ 7700]
] ok T SRR [ 7700]
ok T o C... [ 7700]
ok T = A o C... [ 7700]
UNC3001 AAAGAGGAGAAATAACACATCATGCCGTGTCCAGAGGTAGCGCAAAACTTCAATGGTTTGTGGAGAGAAACATGGTCATTCCCGAAGGAAGAGTCATAGA [ 7800]
UNC3002 ............ et et e e e e [ 7800]
ok T 1= - T [ 7800]
ok T 1< - S [ 7800]
UNC3009 ............ et e e e e e e e [ 7800]
UNC3010 .......... A Gt [ 7800]
UNC3011 ..'vevnnnn. et e e e e e e e e [ 7800]
UNC3013 ...vevnnnnn. et e e e e e e e [ 7800]
UNC3001 CTTGGGCTGTGGAAGAGGAGGCTGGTCATACTACTGTGCAGGACTGAAAAAAGTCACAGAAGTGCGAGGATACACAAAAGGCGGTCCAGGACACGAAGAA [ 7900]
UNC3B02 ovevereeeeeeeeeeeeeaeannnn, L P L PR [ 7900]
ok T 1< - Bt e e [ 7900]
ok T < - S [ 7900]
UNC3009 veveeereeeeeeeeeeeeeeaennnnn, L P Geuwt L PR [ 7900]
UNC30LO . vevevereveeeenreraenaenennnnn. Tt ieieannns A ettt [ 7900]
1] ok T L P L PR [ 7900]
1] ok T I S L P L PR [ 7900]

UNC3001 CCAGTACCTATGTCTACATATGGATGGAACATAGTTAAGTTAATGAGTGGAAAGGATGTGTTTTATCTTCCACCTGAAAAGTGTGATACCCTGTTGTGTG [ 8000]

ok T AU [ 8000]
UNC3006 ........ ettt e e e e [ 8000]
UNC3008 ..'vvvereninnenennnnss T et e e e e e e e [ 8000]
ok T T U [ 8000]
ok - - T ettt e [ 8000]
ol T [ 8000]
ol T AU [ 8000]
UNC3001 ACATCGGAGAATCTTCACCAAGCCCAACAGTGGAAGAAAGCAGAACTATAAGAGTTTTGAAGATGGTTGAACCATGGCTAAAAAACAACCAGTTTTGCAT [ 8100]
ok =T 72 [ 8100]
1 ok =L TS o [ 8100]
ok 2T - s A [ 8100]
ok =T 1= T [ 8100]
UNC3010 v Teter ittt e eieenennenennenenns A [ 8100]

ok T T A [ 8100]



20T

UNC3013 ....

UNC3001 TAAAGTATTGAACCCTTACATGCCAACTGTGATTGAGCACCTAGAAAGACTACAAAGGAAACATGGAGGAATGCTTGTGAGAAATCCACTTTCACGAAAC [

UNC3002
UNC300e6
UNC300e8
UNC3009
UNC3010
UNC3011
UNC3013

UNC3011
UNC3013

.......................... L
.......................... L
........................................................... L L
.......................... L
.......................... L

....... [
....... T L
.......... ettt ittt ittt ittt et eeaseaaaeeeasesnassenssaseassenasssnaasssnassennssoansannsnnnnns
....... [
....... [ L
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UNC3001 CTCCATTTGGCCAGCAGAGAGTCTTTAAAGAGAAAGTGGACACCAGGACACCCAGGCCCATGCCAGGGACAAGAAAGGTTATGGGGATCACAGCGGAGTG [ 8700]

UNC3B02 o Cu T ettt ee et eeee e e e e e e ettt et e eaeaennnnn 8 PR Aveeiieianananns [ 8700]
] ok T 1< - P LT P A.. [ 8700]
UNC3BO8 .vevevevereenananananns o [ 8700]
1] ok L= - T o (D Tt e Aveeieiiaiananns [ 8700]
ok T S AU Aveeiiiianananns [ 8700]
1] ok T Y o (D 8 PR Aveeiiiiaiananns [ 8700]
1] ok T I T o (D 8 PR Aveeiiiiaiananns [ 8700]
UNC3001 GCTCTGGAGAACCCTGGGAAGGAACAAAAGACCCAGGTTATGCACAAGGGAAGAGTTTACAAAAAAGGTCAGAACTAACGCAGCCATGGGCGCCGTTTTC [ 8800]
ok T 1< o [ 8800]
ok T 1< -3 [ 8800]
ok T 1< - S [ 8800]
UNC3009 ....ovvvnvnnn.. Bt e e o [ 8800]
ok T A [ 8800]
ok T o [ 8800]
ok T = S o [ 8800]
UNC3001 ACAGAGGAGAACCAATGGGACAGTGCGAAAGCTGCTGTTGAGGATGAAGAATTTTGGAAACTTGTGGACAGAGAACGTGAACTCCACAAATTGGGCAAGT [ 8900]
] ok 1< X A. [ 8900]
ok T 1< -3 [ 8900]
ok T L= S Gttt [ 8900]
ok T 1< - A. [ 8900]
ok T R A. [ 8900]
ok T A. [ 8900]
] ok T PSRRI A. [ 8900]

UNC3001 GTGGAAGCTGTGTTTACAACATGATGGGCAAGAGAGAGAAGAAACTTGGAGAGTTTGGCAAAGCAAAAGGCAGTAGAGCTATATGGTACATGTGGTTGGG [ 9000]

UNC3002 .......... oA [ 9000]
ok T [ 9000]
ok U [ 9000]
UNC3009 .......... o [ 9000]
UNC3010 .......... Covnn. Tt e e o [ 9000]
UNC3011 .......... o [ 9000]
UNC3013 .......... oA [ 9000]
UNC3001 AGCCAGGTACCTTGAGTTCGAAGCCCTTGGATTCCTAAATGAAGACCACTGGTTCTCGCGTGACAACTCTTACAGTGGAGTAGAAGGAGAAGGACTGCAC [ 9100]
UNC3002 «veveeeeeneneer e eennanenenn. L Attt [ 9100]
UNC30B6 v et eueeteteee et et eee et ee e ettt et e ee e et e e et e et e et e e et e e [ 9100]
ok R [ 9100]
UNC3009 . veeet it eiee it eeninnanens, L P A e et [ 9100]
UNC30L10 & vvvvreet i eien et eeninnanens, L P A e et e [ 9100]
ok - L P Attt [ 9100]

ok T 1 J L Bt e [ 9100]



30T

UNC3001 AAGCTAGGCTACATATTAAGGGACATTTCCAAGATACCCGGAGGAGCTATGTATGCTGATGACACAGCTGGTTGGGACACAAGAATAACAGAAGATGACC
UNC3002 ........ Ao, P [
UNCBBB6 .ottt ittt iiiiiennntennaeeeneeennseenasanasesnasennnnns L
L0 -
UNC3089 ........ Ao, P [
L0 e i i it it ittt ittt titaetenaeennaeenannns
UNC3011 ........ Ao, P [
UNC3013 ........ Ao, P [

UNCBO02 .ttt ittt it tenansenassensssnnsssnssssnassensssnansnnns Gt i i ittt it a e,
UNCBOB6 ottt ii ittt iiitteeeeeeenansenassonseenasssassseassssnsssnasseassesnssssnssssnssssansesnssnnssnnns
UNCBO08 ottt ittt ittt iiieeienaasenaesenaseenasesnasssenssssnsessassenassesnssssnssssnssssansesnssnnssnnns
UNCBO0O ottt ittt iitteeeaasenaesenseenasesnssseassssnsessasseassesassssnssssnssssansesnssnnnsnnns
UNC3010 ........ccviivvinnnnn L ettt i i ittt ettt
L1 Gt i i i it it
L1 G i i i it et e e,

UNC3001 TCAACGACCGACTCCAACGGGCACGGTAATGGACATCATATCTAGGAAAGACCAAAGAGGCAGTGGACAGGTGGGAACTTATGGTCTGAATACATTCACC
UNCBO0 2 ottt ittt ittt iitteeeeeeaasenaesenseenasesnassesasssensessasseassesnssssnssssnssssansesnssnnnsnnns
UNC3006 .. .otiiiiiiiiiiiiiiiinnernnnnnnnnns T i i ittt ettteaeeeaaasenassensessansesnssnnnsnnns
L1 - Gttt it it ittt et
UNCBO0 ottt ittt itteetenaaaneaneenasseassenaseenssssnansssasssenssenasseanssonnsesnssnnns C..... T...
UNC3010 ...ttt ittt ittt ernnnennnnns Toeeinnn A e Ao, Covvnnniannn,
L1
L1 i

UNC3001 AACATGGAAGTCCAGTTAGTCAGACAAATGGAAGGAGAAGGTGTGCTGTCAAAGGCAGACCTCGAGAACCCTCATCTGCCAGAGAAGAAAATTACACAAT
UNC3002 .......... it i i it i it ittt eeenaeeenasesnasennseanasennsnnnns LI
UNCBOB6 oottt ittt tiitttennaeennaeeeneeeenseenasenaseeeaseenasesnsssesssenaseenassonasennssennsan Covvnnns
L0 <
UNC3089 .......... Gt i i ittt et ittt ienaeeenneeenaeeenasennseanasennsnenns LI
UNC3010 .......... N A i i i e LI P
UNC3011 .......... i i i ittt et ittt tenaeeenaeeenaeeenasennseanasennssenns LI
UNC3013 .......... i i i ittt it ittt tenateenaeeenaeeenasennseanasennannnns LI
UNC3001 GGTTGGAAACCAAAGGAGTGGAGAGGTTAAAAAGAATGGCCATTAGCGGGGATGATTGTGTAGTGAAACCAATCGATGACAGGTTCGCTAATGCCCTGCT
L0 L P Gt i i i it i Covvnnnnnnnn
L0
L0 < P Gt i i it it e Covvnnnnnnnn
110 Gt Toeeenonn Covvnnnnnnn
UNC3010 ........ L e
11 Gttt i i it et i Covvnnnnnnn
L1 1 Gt i i it et Covvnnnnnnn

UNC3001 TGCTCTGAACGATATGGGAAAGGTTCGGAAAGACATACCTCAATGGCAGCCATCAAAGGGATGGCATGATTGGCAACAGGTTCCTTTCTGCTCCCACCAC
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UNC3002 .....cciitiiiiiiininnnnnns Ao, PP Coviiinninnnnn, [ 9700]

] ok T 1< - PR [ 9700]
UNC3008 ............ ol N R [ 9700]
UNC3B09 ..'vevereveraennnnnannnns Aueeieianannns Gevereenannns At e Coveeeeen, [ 9700]
UNC301O vveverererennnnnnannn. e et e e e e e e e [ 9700]
UNC3OLL tvvvererereraennnnnananns Aueeeeianannns R Coveeeeen, [ 9700]
UNC3013 tveverernreraennnnananns Aueeeeienannns R Coveeeeenn, [ 9700]
UNC3001 TTTCATGAATTGATCATGAAAGATGGAAGAAAGTTAGTGGTTCCCTGTAGACCCCAGGACGAACTAATAGGAAGAGCAAGAATCTCTCAAGGAGCGGGAT [ 98060]
UNC3B02 oveverereeeeeeeeaeraaeaeaennn Geveeenenns Covrvnnn. S B A [ 9800]
UNC3006 «vevevereranenannnns A [ 9800]
ok T < - S [ 9800]
UNC3009 v evetereeeeeeeeeaeeraaeaennnnn T Covrvnnn. S B A [ 9800]
ok T T Geveeenenns oA [ 9800]
ok T Guveeenenns Covrennn. S B AR [ 9800]
ok T I T Geveeenenns Covrennn. S B [ 9800]
UNC3001 GGAGCCTTAGAGAGACCGCATGTCTGGGGAAAGCCTACGCTCAAATGTGGAGTCTCATGTACTTTCACAGAAGAGATCTCAGACTAGCATCCAACGCCAT [ 9900]
UNC3002 .......ovne... S L P P Tt e e e e e e e [ 9900]
ok T 1< -3 [ 9900]
UNC3008 ............. B L P Tt e e e e e e [ 9900]
UNC3009 ............. S L P P L T.. [ 9900]
UNC3010 ....ovvvnnn.. S [ Toou.. Tt e e e e e e [ 9900]
UNC3011 ..uvevennnn.. S L P Tt e e e e e e [ 9900]
UNC3013 .vuverrnnn.. S L P P Tt et e e e e [ 9900]

UNC3001 ATGTTCAGCAGTACCAGTCCACTGGGTCCCCACAAGTAGAACGACATGGTCTATTCATGCTCACCATCAGTGGATGACTACAGAAGACATGCTTACTGTC [10000]

UNC3B02 ..'vevererenannnnnnns 8 PSP [10000]
] ok T 1< -3 PR [10000]
] ok T 1< - SN Geurns [10000]
UNC3B09 ..'veverererannnnnnns 8 PSP [10000]
UNC3OLO +veverererereraranannnnnnnn Tevennnn ol T [10000]
UNC30L1 tveverereranannnnnnns Tt e et et e e e e e, [10000]
UNC3013 tvvererernnannnnnnns 8 PSP [10000]
UNC3001 TGGAACAGGGTGTGGATCGAGGACAATCCATGGATGGAAGACAAAACTCCAGTTACAACCTGGGAAAATGTTCCATATCTAGGGAAGAGAGAAGACCAAT [10160]
UNC3002 ..uvvvvnnannnns A..... Tt e e e e T ettt e e e [10100]
UNC3BO6 v eveeeveeeeeeeeeeeenenenenenananananns A ettt e e e e e [10100]
1ok =T S Courn Tournn. T [10100]
UNC3009 ...vvvvnnnannnns A..... Tt e e e e Tttt et e e [10100]
UNC3010 «vevernnannnns A..... A et Tt e e e [10100]
UNC3011 vvverevenannnns A..... L Tt e e e [10100]
UNC3013 tvvereennannnns A..... L Tttt [10100]

UNC3001 GGTGCGGATCACTTATTGGTCTCACCTCCAGAGCAACCTGGGCCCAGAACATACCCACAGCAATTCAACAGGTGAGAAGCCTTATAGGCAATGAAGAGTT [10200]
UNC3002 vverereeeeeeeenenannnns 2 PSR [10200]



JTT

UNCBOB6 . ittt ittt iennetennaeenaseenssennasenassenaasannsennnns Gt i i i i et ittt [10200]

UNC3008 ............. CoCuvevnnnn L PSP L PR [10200]
UNC3B09 ..'vevereveraennnnnannnns IS P [10200]
UNC3010 ..ooTererereenennnannnns 2P P [10200]
UNC30LL tvevererereraennnnnannnns 1P [10200]
UNC3013 tveverernrenaennnnnananns 2P P [10200]
UNC3001 TCTGGATTACATGCCTTCAATGAAGAGATTCAGGAAGGAGGAGGAGTCGGAAGGAGCCATTTGGTAAACGTAGGAAGTGAAAAAGAGGCAAACTGTCAGG [16360]
UNC3002 ...... Coveeenanns T S P Aveereennnnnnns Teeerannns [10300]
ok T 1< -3 Teeeiannn. [10300]
ok < - S [10300]
UNC3009 ...... (U Gt e e S T Aeeereeannnnn. Teeeeiannn. [10300]
UNC3010 C..... et e e e e S T Teeeiannn. [10300]
UNC3011 ...... (U Gttt N P Aeeeieeannnnns Teeeiannn. [10300]
UNC3013 ...... Coveeenns Gt e e N P Auveieeannnns Teeeeiannn. [10300]
UNC3001 CCACCTTAAGCCACAGTACGGAAGAAGCTGTGCTGCCTGTGAGCCCCGTCCAAGGACGTTAAAAGAAGAAGTCAGGCCCCAAAGCCACGGTTTGAGCAAA [10400]
UNC3002 ...... et e e e e e e e [10400]
ok T < -3 [10400]
ok T =T S [10400]
UNC3009 ...... et e e e e e e e [10400]
ok T A [10400]
UNC3011 ...... et e e e e e e e [10400]
UNC3013 ...... et e e e e e e e e [10400]

UNC3001 CCGTGCTGCCTGTAGCTCCGTCGTGGGGACGTAAAACCTGGGAGGCTGCAAACTGTGGAAGCTGTACGCACGGTGTAGCAGACTAGCGGTTAGAGGAGAC [10500]

UNC30B2 v evveereneee e eneanenennenen R [10500]
ok T U [10500]
ok T [10500]
UNC30B9 v evveereneee e eneaneneenenennenen Bt ettt e e e e e e e e [10500]
ol AU [10500]
ok - N R [10500]
UNC3013 vvrieeneniee e enaneneanenennenes oy [10500]
UNC3001 CCCTCCCATGACACAACGCAGCAGCGGGGCCCGAGCACTGAGGGAAGCTGTACCTCCTTGCAAAGGACTAGAGGT TAGAGGAGACCCCCCGCAAACAAAA [10600]
ok T P T.... [10600]
ok T U [10600]
ok U [10600]
ok TP T.... [10600]
UNC3010 «vevveeeeneneen e enennanenennen, N T.... [10600]
ok 2 T.... [10600]
ol [10600]

UNC3001 ACAGCATATTGACGCTGGGAGAGACCAGAGATCCTGCTGTCTCCTCAGCATCATTCCAGGCACAGAACGCCAGAAAATGGAATGGTGCTGTTGAATCAAC [10760]
ok T 1< XA [106700]
ok T 1< -3 [10700]



ITT

UNC3BB8 o e veeeeeeneaeate e eneneanenneneneeneseeneenenennens
UNC3BBBD o e veeteeeene e ate e eneeeenenneneneenenaeneenenennens
] T2 -
0] T2 e
T2 B

UNC3001 AGGTTCT [10707]

UNC3@02 ....... [10707]
UNC3006 ....... [10707]
UNC3008 ------- [10707]
UNC3009 ....... [10707]
UNC3010 ....... [10707]
UNC3011 ....... [10707]
UNC3013 ------- [10707]

[10700]
[10700]
[10700]
[106700]
[10700]
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Figure 3.3 Phylogenetic tree depicting relationships between Sri Laak, Latin
American and African DENV3 clinical isolates.

In this tree, the pre-DHF viruses (UNC3002, UNC3009, UNC3011, and UNC3013) group
together in a separate clade than the viruses associatetheiidmergence of DHF in Sri
Lanka (UNC3001, UNC3006, UNC3008, UNC3010). The post-DHF viruses are more
closely related to viruses found in Africa and Latin American thay are to the pre-DHF
viruses. This tree was created in Mega4 using a minimal ewolotethod. The numbers at
each node are bootstrap values and represent the probability thavittess would be
placed on the same branch upon resampling.
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TT

27 286 404 499 600 752 775 867 901 946
C(27) E(6) E(124) E(219) E(320) E(472) NS1(2) | NS1(94) | NS1(128) | NS1(173)
s Vv s T Vv s M | | E
UNC3002 - - - - - - - - - -
UNC3009 - - - - | - T - - -
UNC3011 - - - - - - - - - -
UNC3013 - - - - - - - - - -
UNC3001 P | P - | - - - T D
UNC3006 - | P - | - - - T D
UNC3008 - - P - | - - - T D
UNC3010 - - P A | P - T T -
990 1123 1162 1275 1283 1284 1380 1395 1504 1642
NS1(217) | NS1(350) | NS2A(37) | NS2A(150) | NS2A(158) | NS2A(159) | NS2B(37) | NS2B(52) | NS3(31) | NS3(169)
F A F Vv M F L T L N
UNC3002 - - - - - - - | - -
UNC3009 - - - | - - M - - s
UNC3011 - - - - - - - - - -
UNC3013 - - - - | L - - - -
UNC3001 L Vv L - | L ; ] _ }
UNC3006 L Vv L - | L - - F -
UNC3008 L Vv L - | L - - - -
UNC3010 L Vv - - | - - - - -

Figure 3.4 Amino acid differences in pre- and post-DHF clinical isalkes.

This table represents all the amino acid changes in the&igbankan clinical isolates sequenced. The polyprotein top nusbes i
polyprotein residue and under that is the gene in which the aminohacidecis located. The consensus residue is the listed in the top
row. Viruses with the consensus residue are represented wigh amlh one-letter amino acid codes are given at each position that a
virus differs from the consensus. The top four viruses are preififtites and the bottom four are associated with the emergence of
DHF. Positions at which changes are conserved between preoan®HF DENV are highlighted in blue. All eight viruses are
identical at positions not included in the chart above.



vTT

1658 1921 2160 2191 2193 2239 2540 2562 2743 2760

NS3(185) | NS3(448) | NS4A(68) | NS4A(99) | NS4A(100) | NS4A(147) | NS5(50) | NS5(72) | NS5(253) | NS5(270)
R M A D v | T | R |
UNC3002 - - Vv - - - - - - -
UNC3009 - - - - - - - - - -
UNC3011 - - Vv - - - - - - -
UNC3013 - - - - - - - - - -
UNC3001 K - - E | - | - K T
UNC3006 K | - E | - | - K T
UNC3008 K - - E | - | - K T
UNC3010 K - - E - M | Vv K T
2770 2855 2864 2990 3043 3106 3119 3129 3139 3190

NS5(280) | NS5(365) | NS5(374) | NS5(500) | NS5(553) | NS5(616) | NS5(629) | NS5(639) | NS5(649) | NS5(700)

| P E E T A s L T W
UNC3002 - - - - - - - - - -
UNC3009 - - - - - - - - -
UNC3011 - - - - - - - - - -
UNC3013 - - - - - - - - - -
UNC3001 - - G D - v - P - -
UNC3006 - S G D - v - P - -
UNC3008 - - G D - Vv - P - M
UNC3010 v - - - | - T - A -




STT

3301 3310 3316 3325 3354
NS5(811) | NS5(820) | NS5(826) | NS5(835) | NS5(864)

T D D N P
UNC3002 - - - - -
UNC3009 - - - - -
UNC3011 - - - - -
UNC3013 - - - - -
UNC3001 - - - - -
UNC3006 - - N - -
UNC3008 A - - D L
UNC3010 - E - - -
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Figure 3.5 Infection of DC-SIGN-expressing U937 cells with Sri Lankarviruses isolated
before and after the emergence of DHF in 19¢

(a) U937 cells expressing [-SIGN were infected with all eight Sri Lankan cliaigsolates
at a multiplicity of infection of 1.0. The percage of infected cells was determinec
twentyfour hours post infection. (b) The supernatantsnfinfected cells were harvestec
twentyfour hours post infection and tittered on Vero €elh an immunofocus assa
Supernatant titers are expressed as -forming unit per mL. Pré&®HF viruses inluded
UNC3002, UNC3009, UNC3011 and UNC3013. -DHF viruses included UNC300
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UNC3006, UNC3008 and UNC3010. The graph depicts one representative erpa&ime
three performed.
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Figure 3.6 Infection of DCSIGN-expressing U937 human monocytic cs and Aedes
C6/36 mosquito cells with one pr-DHF clinical isolate and one pos®HF clinical

isolate.

DC-SIGN expressing U937 and C6/36 cells were infeetitd UNC3006 (gray squares) a
UNC3009 (black triangles) at a multiplicity of imtgon of 0.5.
infected and the amount of virus released intosiiygernatant were determined at vari
timepoints post infection. (a) [-SIGN expressing U937 cells were infected with UNGG
and UNC3009 and cells and supernatants were hadevery six hours for thir-six hours
post infection. (b) C6/36 cells were infected whibth UNC3006 and UNC3009. Cells ¢
supernatants were harvested every twelve hoursiftity-four hours post infection. Ea
data point represents the mean of t values and error bars represent the standard oevi:
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Figure 3.7UNC3009 may enter D(-SIGN expressing U937 cells quicker than UNC30(

DC-SIGN expressing U937 cells were infected wUNC3006 (gray bars) and UNC30
(black bars) at a multiplicity of infection of 1.0A subset of cells was pretreated with 4ClI
to raise the pH of endocytic compartments and ekte@ DENV infection. Ammoniur
chloride was added to other cells at varigoints post infection and the percentage
infection was determined compared to that of umdictaells. The dotted line represents f
percent of the original infection. The data deguicis representative of three differ
experiments.

119



CHAPTER 4. THE CONSTRUCTION AND CHARACTERIZATION OF A
DENGUE VIRUS TYPE 3 INFECTIOUS CLONE AND GENERATION OF

CHIMERIC VIRUSES

Kari E Hacket, Boyd Yount, Ralph Bari¢? and Aravinda M. de SilVa

'Department of Microbiology and Immunology University of North Carolina School of
Medicine, andUniversity of North Carolina Gillings School of Global Public Health, Chapel

Hill, NC 2759



ABSTRACT

Following the in vitro characterization and full genome sequencihgatri Lankan
clinical isolates that behave differently in vitro, we wereeriested in determining which
genetic differences are responsible for the delayed growthN&$3006. Since there are
twenty-five coding differences between UNC3006 and UNC3009, we dvémteentify the
specific change or combination of changes responsible for theutteife growth difference
between UNC3009 and UNC3006. To map the relevant dengue mutations, we first needed to
develop a DENV3 reverse genetic system. We fixed theRN# genome in a cDNA copy
on a plasmid that could be propagateé.icoli and manipulated genetically. In this chapter,
we describe the development and characterization of a DENV3imfeatlone. We also
describe the creation of recombinant chimeric viruses containgrgesgs of UNC3006 or

UNC 3009 required for genetic mapping studies.
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INTRODUCTION

To identify the region(s) of the DENV3 genome responsibleifiovitro growth
differences observed between UNC3006 and UNC3009 and described in hapter
developed a technique to manipulate the viral genome. Because flagvaues positive
strand RNA viruses, the genetic material is mRNA and thexgefofectious. Thus, we can
fix the DENV RNA genome as a cDNA under the control ofaoter, produce viral RNA
in vitro and introduce this infectious RNA into cells that will trareslairal proteins and
replicate the viral RNA, resulting in progeny virion production. Otingeviral genome is
fixed as cDNA, we can manipulate the genetic material throughapvBCR, site-directed
mutagenesis, or other cloning techniques. Currently, there is oN&/®Hfectious clone
that was constructed using the Sleman/78 virus genetic mafet¥)al This virus differs from
our virus by 530 nucleotides and 100 amino acids. In our case, we catsanadnfectious
clone from the genetic material of a DENV3 Sri Lankan clinislate, UNC3001
(89SriLan2). UNC3001 was isolated in 1989 and is closely related ¢o athises isolated
between 1989 and 1997 in Sri Lanka following the emergence of epidé#fi¢IA2). Next,
| will review the literature on DENV infectious clones andrttaescribe our strategy for

producing a DENV3 infectious clone.

The first DENV infectious clone was constructed in 1991 usingyémetic material
of the DENV4 isolate 814669 (123). This infectious clone consisted dditHength cDNA
in pCR322, a low copy numbé& coli plasmid, under the control of an SP6 RNA promoter.
During the construction of this full-length clone the authors learnedib&. coli strain had
an effect of plasmid stability and were able to isolate l&rzgth cDNA clones more

efficiently from low copy number plasmids. Since this initis¢ation in 1991, infectious
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clones have been constructed for all four DENV serotypes. Cwyrréimtre are infectious
clones for the DENV1 Brazilian prototype (216) and Westernfiea(i65) strains, the
DENV2 Jamaica (159), 16681 (109, 212), 43 (239), and New Guinea C (59, rai79,dhe
DENV3 Sleman78 (14) strain, and the DEN4 814669 (123) strain. In thewsdiwst of
these various infectious clones, DENV has proven difficult to mangalad stably maintain

in E. coli. A number of full-length viral genomes are unstabl&.icoli and cDNA clones
could not be isolated (165, 216). Groups have overcome this problem by uscteaal
artificial chromosome (165) or a yeast shuttle vector (159)rbgking the interrupting the
viral coding region and performing in vitro ligation (14, 107), using lkmpy number
plasmids (59, 123), and growing tBecoli under low selection pressure at room temperature

(212).

The infectious clones of dengue have been used to identify componehés virfal
genome contributing to virulence. Most of this work has been done wahdiffierent
DENV2 infectious clones representing 16681 and New Guinea C. DENg81 is a
Southeast Asian isolate that efficiently infects MDM and MD{68) and is believed to be
more virulent than its American DENV2 relatives (172, 173, 229). Usit8681 infectious
clone, an Asn mutation present at position 390 of E in Southeast AsiWDiSolates was
shown to be an important contributor to increased viral replicatiooiezfty (39, 164).
Additionally, structures in the noncoding regions of the Southeast Asi@ins absent in the
American isolates augment viral replication when paired thi¢habove envelope mutation
(39). A reverse genetics system developed with New GuingasQused to identify mouse
neurovirulence determinants (59). By swapping the structural gehethe mouse

neurovirulent New Guinea C with those of the non-virulent PUO-218ub®rs were able
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to identify a lysine at position 126 of E as an important determiofawiral replication in
mouse brain. Finally, positions 124 and 128 of E were shown to be impaortiet mouse
adaptation of D2S10 (163). These mutations responsible for increased winlsece
resulted in decreased affinity for heparin sulfate and dserk viral clearance from the

circulation and potential higher serum viremia.

Systems to produce recombinant dengue viruses have also playegabaiatrole in
vaccine development (reviewed in 13). The DENS@ vaccine candidate was isolated in a
genetic screen searching for non-coding deletion viruses atenfea growth. Using the
strategy to create DENWBO, the NIH has generated DENN30 and DENVA30 vaccine

candidates that appear promising in early human trials (13).

Currently, there is one DENV3 infectious clone developed from tbm&178 virus
(14). This virus was isolated from a mild dengue fever outbredkva, Indonesia in 1978
and may be partially attenuated since the epidemic attriboitddst virus was characterized
by lower viremia, milder illness and less spread than previousvM3ENitbreaks in this area
(65). In the construction of this infectious clone, the authors aewbldnd subcloned the
viral cDNA in 6 pieces but were unable to isol&ecoli clones containing the full-length
cDNA (14). It appeared that when E and NS1 were inframe andeadjeo each other, they
were toxic toE. coli, resulting in plasmid instability. To overcome this obstaclendlaet al
interrupted the E-NS1 coding region by placing a Spel linker atatimoxy terminus of E.
To produce infectious virus, they removed the linkeritro and ligated the full-length DNA
prior to SP6 transcription and transfection (14). The authors wer¢oatdeover infectious

virus from the supernatants of transfected Vero and C6/36 cells.
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Despite the availability of the DENV3 Sleman78 infectious clareeconstructed our
own reverse genetics system for a number of reasons. Firsslaiman78 viral genome
differs from our Sri Lankan clinical isolates by more than 500emticles and 100 amino
acids and characterized as a DENV3, genotype Il virus. Sri LdDE&AIV3 clinical isolates
group into genotype Ill. We wanted a system for producing virus thecloaely related to
our viruses so that identifying regions responsible would be simBksrondly, we know our
viruses are virulent and cause severe disease in humans, as UNE3a866adiated with the
emergence of DHF in Sri Lanka (142). Therefore, we did not walpase our experiments
on a potentially attenuated DENV3 isolate. Finally, we wantggstem that we could easily
manipulate and produce chimeric viruses. The Sleman78 infectious gkirensdoes not
contain convenient restriction sites to swap regions of the viral genddased on these
reasons, we constructed our own infectious clone from UNC3001, aaSkiah clinical
isolate associated with the emergence of DHF, using a systewously used to create

recombinant Coronaviruses (237).

MATERIALS AND METHODS

Cdl linesand virus strains

C6/36 Aedes albopictus cells were obtained from the American Type Culture
Collection (ATCC No: CRL-1660) and propagated in Miminal EsseMiadlia with Earl’s
salts (E-MEM) supplemented with 1% L-glutamine, 1% penicilliefsismycin/fungizone,

1% non-essential amino acjdsd 10% fetal bovine serum (Gibco/Invitrogen). Cells were
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grown at 28C in 5% CQ. Vero (African Green Monkey) Clone 81 cells were a gift from
Robert Putnak at Walter Reed Army Medical Center, and were gatgzhin Dulbecco's
Modified Eagle Medium: Nutrient Mixture F-12 (D-MEM/F-12) supplented with 1% L-
glutamine, 1% penicillin/streptomycin/fungizone, 1% non-essentialn@nacids 0.2%
sodium bicarbonate and 10% fetal bovine serum (Gibco/Invitrogen). cédisowere grown

at 37C, 5% CQ. The DENVSs used in this study were UNC3001, UNC3006, and UNC3009
(89SriLan2, 97SriLanl, and 89SriLanl, respectively) and were provided by Qudrer

(Centers for Disease Control).

I mmunofocus titration assay

All viruses were titered on Vero cells in a 24-well formatmunofocus assay
modified from that described in AP61 cells (45). Subconfluent Vero mosrsiayere
infected with serial 10-fold dilutions of infected cell supernataims Opti-MEM |
(Gibco/lnvitrogen) supplemented with 1% penicillin/streptomycin (Gflnwitrogen) and
2% heat-inactivated FBS. Virus was allowed to adsorb for 2 laai8€C. Overlay media
(Opti-MEM | containing 5% FBS, 1% penicillin/streptomycin and 0.8%thylecellulose
(Electron Microscopy Sciences)) was then added to plates dadvege incubated for five
days at 37C, 5% CQ. Cells were washed two times with 1X PBS (Cellgro) fixed and
permeabilized by incubating in 80% methanol:PBS (v:v) at room texrtyserfor 20 minutes.
Cells were then blocked with 5% milk:PBS (w:v) at room tenpeeafor 10 minutes.
Monolayers were stained with 400ng anti-flavivirus envelope antibG®/(ATCC HB-112)
followed by a 1:500 dilution of a peroxidase conjugated secondary an{iBagya-Aldrich)
for 1 hour each at 8€. Foci were visualized with 1286 of TrueBlue Peroxidase Substrate

(KPL, Inc). Titers were expressed as focus forming unitsngerand were calculated by

126



multiplying the average number of foci per well at a given ditutby the inverse dilution

factor and dividing by the volume added to each well.

cDNA amplification and TOPO cloning

UNC3001 viral RNA was isolated from clarified infected cell snpgants with the
QiaAmp Viral RNA Mini Kit (Qiagen) using the manufacturepsotocol as described by
Messer et al (65, 142). Viral RNA was recovered and firandtsynthesis was performed
using Superscript lll reverse transcriptase (Invitrogen) and aseepeimer at the 3’ terminus
of the viral genome (5-TACATGCCTTCAATGAAGAGATTCAGG-3’).Three different
PCR products were amplified using the EXPAND Long Template Bg&em (Roche
Applied Science). The A fragment containing the first 2034 nudestof UNC3001 was
PCR amplified using a sense primer containing the T7 RNA promdotctly upstream of
the ) UTR (5-
NNNNNNGCGGCCGCTAATACGACTCACTATAGAGTTGTTAGTCTACGTGGAC-

3) and an antisense primer with an engineered BsmBI site- (5
NNNNNNCGTCTC GCCTG/AATATTGACAGGCTCC-3). The B fragment spanning
nucleotides 2029 to 5210 was amplified with a sense primer containgmpareered BsmBI
site (5-NNNNNNCGTCTC TGAGGUCTGAACCTCCTTTTGGG-3") and an antisense
primer (5-CCATCTCAGCTGCAACCACC-3). The third fragment/D, spans 5100 to
10707 and was amplified with a sense primer (5-CTGGGTCAGGAAABEGG-3’) and

an antisense primer with an Ecil site that permits cleakggeducing the viral 3' UTR (5'-
GCGGCCGCGGCGGANNNNNNNNNAGAACCTGTTGATTCAACAGCACCATTC-

3). All three fragments were cloned into pCRXL-TOPO (Invigny according to the

manufacturer’s protocol. Transformed TOPEOcoli was grown at Z& under 5Qg/ml
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kanamycin selection. Plasmids containing the correct coding sexjuarece selected for

viral assembly or site directed mutagenesis was performed ty remtiing changes.

Production of recombinant infectious virus

Restriction enzymes Spel, Sfil, BsmBI, and Ecl were obtainea New England
Biolabs and used according to the manufacturer’s protocol. Ca#tiimal Phosphatase and
T4 ligase were also obtained from NEB. Plasmids dAO1 and dC/D64 digested with
Spel, treated with CIP, and then digested with BsmBI. Plasmid dia8Idigested with Sfil
and BsmBI. Restriction fragments corresponding to the appropi@gevere gel purified
and ligatedn vitro by T4 ligase using equimolar quantities of the three fragmddENV
cDNA was then digested with Ecil to produce the exact 3’ term@fu®ENV3 and gel
purified. Full-length capped T7 transcripts were produced with Message mMachine T7
Kit (Applied Biosystems) according to the manufacturer’s protacml electroporated into
Vero81 cells (26F, 450V, 5 pulses). Vero cells were incubated 8€3%% CQ for up to
six days, supernatants were clarified, and virus was titameédero81 cells, used to perform

growth curves, or passaged onto C6/36 cells.

Construction of chimeric viruses

Viral RNA was isolated from the clarified supernantants @36 cells infected with
either UNC3006 or UNC3009 and full-length cDNA was generated as ldbed@bove. The
A fragments encoding the structural proteins of UNC3006 and UNC3009 gesrerated
using site directed mutagenesis on the A0l fragment using tHeClkange Multi Site-
Directed Mutagenesis Kit (Agilent Technologies). The pritoezonvert dA01 to dAO6 was
5-CCGTGTGTCAACTGGATCACAGTTGGCGAAGAG-3. This primer @hg with 5'-

TGACAATGAGATGTGTGGGAGTAGGAAACAGAGATTTTGTG-3 and 5'-
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CGAAATTTCAATGCCTGGAATCAATAGAGGGAAAAGTGGTG-3' were useé to
convert dAO1 to dA09. Non-coding differences were not considered. Enag@ncoding B
of UNC3006 and UNC3009 were amplified using the primers listed abovBObrand
cloned into pCRXL-TOPO. The cDNA spanning the C/D fragments NC8006 and
UNC3009 was amplified in three steps using primers listed in Talle The 3' UTR of
UNC3001 was amplified from dC/D01 using primers 013'UTRF and 3'BsniBle cDNA
encoding the C/D nonstructural genes of UNC3006 and UNC3009 was adthjplifievo
pieces and overlap PCR was performed using these PCR produdte aid@3001 3'UTR
PCR product to produce a cDNA encoding the C/D nonstructural gengsl©8006 or
UNC3009 adjacent to the 3 UTR of UNC3001. To produce viruses differingionhe 3’
non-coding region, the 3 UTR of UNC3001 was mutated to that of UNC3006 lda3009
by site directed mutagenesis on dC/DO01 (table 4.2). A paradlioferic full-length cDNAs
was assembled, T7 transcripts were produced and Vero cells elesgoporated as

described above (Table 4.3).

| solating recombinant virus and verifying viral sequence

Recombinant virus was plaque purified. Briefly 10-fold serial dihgi of
electroporated cell supernantants were performed and added toeobtnfionolayers of
Vero81 cells in 6-well plates. Following a one hour absorption, a 2d2#ese overlay was
added to the cells and plates were incubated for seven day¥at58% CQ. Seven days
post infection, a second overlay containing 0.000075% Neutral Red was adtiedctils
and incubated for 24 hours. An agar plug was removed from visualizgakpland placed
in 50QuL of cold PBS for five minutes. The PBS was then added to G&B$& in virus

production media (E-MEM  supplemented with 1%  L-glutamine, 1%
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penicillin/streptomycin/fungizone, 1% non-essential amino acasl 2% fetal bovine
serum) and incubated at%8 5% CQ. On the eighth day, the supernatants were removed
and clarified, viral RNA was isolated, and first strand synth&sis performed as described
above. The viral cDNA was amplified using the EXPAND High HgePCR System
(Roche Applied Science, Indianapolis, IN) in six fragments uiiegorimers listed in table
A.1. These PCR fragments were then sequenced using primers otréads,swith 500bp

coverage (table A.2).

DENYV growth curves on U937 cells expressing DC-SIGN

A human monocytic, cell line (U937) constitutively expressing DGMNslwas
obtained from Mark Heise at the University of North Carolin@lzpel Hill (115). The DC-
SIGN transduced cells were maintained &iC3%5% CQ in RPMI complete media (RPMI
1640 supplemented with 1% L-glutamine, 1% penicillin/streptomycin/fengz 1% non-
essential amino acids, 50mM 2-mercaptoethanol, and 10% fetal bovine serum
(Gibco/lnvitrogen)). For growth curves, virus was added to cellanaMOI of 0.05 as
calculated in the immunofocus assay described above. Cells arsdwere incubated for
two hours at 37C, 5% CQ. After two hours, cells were washed to remove unbound virus
and cells were resuspended in RPMI complete media. At six-htenvals, the cells and
supernatants were harvested. Cells were fixed and permeadalize then stained with
Alexa488-conjugated anti-flavivirus antibody 2H2 (gift of Robert Putnadt®% Reed Army
Medical Center). Infection percentages were determined by didametry and the titers

were calculated in an immunofocus assay described above.
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RESULTS

PRODUCTION OF INFECTIOUS VIRUS FROM CLONED DENV3 cDNA

Because previous work in our own lab and other demonstrated that thengih-I
DENV cDNA is toxic to E. coli, we utilitzed a technique previously described in
Coronaviruses (237). Using BsmBI, a type IIS restriction enzyna¢ recognizes a
palindromic sequence but cuts a set distance outside of thimigmogite (CGTCTUN)
(108), allowed us to amplify the entire viral genome in three adigicDNA clones that
directionally assemble. This method also allowed us to breageti@me into three pieces,
potentially limiting viral toxicity toE. coli The smaller fragments also provide manipulability
of smaller portions of the viral genome in an effort to make chémeruses containing
fragments from different clinical isolates and identifyioeg responsible for thi vitro

growth difference.

In order to develop a DENV3 infectious clone, we produced three overtappiNA
clones containing the entire genome of UNC3001. RNA was isdiatedthe supernatants
of virus-infected C6/36 cells and full-length cDNA was produced. &ln@gments of the
cDNA were amplified and TOPO cloned into pCRXL, producing dAO1, dBO1 aroQiC
dAO01 contained the first 2034 nucleotides of UNC3001 downstream of a T7 Rix#ofar,
dBO1 contained nucleotides 2029 to 5210, and dC/D01 contained nucleotides 5100-10707.
BsmBl sites were engineered at the 3’ end of AO1 and the 50&€BA1. A native BsmBI
site is located at nucleotide position 5155 of UNC3001. To produce doe EWTR of the
dengue genome, an Ecil site was engineered at the 3’ end of CEBXBI and Ecil are
class IIS restriction enzymes that recognize palindrontes sand cut outside of this

recognition site (108). The use of BsmBI allowed for each fragneehave unique sticky
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ends that would only anneal to those of adjacent fragments, pegilitectional ligationn
vitro.

We were able to recover plasmids containing the correct codqeeisees. These
recovered clones did contain some non-coding mutations. These noncoditignawtare
not corrected to allow for differentiation of infectious clone arateptal virus upon
sequencing. Plasmids dAO1, dBO1 and dC/D01 were propagatedcohi and digested as
shown in Figure 4.1. Fragments of the appropriate size were gegghand ligatedn vitro
overnight at 4C. The full-length cDNA was then digested with Ecil to producectiveect
3" UTR, and capped T7 transcripts were producedtro. The T7 transcribed DENV RNA
was electroporated into Vero cells and the cell supernataneshaevested at three and six
days post electroporation. The three days post electroporatiomanfaarts were added to
U937 cells expressing DC-SIGN. These cells were fixed amaest for intracellular DENV
antigen at twenty-four hours post infection. Approximately sevetepepf these cells were
positive for dengue antigen (figure 4.2a), indicating that the efsmtated cells produced
virus capabable of infecting a second set of cells. This virusedhatlC, was plaque
purified and sequenced, confirming that the unmarked mutations in our c@NAsovere
present in the IC virus and that the proteins produced were idemtitla tparental virus
(figure 4.2b). The supernatants from electroporated Vero celte algo titered in an
immuofocus assay (figure 4.2c). The titer of 01lIC in the edpotrated supernatants

increased exponentially over time.

GROWTH CURVES COMPARING PARENTAL AND IC DENV3 VIRUS

To confirm that our infectious clone virus behaved as the parental30NC we

compared the foci of both viruses (figure 4.2b) and performed viral grouvtles on U937
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cells expressing DC-SIGN (figure 4.4). Infected cells andreapents were harvested every
six hours for seventy-two hours. Cells were fixed and stained for intracdllENV antigen
(figure 4.3a) and the supernatants were titered in an immuncdssayg on Vero cells (figure
4.3b). The percentage of infected cells was the same for UNCB3d0Q14C at every time
point tested. Additionally, virus released into the supernatantheasatne at all time points.
These growth curves indicate that thevitro produced infectious clone virus, 01IC, infects

cells and replicates identically to our parental virus, UNC3001.

CONSTRUCTION OF CHIMERIC VIRUSES

To determine which genome regions of the Sri Lankan clinical esolare
responsible for the growth phenotype described in Chapter 3, we wmedtrchimeric
viruses by substituting either AO1, BO1 or C/D01 with the correspondagment from
UNC3006 or UNC3009 (table 4.3). We also mutated the 3' UTR of dC/D0ik teefquence
of either UNC3006 or UNC3009 using site directed mutagenesis. Therihiklength
cDNAs were assembled as shown in figure 4.1, capped RNAs wetmptgrated into Vero
cells and supernatants were harvested at three and siypalstyslectroporation. To verify
that we had produced the correct chimeras, virus was plaque parifieaimplified on C6/36
cells and viral RNA was purified and sequenced. The sequencesnwhfihat we had
produced viruses containing the structural genes of UNC3006 (named O&ALTYC3009
(names 09AIC) and the non-structural genes of UNC3001. Viral tirers these
electroporated cells were determined on Vero cells in an immcuefassay (figure 4.4).
Both viruses, 06AIC and 09AIC, were produced in our electroporation ancaeréo form

foci.
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DiSCUSSION

In this chapter, we describe the development a new infectious ctomeaf DENV3
clinical isolate using a technique previously used with Cornavirudgg).( Because of
toxicity and stability concerns, we amplified and cloned the DEN}8ome in three
overlapping pieces: A containing nucleotides 1 to 2034 downstream of theNA/ R
promoter, B containing nucleotides 2029 to 5210, and C/D containing nuclebfifi@sto
10707. BsmBlI sites were engineered in A and B outside of theagoegion and a native
BsmBI site in the UNC3001 genome was taken advantage of. Asitecivas engineered at
the 3’ end of C/D so that the exact 3’ UTR of the DENV3 genom#dcbe producedn
vitro. Using type lls restriction enzymes, which cutc outside thdingramic recognition
site and produce unique sticky ends, allowing for manipulation of cudtmigdirectional
ligation, we were able to assemble full-length DENV cDNA armblpce infectious RNA.
Once electroporated into cells, thevitro transcribed RNA was translated and replicated,
releasing virus into ghe cell supernatants. This virus wastiodscto various cell types and
behaved identically to the parental virus in an immuno-focus assay and in grové$. cur

We are now able to use this infectious clone system to ideagfgns of the DENV3
genome responsible for growth differences between two cliniokdtés. We constructed
recombinant chimeric viruses containing the structural genes &f30086 or UNC3009 and
the non-structural genes of UNC3001. These viruses were infeatiousehaved similar to
UNC3006 and the original recombinant 01IC in growth curves. Growth Kiegbieriments
are currently ongoing to determine if the structural generdifices between UNC3006 and

UNC3009 are responsible for the growth advantage of UNC3009.
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The growth advantage of the DENV2 Asian isolate compardtetdnerican isolate
was shown to be partially due to a difference in envelope protei®$39,Additionally, the
adaptation of the DENV2 D2S1 strain to mice was due to a unique atith® at positions
124 and 128 of E, resulting in increased viral affinity for heparin sulfate (39, 59).

The development of an infectious clone from a DENV3 clinical isadat the ability
to produce recombinant chimeric viruses provides us with an importartonéfor studying
DENV3. It can be used to determine which region of thee genoraspensible for specific
in vitro andin vivo phenotypes. Additionally, we can potentially determine the conseque

of specific residues in DENV3 pathogenesis.
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Primer Primer Sequence

Name

06CD1F 5 TGGAAGAAGAGATGTTCAAAAAGCG 3’

06CD1R 5 CATGTTGACTGAAGAGACAATGTTACCTGTGCC 3
06CD2F 5 GGCACAGGTAACATTGTCTCTTCAGTCAACATG 3
06CD2R 5 CTACGTTTACCAAATGGCTCCTTCCGAC 3

09CD1F 5 TGGAAGAAGAGATGTTCAGAAAGCG &

09CDI1R 5 CATGTTGACTGAAGATACTATGTTACCTGTGCC 3
09CD2F 5 GGCACAGGTAACATAGTATCTTCAGTCAACATG 3
09CD2R 5 CTACGTTTACCAAATGGCTCCCTCTGAC 3

013'UTRF | 5 GGAGCCATTTGGTAAACGTAGGAAGTGAAAAAGAGGCAA 3
3'BsmBl 5 CGTCTCNNNNNAGAACCTGTTGATTCAACAGCACC &

Table 4.1 UNC3006 and UNC3009 CD fragment cloning primers.
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Virus A Fragment | B Fragment | C Fragment | D Fragment | 3 UTR

olIC UNC3001 UNC3001 UNC3001 UNC3001 UNC3001
06AIC UNC3006 UNC3001 UNC3001 UNC3001 UNC3001
09AIC UNC3009 UNC3001 UNC3001 UNC3001 UNC3001
06BIC UNC3001 UNC3006 UNC3001 UNC3001 UNC3001
09BIC UNC3001 UNC3009 UNC3001 UNC3001 UNC3001
06CDIC UNC3001 UNC3001 UNC3006 UNC3006 UNC3001
09CDIC UNC3001 UNC3001 UNC3009 UNC3009 UNC3001
06C09DIC | UNC3001 UNC3001 UNC3006 UNC3009 UNC3001
09C06DIC | UNC3001 UNC3001 UNC3009 UNC3006 UNC3001
o6UIC UNC3001 UNC3001 UNC3001 UNC3001 UNC3006
oouIC UNC3001 UNC3001 UNC3001 UNC3001 UNC3009

Table 2 Virus panel to determine genome region responsible for grolwphenotype
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Position
27

Protein

(Position)

C (27)

UNC3001

P

UNC3006

S

UNC3009

286

E (6)

404

E (124)

775

NS1 (2)

901

NS1 (128)

946

NS1 (173)

990

NS1 (217)

1123

NS1 (350)

1162

NS2A (37)

1275

NS2A (150)

1283

NS2A (158)

1284

NS2A (159)

1380

NS2B (37)

1504

NS3 (31)

1642

NS3 (169)

1658

NS3 (185)

1921

NS3 (448)

2191

NS4A (99)

2192

NS4A (100)

2540

NS5 (50)

2743

NS5 (253)

2760

NS5 (270)

2855

NS5 (365)

2864

NS5 (374)

2990

NS5 (500)

3106

NS5 (616)

3129

NS5 (639)
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Figure 4.1 Construction of a DENV3 infectious clone.
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09AIC

Figure 4.4 Chimeric viruses are viable and generate immunfoci on Vero cells

Supernatants from 06A and 09AIC electroporated cells were added to VeroBuehs
viruses replicated well in Vero cells.
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CHAPTER 5. SUMMARY , CONCLUSIONS AND FUTURE DIRECTION S

143



A number of studies with Arboviruses have examined the role oftstal motifs and
nonstructural mutations involved in viral pathogenesis and virulence. sltvddy of work,
we have sought to examine how dengue, a mosquito-borne Flavivireigcist with host
cells and to characterize in vitro differences between viris®ated before and after the
emergence of DHF in Sri Lanka. The first goal of this studgs to determine if viral
glycoprotein structures differ when propagated in arthropod versosmakan cells. The
second part sought to analyze evolutionary relationshipghamgo growth characteristics of
Sri Lankan clinical isolates. Using a panel of viruses isolatéar to or following the
emergence of DHF in Sri Lanka, we performed kinetic growttegments to determine if
the viruses associated with DHF had a fitness advantage in human cidistsittat seen in
mosquitoes (85). The third goal was to develop a reverse gsegsten for DENV so that
various mutant viruses could be constructed and characterized. Tkenmsented in this
dissertation will help further the understanding of how DENV interagth host cells and

potentially elucidate viral virulence factors.

N-L INKED GLYCANS ON DENGUE Viruses

Previous work with alphaviruses and West Nile virus has shown thest produced
in the arthropod vector is structurally different than virus producetlamtammalian host
(42, 43, 112, 194, 195). The viral glycoproteins of mosquito-derived virus are high mannose,
whereas those of mammalian derived virus are more highly pesc¢43, 194, 195). The
high mannose glycans on mosquito-derived virus particle allow the torwefficiently
interact with C-type lectins, rendering the virus highly infacsi on monocytic target cells

(43, 194, 195). In addition to mediating infection, these high mannose glytamha host
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immune response to alphaviruses (194). Upon infection, mosquito-derpleavialises
evade or suppress the host antiviral response, leading to less IFNtgmodiompared to
mammalian-derived virus.

Since DENV is an arbovirus like alphaviruses, we were keehaiacterize potential
differences between mosquito- and mammalian-derived DENV. ké&inpreviously
characterized arboviruses, mosquito-derived DENV did not infect a higher pereafitDC-
SIGN expressing cells or primary human dendritic cells. ctida of both viruses was
mediated by DC-SIGN and the kinetics of infection was simildpon characterization of
the major viral glycoprotein E, we discerned an explanationifoilas infectivity. Both
mosquito- and mammalian-derived DENV have a high mannose glyqaosiion N-67 of
E. This glycan can mediate infection of DC-SIGN expressitig bg both viruses. The
second E glycan at N-153 is more highly processed in viruses produdsathbgell types.
The mosquito-derived virus has a low mannose glycan whereas the hiwmaeaived virus
has large a large complex sugar. Following charactesizati glycans on various forms of
E, we learned that membrane-anchoring plays an important roleemmileihg whether the
glycan at N-67 is processed. When E is tethered to the membmaragranged in viral or
subviral particle, host cell glycans are unable to acceds-8i& resulting in minimal glycan
trimming during viral egress and high mannose sugars on E. IeEpressed without the
transmembrane anchor, the soluble protein is secreted and host eargrabke to access E
N-67 and the resulting glycan is complex.

CHARACTERIZATION OF SRI LANKAN CLINICAL DENV3 | SOLATES

The emergence of DHF in new geographic areas has been ts$oeith the

replacement of existing DENV viruses with new viruses aswatiavith DHF in other
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geographical regions (64, 142, 173). This finding led to the hypothesisdime viruses
within specific serotypes are more fit than others (38). We ¥egtunate to have access to a
panel of DENV3 isolated in Sri Lanka before and after the emeegeiilDHF in 1989. The
growth of these viruses has been characterizefkdes aegypti mosquitoes. The viruses
associated with DHF replicate to higher titers and dissdeinghin mosquitoes better than
those isolated prior to the emergence (85). Thus, it appeango$taDHF viruses possess a
fitness advantage over pre-DHF viruses in mosquitoes, potentiallpimxgl the clade
replacement seen in Sri Lanka (85, 142).

Previous work with DENV2 showed the DHF-associated viruses héithess
advantage in mosquitos and in primary human DC (38). Therefore, mtedv® determine
if the pre- and post DHF viruses behaved differently while imfgchuman DC-SIGN
expressing cells. Unexpectedly, in our experiments, the pre-DiiBeg infected human
cells better than the post-DHF viruses. Additionally, more virus wteased from cells
infected with pre-DHF viruses. To further characterize this npiadein vitro growth
difference, we focused on one representative virus from each grol.viflises clearly
replicated with different kinetics: the pre-DHF virus produced|\ardaigen earlier than the
post-DHF virus and replicated up to 100 times higher than the post-DiB. viOur
preliminary studies indicate that the pre- and post-DHF isolatesto and enter cells with
similar efficiency. Thus, a post entry defect is likely torbsponsible for the different
infectivity of pre- and post-DHF viruses. More studies are egéal confirm and extend this
observation.

In order to identify potential viral virulence factors, we comgdhbe entire genome

sequences of our Sri Lanka clinical isolates and other DHF-assocviruses. We
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confirmed that the post-DHF viruses are more closely relatedthter DHF-associated
viruses isolated in Africa and South American than to the pre-ldHiSes. We were also
able to identify coding and 3' UTR mutations that differentiated theL&ka pre-DHF

viruses from all DHF-associated viruses. These changes la@ated in E, NS1, NS3,
NS4A, NS5 and the 3' UTR. It is currently unknown which of thes&ations are important
for the fitness advantage seen in mosquitoes or the growth diésretserved in human

cells.
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THE CONSTRUCTION AND CHARACTERIZATION OF A DENV3 INFECTIOUS

CLONE

DENV is a RNA virus, precluding genetic manipulation without a sveyenetics
system. In such systems, the viral RNA genome is fixed a& &idl propagated i&. coli
or yeast. Once fixed, we can manipulate the genetic codeNéf Wuses and produce
recombinant progeny viruses. These viruses can be characterzediimnber of systems to
describe phenotypic consequences of genetic changes.

For the final portion of this dissertation, we developed a regasetic system for
DENV3. We chose a post-DHF isolate as the parental stnairused NoSeeM technology
to construct an infectious clone in three pieces. We were ablsémbly full-length DNA
and produce T7 transcrits. Once electroporated with RNA, hostprelisiced infectious
virus. The recombinant virus replicated with similar growth koseto the parental virus. In
addition to producing recombinant wildtype virus, we were able to prachineeric viruses
containing genetic material from more than one virus. Thus farhave isolated four
recombinant chimeric viruses.

The development of a DENV3 reverse genetic system is a nmajbibation that can
be used to characterize chimeric and single mutation viruses.veVéready produced
viruses containing structural and nonstructural mutations and shown visolzda mutants.
Using chimeric viruses containing regions of the genome or speggfies from pre- and
post-DHF viruses, we may be able to determine which changesrwehdsetween groups

contribute to then vivo andin vitro phenotypes described above.
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Fragment

Forward Primer

Reverse Primer

1-2497

AGTTGTTAGTCTACGTGGACCGACA

CCAGGTATGGACCTCGTEGT

2250-5171

GAAGTGCTTACACAGCCCTATTCAG

GAGTTCTTAAACGTICTTGATTGCC

5000-7108

AGCGGAATAGCGCAAACAAATGC

CAATGCCAGTAGTGGTBGCCTAA

6650-8613

ATGTTGTGGATGGCCGAAATC

TGGCCAAATGGAGTTGTAOTGTC

8315-10452

ATAGAGAAAGATGTGGATTTAGGAGCAGG

TTTGCAGCQICCAGGTTTTA

9951-10707

CTATTCATGCTCACCATCAG

TACATGCCTTCAATGAAGBATTCAGG

Table A.1 PCR primers to amplify segments of DENV viral isolates for usai

sequencing.
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Primer Name

Primer Sequence

1F

5" AGTTGTTAGTCTACGTGGACCGACA 3’

276F 5’ CAACAGCAGGAGTCTTGGCTAGA 3’
470F 5" ATGATTGTGGGGAAGAATGAAAGAG 3
980F 5’ TCAGGAGCTACGTGGGTTGACG &
1490F 5' CGGACAGGTTTGGATTTCAATG &
1995F 5’ CAGTGGTGACTAAGAAGGAGGAGC &
2500F 5" AGAGCAATACAAATTCCAAGCAGAC 3
3000F 5’ CCGACATGGGCTATTGGATAGA 3’
3500F 5 GGTGTCTTGTGTTTGGCAATCC 3
4001F 5' TTACCAGTGTGCCAGTCTTCGAG 3
4449F S’ TCTTTCCATACTCCATACCCGCA &
5000F 5" AGCGGAATAGCGCAAACAAATGC 3’
5502F 5" ACGCTCCAATTCAAGATGAAGAAAG 3
6000F 5’ TGGACAACATTAACACACCAGAAGG 3
6500F 5’ GCGGTGGAGGAACTACCAGAA Z
7001F 5’ GCAAATGTGTCCCTGGCAGC 3

7503F 5’ GCTATTTAGCAGGAGCTGGGCT 3
8000F 5’ GACATCGGAGAATCTTCACCAAGC &
8495F 5" AAAGCCACAGGCTCAGCCTC &

9000F 5’ GAGCCAGGTACCTTGAGTTCGAA 3’
9500F 5’ TGGTTGGAAACCAAAGGAGTGG 3
10001F 5’ TGGAACAGGGTGTGGATCGA 3
10251F 5" AAGGAGCCATTTGGTAAACGTAGG 3
10501F 5' CCCTCCCATGACACAACGCA Z

257R 5’ TGAGGAAAGCTATGAACGCCAT &
525R 5' CCAGAGGCTGTCTTAAAAAGTAGGGATTT 3’
942R 5’ CATCTCATTGTCATGGATGGGGT 3
1233R 5" CCTCTGTCTACGTATGTATGCTTACACAC 3
1696R 5’ TTGCGATCCAAGGACGACTACT 3
2200R 5’ TGATCCAAAGTCCCAAGCTGTG 3’
2712R 5' CCTTGCTCTAAGACCCCAATTGTA 3
3232R 5’ CAATTTTCCTAAGTGCCAGGGTC 3’
3732R 5’ GCCAAGAATGGCTGGATTTTAAATG 3
4209R 5’ GCCATGGGCACATCATTTCTAAG 3
4717R 5" GTTTGGTTCCAGTCTTTTCCCAT 3
5187R 5' GTCGGTGCCAAAATTAGAGTTCTTA 3’
5737R 5’ TGTCACCACGAAGTCCCAATCA 3
6255R 5' TCCACATCCATGTTCTCCTCTAAAA Z
6746R 5" GCTTTTCTGGTTCTGGTATAAGCAACA 3
7232R 5" CTGTCCTTTTCTGAGCTTCACGA 3
7734R 5' CTGGACACGGCATGATGTGTTA 3’
8255R 5’ CTGAAGAGACAATGTTACCTGTGCC 3

151




8724R 5’ TTCCTTCCCAGGGTTCTCCA 3

9240R 5' TCAGGGTCCATTTGCTGTGTG 3

9709R 5’ TTCATGAAAGTGGTGGGAGCA 3’

10172R 5’ CCTGTTGAATTGCTGTGGGTATGT 3’
10452R 5" TTTGCAGCCTCCCAGGTTTT &

10707R 5’ TACATGCCTTCAATGAAGAGATTCAGG 3

Table A.2 DENV3 whole genome sequencing primers.
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