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ABSTRACT

In terms of prevalence, human suffering and costs dengue infections are the most
important arthropodborne viral dsease worldwide. Dengue virus (DENV) is a mosguito
borne flavivirus and the etiological agent of dengue fever and dengue hemorrhagic fever.
Thus, development of a safe and efficient vaccine constitutes an urgent necessity. Besides
the traditional strategs aim at generating immunization options, the usage of viral
vectors to deliver antigenic stimulus in order to elicit protection are particularly attractive
for the endeavor of a dengue vaccine. Ml vector (MVvac?2) is genetically
equivalent to thewrrently used measles vaccine strain Moratdrich adds practicality
to myapproach. The goal of the present study was to generate a recombinant measles
virus expressing structural antigens from two strains of DENV (DENV2 and DENV4)

The recombinant vectsreplication profile was comparable to that of the parental strain
and expresses either membrane bound or soluble forms oV/®ahd DENV4 E
glycoproteinsl discusguture experiments in order to demonstrate its immunogenicity in

our measlesusceptiblanouse model.
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Chapter 1-INTRODUCTION
1.1Dengue viral infections are the cause of major public health problems worldwide.
Dengue infection has increased the global health concern. More than 100 countries,
wheredengue infection is now endemic, include both tropical and subtropical countries
thathave been affected Wor | d Heal t h Organization (WHO) r
world's population is at risk of dengue infections with an increasing in the annual number

of c @eedigurel)Unfortunately, Dengue causes hospitalization and death mostly
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Figure 1,Represent the global distribution of Dengue virusDengue virus (DENV) is
endemicinmosb f t he Worl dés tropical and s
DF and dengue hemorrhagic fever DHF cases during one year are stwiwre reviews

microbilogy(1)

among children. Dengue infection became a very severe problem after 2000 where a
sharp increment in the number of reported dengue infection cases reached 100 million
cases, including one million case of severe dengue infections (dengue hemorrhagic fever,

DHF and dengue shock syndrome, DSS) which lead to 22,000 ¢éatGenerally,
1



Dengue virugDENV) infection results in a spectrum of clinical manifestation ranging

from asymptomatic to deng fever (DF) which is characterized by-fike-symptoms
(headache, fever and severe eye pain), muscles pain, joint pain, abdominal pain, nausea
and rasl{6-8). Common laboratory abnormalities in DF are elevation in serum
transaminases enzymes (indicator of liver damage), thrombocytoper&uaodenig9-

12). Full recovery fron DF can be expected in most of the caSesetimes,

DENVinfections might cause life threatening DHF or DSS. DHF is characterized by all
DF symptoms combined with hemorrhagic tendencies evidenced by spontaneous
bleeding from the mucosa, gastrointestinatt and other locations, thrombocytopenia

(low platelet count) and evidence of plasma leakage due to increased vascular
permeability(13-15). Characteristicallypatients with a high tendency to hemorrhage
present a positive tourniquet sign as evidence for capillary hemorrhage. DSS is
characterized by all DHF symptoms combined with rapid or weak pulse and narrow pulse
pressure defined as the difference betweembkysind diastolic blood pressure.
Hemodynamically, the shock syndrome is associated mainly to a reduction in peripheral
resistance caused by a generalized vasodilatét®ri4). These severe dengue infections
might result in death mostly among patients younger than 15 years old. The WHO
classified DHF in four grades from | to IV. DHF grades | and Il represedtcages

without hemorrhagic manifestations or shock and high number of recovering cases.
Grades lll and 1V, cases are more severe and are characterized by hemorrhage leading to
shock. The lifethreatening DSS stage occurs in the early stage of gradedid.cid the

patients do not receive prompt and appropriate treatment, severe cases of DHF and DSS
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Figure 2.Represent the transmission cycles of Dengue viruEnzootic or sylvatic cycle
takes place in Asia forests has a minimal contribution to the urban epidemic cycle
amplification of Dengue virus in the human body result in gtivey high titer virus in the
blood of infected human which is enough to transmitting virus to mosquito to mainta
virus through urban epidemic cycle with no need to the enzootic cycle. Which mat
enzootic cycle has no impact in the widespreadefigue virus in the human populatic
comparing to other arboviruses such as yellow fever virus where the enzootic cycle cor
to the widespread of the virus among the human populaii@nre Reviews Microbioldit)

may be lethal within 12 to 36 hours after the beginning of a grade IV DHF (16).
DENV is the most important arbovirus (anthropolmbrne) disease that istrsmitted to
human by mosquito bites. Anthropoid vector includesies.aegyptwhichis the
predominant vector, anledes.albopictusyhich can sustain transmission in some
endemic areafl7). Aedesnosquitos aréhe main cause of ¢hdisease spreading
worldwide, including South America, North Amerj@sfrica, Asia and Australia
Mosquitos are infected when it imbibes virus with blood meal from an infected host.

After the ingestion of infectious blood meal, the virus infects and phiekiin midgut
3



epithelialcellf18). The virus amplification happens in
cells, which results in the distribution of the virus through the hemocele (the mosquito

circulatory system). After the gfification of the virus, it will infect the epithelial cells

of the salivary gland and the mosquitos will be capable of transmitting the virus in the

infected salivary fluid to humans by feeding. The time period from the infection of a

mosquito from an ifected host to when the salivary glands became infected and the virus

can be transmitted is called Aextrinsic incu
12 days depending on the tempera{ge® figure 3]18). Mosquibes are cold blooded

and their metabolism and biology are greatly affected by environmental conditions.

Temperature is one of the most important factors in the viral transmission by mosquitoes.

The temperature directly affects the viral replicationinti@s qui t oes 6 cel |l s an
increment in temperature increases the rate of the virus replication. However, the

mortality rates of mosquitoes increase at high temperature. The effects of temperature on
mosquitoes and viral replication, may explain the distrdn of theDENV infection and

vector in the tropical and subtropical countries, since they have suitable environmental

conditions for the virus replication and for the mosquitos to th{di8e The disease

control is cumbexeme since the geographic expansion of the vector has increased the

circulation of viruses worldwide. Prior to the 1970s, DHF was only reported in five

countries located in South East A§l&). However, now DHF has been reported in more

than 60 countries arldENYV is endemic in more than 100 countries. Thenadatic

increase in Dengue infection is due to the geographical expansion agyptiafter the

vector control efforts decline. Other arboviruses required an enzootic cyckananm
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Figure 3,Represent the feeding and transmission cycle of mosquito borne Dengt
virus. In host #1 high titer virus in the blood occurs at levels that can infect mosq:
for 2 to 6 days. Aftea mosquito ingest virus with blood meal, it takes 8 to 14 days fo
virus to infect the slavery glands, by that time the mosquito became infected ar
transmitted the virus when bite host#2. This period called Extrinsic incubation g
(EIP). Thetime it takes from infection of host#2 to the onset of symptoms is c:
intrinsic incubation period(lIP) in host and it takes 4 to 7 days

Incubation
period

Host #1

primatesmosquitenon-human primates) for virus amplification angintenance of virus
transmission in humafi9). In contrastDENV is the only virus among the arboviruses

that can be amplified and maintained by urban epidemstnission cycle (human
mosquitehuman). Enzootic cycle of Dengue transmission does exist in the forests of
Asia, but the contribution of this cycle to the urban epidemic cycle is mifgealfigure

2) (20). Which make the control of the virus transmission by destroying enzootic cycle is
notan option folDENV. Once the infected mosquitoes transmit the virus to a healthy
human host, the virus will replicates into the resident cells at the site of mosquito bite and
the virus will be amplified and spread to infect other tissue and organs (8eg. e

time between a human being infected and the onset of symptoms due to infection known

as Aintrinsic incubation periodo (I1P) range



(see figure 3)

1.2 Thepathogenesis of Dengue infectiodepends o the cell and tissue tropism of
DENV.DENVi s transmitted by mosquito bites that
entry route of the virug0). After mosquito bite®ENV will pass the epithelial cells

surface where it will reach the subepithelial tisq@ds22). As a result, the virus will

infect the lymphatic cells that are present in the subepithelial tissues. Epidermal dendritic
cells, known as Langerhanslls, are the main targets of infection; these immature
dendritic cells have a great phagocytic capaBigNV infection induces
maturation/migration of these cells. The infection of these dendritic cells will cause
lymphatic spread dDENV (23). The infected dendritic cells will migrate to the lymph
nodes where monocytes and matrages are recruited in which they will be also

infected byDENV/(24-27). The infected macrophage and monocytes will circulate

through the blood stream, whichkisown as primaryiremia(this term denotes the

presence of virus infectivity in the blood stréan®nce the virus gets into the blood

stream the viral infection will be localized in the other organs (see ffjulidne

secondary viremia reflects the oatts replication oDENVin host cells; its intensity is

about 18to 1 Dengue infectious units per ml at its pgag). It is sustained by

infection of blood derived monocytes, myeloid dendritic cells and tissues macrophages
(including spleen and liver macrophages). By this time Dengue infection will have two
impacts: the immune responses and the replication of the virus in other tissue and organs.
Infected macrphage will cause the infection of liver, spleen and bone marrow stromal
cells (see figurd). Other organs have tropism for Dengue infection including kidney,

6



lung and the central nervous systét8-30). Several organs infection by Dengue is one

of the main events associated with DHF and DSS, where the viraemia is genefdy 10
fold greater than in DE31, 32). Replication oDENV has different effect on different

organs and tissues. For instance, infected liver macrophages will infect both hepatocytes
and Kupffer cellsesulting in necrosis and apoptosis in li(@8). As a result, decreases

in the liver function will happen which cause releasing of toxic products, decrelasing t
synthesis of coagulation factors and decreasing in the level of platelets. Losing liver
function develops coagulopathy disorder that may result in progressing of Dengue fever
to DHF and DSS. Replication DENV in bone marrow stromal cells causes seppion

of haemopoiesis (responsible for the formation of all cellular blood components) that may
cause leukopenia and lymphopenia. Furthermore, the increase of the virus load in the
peripheral monocytes causes severe dysfunction of endothelial cellsjunamn,

severe thrombocytopenia (decreases in the platelets count) and platelet dysfunction,
associated with the eventual loss of the vascular stability, can(84,c8%). Thus,

increasing capillary fragility and gastrointestinal mucosal bleeding will take place, which
are characteristic of DHF. In addition, severe infection of endothelial cell causes plasm

leakage, which is characteristic of DES).
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Figure 4,Represent the route of infection of Dengue virus and the consequence of t

infection.

Mosquito carrydengue virus will bite the skin of the patient result in 1

transmission of dengue virus particles into the body. The virus will infect imm:
Langerhans cells, which will cause lymphatic spread of the infection and the priineamnya.

The virus willthen infect other organs and tissues where the virus will replicate into higr
thus, the secondaryiremia will take place and other organs and tissue will be infec

includes brain, lung and kidneyliedical virology



1.3 Dengue virus genome and virus particleENV is a positive single stranded RNA
virus of Flaviviridae family. Th®©ENVencodes structural and nstructural proteins
which includes, capsid (C), Precursor membrane (PrM), envelop (E), nonstructural
protein (NS1, NS2A, NS2B, NS3, NS4A, NS4B and N&ge figure 5) DENVcomplex

has four serotypes (Denguet)l(36). Phylogenetically the four Dengue serotypes are

distinct and always cluster by themselves within the mosquito borne flaviviruses branch.

The amino acid sequences of the four serotypes protein are homologous-68%3%
while Dengue 3 and Dengue 1 sequence is more related than the other two s€@}types
(38). The Dengue mature virus particles has smooth outer surface vahextral

scaffold of 90 glycoproteins envelope (E) dimg9). These 90 E dimers are laid parallel
to the lipid bilayer of the viral membrane where the E prote@savering the

membrane (M) protein completely in the mature virus. The location of the small M
protein is relative to the overlaying scaffold of E dim@%. TheM protein produced
during the maturation of Dengue virions in the host cells secretory pathway (discussed
later) by the cleavage of the precursor membrane (PrM) pr@@inin contrast, the

outer surfacef immatureDENV particles are formed with 60 spikes each composed of
three E monomers surrounding a putative trimer of PrM which cover the protruding
fusion peptide in E protei@1) (39). In contrast to the external surface, the virus has less
well-defined inner isomeric nucleocapsid core which formed by the genomic RNA and

multiple copies of capsid (C) proteins which is surrounded by adersted lipid bilayer.

The positive polarity genomic RNA is about

cellular MRNALDENVgenomi ¢ RNA | ack ¢&ee3igurepjdd.yadenyl at

1



Genome encodes a single | ong open reading fr
regions ( NCR) .RareRaloat 108 ducleotidés (r&) @ndN@ nucleotides

(nt) respectively and they play a key role in regulation the replication of the genomic

RNA and the translation of the OR#&2, 43). The translation dDENV polyprotein is a

cap dependent and initiated by host cell ribosomal RNA. The large polyprotein will be

directed into the endoplasmic reticulum to be gbydated by cellular

glycosyltransferases and cleavage into 10 proteins by cellular and viral pr@segses

figure 6) The first proteins to be cleaved are the structural proteins and nonstructural

protein 1 (NS1) as there are a host cellular peptidaseebatC/PrM, PrM/E and E/NS1.

TheDENV encodes serine protease will cleavage between NS2A/NS2B, NS2B/NS3,

NS3/NS4A, NS4A/NS4B and NS4B/NS5. However, the enzyme responsible for cleavage

between NS1/NS2A is unknow#4, 45). The only structurgbrotein to be released from

the polyprotein into the cytopl asdnelicgals t he ca
protein(46). Nascent C (anch C) contains hydrophobic anchor atd¢hemminal that

serves as a signal peptide for endoplasmic reticulum (ER) translocation of PrM and the

first signal sequence to be translated by cellular ribosomes. This hydrophobic domain is

cleaved by viral protease to release mature C protein whichdf@lce into compact

di mer with each monomy. Thesewil thénbindrioghef our U he
genomic RNA and interact with the membrane surface to forr@EMV nucleocapsid

or the viral core. The glycoprotein precursor of M protein contains glycosylation sites at

the Nterminal region, which is down stream of the hydrophobic signal sequence domain

of C protein. A cellular protease called signal peptidadiecleavage downstream the

10



signal sequence to release theéeminal of the PrM protein while the-€rminal has the
transmembrane domain (TM) act as-EdRention signals to keep the protein associated
with the ER membran@). The major function of the PrM protein is to form a cap to

cover the fusion loop of the E protein to prevent E from fusion during transit through

A B
Envelope - ]
glycoprotein
Bl Domain | - central
=3 Domain |l — dimerization
mm Domain Il - receptor C
binding 3
wm Fusion peptide I " " E " ]DE” i) "_]ﬂl e I
)8 || Oy || ;’;“ 2
e 32| L | | Z|ER|EE
- 5 = th) Sy 1
b e e tes Taoe

Figure 5,Represent the Dengue ivus genome and virus particle.A. the mature Dengue
virion is spherical, enveloped virus contains three structure proteins (Capsid, membra
envelop) and RNA genome. The M and E proteins are arranged in the surface of the
where the E proteinaver the M protein completely. The ectodomain of E protein comp
of three structural or functional domains: Domain | is the central domain(Red), Domaii
the dimerization domain (yellow) and has the fusion peptide (Green) and Domain Il
recepor binding domain (Blue). B. The Dengue virus genome is a single stranded, pios
sense RNA genome. -typel stiucgure @aral plcesn'd caritagn goolybdgnylé
3 -@ail. The coding region of the genome is divided into structural and nohstal protein
and flanked by 386 and 56 wuntraslating
genome are shown which is translated into 3 structural proteins and 7 nonstructural p
NMR and XRay structures are shown for C, PrM, E, NS3 ld66&.

secretary pathwaf0). PrM is about 26 KDa present in the surface of immature virions
which will be cleavage during virus maturation to release the glycosylatethihal Pr
fragment from the small, membrane anchored M proteintwisiabout 9 KDa and
function as scaffold to maintain E proteins folded properly. Envelop protein is Type |
integral glycoprotein and the major protein in the surface of Dengue virions which is

about 53 KDa and mediates host cell receptor binding and rmembusion48) (4).
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The E protein is present in tworfos metastable or natural pH conformation and
low pH conformation in order to have this flexibility to undergo conformational changes.
E protein has more complex structure compared to the C and M p8gii protein
monomer is structurally divided into a tvix@lix transmembrane region, which is about
50 a.a and also call ed 0OThesecammoresponsibletod ongat ed
attaching the @erminal of theE protein into the ER membrane while upstream of the n
terminal will be cleaved by signal peptid448, 50). E piotein, lacking the steam region,
will be released from the ER membrane and is called soluble form of E protein (SE). The
ectodomain has three domains that are joint by flexible junction that are capable of hinge
like motion that are important for the confmational changes of E protein during virions
maturation and fusion of the target cell membrane. Each domain carries out certain
function, Domain | (D) is flanked by DIl and DIll and composed of egglit r arnded D
sheet which participate in the conformational changes induced during viral (89j&®,
51). Domain Il (DIl) contains hydrophobic fusion loop medigtes virusi cell
membrane fusion at its tip which hidden by the PrM protein the immature virions and by
a hydrophobic pocket that is supplied by DI and DIl of the second E monomer in the
dimer interaction on the surface of mature viriggese figure 6)Domain Ill has an
immunoglobulin (Ig) like fold and constitute thet€minal of the E protein ectodomain,
DIl undergoes a major positional rearrangement during cell entry and is proposed as the
receptor binding domai(b1). Non-structural protein 1 (NS1) is a translocated
glycoprotein into the ER membrane by theemminal signal sequence of E protein and

cleavage from the E protein by host signal peptidase andagedrom NS2A by
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unknown protease. Cleavage NS1 could present in the cell surface in form of highly
stable homodimers or be secreted into the extracellular space. The function of NS1 is not
clear yet, NS1 plays a role in tteNV RNA replication as it wademonstrated that
introducing mutation to NS1 lead to dratic defects in RNA replicati@¢b2). In addition,

NS1 playa key role in the immunopatbenesis oDENV. The function of the nen

structural protein 2A(NS2A) is not clear however, there is some evidence that NS2A can
act as an interferon (IFN) antagonist and assisDE#NV evasion of interferon inhibition

of viral replication(53). One of the most important natructural proteins is NS3 which

carry out multifunction includes serine like protease activity, RNA helidd§@ase and
RTPasg54). The Nterminal of the NS3 has the protease domain (180 a.a), which

cleaves the viral protein at multiple sites (see figimdiscussedl@ove).

<)

Figure 6,Represent the membrane topology of Dengue virus polyproteihe viral RNA
is translated as a polyprotein and processed by cellular and viral proteases (represe
arrows with different colors). The structure proteins are relefisat the poly proteins by
signalase cleavage in the ER. The PrM and E proteins remain anchored in the lumen
the ER membrane and the C protein remain anchored in the cytoplasm side of the ER
will be cleavage later by the NS2b/NS3 proted$e nonstructural proteins are released fr
the ployprotein by NS2B/NS3 protease in the cytoplasm with exception of NS1 \
cleavage by unknown protease on itgeninal. The C, NS1, NS3 and NS5/NS4Bwill |
disassociate from the ER membrane whiledtreer protein will be membrane anchoréehll
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Theprotease activity of the NS3 is dependent on the presence of-thetao
NS2B which will form an NS2BNS3 serine protease compl@hs). The cofaatr NS2B
warps around the protease domain of NS3 in alizelstructure and anchored its
hydrophobic region into the ER membrane to bring the protease domain close the
transmembrane domain that must be cleaved within the polyp(8&inThe Gterminal
region of the NS3 protein has nucleic acid modifying activates which are essential for the
Viral RNA replication. RNA helicas&lTPase is an enzyme has RisfAmulaed
nucleoside triphosphatase (NTPase) activity and RNA unwinding activity. The helicase
NTPase domain is composed of three subdomains, where two of them represent the
NTPase activity and the third part carry out the RNA unwinding acting3 G
terminalencodes an RNA triphosphatase activity (RTPase) responsible for
dephosphoryl ate the 50end .dNS4Atrd&SBvarer a l RNA b
small hydrophobic proteins which act as antagonist to block type I INF signaling
pathways that are essentialenhance thBENYV replication(53). The largest (104KDa)
and the most conserved protein among Dengue serotypes is tegumiaral NS5
protein. NS5 is anultifunctional protein with methyltransferase (MTase) and RNA
dependenRNA polymerase (RARP) activiti€S5). The Nterminal of the NS3 protein
has the MTasedoman, whi ch i nvolves in the modificat.i
C-terminal of NS5 contains the RdRp essential for the RNA replication. In addition to its
role in the RNA replication, NS5 has the ability to block the signaling pathways of type |

interferon to enhance the viral replication and infectiyig, 57).
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1.4 Dengue virus infectious cycleThe basic stges of the DENVife cycle include;
attachment to cell surface, internalization into the host cell, releasing of the nucleocapsid
and transfer of RNA into cytoplasm, translation of the viral protein, replication of

genomic RNA, assembly and maturatiortled virions, and ultimately the release of

mature viruses from the cellsge figure){36, 40). The early stges in theDENV life

cycle involve the viral entry, which is mediated by receptor recognition and attachment
(seefigure 7a.1). E glycoprotein is responsible for the receptor recognition and
attachment to concentrate the virions in the surface of hdst €ee recognition of virus

T specific cell receptor contributes to host range and tissue tropism (the tissues where the
virus can replicate36). DENV has a wide range of tissue tropism and host range of
human and mosquitoes that is why it is wuncle
receptor is unclear. Dendritic cells haveuaface protein called DSIGN (Dendritic
Cell-Specific Intercellular adhesion molectBeGrabbing Norntegrin) that is the

putative primary protein receptor fDENV (58, 59). The attachment and the

concentration of the virus particles on the surface of the host cells is mainly mediated by
the domain Il of E protei60-62). However, there is a differential receptor usage by the
four Dengue serotypes. For instance, DENSpecific binding protein on human liver

cells is the 37/67KDa highffinity laminin receptor(63), while the GRP78 glucose

regulated protein has been identified as a receptor for DEMYérnalization into human

liver cells(64, 65). The glycosylation pattern on the viral surface varies among different
Dengue serotypes that can explain the differential receptor usage among these serotypes.

In addition to the viral factors, cell factors such as heat sock protein associated with
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membrane micralomains or lipid rafts can participate in DENV entry as a receptor
complex which includes Hsp90 and Hsp70 in human monocytes and macrophages as well
as @45 and 74 KDa proteins in mosquito c€8§, 67). The internalization oDENV

into the host cells happday receptoimmediated endocytosis (RME), also called clathrin
dependent endocytosis, is a process by which cells internalize (endocytosis) the virus
particles by the inward budding of plasma membrane vesicles containing the E proteins
attachment wh surfa@ receptor (see figurea’2) (68, 69). The plasma membrane

vesicles bud into the cytoplasm and delitres virus particle to early endosomes. Early
endosomes mature in several ways to form late endosomes as they become increasingly
acidic at which theirus fusion occurs (see figurebj. Flaviviruses are considered

important models for studying viral mémane fusion as they exhibit the most efficient

and the fastest fusion machinery of all enveloped vir@E&sDENV membrane fusion

is mediated by a class Il viral fasi protein, the major enveloped protein E has
hydrophobic sequence represent the fusion peptide which mediate the fusion of the viral
lipid membrane with the endosome lipid membréf®. The initiation of the fusion
processes depend on some factors that include: acidic pH, lipid compassion of the target

membrane, and histidine residues in the E prdésh
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Figure 7,( Previous page¥chematic representation of the proposed steps of Dengue virt
lif e cycle:a. Attachment and receptor mediate endocytosis of the mature Dengue virior
Color codes; Dengue virus nucleocapsid is colored gray , Dengue virus E protein DI, C
DIll are colored red, yellow and blue, respectively and the transmembranendisncaiored
green. The outer/inner leaflets of the viral lipid membrane and the host cell membra
colored yellow/blue and gray/red. The target cell receptor is colored orang. a.1. sho
attachment of the virion to specific cell receptor. Theamafof the mature virion formed b
90 homedimers of E protein in a metastable form where the D Il of E protein will attac
the receptor. a.2. show the internalization of Dengue virion into the host cell by re:
mediated endocytosis (RME) where ttedl internalize the virus by inward budding of plast
membraneb.pH dependent fusion of the virus membrane with the endosome membran
and the releasing of the virus nucleocapsidColor codes; the same as part a of this p
Fusion peptide at the distahd of DIl is indicated in orange. b.1. low endosomal pH ind
the outward extension the steam region, followed by the dissociation of E dimer:
monomer ,expose the fusion loop and the interaction of the fusion loop with the endc
target membraneb.2. the formation of E trimer and the protonation of histidine resic
induce the backolding of DIll and Zippingup of the steam. b.3. Herfusion intermediate
the formation of fusion pore by mixing the outer leaflets of the virus and the endc
membrane. b.4. generation of the final pastion structure (E trimer and the bdckding of

E protein DIII and zipping up the steam) and opening of fusion pore. b.5. the pore in th
and endosome membrane allow the releasing of the nucleocapsaemthe core protein an
the genomic RNA which will be transfer into the cytoplasm where it will be in a close cc
with the ER.c.Translation and replication of the genomic RNA The translated polyprotei
is directed into The ER while it is attachedth® ribosomes. The RNA dependent RM
polymerase will b released from the polyproteivhich will carry out the replication of th
genomic RNA in the cytoplasm in close contact with ER. Some of the protein will be rel
from the polyprotein and the E&d the rest will be membrane anchored in the ER (for de
see figure #)d.virus assembly in the ER and maturation in the TGNd.1. Virus assembly
takes place when there are enough envelop protein displayed in membrane of the EFf
the E protein exsts as hetedimer with PrM,viral protein then and the nucleic acid combi
to form virus particles which will gain lipid membrane by biding from the ER. d.2. A
assembly the immature virions transit from the ER to the Golgi network where the v
encounter a natural pH. The immature virions under a natural pH have a spiky surfac
arrangement of the E protein (gray) in 60 trimeric of heterodimer withgPokéin (Pr peptide
represented by blue color), which extend away from the virions suyfaeethe virions the
spiky surface morphology. d.3. during transportation through Trans Golgi Network (TG
virions encounter acidic pH which initiated conformational changes of the surface prc
The PrME heterodimers dissociate from their trincesipike like organization and form 9
dimers that lie flat against the virus surface. d.4.the maturation of the virions include cle
of the Pr peptide by cellular furin protease where the Pr peptide maintains its position a
of E protein(Pr+ME) as the virions transit through TGN and cellular secretory pathveay
Mature virus releasing. Following furin cleavage, the mature virions is secreted is seci
into extracellular space and the Pr peptide is released from the mature particle wher
proteins remain as 90 homodimers lying parallel to the virions surface and M prot
beneath the E protein shell and embedded in to the viral membrane.
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The acidic environment on the late endosomes is the key activator of the E protein
fusion activity that is known as pH dependent fusion. The pH of 6.6 and lower is suitable
to activate the fusion process. However, theoswre of the virus alone to acidic pH
result in inactivation of its fusion ability, which suggests that lipid membrane, plays a role

in the fusion activity of DENV E prote{48).

The lipid composition of endosome membrane influence the fusion efficiency, for
instance, cholesterorich lipids rafts can enhance the internalization and the fusion of
DENYV (71). Viral factor can also contribute in the initiation of the fusion, as the histidine
residues in the DENV E protein act as sensors of pH that trigger conformational changes
in the E proteir(72). At natural pH the histidine residues arealmarged but at the acidic
pH they became positively charged by the addition of extra protons. The protonation of
histidine residues could releaD Il of E protein to permit foldingack conformation
and hairpin formation that is necessary for the formation of fusion(@@urUp on the
endocytosi®f DENV, the prefusion E protein at a natural pH is on its metastable state of
homodimers parallel to the lipid membrane of the DENV. One of the requirements of
endosome trafficking and maturation in the living cells is generating an acidic
environment igide the endosome vesicl@s). Once the pH riches 6.6 or lower, the
protonation of the histidine residues on the E protein takes (dcaNhich trigger the
E protein to undergo conformational and positional transformation by the outward
extension of the stream region, accompanied by the dissociation of E dimer into
monaner (see figure B.1)(74). The dissociation of E homodimer results in the exposure
of the hydrophobic fusion loop. As a consequence of all these motions, the fusion loop
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will interact with the lipid membrane of the endosome. In ord@&stablish a close
positioning with target membrane, the viral E protein arranges in a timers where the E
monomers are parallel to one another and perpendicular to the target mefviBrahee
fusion loops are exposenh one end of the timer (figurdz2). The DIl of the E protein
undergoes major conformational changes where it folds back to bring the steam sequence
in the viral envelop to be in close contaxthe fusion loop in the tip of the D(T5). As a
consequence, the viral membrane will be very close to the target membrane and a hemi
fusion intermediate the formation of fusion pour by mixing the outer leaflets of &ie vir
and target membranes (figurd.B) (76). Finally the fusion pour formed and maintained
because of the badklding of E protein DIII and the zipping up of the steagion

(figure 7b.4)(72). The fusion pour in the endosome membrane allow the release of the
nucleocapsid into the cytoplasm. Then the RNA is transferred indplagim to be

replicated (figured.5). Initially, the réeased viral RNA is translated into a polyprotein,
which then is directed into the eslasmic reticulum (ER) (figure @.). Signal sequence
within the poly protein translocate the E, PrM and NS1 protein into the lumen of the ER,
while the C protein, NS3nal NS5 are released into the cytoplg31®). The process of

this polyprotein releases the NS5 that contains the RNA dependent RNA polymerase
(RdRp), which mushappen before the RNA replication. Genomic RNA replication

begins with the synthesis of a genelaegth minus stranded RNA, which then serve as a
template for the synthesis of additional plus stranded RAThe viral RNA

replicaton is asymmetric where the positive strands accumulate ten times more than the

minus strand$§78). Virus assembly takes place once there is enough envelop protein
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displayed in the mmbrane of the ER (figured7l). The assembly occurs in the ER when

the newly synthesized viral protein and nucleic @ochbine to form immaturifusion
incompetent virus particldd8). After assembling, the virions transit from the ER

through transGolgi network (TGN) to the cell surface. Budding assembles the virions
from the ER, which is responsible for the gain of host derived lipid envelope. Through
this trip he immature virions undergo a proteased pH dependent maturatiqf@9, 80).

During the maturation, E proteins gadhgh positional reorganization, while the PrM
protein is cleaved by cellular furin protease. The conformational changes in E protein are
triggered by the low pH in the exocytosis vesicles and occur before the cleavage of the Pr
peptide by the furin protea(81). The structural change from the immature virions with
spiky surface to mature virions with smooth surface occurs during traaspo through

the TGN (figure7, d.2 and d.3). The initial bud of immature virion into the ER happen
under a natural pH environment where the E protein form a 60 trimeric spikes that
extends away from the surf adeeoveséachtEhe vi ri ons
monomer (figurer,d.1). During its transit through the secretory pathways, the virions
encounter acidic pH in the TGN. Under the acidic condition the-Priotein

heterodimer disassociate from the trimeric spiike organization to form dimers of

PrM- E protein whichik flat against the viral surface, forming the 90 dimers envelop

shell of DENV. This rearrangement of E protein gives the virions ito#msurface
morphology (figure®.3) (39, 60). As the virions transit through the TNG, The cellular

furin protease cleavages the glycosyldieterminal Pr peptide from the small

membrane anchored M protein that will remassaciated with the virions. However, the
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cleaved Pr peptides remain in its position as a cap on E protein durtngfticking in

the TNG (figure7d.4)(60). Once the virions are released to the extracellular space the Pr
peptide will bereleased and the virions will be on its mature, infectious form where the E
protein arranged in a 90 homodimer lies against the virus membrane and completely
cover the small M protein (figure&.). An interesting aspect of tBENV life cycle is the
generdéon of subviral particles that contains only the PrM and E protein that are
associated with the lipid membrane without the nucleocapsid. These particles can be
presented as naturaldpyoduct in the spernatants of infected cell§hese particles are
slightly less dense than the virions, they are 30 nm in diameter and are called
recombinant subviral particle (RSE6, 60).

1.4. IMMUNE RESPONSE: Immunity is the collective and coordinated actions taken

by cells and molecules of the immune response toward a foreign substance such as a viral
infection. Immunity has two lines of defense early defense calleteimmanunity

(known as native immunity as well) and late immunity called adaptive immunity. Each
defense line has its own cells and molecules. Different effector cells mediate innate
immunity such as phagocytic cells, which recognize the microbial subsiatioe

antigen (Ag) at the site of infection, ingest and destruct the ingested microbe. Phagocytic
cells include macrophages and dendritic cells which play a key role in linking innate and
adaptive immunity by presenting the antigen to adaptive immuelity. &ranulocytes

have inflammatory granules in their cytoplasm and are composed of three types:
neutrophils, eosinophils and basop{@B. Natural killer cells (NK)are bone marrow

derived lymphocytes which mediate cytolysis of virus infected cells to clear the viral
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infection.Cytokines are a large and heterogeneous group of secreted pptedaced
by many different cells of innate immunity and adaptive immunity later on. Cytokines

have different categories depending on their biological actions.

Proinflamatory cytokines are secreted proteins that promote activation of immunity cells
andt hey i daltwedd,er@d@mt(elrNFRU)o,n B( | NFB), tumor al
( TNFU) , | L6-0. | L@h camddcretédidoteins that act as chemo

attractants to recruit immune cells to the site of infection such as &XCIXCL-3 and

CXCL-1. Complement proteins are a group of more than 30 different plasma proteins that
interact with each other and bind with the pathogen to kill the pathogen. Adaptive

immunity is composed of the humoral and cellular immune response. Antibodies are Y
shape protes where the two arms of the antibodies recognize identical antigen sites.
Antibodies are secreted by lymphocytes cells calldgnphocytesvhich secret Ab to

the extracellular space or display the Ab on their surf@2e33). Cell mediated

immunity (also known asetlular immunity) is mediated by-Tymphocyte cells which

divide into two major categories: Helpedyimphocytes (Th) and Cytotoxic-T

lymphocytes (CTL)They have different effector functions and different surface markers.
Helper Flymphocytes carry a swate protein calle@D4 and have at least four main

types of CD4+ effector Eells called Thl, Th2, Th17 and follicular helpecdlls (Tth).

Each one of these subclasses promotes different immune responses depending on the type
of infection. Cytotoxic Flymphocytes carry a surface protein calldd8 and are

responsible for killing infected cells that display the antigen on their surface. Innate and

adaptive Immune cells are localized and generated from anatomically identified tissues
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and organs. Lymphoidgsues and organs divide into two major types: Central (primary)
lymphoid is the generative organs and tissues and the Peripheral (secondary) lymphoid is
the site where antigens present to the naive imroelfein order to be activated.

Includes spleen arlgmphoid nodes that distribute around the body and are connected
through the lymphatic system where the immune cells and molecules are circulated in a

resting state until they get activat@®, 83).

1.4.1. Innate immune response against dengue virus infection hasotwhasesthe

immediate phase of inhibition of DENV infection by type | Interferon pathway and early

phase of elimination of DENV infection by NK cefiediate killing of infected cells.

One of the most remarkable pathways of host cell defense to linvitréthénfection is

type | interferon system. A few hours after the initial bite of an infected mosquito and

prior to recruitment of other immune cells the Interferon response will be act{gated

figure 8)(84, 85). Type I interferon is induced by almost any type of cells in response to

DENV infection but some cells seems to be specialized for the task. Théserateire

dendritic cells (Langerhans cells), which are considered the first innate immune cells to

be infected with DEN\(see figure 8)There is two classes of antiviral type | interferon:

INF-U ane ItNhhFat are induced by viayRNARIGAS mi ¢ sen:
(retinoic acid inducible gene 1) and MBBA(Melanoma Differentiatioin Associated

protein5) in the cytoplasm of infected cells will trigger also the secretion of type

interferon upon recognition of RNA moti{86). Prodwction of INFU/ b wi | | af fect 1
infected and uninfected cells, as they will bind to interferon receptors in the surface of

these cells. The interferon receptors will activate intercellular cell signaling pathways that
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Figure 8.Represent the Initiation of immune response after the inoculation of DENV by
mosquito pit. Infection by dengue virus (DENV) occuafter subcutaneous injection of tt
virus into the skin. Released Dengue viral particles may infect nearby cells (thought
predominantly Langerhans cell or dendritic cells (iDCs)). The infection of iDC aaes\
resident immune cells includes granulocytes such as mast cells which will ir
inflammatory response. A local inflammatory response to DENV in the skin prompt
recruitment of leukocytes from the vasculature, including natural killer (NK) @edisT cells,
which promote the killing of viruinfected cells at the site of injection. At the main tin
infected dendritic cells and macrophages travel to draining lymph nodes via lymphatic \
to establish systemic infection as described in FlSature Reviews)

aim to stimulate the transcription wiore than 100 different genes with antiviral
activities One such protein is the dsRNdependent protein kinase called PKR that
inhibits the translation of the viral protein and inhibits viral replica(®f). However,
DENV has evolved mechanisms to escape from the interferon response. These
mechanisms are the inhibition of both the production and signaling of type | INF. Non
structural proteins NS2A to NS5 responsible for DENV eva@6h For instance, the

NS2B3 protease complex functions as an antagonist to block the INF receptors. NS2A,
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NS4A, NS4B and NS5 function as antagonists of type | IFN signaling by targeting
different components of the signaling pathways.-IIF b  p | anant soke inthenp o
mechanisms of host defense against DENV but, once the viral replication has been
established the INF system has little effect on DENV. At the same time, DENV
replications in immature dendritic cells (Langerhans cells) are facilitatdueby t
internalization of DENV through the adhesion of the E protein with cellular receptor such
as Dendritic CellSpecific Intracellular adhesion molectBeGrabbing Norintegrin (DG
SIGN) (see figure 8]59, 88). It has been observed that a dramatic inhibition of DENV
infection happens by blockade of EXIGN receptors, thus DCs play a central role in the
establishment of DENV infection and stimulation of a strong immune response. The
normal function of the Langerhans cells is to capture antigens and process them into
immunogenic peptides, migrate from the site of infection to the nearby lymph node to
preseat the antigen to other lymphocytes. Inside the Langerhans endosomes there are
sensors called Toll Like Receptors (TLR), which recogbEAV ligands, derived from

its life cycle. TLR molecules are conserved proteins and there is 11 types of TLR that
havebeen identified in humans. TLR molecules that involve in DENV recognition are
TLR 7, TLR 8 and TLR 89, 90). They trigger the production of cytokines such a]L
IL-12,1L-6 , TNFU, and | NFU/Bb. All this cytokines
tissue that is associated to dilation of local blood vessels and changes in the endothelial
cells of their wall. Tlese changes happen prior to the recruitment of other immune cells
and lead to the movement of leukocytes such as neutrophils and monocytes out of the

blood vessel and into the infected tissue. The blood vessels become more permeable
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which will facilitate the migration of other leukocytes and lymphocytes to the site of
infection(see figure 8) Once the monocytes migrate into the tissue they will
differentiate into macrophages. Neutrophils,mfiected Langerhans and macrophages
will recognize, ingest ahdestroyDENV, which present in the extracellular space.
Activated macrophages and Langerhans cells will secret cytokines suchfas IMLh i ¢ h
activates lymphocytes and increase access of effector cellsUTNwWhi ch i ncrease
vascular permeability which ldao an increase in the entry of plasma proteins and cells
and fluid drainage to lymph node, CXCL8 which is a chemotactic factor that recruits
Natural killer (NK) to the site of infectio(®1). Since, DENV is an obligated intracellular
parasites. Natural killer cefhediated killing of infected cells clears the infection at this
early phasgsee figure 8)Gathering of NK cells and Langerhans (iDC) initifiéamed

tissue result is physical contact between NK and Langerhans (iDC) which promotes
events including, Langerhans (iD@)duce NK proliferation, NKmediated shattering of
LangerhangiDC) and NKkdependent Langerhans maturat{®8). The conversation
between NK and iDC promotes the quality and the intensity of innate response and
activates appropriate adaptive response against DENV infection. iDC setgésleines

such as IE12 and I1-2 which induce the proliferation and activation of NK by releasing
cytokines like IFNG and TNFU. Those cytokines wil!/ i nd
Langerhans (iDC) to the mature form of dendritic cells that are characteyizpetial
surface marker which will migrate to the lymph node. Mature DC releases type |
interferon that increase the cytotoxicity of NK to mediate killing of infected cells

including infected Langerhans cells (iDC). NKediated shattering of Langerhari3)
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as it expresses DENV antigen on its surface as infected cells which stimulated NK to
destroy it order to prevent the spread of the infection to other lymphocytes in the lymph
node. At this point, dendritic cells and macrophages will migrate to thehlyroge for
subsequent presentation of DENV antigen to naive T alydhBhocytes to activate the
adaptive immune responge?).

1.4.2. Adaptive immune response against dengue virus infection has two godlse
blocking of the viral entry by antibodies secreted blymphocytes OR elimination of
infected cells by Cytotoxic-Tlymphocytes. Naive lymphocytes are normally circulating
throughout the body in a fArestingod state. On
from APC (i.e., macrophages and dendritic cells) a series of events will take place; 1
Lymphocytes activation,-Zlonal expansion or multiplication of lymphocytes, 3
differentiation into either effector lymphocytes or memory lymphocytes, ana#ation

from the lymph node to the site of the infected tig®)eCellular immune response
mediated by CD4+ and CD8+¢ells are activated in the lymphocyte through Antigen
presentation. Iymphocytes have a special cell marker called T cell Recép@iRr).

This receptor is responsible for recognizing the Ag. Both CD4 and CD8 used TCR to
recognize the Ag but each cell required a different ways of antigen prese(@&jion

When the virus enters the cells and start to synthesis their proteins, the newly synthesized
viral protein will be presented through either MHC class | or MHC class Il presentation
pathways. MHC molecule has a binding groove where the Adpgbound and

presented to TCR on the cell surface (see fiQur&MHC class | molecules present

DENV antigen to CD8+ Fells while MHC class 1l molecules present DENV antigen to
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CD4+ T-cells(3). Both MHC class | and Ill are displayed on the surface of APC . MHC
class | present in almost all nucleated cells. TCR has the affinity to bind to specific
DENV Ag epitopes where it recognizes antigen epitopesigimout DENV polyprotein,
however the most recognized Ag epitopes present in the NS3 pi@tRiDENV

specific T-cells display different effector functiomscluding; targeting cell lysis and

production of a range of cytokines.
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Figure 9,Represention the pathways of DENV antigen representation to effector T
cells and T cell responses to DENV proteinshe denguevirus life cycle and sources ¢
antigen are show. Viral attachment, internalization, fusion and translation proce
described in FIG 7. Newly synthesized viral proteins enter MHC class | or Il presen
pathways and viral peptide epitopes are prieskon the cell surface within the bindir
groove of MHC molecules. MHC class | present DENV antigen peptide to the CD¢
cells which response by lysis target cell. MHC class Il present DENV antigen pept
CD4+ T-cells which response by cytokines s#mm. Both CD8+ and CD4+-gells bind
to the pnentides. which match the epitobes of theaiell recentor (TCR)Nature Reviews

Nucleus
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Effector Functions of DENV specific CD4+dells (Th):a broad range of
cytokines is produced by the helpecdlls (Th) in response to recognition of DENV
antigen peptiddIHC complexon the surface of macrophage and dendritic cells. The
pattern of cytokines production follows certaub-classe®of T-helper cells called -T
helper 1 (Th1) includes INE , | L2 and TNFU. The principal S
the intracellular microbes such as DENV. Th1l effector functions includetitation of
macrophage to ingest and destroy DEN\Ac&vationof B-cells to secret DENV specific
antibodies, 3immune response amplificatig®3). The signature cytokines of Thl is
IFN-U ,  wi$d pdritipal macrophageta@ting cytokines. Once macrophages are
activatedby INFU t hey wi | | produce mol ecul es such as
increases the production of lysosoreazymes, whicincrease the phagocytosis of
DENV and enhance the killing of ingesteduges(95). Activated macrophages secrete
cytokines required for Th1l differentiation s
leukocytes and promote inflammations. NF s e c r e tstimllatdsB-cellf to 1
secrete antibodies. In addition-B.  a n d eGrétdd By Thpromotethe
differentiation of CD4+7¥cells to Th1l subclass and inhibit the othendlper subclasses

such as Th2 and Th17 in a process called aroatibn of immune respong8, 96, 97).

Effector function of Dengue specific CD8+dells (CTL):Elimination of DENV
infected cells by cytotoxic meatied killing of the cells. CTL recognize DENV antigen
epitopeMHC class | complex on the surface of infected cells where the CTL will be
activated to secrete cytotoxic proteins including granzymes and perforin which induce

cell apoptosis by cleave cellulproteins such proteins are stored within cytoplasmic

30



granules in the CTL. Once the cytotoxic ability of CTL is activated a series of events take

place on the cytoplasm of the CTL;rhicrotubule in cytoplasm of CTL moves the

cytoplasmic granules to be centrated in the region of contact with infected cells, 2

granules will fuse with the plasma membrane of CTL at the site of connection with the
infectedcel. 3 xocytosis of CTLO6s granules and det ac
The death of the infeetl cells occurs during the next 2 hours and happens even if the

CTL detacheg93, 97-99).

Humoral response agst DENV is mediated by secreted antibodies, which are
produced by Bymphocytes. Resting naive-&lls have either IgM or IgD
immunoglobulin on its surface that will be used to recognize DENV antigen through the
process of antigen presentation on threpgi node that called the recognition phase. The
proliferation and differentiation of Bells depend on the stimulation ofiElper cells.
The antibody responses to DENV antigen require that the antigen be recognized and
internalized by Bcell and that paple of DENV antigen should be presented to the T
helper cells at the lymph node that will stimulate theeB to enter the activation phase
(100). During thatphase, Bcells specific to that antigen peptide will be multiplied
through the clonal expansion process and then will be differentiated either to memory B
cells or to Plasma cells which will secrete antibodies. The activatiorcefi8by T
helper cellsknown as helper-Eells dependent antibody response, mainly happens in
response to protein antigen such as DENV proteins ant{§ger@nce the Bells are
activated by Thelpercells their surface marker will be changed through a process called

isotopes switching3) (100, 101). As was mentioned earlier, DENV infection activated
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the pathways of Thl cells that promote the heavy chain isotype switching tostig@ad

of IgM and IgD. The secreted Ig main function is mediated by binding to the antigen
through the epitopes of the light chain, but also to different effector cells. Thus, Thl
promotes isotype switching to 1gG to clear DENV infection. Antibodies wikbécreted

from plasma cells at lymph node and migrate to perform its effector functions at the site

of infection(102).

B  Antibodies C | Antibodies can enhance

A block binding uptake of virions
o of virions to \ p—
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Figure 10,Represent the mechanisms of neutralization and enhancement by dengt
virus-specific antibodies A. At high levels of epitopes occupancy, dengue specific antibc
can block the fusion at a pdsinding stage or after the viral entry to prevent the releageo
virus particles from the endosomes. B. At high levels of epitopes occupancy, dengue ¢
antibodies can block the binding of virus particles and inhibit the viral entry. C. At low |«
of epitopes occupancy, dengue specific antibodies can enkiacptake of virus particles i
to cells by the interaction between the Fc receptor on the surface of host cell and the
chain of the 1gG in a phenomenon call e
Nature Reviews Immunolog¥)
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Effector functions of Dengue virus specific antibodiesiudes neutralization of
DENV (the most direct way to protect host against DENV infection by binding to the
viral envelope proteins and prevent it from entry of host cells). Opsonization is the
coating of DENV by antibodies and subsequent phagocytosis of DENV, complement
activation againdDENV and antibodydependent cellular cytotoxici{gee figure 10)

(103). The main targets of antibody responses to DENV are the precursor membrane
(PrM), envelope (E) structure protein and ssdructural protein 1 (NS1)L00, 104).

DENYV E glycoprotein is the main surface component of the virus particles and has the
most extensive antibody response. E protein domain Il contains the putative receptor
binding site, whichs the binding region that allows the virus to attach to the target cells.
That makes Domain Il the most accessible part of E protein and the most variable in
amino acid sequence between serotyf64). Antibodies specific for domain IIl are

highly specialized among serotypes. However, they consist a small fraction of the total
antibody in immune sera binding to DENV as it was demonstrated by a study that
neutalized DENV by human immune sgE03 105). This study proposed that

antibodies directed to other egpies are responsible for the most of neutralizing of
DENV. M protein is completely hidden by the E protein dimers and is in the mature
virions. In some cases, an incomplete cleavage of the PrM results in partial mature or
immature virions to be releaseain the cells where the asRrM antibodies will

recognize the glycoprotein in the surface of the virions. NS1 protein is produced as an
extracellular protein or presents on the surface of infected cells, thus the antibodies

against NS1 do not play a rolemeutralizing of DENV but has a central role in antibody
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dependent cellular cytotoxici(it00). Natural killer (NK)cell has a surface molecules

caller FcuR I11 which is a receptor for 196G
anti NS1 1gG which cover DENV infected cells in a process called antideggndent

cellular cytotoxicity (ADCC)see figure 10§3). The NK is activated to kill the antibody

coated cells. The main function of aftiantibodies is to neutralize and eliminate DENV.

Anti-E antibodies bind to E gtoprotein and block the ability of DENV to attach or to

enter the target cells. The antigen binding regions of these antibodies are highly

specialized to recognize a certain amino acid sequence. These are known as monoclonal
antibodies and they are difeart among differenrDENV serotype4103). Antibodies

against PrM and E protein mediate opsonization and phagocytosis of DENV.

Macrophages have a surfacetp@i n cal l ed FcUR | the&t is a re
coat the surface of Dengue mature virions andRii coat the surface of immature

Dengue virions. The heavy chain of those 1gCcC
on the surface of the maghages and activate the macrophages to ingest and destroy

antibodies coated (opsonized) Dengue virions.-Rnlil and E protein coated the

Dengue virions activate the complement system to eliminate the virus from the

extracellular spacgl06) (100, 107). Complement system composed of plasma proteins

that bind to the heavy chain of the antibodies coating the virions. In the case of DENV

infection, the classical pathway is the most common pathway since IgG is the

dominating. Classical activation of the coeplent system is initiated by the binding of

complement protein 1 (C1) to the heavy chain of-&ntr PrM IgG followed by a

sequential binding of other complement proteins including C3a and108gl09).
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Activation of the complement system results in the following actions; opsonization of
DENV to macrophages and neutrophils, activation the phagocytosisafikeand
stimulation of inflammatory response as the C5a and C3a protein induce inflammation by
activating neutrophils, eosinophils and basopii9). Although these induction of the
inflammation trigger plasma leakage of endothelial cells which result in unfavorable
immune response (as it will be discuss@d)0, 111). Adaptive immune response is
developed during the lifetime of an individual as an adaption to infections with that
pathogen. Thus, creating a memory of defense against this pathogen in the secondary
infection is an important role of adaptive immunity known as immunological memory
which confers lifelong protective immunity. Other msitnuctural protein such as NS3 and
NS5 could be also a target of antibodies response but, these antibodies generate a weak
immune response. The possibility of presenting those antigens (NS3, NSbglis Bre

limited and depend on the lysis of infected cells to release those antigen into the
extracellular spac€). The main role of vaccination is to generate lifelong protective
immunity against certain pathogens. Protective immunity against secondary infection of
DENV is one of the most important consequences of adaptive imnwinmiitiy depend on
generating a population of memory lymphocytes which can mediate divedg
immunological memory to generate rapid and strong immune response in the secondary
infection of DENV infection. Individuals who have been infected with one dengu
serotype (Primary DENV infection) have lotgym protective immunity against that

serotype and shoetérm protection against the other three serotypes of DENV
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Subsequently, the patient will be in danger to a sever disease after the secondary infection

of the other three serotypes, known as immunopathogenesis of DENV infection.

1.5. Immunopathogenesis of Dengue virus secondary infectioimmune response

against DENMnfection has two possible outcomes; protection against infection and
illness or unfavorable clinical outcomes such as DHF and.O%8 weltestablished

finding that there is a high chance of generating severe illness such as DHF and DSS in
patients with secondary infection of heterotypic Dengue serotypes provides strong
evidence for pathological side RENV pre-existing immunity. Protective immune
responses against one serotype are capable to respond more rapidly than naive cells
during thesecondary infection of other seroty68, 112 113). Howe\er, because of
sequence diversity between hENV serotypes, the ractivated immune response

occurs in the context of serotype croeactive immune response. Antibedgpendent
enhancement of dengue infection can be mediated b¥gnttein antibodigsvhich

trigger the uptake of mature DENV by host cells, andRr¥ antibodies, which trigger

the uptake of immature or partially mature DENV by host cells. For instance, up on the
secondary infection of other serotypes the memory B and T cells waklovated to

fight the infection. But these reactivated lymphocytes do not have the optimal degree of
affinity for the new infecting virus epitopes that result in unfavorable immune response
or immunopathogenicty. The major factors that are considemazhtabute to th@ENV
immunopathogenicty are Antbengue antibodiefl14), serotype cross reactive T cells,

complement activation and soluble factors.
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Antibodies responses associated with disesm®e evidence suggests that
specific antibodies play a role in the viral pathogeni3§). Such evidence includes the
increment of the risk to develop DHF and DSS during prynreection in infants whom
born to mothers with established immunityd&NV. The tropism oDENV for
monocytes and dendritic cells, both expressi
IgG, creates the opportunity fBfENV specific antibodies to enhance the viral entry (see
figure10) (115. A p he n o me n a-dceapl el nedde nfita net ni hbaondcye me nt o (
enhances the diseaddl 6). This phenomenon explains the risk of developing DHF and
DSS occurred in infant&( age of 6 to 9 month) who were infected with a DENV
serotype different from that which infected their mothers. The infants receiveesmufiie
maternal antibodies that declined to swdutralizing levels. In that case, the number of

the antibody molecugebound per dengue virions is below the threshold necessary for

neutralization11¢. Thus, the host <cell covered by Fclu
virions- antibodies complex more efficient than the entry of the virus through the viral

specific receptors which result in increasing the viral loads and enhancing the disease
(35).

T cell responses associated with diseasgvation of the memory T cells with
higher avidity for the primary infection viral serotype than the new infecting serotype
generates ficross r eact issuedaniagecasdrésultroe sponseo W
cytolysis or inflammation induced by the high number of activated memory cells. During
secondary infection with a heterologous serotype, cross reactive epitope reactivate a large

number of memory T cells than naive c€ll7). These cross reactive T cells have low
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avidity to the viral epitope serotype of the secondary infection, which will release

cytokines such as TNB  a nIB whidhaffect vascular permeabilitioluble factor

associated with disead@ge activation of high numbers of npnotective T cells and the

high viral | oad or the enhancement of the di
inflammatory cytokines and other diators leading to plasma leakage. The main

characteristic of DHF/DSS is the plasma leakage that is caused by malfunction of

vascular endothelial cells induced by cytokines or chemical mediators. The cytokines

elevated in patients with DHF/DSS includes,FFN , -2]1ll-12and Il-:6. OF those

cytokinesTNFU pl ays a critical role, thlere is a p:¢
concentration and thrombocytopenia as it can induce endothelial cells apoptosis and

plasma leakagé3, 111). Complement activation associated with disets=jncrement

of the viral load during the secondary infection results in a high lesdaréted NS1

which will be recognized by croseactive antibodies; this complex activated the

complement specially C3a and C5a which induce plasma leakage. This evidence

suggested that a balance between the favorable and unfavorable immune response

detemines the outcome of DENV infection. Therefore, there is a high urge to generate

vaccine alternatives to provide protection againsDalV infection and the

unfavorable immune response against the virus infe¢28n

1.6.Dengue virus vaccine research and development progresihe first attempt to
generate Dengue weaine was i 945 by A.Sabimwho attempted to generate an
attenuateddENV; the virus was reactogenic caused a rash in human volu(@gers|

now there is no licensed Dengue vaccine in the madetalthe challenges of Dengue
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vaccine developmefgee table 1)These challenges include the multiple viral serotypes,
incomplete crossprotection, and the development of ADE, theoretical potential for DHF
and DSS in vaccinees. In addition to, viral rfeeence and lacking animal model that are
faithful to human disease. Instead, Dengue vaccine should be free from significant
reactogenicty and induce long life protection against four Dengue serotypes to avoid
enhancement of the diseg8¢ Currently, there are many dengue vaccine candidates in
the preclinical and differeminical testing phases (see figure 11 and tapl&accine
development has fixedagyes of testing the new candidates that includescliieal,

Phase I, Il and Ill. Prelinical studies which includes animal model experiments. Clinical
testing which divided into three phases; Phase | is the first attempt to test the candidate
vaccire in humans involves a small group of adults820. It aims mainly to verify the
safety in human. Phase Il includes larger group of several hundred individuals. It is
divided into two sub stages, Phase lla and Phase lIb. Phase lla irgrlodps at rislof
acquiring the diseasand present in the endemic areas. Phase llb includes groups at low
or no risk of acquiring the disease. The aims of phase Il are to study the candidate
vaccinebds safety, immunogenicity,ndproposed d
method of delivery. Phase lll is the last clinical trial and includes larger trials, involving
thousands to tens of thousands of people in different parts of the world. To be approved
and licensed the vaccine should pass a Phase lll trial succesBfidlyaccine developer

will submit a Biologics License Application to the FDA. Finally, tlendidate vaccine

may be licenséo be manufactured. Ideal Dengue vaccine could be a live attenuated virus
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vaccine or chimeric virus vaccine or an inactivated wholgs, protein subunit vaccine,

a vectored vaccine or a DNA vaccine.

Live attenuated vaccine candidatesWWhen passing the virus serial passages in
tissue culture. The virus will lose its virulence or became less virulence that is known as
attenuation. Lre attenuated virus is a viable virus that can replicate in host cells but is
less harmful than the wild type virus. Basically, the attenuated virus carries mutations in
its genome that cause the changing in the virulence of the virus and are not présent |
wild type virus. Attenuation can be reached by passaging the virus several passages in
tissue culture or by genetics technique to introduce specific mutations in the viral
genome. Live attenuatd2ENV vaccine can induce strong humoral and cellulanime
responses to both structural and +structural proteins asmmimics the natural DENV
infection. Live attenuated virus vaccine is a cost efficient vaccine. It replicates to high
titer in tissue culture to greater than’ Ii@fectious unit per ml in deculture, which
means that 100 ml cell culture can yield nearly 1 million doses of vaccine, as the
attenuatedENV can irfect human at low doses of3lidfectious unit. However, the live
attenuated DENV vaccine has its own challenges. The replicatehvef DENV
vaccine can develop a significant illness that generates symptoms such as fever, rash,
headache and paifhe risk of transmissibility by mosquitos should be considered as the
replicated DENV vaccine can generate high titer viraemia, whialffisient to initiate
an infection in the mosquit&enetic instability of the mutations that confer the
attenuation phenotype can cause DENV reactogenicity following replication in humans,

which may lead to development of severe illness.
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Some of thesehallenges were solved using the guidelines of Yellow fever live

attenuated vaccine, such as the doses of the vaccine that generates only low titer viremia
which reduce the risk of transmissibility by mosquitos and develop asymptomatic or sub
clinical sign of infection after vaccinatiof118). Live attenuate@ENVvaccines are

under developmentyalter Reed Army Institute of Research (WRA&nerated

attenuated DENV 1,2,3,4 by passages the virus in primary dog kidney (PDK) cells and
terminal passage in fetal rhesus lung cells. The candidaee passed 20 times in PDK

cells and the attenuated virus monovalent DEMNZ4 (PDK 20) vaccine candidates

have been evaluated in rhesus macaques where it induce neutralizing antibodies to clear
Dengue infection. These monovalent vaccines were tesgguhse | trial where DENV2

3-4 vaccines were mildly reactogenic, but DEN1 retained its reactogenicity and generated
rush and fever in 40% of theccineq119). A the result of phase I, DENY was

considered undeattenuated and generated excessive immune response andD&Eas/

over attenuated and generated poor immune response. Thus, a further passageéd DENV
was generated by passage the virus in PDK 27 timea lovder passaged DEN¥ was
generated by passage the virus in PDK 6 times instead of 20 times. Currently, tetravalent
formulation composed of DENXY{(PDK27), DEN\3(PDK20), DENV\4(PDK®6) and

DENV2 (PDK53) are in phase Il trial in 86 adult volunteers in Néanerica and South

Asia. DENV-2 was the only exception that was different in phase 1l from Phase I. As
DENV-2 was passaged 53 times in PDK cells, the virus was not inducing viremia while
stimulating robust immune respo$20, 121). In order for WRAIR vaccine to pass the

clinical trials, the mutation contributing to the attenuation phenotype should be &hentifi
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and show how stable they gde22). The National Institute of Allergy and Infectious

Diseases (NIAIDused reverse genetic techniques to introduce definetdatremutation

i n t-umteansi&téd region (UTR) of DENY4 full-length cDNA clones to generated

attenuating DENV1I-4 . The del etion of 30 n986Benoti des a
DENV-1-4 generates balance between the level of attenuation anchmgenicity in

northuman primates and humans but not for DEMNVDuring the phase | trial of

rDENV-1 883 0 and4 a3D0ENV28 volunteers were vaccinat
forming units (PFU) of the attenuated virus which induced neutralizing antibodies by 28

days postvaccination. At day 180, 94% of the vaccinees generated neutralizing

antibodies and generated no symptoms ofcéinical symptoms. The rest of the

volunteers received a high dose of 10(5) PFU and generated symptoms including rash

and increasesiliver enzymes. Phase | trial proved the safety of the vaccine, as it

remained genetically stable following the replication in human, the vireamia titer level

was | ow and the virus was not transmitted to
attenuates the mis replication in mosquit(l23). AsrDENV-2 23 0 a n d3 a&3D0E NV

were not immunogenic in nemuman primates, the NIAID used an alternative approach

to generatsuitable vaccine candidates for DENNS. Chimeric virus strategy has been

used to introduce the membrane precursor (PrM) and E protein of E2Eiid DEN\3
intorDENV-4 23 0 genetic background to g&h4xeade t he
and DENV2 / 4 a@Be(wo chimeric attenuated viruses and the two attenuated viruses

have been combined to generate a tetravalent DENV vaccine formulation (TetraVax

DV). TetraVaxDV induce neutralizing antibodies in rhesus monkeys and was used to
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immunize volunteers in pka | clinical trial. Acambis and Sanofi Pasteur generated a
chimericDENV vaccine using the Chimervax platform. Acambis substituted the genes of
the PrM and E protein from each of the four Dengue serotypes into the live attenuated
YF17D vaccine straifil24). The four separated functional chimeric virus were used as
monovalent vaccine candidates and passed the phase | trial. The trail proves that the
monovalenwaccines are safe, as they induce low titer vireamia, generatetrsaal
symptoms and are noninfectious to mosquiidz). The four chimeric viruses atieen
combined to generate a tetravalent chimBEdNV vaccine, which induce a high level of
neutralizing antibody in monkeys. The phase | testing of ChimeriVax tetravalent vaccine
was safe without any serious adverse side effect and immunogenic. Howgvasedlb
clinical trial showed poor efficiency as the vaccine doses generate protection against
DENV-1-3-4 but not DEN2, which negatively impacted the overall protection.
ChimeriVax is the most advanced vaccine candidate to be tested in humans. The Cente
for Disease Control and protection (CDC) in the US used the attenuated-R EPIRW-

53 developed by Mahidol University to generate a set of chimeric DENV vaccine
candidates by substituting E protein from DEN-4 into the live attenuated DENY

PDK-53 vacine strain(125). The preclinical studies of the tetravalent formulation
(DENVvax) were safe and immunogenic in monkeys, which make the DENvax moved to
Phase | kinical trial. The previous success of inactivated tick born encephalitis and
Japanese encephalitis virus vaccine encouraged many groups to use virus inactivated

vaccine strategy to generd&NV vaccine.
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Whole virus inactivated Vaccine candidateslnactivated virus is a nonviable
viral particle that can not replicate in the host cells. The preparation of an inactivated
vaccine includes the propagation of the virus in cells such as Vero cells, concentration of
the virus particles by ultracentrifugation, fiwation on sucrose gradient, and
inactivation of the virus by chemical treatment such as formalin. The viagsvated
vaccine has two advantages over the live attenuated vaccines; it is safe, as it is not
possible for the virus to retrieve its viabjyliand cause reactogenicty in vaccinees. It
induces a balanced antibody response and does not result in infection interference.
Nonetheless, the virdgactivated vaccine has its own challenges. The vaccine cannot be
replicated in the host cells, which nmaahat a high titer of the vaccine should be
generated in tissue culture, which can be expensive to manufacture as DENV does not
grow to high titer in tissue culture. Moreover, the vaccine contains only the DENV
structure protein and fails to induce imneuresponse to the natructural proteins.
Adjuvants and multiple booster of doses are required to provide long term immunity.
These challenges make thENYV inactivated vaccine not attractive for manufacture in
endemic area, but they may be used as myjlitaccines. Walter Reed Army Institute of
Research (WRAIRYsed a high titer (about 10(9) pfu per ml) purified Dengue 2 virus to
be inactivated with formalin. The inactivated DENPWaccine was used with adjuvant
such as AS05 and AS08 to immunized macaguéich induce high neutralizing

antibody levels after multiple dosés.
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Recombinant subunit vaccines candidate®ENYV antigens, primarily E
protein, havdbeen expressed in several systems to generate protein subunit vaccine
candidatesEscherichia colbacteriaPichia pastorisyeast, insect cells and mammalian
cells have been used to generate recombinant Dengue protein suchBafrd\C
proteins(1). Subunit vaccine has the same advantage and disadvantage of the inactivated
vaccine, however one principle should be considered when this strategy is used to
gener&e subunit vaccine based on E protein. The E protein contains the major antigenic
epitopes oDENVand the primary used antigen in the production of subunit vaccine;
thus, E protein should be folded correctly to induce the right immune response. Full
lengthE protein without ceexpression of PrM protein will not be folded correctly, will
be targeted intracellular, not secreted and fail to induce immune regppridawaii
Biotechgenerated a recombinant subunit DENV2 E protein comprised of-teeniNial
of 80% of Eand PrM (r80E}(he E pr ot ein doestermital) encode
expressed ibrosophilaecells. The preclinical trial includes the immunizatiof rhesus
macaques at day zero and 30 with two doses of r80E with each of five different adjuvant
combinations. Control groups included animals immunized with saline, purified
inactivated DENV2 given with adjuvant or a single dose of live attenuated XEN
vaccine. This induced the same level of neutralizing antibodies as in the group that

received the highest dose of antigen together with two adju¢@nts

DNA vaccines candidatesComprising DENV genes into an expression plasmid
may result in DENV DNA vaccine, which affords advantages over conventional vaccines

including: stability for long periods of time, and resistance to extremes of temperature.
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This mearnt can be transport at room temperature and decrease the likelihood of
reactogenicity and replication interference. Because the proteins produced by DNA
vaccine are translated and processed within the host cell, they are able to induce class |
MHC-dependat immune response. Nevertheless, DNA vaccine has disadvantages
including: the necessity for multiple doses, using adjuvants and specialized injection
equipment. Naval Medical Research Center (NMiR@pduced the DEN\2 PrM gene

and 92% ofthe Egene (tte pr ot ei n d o e s n 0 +terminal)antouhd e 5 4
plasmid expression vector VR1 012. Preclinical studies in mice and monkeys carried by
immunizing animal by two doses of the DENMMVDNA vaccine combined with adjuvant
were followed by challenginthe animals with wild type DENA2. The vaccine protected
80% of the animals where the neutralizing antibody was induced in all vaccinated

animals(126).

Live-virus Vectored Vaccines candidatesRecombinant viruses expressing
foreign proteins can induce strong humoral andutallresponses against infection in
humansThe recombinant virus infects cells and expresses its proteins along with the
foreign proteins within the cells. Those proteins are then naturally processed,
glycosylated and associated with the cell membrane ifitracellular translation and
processing of the proteins can induce class | Mégpendent immune responses.
However, the livevirus vectored vaccine will induce a restricted immune response
depending on the foreign vectored antigéme National Institte of Allergy and
Infectious Diseases (NIAID) used the highly attenuated Modified Vaccinia Ankara

(MVA) virus to express DENM2or DEN-4 PrM and 80% oE protein. Preclinical studies
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in mice show that the MVADEN2 80% E, but not the MVAEN4 80% E, induce
neutralizing antibody responses in mice. Monkeys immunized twice with the-MVA
DENZ2 80% E develop resistance to wild type DER¢hallenging127). Naval Medical
Resarch Center (NMRQJenerates two bivalent DENV vaccines using complex
adenovirus (CAdV) by introducing the PrM and E genes of DEINAhd DENV2
(CAdVaxD1-2) or DENV-3 and DENV4(CAdVaxD34). Preclinical studies include
immunization of rhesus monkeys byréezalent dengue vaccine formulated by combining
the two bivalent vaccines (CAdVaxE2) and (CAdVaxD34). The vaccine induced
neutralizing antibody at high levels and protected the challenged animal with wild type
DENV, which was administrated at 4 andl\®eeks posimmunization. CAdVaxD3}
completely blocked viremia while CAdVaxE& significally reduced viremia in

challenged animal@ 28). All these currehstudies building toward realizing efficient
vaccination were faced with many challenges; however, the major challenges are
generating tetravalent dengue vaccine that should induce protective response and prevent
any theoretical risk of developing moreises diseases such as DSS and DHF, in
addition to being safe, stable and coast effective vaccine. In this study we will present a
vaccine candidate that has the ability to overcome these challengesheding virus

vector strategy
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Figure 11 Representation of various Dengue vaccine candidates antigen make ép.
Shows a schematic of the dengue virus genome. B. Acambis and Sanofi Pastizmer
contains for chimeric live flavivirus. The ChimeriVax tetravalent vaccine derived fron
yellow fever virus genome with the precursor membranéV(Pand envelop (E) proteir
gene segments replaced by the gene segments of each of the four serfolypegue
virus. C. The National Institute of Allergy and Infectious Diseases (NIAID) and the
National Institute of Health (NIH) vaccine contains a mixture of four recombinant de
virus genome; DENML and DENV4 have an attenuation mutation on theid
untransl ated region (UTR) known as &3
and DENM3 component are chimeric dengue viruses derived from DENWutated
genome with PrM and E genes replaced by serotype 2 and 3 of Dengue virus. Ci
DENV-4-3 is not shown in the figure D. The Center for Disease Control and prote
(CDC) vaccine contains a mixture of four recombinant DENgenomes; the DENY,
DENV-3 and DENV4 components are chimeric dengue virus genome. The He
Biotech vaccine is a recdsimant protein vaccine containing the E glycoprotein of the {
serotypes of Dengue virus. Other vaccines using DNA plasmid or virus vectors to e
Dengue virus antigen inside the célhture Reviews Immunolog$)
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1.7Hypothesis and research specific aimdVe hypothesize that Measles virus (MV)
backbone can be used as a vaccine vector to generate protective responses against both
measles anBENV. We planned to introdud®ENVantigens coding sequences
downstreanof N gene in our viral vector MVVvac2. The virus vector will replicate
effectively in tissue culture and the expression profile of Dengue antigens will be high.
Since recombination or deletion has nottbeemonstrated in M\Mve propose this

vaccine will bestable enough to be tested in experimental animals for immunogenicity

studies.

1.7.1 Research specific aims:

I. GeneratingMVvectorng DENV24 glycoproteins

A. Amplification of two forms of DENV PrMEFull length form which will

include the coding sequence of the PBEMWlycoproteins (DENV2 strain 16681, PrM

amino acid sequence (166 a. a.) ,and E is 495 a.a based on refereneél&ldDBENV4

strain ATCC VR 21PrM (166 a.pand E is 493 a.a based on reference Zhao et al.)
which will be translated and processed intracellularly. This protein expression plan has
the potential to induce the formation of virus like particsluble form which will

include the PriME proteins without the transmembrane domain of E protein (does not
include 45 a.a at the proteirt€minal, DENV2 sk does not include a.a # 730 to 775,
DENV4 doesnd6t include a.a # 72 8tradelular7 7 3) .

space by the cellular secretory system.
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B. Cloning Denque antigens inkV vector;each of the two forms of either

DENV2 or DENV4 will be inserted downstream of N gene inktévector MVvac2

(see figure 7).

Il. Recovery of recombinaMVvector.

A. Using reverse genetic technolo@§y vectoring Dengue antigens will be

rescued from a fullength infectious cDNA plasmiith vitro.

B. Replication fitness of recombinatV will be characterized by mulstep

growth kinetics in Vero/h SLAM cells.

lll. Characterization of measles and Dengue glycoprotein expression

A. Corroboration of insertion of Dengue glycoprotein coding sequences using RT

PCR. The in®rtion of Dengue genes will be detected from total RNA obtained from

infected cells.

B. By western blota monoclonal antibody directed against Dengue glycoprotein

E will be used to corroborate expression of the vectored antigens. Anti Measles

glycoproten H or N will be used as controls.

C. Indirect Immunofluorescence asspglyclonal sera directed against Measles

glycoprotein N (positive control) and monoclonal antibodies against Dengue

glycoproteins PrM and E will be used to corroborate the exprestamtigens.
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Figurel2. Representation of Measles Virus structure RNA genome and proteins.
Measles virion structure and organization. Measles virus is negative single strandec
virus contains a ligl envelop with two viral glycoproteins, MM and MV-F bind to Matrix
(M) protein though cytoplasmic tail. The genomic RNA is covered by nucliocapsid
protein and bind to phosphoprotein (P) and Large (L) protein to form RNP complex.
organization bmeasles RNA genome. It encodes 6 genes. Structural genes includes F
M and nonstructural genes includes L and p which includes two overlapping open re
frames C and V. The 36 end of the gen
will bind to initiate the transcription. RdRp generates a transcription gradient of m
MRNAs. N protein has the higher expression level.
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1.8 Measles virus VectorMeasles virus (MV) is a negative serfisgingle stranded

RNA virus of theParamyxoviridagamily. TheMV proteins Include, Nucleocapsid (N)
protein, Phosphoprotein (P), Hemagglutinin (H), Fusion (F) proteitryM&) protein

and an RNAdependent RNA polyerase (L) protein (figure 12 la) (5). Measles ign
enveloped pleomorphic virug,has two glycoproteinsl and Farranged on the surface of
the viion. H is a type Il integral membrane protein that is responsible for attachment of
the virus to a cell receptor present on the cell surfaceMihéas 3 known receptors,
which determine the tropism of MV within the host cells. CD 46 (membrane cofactor
protein) present on the surface of almost all nucleated huma(ileglsCD 150 or

SLAM (Signaling lymphocyte Activation Molecule) marker on the surface of atetd,
lymphocytes(130) Nectin4 is a tighjunction protein that mediate théV entry into
epithelial cell{131). The other glycoprotein is the F protein. Itis a type | integral
membrane protein which present in an immature form caleshdr will be cleaved by
cellular proteases prior to virus releasing fréma ¢ells in order to expose its hydrophobic
fusion peptide. Mature virus has two subunit of F protein F1 and F2 that is responsible
for the fusion and the entry of the virus into the host cells. When the virus binds to the
cell surface receptor, F1/F2 peot will go through conformational changes at neutral pH
where the fusion peptide will be inserted into the plasma membrane. The virus membrane
will be fused into the cell membrane and the virus genetic material will be released. Both
H and F proteins anietegrated to the virus membrane through cytoplasmic tail, which
are bound to the Matrix (M) protein. M protein lines the inner surfaces of the virus

envelop. It plays a role in the virus assembly and provides a support for the glycoprotein.
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After the virws entry the genome will be released into the cytoplasm of the infected cells.
MV genome is covered by the Nucleocapsid (N) protein and associates with L protein
and P(5). The N protein is the moabundant protein among measles proteins and it

plays a critical role in the viral replication, as it will be discussed. L protein is responsible
for the transcription and replication of the RNA genome. In addition to the L protein the
virus carry the P @tein since it is an essential polymerase cofactor MWeP gene

codes for not only the P protein but also for other two proteins: V and C, which are not
strictly required for viral propagation in cultured cells but required for the viral

replication inthe host cellgsee figure 13)The V and C protein play a role in the control

of the innate immune respons@tagonizing thenterferon pathway
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Figure 13.Representation of Measles virus replication in the cytoplasm of infected cel
Negative stranded RNA genorgevered by N protein and bind to P and L proteins will
released into the cytoplasm of infected cells after virus entry. The L protein or the RdF
de attach from the RNP complex and wil
replication process. The genomic RNA will transcribe into negative strand or antiger
RNA which is used as a template for replication and production of more negative st
RNA genome. The genomic RNA will be transcribed into viral mRNAs that will be trans
by cellular mechanism into proteins. Measles F and H protein will be directed to the EF
glycosylated and secreted to the plasma membrane. The M protein will be bind
cytoplasmic face of the plasma membrane. The replicated genomic RNA wlilidothe N, P
and L proteins to form RNP complex, which will be transported to the plasma meml
Once the RNP bind to the M protein a complex will be formed and the virus will bud froi
cell surfaceCurrent Opinion in Microbiolog{p)
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The Measles RNA genome is used as a template to be transcribed to generate a

full-lengthmessenger RNA. Thus, the replication of Measles genome happens in two

steps. The first one consist of when
the genome to generate a positive strandedlgnfith RNA called antgenomic RNA.
The secod one happens when the RdRp use thegartomic RNA as a template to
generate multiple cops of the genomic RNA (Figure 1®). In comparison,

transcription happens in a muttiep process whetke RdRp will bind to the leader

t

he

sequence to transcribe each of MV cistrons in a gradient manner. Transcripts close to the

RdF

genomic 36 end are more abundant, N protein

protein has the lowest (Figure)14
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Figure 14 Represent the relative transcript levels of the six measles gend$e measles
polymerase generates transcription gradients of the measles genes. The genes downs
30 end wi l | ohexpressioh. dl pretein hasehe bighest level while L protein
the lowest level of expression. The measles genome has an intragenic region betwe
gene. The polymerase will attenuate for a second after transcribing the gene and thel
relesed from the genome to bind again to
start the transcription all over again. As a result the polymerase will generate different ¢
of the viral mMRNA.Current Topics in Microbiology and Immunology
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TheMV has two distinctive features, Measles genome is only biologically active
when it is present as RNP complex, which means that the virus should be encapsidated
into the N protein in order to be transcribed and replicated. As a member of
Paramyxovirusmeasle has another distinctive feature called rule of six. Measles has a
restriction for the genome replication. The length of the genomic RNA or the anti
genomic RNA should be a multiple of six nucleotides in order to be encapsidated into the
N protein. As tlk RdRp elongates the genomic or the-gatiomic RNA the N protein
monomers will bind to units of sirucleotides (hexamers). Due to those two features the
RNA genomes that are not hexameric will not be packaged into the RNP complex and
will replication cgabilities. The viral mMRNAs will bé&ranslated in the cytoplasm., R
and L proteins will be used in the viral replication while the M protein will be directed to
the plasma membrane. The H and F protein will be directed to the endoplasmic reticulum
to besynthesized and transported via the Golgi apparatus to the plasma membrane. As
the proteins are transported to the plasma membrane H and F protein will be glycosylated
and cleaved to generate mature forms. The glycoprotein complex will be assembled on
thecell surface and will bind to the M protein that binds to the cytoplasmiofabe
plasma membrane (figure 1(¥). Encapsidated genome will bind to the M protein and
afterwards the virus wilbud from the cell surface. Generally, most of the new
synthesized virus particles are not released into the extracellular space. The newly
accumulated H and F glycoprotein at the surface of the infected cell membrane can result
in fusion between neighbogrcells. Syncytia formation is one of the known signs of

measles infection in the culture cells. Syncytia formed due to the fusion of infected cells

57



results in passing infectious virions between cells without releasing virus paicldis
this research, the MV vectoro MVvac20 that
is used as backbone to generate Dengue divalent candidates. From a vial of Schwarz
vaccine, Measles antigenomic RNAs wesalated which used to generate delhgth

cDNA of measles genome using ffICR. The cDNA was used to generate pB (+)

MVvac plasmid. Three mutation within the polymerase gene of pB(+)MVvac was
corrected (132). The corrected plasmid was named pB(+)MVvBaZ2acilitate cloning

of foreign coding sequences into pB(+)MVvac2 vector, additional transcription units
(ATUs) were introduced into the vector in many positions. In this research,

pB(+)MVvac2 with an ATU located in position 1710 downstream the N geefigure

16) is used as a virus vector to express DENVantigen. The foreign antigen sequence can
be introduced in intragenic regions, which direct the transcription by RdRp. The genomic
location of the ATU determines how much proteiti e expressed. AT8/have been

inserted into different locations including downstream P, dowenstid and downstream

L and upstream N genes. Attenuated MV vaccine is one of the most stable, safe and
effective human vaccines. Vaccination using measles vaccine is protective &gainst

MV infection. This strong and durable protection should be applied in case of MV
expressing antigen of other pathogens. MV vaccine vector has many advantages in the
means of expressing foreign antigen. In comparing top DNA viruses, recarnbiia

vaccine is safe because it replicates in the cytoplasm of the cells. Thus, the danger of

integration into the human genome is excluded.
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Figure 15.Rescue methods of the Measles virus and recombinant measles virus usi
standard cell line. Simultaneous transfection of cells that support measles replicatior
293 cells. Each of the three plasmid carry N, P protein or T7 polymerase. Plasmids
cytomegalovirus (CMV) promoter which bind to the cellular RNA polymerase to expres
N , P proteins and T7 polymerase. pEMa has the L protein coding sequence primed
internal ribosome entry site (IRES) to ensure the translation of the L gene into the
P(+)MV will transcribed by T7 polymerase into full length antigenomic RNA wheives as
template for the replication and the production of the genomic RNA. The N and P
protein will bind to the genomic RNA to form RNP complex. MV genome as RNP
generate and express the viral mMRNAs into viral protein by cellular machinerynddmstes
virus will assenble and released from the celCurrent Topics in Microbiology anc
Immunology(2)
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