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ABSTRACT OF DISSERTATION

DENGUE VIRAL PATHOGENESIS AND IMMUNE RESPONSE IN
HUMANIZED RAG27y.” (RAG-hu) MICE

Dengue viral pathogenesis and vaccine studies are hampered by the lack of an
ideal animal model mimicking human disease and eliciting an adaptive immune response.
We utilized a novel mouse model that permits multi-lineage human hematopoiesis and
immune response following transplantation with human hematopoietic stem cells. To
generate immuno-competent humanized mice, we xenografted neonatal Rag2 "y, mice
with human CD34+ hematopoietic stem cells, resulting in the de novo development of
functional human adaptive immune system. To evaluate susceptibility to dengue viral
infection, humanized mice were challenged with dengue virus (DENV). We observed
viremia that lasted three weeks post infection with all four serotypes of dengue virus. We
also demonstrated the presence of human anti-dengue antibodies. Anti-dengue IgM was
first detected at 2 weeks post infection followed by IgG at 6 weeks. Our results
demonstrated for the first time that humanized mice were capable of dengue viral primary
immune responses, thus paving the way for further dengue immunopathogenesis studies.
We challenged the mice that survived a primary infection with a secondary infection of
dengue virus. We report increased viremia, severe dehydration, hemorrhage and
morbidity in several mice during a secovndary infection. We demonstrate the first instance
of dengue hemorrhagic fever or dengue shock syndrome.(DHF/DSS) like phenomenon
reported in any humanized mouse model for dengue infections. We also report the

identification of cells that are actively infected with DENV in the spleen and lymph

il



nodes of these mice using in situ hybridization and immunofluoresence staining methods.
We used a SCID-hu model with an engrafted human thymus to study the direct infection
of T-cells by dengue virus. We demonstrate that T-cells and CD34+ hematopoietic stem
cells do not support a dengue viral infection. We were also able to infect monocytes and
dendritic cells that were isolated and developed from human peripheral blood in vitro. In
order to develop a consistent assay for antibody dependent enhancement‘ (ADE) of
dengue infection we were able to infect macrophages that were differentiated in vitro
from CD34+ hematopoietic stem cells. In summafy, this model provides a new tool to
further our understanding of a complex disease like dengue hemorrhagic fever and
dengue shock syndrome as well as provide a new system to test new vaccines as well as

therapeutics against dengue viruses in the human context.

Jes G Kuruvilla

Graduate Degree Program in Cell and Molecular Biology
Colorado State University

Fort Collins, CO 80523

Fall 2009
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Chapter 1

Overview of the Literature



1.1 Genomic structure and molecular organization of Dengue viruses

The dengue virus (DENV) is a single positive stranded RNA genome virus. It
belongs to the Flaviviridae family which includes West Nile virus (WNV), Japanese
bencephalitis virus (JEV), hepatitis C. The virus is the étiological agent of dengue fever
and is transmitted to humans by an infected mosquito host (Gubler, 1998a). There are
four serotypes of the virus that have been isolated. Phylogenetically these serotypes are
relatively distantly related yet they generate an immune response that cross reacts
amongst, the four serotypés, leading them to be grogped collectively as DENV 1-4
(DENV-1, 2, 3, 4) (Holmes, 2006; Rico-Hesse,1990). All four serotypes of DENV have
been isolated from tropical and sub-tropical regions all over the world (Gubler, 1998a).
Asiatic strains isolated from South-Asian epidemics are considered to cauée a more
aggressive disease as compared to those isolated from the Americas (Clyde et al., 2006;
_Cologna'and Rico-Hesse, 2003; Rodrigo et al., 2009; Thomas et al., 2003).

DENYV exists as an immature particle of 50nm in diameter or a mature particle of
60nm. The viral particle has an RNA genome which is surrounded with capsid proteins
(C) to form the inner core. The inner core is covered with a lipid bilayer from the host
cell and a glycoprotein shell of exactly 180 copies of envelope (E) and membrane protein
(prM). The conformations of these proteins distinguish the immature particle from the
mature particle (Figure 1.1). In the mature virion the E proteins lie flat against the viral
surface as 90 homodimers and create a smooth protein shell. The ‘pr’ peptide that is part
of the prM protein is cleaved and forms a protein sheath just under the envelope. In the
immature virion the prM and E proteins are seen as spikes that form an ordered array of

60 trimeric spikes all around the virion. The transformation from immature (spiky) to
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Figure 1.1 Structural representation of the dengue virus. (A) Cryo-EM
representations of the dengue virus and its tranformations from an
immature non-infectious virus particle to a mature infectious virion.[Figure
adapted from Perera and Kuhn.,2008]. (B) Electron micrograph of dengue
virus. The spiky nature of the mature virion is clearly visible [Figure
obtained from CDC (http://www.cdc.gov/ncidod/dvbid/dengue/electron-
micrograph.htm)]



http://www.cdc.gov/ncidod/dvbid/dengue/electron-

mature (smooth) occurs in a pH-dependent manner in the trans-golgi network during the
budding of the virus to the cell surface (Figure 1.1) (Pokidysheva et al., 2006; Yu et al.,
2008). Low pH in the golgi triggers a conformational change from spiky to smooth
followed by the final cleavage by host protease furin which cleaves the prM protein away

from the envelope (E) (Perera and Kuhn, 2008).

1.1a Viral entry

Infection of susceptible cells by DENV occurs predominantly through the
attachment of the virus to a cell surface receptor followed by the uptake via receptor
mediated endocytosis (Figure 1.2). During a prirﬁary infection, the E protein of the virus
binds to a cell surface receptor reviewed in (Clyde et al., 2006). Several putative
receptors have been reported with respect to DENV infection. They include heparin
sulfate (Chen et al., 1997; Germi et al.,2002), unidentified cell surface proteins ranging in
30-80kDa (Martinez-Barragan and del Angel, 2001; Salas-Benito et al., 2007; Salas-
Benito and del Angel, 1997), mannose receptor on CD14+ monocytes (Miller et al.,
2008) , DC-SIGN (CD209) on dendritic cells (Tassanéetrithep et al., 2003; Wu et al.,
2000), GRP78/Bip on hepatic cells (Jindadamrongwech et al., 2004). Several reports
have shown that using heparin prevents the attachment of DENV to glycosaminoglycans
that are present on cell surface receptors (Chen et al., 1997; Lin et al., 2002; Marks et al.,
2001). The consensus among the reports points to the interactions with these
glycosaminoglycans as a primary non-specific binding %hat promotes interactions with a
specific receptor or receptor complex (Pokidysheva et al., 2006). Several attempts have

been made to identify specific receptor proteins and limited characterization has
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Figure 1.2 Mechanisms of entry into a susceptible cell and replication of
dengue virus. DENV enters the cell through receptor-mediated endocytosis
and is uncoated in the late endosome. Viral proteins are translated into a
polyprotein in the ER and processed. Replication occurs in the ER through an
anti-sense intermediate. Viral assembly occurs in the golgi and processed.
Mature virions are secreted out from the golgi and ready to infect another
susceptible cell. [Figure adapted from Clyde et al., 2006].



implicated two heat shock proteins Hsp90 and Hsp70 as putative receptor molecules
(Cabrera-Hernandez et al., 2007; Reyes-Del Valle et al., 2005). Recently it was
demonstrated that DC-SIGN (CD 209, a c-type lectin) is a receptor for all four strains of
DENYV (Navarro-Sanchez et al., 2003; Tassaneetrithep ét al., 2003). Structural studies on
the virus receptor interactions have identified an interaction between the carbohydrate
moiety on residue 67 of the E protein and DC-SIGN (Lozach et al., 2005; Pokidysheva et
al., 2006). In the case of a severe infection with DENV, an alternative mechanism
proposed implicates the presence of non-neutralizing antibodies in promoting DENV
entry. The virus attachment and entry into Fc receptor bearing cells 'such as monocytes
and macrophages is promoted by the virus bound cross-reactive antibody binding by its
Fe regidn to its receptors (Halstead and O'Rourke, 1977b). T‘his antibody mediated
enhancement (ADE) is 5-6 fold more efficient than that of free virus binding to the
monocyte-dengue receptor. This phenomenon is thought to contribute to the development

of hemorrhagic symptoms of dengue (Halstead and O'Rourke, 1977a).

1.1b Post viral entry processing

After the attachment of DENV to a cell surface receptor, entry is mediated by
endoéytosis and pH dependent fusion with the endocytic membrane (Hase et al., 1989;
Lim and Ng, 1999; Lindenbach and Rice, 2001; Lindenbach and Rice, 2003). The virion
is exposed to the acidic pH in the endosomic vesicles, Which also simultaneously triggers
structural modifications of the envelope proteins (Gollins and Porterfield, 1985). After
un-coating of the virion and digestion of the envelope by cellular lysosomal proteases the

positive strand genome is released into the ER (Heinz et al., 1994a; Heinz et al., 2004;



Heinz et al., 1994b). The cellular translation machinery is initially involved in translation
of a single large polypeptide that is post-translationally cleaved by cellular proteases into
individual structural and non-structural components (Harris et al., 2006). The efficiency
‘of translation is determined by the relative availability of elF4E, which is required for
eukaryotic initiation (Lindenbach and Rice, 2003). DENV has several initiation codons at
the 5’end and translation initiation is also regulated by the 5° éonserved hairpin structure
(Chiu et al., 2005). The polypeptide is composed of structural proteins capsid (C) pre—
membrane (pr-M) and envelope (E) as well as seven nonstructural proteins: NS1, NS2A,
NS2B, NS3, NS4A, NS4B and NS5. The NS2B/NS3 protease cleaves at specific sites
that have dibasic amino acids (usually Lys- Arg or Arg- Arg or Arg-Lys). This protease
processes the cleavage between NS2A —NS2B, NS2BNS3, NS3-NS4A and NS4B-NS5
(Falgout et al., 1993; Falgout et al., 1991). Other host proteases are responsible for the
cleavage at the NS1-NS2A junction. Host signalases are responsible for the cleavage of
C-prM, pr—E, E-NS1 and NS4-NS4B junctions (Figure 1.3) (Amberg et al., 1994;
Beasley and Barrett, 2008; Lobigs, 1993). After cleavage specific proteins prM, E and
NSI1 are translocated into the lumen of the endoplasmic reticulum and can be detected in
infected cells with specific antibodies directed against these proteins (Beasley and
Barrett, -2008; Lambeth et al., 2005; Martin et al., 2006). The proteins are further post-
translationally modified in the Golgi by the addition of carbohydrate moieties

(Yamshchikov and Compans, 1993; Yamshchikov and Compans, 1995).



Dengue virus (+)sense ssSRNA genome - 11 kb
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Figure 1.3 Expression and post translational processing of the dengue viral
genome after entry into a susceptible cell. The virus is translated as a
polyprotein and cleaved into structural and non-structural proteins both by a
host signalase as well as the viral NS2B/NS3 protease. The sites of cleavage of
either protein are depicted.



1.1c Viral genome replication
DENV genome is a single positive strand RNA that is 11kb long with a single
open reading frame that is flanked on the 5° end as well as the 3’end with untranslated
regions (UTRs)(Lindenbach and Rice, 2001). The 5’ end of this RNA genome is 7-
methyl guanylate capped which is required for efficient replication of the virus and
conserved across all four genotypes (Figure 1.4) (Clyde et al., 2006). The 5’-UTR region
is about 100-nucleotides long and contains a hairpin stem loop structure (Cahour et al.,
,1995)' The 3’-UTR of the RNA is 450-nt long and has a conserved 3’ stem-loop (3’SL)
structure, which is absolutely required for efficient replication (Brinton et al., 1986;
Elghonemy et al., 2005; Men et al., 1996; Proutski et al., 1997; Rauscher et al., 1997; Yu
and Markoff, 2005; Zeng et al., 1998). It also lacks a polyA tail, similar to other positive
strand viruses.
The 3’ end also harbors a conserved sequence CS1 which is important for
cyclization of the genome (Alvarez et al., 2005a; Hahn et al., 1987; Men et al., 1996).
' The establishment of a long-range 5’-3° RNA-RNA interaction has been proposed as a
mechanism for replication of DENV (Alvarez et al., 2005a; Alvarez et al., 2005b;
Khromykh et al.,, 2001a; Lo et al., 2003). DENV does not package any viral RNA-
'dependeﬁt RNA polymerases (RdRp) along with the genome. The viral RNA after release
into the cytoplasm is translated using the host cell machinery to generate the viral
polymerase. The viral RdRp specifically copies the positive strand genome to generate a
negative strand or template strand for further amplification of the positive strand genome
in the golgi apparatus. The negative strand is present in 10 to 100 fold less as compared

to the positive sense strand (Westaway et al., 2003). The detection of negative strand
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Figure 1.4 Molecular organization of dengue virus. The virus is a positive
strand virus with a 5* 7-methyl guanine cap , 3’untranslated region (3’UTR)
as well as several important hairpin structures in the 5° and 3’
regions.[Figure adapted from Clyde et al., 2006]
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using in- situ hybridization methods has been critical to demonstrate cell types where
active replication of DENV occurs (Kala et al., 2004). The mechanism of generation of
this negative strand had been the subject of intense investigatioﬁ. Recently a new RNA
element was discovered that actively recruits the viral RdRp at the 5° end of the viral
RNA genome and promotes synthesis at the 3’end through long-range interactions
(Filomatori ét al., 2006). This RNA element in the S’en('i of the genome allows the RdRp
to discriminate between cellular and viral RNA. The binding of the polymerase at the 5’
stem-loop structure allows for interactions at the 3’end which is brought in close
proximity by cyclization of the entire genome. This promotes the generation of a negative
strand of the genome. It is bhypothesized that genome cyclization during viral replication
‘allows for a controlled mechanism to amplify only full length templates. Cyclization may
also help to co-ordinate the signals for translation and RNA synthesis by overlapping
signals at the 5 and 3’ends of the genome along with stabilizing the genome. In addition,
cyclization may locate the polymerase as well as accessory proteins of the replication
complex at the correct start site and also simultaneously contain a number of minus

strand replication templates produced (Filomatori et al., 2006).

1.1d Viral assembly and budding

Packaging and assembly of the virus occurs in a rapid process in the endoplasmic
reticulum of the infected cells within 12 hours of infection. The process is believed to
occur in tandem with replication such that there is limited prbpagation of RNA genomes
(Khromykh et al., 2001b). The capsid interacts with the RNA to form a nucleocapsid

complex. The orientation of the capsid due to its interactions with the ER membrane

13



directs the assembly by virtue of this polarity (Markéff et al.,, 1997). The prM and E
proteins are translocated to the lumen of the ER where they form a heterodimer complex.
These proteins move through the ER and the Golgi apparatus where they are post-
translationally modified by the addition of sugar residues (Courageot et al., 2000). The
complete assembly of the virus occurs with the budding of the nucleocapsid complex
through the ER lumen where it acquires the prM-E-lipid envelope (Wang et al., 1999).
The virus then accumulates in the secretory pathway of the ceu and is transported out by
exocytic vesicles. Prior to exiting the cell, prM protein undergoes a furin cleavage to
form a mature M protein and triggers the formation of E protein homodimers as well as
other pH dependent conformational changes (Beasley and Barrett, 2008; Stadler et al.,

1997).

1.2 Prirﬁary Dengue Fever

Dengue infection causes aﬁ arthropod borne viral disease in humans that ranges
from a mild febrile fever to a fatal hemorrhagic disease.-Primary dengue fever is a disease
of children and adults. It is characterized by an onset of fever with severe joint pain,
headachs:, nausea, retro-orbital pain, weakness and rash. Individuals suffering from
dengue often report an altered taste sensation and mild gore throat (Gubler, 1998a; Hayes
and Gubler, 1992; Sabin, 1952). The fever lasts up to a week with patients displaying
infections of the conjunctiva, inflammation of the pharynx and lymphadenopathy. Early
in the infection some patients may show a classic rash that persists for 2-3 days before
clearing. Petechiae appear fowards the end of the febrile period of illness. Hemorrhagic

manifestations in patients with primary dengue are uncommon but may range from mild
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to severé. Skin also shows the presence of petechiae and purpura. Mémy patients suffer
from bleeding gums, epistaxis, menorrhagia and gastro-intestinal hemorrhage. Hematuria
is infrequently observed but jaundice is rare (Gubler, 1998; Hayes and Gubler, 1992).
Clinical laboratory findings associated with primary dengue often include
neutropqlqia followed by lymphocytosis with the presence of atypical lymphocytes. There
is often a mild elevation in the level of liver enzymesv in the serum. Patients may also
show elevated levels of alanine aminotransferase as well as aspartate aminotransferase
(Dvietz et al., 1996; Gubler, 1998a). Some patients also demonstrate thrombocytopenia. In
summary, primary dengue fever is generally a self limiting and rarely fatal disease. The
illness phase typically lasts only between three to seven days with a prolonged
convalescence period. The time taken for complete recovery ranges from weeks to
months and is often associated with weakness and depression in adults (Gubler, 1998;

Hayes and Gubler, 1992).

1.3 Secondary Dengue Infections
1.3a Dengue Hemorrhagic Fever

Dengue hemorrhagic fever (DHF) is a disease of children under the age of fifteen,
although it may occur rarely in adults (Dietz et al.,, 1996). It is characterized by the
sudden onset of fever which lasts for two to seven days and initially resembles a primary
dengue infection. As the fever remits, there is a characteristic manifestation of plasma
leakage, enabling an accurate diagnosis in many cases. During the stages of
defervescence, signs of circulatory failure begin to show (Cohen and Halstead, 1966;

Gubler, 1998a; Gubler, 1998b; Hayes and Gubler, 1992). Blood tests usually detect
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thrombocytopenia and hemo-concentration that are observed with plasma leakage.
Common hemorrhagic manifestations include skin hemorrhages, petechiae, purpuric
lesions and ecchymoses. Epist‘axis, bleeding gums, gastro-intestinal bleeding, herﬁaturia
as well as scattered petechiae on the trunk and extremities are also commonly observed.
DHF is characterized by thrombocytopenia with platelet counts less than 10°/mm3. There
is significant hemo-concentration due to plasma leakage. Hepatomegaly is commonly
noted with many patients. As a result, liver enzyme levels in the serum are also often
elevated above normal. There is also an increased occurrence of vascular permeability
that promotes hemo-concentration and decreased blood pressure (Eram et al., 1979;

Gubler, 1998b; Sumarmo et al., 1986).

1.3b Dengue Shock Syndrome

buring dengue shock syndrome (DSS) patients suffer from a special case of DHF.
The defining feature of DSS is shock associated with plasma leakage and circulatory
failure. The severity of shock may vary from mild to severe with severe shock
dramatically increasing the risk of death. Without an early diagnosis, patients suffer from
shock due to loss in blood volume. Characteristic symptoms of DSS may include petechia
on the face, iarge ecchymotic lesions on the trunk as w‘ell as the extremities, and severe
gastro-intestinal bleeding. Children suffering from shock often exhibit petechiae and
perioral cyanosis. Capillary fragility (tourniquet — test) is often used as a diagnostic tool
to identify DSS cases. During and sometimes prior to going into shock, the skin becomes
cool to-the touch, blotchy and congested. The pulse becomes rapid and weakens

simultaneously. Although patients appear to be lethargic initially, they become restless
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‘and rapidly pass into shock. Clinical laboratory tests show that DSS is characterized by a
greater than 20% reduction in plasma volume. Pleural effusion is seen in lung x-rays
from these patients. Hemo-concentration dué to plasma leakage simiar to DHF patients is
common. Hypoproteinemia is also observed in DSS patients. There are significant
vascular.changes in the patients during shock. Blood tests often reveal thrombocytopenia
and coagulation disorders that are linked to lack of platelets. Patients with the mild form
of shock are often able to recover after administration of electrolyte therapy. In patients
with mild shock all éigns and symptoms rapidly disappear shortly after fever subsides.
However, patients who develop severe shock suffer from a rapid decline in.health and
mortality is very high in such cases (Eram et al., 1979; Gubler, 1998; Sumarmo et al.,

1986).

1.4 Laboratory Diagnosis for Dengue Infections

At the onset of disease blood samples are taken to determine presence of the virus
in serum or the presence of antibodies against the virus. Serological tests for dengue often
include a hemagglutination—inhibition test, complement fixation, viral plaqu¢ reduction
neutralization test (PRNT) and ELISA. For detection of antibodies in patient sera both
sandwich ELISA as well as indirect 1gG ELISA techniques can be used (Gubler and
Sather, 1988; Guzman and Kouri, 1996). While the detection of antibodies against
dengue is extremely useful for rapid diagnosis and trea‘tment, the definitive detection of
infection is made when the virus is isolated from an infected patient or viral RNA in

serum or tissue samples has been identified.
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1.4a Virus Isolation and Identification

Virus from infected patients has been routinely isolated and identified by several
methods that have progressively developed over time. Baby mice were first used to
routinely isolate DENV during epidemics. All four DENV serotypes have been isolated
from sera of human patients that were injected into baby mice intra-cerebrally (Hotta,
1952; Sabin, 1952). This practice has been discontinued in routine use due to the lack of
sensitivity and time-consuming nature of the process. Mammalian cell cultures have been
routinely. used to propagate DENV. Cell lines such ;dS the LLC-MK2 and Vero are
routinely used in the process of isolation and identification of DENV (Gubler and Sather,
1988; Vordnam and Kuno, 1997). However, the disadvantages to this process are similar
to that of using baby mice. Several passages are required to allow the virus to adapt to the
cell line. In addition a similar period of time is required for observing cytopathic effects
in infected cultures (Gubler, 1998a). Direct mosquito inoculation is the most sensitive
method that has been employed for DENV detection (Gubler and Sather, 1988). It has
been used to successfully isolate viruses routinely from numerous fatal cases of DHF and
DSS (Gubler and Sather, 1988; Gubler et al., 1979a; Sumarmo et al., 1986; Vaughn et al.,
1997). Several endemic DENV strains have also been isolated using direct inoculation of
mosquitoes (Gubler et al., 1978; Gubler et al., 1986). Four mosquito species have been
used routinely for the purpose. They are Aedes aegypti Aedes albopictus,
Toxorhynchities amboinensis and Toxorhynchities splendens. Both male and female
mosquitoes are equally susceptible to infection and replicate the virus efficiently to high
titers (Lam et al., 1986; Thet, 1982). In a short period of time post-injection (4-5days) the

virus is detected using fluorescent-labeled antibodies in the brain as well as the salivary
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glands (Kuberski and Rosen, 1977). The disadvantages to the method of infecting
mosquitoes include the requirement of an insectarium that can produce a large number of
uninfected mosquitoes and the labor-intensive nature df the process (Gubler and Sather,
1988; Gubler et al., 1979b). There is also an additional risk of being bitten by infected
female Aedes mosquitoes in the laboratory although this can be eliminated by using non-
biting male Aedes as well as Toxorhynchities species (Rosen and Gubler, 1974).
Mosquito cell cultures are the most recent additions to the methods for DENV isolation.
C6/36 is a clonal Aedes albopictus cell line that is routinely used in culturing DENV.
These cells are very useful since they are easily scaled up allowing for the rapid and
economical surveillance of several serum samples at ‘once (Gubler and Sather, 1988;
Gubler et al., 1984; Kuno et al., 1985; Tesh, 1979). Another cell line AP-61 from Aedes
pseudoscutellaris has been used due to ease of detection of cytopathic effects. The only
disadvantage of the AP-61 cell line is the inability to detect any noncytopathic effect
causing DENV with ease (Gubler and Sather, 1988). Since mosquito inoculation is the
most serl-siti\/e for detection of DENYV, it is often employéd during an epidemic of DHF or
DSS while mosquito cell culture is used for routine surveillance (Gubler et al., 1986).The
sensitivity of the mosquito cell line towards DENV also varies by strain. Thus there are
instances where the virus is not effectively isolated. This drawback is offset by the ease
with which a large number of serum samples can be processed simultaneously (Gubler

and Sather, 1988).



1.5 Immunity and Vaccines against Dengue

Within 3-5 days of primary infection most patients infected with DENV show
detectabie levels of IgM antibody. These antibodies pérsist for 1-2 months following
infection and are usually found to be predominantly directed against E protein with few
against non-structural proteins. During primary infection IgM antibodies tend to
predominate over 1gG antibodies (Innis et al., 1989). IgG antibodies that are detected in
conval-es_cing patients are often directed against prM E, NS1, NS3 and NS5 proteins.
Antibodies generated against E protein are often neutra‘lizing against the infecting strain
of virus with the capacity to cross-react with other serotypes (Nawa et al., 2000).
Neutralizing IgG antibodies produced against a particular strain confer life-long
immunity to that strain (AbuBakar et al., 1997; Se-Thoe et al., 1999; Valdes et al., 2000).
Thus there is a strong immunity against a homologous i.nfect.ing serotype and short-lived
or no protection against a heterologous serotype. After secondary infection by a different
serotype, 1gG antibodies are produced at very high levels against capsid, NS1, NS3 and
NSSV (Halstead, 1974). These antibodies generally neutfalize the original infecting strain
but are non-neutralizing for the secondary infecting strain (Halstead et al., 1973). The
presence of non-neutralizing antibodies in the event of a subsequent infection with a
different serotype is very detrimental to the individual. The non-neutralizing antibody
bound virus is taken up by a relatively large number of Fc-receptor bearing cells,
resulting in the phenomenon of antibody dependent enhancement (ADE) (Halstead,
2008). This process contributes aggressively to dramatic increase in the number of cells
that are infected and rapid increase in plasma virema which cumulatively contribute to

the severe pathology associated with DHF and DSS (Halstead, 2008). Many of these
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antibodies are cross-reactive and some are even generated against host pfoteins such as
plasminogen. Cross-reactive antibodies against the host proteins have not been correlated
with severe DHF or DSS (Chungue et al., 1994). However in mice antibodies generated
against NS1 have been shown to be cross reactive against human fibrinogen (Monroy and
Ruiz, 2000), platelets and endothelial cells and can cause hemorrhage in these mice
(Falconar, 1997; Lin et al., 2003). These antibodies reactive against the host proteins can
trigger auto-immunity related destruction of plateletsv and endothelial cells promoting
plasma leakage, hemorrhage and shock (Chungue et al., 1994). Thus the role of
antibodies during infection is profound.

In order to generate protective immunity against dengue, there is a need for four
distinct vaccines to provide complete protection against all serotypes. Vaccine studies are
further confounded by a lack of complete understanding of the pathogenesis of severe
dengue disease and inadequate animal models. Both monkeys and mice have been used
as animal models. However both mice as well as monkeys do not generate adequate
viremia ;as cémpared to human patients to allow for a cé)mplete understanding of disease
pathology (An et al., 1999; Halstead et al., 1973; Johnson and Roehrig, 1999; Kraiselburd
et al., 1985). As described below and tabulated in Table 1.1, six different types of

vaccines have been tried so far with limited success (Vaughn et al., 2008).

1.5a Attenuated live virus vaccines.
The first vaccination attempts were carried out by Sabin, who isolated and
demonstrated the presence of two distinct dengue viruses DENV-1 Hawaii and DENV-2

New Guinea (strains B, C and D) for vaccination. The first vaccinations were carried out
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by mixing convalescent serum and acute infection serum and inoculating a human
volunteer intréoutaneously with a known amount of ‘each. The virus was considered
neutralized if the subject did not develop symptoms of infection. Sabin confirmed that the
type specific antibody provided protection against classical dengue fever for at least two
months (Sabin, 1952). He attempted to attenuate the' DEN-1 Hawaii strain by serial
passage in mouse brain and was successful after 7 passages. Similar attempts at
attenuation were made successfully with DENV-2 New Guinea and individuals were
immunized without development of severe clinical symptoms. This is the first known
attempt to use attenuated live vaccine in humans (Eylar and Wisseman, 1975; Sabin,
©1952). [;1 1963 a placebo-controlled study during a D‘ENV—3 outbreak in Puerto Rico
showed partial success with the usage of mouse passaged DENV-1. These studies were
later discontinued due to safety concerns with the possibility of generation of
autoimmune antibodies against mouse neural proteins or inclusion of other infectious
agents from mice (Wisseman et al., 1966). More recently, attenuated vaccines have been
ideveloped by Mahidol University in conjunction with Walter Reed Army Medical
Instiute (WRAIR) where serial culture passaged virus was employed to develop live
attenuated monovalent as well as tetravalent vaccines V(Bancroft et al., 1984). For these
purposes primary dog kidney (PDK), African green monkey kidney (PGMK) or fetal
rhesus lung (FRhL) cells were used (Vaughn et al., 2008). These vaccines were licensed
to Sanofi Pasteur and have undergone both Phase 1 and Phase 2 clinical trials recently.
All four vaccines showed high seroconversion rates with DENV-1 and DENV-2 showing
100 and 92% respectively for single doses (Bhamarapravati and Sutee, 2000;

Bhamarapravati et al., 1987; Vaughn et al., 1996). Although DENV-3 and DENV-4 had
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lower seroconversion rates of 46 and 58%, they were the best tolerated by volunteers for
a single dose. The side-effects of these ihocu]ations at times included fever, rash, and
.dengue related symptoms like headache, myalgia and rash (Kanesa-Thasan et al., 2003;
Mackowiak et al., 1994). The complications with booster doses involved viral
interference, and reactogenicity. These experiments have still not alleviated concerns
regarding vaccine-induced ADE - or the possibility that a drop in concentrations of
vneutraliz-ing antibodies to sub-neutralizing levels could trigger severe disease (Burton et
al., 2000). An enhanced vaccine reactogenic reaction (where the vaccine induces an
aggressive disease due to an ADE based phenomenon) is also possible in individuals who

have pre-existing anti-flavivirus antibody (Vaughn et al., 2008).

1.5b Molecularly attenuated live virus vaccines.

DENV-4 (WRAIR 814669, Dominica 1981) was the first DENV to be cloned for
vaccine research (Lai et al., 1991). After this achievem_ent, dengue and other flaviviruses
were readily altered genetically to generate attenuated .variants. The first vaccine derived
by cDNA technology was used to immunize Rhesus macaques (Men et al., 1996). It was
found tc; cause vaccinemia (anemia related to vaccination) with a slightly decreased
antibody response compared to other types of vaccineé. Similar symptoms were seen in
human volunteers who were injected with 1x10° pfu in 0.5 ml subcutaneously. The
vaccine was well tolérated but was seen to be vaccinemic (neutropenia) with transient
rash. Though this vaccine set the precedent for future studies, several modifications will
be needed pﬁor to it being a good candidate with t‘he ability to neutralize all four

serotypes of DENV. The backbone of the virus used is now being investigated to develop
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a tetravalent vaccine after insertion of genes from other DENV (Vaughn et al., 2008). In
1997, the FDA generated an infectious clone of DEN-2 that was modified at the 3’UTR
to demonstrate the importance of this region in replication of DENV (Polo et al., 1997).
Further studies‘ showed that deletion in this region generated an altered virus that was
i:ncapablé of replicating in insect cells but replicated in mammalian cells. These defective
mutants were evaluated as vaccine candidate in Rhesus macaques and were shown to be
less reactogenic than parent strains (Markoff et al., 2002; Men et al., 1996). The monkeys
were protected from infection later when challenged with a homologous infectious strain
of the virus. Molecular clone-based strategies thus provide an alternative where the
.-antibody response is directed known attenuated viral Str.ain which is an added advantage
over empirically attenuated viral strains that can be used for vaccination. These mutant
strains are being pursued as candidates for further live vaccine trials (Vaughn et al.,

2008).

1.5¢ Chimeric live vaccine viruses

The generation of DENV-4 ¢cDNA mentioned above (Men et al., 1996) paved the
way for the generation of several chimeric constructs to be used for vaccine studies (Bray
and Lai, 1991; Markoff et al., 2002). Several combinations of structural genes as well as
non-structural genes have been combined to generate viruses that produce robust
antibody responses and protection from challenge with wild-type viruses when given as
monovalent or bivalent vaccines in Rhesus macaques (Bray et al., 1996). The CDC has
developed a tetravalent vaccine using non-structural genes derived from the Mahidol

University/Sanofi Pasteur LAV vaccine (DENV-2 16681 PDK-53) (Kinney et al., 1997).
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There are proposals to insert prM-E genes from DENV-1, DENV-2 and DENV-3
attenuated viruses into this backbone‘ to generate formulations that will hopefully
generate protective antibodies against all four serotypes and allow for maintenance of
attenuation (Huang et al., 2003). Chimeric viruses are being developed by Acambis Inc in
‘conjunction with Washington University and St Louis'Medical Schools using a slightly
different approach in which the yellow fever 17D vaccine strain has been used as the
backbone for insertion of dengue serotype specific genes. Chimeras have been produced
for each of the four dengue serotypes and propagated under a controlled environment in
Vero cells (Guirakhoo et al., 2001; Guirakhoo et al., 2004; Guirakhoo et al., 2000).

Injection in Rhesus macéques resulted in complete sero-conversion in all animals
(Guirakhoo et al., 2002). This was seen in cases where the animals were administered 10°
pfuof DENV;Z chimera and 10° pfu each of DENV-1, DENV-3 and DENV-4 chimera. A
higher concentration of DENV-2 chimera demonstrated interference. The animals were
completely protected from challenge with any DENV serotype (Guirakhoo et al., 2006).
These vaccines may provide a better approach to generate neutralizing capability as
compared to live attenuated vaccines. However, it is unknown whether these vaccines
will gen;arate enough serotype-specific memory T—cellé against DENV to provide long

lasting protection (Vaughn et al., 2008).

1.5d Inactivated whole virus vaccines
Inactivated whole viruses were developed first in 1929 as crude preparations to
generated immunogenicity (Simmons et al., 1931). More recently the WRAIR has

generated a DENV-2 S16803 vaccine preparation from Vero cells that was purified using
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sucrose gradients and inactivated by formalin treatment. The virus was administered
along with adjuvants to Rhesus macaques. All experimental animals, except one macaque
sero-converted after the ﬁfst dosage of vaccine. Upon a secondary dosage all animals
showed an anamnestic response and an increase in antibody titre. Upon challenge with
the parent strain the animals were protected (Putnak et al., 1996a; Putnak et al., 1996b).
- The advantage of an inactivated vaccine lies in the fact that the virus cannot revert to any
pathogenic form. Inactivated vaccines are also less likely to interfere with other serotypes
of virus used ‘for vaccination. They have also been shown to activate cell-mediated
immunity in addition to humoral immune responses (Aihara et al., 2000; Vaughn et al.,
2008). The drawback however lies in the small repertoire of proteins that are processed to
generate the immune response. The narrow breadth of the immune response generated is
likely to be insufficient for robust protection. However, there are similar vaccines used in
the case of Japanese encephalitis and tick-borne encephalitis that are used as traveler’s
vaccines (Hoke et al., 1988). Hence if some of the concerns regarding manufacturing and
safety are addressed, inactivated virus vaccines may provide a practical alternative or

may be used in combination with live attenuated vaccines (Vaughn et al., 2008).

1.5e DN;{&/RNA based vaccines

DNA or RNA based vaccines use specific portions of genes that elicit an immune
response without the generation of an infectious virion. These vaccines are composed of
plasmids containing DENV genes which are amplified in E.coli ahd injected into the
recipient. After uptake in human cells the genes are transcribed and translated into their

respective gene products. These proteins are later presented on the cell surface by the
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host MHC system to generate a humoral and/or cellular immune response (Whalen,
1996). DNA vaccines were first evaluated by the Naval Medical Research Center where
the expression plasmid contained both prM and E protein (Vical Inc, SanDiego
California) from the DENV-2 New Guinea C strain under a eukaryotic promoter. Mice
tested with both plasmids generated neutralizing antibody (Kochel et al., 1997). Similar
plasmids were made with C-prM-E and used to imﬁunize mice with similar results
(Konishi et al., 2000).

In Rhesus macaques, usage of recombinant plasmids was able to reduce the
frequency and duration of viremia on challenge with infectious virus. At the present
moment usage of DNA constructs expressing antigens of all four serotypes produces only
modest amounts of neutralizing antibody in non-human primates while fully protecting
only a small number of animals (Raviprakash et al., 2000). The effectiveness of the
vaccine may be improved if there are means to specifically deliver these genes into skin
dendritic cells that are .thought to be the primary targets of DENV infection. DNA
vaccines in theory do provide a number of advantages over conventional vaccines in
terms of ease of production, transport and stability of the vaccine (Eo et al., 2001).
However it also carries the risk of integration into the host chromosome as well as
generation of auto-immune disease with antibodies produced against host DNA. Unless
these challenges are circumvented and more robust neutralizing responses are generated,

DNA vaccines will always be viewed with skepticism (Vaughn et al., 2008).

1.5f Recombinant subunit vaccines

Several epitopes have been specifically mapped with respect to DENV proteins
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that elicit a strong humoral as well as cell mediated imnﬁunity. These short regions can be
cloned together as a single subunit vaccine that will hopefully be both safe and effective
at a moderate cost (Trent et al., 1997). Several systems_have been used to express these
proteins including E.coli, insect cells (S. frugiperda), yeast, vaccinia virus as well as
mammalian cells. Gene expression in Drososphila cells has been engineered by Hawaii
Biotechnology Inc who have expressed and purified the E protein. Rhesus monkeys
injected with this monovalent vaccine were immune against a challenge with wild—type
virus of the same serotype (Sirﬁmons et al., 2006). A tetravalent formulation is also being
pursued using this approach. Recently a DNA shuffling approach was used to generate
chimeric tetravalent clones of the E protein to generate a recombinant antigen. It is
capable of inducing production of neutralizing antibodies in mice against all four DENV
serotypes (Apt et al., 2006). These and other novel approaches offer an advantage ovér
live atteﬁuated vaccines in terms of efficacy and cost. It is however important that the
post-translational modifications such as glycosylation remain unchanged. This can be
circumvented by producing the protein in mammélian cells (Konishi and Fujii, 2002).
Like all other vaccines, the risk of enhanced disease when challenged with wild type
viruses should also be assessed prior to approval for usage. Vaccines that generate a
cytotoxic T-cell response would most likely lower suc;h risk by inducing a robust and

quick neutralizing response (Vaughn et al., 2008).

1.6 Animal Models for Dengue Fever Studies
Dengue as a severe disease has been described in medical as well as historical

literature since the early 1800’s. Epidemiological studies have shown that the virus was
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introduced to human populations from non-human primates both in Africa and Asia.
Detection of anti-dengue antibodies in these animals found in sylvatic or tural settings in
these regions implies that they may be involved in virus transmission via mosquitoes

(Wang et al., 2000).

1.6a Large animal models to study dengue infection

The first experiments with Macaca mullata (Rhesus macaques) were done in
1914 using infected patient sera injected subcutaneously to demonstrate that non-human
primates can become infected with the virus. The re-isolated virus was able to produce
classical dengue fever in humans but the monkeys remained asymptomatic. Later other
experiments were performed using infected mosquitoes which were allowed to feed on
rhesus as well as cynomolgus macaques (Macaca fascicularis). Both species of animals
developed an infection without showing any sympfoms. Mosquitoes fed on these
monkeys were neither infected nor able to transmit any disease to human volunteers.
Thus primates have been traditionally used in dengue research with mixed results (Bente
and Rico-Hesse, 2006). Several other species of non-human primates have been used to
study dengue infections with limited success. They include Cercopithecinae family
(Rhesus macaques, Cynomolgus macaques), Japanese macaques), green monkeys
(Cercopithecus aethiops), patas monkeys (Erythrocebus patas), yellow baboons (Papio
cynocephalus) and mangabeys (Cerocebus spp) (Halstead et al., 1973; Rosen, 1958). The
results from experiments on these animals have shown that they become infected at a
very low level and do not show any overt signs of disease. Experiments with New world

monkeys like night monekys (Aotus spp), squirrel monkeys (Saimiri sciureus), cotton-top
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marmosets (Saguinus oedipus), white face monkeys ‘(Cebus capucinus), black spider
monkeys (Ateles fusciceps), Saimiri monkeys (Saimiri orstedii), marmosets (Marikini
geoffroyi), howler monkeys (Alouatta palliata) and red spider monkeys (Ateles geoffroyi)
have shown that they can harbor the virus due to the detection of viremia and antibody
production, but also do not show any overt clinical symptoms (Kochel et al., 2005;
Scherer et al., 1972; Schiavetta et al., 2003). Apes such as chimpanzees (Pan troglodytes)
and white-handed gibbons (Hylobates lar) are not susceptible to dengue infection (Paul et
al., 1948; Scherer et al., 1978; Whitehead et al., 1970). Thus, a lack of symptomatic
infection is a major disadvantage to using non-human primates in dengue research in
addition to the high cost of conducting experiments with these animals. More attention is

now being focused onto small animals as dengue infection models.

1.6b Small animal models and dengue infections

Among small animal models like rats, rabbits, guinea pig§ and mice, dengue
research has primarily focused on mice as a suitable host to study dengue fever. The other
small animals have not shown any infection when challenged. Mouse models for dengue

research are divided- into three categories:

1.6bli] Immuﬁocompetent mouse models

Initial studies with normal immunocompetent ;rhice demonstrated that mice were
permissive to dengue virus infection and replication occurred at a low level. These
_studie_s often used very high viral inoculum (1x10® pfu) injected through an intravenous

route or intracranial route, both of which are not the normal modes of infection.
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Moreover when the virus was passaged in mice it lost its virulence and ability to infect
human volunteers (Sabin and Schlesinger, 1945). Some strains of mice like A/J are more
sensitive to infection as compared to the BALB/c or C57BL/6 strains of mice. Infection
‘in A/J mice resulted in signs of paralysis and thrombocytopenia upon infection with a
very high dose of virus (Huang et al., 2000b). However, in general immunocompetent
mice do not exhibit sustained DENV replication or symptoms consistent with dengue

fever in humans.

1.6bJii] Immune compromised mice

In order to circumvent the drawbacks of immunocompetent mice, attention was
given to mice which can not produce interferon (AG129 strain) or the SCID mouse which
does not produce functional B or T cells. Experiments with AG129 interferon knockout
mice show that the infection is lethal in mice that lack receptors for interferon alpha, beta
and gaﬁma. The mice suffer from paralaysis and blindness and die by 12 days post
infection. Viremia is observed up to 9 days post infection with the peak at 3 days. The
lack of interferon in these mice results in death pointing to the role played by interferon
in protection from dengue pathogenesis. Because these mice exhibit a severe discase
outcome, they can be useful as models for testing pre-clinical vaccines. However, the
severe immunodeficiency of these mice makes them ;;1 relatively unrealistic model of

dengue infection and pathogenesis (Johnson and Roehrig, 1999; Shresta et al., 2006).
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1.6bliii] Humanized mice

éevere combined immunodeficiency (SCID) mice have been transplanted with
primary human cells, cell lines and tumors. These mice lack humoral and cellular
immunity due to the lack of mature host T and B cells. The mice engrafted with human
cells have been used to study the replication of several viruses including DENV for
which small animal models are not available. Several types of mice have been engrafted
with human PBMCs to generate the human-PBL-SC]b model. These mice were rarely
infected when injected with DENV. The mice were not able to sustain a virus infection
effectively since the number of target cells achieved in animal tissue was only nominal
(Wu’ et al, 1995). In another model, SCID mice were injected with human
erythroleukemic cells (K562) (Lin et al., 1998). After c_hallenge‘with DENYV virus intra-
vperitoneafﬂy the mice demonstrated the presence of virus in the blood as well as in the
tumor and brain. In this model, viremia was observed 6 days post infection in the blood
and 3 day post infection in the brain. The mice shoWed paralysis within 2 weeks of
infection died by 4 weeks post infection.

SCID mice have also been engrafted with human liver cells. When engraﬂgd with
a hepatocarcinoma cell line (HepG2) (An et al., 1999) and challenged with DENYV virus,
the mice became infected. Viremia was detected in the brain, serum and liver but not in
spleen. The mice demonstrated elevated TNF-alpha levels, along with thrombocytopenia
and an elevated hematocrit, with exhibition of paralysis 2-3 weeks post infection. The
increased level of TNF-alpha is a response seen similar to that in DHF/DSS cases. In
another model involving hepatic cells, SCID mice were engrafted with a human

hepatoma cell line (HuH-7). Intra tumor injection of these mice with DENV showed a
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productive infection with DENV-4. The virus was detected in serum, liver and brain. This
model has also been used to test vaccines (Blaney et al., 2005). The major drawback with
all the SCID models described so far is the limited time for which the engraftment
persists in these mice as well as the limited repertoire of normal human lymphocytes
available for infection. SCID mice as described above are also amenable to engraftement
with human cells.

To increase the stability of xeno-engraftiment in these mice they were crossed with
non-obese diabetic (NOD) mice to generate the NOD-SCID model which lacks natural
killer cells (NK) in addition to T and B-cells (Serreze et al., 1988). The additional
knockout promotes engraftment of foreign tissue, especially human hematopoietic
CD34+ stem cells. The mice are engrafted a few days post birth intra-hepatically with
cells sourced from human umbilical cord blood. The human CD34+ cells are progenitors
for cells of both myeloid and lymphoid origin which are able to engraft into the organs as
well as. being present in peripheral blood. The enérafted NOD-SCID mice were
challenged with DENV-2 K0049 strain through a subcutaneous injection. The engrafted
mice developed clinical symptoms of rash, fever and thrombocytopenia. The results from
viremia estimated from plasma and organs byvq-RT-PCR suggest that the virus infected
the spleen, liver and is detected in peripheral blood (Bente et al., 2005). The authors were
however unable to demonstrate an adaptive human immune response from these mice to
date. Another drawbackv with NOD-SCID mice in general is the short lifespan of these
mice due to the spontaneous formation of tumors. Although it is a good model to study
dengue fever with respect to primary infections, the mice do not reliably survive over a

longer period of time.
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Recently a novel humanized mouse model was generated by combining two
separate gene knockouts. The Rag” v, is generated b); knocking out the recombination
activating gene (Rag) as well as common 1l-2 receptor gamma chain (IL-2y.). The
recombination activating genes (RAG-1 and RAG-2) plays an important role in the
rearrangement of immunoglobulin genes in T and B lymphocytes. Disruption of either of
these genes leads to an immunodeficient mouse which lacks an adaptive immune
response. The IL-2 common gamma chain is a common receptor that is used by the 11-2
family of cytokines. The gene knockout directly affects the propagation of natural killer
cells in the mice thus enabling efficient xenoengraftinent in Ragl'/'yc‘/' or Rag2'/'yc'/"
mice.

The combined effect of these two mutations allows the generation of a mouse that
is efficiently reconstituted with human hematopoietic progenitor CD34 cells (Traggiai et
al., 2004). The neo-natal mice are first irradiated with a sub-lethal dose of gamma
irradiation followed by an intra-hepatic injection of CD34+ human hematopoietic stem
cells that are isolated from fetal liver tissue. The engrafted human cells migrate to every
hematopoietic organ and promote development of a functional thymus and lymph nodes
in addition to the propagation of human lymphocytes of myeloid as well as lymphoid
origin. The human cell engrafted Rag”y.” mice are referred to as “RAG-hu” mice. A
lﬁajor improvement exhibited by the engrafted RAG-hu mouse is that these mice can
produce a functional human humoral immune response. We have established both Ragl'/'
yc‘/' and RagZ‘/'yC'/' lines of mice and found them‘to be similar in their ability to engraft
human cells in mouse organs. In this dissertation, I have examined the ability of RAG-hu

mice to serve as models of DENV infection and immune response.
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1.7 Specific aims of the dissertation

Dengue affects over 2.5 billion people worldwide each year either through a
direct infection or time spent helping an infected individual recover from a debilitating
infection. It affects both children and adults and does not discriminate between the sexes.
Both tourists and locals at exotic destinations are equally susceptible, making it an
important disease. This disease directly affects the quality of life of a substantial number
of people and thus affects the GDP of many countries both in the developed as well as
developing world.

Although DENYV has been studied extensively for many years, there remains an
absence of animal models that faithfully replicate human pathology and immune response
seen in dengue infection. The lack of suitable animal models is a problem with respect to
rapid testing of new drug molecules as well as testing vaccines before they are used in a
susceptible human population. In addition, research on the exact nature of cells that serve
as targets for DENV infection and replication has been‘ hampered by the lack of a good -
small animal model. We sought to examine the potential of a mouse model which has
been engrafted with human hematopoietic progenitor cells to serve as a mode] for DENV
infection, pathology and adaptive immune response. Since secondary dengue
pathogenesis in human patients is directly linked to their adaptive immune response in
vsusceptible individuals, this model would provide us with a novel opportunity to identify
and dissect observations reported in human populations.

The primary goal of this research was to identify cells that are susceptible to
DENYV infection. During these investigations we also sought to investigate the potential

of RAG-hu mice as a model to study both primary and secondary dengue pathology. This
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thesis is the result of collaborations between several individuals and laboratories and each
of them in their own way has provided a significant in.put to putting together pieces of
this puzzle. We first began with investigating the ability of DENV to directly infect T
cells in vitro as well as in vivo usihg the SCID-hu mouse model using both ﬁow
cytometry based methods as well as immunohistochemistry staining methods. We then
proceeded to analyze the primary infection of RAG-hu mice with DENV. Here we
estimated the levels of plasma viremia in the infected mice and re-isolated the virus from
the mice after establishment of infection. We also investigated the occurrence of fever,
weight gain or loss, chahges in blood cell counts. Analyzing the presence of human
antibodies generated as the result of an adaptive immune response was another set of
experimeénts that were performed. We identified the presence of and quantified human
antibodies present in some RAG-hu mice. We also demonstrated the genefation of
neutralizing antibodies and the nature of antibodies generated in the mice, especially the
presence of antibodies directed against E and prM proteins.

After analysis of the primary infections we obtained several mice who had
recovered from a primary infection with production of human anti-dengue antibodies.
These mice were challenged with a secondary infection after antibody levels decreased to
a threshold below ELISA detection limits. During this process we investigated the levels
of plasma viremia in the blood along with changes in body weight and temperature. We
also investigated the changes in blood counts and identified the occurrence of
dehydration, hemorrhage and shock. We analyzed the géneration of protective antibodies
post secondary infection and investigated the cross-reactivity of these antibodies across

DENY serotypes.
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In an attempt to identify specific cells in humanized mouse organs that were
ihfected, we have identified the presence of DENV infected cells in the spleen as well as
lymph nodes using in situ hybridization. [ have also tried to characterize DENV infected
‘human c'ells using immunofluorescence staining methods. We derived macrophages and
dendritic cells from human peripheral mononuclear cells isolated from whole blood and
investigated their ability to be infected directly by DENV. Finally we also investigated
the possibility of hematopoietic stem cells being infected with DENV. We derived
macrophages, dendritic cells as well as megakaryocytes from CD34+ hematopoietic

progenitor cells and investigated their susceptibility to DENV.
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Chapter 2

Dengue Infection of Thymic Grafts ii SCID-hu Mice
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2.1 Overview of thymic infections in humans with DENV

Dengue fever is characterized by high fever and prolonged recovery. Dengue
hemorrhagic fever patients during a secondary infectjon display very high levels of
inflammatory cytokines produced by T-cells in response to antigen presented by dendritic
cells (Gubler, 1998a). The increase in levels of cytokines in the blood stream leads to a
storm of intracellular signaling in cells that have receptors for these inflammatory
cytokines. This process leads to a decrease in platelet count and vascular leakage. The
effects on the patient are seen as hen;orrhage and culmination in shock and death in some
cases (reviewed by Mathew and Rothman, 2008). Due to the direct involvement of T-
cells in precipitating DHF, several investigations have been undertaken with respect to
the role of the thymus and direct T-cell infection in human patients with dengue fever
(Killen and O'Sullivan, 1993). In patient autopsies performed in Burma, several
histopatflological changes were noted in bone marrow, thymus, spleen and medial lymph
nodes of DHF cases. The investigators reported severe hypoplasia of the bone marrow,
acute atrophy and wasting of the thymus, atrophy and depletion of cells in the T-cell
areas of the spleen and similar effects in the lymph nodes. The investigators also hinted at
a direct infection of the cells in the spleen, lymph node, thymus and thymus dependant
areas of 'the spleen (Aung-Khin et al., 1975). Subsequerit reports from other studies have
been skeptical with respect to the direct involvement of T-cells in DENV infection. In
order to address these discrepancies we carried out a series of experiments with direct
infection of a human thymus tissue engrafted under the kidney capsule of SCID-hu mice
with both primary strains of DENV as well as laboratory adapted strain DENV-2 16681.

We also utilized DENYV infected Vero cells as well as DENV infected dendritic cells as a
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source of infectious virions. We did not observe any significant infection of T-cells in the

human tissue by flow cytometry or immunohistochemistry.

2.2 Introduction

During a viral infection, the immune surveillance mechanism captures the virus
and localizes it to the closest lymph node. In the case of infections like HIV-1, dendritic
cells play an important role in being among the first cells to propagate the infection.
These dendritic cells are thought to be responsible for the transport of the virus and its
presentation to a source of T-cells in the lymph nodes and the thymus. During this
process, viral antigens are processed internally and presented by antigen presenting cells
(APCs) t‘o T-cells. If an APC such as a dendritic cell is also infected, it acts as a source of
new viral progeny that can expand an infection. DENV is injected into a susceptible
individual by an infected mosquito. The Langerhan cells (a type of dendritic cell) in the
skin are often the first recipients of the virus (Wu et al., 2000). Their migration out of the
skin and into the blood stream allows for the migration of the virus to the lymph nodes.
Dendritic cells, monocytes and macrophages have been ‘shown to be easily susceptible to
a DENV infection. During a severe dengue infection, viral titers often surpass 1x107 to
1x10*® infectious particles per ml of human blood (Vaughn et al., 2000). Although
viremia subsides very quickly, high viremia often triggers a quick and robust cytokine
response. In an attempt to control the viremia, the i{nmune response brings about a
cytokine cascade that result in fever, hemorrhage, plasma-leakage and hypovolemic
shock (Halstead, 2008). During the infection, T-cells of the immune system are

constantly presented with the virus. Some autopsy results in the literature suggest that the
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T-cells may be directly infected or play an important role in the enhancement of disease.
In an isolated report using in situ hybridization, the authors demonstrated the presence of
DENV t'ranscripts in thymic autopsy tissue of patients who died due to DSS (Killen and
O'Sullivan, 1993). Other reports have ruled out the poss‘ibility of DENV infecting T-cells
(Jessie et al., 2004). The SCID-hu mouse model has been used previously to study DENV
infections (Lin et al., 1998) (Wu et al., 1995). In these studies, the mice were engrafted
with human peripheral blood monocytes. Virus was recovered from mice tissue including
the thymus following infection with DENV-1. Another , modification of the SCID-hu
‘model has been the engraftment of a human thymus on the kidney capsule of the mi_ce.v
This SCID-hu Thy/-liv model has been used in our laboratory to study HIV-1 infection of
the human thymus as well as usage of lentiviral delivered anti-HIV geneé (Akkina et al.,
1994; Anderson et al., 2007; Banerjea et al., 2003). Thus these SCID-hu mice available
in-house are a good source of human thymocytes as well as an efficient system to directly

address the question of infection of a human thymus by DENV.

2.3 Materials and Methods
2.3a Infection of thymic grafts with DENV and DENYV infected Vero cells

SCID-hu mice were implanted with fragments of human fetal thymus and liver
tissue by a micro-surgical procedure under the capsule of the left kidney. The mice were
sutured up post surgery and allowed to support gra.ft growth for at least 3 months. All
invasive manipulations on the mice were carried out under anesthesia.

In order to generate DENV infected Vero cells, cells were grown in 10% FBS-

DMEM to 90% confluency in 6-well plates and infected at an MOI of 1 with DENV-2
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16681 for 48 hours. Cells were made permeable and intracellularly stained for the dengue
antigen and analyzed by flow cytometry to determine the level of infection of the cells
(Lambeth et al., 2005). The infected cells were scraped from the dish and washed with
piain media. They were injected along with fresh DENV-2 16681 virus into thymic grafts
of SCID-hu mice.

’fhymic grafts were held in place using a grabbing scissors and injected at various
points with S0ul of DENV-2 16681 containing 1x10° infectious particles. Controls were
in_jected with 10% FBS-DMEM media without any virus. The grafts were harvested at
regular intervals by excising the tissue from the kidney capsule under anesthesia. The
tissue was sectioned into three parts. One was used to isolate individual cells and stained
for DEN.V infection.

Cells were isolated by gently teasing a portion of the excised tissue separated for
the purpose with a pair of forceps and scalpel. The single cell suspension thus generated
contained several million T-cells that were analyzed for DENV infection. The cells were
subjected to a permeabilization treatment with BD. Perm Buffer and subjected to
‘intracellular staining with a fluorescently labeled monoclonal antibody 4G2-Alexa 488.
This method was previously described by Lambert et al 2005 and used to determine the
infection in other cell types such as Vero and dendritic cells. The infected cells were
subjected to a flow cytometry assay along with appropriate antibody isotype controls.

The other sections Were frozen in OCT compound or fixed in 1% formaldehyde
overnight. The fixed section was embedded in paraffin. The slides generated were stained

to detect DENYV infected cells as well as determine the distribution of cells in the thymus.
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The paraffin sections were processed and stained with anti-dengue 2H2 antibody purified

in-house, at Premier Laboratories Boulder CO.

2.3b Infection of thymic grafts with DENV infected dendritic cells

Dendritic cells were isolated from human blood for infection with DENV.
PBMC’s were isolated from whole human blood using a Ficoll density gradient
centrifugation. The cells were allowed to adhere on 6-well plates for 2 hrs. Non-adherent
cells were removed by wasﬁing gently with 10% FBS-RPMI. The adhered cells were then
grown in the presence of cytokines GM-CSF (50ng/ml) and IL-4 (10ng/ml). The
dendritic cells that mature from the population were infected with DENV-2 16681 virus
on day 6 post isolation. Infected cells were collected by scrapping them off the plates
using a sterile rubber policeman. The cells were washed and mixed with 1.35x10° TU of
DENV-2 16681 virus. The thymic tissues in the mice were injected with human dendritic
cells as well as DENV-2 virus. The grafts were harvested on days 0, 1, 3, 5, 7 and 11
post-injection by excising the tissue from the kidney capsule and processed as mentioned
above. In addition mice were injected with 1.35x10°% infectious particles of DENV-2
16681 virus alone and the tissues were harvested on day 3, 5, and 7 post-infection and

processed similarly alongside other tissues.

2.3c Infection of thymic grafts with low-passage isolates of DENV-2
As mentioned above with respect to the infection with laboratory passage strain
DENV-2 16681, thymic grafts were held in place using a grabbing scissors and injected

at various points with 50ul of DENV-2 low passage virus. For these studies, low passage
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DEN‘V—? strains D9590 SriLanka, AHF-100 Thailand and 10649 Philippines, a mixture
of an equal amount of all viruses to obtain 3x10° infectious particles were used. The graft
tissues were harvested 1, 3, 5, 7, 9, 11 and 14 days post infection and processed as

previously described.

2.4 RESl;ltS
2.4a Infection of thymic grafts with DENYV and Vero cells

Previous studies have established that SCID mice engrafted with human fetal
liver-thymus-liver combination of tissues under their kidney capsule are efficiently
engrafted with a human thymic tissue within 12 weeks of engraftment (McCune et al.,
1988; Namikawa et al., 1990). In the first set of experiments human thymic grafts
engrafted on the kidney capsule of SCID-hu mice as shown in Figure 2.1 were injected
with DENV infected Vero cells or DENV-2 16681 virus. Téble 2.1 shows the distribution
of DENV infected Vero cells as well as grafts that were injected solely with 1.36 x 10°
DENV-2 16681. The graftsvwere harvested day 2, day 5, day 8 and day 12 post injection.
Injection of DENV directly into thymic grafts did not show any direct infection of T-cells
in the thymic grafts as seen from results in Figure 2.2 panels C, D, E and F. On staining
for- DENV infected cells with fluorescent labeled | antibody 4G2, we observed a
background of 0.1% infected cells in the case of Mouse 1A as depicted in panel A.
Mouse 1B shows the presence of 0.7% infected cells (panel B). This spike in infected
cells is attributed to the presence of DENV infected Vero cells that were injected into the
mouse thymus. Mouse 1C shows a 0.1% increase in the number of infected cells over

background (panel C). This is a negligible number of cells that may be infected and the
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Figure 2.1 Human thymus engrafted under the kidney capsule of a SCID-
hu mice. A human thymus was developed from a fragment of human fetal
thymus sandwiched between human fetal liver by a micro-surgical
procedure under the left kidney capsule . The grafts were allowed to
mature into a thymus which was later injected with DENV or DENV
infected cells.
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A Mouse 1A .B Mouse 1B C Mouse 1C
Control : Day2 | | Day 2
0.1% 0.7% 0.2%
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Anti-Dengue 4G2 Alexa 488

Figure 2.2 Flow cytometry analysis of dengue infection of SCID-hu
thymus. SCID-hu mice with human thymic grafts were injected with
DENV-2 16681 (panels C,D,E,F) or with DENV-2 16681 as well as
DENV-2 16681 infected Vero cells (panel B). An uninfected thymic graft
used as a control for the experiment is shown in panel A. The grafts were
dissected , processed and analyzed by flow cytometry using an intracellular
staining protocol for dengue antigens to identify dengue infected cells.
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Figure 2.3 Immunohistochemistry analysis of Vero and thymic tissue
harvested from SCID-hu mice. H&E staining of Vero cells is shown in
panel A. Infected cells were detected using anti-dengue 2H?2
monoclonal antibody and are denoted by black arrows (panel B).
Tissue sections from SCID-hu mouse were stained for B cells (panel
C) and T-cells using anti-human CD3 ( panel D) as well as a Pan T-cell
marker (panel E). Positive cells were identified by the presence of
brown staining of the cytoplasm and on the periphery. Thymii from
SCID-hu mice did not show the presence of any B-cells and are
primarily composed of T-cells.
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value is too close to background to be considered as a tr‘ue infection. On days 5, 8 and 12
post infection we do not observe any increase in the number of infected T-cells over
background (panels D, E and F). Since our results are contrary to the persistence of an
infection, we conclude that thymic T-cells in the graft are not infected when directly
injected with DENV-2 16681 or Vero cells infected with DENV-2 16681.

In order to directly observe the presence of infected celis in the thymic tissue a
portion every thymic graft was subjected to immunohistochemistry using monoclonal
antibody 2H2 directed against DENV prM protein. Prior to testing the antibody on
thymic tissue, the antibody was used to stain sections of DENV-2 16681 infectéd Vero
cells. In Figure 2.3, panel-A shows an H&E staining of infected Vero cells processed for
immuno-histochemistry. The-morphology of the cells is intact with the cytoplasm and
nucleus distinctly visible. When stained with 2H2 antibody by immunohistochemistry
(panel B), Vero cells that are infected with DENV are made prominent by the presence of
a brown cytoplasm. Uninfected cells hav.e a clear cytoplasm. The nuclei of the cells were
counter stained blue in order to be seen clearly. During this process we also stained the
thymus section from Mouse-A (uninfected mouse) for the presence of human B cells
using human CD20 (panel C), human CD3, a marker for T-cells (panel D) and a pan-
human T-cell CD45 marker (panel E). We observe that there are no B-cells in the human
thymus, and it is completely full of CD3+ human Tcells. On staining the thymic section
infected ‘with DENV-2 16681 or DENV-2 16681 infectéd Vero cells we did not observe
the presence of any DENV infected cells (Figure 2.4 panels B, C and D). Thus the
immunohistochemistry staining corroborated the finding of experiments done by flow

cytometry in demonstrating that T-cells in the thymus are not infected by DENV.
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2.4b Infection of thymic grafts with DENYV infected dendritic cells.

During a mosquito bite, the Langerhan cells in the skin are the first cells to
encounter a DENV. The dendritic cells are easily infected and enable the virus to
propagate with ease when brought to a regional lymph node. The primary function of
dendritic cells is to present antigen to T-lymphocytes in the thymus. It has been
postulated that this is the predominant process by which HIV-1 is transmitted by
dendritic- cells to CD4 T-lymphocytes in a lymph node environment. Several reports in
the literature have demonstrated that these cells are very easily infected in vitro. We
isolated lymphocytes from human blood by a routine Ficoll-Hypaque density gradient
method. The adherent cells were propagated in the presence of GM-CSF and IL-4, two
cytokines which propagate the generation of dendritic cells from the monocyte
population. These dendritic cells generated after 3 aﬁci 6 days in culture in vitro were
analyzed for a dendritic cell marker (CD 209/ DC-SIGN) by flow cytometry. We
analyzed the level of infection of these cells 1-48 hrs post infection and found that 34.1%
of cells were infected on aay 3 while 45.8% of cells were infected on day 6 as shown in
Figuré 2.5 panels B and D respectively. We used the cells infected on day 6 for our
experiment to infect SCID-hu human thymus. The cells were processed and injected into
the thymii as described above. In addition to the above, 3 mice were also infected with
seed virus DENV-2 16681 (Table 2.2). The thymii were harvested on days 0, 1, 3, 5, 7
and 11 post infections. If the dendritic cells were able to maintain an infection in the
thymus and pass on the virus whilst presenting antigen in the thymus, we expected a

progressive increase in the number of infected cells visible by flow cytometry as well as
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Figure 2.4 Immunohistochemistry analysis of thymic tissue harvested from
SCID-hu mice. Tissue sections from thymii infected with DENV-2 16681
infected Vero cells (panel B) as well as DENV-2 16681 infected thymic grafts
(panel C and D) were immunostained with anti-dengue 2H2 monoclonal
antibody to detect infected cells. Thymic graft from a SCID-hu mouse that
was injected with buffer (panel A) was used as control for staining. Nuclei
were counter stained with Toluidene blue. No postive cells were observed in
any of the sections examined.
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Figure 2.5 Flow cytometry analysis of dengue infection of human blood-
derived dendritic cells. Dendritic cells were differentiated from human
PBMC isolated from human blood using a cytokine cocktail containing
IL-4 and GM-CSF. Differentiating cells were monitored for cell surface
expression of CD209 (DC-SGN) marker on day 3 (panel A) and day 6
(panel C) post-differentiation. Cells were simultaneously infected with
DENV-2 16681 and analyzed after 48 hours by intracellular
staining.Infected cells on day 3 (panel B) and day 6 (panel ) were detected
by flow cytometry. A higher rate of DC infection on day 6 (45.6% ) was
observed as compared to day 3 ( 34.1%).
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immunohistochemistry. On the contrary from the analysis of cells harvested from the
thymii, we did not observe any infected T-lymphocytes. As shown in figures 2.6 and 2.7,
the number of infected cells in the thymii did not exceed the background values observed
in comparison to uninfected control cells. We analyzed the results progressively from day
0 to day 7 post infection (Figure 2.6 panels B-F) we observed a small progressive
increase in the number of infected cells. This incréase did not surpass 1.0% of the total
number of cells on any given day, indicating that the minor increase seen was a product
of the day to day were variations generated in the permeabilization based staining assay
used for flow cytometry. This analysis was confirmed by the results observed for direct
infection of thymic cells depicted in Figure 2.7 panels B-D, as well as from FiguAre 2.7

panel A.

2.4c Infection of thymic grafts with low-passage DENY strains

Following the availability of highly infectious, low-passaged DENV-2 strains
D9590 ériLanka, AHF-100 Thailand and 10649 Philii)pines we hypothesized that the
virulent nature of infecting strain may determine its ability to infect T-lymphocytes.
Perhaps DENV-2 16681, which has been propagated several timés in vitro in C6/36 cells,
may have become benign and unable to actively infect mammalian cells. As tabulated in
Table 2.3, SCID-hu mice were infected with a mix of all 3 DEN2 viruses. The thymii
‘were harvested at days 1,3,5,7,9,11 and 14 post infection. The thymii were subjected to
similar treatment as mentioned above. The tissue was treated exactly similar to the
previous experiments. To our disappointment, we were unable to detect any aggressive

infection of T-cells by these low-passaged field isolated of DENV-2 (figure 2.8 and
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figure 2.9). The results obtained from the immunohistochemistry analysis of the sections

corroborated the flow cytometry results.
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Figure 2.6 Flow cytometry analysis of infected SCID-hu thymic cells.
Thymic grafts in SCID-hu mice were injected with DENV-2 16681 as well
as dengue infected dendritic cells (panels B,C ,D,E and F). The grafts
were excised of the mice under anesthesia and analyzed by intracellular
flow cytometry staining for the presence of dengue antigen on specific
days post injection. An uninfected graft from Mouse 1G ( panel A) was
used as a control for staining. We observed a few infected cells in the tissue
harvested immediately after infection (0.2%). Subsequently at day 1 and
day 3 we observed no change in the number of infected cells 0.2% and
0.1% respectively. An apparent increase in the number of infected cells
was observed on day 5 and day 7 at 0.6% and 0.6% respectively attributed
to background interference. .
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Figure 2.7 Flow cytometry analysis of infected SCID-hu thymic cells. Thymic
grafts in SCID-hu mice were injected with DENV-2 16681(panels B,C,D) as well
as dengue infected dendritic cells (panel A). The grafts were excised under
anesthesia and analyzed by intracellular flow cytometry staining for the presence
of dengue antigen on specific days post injection. An uninfected graft from
Mouse 1T (panel E) and Mouse 1U ( panel F) were used as a control for staining
on day 5 and day 7 respectively. We did not observe an increase in the number of
infected cells on day 11(0.1%). The grafts in mice which were injected with
DENV-2 16681 alone showed 0.2%, 0.0% and 1.2% on infected cells on day
3,day 5 and day 7 respectively. We did not observe a significant increase in the
number of infected cells over background cross reactivity.
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Figure 2.8 Flow cytometry analysis of infected SCID-hu thymic cells.
Thymic grafts in SCID-hu mice were injected with DENV-2 primary
strains (panels B,C,D, and F).The grafts were excised under anesthesia and
analyzed by intracellular flow cytometry staining for the presence of
dengue antigen on specific days post injection of virus and infected cells.
An uninfected graft from Mouse 2A (panel A) was used as a control for
staining on day 0. We observed 0.6% infection on day 1 post infection
followed by 0.2% and 0.5% on days 3 and 5 respectively which are below
the background level of staining in the control mouse. The level of dengue
infected cells (0.1%) on day 7 (panel F) was found to be similar to an
unstained sample of cells from the same day (panel E).
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Figure 2.9 Flow cytometry analysis of infected SCID-hu thymic cells.
Thymic grafts in SCID-hu mice were injected with DENV-2 primary
strains (panels B,C and D).The grafts were excised out of the mice under
anesthesia and analyzed by intracellular flow cytometry staining for the
presence of dengue antigen on specific days post injection of virus and
infected cells. An uninfected graft from Mouse 2G (panel A) was used as a
control for staining on day 7. We observed 0.1%, 0.2% and 0.0% infection
of cells on days 9, 11 and 14 respectively which were similar to the
background levels on day 7 at 0.1%.
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2.5 Discussion

Our intial hypothesis was to determine whether human thymocytes are directly
infected by DENV. In our first set of experiments with the infection of SCID-hu thymus
directly yvith DENV, we did not observe the presence of any infected thymocytes. We
circumvented the process of virus clearance by the mOl;SC innate immunity by providing
actively infected Vero cells in the thymic environment. We hypothesized that the
presence of cells producing active viral progeny would facilitate a more aggressive
infection of the thymus. Our results suggest that the thymocytes were not infected by this
process either. In order to simulate the environment of an active DENV infection as seen
in human patients, we injected infected human dendritic cells directly into the human
thymus in the SCID-hu mice. We hypothesized that these cells would persist and provide
actively infectious virus in the thymus while presenting the antigen. Our results from this
set of experiments also suggest that the human thymocytes were not permissive to DENV
infection. Finally, we infected the human grafts with.low passage DENV-2 that was
isolated from patients during an active epidemic. We hypothesized that the virulent
nature of the virus would provide a selective advantage to infect human thymocytes: Our
observations from this set of experiments also indicate that human thymocytes are not
infected by low passaged DENV-2 strains.

The role of T-cells in precipitating severe pathology during secondary DENV
infections still remains an important area with several unanswered questions. T-cells are
responsible for a cytokine cascade that leads to hemorrhagic manifestations as well as
plasma leakage and subsequent onset of shock. The results obtained from all of the above

experiments have shown that T-cells are not directly infected by DENV. Although
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DENYV may use several distinct receptors to infect various types of mammalian cells like
glycosarhinoglycans (Pokidysheva et al., 2006) or DC-SiGN (Navarros—Sanchéz et al.,
2003) or mannose receptor (Miller et al., 2008), T-cells do not seem to harbor a specific
receptor or co-receptor that can be exploited by DENV. We would like to speculate that
the observations on human thymus infections reported in the literature may be due to
artifacts of the methods used to detect DENV. They may also have been contaminated
during tfansportation and storage leading to false positives.

The SCID-hu mice engrafted with a human thymus in our hands, is limited in its
ability to support a DENV infection and thus unsuitable to study pathology of primary

and secondary DENV infections.
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Chapter 3

Primary Infection of RAG-hu mice with Dengue Virus

Kuruvilla, J. G., Troyer, R. M., Devi, S., and Akkina, R. (2007). Dengue virus infection
and immune response in humanized RAG2(-/-)gamma(c)(-/-) (RAG-hu) mice. Virology

369, 143-152.

This chapter contains results from my experiments that were included in the publication
cited above. Other parts of this chapter that include results from primary infections with

dengue serotypes 1, 3 and 4 were not included in the above publication
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3.1 Abstract

'ljengue viral pathogenesis and vaccine studies are hampered by the lack of an
ideal animal model mimicking human disease and eliciting an adaptivve immune response.
Although current available models have been very useful in dissecting some key aspects
of disease pathogenesis, a major limitation with these is the lack of a human immune
response. In this study, we sought to overcome this difficulty by utilizing a novel mouse
model tf;at permits multi-lineage human hematopoiesis‘and immune response following
transplantation with human hematopoietic stem cells. To generate immuno-competent
humanized mice, neonatal Rag2”y,” mice were xenografted with human CD34+
hematopoietic stem cells, resulting in the de novo development of major functional cells
of the human adaptive immune system.

To evaluate susceptibility to dengue viral infection, humanized mice were
challenged with DENV-2 serotype. Viremia lasting up to 3 weeks was detected in
infected mice with viral titers reaching upto 10°? RNA copies/ml. Fever characteristics of
dengue was also noted in infected mice. Presence of human anti-dengue antibodies was
evaluated using an antibody capture ELISA. Anti-dengue 1gM was first detected at 2
weeks post infection followed by IgG at 6 weeks. Sera from some of the infected mice
were also found to be capable of reactivity with ‘the viral envelope and capsid proteins in
immunoprecipitation assay. These results demonstrate for the first time that humanized
mice are capable of dengue viral primary immune responses thus paving way for new

dengue immunopathogenesis and vaccine studies.
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3.2 Overview of human cell engraftment in Rag2 '/'yc'/’ mice

The goal of investigators over a number of years has been to generate small
animal models with the capacity to accept and duplicate human hematopoiesis from a
xenograft with the capacity for denovo regeneration. These efforts were enabled by
successes in the development of several gene-knockout immunodeficient mice. Several of
these models include development in generation of mice in the severe combined
immunodeficiency (SCID) as well as null mutations in genes like recombination
activating genes (Ragl and Rag 2), beta2microglobulin (B2m) and perforin (Prfl). The
Rag gene mutations prevented development of mature lymphocytes. The B2M and Prfl
mutations prevent the development of mouse NK cell activity that is responsible for
xenograft rejection. In a recent breakthrough, a new knockout that increases thé
engraftment capability was generated by combining the Rag2'/' knockout with a
secondary 1L-2ry” mutation to the BALB/c background. The IL-2ry’ mutation in these
mice leads to the lack of functional receptors for cytokines like IL-2, 11-7 etc which
prevents the early expansion of NK cells and promoted xenoengraftment and longer
lifespan.

The first successful xenoengraftment and hematopoiesis in BALB/c Rag2”y.”
was described by Traggai et al in 2003. CD34+ hematopoietic stem cells that we'rev
sourced from human umbilical cord blood were used to ‘engraﬂ neonatal mice through an
intra-hepatic injection after a mild non-lethal irradiation 3-5 days after birth. We have
replicated the entire model with some modifications in our laboratory. Our first
modification was the usage of CD34+ human hematopoietic stem cells isolated from

human fetal liver. The disadvantage of using CD34+ cells isolated from human cord
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blood is the low yield of cells from the source. The fetal livers providés a significantly
larger nL;mber of CD34+ cells and under appropriate coﬁditionsv maintains their totipotent
nature to allow for novel manipulations. The second modification was to generate Ragl™
mice similar to the Rag 27" mice. We have observed that these mice have a similar
constitution and equally amenable to CD34+ engraftment. Animals are allowed to grow
for 12 w{eeks post injection of human hematopoietic stem cells in the liver at which point
vthey are bled to estimate level of engraftment. Engraft;nent results suggest that there is
development of both human myeloid and lymphoid lineage cells as well as re-population
of lymphatic organs in the engrafted mice. The irradiation creates several niches in the
bone marrow which are subsequently re-populated by the hematopoietic stem cells that
migrate from the liver leadihg to development of B-cells, T-cells, monocytes, neutrophils,
eosinophils and basophils as well as macrophages and dendritic cells of myeloid and
lymphoid origin. The level of engraftment in each mouse was estimated by flow
cytometry using human CD45, a pan-leukocyte marker. Therefore mice generated from
the engraftment with fetal liver derived CD34+ cells are vulnerable to dengue infection

due to the presence of human macrophages and dendritic cells.

3.3 Materials and Methods

3.3a Engraftment of Rag mice with CD34+ human hematopoietic stem cells
Newborn Rag2” v, " mice were irradiated with a single dose of 3.5 Gy generated

from 2 Cs-137 soﬁrce within 3-5days of birth. At 1-24 h post irradiation, mice were

injected intra-hepatically with 4x10° to 1x10° human CD34+ hematopoictic progenitor

cells to generate the RAG-hu mice. Transplanted mice were screened for human cell
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engraftment at 12+ weeks post-reconstitution with human progenitor cells. Peripheral
blood was collected by a tail bleed into heparinized éapillary tubes. RBCs were lysed
using the Whole Blood Erythrocyte Lysing Kit (R&D Systems) according to the
manufacturer's protocol. The lymphocyte fraction was stained with antibodies against the
human pan-leukocyte marker CD45 and analyzed by FACS to verify engraftment. In
order to detect the engrafiment in the organs of RAG-hu mice, several mice were

sacrificed and comparéd to un-engrafted animals as well as parent BALB/c mice.

3.3b Infection of RAG-hu mice with DENV

- For the first primary infection with DENV 16 mice were injected with three
strains of DENV-2. The viruses included in this study included DENV-2 16681 that has
been highly laboratory passaged as well as primary low-passage clinical DENV-Z
isolates: D9590 from Sri Lanka, 10649 from Philippines, and AHF-100 from Thailand.
'DENV-é stocks were generated by amplification in C6/36 cells and titrated on Vero cells
by flow cytometry FACS-based assay using 4G2-Alexa488. The mouse monoclonal
antibody 4G2 was purified in house from culture supernatants and labeled with Alexa-
488 fluorophore. Mice were injected with 200ul of DENV virus in four distinct places.
Two injections were placed s/c on the left and right sides just above the inguinal lymph
nodes. This was determined by the formation of a bOlL;S under the skin. Two injections
were placed i/p on the left and right sides respectively. All mice were challenged with
1x10° TU of virus. Mice were also injected with other serotypes of DENV which included -
DENV-1 16007, DENV-3 Sril.anka Isolate, DENV-4 241 in the same manner as

mentioned above.
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3.3¢ Clinical monitoring of RAG-hu mice

Mouse body temperatures were monitored every two days using a RET-3 rectal
thermo-probe coupled to a Digi-Sense digital thermometer (Eutech Instruments). Mouse
weights were monitored using an EK-1200i balance every two days for a period of 21
days post-injection. Mouse platelet counts and hematocrit were determined at pre-
infection, 1 week, 2 weeks, and 3 weeks post infection using an Advia 120 hematology

flow cytometer (Bayer) and validated by manually counting blood smears.

3.3d Real time qPCR for plasma viral load determination

Total RNA isolated from mouse plasma collected in heparinized capillaries using
the QIAamp viral RNA kit (Qiagen) was reverse transcribed into cDNA with Superscript
IM™ System First Strand Synthesis for RT-PCR (Invitrogen) using DENV antisense
primer NS5R (Kong et al 2006). Real time PCR was carried out using Platinum SYBR
green PCR kit (Invitrogen) in a Biorad iCycler iQ thermocycler. DENV primers NSSF
and NS5R (kong et al 2006) were used to initiate PCR with 5ul of cDNA as template.
Reaction conditions were as follows: 50°C for 2min; 95°C for 2 min; 45cycles of 95°C for
15sec, 58°Cfor 30sec, and 72°C for Smin. Levels of DENV RNA amplviﬁed by this two
step qRT-PCR method were determined by comparison to a standard curve generated
against known quantities of DENV-2 16681 NS5 RNA, which were produced by

transcription and quantified previously as described (Kong et al 2006).

70



3.3¢e DENV isolation from infected RAG-hu mice

Viral isolation from the sera of DENV-infected mice was done by performing two
passages on C6/36 cells. The supernatants from the second passage were used to infect
Vero cells which were subjected to FACS analysis' 24 hours later using a mouse
monoclonal anti-body 4G2-Alexa488 generated specifically against dengue envelope (E)
protein. Additionally virus from the culture supernatants was also detected by PCR. The
RNA was extracted from 140pl of 2" passage of culture supernatant using QlAamp Viral
RNA kit (Qiagen). RT-PCR was conducted with sense primer NS5-5
‘(AATC"L"CCATCTTGAAGGAAAGTGTG) and  antisense primer NS5-6
(GCCTCTTGGTGTTGGTCTTTGC) using the SuperScriptlll One-step RT-PCR with
Platinum Taq kit (Invitrogen) according to the manufacturer’s instructions and

recommended thermocycling conditions.

3.3f Detection and titration of human anti-dengue ar;tibodies from infected RAG-hu -
mice

Levels of human anti-dengue antibodies present in the mouse serum were
determined using commercial human IgM and IgG Dengue Capture ELISAs (Panbio).
Sera from DENV-infected non-humanized RagZ_/_yc—f~ mice as well as humanized
vuninfected RAG-hu mice were used as negative controls. Positive controls included a
known anti-DENV antibody positive human serum as well as samples provided with the
ELISA kits. Samples were considered positive if the ODyso was greater than two times

the background absorbance [evel. Serum samples which produced a positive IgM or IgG
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ELISA reading at 1:10 dilution were then serially diluted two fold up to 1:81,920 and

assayed by ELISA.

3.3g Detection of neutralizing antibody producers by a FACS based bassay

The ability of RAG-hu mice generated antibodies to neutralize DENV-2 virus was
.determined using a FACS neutralization test (FNT) modified from a previously described
method (Lambeth et al 2005). Mouse serum was mixed with 0.2 MOI DENV-2 16681
(determined relative to 4x10° cells) in a total volume of 200ul. The 200ul serum-virus
mixture was placed on ice for 30min followed by room temperature for 15min. This
mixture was used to inoculate 4x10° Vero cells in a single well of a 12 well plate. At
24hrs post —infection, single cell suspensions were made and subjected to FACS analysis
after staining with 4G2-Alexa488 antibody as described in (Lambeth et al 2005). Serum
from DENV infected non-humanized Rag2™ . mice as well as uninfected humanized
RAG-hu mice were used as negative controls for neutralization. The FNTS0 was defined

as the greatest two-fold dilution of serum which produced >50% reduction in DENV

infection of Vero cells.

3.3h Immunoprecipitation of DENV proteins by antibodies produced in infected
RAG-hu mice

Immunoprecipitation of dengue polypeptides E and capsid proteins were carried
out using antibodies generated in the infected humanizea RagZ'/'yc'/' mice using a protocol
adapted from (Akkina et al., 1987). A T-75 flask containing 18x10° Vero cells was

cultured overnight in RPMI containing 10% heat inactivated fetal bovine serum, 2mM L-
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Glutamine. The cells were infected at an MOI of 1.0 with DENV-2 16681 and washed
with RPMI without fetal bovine serum to remove all traces of methionine 1-24 hrs post
infection. The infected cells were methionine starved for 45 min in RPMI containing
2mM L-'Glu. The proteins were metabolically labeled using 3ml of **S-methionine at
100uCi/ml for 4 hours at 37°C. After labeling the cells were washed with ice-cold PBS
thrice. The cells were resuspended in modified RIPA buffer (Tris-HCI S0mM , pH 7.4,
ilnM EDTA, 150mM NaCl, 1%NP-40, 0.25% Na-deoxycholate, ImM PMSF and Tug/ml
mammalian protease inhibitor cocktail (SIGMA) to lyse the cells. The lysate was
'centrifuged at 14000g for 20min. For immunoprecipitaiion, a combination of Protein G
plus Protein A agarose beads (Calbiochem) as well as anti-Human IgM specific agarose
beads were used. The lysate was pre-cleared using 10ul of bead slurry per milliliter of
lysate.

Polypeptides were immunoprecipitated using 1Qul of sera from human or Rag
.mouse per 5S00ul of lysate overnight at 4°C on a rotary platform. The immunoprecipitated
complexes were collected onto 30ul of Protein G/A and anti-human IgM beads for 30min
on a rotary shaker. The beads were collected by centrifugation at 4000xg for 30secs. The
beads were washed twice with RIPA buffer followed by once with 1M salt buffer (1M
NaCl, 0.1% NP-40, 10mM Tris-HCI pH7.2, ImM PMSF). The beads were given a final
wash with sterile 1X PBS and collected by centrifugation. The beads v\vere re-suspended
in an appropriate volume of 2X Laemlli SDS-PAGE buffer and boiled to release the
bound complexes. The proteins were analyzed on a 10% SDS-PAGE gel. The gels were

dried and exposed to autoradiography film.
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3.4 Results
‘3.4a Reconstitution of RAG-hu mice

Previous studies have established that Rag2” mice engrafted with cord blood
CD34+ cells permit multi-lineage hematopoiesis (Baenzinger et al .,2006 Berges et al
2006, Gimeno et al 2004 , Traggiai et al 2004). To thoroughly evaluate their utility for
DENYV infection and immunity studies, we first constructed RAG-hu mice by intrahepatic
injection of human fetal liver-derived CD34+ cells into conditioned neonatal mice. Our
initial experiments evaluated the transplanted mice to verify levels of human engraftment,
duration of persistence, tissue distribution, and the presence of different leukocyte subsets
including DENV susceptible monocytes and dendritic cells. Human cell reconstitutions in
blood, bone marrow, thymus, mesenteric lymph nodes, spleen and liver were evaluated
by FACS analysis of cells for the presence of pan-leukocyte CD45 marker. While
engraftment levels varied between mice, human cells were consistently detected in all
these locations (Figure 3.1 and Figure 3.2). Additionally, enlargement of lymph nodes,
thymus and spleen were also observed in RAG-hu mice when compared to non-
’reconstit.uted controls. Multi-lineage human hematopoieéis was demonstrated by FACS to
detect lineage-specific markers. CD3+ T-cells, CD14+ macrophages, CD19+CD20+ B
cells and both CD11c+ CD123- and CD11c- CD123c¢c+ dendritic cells were present in the
reconstituted mice (Figure 3.1). Thus RAG-hu mice harbor the essential cellular
ingrediepts for sustaining a DENV infection and immune response. Overall, human
immune reconstitution of Rag2'/ 'yc'/' mice was similar t;) that described previously using

similar methods although the source of cells was adapted to human fetal liver (Gimeno
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CD45

D. bone marrow . spleen

Figure 3.1 Human cell engraftment in Rag2-y_"- mice. FACS analysis was
performed on cells from either peripheral blood or different lymphoid
organs to detect various leukocyte subsets. CD45+ leukocytes (A) and
CD3+CD4+ T cells (B) in blood were measured using a lymphocyte gate
defined by staining normal human CD45+ blood leukocytes. CD14+
macrophages (C) were measured using a human monocyte/macrophage
gate. CD19+ and/or CD20+ B cells in bone marrow (D) and spleen (E)
were gated on CD45+ and CD3- populations. CDllc+ or CDI123+
dendritic cells (F) were gated on CD45+, HLA-DR+, Linl- populations.
Dot plots are representative of at least five blood samples or organs
examined from 12-20 week old mice. Cells from corresponding tissues of
nonhumanized Rag2”y '~ mice were used as negative controls for all flow
cytometric analyses. Appropriate fluorescently conjugated isotype matched
mAbs were also used to control for background staining.
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Figure 3.2 Human cell engraftment of RAG2y,7- mice. Engraftment of
CD45+ human leukocytes occurred in the lymph nodes (a), thymus (b),
bone marrow (c), spleen (d) and liver (e) of humanized mice. CD4+ human
T cells are indicated in red for lymph nodes, thymus and bone marrow.
Dot plots are representative of at least five organs examined from 12-20
week old mice. Non-humanized RAG2”y "~ mice were used as negative
controls and exhibited <0.5% CD45+ cells.
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2004 Traggiai 2004). We also found that human hematopoiesis in these mice persisted for

longer than one year.

3.4b RAG-hu mice support productive DENYV infection

After constructing RAG-hu mice, and confirming that they generated a full
complement of circulating human hematopoietic cells including monocytes and dendritic
cells, we next proceeded to evaluate if these humanized mice are susceptible to DENV
infection. To aid viral infection in our initial experiments, we infected mice which had
>20% human leukocytes in blood. Since we were uncertain about which viral strainé ie
vlow passage field strains versus highly adapted lab strain, would replicate efficiently in
this system a pool of four isolates of DENV-2 serotype (three primary low-passage
Southeast Asian DENV-2 strains, AHF-100, D9590 and 10649, and a lab DENV-2 strain
16681) was injected with half the inoculum delivered By the i/p route and half by the s/c
route to each mouse. Three sets of infections were performed in which mice received
different combination of viral isolates as described in methods. Non-supported productive
infection leading to sustained viremia lasting up to 21 days (Figure.3.3, Table 3.1). The
viral loads in plasma reached as high as 10°° copies/ml. Based on the quantitative PCR
assay we used which has a detection sensitivity/threshold of 960 copies/ml, two distinct
patterns of infection were evident: a) mice with high persistent plasma viremia lasting
upto 21'days during which the virus was consistently detectable at every time point
tesvted, b) mice with similar duration of viremia in which viral loads were below the
detection threshold at some time points. Of the eight mice infected with the 4-strain

DENV-2 mixture, five were positive for plasma viremia on all days whereas three had
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Figure 3.3 Dengue plasma viremia in infected RAG-hu mice. Plasma was
collected from infected mice at different times post infection and viral
RNA was isolated. Log DENV RNA copies/ml were determined by real-
time qPCR. Mean viral loads (+/- one standard deviation) are shown for
mice with constant detectable viremia (n=9).
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Figure 3.4 Schematic representation for viral isolation of infectious DENV
from RAG-hu mouse sera. Sera from infected and uninfected mice were
passaged twice on C6/36 cells then added to Vero cells, which were
analyzed 48 hours post-infection by flow cytometry for DENV
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Figure 3.5 Isolation of infectious DENV from RAG-hu mouse sera. Sera
from infected and uninfected mice were passaged twice on C6/36 cells
then added to Vero cells, which were analyzed 48 hours post-infection by
flow cytometry for DENV (a). RT-PCR on second-passage C6/36
supernatants yielded DENV-specific bands for the infected mouse sera but
not the uninfected mouse sera (b).
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Figure 3.6 Fever in dengue virus infected mice. RAG-hu (n=14) and non-
humanized RAG2-/-yc-/- (n=8) mice were challenged with DENV and
rectal temperature was measured every two days. Non-humanized mice
were also challenged with cell culture medium containing 10% FBS but
lacking DENV (n=5).
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viremia in which viral loads fell below the detection lévels at some time points (Table
3.1). Similarly, of the eight mice challenged with the 3-strain DENV-2 mixture, four
were positive for plasma viremia on all days tested whereas in the other four, viral
detection was intermittent (Table 3.1). Both of the two mice challenged with lab strain
16681 alone also exhibited intermittent detection (Table 3.1). The plasma viral load of
mice consistently detectable viremia remained at approximately 10° copies/ml from day 2
through day 21 (Figure 3.3). There was no difference in the plasma viral load between the
mice infected with the 4-strain DENV-2 mixture and the 3-strain DENV-2 mixture. Of
the eight infected non-humanized Rag 27" mice, five had no detectable viremia and three
had intermittent viral loads below 3x10* copies/ml (Table 3.1). The latest time point at
which a non-humanized mouse had detectable viremia was 10 days post infection. There
is no clear correlation between the levels of human cell engraftment and the levels of
viremia in infected mice (Table 3.1). Of the eigh;t mice with >40% human cell
reconstitution in the blood, four had continuous viremia and four intermittent viremia.
Likewise, of the ten mice with <40% engraftment, five had continuous viremia and five
had intermittent viremia. When the mice were injected with other serotypes of DENV,
viremia was detected intermittently similar to DENV-2 infection. The peak viremia for
each DENV strain is tabulated in Table 3.2

‘ To confirm that viremia detected PCR was due to a viable replicating infectious
virus, sérum of infected animals was subjected to viral isolation by passage on C6/36
cells. Infectious virus could be isolated from all three viremic animals tested as assessed
by FACS and PCR (Figure 3.4 and Figure 3.5). These results established that RAG-hu

mice sustain a productive DENV infection. Since fever is a common feature in acute
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Figure 3.7 Schematic representation for PanBio sandwich ELISA to detect
human anti-dengue antibodies. Sera was collected and diluted from
infected as well as uninfected RAG-hu mice and bound to a human
IgM/IgG capture well. An antibody sandwich is created with dengue
antigen bound antibody-HRP complex. The substrate is added and the
colored reaction identifies the presence of dengue specific human
antibodies in RAG-hu mice sera.
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dengue infection, we next evaluated whether the infected mice exhibited any increased
body temperature. An extended fever lasting for 14 days and peaking at 35.8C on day 8
post infection was observed in infected RAG-hu mice. In contrast, non-engrafted infected
and control mice receiving media alone exhibited a low grade fever lasting only a few
days (Figure 3.6). The difference in mean temperature between infected humanized and
non-humanized mice was statistically significant on day 8 (p<0.001), 10 (p<0.001) 12
(p<0.001) and 14 (p= 0.005, Student’s t-test), indicating that the presence of human cells
caused the mouse to develop a greater magnitude fever response to infection. We
additionally monitored mouse platelet counts, blood hematocrit, and weighf during the
three weeks of infection and found no statistically significant change in any of these

parameters. Mice also did not exhibit signs of rash or hemorrhage during infection.

3.4c Human immune response and DENYV neutralizing antibody protection by
RAG-hu mice

since RAG-hu mice were previously shown t(')vbe capable of human immune
responses to antigens as tetanus toxoid and EB virus (Traggiai et al., 2004), we wanted to
evaluate if the productive DENV infection demonstrated above leads to a specific
antibody response. Antibody responses were analyzed using dengue capture ELISA
specific for human IgM and IgG in order to determine antibody isotype switching (Figure
3.7). |

The majority of RAG-hu mice developed DENV specific human antibody
responses to infection. However, the isotype, magnitude and kinetics of antibody

development varied between mice (Table 3.3). DENV specific IgM was found in several
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mice with its earliest detection at two weeks post infection. In most mice, antibodies were
detepted first at eight weeks post infection. IgG levels generally stayed constant while
IgM levéls waned in some mice and remained consistent in others (Table 3.3). Serum IgG
titres were generally much higher than that of [gM with a median positive titre of 1:2560
and a maximum titre of 1:20,480 (Table 3.4). Eight DENV-infected non-humanized mice
and three humanized uninfected mice were monitored for human DENV-specific IgM
and [gG as negative controls and all were negative through 14weeks post-infection.
Neutralizing antibody responses are the most des‘irable since they are important in
curtailing and controlling viral infections. Accordingly, we assessed the capacity of
RAG-h‘u mouse antibodies to neutralize DENV-2 virus using a FACS based
neutralization assay that has been previously demonstrated to yield equivalent results to
the plaque reduction neutralization test (Figure 3.8). Ogr results showed that so far sera
from thirty-seven ELISA antibody positive mice were able to neutralize DENV infection
(Table 3.4 and Figure 3.9). In contrast, there was no evidence of neutralization by sera
from all eight non-humanized infected mice, three uninfected RAG-hu mice, and all
RAG-hu mice that failed to produce antibodies (Figure 3.9). We also evaluated the
specificity of the infected ﬁlouse antisera by immunoprecipitation. As shown in Figure
3.10, lane C, sera from mouse M127 which showed neutralization was able to
immunoprecipitate DENV—specific E and capsid polypeptides in contrast to control

uninfected mouse serum.

89



Incubate 30 min
[
Obtain mouse sera \
—_— & ki
g 8 —
5=
¥
2 hour infection
FACS
47%
A s
. ' Wash, add
E s fresh media
Incubate for
24 hours
ZG 2-Alexad88 ‘

Figure 3.8 Schematic representation for a FACS based neutralization assay
used to detect the presence of neutralizing antibodies in dengue infected

RAG-hu mice.
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Figure 3.9 Neutralization of DEN-2 virus by infected humanized mouse
serum. Controls are shown in which no dengue virus was added (flow
cytometric staining background) and no mouse serum was added (level of
infection without neutralization). Sera from DENV infected humanized
mouse 004 neutralized DENV while sera from a DENV-infected
nonhumanized mouse did not.
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E protein

Figure 3.10 Immunoprecipitation of DENV polypeptides by infected mouse
sera. DENV infected Vero cells were metabolically labeled with 35S
methionine and immunoprecipitated with mouse or human sera as described
in methods. Viral polypeptides were resolved on a 10% SDS-PAGE gel and
visualized by autoradiography. Lanes A and B : uninfected and infected cell
lysates immunoprecipitated with DEN positive human sera. Lanes C and D:
infected cell lysates immunoprecipitated with infected mouse antiserum and
uninfected control mouse serum respectively. Immunoprecipitated DENV E
(60kDa) and capsid (11kDa) polypeptides are indicated with asterics.
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3.5 Discussion

Humanized mice with a full repertoire of circulaﬁng human hematopoietic cells
offer novel opportunities to study DENV pathogenesis and immunity. In the present
proof-of-concept experiments we showed that RAG-hu mice, capable of de novo multi-
lineage human hematopoiesis, are susceptible to DENV infection and give rise to stable
human antibody responses.

Small animal models such as mice have numerous advantages in general over
large animal models such as primates, including ease of manipulation, lower cost and the
larger number of animals that can be used for experimentation. Previous standard mouse
models 1.Jsing mouse-adapted DENV strains have been very useful in studying mouse
immune responses to DENV and some basic parameters of in vivo infection (Shresta
2004 Shrestra 2006). Similarly, humanized mouse models transplanted with DENV
susceptible cell lines sustained limited viremia and exhibited some DENV associated
pathology (An et al 1999, lin et al 1998). In a recent advancement, NOD-SCID mice
vengrafted with cord blood derived human hematopoietic‘ stem cells also achieved viremia
together with key symptoms of fever and thrombocytopenia (Bente et al 2005). However
due to the lack of the necessary combination of essential human cells, no human immune
responses could be generated in these humanized models thus restricting their potential.
- Furthermore, due to high incidence of lymphomas and consequent early death (Greiner,
Hesselton and Shultz 1998), long-term pathogenesis studies are not possible in
humanized NOD-SCID mice. In contrast, RAG-hu mice have a normal life

characteristics, the present RAG-hu system overcomes most of the previous limitations

and thus provides an improved in vivo animal model for DENV and other infectious
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disease research. In fact, recent emerging studies including some from our own
laboratory, showed the utility if this model for studying long-term HIV infection and
virus induced CD4 helper T-cell depletion (Baenziger et‘al 2006 and Berges et al 2006).

Although the presence of functional human T-cells, B-cells and dendritic cells
have been demonstrated previously in RAG-hu mice (Traggiai et al 2004), clear data on
circulating human monocytes was lack.ing until recently (Baenzinger et al 2006, Berges et
al 2006), Here we specifically analyzed RAG-hu mice ‘for their presence and confirmed
their existence together with T, B and dendritic cells. Thus this data has established that
RAG-hu mice harbor both monocytes and dendritic cells purported to be among the
primary DENV targets in vivo. Upon in vivo challenge, all the infected RAG-hu mice
showed persistent viremia with viral levels reaching upto 10%* viral RNA copies per ml
of plasma. Plasma viral loads seen here are similar to .those reported in the humanized
NOD-SCID mouse model (Bente et al 2005). By successful viral isolation from viremic
animals, we also verified that the circulating virus as detected by RT-PCR is indeed
viable infectious virus.

Interestingly, viremia persisted for 21days which is longer than that seen in
humans .(2-]2 days) (Gubler 1998). The reason for this relatively longer viremia is not
clear but may reflect qualitative differences in the innate and adaptive immune responses
of these mice versus the human. We also noted that while the levels of viremia
consistently remained around 1x10° copies/ml in most mice, viral levels fell below the
detection limit at some time points in some mice. This may have resulted from the
differences in the levels of huiman engraftment and/or ]évels of monocytes and dendritic

cells in different mice or due to the physiological status of each animal.
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Nevertheless, all infected mice whether infected with either low passage field or
highly adapted lab stains, showed sustainable viremia that lasted upto 21 days. In contrast
there was no detectable viremia in the majority of non-humanized control mice although
low level of intermittent viremia (3x10%/ml) lasting up to 10 days was seen in some mice
COHSiStel:lt with previous observations that various nonhumanized mice can develop a low
level of infection with DENV (Huang 2000a Paes 2005). Thus, the higher level of
viremia seen in RAG-hu mice is clearly attributable to more efficient viral replication in
engrafted human cells. The viremic animals also showed lasting fever which is
characteristic of acute DENV infection thus mimicking a key aspect of the natural
infection. |

A primary distinguishing feature of the current system compared to all the
previous dengue humanized mouse models is the generation of human specific antibodies
to DENV. Both IgM and IgG antibodies were detected in the majority of mice that
showed viremia (Table 3.3). Antibodies were detected ﬁrst at eight weeks post infection
‘in most mice. Early IgM response in some mice is followed by the appearance of IgG
also demonstrated antibody class switching in humanized mice. In some mice IgM levels
remained stable for extended periods of time even afier IgG levels increased. IgG titres
were generally much higher than I[gM. The level of human cell engraftment in the blood
prior to infection did not correlate with the ability to produce anti-DENV antibodies. Of
the ten mice which produced anti-DENV antibodies, five had >40% engraftment whereas
the other five had <40%. It needs to be determined if the overall variation in antibody

responses is related to the levels of individual human leukocyte subsets.
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Since neutralizing antibody is an essential component of protective immunity, we
analyzed the ability of infected mouse sera to neutralize DENV infectivity in vitro. Our
results showed that three of the infected mice produced neutralizing antibody.
Immunoprecipitation data confirmed that mouse neutralizing antibodies indeed recognize
the DENV E protein which is the neutralization determinant. To our knowledge this
constitutes the first example of human neutralizing antibody production in any
humanized mouse system in response to infection with a human virus. So far we have
infected several mice and 37 of 66 mice (61%) analyzed have produced a specific human
adaptive response against DENV. Amoné these mice 18 of 37 (48%) have produced
neutralizing antibodies. The present data provides the proof of concept that protective
antibodies can be elicited in this system, thus paving the way for establishing more
consistent neutralizing activity may be related to variability in levels of human cell
engraftment and/or in the extent of functional development of specific cell types such as
B-cells or CD4+ helper T-cells. As mentioned above, dengue viremia seen in RAG-hu
mice is longer than that found in human infections. This could be due to delayed antibody
response in RAG-hu mice. Dengue specific IgM can typically be detected 5-6 post onset
of symp‘éoms in the human, whereas in RAG-hu mice detectable DENV specific antibody
appeared around 8 weeks or later. However, it is interesting to note that all viremic mice
cleared the virus whether or not they produced the neutralizing antibodies. This could be
due to innate immune mechanisms operating and/or due to exhaustion of virus
susceptible cells that need to be investigated in future studies.

Continuous denovo human multilineage hematopoiesis together with permissi-

veness for acute DENV infection and specific human response make this novel RAG-hu
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mouse model conducive for testing manyv important questions on dengue pathogenesis
involving human cells. The role of cross reactive sub-neutralizing levels of antibodies in
precipitating serious and often fatal DHF/DSS via ADE remains to be further evaluated
in a controlled experimental system. With human antibody immune responses seen in the
present model, this question can now be evaluated syster}latically.

In addition differences in virulence anci pathogenesis between different DENV
serotypes or strains can be evaluated. In the areas of the world where different viral
strains coexist, simultaneous infections in the human are possible and their in vivo
interactions are poorly understood. Thus the interplay among multiple strains infecting
simultaneously can now be dissected. Since dengue is a mosquito-borne virus, the ability
of infected mosquitoes to infect RAG-hu mice can now be examined with novel future
experiments focusing on transgenic mosquitoes which are dengue resistant (Franz et al
2006). The involvement of different human cell types in disease pathogenesis and the
specific -cytokines they secrete in response to viral infection in vivo can also now be
evaluated.

The present literature is conflicting regarding the primary cellular receptors in
different cell types susceptible to DENV infection. The current model that uses
hematopoietic stem cells to generate RAG-hu mice is particularly suitable to determine
the roles played by putative cellular receptors. For example, gene knock-down strategies
such as the use of siRNAs or ribozymes can be put to work in this model similar to that -
demonstrated previously with HIV and SCID-hu model systems in which viral molecules
and cellular receptors were down regulated (Anderson and Akkina 2005, Bai et al 2000

Banerjea 2003). In one such experiment, CD34+ cells can be transduced with siRNA
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containing viral vectors for specific receptor silencing. RAG-hu mice can be produced
using these cells lacking these receptors and subsequently challenged with DENV to
determine their susceptibility to infection.

In summary, the RAG-hu mouse model for DENV described in this study
provides a unique research tool for addressing many important and’ timely questions

about DENV infection and immunity.
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Chapter 4
Identification of organ tropism and dengue infected human cells post- infection in

RAG-hu mice
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4.1 Abstract

Dengue virus has been shown to infect several types of cells in vitro. These
include monocytes, macrophages, dendritic cells as well as cells of hepatic, endothelial
and lymphoid origin. In the case of human patients infected with DENV, monocyte-
macrophage cells as well as dendritic cells are suggested to be the direct targets of
infection by dengue virus. In order to determine the source of infection during primary
and secdndary infection of RAG-hu mice we have used two distinct methods to identify
infected cells. We used an in situ hybridization method to detect DENV RNA in actively
infected cells. We were able to identify the presence of dengue infected cells in the lymph
nodes as well as spleens of infected mice. In order to determine the type of human cells
that were infected we used a dual immuno-fluorescence staining method to identify the
presence of dengue infected human cells. We were z;ble to identify dengue infected

dendritic cells in the lymph nodes of infected mice using immunofluoresence staining:

4.2 Introduction

DENYV infects mononuclear phagocyfic cells. Several reports have established that
infections in patients have been identified in liver, spleen, lymph node, thymus, kidney,
lung and skin by immunohistochemistry (IHC) (Migostovich et al., 1997, Hall et al,,
1991, Bhoopat et al 1996., Boonpucknavig et al., 1979). A majority of the observations
were obtained from post-mortem samples or fixed tissue. The presence of viral antigens
ronly confirms the presence of viral proteins but does not confirm replication of the virus
in the par‘ticular cell. In order to confirm active replication, in situ hybridization was

performed. From our studies we have demonstrated that RAG-hu mice are successfully
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infected with dengue virus by detection of viremia and re-isolation of virus from the
infected mice. Further, we sought to demonstrate the presence of infected cells and
determine the type of the cells that are infected during primary and secondary dengue
viral infections. Due to the relatively larger number Qf human cells in spleen, lymph
‘nodes and bone marrow, we focused our study on these organs in particular, especially
the spleen and lymph nodes of infected mice. We have identified dengue infected cells in
the spleen and lymph nodes of these mice using in situ hybridization. We have also
identified human macrophages as well as rare dengue infected dendritic cells in infected

mice tissue.

4.3 Materials and Methods
4.3a Detection of infected cells by in situ hybridization

DENV infected mice tissue was collected from mice undergoing primary
infections as well as secondary challenges described in Chapter 3 and Chapter 5. Internal
organs such as spleen, lymph nodes, liver, and bone marrow were collected and cyro-
frozen from mice that developed high viremia or showed signs of severe disease. The
DENV infections in mice that were used for in situ hybridization studies are described in
Chapter 5.

Ii] order to detect actively replicating viral RNA in dengue infected spleen and
mice, we performed the in situ hybridization assay using Digoxigenin (DIG) labeled
riboprobes directed against three distinct regions of the dengue viral RNA. cDNA against
DEN-2 3’UTR region was generated by reverse transcription of viral RNA isolated from

DEN2 16681 stock. Since the 3’ region of the virus has consensus elements that are
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conserved in all serotypes of the virus this region was particularly selected to make the
200nt probe. Primers were used to PCR amplify the desired region and the correct size
was ascertained on an agarose gel. The product was purified and digested with BamHI
and Pstl. The digested fragment was ligated into a Roche pSPT18 plasmid at a 10:1
fragment to plasmid ratio. The ligation mixture was used to transform cor;npetent cells.
Isolated colonies were picked for identification of desired clones. Mini prep DNA was
generqtea and clones were tested with PCR primers for the generation of the desired
product. After identification of the correct clones, colonies were grown for generation of
a plasmid by maxi prep method. Purified plasmid was used to prepare the riboprobe in an
in vitro transcription reaction. Using Hind III, 10ug of plasmid DNA was digested io
generate a linearized fragment. In vitro transcription reactions were set-up using
Digoxigenin labeled UTP and T7 polymerase (Promega). to generate the anti-sense probe.
Similarly, Eco R1 was used to digest 10ug of plasmid DNA to generate the sense-strand
probe in an in vitro transcription reaction using SP6 polymerase. After analysis of the
probes on an agarose gel, they were used in an in sifu hybridization reaction on tissue
sections  generated from déngue infected RAG-hu mige as well as control uninfected
mice.

For hybridization, paraffin sections of spleen and lymph nodes from known
dengue positive mice were utilized. The slides were de-paraffinized by treating them with
100% xylene solvent for 5 minutes each with 3 changes of solvent. The xylene was
removed by washing in 100% ethanol for>5 minutes followed by a gradual rehydration of
the tissue section in 95% ethanol, 70% ethanol, 50% ethanol and finally in 2X SSC buffer

pH 7.0 (300mM NaCl, 30mM Na-Citrate) for a minute each. After rehydration into 2X
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SSC, the tissue was deproteinized by digestion with Proteinase-K in 200m] of Proteinase
K buffer (20mM Tris pH 7.5, SmM EDTA pH 8.0, 250mM NaCl, 1% SDS) at 37°C for
3min. The slides were washed with DEPC water twice for 10seconds and treated in
100mM Triethanolamine buffer pH 8.0 for 3 minutes at 25°C.The slides were then given
a wash with 200ml of TEA buffer containing 500ul acetic anhydride at 25°C for 10min.
The slides were dehydrated after this step by dipping in 2X SSC, 50% ethanol, 70%
ethanol, 95% ethanol and 100% ethanol for a minﬁte at each step. After complete
dehydration with 100% ethanol, the slides were air-dried for 60minutes at 25°C.
Meanwhile the riboprobe was prepared for application onto the sections.

The riboprobe was boiled in DEPC treated water in a 15ml Falcon tube for 10
minutes and rapidly cooled on ice. To make a hybridization mix 2ug of DIG-riboprobe
was mixed with 246ul of DEPC treated water, 144ul of Tris Buffered Saline, 1ml of
distilled Formamide, 400ul of 40% Dextran sulfate and 200ul of a 10% blocking solution.
To prepzire the slides for hybridization, special hybridization coverslips were prepared by
removal of the special protective backing. The 70-80ul of hybridization solution -was
placed on the coverslips. The coverslips were carefully rolled over onto the slides to
avoid any air bubbles over the tissue sections. The slides were incubated overnight at 55-
65°C and placed in a humid chamber. Post-hybridization, tﬁe coverslips are removed and
the slides are washed with 2X SSC for 30 minutes at lroom temperature followed by a
Formamide wash for 30 minutes at 65°C. The slides were washed with 2XSSC twice for -
10 minutes each. The slides were then placed in RNAse Buffer to be treated with RNAse

A (10mg/ml) for 30min at 37°C. Slides were then washed with RNAse buffer for 30min

at 65°C to inactivate RNAses and prepped for immunohistochemical anti-DIG detection.
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The slides were placed in blocking reagent with slow rocking for 2hrs at 25°C.
The slidé:s were then washed twice with 1X Maleate buffer (100mM Malic acid, 150mM
NaCl pH 7.5) for 5 min with slow rocking. The DIG antibody was diluted 1:2500 with
antibody dilution buffer. Slides were then rolled over carefully onto coverslips that held
210ul of the antibody solution to avoid air bubbles and placed carefully in a humid
chamber. Care was taken such that the chamber was sealed with paraffin and placed at
25°C overnight.

The next day, the special coverslips were removed and the slides were washed
twice with 1X Maleate buffer for 10min with gentle rocking. The slides were then
washed in BCIP/NBT reaction buffer for 10min. The chromogen substrate (BCIP/NBT)
was dissolved in 10ml sterile distilled water and placeFi onto the slides which ar¢-then
‘covered by coverslips. The slides were placed in the humid chamber again overnight in
the dark, taking necessary precautions to prevent to precipitation of the substrate on the
slides.

The slides were washed in Stop buffer (10mM Tris ImM EDTA 150mM’ NaCl
pH 7.5) for 30 minutes at 25°C. The slides are then fixed in 4% paraformaldehyde for
20min at 25°C. The slides were then washed in stop buffer after which the slides were
ready to be viewed. The sections are covered with 100% glycerol or Aqua polymount and
mounted with glass coverslips and viewed under the microscope. Images were taken at

200 X and 400 X magnifications of tissue sections.
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4.3b Detection of infected human cells by dual immunostaining using fluorescently
labeled antibodies

Tissues, excised out of mice infected with dengue virus as well as uninfected
controls, were frozen in the presence of cryoprotective ‘OCT compound. In order obtain
an infected piece of human tissue, a piece of perforated human tonsil explant, which is a
valuable source of human macrophages and dendritic célls was used. The tissue was
cultured in the presence of DENV-2 16681 in 10% FBS-RPMI medium for 4 days. The
infected tissue was frozen in OCT compound and sectioned similar to other tissues. The
slides wére prepared from the frozen section using a microtome placed at -21°C at 4
micrometer thickness. The section were adsorbed onto a slide and allowed to dry for an
hour at 25°C. They were then placed at -SOOC until further use in the staining procedure.

Slides stored at -80°C were thawed out in the presence of Drierite to 25°C. The
slides were then fixed in 1% paraformaldehyde in PBS for 20min. After fixation the
tissues were demarcated with a grease pen and washeéi twice for 10min with 1X TBS
(10mM Tris ImM EDTA 150mM NaCl pH 7.6). The slides were then incubated with
MOM (mouse on mouse Vector NTI) reagent for one hour at 25°C. The slides were then
washed thrice for 10min with TBS buffer. Primary antibodies against dengue (1:109),
CD68 (1:200) and CD14 (1:20()) were diluted at in ar}tibody dilution buffer (1%BSA,
AO.OI% NaN3 in TBS) and applied onto the tissue sections carefully such that were no air
bubbles. The slides were incubated in a humid chamber at 25°C for 30min. The slides
were washed thrice in TBS with agitation for 10min. The secondary fluorescent labeled
antibodies were diluted at 1:200 in antibody dilution buffer and spun at 14k rpm for

10min prior to be being carefully applied on the tissue section. Care was taken to avoid
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any air bubbles and the slides were place in a humid chamber in the dark for 15min at
25°C. The slides were then washed thrice with agitatioin for 10min. The slides are then
covered with Antifade-DAPI (Invitrogen) and placed in the dark until viewed under a

fluorescent microscope.

4.4 Results and Conclusions
74.4a Detection of infected cells by ir situ hybridization
Reports on the detection of dengue infected cells in human subjects have

been very few and far between. In order to identify cells actively replicating DENV, we
used an in sifu hybridization method using digoxygenin (DIG) nucleotide labeled probes.
Three distinct probes were generated against a negative strand of the virus which is
routinely generated in actively infected cells as template for replicating the genome. The
probes which were labeled with DIG to allow immune-detection using a colored substrate
reaction were made against 5"UTR, E protein and 3’UTR regions of DENV. Infected
mice as well as uninfected mouse tissues were tested. We tested several mice tissue
samples for infected cells. We were unable to detect any positive cells in mice that were
given a primary infection. However we found positive cells in both Iymph node and
spleen sections of mouse M164 that had detectable viremia day 6 post secondary
infections.

The lymph nodes are made up of three distinct layers, a central medulla, a middle
paracortéx and outer cortex, which support distinct microenvironments. Antibody
producing plasma B-cells are found in the medulla. T-cells are concentrated in the

paracortex while B-cells are located primarily in the cortex, within the follicles and
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A Uninfected Lymph Node DENV-2 Infected Lymph Node

B Uninfected Spleen DENV-2 Infected Spleen

Figure 4.1 Detection of dengue infected cells in RAG-hu mice using in situ
hybridization assay. Paraffin sections of infected and uninfected RAG-hu mice
mesentric lymph node (A) and spleen (B) were processed and exposed to a
Digoxigenin labeled anti-sense riboprobe directed against DENV-2 E protein, NS5
and 3’UTR regions. The infected cells were detected using a colored reagent that
stains the cells dark blue. From the morphology of the infected cells we speculate
that the infected cells are tissue macrophages in the lymph node and spleen.
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germinal centers. Macrophages and dendritic cells that trap antigen are found in the
cortex and paracortex. In the case of the lymph nodes, tﬁe virus was detected in cells that
had an irregular shape that were distributed across the cross section of the mesenteric
lymph nodes (Figure 4.1 panel A). Uninfected RAG-hu mouse lymph nodes used as
control‘s did not show any background staining. In the infected RAG-hu mouse tissue, we
speculate that the infected cells detected, based on their morphology are human
macrophages or monocytes.

The mouse spleen is composed of two distinct regions namely white pulp and red
pulp. The red pulp lies towards the periphery of the organ and contains a large number of
erythrocytes which surround the sinusoid. The white pulp lies towards the core of the
organ and forms the periateriolar lymphoid sheath that contains a large number of T-cells
and B-cells. The infected cells are evenly distributed across the spleen without any
specific preference for the red or white pulp of the spleen (Figure 4.1 panel B). The
staining observed was seen in predominantly large cells of the spleen with irregular shape
which lie close to each other. These cells may be splenic tissue macrophages that help to

contain an aggressive infection.

4.4b Detection of infected human cells by dual immunostaining using fluorescently
labeled antibodies.

In order to detect infected human cells in RAG-hu mice tissue we employed a
dual ﬂu-orescence method of detection. The human cells were stained with mouse
monoclonal antibodies directed against human cell surface antigens. We used anti-human

CD14 as well as anti-human CD68§ to detect human monocytes in the mice tissue. To
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Figure 4.2 Detection of dengue infected cells in human tonsil using dual
immunofluroresence assay. Cryofrozen sections of DENV uninfected (A) and
infected (B) human tonsil were stained with antibodies against human monocyte
marker CD68 (green) and DENV (red). Dual stained human cells are depicted
by arrows. Uninfected tissue does not show the presence of any dengue infected
cells.
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Figure 4.3 Detection of human cells in human tonsil and RAG-hu mice using dual
immunofluroresence assay. Cryofrozen sections of uninfected human tonsil (A) and
uninfected RAG-hu mouse J270 (B) were stained with antibodies against human
monocyte marker CD68 (green) and DENV (red). Human monocyte cells are depicted
by arrows. Uninfected tissue does not show the presence of any dengue infected cells.
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Figure 4.4 Detection of dengue infected human dendritic cells in RAG-hu mice
using a dual immunofluroresence assay. Cryofrozen sections of RAG-hu mouse
J270 (panel A) and DENV infected J-15 (panel B) were stained with antibodies
against human dendritic cell marker CD209 (green) and DENV (red). Human
dendritic cells (green) were detected in both sections and are highlighted with
arrows. An infected dendritic cell (red) was observed in lymph node of J-15
along with other infected cells. The insets in the merge of panel B show both an
infected dendritic cell as well as a dengue infected cell that could probably be a
macrophage.
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Vprevent mouse on mouse cross reactive binding we u‘se the mouse on mouse (MOM)
blocking reagent from Vector as per manufacturer’s recommendations. To detect the
dengue antigen we utilized an anti-dengue rabbit polyclonal sera (Abcam Antibodies)
raised against all four dengue serotypes.

The pfimary antibodies bound to their respective antigens were detected using
fluorescently. labeled antibodies made in an unrelated animal like chicken to prevent any
non-specific staining. We used a chicken anti-mouse labeled with Alexa 488 to detect
human cells and a chicken anti-rabbit antibody labeled with Alexa 594 to detect dengue
infected cells for the final experiments. The primary hurdle associated with detection of
rare DENV infected cells using fluorescent antibodies was the absence of a positive
infected control to test the antibodies. An uninfected piece of tissue was also processed
alongside and used to test the appropriate dilution of antibody to visualize the presence of
7 human cells. As observed in figure 4.2 we were able to detect the presence of CD68 +
monocytes (green) in uninfected (panel A) as well as infected (panel B) tonsil tissue. In
addition, we were able to detect the presence of DENV infected cells (red) in infected
tonsil tissue that merged with CD68+ cells (figure 4.2B) . From this experiment we were
able to optimize the correct concentrations of antibody required for the staining procedure
on infected RAG-hu mouse tissue. We were able to identify several rare human CD68+
monocytes (green) in uninfected RAG-hu mouse J270 mesentric lymph nodes (figure 4.3
B). We E'ﬂSO identified CD209 positive cells in the lympil nodes of J270 (figure 4.4 panel
A). We also observed dengue infected CD209 po's‘itive dendritic cells (green) as well as
non-dendritic cells (red) in mouse J15 (figure 4.4B). The insets in figure 4.4 highlight the

infected cells.
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All of the cells identified in the lymph nodes of the mice were predominantly
present in the outer cortex region of the lymph nodes as expected. However the total
numbers of human macrophages or dendritic cells in a section are very few. Thus more

optimization will be required to detect infected cells in RAG-hu mouse tissue by

immunofluoresence staining methods.
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Chapter 5

Secondary Infection of RAG-hu mice with Dengue Virus

118



5.1 Abstract

Dengue fever among human patients under clinical settings is classified into four
distinct syndromes. They are categorized as a) an undifferentiated fever, b) classic
dengue fever, ¢) dengue hemorrhagic fever (DHF) and d) dengue shock syndrome (DSS).
The first two categories are relatively mild infections that affect a large population. The
latter two syndromes affect a small subset of the susc‘eptible population and are often
fatal due to the large number of complications associated with them. They are
hypothesized to be caused by a phenomenon referred to as antibody dependent
enhancement (ADE), a condition where patients with pre-existing non-neutralizing
antibodies against an infecting DENV serotype experien'ces a severe and aggressive form
of dengue. The disease in such cases often manifests itself as hemorrhage, plasma
leakage, and shock. Currently studies on DHF and DSS are hampered by the lack of an
ideal animal model mimicking human disease and generation of an adaptive human
immune response which is a prerequisite for DHF or DSS to occur. By using the RAG-hu
mouse model system we have previously demonstrated the ability of the system to
experience a primary dengube infection as well as generate an adaptive immune response -
against it. We utilized the mice that survived a primary dengue infection for a second
challenge, cither with a similar sgrotype of DENV as the primary infection or a
heterologous serotype of DENV. We have noted an increased severity and susceptibility
to the diéeaéé. Viremia with a peak titer of 7.2x10” RNA copies/ml was detected in one
mouse. Several mice were susceptible to severe dehydration and morbidity. Sera of many
of thev mice were capable of DENV neutralization with an increase in titer after the

secondary infection. We also detected human cytokine production in the sera of mice
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after secondary infection. We also observed a signiﬁcaﬁt decrease in the platelet counts in
some mice. Cumulatively, in mice which had an adaptive immune response to their
primary - infection, we observed several individual instances of DHF/DSS like
pathological effects during the course of a subsequent infection. We believe that the
RAG-hu mouse model system provides the right environment to duplicate and study the

effects of ADE, DHF and DSS during a dengue infection.

5.2 Introduction

DENV infects humans causing a range of illness from subclinical infection to
acute dengue fever to the severe and sometimes fatal vascular leakage conditions of
dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS). There are over 2.5
billion people at risk for infection and it is estimated that there are 500,000 cases of
DHF/]DSS that occur each year (Mackenzie et al., 2004). Primary infection with any
serotype of DENV confers lifelong immunity to the infecting serotype and
simultaneously generates cross-reactive antibodies against other serotypes. Sometimes
patients in dengue endemic areas are infected with more than one serotype during the
dengue season (Araujo et al., 2006; Bharaj et al., 2008; dos Santos et al., 2003; Gubler et
al,, 1985). A secondary infection with another serotypc; of DENV is associated with the
risk of DHF/DSS (Halstead, 2008; Halstead and O'Rourke, 1977a; Halstead and
O'Rourke, 1977b; Kliks et al., 1989). This phenomenon has also been seen in vaccination
studies using mono-valent vaccines. Antibody dependent enhancement (ADE) of
infection is a phenomenon associated with sub—neutrqlizing levels of antibody which

mediate an increased infection of Fc-bearing cells of the monocytic lineage. This
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'phenoménon is particularly tragic in new-born infants born to mothers who were recently
exposed to a dengue infection. Antibodies passed onto the infant through the placenta,
with decrease in titer post birth, put these infants at a risk of severe DHF/DSS. This
observation is also supported by extensively high mortality rates observed with new-born
infants ip dengue endemic areas in tropical regions around the world. Thus, ADE has
been proposed as a mechanism to explain the increase(i severity in secondary infections
(Halstead, 2068; Halstead and O'Rourke, 1977a; Halstead and O'Rourke, 1977b; Kliks et
al., 1989).

Several attempts have been made in large animal models like rhesus macaques to
replicate, the DHF/DSS pathology seen in human patignts (Halstead et al., 1973). In a
recently reported study, an increased viral titer was observed in animals that were
administered a sub-neutralizing level of anti-dengue monoclonal antibody IgG-1A5
(Goncalvez et al., 2004). The drawback of large animal model systems has been the lack
of high viremia in the animals during a primary infection. In the case of secondary
infection too the viruses are quickly cleared from the animals, without any overt display
of DHF/DSS. This leads to the hypothesis that the manifestations of DHF/DSS are
uniquely related to pathology in humans alone. Among small animal models, primary
dengue infection has been reported in several mice models. These include the SCID-hu
engrafted with PBMCs, or hepatocarcinoma cells (HepG2) or erythroleukemia cells
(K562) (An etal., 1999; Lin et al., 2003; Wu et al., 1995). These mice are not capable of
de novo synthesis of human cells and thus unable to maintain the level of human cells for

long periods or generate human antibodies. Interferon deficient mice which have been
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used for primary dengue infection studies as well as paésive transfer bf antibodies studies
have drawbacks of limited hfe-spans following an active dengue infection.

Primary dengue infections in humanized mouse system have been reported in
humanized NOD-SCID mice as well as in the RAG-hu mouse model. Based on data that
has been presented previously with respect to dengue infections in RAG-hu mice
(Kuruvilla et al., 2007) and Chapter 3, we have observed that the infected mice can be
infected with all four serotypes of DENV. We have also observed that a large majority of
the infec-ted mice are capable of mounting an immune response against the infection. In a
large majority of mice that were tested, there was a lack of neutralizing antibody
production despite the presence of an adaptive immune response. With the RAG-hu
system we were poised to ask several important questions. A) Are mice that have
generated a primary response to a certain serotype of DENV susceptible to a severe
infection when challenged with a different serotype? Bj Will the mice be susceptible to
dengue infections and show any manifestations of disease pathology similar to that in
human infections? C) Do the DHF/DSS cases show any “cytokine-storm”, a condition
that is seen in human patients associated with plasma-leakage? Several of the mice that
were infected during primary infections were unable .to generate detectable levels of
vprimary antibodies. We also wanted to know whether re-infection with a similar serotype,
would boost the capability of antibody production or does the mere presence of low non-
neutralizing levels of antibody in individual mice nﬁake them susceptible .to severe
dengue infections? Thus the secondary challenge experiments in RAG-hu mice will help

to explain several un-explored areas in dengue fever pathogenesis.
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53 Materials and Methods
5.3a Dengue viral infection of RAG-hu mice and clinical monitoring

RAG-hu mice with human lymphoid cell reconstitution were infected with the
primary challenge virus (DENV-1 16007 or DENV-2 strains D9590 SriLanka, AHF-100
Thailand and 10649 Philippines). Initial infections were performed as previously reported
..in Chapter 3. The mice were challenged with 1x10° TU of individual virus isorlates or
pooled virus via intraperitoneal (100ul) and subcutaneous routes (100ul) roﬁtes‘ Primary
infection the mice were allowed to recover for 18-20 weeks prior to being challenged
with a complimentary viral strain. The secondary challenge was replicated as the primary
_virus challenge. Mouse body temperatures were monitored every two days using a RET-3
rectal thermo-probe coupled to a Digi-Sense digital thermometer (Eutech Instruments).
Mouse weights were monitored using an EK-1200i balance every two days for a period
of 21 days post-injection. Mouse platelet counts were collected pre-secondary challenge
as well as during regular‘intervals during secondary challenge. Platelet counts were
estimated after dilution of 75ul of blood in 225ul of PBS Witth-EDTA and read through

an automated counter.

5.3b Measurement of plasma viral load using real time qPCR

Total RNA isolated from mouse plasma collected in heparinized capillaries using
the Q]Aémp viral RNA kit (Qiagen) was reverse transcribed into cDNA with Superscript
™ System First Strand Synthesis for RT-PCR ( Invitrogen) using DENV antisense
primer NS5R (Kong et al., 2006). Real time PCR was carried out using Platinum SYBR

green PCR kit (Invitrogen) in a Biorad iCycler iQ thermocycler. DENV primers NS5F
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aﬁd NS5R (Kong et al 2006) were used to initiate PCR with 5Sul of cDNA as template.
Reaction conditions were as follows: 50°C for 2min; 95°C for 2 min; 45cycles of 95°C for
15sec, 5$°Cfor 30sec, and 72°C for Smin. Levels of DENV RNA amplified by this two
step qRT-PCR method were determined by comparison to a standard curve generated
against known quantities of DENV-2 16681 NS5 RNA, which were produced by
transcription and quantified previously as described (Kong et al., 2006). These primers

were also able to detect the presence of DENV-1 16007.

5.3¢ Detection of human anti-dengue antibodies by ELISA

Levels of human anti-dengue antibodies present in the mouse serum were
determined using commercial human IgM and IgG Dengue Capture ELISAs (Panbio).
Sera from DENV-infected non-humanized Rag2 " y."" mice as well as humanized
infected RAG-hu mice were used as negative controls. Positive controls included a
known anti-DENV antibody positive human serum as well as samples provided with the
ELISA kits. Samples were considered positive if the ODuso was greater than two times the

background absorbance level.

5.3d FACS-based estimation of dengue virus neutralizing ability

The ability of humanized Rag2” 7y, mice generated antibodies to neutralize
DENV was determined using a FACS neutralization test (FNT) modified from a
previously described methqd (Lambeth et al., 2005). Mouse serum was mixed with 1.0
MOI DENV (determined relative to 4x10° cells) in a total volume of 200ul. The 200ul

serum-virus mixture was placed at 37°C for 30min. This mixture was used to inoculate
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4x10° Vero cells in a single well of a 12 well plate. At 1-24 hours post-infection, single
cell suspensions were made and subjected to FACS»analysis after staining with 4G2-
Alexa488 antibody (Lambeth et al., 2005). Serum from DENV infected non-humanized
Rag2_/ _«/c—/ “mice as well as uninfected RAG-hu mice were used as negative controls for
neutralization. For cross neutralization studies, DENV-1 16007, DENV-2 16681 as well
as DENV-4 H241 were used. The FNTso0 was defined as the greatest two-fold dilution of

serum which produced >50% reduction in DENV infection of Vero cells.

5.3e Analysis of human cytokine production during secondary infection

Human cytokine levels in infected RAG-hu mouse sera were determined by a
FACS based assay using the Human TH1/TH2 Cytokine Kit II (BD Biosciences). The
assay allows for the quantitative estimation of human IL-2, IL-4, IL;6, IL-10, TNF-o and
IFN-y. The cytokine standards were serially diluted 1:2 to 1:256 and mixed with
reconstitution buffer. The requisite amount of capture beads (3ul per sample) was.mixed
for each :of the cytokines to make the requisite amounts of stock solution. To each sample
or standard tube, 15ul of sample or standard was added followed by 15ul of PE-detection
r.eagent along with 15ul of Capture-bead cocktail. The mixture was incubated at 25 °C for
2 hours. The tubes were centrifuged at 200g for Smin to collect the beads which were
further washed once in 500ul of wash buffer. The beads were spun down again and
collecteci to be solubilized in 200ul of wash buffer‘ and analyzed on a preset and
calibrated program on the ﬂO\;V cytometer. The staljdards were used to determine a curve
for each individual cytokine concentration with a range of 20-5000 pg/ml. The unknown

values were determined based on the standard charts generated.
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5.4 Results
5.4a Deﬁgue viral infection and clinical monitoring

Mice were monitored every two days for changes in temperature, body weight
and behavior post secondary challenge with DENV. We observed significant changes in
3 out of 18 mice during the course of a secondary infection. The temperatures taken for
all mice infected with a secondary infection is individually plotted in Figure 5.1. We
observed that mice that suffered from severe dehydra‘tion and morbidity also suffered
from a drastic drop in body temperature as identified by the curves in red. We also
monitored the weights of the mice using a scale during the infection along with
measuring their temperatures. We observed drastic drop in bodyweight of mice that were
suffering from secondary infection related morbidity and dehydration. The changes
comparing three mice suffering from severe dehydration is compared to mice that were
given a primary infection (Figure 5.2).

Overall, the mice with secondary infection experienced a minimum of'a 10% drop
in body weight within the span of 2-3 days in the case of mice suffering from
dehydration. In some cases the mouse bellies were shaved to observe the presence of any
rash, hemorrhage and to document the progress of morbidity. We found several mice that
were susceptible to dehydration and morbidity. Mice were euthanized as the disease
burden passed beyond an acceptable limit. We observed a unique manifestation of rash
and hemorrhage on the belly of M93 (Figure 5.3A) which expanded into hemorrhage in
the abdominal cavity which was detected on dissecfion'of the mouse. We also observed

morbidity in mouse M228 (Figure 5.3B), as well as dehydration in mouse M288 (Figure
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Figure 5.1 Body temperatures in RAG-hu mice during a secondary
infection. Changes in body temperature in mice challenged with a
secondary infection were measured using a rectal probe (panel A). The
majority of the mice did not show any overt changes in temperature. Mice
that suffered from severe disease and shock demonstrated a rapid decline
in body temperature were grouped together and graphed in panel B to
highlight the rapid decline in the health of the individual mice.
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Figure 5.2 Trend in body weight changes in RAG-hu mice with
secondary infection. Mice challenged with a secondary
infection were weighed every two days post infection. Mice
M288, MJ-15 and MJ-38 which displayed severe disease show
a drastic drop in body weight over a short period of time.
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Figure 5.3 Secondary infection of RAG-hu shows hemorrhage
and morbidity in several mice. Mice that were challenged with
a secondary infection demonstrated various signs of morbidity
including hemorrhage (panel A) and dehydration (panel B,C
and D).
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5.3 C) and mouse MIJ-15 (Figure 5.3D). We were unable to clearly ascertain a distinct

decrease in platelet counts in these RAG-hu mice.

S.4b Monitoring dengue viral infection during a secondary infection by qRT-PCR
Several RAG-hu mice were infected with different serotypes of DENV. Mice
were infected with laboratory passaged strain of DENV-1 16007, as well as individual or
a combination of low-passage DENV-2 D9590 SriLanka, AHF-100 Thailand and 10649
Philippines strains as shown in Table 5.1. These mice injected with 1x10° IU of each
virus strain. Similar to the primary infections reported earlier, we observed sporadic
viremia -upto 21 days post infection. The highest observed viremia is reported in Table
5.1 for each of the individual mice. We observed that one mouse M85 showed the highest
viremia identified thus far in our hands (7.2x10” 1U/ml). Such high titre has often been
reported in human patients with severe dengue fever. Almost all of the mice suffering
from a secondary dengue infection has slightly higher detectable viremia. Severity of
disease was later co-related with a history of detectable human anti-dengue antibodies in

most cases.

5.4c Detection of human anti-dengue antibodies by ELISA

Sera obtained from mice during the course of secondary infection were analyzed
for presence of human anti-dengue antibodies using the PanBio IgM/lgG Capture ELISA
kit. The assay has been previously described in Chapter. 3 in detail. We observed the
presence of an increase in the ability of most mice to produce antibodies after a

secondary infection. As depicted in Table 5.2, we observed an increased production of
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IgG in several mice post secondary infection, especially M93, MJ-36, MJ-38 and MJ-39.
Although mice showed signs of severe disease, we did not observe a complete ciass
switch from IgM to IgG as observed during secondary infections in human patients. This
observation is unique to RAG-hu mice and is probably due to limitations associated with

engrafted mice and the quality of engraftment.

5.4d Determination of neutralizing capacity of anti-sera collected from RAG-hu
mice after a secbndary challenge

After collection of sera from mice that were challenged for a second time with
vDENV, we analyzed the sera for their capacity to ne;m'alize the challenge virus. The
result from each individual mouse is tabulated in Table 5.3. We observed that the mice
had an increased capability to neutralize the infecting secondary challenge. Several mice
that had not previously produced any neutralizing sera were also capable of producing
neutralizing sera in addition to the incréase in titers of egisting neutralizers.

We also investigated the ability of sera in mice that produced neutralizing
antibodies to cross neutralize a heterologous viral challenge. The results from the assay
are tabulated in Table 5.4. We observed that 4 out of 18 mice were able to produce
neutralizing antibodies. Of these, two were able to neutralize a heterologous virus. In
comparison with human patients we observe several similarities with respect to
production of both homologus and cross neutralizing antibodies. However the levels of

neutralization antibody were not close to the capacity generated in human subjects.
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5.4e Detection of cytokine production in sera of RAG-hu mice challenged with
DENY

We utilized the Human TH1/TH2 Cytokine Kit I1 (BD Biosciences) to estimate
the levels of human cytokines produced in mice after primary and secondary DENV
infections. We observed that very few mice were capable of producing large amounts of
Human cytokine that is detectable above the background levels in RAG-hu mice. The
observations are tabulated in Table \5.5; We have observed the production of I1.-2, I1.-4,
iL-lO, TNF-a and IFN-y in infected mice. It is interesting to note that during secondary
infection, mice have been shown to produce higher amounts of IFN-y and low levels of

1L-2 and IL-4.
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5.5 Discussion

The goals of these experiments were to establish an animal model that can
replicate- pathology observed in human dengue patients faithfully in a mouse model.
Compared to all previous animal models published, we have demonstrated the presence
of higher viral titers during secondary DENV infection. We observed severe morbidity
and death in case of 7 out of 18 mice. Of these mice, 3 were given a heterologous
secondary DENV challenge in comparison to the primary DENV infection. We observed
severe f(.)rms of morbidity in these mice like hemorrhage, rash and dehydration. 4 out of
18 mice succumbed to a homologous DENV challenge. From our analysis we observed
that the majority of the mice possessing antibodies (6 out of 7 mice) from a primary
infection were susceptible to a severe secondary infection. The presence of a low level of
non-neutralizing antibody may have triggered a severe disease in these cases. Post
‘secondary DENV challenge we observed an increase in antibody production and
neutralization capacity in 4 out of 18 mice. This provides us with preliminary evidence
that the RAG-hu mice developed some memory B cell response that was z;ctivated post
secondary DENV challenge. We also detected relatively low levels of human IFN
production in mice post—seéondary infection. We are yet to determine the significance of
the role of human cytokines in precipitating any aggressive dengue disease pathology. In
the RAG-hu model, aggressive disease may be a combinatorial effect of both mice and
human cytokines. This hypothesis needs to be evalﬁated in depth in the future before any

conclusions are drawn.
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‘5.6 Conclusion

Our ability to identify and dissect the mechanisms of ADE will be developed only
with development of a method to ensure antibody production in all of the mice that are
infected with DENV. This preliminary study has helped us to determine several
parameters that can be idéntiﬁed with respect to secondary infection and analysis of

ADE. In future experiments we hope to expand upon these effects with larger numbers of

mice.

140



Chapter 6

Analysis of DENV infection of human cells derived from human hematopoietic stem

cells in vitro.
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6.1 Abstract

Dengue virus infection in human patients is primarily harbored in cells of
monocytic origin. These monocytes, macrophages and dendritic cells have been
demonstrated to be directly infected in human tissues. Several other cells including
hepatocytes and macrophages in spleen, liver and lymph nodes have been shown to be
directly infected. In secondary dengue infection, during the aggressive events of DHF and
DSS, endothelial cells and platelet precursor cells like megakaryocytes and platelets are
also touted to be infected. In an attempt to identify these cells, we derived and infected
macrophages, dendritic cells and megakaryocytes from CD3»4jL human hematopoietic
precursor stem cells. We show that CD34+ cells in culture that loose their CD34+ marker
after prolonged maintenance in culture. These auto differentiated cells were infected at a
low level by DENV. Macrophages differentiated from CD34+ hematopoietic stem cells
were also permissive to DENV infection at a relatively high MOL. In the presence of
diluted human anti-dengue antibodies we observed that macrophages were infected with-a
slightly higher efficiency, demonstrating ADE. Megakaryocytes derived from CD34+

cells are also infected at a low level after differentiation over a long period.

6.2 Introduction
Dengue infections are transmitted by a mosquito vector (Aedes aegyptii) through a
direct bite into the dermis of the individual. The infected mosquito injects a tiny amount of

virus (Gubler and Rosen, 1977) into the individual which is immediately endocytosed by
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skin dendritic cells (Langerhan cells) and circulating monocytes or macrophages (Wu et
al., 2000)-. These cells are infected as the virus evades destruction in the phagosomes. The
éirculating macrophages deposit the virus into the neare;t lymph nodé where several cells
are brought into close proximity of infectious virus. Other reports in the literature suggest
that dendritic cells, macrophages and monocytes are easily infected by DENV (Halstead
and O'Rourke, 1977a; Hase et al., 1989; Kurane, 1997; Wu et al., 2000). In addition there
are reports of virus infection in B cells as well as T-cel~ls (Clyde et al., 2006). Ahtibody
dependent enhancement (ADE) is a phenomenon where Fc bearing cells are easily
infected in the presence of non-neutralizing antibodies against DENV (Kliks et al., 1989).
This leads to a severe form of dengue called DHF and DSS which is often characterized
by high viremia, infection of a large number of tissues, plasma leakage, hemorrhage and
shock often leading to death.

In addition to lymphocytes that are reported to be infected, DENV can infect cells
in the bone marrow, liver, spleen and endothelial cells (Avirutnan et al., 1998; Bonner and
O'Sullivan, 1998; Cook, 1997; Couvelard et al., 1999; Halstead et al., 1977; Kuo et al.,
1992; LLa Russa and Innis, 1995; Lum et al., 1993; Rothwell et al., 1996; Srichaikul and
Nimmanriitya, 2000). There are also some neuronal manifestations of dengue that have
also been reported sporadically (Halstead, 2008).

In order to determine whether hematopoietic precursor cells are infected, we
directly infected human CD34+ hematopoietic stem celis that were isolated from fetal
liver and maintained under culture condvit’ionsq These cells have the limited ability to
remain m‘ulti-potent for a short period of time in culture. We also derived macrophages

from PBMC as well as CD34+ stem cells using a cytokine cocktail based differentiation
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system (Caux et al., 1997; Chomarat et al., 2000; Chomarat ¢t al., 2003). We tested these
macrophaées that were derived from CD34+ cells with a DENV challenge in the presence
and absence of human anti-dengue sera. Dendritic cells were also derived from human
PBMC and CD34+ stem cell using a cytokine cocktail. We also challenged these cells
with a DENV.

Platelets play an important role in clotting blood after an injury. In the case of
secondary dengue fever, plasma leakage and hemorrhagic mani‘festations of the disease
péint to an impaired clotting mechanism (Halstead, 2008; Noisakran et al., 2009). In order
to determine if platelets or platelet precursor cells are directly infected by DENV, we
derived ;negakaryocytes from CD34+ stem cell by using a cytokine cocktail and
challenged with DENV.

From these in vitro studies, we can directly ascertain cells that are infected during
the course of a DENV inféction and treatmenté against very specific targets. We observed .
that macrophages and dendritic cells that were derived from PBMC or CD34+
hematopoietic stem cells were infected by DENV. CD34+ hematopoietic stem cells were
not directly infected by DENV. Megakaryocyte precursors and platelets derived from
CD34+ hematopoietic stem cells were infected at a low level. Thus macrophages and
dendritic cells play a significant role in severity of dengue pathogenesis while other cell

types play a supporting role in precipitating severe disease.
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6.3 Materials and Methods
6.3a Isolation and differentiation of dendritic cells and macrophages derived from
blood

Whole blood was procured from a blood bank and distributed as 40ml aliquots
after dilution in an equal amount of sterile Hanks PBS. The diluted blood was slowly
layered on 8ml of Ficoll-Hypaque in a 50ml Falcon tube. The tubes were subjected to
2400rpm.in a Beckman Allegra 6R swinging bucket centrifuge for 30min to allow for a
density gradient dependent separation of the cells. The centrifuge was allowed to come to
rest without the application of brakes. The bufty layer containing lymphocytes above the
RBC layer was collected and pooled from several tubes. The Ficoll was diluted out by
washing the cells with fresh Hanks PBS and the cells were collected by centrifugation
with the dpplication of brakes. After two washes with Hanks PBS, the cells were diluted in
10% FBS-RPMI to 2x10° cells per well and allowed to adhere to the bottom of a six-well
plate. The non-adherent cells were removed with gentle washing and collected in separate
tubes after centrifugation. These were frozen down for usage in other experiments. The

adherent cells were differentiated into monocytes derived macrophages or dendritic cells.

6.3b Infection of blood derived macrophages and dendritic cells

Monocytes derived macrophages were generated from PBMCs by culturing the
cells in 10% FBS-RPMI in presence of a cytokine mix of II-6 (10ng/ml) FIt3-1 (50ng/ml)
and M-CSF (25ng/ml). The cells were maintained for over 20 days and their phenotypic
characteristics as well as cell surface marker (CD14+) ievel was monitored every other

day. Dendritic cells were generated from isolated adherent monocytes by culturing them in
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_ CD34+ cells
Vero Cells

Figure 6.1 Schematic demonstration of the infection of CD34+ cells in a
trans-well format. CD34+ hematopoietic stem cells were cultured in stem
cell media on a porous support. The wells were suspended in the well of a
6-well plate with a mono-layer of DENV infected Vero cells as a source of
DENV.
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10% FBS-RPMI containing 1L-4 (10ng/ml), GM-CSF (50ng/ml), TNF-a (IOng/ml),'FlB—
L (50ng/ml). The cells were maintained for 20 days ar}d their phenotypic characters as
well as cell surface markers (CDla, CD209/DC-SIGN) were monitored. The cells were
grown on a well-insert which was a lum mesh that can be moved from well to well. An
adherent layer of Vero cells was infected with DEN-2 16681 virus (Figure 6.1). After two
days of infection fresh media containing the requisite cytokine mix as well as the well-
insert containing macrophages or dendritic cells was placed over the Vero cell layer to

allow for infection of the cells with fresh virus.

6.3c Isolation and infection of fetal liver derived CD34+ hematopoietic stem ceils

The fetal liver tissue was washed twice with PBS in a 150cm dish. The loose cells
were aspirated away and the tissue was weighed. The tissue was then subjected to
enzymatic digestion in the presence of 50ml serum free AIMS medium containing 2X
antibiotic and anti-mycotic. The tissue was pre-minced using two scalpel blades. DNase,
hyaluronidase and collagenase were added from 100X stocks to obtain a 1X concentration
of enzyme. The tissue was pulverized by squirting it out of a 20ml syringe. The tissue was
allowed t;) digest for 3-4 hours at 37°C with intermittent bipetting to generate a single cell
suspension. The cells were then strained through a 40um cell strainer into 50m! Falcon
tubes. The single cell suspension was the subjected to a Ficoll gradient separation. The
total volume of the cells was increased by adding 25m! of AIMS medium. The cells were
layered on 8ml of Ficoll-Hypaque in 50ml Falcon tubes and centrifuged at 2500rpm for

30min without the application of brakes in a Beckman swinging bucket centrifuge.

147



The cells from the buffy layer were collected and washed by dilution with isolation
buffer (PBS with 0.5%BSA, 2mM EDTA, degassed by vaccum filteration). The cells are
collected by centrifugation at 1500rpm for 10min with the application of brakes. The cell
pellets were solubilized in 50ml of fresh isolation buffer and enumerated using a
hemocytc;meter. The cells were re-diluted to a density of 10%cells/300pul. 100pl of FcR
blocking reagent was added per 10%cells to prevent nonspecific binding to magnetic beads.
The cells were then labeled with CD34-Microbeads at concentration of 100pul per 10°%cells
and allowed to incubate at 12°C for 30min. During this stage the magnetic separation
column was set-up. The column was washed with 3ml of degassed isolation buffer. The
cells were washed with isolation buffer twice and sc;lubilized at a density of 2x10°
cells/ml. The cells are passed through a 30uM pre-filter before being passed over the
washed magnetized column. The cells were allowed to flow through and the column was
rinsed with 3ml isolation buffer thrice. The column was removed from the magnet and
placed over a new sterile collection tube. The cells were removed by applying 5Sml of
isolation buffer and eluted from the column. This step of isolation was repeated with a
fresh column that was pre-wetted with 3ml of isolation buffer. The cells were collected by
centrifugation and solubilized in 10% FBS-IMDM with 2X antibiotic-anti-mycotic as well
as 1L-3 (10ng/ml), IL-6 (lQng/ml), SCF (10ng/ml). The cells divide rapidly and hence

they are diluted to 2x10° cells/well of a 6 well plate with 3-4m| medium.

6.3d Infection of CD34+ derived dendritic cells and macrophages
Dendritic cells were derived from CD34+ hematopoietic stem cells isolated from

fetal liver by propagating them in a cytokine cocktail. The cells were maintained in
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GMCSF (50ng/ml), FLt3-L (50ng/ml), IL-3 (10ng/ml), TNF-a (10ng/ml), IL-4 (10ng/ml),
SCF (10ng/ml). SCF was removed after 3 days and the cells were propagated for 20 days.
The maturation and differentiation of dendritic cells were monitored by staining for cell
surface markers CD1la and CD209 (DC-SIGN). The cells were grown on a well-insert
which was a 1pum mesh that can be moved from well to well. An adherent layer of Vero
cells was infected with DEN-2 16681 virus. After two days of infection fresh media
containing the requisite cytokine mix as well as the weli-insert containing dendritic cells
was placed over the Vero cell layer to allow for infection of the cells with fresh virus.
Macrophages were generated by incubation in Methocult media. CD34+
hematopoietic stem cells were placed in Methocult GF H4434 (StemCell Technologies)
media containing cytokines for development of macrophages for 14days. The colonies
formed b-y propagation in the media were solubilized in 10% FBS-DMEM containing
MCSE ( 10ng/ml), 1-6 (10ng/ml), washed and allowed to mature for 3 days till the
characteristic fried egg shaped fnacrophage was observed. The cells were maintained in
the same media for 20 days with constant monitoring of their cell surface marker (CD14).
The cells were grown on a well-insert which was a 1pm mesh that can be moved from
Well to well. An adherent layer of Vero cells was infectéd with DEN-2 16681 virus. After
two days of infection fresh media containing the requisite cytokine mix as well as the
well-insert containing macrophages was placed over the vVero cell layer to allow for

infection of the cells with fresh virus.
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6.3e Infection of CD34+ derived platelet precursors and platelets

Platelets and platelet precursors were derived from CD34+ hematopoietic stem
cells by culturing the cells in megakaryocyte development media. The cells were
maintaine_d in 10%FBS-IMDM containing Thrombopoeitin (TPO) (100ng/ml) as well as
SCF (10ng/ml). SCF was not added to the medium after 3 days. The cells were allowed to
differentiate for 15 days and their cell surface marker characteristics were assayed to
determine differentiation. For megakaryocyte development, CD41 and CD61 were used as
markers of differentiation. In order to facilitate infection of megakaryocytes, the
differentiating cells were maintained on an insert inside a 6 well plate. The differentiated
éells were moved into a well containing infectious virus generated from a layer of Vero
cells infected with DEN-2 16681 on days 6, 9, 12 and 15 days post differentiation and

assayed two days post infection by flow cytometry using methods described in Chapter 2.

6.4 Results
6.4a Infection of blood derived dendritic cells and macrophages

DENYV infects tissue macrophages and monocytes when injected into the dermis of
aﬁ individual. These tissue macrophages have been shown to leave the tissue and enter the
blood stream where they travel to local lymph node in order to present the antigen to T-
cells. Differentiation of monocytes from PBMC to macrophages was monitored by the
upregulation of a predominant macrophage marker CD14 in the presence of IL-4 and M-
CSF. We observed a progressive upregulation of the macrophage marker over a period of
15 days. The adherent monocytes from blood as shown in figure 6.2, at day 0, have a low

expression of CD14. As they mature over 15 days after isolation in the presence of
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Figure 6.2 Macrophages derived from PBMC in human blood. Adherent
cells isolated from human PBMC were differentiated into the macrophage
lineage using a cytokine cocktail containing IL-4 and GM-CSF. The
differentiation was monitored by measuring the levels of monocyte cell
surface maker CD14 in a flow-cytometry based assay every third day. The
highest level of differentiation was observed on day 15 .
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Figure 6.3 DENV infection of macrophages derived from human PBMC.
Macrophages derived from PBMC were directly infected with DENV. The
number of cells infected were determined 2 days post-infection by
intracellularl staining with anti-dengue 4G2-Alexa488 in a flow cytometry
based assay. A mouse IgG2a isotype antibody was used as the negative
control against non-specific staining. The highest level of infection was
observed on day 17 post-differentiation (panel F).
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cytokine stimulus these cells display a higher amount of cell surface protein CD14. By day
15, 90% of the cells are mature macrophages. On infection with DENV for two days and
using intracellular staining for dengue proteins as shown in Figure 6.3, we observed a
distinct but progressive low level of infection amongst these macrophages. The lowest
infectioﬂ was observed in macrophages assayed from CD14 levels on day 3 and assayed
for infection on day 5 while the highest level of infection was observed as the
macropha;ges matured on day 15 and assayed for infecti&m at day 17. These observations
are similar to those reported in the literature where the direct infection of macrophages is
always at a low level. Higher levels of infection of macrophages have been reported only
in the presence of dengue positive sera or monoclonal antibodies (Kou et al., 2008).

DENV also infects dendritic cells very efficiently. We derived dendritic cells from
édherent monocytes isolated from human PBMC in the presence of a cytokine cocktail
that contained IL-4, Flt3-L, TNF- o, and GM-CSF. We assayed the maturation of the
dendritic cells by monitoring the cell surface markers CDla and DC-SIGN. The dendritic
cells are extremely sensitive to changes in their environment and upregulation of cell
surface markers is d.ependenf on the stimulus in the surrounding medium. We observed the
upregulation of CDla and DC-SIGN over a period of 9 days with maximum upregulation
on day 6 (Figure 6.4). Following infection we stained the cells for DC-SIGN as well as the
dengue E protein antigen. We observed that a majority ‘of the DC-SIGN expressing cells
but not all were infected with DENV (Figure 6.5). On day 3, 34.1% of total cells were
found to be infected. 18.2% of these cells were expressing DC-SIGN (Figure 6.5 panel B).
The peak of infection was observed on day 6 (assayed day 8)(Figure 6.5 panel D). We

show that 45.8% of total cells were infected with DENV. Amongst these cells 24.2% were
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Figure 6.4 Dendritic cells derived from PBMC isolated from human blood.
Adherent cells isolated from human PBMC were differentiated into a
dendritic cell lineage using a cytokine cocktail containing IL-4 and GM-
CSF. The differentiation was monitored by measuring the dendritic cell
surface markers CD1a and DC-SIGN in a flow cytometry based assay
every third day. Highest levels of dendritic cells were observed on day 3 at
76.4% (panel B) which drop over time in culture.
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Figure 6.5 Dendritic cells derived from PBMC isolated from human blood
infected with DENV. Dendritic cells derived from PBMC were directly
infected with DENV. The number of cells infected we determined 2 days
post-infection by intracellular staining with anti-dengue 4G2-Alexa 488 in
a flow cytometry based assay. DC-SIGN cell surface marker was aslo
estimated simultaneously in order to determine the number of dendritic
cells being infected. Mouse IgG2a isotype antibody was used as negative
control. Highest level of infection was observed in cells differentiated for 6
days and assayed on day 8 at 45.8% (panel D)
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expressing the DC-SIGN marker. This observation also supports the hypothesis of that
DC-SIGN is an important cell-surface receptor for DENV. As the levels of DC-SIGN
expression drops during prolonged culture we observed a drop in the number of infected
cells. On-day 9 we observed that of the 33.5% total cells infected with DENV, only 3.8%
of the cells were capable of expressing the DC-SIGN marker efficiently (figure 6.5 panel
F). This observation also points to the fact that DC-SIGN may be down regulated in

dendritic cells following a DENV infection.

6.4b Infection of CD34+ cells

Human CD34+ hematopoietic stem cells were isolated from human fetal liver. The
fetal liver is the source of embryonic hematopoiesis. Later hematopoietic stem cells
migrate to the bone marrow where they take up residence in adults in order to continually
replenish the depleting reservoirs of human lymphocytes. Human CD34+ cells can be
maintainéd in culture for a short period of time in the presence of SCF and IL-3 (1-4 days)
after which they spontaneously differentiate into fibroblasts. In order to determine whether
these cells can be infected with DENV, we co-cultured them in media containing IL-3 and
SCEF. Uninfected cells were given the same treatrent as the CD34+ cells challenged with
DENV, including the trans-well co-culture with uninfected Vero cells. We assayed the
CD34+ cells for maintenance of CD34+ marker and ot;served the decrease in levels of
expression of CD34 by day 5 (Figure 6.6). We also observed that CD34+ cells were not
directly infected by DENV. Upon differentiation beyond day 12, only a few cells among
the population were infected by DENV (Figure 6.7). Our results show that CD34+

hematopoietic stem cells were not directly infected by DENV.
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Figure 6.6 Maintenance of CD34+ human hematopoietic stem cells
derived from human fetal liver. CD34+ stem cells were maintained
in stem cell media for 15 day. The CD34+ cell surface marker
expression was monitored by a flow cytometry base assay.
Decrease in the levels of CD34+ was observed over time when the
cells are cultured, which points to the loss in totipotency. By day 3
(panel C) a large number of cells have lost their CD34 maker. By
day 6 (panel D) the vast majority of cells have differentiated into
fibroblasts and are no longer totipotent.
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Figure 6.7 Infection of CD34+ hematopoietic stem cells maintained in
culture in vitro. CD34+ hematopoietic stem cells were infected with DENV
by using a transwell method while being maintained in stem cell media. The
infected cells were identified using an intracellular staining method using
anti-dengue 4G2-Alexa488 antibody by flow cytometry. CD34+ cells are not
directly infected by DENV. Upon loss of CD34+ marker and differentiation, a
small number of cells were found to be susceptible to dengue infection on
day 8 (panel C) onwards. The highest number of cells infected was observed
on day 14 in culture (panel E).
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6.4c Infection of CD34+ derived dendritic cells and macrophages

Hematopoietic stem cells derived from fetal liver can be derived into human
macrophages and dendritic cells using a cytokine stimulus similar to methods described
above. In the case of CD34+ stem cells, the differentiation takes place over a slightly
prolonged period of time. We employed a previously described protocol to differentiate
CD34+ cells into dendritic cells. We observed that expression of cell surface markers like
~ CDla and DC-SIGN developed slowly over a period of 3-5 days, peaked between 9-11
days and were down-regulated after that period (F igurev 6.8). We infected dendritic cells
derived from CD34+ cells during the period of differentiation. We observed that these
cells are casily infected in relatively large numbers. The nﬁmber of infected cells increases
with increase in the number of differentiated cells. We observed that the increase in
infected cells correlated with the increase in CDla and DC-SIGN expression on the
dendritic cells (Figure 6.9). The results obtained from these experiments co-relate with
results obtained from infection of dendritic cells derived from human PBMC. In order to
generate ﬁlacrophages from CD34+ human cells we utilized a commercially available kit
(Methocult GF H4434 -StemCell Technologies). The cells were incubated at 37°C for 10
days during which period macrophage colonies are formed from CD34+ cells. These
immature macrophages were removed from methocult and cultured in liquid medium
containing cytokines to allow for complete maturation into adult macrophages with typical
fried egg morphology. The cells were phenotypically .analyzed by flow cytometry by
staining for the CD14 macrophage marker (Figure 6.10). Nearly all the cells derived in

methocuit had differentiated into macrophages. These cells were infected with DENV. In
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Figure 6.9 Infection of dendritic cells derived CD34+ human
hematopoietic stem cells. Dendritic cells differentiated from CD34+
hematopoietic stem cells were directly infected with DENV every third
day during the differentiation process. Infection of cells was assayed 2
days post infection using anti-dengue 4G2-Alexa 488 antibody in a flow
cytometry based assay. Highest level of infection was observed in cells
infected 9 days post-differentiation and assayed on day 11at 8.1% (panel
D).
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Figure 6.8 Dendritic cells derived CD34+ human hematopoietic stem
cells. Dendritic cells were derived from CD34+ human hematopoietic stem
cells using a cytokine cocktail containing IL-4 and GM-CSF. The
differentiation was monitored by flow cytometry by measuring the levels
of the dendritic cell surface marker CD1a and DC-SIGN over a period of
15 days. The highest level of differentation was observed on day 6 (panel
C) and day 9 (panel D).
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Figure 6.10 Macrophages were differentiated from CD34+ human
hematopoietic stem cells. Macrophages were differentiated from CD34+
hematopoietic stem cells using a methocult based method. Macrophages
obtained from the differentiation process were allowed to mature in the
presence of the cytokine M-CSF. The differentiation was measure by
monitoring the expression levels of the monocyte cell surface marker
CD14 by a flow cytometry based assay. Highest level of macrophage
maturation was observed 18 days post-differentiation (panel D).
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Figure 6.11 Infection of macrophages differentiated from CD34+
human hematopoietic stem cells. Macrophages differentiated from
CD34+ human hematopoietic stem cells were directly infected at
various MOI (panel A) or infected in the presence of dilute anti-dengue
positive human sera (panel B). Infection of human macrophages occurs
at a very low efficiency. Increase in MOI of direct infection does not
produce a corresponding increase in the number of infected cells in these
macrophages (panel A). Antibody mediated enhancement of infection of
macrophages is observed in panel B. Dilution of human anti-dengue
anti-sera to a concentration below neutralization titre allows for an
incremental increase in the level of macrophages that were infected even
at a low MOL
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absence of human anti-dengue sera, a very low number of cells are susceptible to DENV
infection (Figure 6.11 panel A). Upon dilution of human anti-dengue sera (Figure 6.11
panel B), we observe that the macrophages were more susceptible to dengue infection.
Macrophages in culture are not easily susceptible to DENV infection. It requires a high
MOI of 1.0 to achieve a reasonable level of infection of 1.9%. Addition of diluted human
anti-dengﬁe sera allows the macrophages to take up"the virus through a Fc-receptor
mediated process; We observed that the addition of dilute anti-dengue sera at 1:5000
allowed for an increase in the number of infected macrophages at 4.0%. This is a
relatively modest increase in comparison of infections of more DENV permissible cell
lines 'like_Vero and primary cells like dendritic cells. Further dilution of the sera does not
have any significant enhancing effect due to the decr‘ease in antibody concentrations.
These observations confirm that antibody dependant enhancement of Fc bearing cells is a

phenomenon that occurs in the presence of sub-neutralizing levels of anti-dengue sera.

6.4d Infection of CD34+ de‘rived platelet precursors apd platelets

| During a severe DENV infection, plasma leakage along with hemorrhagic
manifestations is a common occurrence. It is suspected that platelet precursors
(megakaryocytes) in the bone-marrow may be infecied to a certain degree thereby
preventing the efficient replenishment of blood p]atelét levels (thrombocytopenia), which
trigger the plasma leakage events. In an attempt to identify the cells that maybe infected
during the course of a direct DENV challenge we decided to differentiate CD34+
hematopoietic stem cells into megakaryocytes and platelets. We derived the cells into

megakaryocytes in media containing thrombopoietin as the cytokine that triggers
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differentiation. We observed that CD34+ hematopoietic stem cells were derived into
thrombocytes and platelet pre-cursors over 15 days incubation in the presence of
thrombopoietin.

The differentiation was monitored using flow cytometry analysis of expression of
CD41 as well as CD61, two cell surface markers that are predominantly expressed by
thrombocytes and platelets (Figure 6.12 and 6.13). From our analysis we observed that in
the presence of thromobopoietin, the cells differentiated into megakaryocytes as well as
platelets that are differentiated on the basis of their forward and side scatter profiles by
flow cytometry. To determine if megakaryocytes differentiated from CD34+ cells can be
infected with DENV, we directly infected the differentiating cells with DENV-2 16681.
We observed an extremely low-level of infection in megakaryocytes that were derived

from human hematopoietic stem cells.
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Figure 6.12 Differentiation of human megakaryocytes from
CD34+ human hematopoietic stem cells. Megakaryocytes were
differentiated from CD34+ human hematopoietic stem cells in
the presence of thrombopoietin. The process of differentiation
was monitored by measuring the levels of two human platelet
markers CD41 and CD61 using a flow cytometry based method.
Differentiation into megakryocytes was observed on day 3 and
day 6 post-differentiation.
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Figure 6.13 Differentiation of human megakaryocytes from CD34+ human
hematopoietic stem cells. Megakaryocytes were differentiated from CD34+
human hematopoietic stem cells in the presence of thrombopoietin. The
process of differentiation was monitored by measuring the levels of two
human platelet markers CD41 and CD61 using a flow cytometry based
method. Differentiation into megakryocytes was observed on day 9.day 12
and day 15 post-differentiation. We observed the highest level of expression
of CD61 on day 9 at 37.7%.
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Figure 6.14 Forward and side scatter analysis of differentially staining
megakaryocyte cells derived from human hematopoietic stem cells on
day 9. Two distinct populations of cells were observed during the
differentiation process that expressed either a high level of CD61 or
low levels of CD61. Lower level CD61 expressing cells were identified
as platelets (panel D) while higher CD61 expressing cells were
identified as larger, megakaryocyte cells (panel C) based on their
forward and side scatter patterns. ,
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Figure 6.15 DENV infection of megakaryocytic cells derived from
human hematopoietic stem cells. Megakaryocytes differentiated from
human CD34+ hematopoietic stem cells were directly infected with
DENV. Infected cells were identified in a flow cytometry based assay
using anti-dengue 4G2-Alexa 488 antibody. Low levels of infected
cells were identified day 12 (panel E) and day 15 (panel F) post-
differentiation.
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6.5 Discussion

During the course of these experiments we set out to identify cells-that were
susceptible to DENV using a flow cytometry based assay. Monocytes in blood and
macrophages in tissue are the first targets that are infected with DENV in human patients.
In order to ascertain that our DENV stocks were ‘infectious we tested them on
macrophages derived from PBMC. We differentiated macrophages from PBMC isolated
from human blood using a cytokine cocktail. After determining the complete
differentiation, the cells were infected with DENV Suécessfully. We were also able to
demonstrate the ability of dilute human anti-dengue sera to enhance the infection of
macrophages at a non—neutrélizing concentration.

We also differentiated dendritic cells from human blood using a cytokine cocktail
of IL-4 and GM-CSF. We were able to successfully monitor the differentiation of these
cells in to dendritic cells. The dendritic cells were infected with by DENV when
challenged ‘on day 3, day 6 and day 9 post-differentiation. The highest number of
differentiated cells was observed on day 3 which decreased over time on day 6 and day
9.We observed that dendritic cells were efficiently infected on day 3, day 6 and day 9
post-differentiation with the peak of infection achieved on day 6.

| Next, we maintained CD34+ cells isolated from human fetal thymus in culture and
infected the cells in a transwell using infected Vero cells. We observed that these cells do
not maint.ain their CD34 cell surface marker for long perfiods when culturedrand lose their
capacity to divide indefinitely. CD34+ cells are not infected by DENV. This property of
CD34+ hematopoietic stem cells to be resistant to viruses plays an impex’;ant role in the

bone marrow where the replenishment of macrophages and monocytes are constantly
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required to defend against an infection. However after spontaneous differentiation in
culture of CD34+ cells into fibroblast like cells, some of them are susceptible to infection
by DENV.

In order to demonstrate the direct infection of pre-cursor cells, we used cytokine
cocktails to differentiate CD34+ cells into macrophages, dendritic cells and platelet
precursor megakaryocytes. Dendritic cells were generated by growing the cells in a
cytokine cocktail with IL-4,. TNF-a and GM-CSF in order to differentiate the cells along
the dendr-itic cell lineage. The cells were analyzed for their dendritic cell markers CDla
and DC-SIGN on day 3, day 6 and day 9. They were also infected on the same days and
analyzed 48 hrs post-infection for susceptibility to DENV. We observed that dendritic
cells are easily differentiated from CD34+ human hematopoictic stem cells. They are
casily infected with DENV and the numbers of cells infected were directly proportional to
~ the expression of DC-SIGN on the cell surface. The cells' can easily be used as a source of
DENYV from human cells if required for future experiments.

In order to identify platelet precursors that are directly »infected by DENV we
differentiated CD34+ human cells using thrombopoietin in the differentiation medium. We
observed.several distinct plételet precursors develop from the mix. Some of these cells
were high CD41 expressing cells while others were low expressers. We observed a
distinct size difference between the low expressers and the high expressers. Although a
large number of cells were differentiated in the process we observed very few cells that
were directly infected when challenged with DENV. Thus we conclude that human
platelet precursors are not directly infected by DENV although they may play a significant

role in the pathology of the disease during a secondary infection. During our attempts to
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directly infect human cells derived from CD34+ human hematopoietic stem cells we
identified several cell types that are partially infected with DENV. This indicates that the
disease pathology is a combinatorial effect of a cytokiﬁe storm in signaling and a hype-

immune reaction to viremia.

177



Chapter 7

Sﬁmmary and Future Considerations
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During the course of my PhD dissertation we sought to understand and investigate
several questions that remain unanswered in the field of dengue viral research. We have
investigated the ability of DENV to infect human T-cells both in vifro and in vivo. We
have shown that these cells are not infected both in the context of in vitro infections as
well as when infected in the context of an intact thymus. Experiments with infected
human dendritic cells or infected Vero cells used as a source of DENV did not yield any
productive T-cell infection in a thymus. This indicates that T-cells do not have any
receptors for DENV and are not susceptible to infection in the lymph node of an infected
patient. We were able to infect monocytes and dendritic cells that were isolated and
~developéd from human PBMC as well as diffetentiated from CD34+ human
hematopoietic stem cells. We have also demonstrated a very low level of infection of
human megakaryoblasts.

We havev established that the RAG-hu mouse is a suitable model for stﬁdying
DENYV infection in context of infection of human cells in a mouse-human chimera.
During ]-orimary infections of RAG-hu mice with DENV we estimated the levels of |
plésma viremia using a qRT-PCR assay. We successfully infected mice with all four
strains of the virus. RAG-hu mice had a higher viral load as compared to unengrafted
RagZ_/—yC ™ mice which lasted upto 3 weeks post infection. During a primary infection
we observed fever in the mice without any overt signs of serious disease. Post infection,
vRAG-hu mice produced an adaptive immune response against the infection. We first
observed the presence of human anti-dengue IgM in the mice two weeks post infection by
ELISA. We also identified mice that were able to produce 1gG post infection by ELISA.

Most of the mice producing IgM were able to class switch to IgG, which was the first
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time it was reported in the context of RAG-hu mice. In the context of primary DENV
infections, we were unable to detect any drastic elevation in production of cytokines.

As shown in human patients, production of antibodies in some RAG-hu mice
predisposes them to a severe disease when challenged with secondary heterlogous or
homologous serotype DENV. We have reported increased viremia, severe dehydration,
hemorrhage and morbidity in several mice during a secondary infection. This is the first
instance‘of DHF/DSS like phenomenon reported in any humanized mouse model for
DENV infections. We have demonstrated cells that are‘ actively infected with DENV in
the spleen and [ymph nodes of these mice.

We are in the process of identifying human cells in the infected mice that are
infected with DENV using dual immunofluorescence techniques. In mice that
experienced a secondary infection, we also observed the production of higher amounts of -
neutralizing antibody that was capable of cross neutralizing a DENV serotype that it was
never exposed to. We are also in the process of developing the model to study secondary
infections and ADE in RAG-hu mice. The. severity of disease in mice with the presence
of prior antibodies against DENV indicates that ADE is a very pertinent mechanism for
describing severity of the disease. So far we have not analyzed in detail contributions
made by the T-cells with respect to the aggravated disease. In the future we would like to
analyze using a multi-parametric approach the critical qontributions made by the thymus
derived cells in primary as well as secondary DENV infections.

During secondafy infections, a majority of the mice were susceptible to infection
and died within 40 days post infection. Many of them suffered from spleenomegaly

indicating that the chimeric spleen in RAG-hu mice is sensitive and responds to a
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cytokine stimulus produced during the inf.ecfion. The chimeric liver also plays an
important role during secondary DENV infections with Kuffer cells that are susceptible
to infection. We will analyze both of these organs in detéil with respect to the distribution
of human cells, DENV infection and the role played by cytokines in these vital organs. In
the course of our studies, we have established a humanized mouse model that will
replicate dengue pathology that is observed among human patients. We are confident that
the RAG-hu mouse is a good model that will potentially be used in the future to test small

anti-viral molecules as well was vaccines against DENV prior to clinical trials.

181



REFERENCES

AbuBakar, S., Azmi, A., Mohamed-Saad, N., Shafee, N., and Chee, H. Y. (1997).
Antibody responses of dengue fever patients to dengue 2 (New Guinea C strain) viral

proteins. Malays J Pathol 19, 41-51.

Aihara, H., Takasaki, T., Toyosaki-Maeda, T., Suzuki, R., Okuno, Y., and Kurane, L.
(2000). T-cell activation and induction of antibodies and memory T cells by

immunization with inactivated Japanese encephalitis vaccine. Viral Immunol 73, 179~

186.

Akkina, R. K., Chambers, T. M., Londo, D. R., and Nayak, D. P. (1987). Intracellular
localization of the viral polymerase proteins in cells infected with influenza virus and

cells expressing PB1 protein from cloned cDNA. J Virol 61, 2217-2224.

Akkina, R. K., Rosenblatt, J. D., Campbell, A. G., Chen, L. S., and Zack, J. A. (1994).
Modelin;g human lymphoid precursor cell gene therapy in the SCID-hu mouse. Blood 84,

1393-1398.
Alvarez, D. E., De Lella Ezcurra, A. L., Fucito, S., and Gamarnik, A. V. (2005a). Role of

RNA structures present at the 3'UTR of dengue virus on translation, RNA synthesis, and

viral replication. Virology 339, 200-212.

182



Alvarez, D. E., Lodeiro, M. F., Luduena, S. J., Pietrasanta, L. I., and Gamarnik, A. V.
(2005b). Long-range RNA-RNA interactions circularize the dengue virus genome. J

Virol 79, 6631-6643.

Amberg, S. M., Nestorowicz, A., McCourt, D. W., and Rice, C. M. (1994). NS2B-3
proteinase-mediated processing in the yellow fever virus structural region: in vitro and in

vivo studies. J Virol 68, 3794-3802.

An, I., Kimura-Kuroda, J., Hirabayashi, Y., and Yasui, K. (1999). Development of a

novel mouse model for dengue virus infection. Virology 263, 70-77.

Anderson, J., and Akkina, R. (2005). CXCR4 and CCRS5 shRNA transgenic CD34+ cell
derived macrophages are functionally normal and resist HIV-1 infection. Retrovirology 2, -

53.

' Anderson, J., Li, M. J., Palmer, B., Remling, L., Li, S., Yam, P., Yee, J. K., Rossi, J.,
Zaia, J., and Akkina, R. (2007). Safety and Efficacy of a Lentiviral Vector Containing
Three Anti-HIV Genes-CCRS Ribozyme, Tat-rev siRNA, and TAR Decoy-in SCID-hu

Mouse-Derived T Cells. Mol Ther 15, 1182-1188.

Apt, D., Raviprakash, K., Brinkman, A., Semyonov, A., Yang, S., Skinner, C., Diehl, L.,
Lyons, R., Porter, K., and Punnonen, J. (2006). Tetravalent neutralizing antibody

response against four dengue serotypes by a single chimeric dengue envelope antigen.

183



Vaccine 24, 335-344.

Araujo, F. M., Nogueira, R. M., de Araujo, J. M., Ramalho, I. L., Roriz, M. L., de Melo,
M. E., and Coelho, 1. C. (2006). Concurrent infection with dengue virus type-2 and

DENV-3 in a patient from Ceara, Brazil. Mem Inst Oswaldo Cruz 101, 925-928.

Aung-Khin, M., Ma-Ma, K., and Thant, Z. (1975). Changes in the tissues of the immune

system in dengue haemorrhagic fever. J Trop Med Hyg 78, 256-261.

Avirutnan, P., Malasit, P., Seliger, B., Bhakdi, S., and Husmann, M. (1998). Dengue
virus infection of human endothelial cells leads to chemokine production, complement

activation, and apoptosis. J Immunol 161, 6338-6346.

Baenziger, S., Tussiwand, R., Schlaepfer, E., Mazzucchelli, L., Heikenwalder, M.,
Kurrer, M. O., Behnke, S., Frey, J., Oxenius, A., Joller, H,, et al. (2006). Disseminated
and sustained HI'V infection in CD34+ cord blood cell-transplanted Rag2-/-gamma c-/-

mice. Proc Natl Acad Sci U S A 103, 15951-15956.
Bai, J., Gorantla, S., Banda, N., Cagnon, L., Rossi, J., and Akkina, R. (2000).

Characterization of anti-CCRS5 ribozyme-transduced CD34+ hematopoietic progenitor

cells in vitro and in a SCID-hu mouse model in vivo. Mol Ther 1, 244-254,

184



Bancroft, W. H., Scott, R. M., Eckels, K. H., Hoke, C. H., Jr., Simms, T. E., Jesrani, K.
D., Summers, P. L., Dubois, D. R., Tsoulos, D., and Russell, P. K. (1984). Dengue virus
type 2 vaccine: reactogenicity and immunogenicity in soldiers. J Infect Dis 749, 1005-

1010.

Banerjea, A., Li, M. I., Bauer, G., Remling, L., Lee, N. S., Rossi, J., and Akkina, R.
(2003). Inhibition of HIV-1 by lentiviral vector-transduced siRNAs in T lymphocytes
differentiated in SCID-hu mice and CD34+ progenitor cell-derived macrophages. Mol

Ther 8, 62-71.

Beasley, W. C. D., and Barrett, A. D. (2008). Dengue: The Infectious Agent, Vol 5

(London: Imperial College Press).

Bente, D. A., Melkus, M. W., Garcia, J. V., and Rico—Hqsse, R. (2005). Dengue fever in

humanized NOD/SCID mice. J Virol 79, 13797-13799.

Bente, D. A., and Rico-Hesse, R. (2006). Models of dengue virus infection. Drug Discov

Today Dis Models 3, 97-103.
Berges, B. K., Akkina, S. R., Folkvord, J. M., Connick, E., and Akkina, R. (2008).

Mucosal transmission of R5 and X4 tropic HIV-1 via vaginal and rectal routes in

humanized Rag2-/- gammac -/- (RAG-hu) mice. Virology 373, 342-351.

185



Berges, B. K., Wheat, W. H., Palmer, B. E., Connick, E., and Akkina, R. (2006). HIV-1
infection and CD4 T cell depletion in the humanized Rag2-/-gamma c-/- (RAG-hu)

mouse model. Retrovirology 3, 76.

Bhamarapravati, N., and Sutee, Y. (2000). Live attenuated tetravalent dengue vaccine.

Vaccine 18 Suppl 2, 44-47.

Bhamarapravati, N., Yoksan, S., Chayaniyayothin, T., Angsubphakorn, S., and
Bunyaratvej, A. (1987). Immunization with a live attenuated dengue-2-virus candidate
vaccine (16681-PDK 53): clinical, immunological and biological responses in adult

'Volumee<rs. Bull World Health Organ 65, 189-195.

Bharaj, P., Chahar, H. S., Pandey, A., Diddi, K., Dar, L., Guleria, R., Kabra, S. K., and
Broor, S. (2008). Concurrent infections by all four dengue virus serotypes during an

outbreak of dengue in 2006 in Delhi, India. VirolJ 5, 1.

Blaney, J. E., Jr., Matro, J. M., Murphy, B. R., and Whitehead, S. S. (2005).
Recombinant, live-attenuated tetravalent dengue virus vaccine formulations induce a
balanced, broad, and protective neutralizing antibody response against each of the four

serotypes in rhesus monkeyé. J Virol 79, 5516-5528.

186



Bonner, S. M., and O'Sullivan, M. A. (1998). Endothelial cell monolayers as a model

system to investigate dengue shock syndrome. J Virol Methods 77, 159-167.

Bosma, G. C., Custer, R. P., and Bosma, M. J. (1983). A severe combined

Iimmunodeficiency mutation in the mouse. Nature 301, 527-530.

Bray, M., and Lai, C. J. (1991). Construction of intertypic chimeric dengue viruses by

substitution of structural protein genes. Proc Natl Acad Sci U S A 88, 10342-10346.

Bray, M., Men, R., and Lai, C. J. (1996). Monkeys immunized with intertypic chimeric

dengue viruses are protected against wild-type virus challenge. J Virol 70, 4162-4166.

Brinton, M. A., Fernandez, A. V., and Dispoto, J. H. (1986). The 3'-nucleotides of

flavivirus genomic RNA form a conserved secondary structure. Virology 753, 113-121.

Burton, D. R., Williamson, R. A., and Parren, P. W. (2000). Antibody and virus: binding

and neutralization. Virology 270, 1-3.
-Cabrera—Hernandez, A., Thepparit, C., Suksanpaisan, L.; and Smith, D. R. (2007).

Dengue virus entry into liver (HepG2) cells is independent of hsp90 and hsp70. J Med

Virol 79, 386-392.

187



Cahour, A., Pletnev, A., Vazielle-Falcoz, M., Rosen, L., and Lai, C. J. (1995). Growth
restricted dengue virus mutants containing deletions in the 5' noncoding region of the

RNA genome. Virology 207, 68-76.

Caux, C., Massacrier, C., Vanbervliet, B., Dubois, B., Durand, I., Cella, M.,
Lanzavecchia, A., and Banchereaq, J. (1997). CD34+ hematopoietic progenitors from
human cord blood differentiate along two independent dendritic cell pathways in
response to granulocyte-macrophage colony-stimulating factor plus tumor necrosis factor

alpha: II. Functional analysis. Blood 90, 1458-1470.

Chen, Y., Maguire, T., Hileman, R. E., Fromm, J. R., Esko, J. D., Linhardt, R. J., and
Marks, R. M. (1997). Dengue virus infectivity depends on envelope protein binding to

target cell heparan sulfate. Nat Med 3, 866-871.

Chiu, W. W, Kinney, R. M., and Dreher, T. W. (2005). Control of translation by the 5'-

and 3-terminal regions of the dengue virus genome. J Virol 79, 8303-8315.

Chomarat, P., Banchereau, J., Davoust, J., and Palucka, A. K. (2000). IL-6 switches the
differentiation of monocytes from dendritic cells to macrophages. Nat Immunol 7, 510-
514.

Chomarat, P., Dantin, C., Bénnett, L., Banchereau, J., and Palucka, A. K. (2003). TNF
skews monocyte differentiation from macrophages to dendritic cells. J Immunol 771,

2262-2269.

188



Christianson, S. W., Greiner, D. L., Hesselton, R. A., Leif, J. H., Wagar, E. J.,
Schweitzer, L. B., Rajan, T. V., Gott, B., Roopenian, D. C., and Shultz, L. D. (1997).
Enhanced human CD4+ T cell engraftment in beta2-microglobulin-deficient NOD-scid

mice. J Immunol 158, 3578-3586.

Chungue, E., Poli, L., Roche, C., Gestas, P., Glaziou, P., and Markoff, L. J. (1994).
Correlation between detection of plasminogen cross-reactive antibodies and hemorrhagé

in dengue virus infection. J Infect Dis 170, 1304-1307.

Clyde, K., Kyle, J. L., and Harris, E. (2006). Recent advances in deciphering viral and

host determinants of dengue virus replication and pathogenesis. J Virol 80, 11418-11431.

Cohen, S. N., and Halstead, S. B. (1966). Shock associated with dengue infection. 1.
Clinical and physiologic manifestations of dengue hemorrhagic fever in Thailand, 1964. J

Pediatr 68, 448-456.

Cologna, R., and Rico-Hesse, R. (2003). American genotype structures decrease dengue
virus output from human monocytes and dendritic cells. J Virol 77, 3929-3938.
Cook, G. C. (1997). Liver involvement in systemic infection. Eur J Gastroenterol Hepatol

9, 1239-1247.

189



Courageot, M. P., Frenkiel, M. P., Dos Santos, C. D., Deubel, V., and Despres, P. (2000):
Alpha-glucosidase inhibitors reduce dengue virus production by affecting the initial steps

of virion morphogenesis in the endoplasmic reticulum. J Virol 74, 564-572.

Couvelard, A., Marianneau, P., Bedel, C., Drouet, M. T,, Vachon, F., Henin, D., and
Deubel, V. (1999). Report of a fatal case of dengue infection with hepatitis:

demonstration of dengue antigens in hepatocytes and liver apoptosis. Hum Pathol 30,

1106-1110.

Custer, R. P., Bosma, G. C., and Bosma, M. J. (1985). Severe combined
immunodeficiency (SCID) in the mouse. Pathology, reconstitution, neoplasms. Am J

Pathol 120, 464-477.

Dietz, V., Gubler, D. ]., Ortiz, S., Kuno, G., Casta-Velez, A., Sather, G. E., Gomez, 1.,
and Vergne, E. (1996). The 1986 dengue and dengue hemorrhagic fever epidemic in

Puerto Rico: epidemiologic. and clinical observations. P R Health Sci J 15, 201-210.

dos Santos, C. L., Bastos, M. A., Sallum, M. A., and Rocco, 1. M. (2003). Molecular’
characterization of dengue viruses type 1 and 2 isolated from a concurrent human

infection. Rev Inst Med Trop Sao Paulo 45, 11-16.

Elghonemy, S., Davis, W. G., and Brinton, M. A. (2005). The majority of the nucleotides

in the top loop of the genomic 3' terminal stem loop structure are cis-acting in a West

190



Nile virus infectious clone. Virology 331, 238-246.

Eo, S. K., Gierynska, M., Kamar, A. A., and Rouse, B. T. (2001). Prime-boost
immunization with DNA vaccine: mucosal route of administration changes the rules. J

Immunol 166, 5473-5479.

Eram, S., Setyabudi, Y., Sadono, T. L., Sutrisno, D. S., Gubler, D. J.,-and Sulianti Saroso,
J. (1979). Epidemic dengue hemorrhagic fever in rural Indonesia. II. Clinical studies. Am

J Trop Med Hyg 28, 711-716.

Eylar, O. R., and Wisseman, C. L., Jr. (1975). Thermal inactivation of type 1 Dengue

virus strains. Acta Virol 19, 167-168.

Falconar, A. K. (1997). The dengue virus nonstructural-1 protein (NS1) generates
antibodies to common epitopes on human blood clotting, integrin/adhesin proteins and
binds to human endothelial cells: potential implications in haemorrhagic fever

pathogenesis. Arch Virol 742, 897-916.

Falgout, B., Miller, R. H., and Lai, C. J. (1993). Deletion analysis of dengue virus type 4
nonstructural protein NS2B: identification of a domain required for NS2B-NS3 protease

activity. J Virol 67, 2034-2042.

Falgout, B., Pethel, M., Zhang, Y. M., and Lai, C. J. (1991). Both nonstructural proteins

191



NS2B and NS3 are required for the proteolytic processing of dengue virus nonstructural

proteins. J Virol 65, 2467-2475.

Filomatori, C. V., Lodeiro, M. F., Alvarez, D. E., Samsa, M. M., Pietrasanta, L., and
Gamarnik, A. V. (2006). A 5'RNA element promotes dengue virus RNA synthesis on a

circular genome. Genes Dev 20, 2238-2249.

Franz, A. W., Sanchez-Vargas, 1., Adelman, Z. N., Blair, C. D., Beaty, B. J., James, A.
A., and Olson, K. E. (2006). Engineering RNA interference-based resistance to dengue
virus type 2 in genetically modified Aedes aegypti. Proc Natl Acad Sci US A 103, 4198-

4203.

Germi, R., Crance, J. M., Garin, D., Guimet, J., Lortat-Jacob, H., Ruigrok, R. W., Zarski,
J. P., and Drouet, E. (2002). Heparan sulfate-mediated binding of infectious dengue virus

type 2 and yellow fever virus. Virology 292, 162-168.

Gimeno, R., Weijer, K., Voordouw, A., Uittenbogaart, C. H., Legrand, N., Alves, N. L.,
Wijnands, E., Blom, B., and Spits, H. (2004). Monitoring the effect of gene silencing,; by
RNA interference in human CD34+ cells injected into newborn RAG2-/- gammac-/-

mice: functional inactivation of p53 in developing T cells. Blood 104, 3886-3893.

Gollins, S. W., and Porterfield, J. S. (1985). Flavivirus infection enhancement in

macrophages: an electron microscopic study of viral cellular entry. J Gen Virol 66 (Pt 9),

192



1969-1982.

Goncalvez, A. P., Purcell, R. H., and Lai, C. J. (2004). Epitope determinants of a
chimpanzee Fab antibody that efficiently cross-neutralizes dengue type 1 and type 2
viruses map to inside and in close proximity to fusion loop of the dengue type 2 virus

envelope glycoprotein. J Virol 78, 12919-12928.

Greiner, D. L., Hesselton, R. A., and Shultz, L. D. (1998). SCID mouse models of human

stem cell engraftment. Stem Cells 16, 166-177.

‘Gubler, D., and Sather, G. E. (1988). Laboratory diagnosis of dengue and dengue

hemorrhagic fever as a public health problem in the Americas.).

Gubler, D. J. (1998a). Dengue and dengue hemorrhagic fever. Clin Microbiol Rev 17,

480-496.

Gubler, D. J. (1998b). The global pandemic of dengue/dengue haemorrhagic fever:

current status and prospects for the future. Ann Acad Med Singapore 27, 227-234.
Gubler, D. J., Kuno, G., Sather, G. E., Velez, M., and Oliver, A. (1984). Mosquito cell

cultures and specific monoclonal antibodies in surveillance for dengue viruses. Am J

Trop Med Hyg 33, 158-165.

193



Gubler, D. J., Kuno, G., Sather, G. E., and Waterman, S. H. (1985). A case of natural

concurrent human infection with two dengue viruses. Am J Trop Med Hyg 34, 170-173.

Gubler, D. J., Nalim, S., Tan, R., Saipan, H., and Sulianti Saroso, J. (1979a). Variation in
susceptibility to oral infection with dengue viruses ambng geographic strains of Aedes

aegypti. Am J Trop Med Hyg 28, 1045-1052.

Gubler, D. J., Reed, D., Rosen, L., and Hitchcock, J. R., Jr. (1978). Epidemiologic,
clinical, and virologic observations on dengue in the Kingdom of Tonga. Am J Trop Med

Hyg 27, 581-5809.

Gubler, D. J., and Rosen, L. (1977). Quantitative aspects of replication of dengue viruses -
in Aedes albopictus (Diptera: Culicidae) after oral and parenteral infection. J Med

Entomol 13, 469-472.

Gubler, D. J., Sather, G. E., Kuno, G., and Cabral, J. R. (1986). Dengue 3 virus

transmission in Africa. Am ] Trop Med Hyg 35, 1280-1284.

Gubler, D. J., Suharyono, W., Sumarmo, Wulur, H., Jahja, E., and Sulianti Saroso, J.
(1979b).- Virological surveillance for dengue haemorrhagic fever in Indonesia using the

mosquito inoculation technique. Bull World Health Organ 57, 931-936.

194



Guirakhoo, F., Arroyo, J., Pugachev, K. V., Miller, C., Zhang, Z. X., Weltzin, R.,
Georgakopoulos, K., Catalan, J., Ocran, S., Soike, K., e al. (2001). Construction, safety,
and immunogenicity in nonhuman primates of a chimeric yellow fever-dengue virus

tetravalent vaccine. J Virol 75, 7290-7304.

Guirakhoo, F., Kitchener, S., Morrison, D., Forrat, R., McCarthy, K., Nichols, R.,
Yoksan, S., Duan, X., Ermak, T. H., Kanesa-Thasan, N,, et al. (2006). Live attenuated
chimeric; yellow fever dengue type 2 (ChimeriVaX—DENQ) vaccine: Phase I clinical trial
for safety and immunogenicity: effect of yellow fever pre-immunity in induction of cross

neutralizing antibody responses to all 4 dengue serotypes. Hum Vaccin 2, 60-67.

Guirakhoo, F., Pugachev, K., Arroyo, J., Miller, C., Zhang, Z. X., Weltzin, R.,
Georgakopoulos, K., Catalan, J., Ocran, S., Draper, K., z;nd Monath, T. P. (2002).
Viremia and immunogenicity in nonhuman primates of a tetravalent yellow fever-dengue
chimeric vaccine: genetic reconstructions, dose adjustment, and antibody responses

against wild-type dengue virus isolates. Virology 298, 146-159.

Guirakhoo, F., Pugachev, K., Zhang, Z., Myers, G., Levenbook, 1., Draper, K., Lang, J.,
Ocran, S., Mitchell, F., Parsons, M., ef al. (2004). Safety and efficacy of chimeric yellow

Fever-dengue virus tetravalent vaccine formulations in nonhuman primates. J Virol 78,

4761-4775.

195



vGuirakhoo, E., Weltzin, R., Chambers, T. J., Zhang, Z. X., Soike, K., Ratterree, M.,
Arroyo, J., Georgakopoulos, K., Catalan, J., and Monath, T. P. (2000). Recombinant

chimeric yellow fever-dengue type 2 virus is immunogenic and protective in nonhuman

primates. J Virol 74, 5477-5485.

Guzman, M. G., and Kouri, G. (1996). Advances in dengue diagnosis. Clin Diagn Lab

Immunol 3, 621-627.

Hahn, C. S., Hahn, Y. S., Rice, C. M., Lee, E., Dalgarno, L., Strauss, E. G., and Strauss,
J. H. (1987). Conserved elements in the 3' untranslated region of flavivirus RNAs and

potential cyclization sequences. J Mol Biol 7198, 33-41.

Halstead, S. (2008). Dengue: Pathophysiology, Vol 5 (London: Imperial College Press). "=
Halstead, S. B. (1974). Etiologies of the experimental dengues of Siler and Simmons. Am -

J Trop Med Hyg 23, 974-982.

Halstead, S. B., Casals, J., Shotwell, H., and Palumbo, N. (1973). Studies on the
immunization of monkeys against dengue. I. Protection derived from single and

sequential virus infections. Am J Trop Med Hyg 22, 365-374.

Halstead, S. B., and O'Rourke, E. J. (1977a). Antibody-enhanced dengue virus infection

in primate leukocytes. Nature 265, 739-741.

196



Halstead, S. B., and O'Rourke, E. J. (1977b). Dengue viruses and mononuclear
phagocytes. L Infection enhancement by non-neutralizing antibody. J Exp Med 146, 201-

217.

Halstead, S. B., ORourke, E. J., and Allison, A. C. (1977). Dengue viruses and
mononuclear phagocytes. 1I. Identity of blood and tissue leukocytes supporting in vitro

infection. J Exp Med 146, 218-229.

Harris, E., Holden, K. L., Edgil, D., Polacek, C., and Clyde, K. (2006). Molecular biology

of flaviviruses. Novartis Found Symp 277, 23-39; discussion 40, 71-23, 251-253.

Hase, T., Summers, P. L., and Eckels, K. H. (1989). Flavivirus entry into cultured

mosquito cells and human peripheral blood monocytes. Arch Virol 104,129-143.

Hayes, E. B., and Gubler, D. J. (1992). Dengue and dengue hemorrhagic fever. Pediatr

Infect Dis J 11, 311-317.
Heinz, F. X., Auer, G., Stiasny, K., Holzmann, H., Mandl, C., Guirakhoo, F., and Kunz,

C. (1994a). The interactions of the flavivirus envelope proteins: implications for virus

entry and release. Arch Virol Suppl 9, 339-348.

197

Ga



Heinz, F. X., Stiasny, K., and Allison, S. L. (2004). The entry machinery of flaviviruses.

Arch Virol Suppl, 133-137.

Heinz, F. X, Stiasny, K., Puschner-Auer, G., Holzmann, H., Allison, S. L., Mandl, C.
W., and Kunz, C. (1994b). Structural changes and functional control of the tick-borne

encephalitis virus glycoprotein E by the heterodimeric association with protein prM.

Virology 198, 109-117.

Hoke, C. H., Nisalak, A., Sangawhipa, N., Jatanasen, S., Laorakapongse, T., Innis, B. L.,
Kotchasenee, S., Gingrich, J. B., Latendresse, J., Fukai, K., and et al. (1988). Protection

against Japanese encephalitis by inactivated vaccines. N.Engl ] Med 319, 608-614. *
Holmes, E. C. (2006). The evolutionary biology of dengue virus. Novartis Found Symp
277, 177-187; discussion 187-192, 251-173.

Hotta, S. (1952). Experimental studies on dengue. 1. Isolation, identification and

modification of the virus. J Infect Dis 90, 1-9.
Huang, C. Y., Butrapet, S., Tsuchiya, K. R., Bhamarapravati, N., Gubler, D. J., and

Kinney, R. M. (2003). Dengue 2 PDK-53 virus as a chimeric carrier for tetravalent

dengue vaccine development. J Virol 77, 11436-11447.

198



Huang, K. J., Li, S. Y., Chen, S. C,, Liu, H. S, Lin, Y. S_, Yeh, T. M., Liu, C. C., and
Lei, H. Y. (2000a). Manifestation of thrombocytopenia in dengue-2-virus-infected mice.

J Gen Virol 81, 2177-2182.

Huang, K. J., Li, S. Y., Chen, S. C,, Liu, H. S, Lin, Y. S., Yeh, T. M., Liu, C. C., and
Lei, H. Y. (2000b). Manifestation of thrombocytopenia in dengue-2-virus-infected mice.

J Gen Virol 81, 2177-2182.

Innis, B. L., Nisalak, A., Nimmannitya, S., Kusalerdchariya, S., Chongswasdi, V.,
Suntayakorn, S., Puttisri, P., and Hoke, C. H. (1989). An enzyme-linked immunosorbent
assay to characterize dengue infections where dengue and Japanese encephalitis

cocirculate. Am J Trop Med Hyg 40, 418-427.

Jessie, K., Fong, M. Y., Devi, S., Lam, S. K., and Wong, K. T. (2004). Localization of
dengue virus in naturally infected human tissues, by immunohistochemistry and in situ

hybridization. J Infect Dis 189, 1411-1418.

Jindadamrongwech, S., Thepparit, C., and Smith, D. R. (2004). Identification of GRP 78
(BiP) as a liver cell expressed receptor element for dengue virus serotype 2. Arch Virol

149, 915-927.

Johnson, A. J., and Roehrig, J. T. (1999). New mouse model for dengue virus vaccine

testing. J Virol 73, 783-786.

199



Kanesa-Thasan, N., Edelman, R., Tacket, C. O., Wasserman, S. S., Vaughn, D. W,
Coster, T. S., Kim-Ahn, G. ], Dubois, D. R., Putnak, J. R., King, A,, ef al. (2003). Phase
1 studies of Walter Reed Army Institute of Research candidate attenuated dengue

vaccines: selection of safe and immunogenic monovalent vaccines. Am J Trop Med Hyg

69, 17-23.

Khromykh, A. A., Meka, H., Guyatt, K. J., and Westaway, E. G. (2001a). Essential role

of cyclization sequences in flavivirus RNA replication. J Virol 75, 6719-6728.

-Khromykh, A. A, Varnavski, A. N., Sedlak, P. L., and Westaway, E. G. (2001b).
Coupling between replication and packaging of flavivirus RNA: evidence derived from
the use of DNA—based full-length cDNA clones of Kunjin virus. J Virol 75, 4633-4640.
Killen, H., and O'Sullivan, M. A. (1993). Detection of dengue virus by in situ

hybridization. J Virol Methods 41, 135-146.

Kinney, R. M., Butrapet, S., Chang, G. J., Tsuchiya, K. R., Roehrig, J. T.,
Bhamarapravati, N., and Gubler, D. J. (1997). Construction of infectious cDNA clones
for dengue 2 virus: strain 16681 and its attenuated vaccine derivative, strain PDK-53.

Virology 230, 300-308.

Kliks, S. C., Nisalak, A., Brandt, W. E., Wahl, L., and Burke, D. S. (1989). Antibody

dependent enhancement of dengue virus growth in human monocytes as a risk factor for

200



dengue hemorrhagic fever. Am J Trop Med Hyg 40, 444-451.

Kochel, T., Wu, S. J., Raviprakash, K., Hobart, P., Hoffman, S., Porter, K., and Hayes, C.
(1997). Inoculation of plasmids expressing the dengue-2 envelope gene elicit neutralizing

antibodies in mice. Vaccine 15, 547-552.

Kochel, T. J., Watts, D. M., Gozalo, A. S., Ewing, D. F., Porter, K. R., and Russell, K. L.
(2005). Cross-serotype neutralization of dengue virus in Aotus nancymae monkeys. J

Infect Dis 197, 1000-1004.

Kong, Y. Y., Thay, C. H,, Tin, T. C., and Devi, S. (2006). Rapid detection, serotyping
and quantitation of dengue viruses by TagMan real-time one-step RT-PCR. J Virol

Methods 138, 123-130.

Konishi, E., and Fujii, A. (2002). Dengue type 2 virus subviral extracellular particles -
produced by a stably transfected mammalian cell line and their evaluation for a subunit

vaccine. Vaccine 20, 1058-1067.

Konishi, E., Yamaoka, M., Kurane, 1., and Mason, P. W. (2000). A DNA vaccine
expressing dengue type 2 virus premembrane and envelope genes induces neutralizing

antibody and memory B cells in mice. Vaccine 78, 1133-1139.

‘Kraiselburd, E., Gubler, D. J., and Kessler, M. J. (1985).‘ Quantity of dengue virus

201



required.to infect rhesus monkeys. Trans R Soc Trop Med Hyg 79, 248-251.

Kuberski, T. T., and Rosen, L. (1977). A simple technique for the detection of dengue

antigen in mosquitoes by immunofluorescence. Am J Trop Med Hyg 26, 533-537.

Kuno, G., Gubler, D. J., and Santiago de Weil, N. S. (1985). Antigen capture ELISA for

the identification of dengue viruses. J Virol Methods 72, 93-103.

Kuo, C. H., Tai, D. L., Chang-Chien, C. S., Lan, C. K., Chiou, S. S., and Liaw, Y. F.
(1992). Liver biochemical tests and dengue fever. Am J Trop Med Hyg 47, 265-270. -
Kurane, .I., Ennis, F.A. (1997). Immunopathogenesis of dengue virus infections (London:

CAB International).

Kuruvilla, J. G, Troyer,‘R. M., Devi, S., and Akkina, R. (2007). Dengue virus infection
and immune response in humanized RAG2(-/-)gamma(c)(-/-) (RAG-hu) mice. Virology

369, 143-152.

La Russa, V. F., and Innis, B. L. (1995). Mechanisms of dengue virus-induced bone

marrow suppression. Baillieres Clin Haematol 8, 249-270.

Lai, C.J., Zhao, B. T., Hori, H., and Bray, M. (1991). Infectious RNA transcribed from
stably cloned full-length cDNA of dengue type 4 virus. Proc Natl Acad Sci U S A 88,

5139-5143.

202



Lam, S. K., Chew, C. B., Poon, G. K., Ramalingam, S., Seow, S. C., and Pang, T. (1986).
Isolation of dengue viruses by intracerebral inoculation of mosquito larvae. J Virol

Methods 14, 133-140.

Lambeth, C. R., White, L. J., Johnston, R. E., and de Silva, A. M. (2005). Flow

cytometry-based assay for titrating dengue virus. J Clin Microbiol 43, 3267-3272.

Lim, H. Y., and Ng, M. L. (1999). A different mode of entry by dengue-2 neutralisation

escape mutant virus. Arch Virol 7144, 989-995.

Lin, C. F,, Lei, H. Y., Shiau, A. L., Liu, C. C,, Liuy, H. S., Yeh, T. M., Chen, S. H., and
Lin, Y. S. (2003). Antibodies from dengue patient sera cross-react with endothelial cells

and induce damage. J Med Virol 69, 82-90.

Lin, Y. L., Lei, H. Y., Lin, Y. S., Yeh, T. M., Chen, S. H., and Liu, H. S. (2002). Heparin

inhibits dengue-2 virus infection of five human liver cell lines. Antiviral Res 56, 93-96.

Lin, Y. L., Liao, C. L., Chen, L. K, Yeh, C. T., Liu, C. I, Ma, S. H., Huang, Y. Y.,
Huang, Y. L., Kao, C. L., and King, C. C. (1998). Study of Dengue virus infection in

SCID mice engrafted with human K562 cells. J Virol 72, 9729-9737.

Lindenbach, B. D., and Rice, C. M. (2001). F laviviridae: The viruses and their

203



replication, Vol 1 (Philadelphia: Lippincott Willams and. Wilkins).

Lindenbach, B. D., and Rice, C. M. (2003). Molecular biology of flaviviruses. Adv Virus

Res 59, 23-61.

Lo, M. K., Tilgner, M., Bernard, K. A., and Shi, P. Y. (2003). Functional analysis of
mosquito-borne flavivirus conserved sequence elements within 3" untranslated region of

West Nile virus by use of a reporting replicon that differentiates between viral translation

and RNA replication. J Virol 77, 10004-10014.

Lobigs, M. (1993). Flavivirus premembrane protein cleaivage and spike heterodimer -
secretion require the function of the viral proteinase NS3. Proc Natl Acad Sci U S A 90,

6218-6222.

Lozach, P Y., Burleigh, L., Staropoli, L., Navarro-Sanéhez, E., Harriague, J., Virelizier, J.
L., Rey, F. A., Despres, P., Arenzana-Seisdedos, F., and‘Amara, A. (2005). Dendritic
cell-specific intercellular adhesion molecule 3—grabbing non-integrin (DC-SIGN)-

| mediated enhancement of dengue virus infection is independent of DC-SIGN

internalization signals. J Biol Chem 280, 23698-23708.

Lum, L. C,, Lam, S. K., George, R., and Devi, S. (1993). Fulminant hepatitis in dengue

infection. Southeast Asian J Trop Med Public Health 24, 467-471.

204



Mackenzie, J. S., Gubler, D. J., and Petersen, L. R. (2004). Emerging flaviviruses: the
spread and resurgence of Japanese encephalitis, West Nile and dengue viruses. Nat Med

10, S98-109.

Mackowiak, P. A., Wasserman, S. S., Tacket, C. O., Vaughn, D. W., Eckels, K. H.,
Dubois, D. R., Hoke, C. H., and Edelman, R. (1994). Quantitative relationship between
oral temperature and severity of illness following inoculation with candidate attenuated

dengue virus vaccines. Clin Infect Dis 19, 948-950.

Markoff, L., Falgout, B., and Chang, A. (1997). A conserved internal hydrophobic -
domain mediates the stable membrane integration of the dengue virus capsid protein.

Virology 233, 105-117.

Markoff, L., Pang, X., Houng Hs, H. S., Falgout, B., Olsen, R., Jones, E., and Polo, S.
(2002). Derivation and characterization of a dengue type 1 host range-restricted mutant

virus that is attenuated and highly immunogenic in monkeys. J Virol 76, 3318-3328.

‘Marks, R M., Lu, H., Sundaresan, R., Toida, T., Suzuki, A., Imanari, T., Hernaiz, M. J.,
and Linhardt, R. J. (2001). Probing the interaction of dengue virus envelope protein with
heparin: assessment of glycosaminoglycan-derived inhibitors. J Med Chem 44, 2178-

2187.

205



Martin, N. C., Pardo, J., Simmons, M., Tjaden, J. A., Widjaja, S., Marovich, M. A., Sun,
W., Porter, K. R., and Burgess, T. H. (2006). An immunocytometric assay based on
dengue infection via DC-SIGN permits rapid measurement of anti-dengue neutralizing

antibodies. J Virol Methods 134, 74-85.

Martinez-Barragan, J. J., and del Angel, R. M. (2001). Identification of a putative
coreceptor on Vero cells that participates in dengue 4 virus infection. J Virol 75, 7818-

7827.

Mathew, A., and Rothman, A. L. (2008). Understanding the contribution of cellular -

immunity to dengue disease pathogenesis. Immunol Rev 225, 300-313.

McCune, J. M., Namikawa, R., Kaneshima, H., Shultz, L. D., Lieberman, M., and
Weissman, 1. L. (1988). The SCID-hu mouse: murine model for the analysis of human

hematolymphoid differentiation and function. Science 241, 1632-1639.

Men, R., Bray, M., Clark, D., Chanock, R. M., and Lai, C. J. (1996). Dengue type 4 virus
mutants containing deletions in the 3' noncoding region of the RNA genome: analysis of
growth restriction in cell culture and altered viremia pattern and immunogenicity in

- rhesus monkeys. J Virol 70, 3930-3937.

Mentor, N. A., and Kurane, I. (1997). Dengue virus infection of human T lymphocytes.

Acta Virol 41, 175-176.

206



Miller, J. L., deWet, B. J., Martinez-Pomares, L., Radcliffe, C. M., Dwek, R. A., Rudd, P.
M., and Gordon, S. (2008). The mannose receptor mediates dengue virus infection of

macrophages. PLoS Pathog 4, el17.

Mongkolsapaya, J., Dejnirattisai, W., Xu, X. N., Vasanawathana, S.,
Tangthawornchaikul, N., Chairunsri, A., Sawasdivorn, S., Duangchinda, T., Dong, T.,
Rowland-Jones, S., et al. (2003). Original antigenic sin and apoptosis in the pathogenesis

of dengue hemorrhagic fever. Nat Med 9, 921-927.

Monroy, V., and Ruiz, B. H. (2000). Participation of the Dengue virus in the fibrinolytic

process. Virus Genes 21, 197-208.

Namikawa, R., Weilbaecher, K. N., Kaneshima, H., Yee, E. J., and McCune, J. M.
(1990). Long-term human hematopoiesis in the SCID-hu mouse. J Exp Med 7172, 1055-

1063.

Navarro-Sanchez, E., Altmeyer, R., Amara, A., Schwarté, O., Fieschi, F., Virelizier, J. L.,
Arenzana-Seisdedos, F., and Despres, P. (2003). Dendritic-cell-specific ICAM3-grabbing
non-integrin is essential for the productive infection of human dendritic cells by

mosquito-cell-derived dehgue viruses. EMBO Rep 4, 723-728.

207



Nawa, M., Yamada, K. I., Takasaki, T., Akatsuka, T., and Kurane, 1. (2000).
Serotypecross-reactive immunoglobulin M responses in dengue virus infections

determined byenzyme-linked immunosorbent assay. Clin Diagn Lab Immunol 7, 774-

T71.

Noisakran, S., Gibbons, R. V., Songprakhon, P., Jairungéri, A., Ajariyakhajorn, C.,
Nisalak, A., Jarman, R. G., Malasit, P., Chokephaibulkit, K., and Perng, G. C. (2009).
‘Detection of dengue virus in platelets isolated from dengue patients. Southeast Asian J

Trop Med Public Health 40, 253-262.

Paes, M. V., Pinhao, A. T., Barreto, D. F., Costa, S. M., Oliveira, M. P., Nogueira, A. C,,
Takiya, C. M., Farias-Filho, J. C., Schatzmayr, H. G., Alves, A. M., and Barth, O. M.

(2005). Liver injury and viremia in mice infected with dengue-2 virus. Virology 338,

236-246.
Paul, J. R., Melnick, J. L., and Sabin, A. B. (1948). Experimental attempts to transmit
phlebotomus (sandfly, pappataci) and dengue fevers to chimpanzees. Proc Soc Exp Biol

Med 68, 193-198.

Perera, R., and Kuhn, R. J. (2008). Structural proteomics of dengue virus. Curr Opin

Microbiol 11, 369-377.

208



Pokidysheva, E., Zhang, Y., Battisti, A. J., Bator—Kelly,‘C. M., Chipman, P. R., Xiao, C.,
Gregorio, G. G., Hendrickson, W. A., Kuhn, R. J., and Rossmann, M. G. (2006). Cryo-
EM reconstruction of dengue virus in complex with the carbohydrate recognition domain

of DC-SIGN. Cell 7124, 485-493.

Polo, S., Ketner, G., Levis, R., and Falgout, B. (1997). Infectious RNA transcripts from

full-length dengue virus type 2 cDNA clones made in yeast. J Virol 71, 5366-5374.

Proutski, V., Gould, E. A., and Holmes, E. C. (1997). Secondary structure of the 3'
untranslated region of flaviviruses: similarities and differences. Nucleic Acids Res 25,

1194-1202.

Putnak, R., Barvir, D. A., Burrous, J. M., Dubois, D. R., D'Andrea, V. M., Hoke, C. H,,
Sadoff, J. C., and Eckels, K. H. (1996a). Development of a purified, inactivated, dengue-

2 virus vaccine prototype in Vero cells: immunogenicity and protection in mice and

rhesus monkeys. J Infect Dis 174, 1176-1184.

Putnak, R., Cassidy, K., Conforti, N., Lee, R., Sollazzo, D., Truong, T., Ing, E., Duboais,
D., Sparkuhl, J., Gastle, W., and Hoke, C. (1996b). Immunogenic and protective response
in mice immunized with a purified, inactivated, Dengue-2 virus vaccine prototype made

in fetal rhesus lung cells. AmJ Trop Med Hyg 55, 504-510.

209



Rauscher, S., Flamm, C., Mandl, C. W., Heinz, F. X_, and Stadler, P. F. (1997).
Secondary structure of the 3'-noncoding region of flavivirus genomes: comparative

analysis of base pairing probabilities. Rna 3, 779-791.

Raviprakash, K., Porter, K. R., Kochel, T. J., Ewing, D., Simmons, M., Phillips, I.,
Murphy, G. S., Weiss, W. R,, and Hayes, C. G. (2000). Dengue virus type 1 DNA

vaccine induces protective immune responses in rhesus macaques. J Gen Virol 81, 1659-

1667.

Reyes-Del Valle, J., Chavez-Salinas, S., Medina, F., and Del Angel, R. M. (2005). Hzat
shock protein 90 and heat shock protein 70 are components of dengue virus receptor -

complex in human cells. J Virol 79, 4557-4567.

Rico-Hesse, R. (1990). Molecular evolution and distribution of dengue viruses type 1-and

2 in nature. Virology 174, 479-493.

Rodrigo, W. W., Alcena, D. C., Kou, Z., Kochel, T. J., Porter, K. R., Comach, G., Rose,
R. C, Jin, X., and Schlesinger, J. J. (2009). Difference between the abilities of human
Fcgamma receptor-expressing CV-1 cells to neutralize American and Asian genotypes of

dengue virus 2. Clin Vaccine Immunol 16, 285-287.

Rosen, L. (1958). Experimental infection of New World monkeys with dengue and

yellow fever viruses. Am J Trop Med Hyg 7, 406-410.

210



Rosen, L., and Gubler, D. (1974). The use of mosquitoes to detect and propagate dengue

viruses. Am J Trop Med Hyg 23, 1153-1160.

Rothwell, S. W., Putnak, R., and La Russa, V. F. (1996). Dengue-2 virus infection of
human bone marrow: characterization of dengue-2 antigen-positive stromal cells. Am J

Trop Med Hyg 54, 503-510.

Sabin, A. B. (1952). Research on dengue during World War II. Am J Trop Med Hyg 1,

30-50.

Sabin, A. B., and Schlesinger, R. W. (1945). Production Of Immunity To Dengue With

Virus Modified By Propagation In Mice. Science 101, 640—642.

Salas-Benito, J., Reyes-Del Valle, J., Salas-Benito, M., Ceballos-Olvera, 1., Mosso, C.,
and del Angel, R. M. (2007). Evidence that the 45-kD glycoprotein, part of a putative
dengue virus receptor complex in the mosquito cell line C6/36, is a heat-shock related

protein. Am J Trop Med Hyg 77, 283-290.

Salas-Benito, J. S., and del Angel, R. M. (1997). Identification of two surface proteins

from C6/36 cells that bind dengue type 4 virus. J Virol 71, 7246-7252.

211



Scherer, W. F., Breakenridge, F. A., and Dickerman, R. W. (1972). Cross-protection
studies and search for subclinical disease in new world monkeys infected sequentially

with different immunologic types of Dengue viruses. Am J Epidemiol 95, 67-79.

Scherer, W. F., Russell, P. K., Rosen, L., Casals, J., and Dickerman, R. W. (1978).
Experimental infection of chimpanzees with dengue viruses. Am J Trop Med Hyg 27,

590-599.

Schiavetta, A. M., Harre, J. G., Wagner, E., Simmons, M., and Raviprakash, K. (2003).
Variable susceptibility of the owl monkey (Aotus nancymae) to four serotypes of dengue

virus. Contemp Top Lab Anim Sci 42, 12-20.

Se-Thoe, S. Y., Ng, M. M., and Ling, A. E. (1999). Retrospective study of Western blot -

profiles in immune sera of natural dengue virus infections. ] Med Virol 57, 322-330..

Serreze, D. V., Leiter, E. H., Worthen, S. M., and Shultz, L. D. (1988). NOD marrow
stem cells adoptively transfer diabetes to resistant (NOD x NON)F1 mice. Diabetes 37,

252-255.

‘Shresta, S., Kyle, J. L., Snider, H. M., Basavapatna, M., Beatty, P. R., and Harris, E.
(2004). Interferon-dependent immunity is essential for resistance to primary dengue virus
infection in mice, whereas T- and B-cell-dependent immunity are less critical. J Virol 78,

2701-2710.

212



Shresta, S., Sharar, K. L., Prigozhin, D. M., Beatty, P. R., and Harris, E. (2006). Murine
model for dengue virus-induced lethal disease with increased vascular permeability. J

Virol 80, 10208-10217.

Shultz, L. D., Lang, P. A, Christianson, S. W., Gott, B., Lyons, B., Umeda, S., Leiter, E.,
Hesselton, R., Wagar, E. J., Leif, J. H,, er al. (2000). NOD/LtSz-Raglnull mice: an
'immuno;ieficient and radioresistant model for engraftment of human hematolymphoid
cells, HIV infection, and adoptive transfer of NOD mouse diabetogenic T cells. J

Immunol 164, 2496-2507.

Simmons, J. S., St John, J. H., and Reynolds, F. H. K. (1931). Experimental studies of

dengue. Philippine Journal of Science 44, 1-252.

Simmons, M., Porter, K. R., Hayes, C. G., Vaughn, D. W., and Putnak, R. (2006).
Characterization of antibody responses to combinations of a dengue virus type 2 DNA

vaccine and two dengue virus type 2 protein vaccines in rhesus macaques. J Virol 80,

9577-9585.

Srichaikul, T., and Nimmannitya, S. (2000). Haematology in dengue and dengue

haemorrhagic fever. Baillieres Best Pract Res Clin Haematol 13, 261-276.

213



-Stadler, K., Allison, S. L., Schalich, J.; and Heinz, F. X. (1997). Proteolytic activation of

tick-borne encephalitis virus by furin. J Virol 71, 8475-8481.

Sumarmo, Wuryadi, S., and Gubler, D. J. (1986). Clinical observations on hospitalized
patients with virologically confirmed dengue hemorrhagic fever in Jakarta, Indonesia

1975-1983. Paediatr Indones 26, 137-151.

Tassaneetrithep, B., Burgess, T. H., Granelli-Piperno, A., Trumptheller, C., Finke, J.,
Sun, W., Eller, M. A, Pattanapanyasat, K., Sarasombath, S., Birx, D. L., et al. (2003).
DC-SIGN (CD209) mediates dengue virus infection of human‘ dendritic cells. J Exp-Med

197, 823-829.

Tesh, R. B. (1979). A method for the isolation and identification of dengue viruses, using

mosquito cell cultures. Am J Trop Med Hyg 28, 1053-1059.

Thet, W. (1982). Detection of dengue virus by immunofluorescence after intracerebral

inoculation of mosquitoes. Lancet 7, 53-54.

Thomas, S. J., Strickman, D., and Vaughn, D. W. (2003). Dengue epidemiology: virus

epidemiology, ecology, and emergence. Adv Virus Res 61 , 235-289.

Traggiai, E., Chicha, L., Mazzucchelli, L., Bronz, L., Piffaretti, J. C., Lanzavecchia, A.,

and Manz, M. G. (2004). Development of a human adaptive immune system in cord

214



blood cell-transplanted mice. Science 304, 104-107.

Trent, D:, Kinney, R., and Huang, C. (1997). Recombindnt dengue virus vaccines. (New

York: CAB).

Valdes, K., Alvarez, M., Pupo, M., Vazquez, S., Rodriguez, R., and Guzman, M. G.
(2000). Human Dengue antibodies against structural and nonstructural proteins. Clin

Diagn Lab Immunol 7, 856-857.

Vaughn, D., Scherer, J. M., and Sun, W. (2008). Dengue: Resistance to infection, Vol 5

(London: Imperial College Press).

Vaughn, D. W., Green, S., Kalayanarooj, S., Innis, B. L., Nimmannitya, S., Suntayakorn,
S., Endy, T. P, Raengsakulrach, B., Rothman, A. L., Ennis, F. A., and Nisalak, A.
(2000). Dengue viremia titer, antibody response pattern, and virus serotype correlate with

disease severity. J Infect Dis 181, 2-9.

Vaughn, D. W., Green, S., Kalayanarooj, S., Innis, B. L., Nimmannitya, S., Suntayakorn,
S., Rothman, A. L., Ennis, F. A., and Nisalak, A. (1997). Dengue in the early febrile

phase: viremia and antibody responses. J Infect Dis 176, 322-330.

- Vaughn,'D. W., Hoke, C. H., Jr., Yoksan, S., LaChance, R., Innis, B. L., Rice, R. M., and

Bhamarapravati, N. (1996). Testing of a dengue 2 live-attenuated vaccine (strain 16681

215



PDK 53) in ten American volunteers. Vaccine 14, 329-336.

Vordnam, V., and Kuno, G. (1997). Laboratory diagnosis of dengue infections (London,

United Kingdom: CAB International).

Wang, E., Ni, H., Xu, R., Barrett, A. D., Watowich, S. J., Gubler, D. J., and Weaver, S.
C. (2000). Evolutionary relationships of endemic/epidemic and sylvatic dengue viruses. J

Virol 74, 3227-3234.

Wang, S., He, R., and Anderson, R. (1999). PrM- and cell-binding domains of the dengue

virus E protein. J Virol 73, 2547-2551.

Westaway, E. G., Mackenzie, J. M., and Khromykh, A. A. (2003). Kunjin RNA

replication and applications of Kunjin replicons. Adv Virus Res 59, 99-140.

Whalen, R. G. (1996). DNA vaccines for emerging infectious diseases: what if? Emerg

Infect Dis 2, 168-175.

Whitehead, R. H., Chaicumpa, V., Olson, L. C., and Russell, P. K. (1970). Sequential
Idengue virus infections in the white-handed gibbon (Hylobates lar). Am J Trop Med Hyg

19, 94-102.

Wisseman, C. L., Jr., Kitaoka, M., and Tamiya, T. (1966). Immunological studies with

216



group B arthropod-borne viruses. V. Evaluation of cross-immunity against type 1 dengue
fever in human subjects convalescent from subclinical natural Japanese encephalitis virus
infection and vaccinated with 17D strain yellow fever vaccine. Am J Trop Med Hyg 15,

588-600.

Wu, S. J., Grouard-Vogel, G., Sun, W., Mascola, J. R., Brachtel, E., Putvatana, R.,
Louder, M. K., Filgueira, L., Marovich, M. A., Wong, H. K,, et al. (2000). Human skin

‘Langerhans cells are targets of dengue virus infection. Nat Med 6, 816-820.

Wu, S.J., Hayes, C. G., Dubois, D. R., Windheuser, M. G., Kang, Y. H., Watts, D#M,,
and Sieckmann, D. G. (1995). Evaluation of the severe combined immunodeficient *

(SCID) mouse as an animal model for dengue viral infection. Am J Trop Med Hyg 52,

468-476.

Yahata, T., Ando, K., Nakamura, Y., Ueyama, Y., Shimamura, K., Tamaoki, N., Kato, S.,
and Hotta, T. (2002). Functional human T lymphocyte development from cord blood
CD34+ cells in nonobese diabetic/Shi-scid, IL-2 receptor gamma null mice. J Immunol

169, 204-209.

Yamshchikov, V. F., and Compans, R. W. (1993). Regulation of the late events in

flavivirus protein processing and maturation. Virology 192, 38-51.

Yamshchikov, V. F., and Compans, R: W. (1995). Formation of the flavivirus envelope:

217



role of the viral NS2B-NS3 protease. J Virol 69, 1995-2003.

Yu, I. M., Zhang, W., Holdaway, H. A., Li, L., Kostyuchenko, V. A., Chipman, P. R,,
Kuhn, R. J.,, Rossmann, M. G., and Chen, J. (2008). Structure of the immature dengue

virus at low pH primes proteolytic maturation. Science 319, 1834-1837.

Yu, L., and Markoff, L. (2005). The topology of bulges in the long stem of the flavivirus
3'stem-loop is a major determinant of RNA replication competence. J Virol 79, 2309-

2324.
Zeng, L., Falgout, B., and Markoff, L. (1998). Identification of specific nucleotide

sequences within the conserved 3'-SL in the dengue type 2 virus genome required for

replication. J Virol 72, 7510-7522.

218



