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Models of dengue virus infection
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Abstract

The need for models of dengue disease has reached a pinnacle as the transmission of this mosquito-
borne virus has increased dramatically. Little is known about the mechanisms that lead to dengue
fever and its more severe form, dengue hemorrhagic fever; this is owing to the fact that only humans
show signs of disease. In the past 5 years, research has better identified the initial target cells of
infection, and this has led to the development of models of infection in primary human cell cultures.
Mouse—human chimeras, containing these target cells, have also led to progress in developing animal
models. These advances should soon end the stalemate in testing antivirals and vaccine preparations
that had necessarily been done in incomplete or irrelevant models.

Introduction

Dengue viruses (serotypes 1-4) are flaviviruses that cause dengue fever (DF), the most
prevalent arthropod-borne viral disease of humans. Approximately 50 million cases of DF
occur per year and 2.5 billion persons are at risk of infection [1]. DF is an acute, self-limited
febrile illness, with myalgia, rash and some mild hemorrhages, but infection might also result
in a more severe presentation, dengue hemorrhagic fever (DHF), with thrombocytopenia and
capillary leakage, and might proceed to a life-threatening hypovolemic shock, dengue shock
syndrome (DSS). Approximately 250,000 cases of DHF/DSS occur per year, but this number
has increased substantially owing to the global growth of populations, urbanization, the spread
of the main mosquito vector (Aedes aegypti) and the spread of distinct virus variants [1].
Despite the worldwide morbidity caused by dengue virus infection, neither the pathogenesis
nor the transmission of these viruses is well understood. These studies have been hampered by
the lack of in vitro and in vivo models of disease; only recently have some potential models
been described. Therefore, what is currently known has been derived from long-term
observation and indirect associations of human infections with virus transmission, hostimmune
status, clinical presentation and vector densities. The role of sequential dengue infections (up
to four infections possible, once by each serotype) or other immunological factors in increasing
dengue virus pathogenicity in the same host has not been proven directly. This is an important
consideration in the development of multivalent dengue vaccine preparations, which could
prove dangerous to vaccinees if they induce subneutralizing levels of antibodies and enhance
disease severity instead [2].

In vitro models

The pathology of tissue specimens from DF and DHF patients suggests that lymph nodes,
spleen, liver and bone marrow are involved or affected by dengue virus replication, whereas
studies of live patients showed that a variety of cell types such as dendritic cells (DCs),
monocytes, macrophages, lymphocytes and endothelial cells become infected at varying rates
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during the course of disease. Many primary cell cultures, including epithelial, endothelial and
fibroblasts have been shown to support viral replication in vitro, albeit at low titers. Therefore,
arange of permanent human cell lines are now used for propagation of virus strains, diagnostic
assays, antiviral studies and virus receptor and replication studies. However, most of these
studies have used laboratory-adapted dengue virus strains because they can infecta broad range
of cell lines, grow to high titers and form plagues, which makes titrating the virus easier. Results
obtained with high-passage dengue virus strains might differ from those obtained with low-
passage isolates because dominant mutations that confer phenotypes that might not be
physiologically relevant are acquired in vitro (i.e. plaquing phenotype or variation in
glycosylation of viral envelope). The use of low-passage virus strains in these studies is
therefore desirable, but can be difficult, especially with isolates directly from clinical
specimens. If the viruses do not grow well or form plaques, the best measuring tests are
quantitative RT-PCR of viral RNA or flow cytometry of infected cells [3]. Three studies have
demonstrated that dengue virus isolates vary in their capacity to infect the same cell type in
vitro, depending on virus genotype and passage history [4—6]. The first targets of dengue virus
replication, after mosquito bite, were postulated to be monocytes or macrophages and
numerous studies focused on this cell lineage. However, dengue virus has been shown to infect
monocytes relatively poorly in comparison to DCs, including Langerhans cells and monocyte-
derived DCs [7]. Primary DC cultures can be derived from blood monocytes in vitro, by bead
purification and cytokine stimulation, and this system can be used to compare dengue virus
replication. The in vitro replication rate of isolates has been used to extrapolate to replication
rates in vivo (viral load in human blood), and therefore serves as a virulence marker. However,
it is still unclear if virus levels in human blood directly correlate with severity of disease,
although most prospective studies tend to show a correlation. Because vascular leakage is a
hallmark of DHF, clinical features and histopathological studies have provided clues that
derangement of the normal regulatory function of endothelial cells, rather than endothelial cell
death, underlies the hemorrhagic diathesis of dengue. Therefore, numerous studies have
focused on measuring cytokine levels in patients, and correlating these with cells infected in
vitro, and the effects of virus replication and cytokines on endothelial cell permeability.
Unfortunately, these studies have many technical difficulties in measuring permeability in
human endothelial cell monolayers and the viruses used have had very high cell passage [8].
Primarily because of this lack of in vitro models of dengue disease, the development and
characterization of dengue antivirals has been slow, with few studies using primary human
cells or low passage virus strains to measure inhibition of replication in more relevant systems.

In vivo models

Numerous attempts have been made to develop animal models of DF/DHF, especially during
the beginning of the 20th century. Several studies, reviewed by Simmons et al. [9] in 1931,
showed that a broad range of animals, namely chickens, pigeons, other fowl, goats, dogs, pigs,
lizards, guinea pigs, rabbits, rats, mice and hamsters show no signs of dengue disease, even
after inoculation of high virus doses, by different routes.

Pathogenesis in primates

The genetic proximity of nonhuman primates (NHP) to humans makes it plausible that they
show a similar pathogenesis of disease. The detection of dengue antibodies in sera of NHP in
sylvatic or rural settings of Asia and Africa suggests that they are involved in virus
transmission; it is not known whether this infection represents ‘spillover” infection from human
cycles, via mosquito, or whether a dengue virus cycle occurs naturally in these animals [10,
11].

The first documented inoculation of NHP with dengue virus was done by Lavinder et al. [12]
in 1914, when they injected nine rhesus macaques (Macaca mulatta) subcutaneously or
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intravenously with blood from dengue patients; neither fever nor other symptoms of disease
appeared. Two other studies showed that if dengue virus is serially passaged from human
volunteers to rhesus monkeys and back to humans by subcutaneous inoculation of serum from
the viremic stage of disease, humans show all classic signs of DF but no signs were observed
in the monkeys [13,14]. Dinger et al. let infected mosquitoes feed on rhesus and cynomolgus
macaques (Macaca fascicularis); none of the animals showed signs of dengue. When infected
monkeys were used to feed mosquitoes, at different time points, and these mosquitoes were
then allowed to feed on human volunteers, none of the volunteers got sick [15]. Despite these
disappointing results, several studies using different virus serotypes and doses were done
during the last century, using a variety of species of the Cercopithecinae subfamily, including
rhesus macaques, cynomolgus macaques, Japanese macaques (Macaca fuscata), green
monkeys (Cercopithecus aethiops), patas monkeys (Erythrocebus patas), yellow baboons
(Papio cynocephalus) and mangabeys (Cercocebus spp.). These studies showed that these
animals are susceptible, in terms of forming a low (<100 PFU/mlI) to undetectable viremia and
a consistent antibody response, but none of these species showed overt signs of disease [13,
16]. Several studies using a total of 45 night monkeys (Aotus spp.), 27 squirrel monkeys
(Saimiri sciureus), 15 cotton-top marmosets (Saguinus oedipus), 11 white face monkeys
(Cebus capucinus), four black spider monkeys (Ateles fusciceps), four Saimiri monkeys
(Saimiri orstedii), three marmosets (Marikini geoffroyi), two howler monkeys (Alouatta
palliata) and two red spider monkeys (Ateles geoffroyi) demonstrated that all three families of
New World monkeys are susceptible to infection (viremia and antibody response), but none
manifested clinically apparent or subclinically detectable disease after inoculation by
peripheral routes [17-20]. Three studies have been conducted using a total of 16 chimpanzees
(Pan troglodytes) and 39 white-handed gibbons (Hylobates lar) [21-23]. No clinical signs that
could be definitively attributed to the virus were noted in any of these apes; furthermore, limited
availability and ethical concerns make it impractical to use these endangered animals in
research.

Pathogenesis in mice

The lack of a non-human, dengue-susceptible species has driven the development of a broad
range of murine models. Although various murine models have been reported (Table 1), none
recreate the full spectrum of dengue disease (DF and DHF/DSS). Two different approaches
have been taken to develop a murine model: to induce human-like disease inimmunocompetent
mice and to mimic human disease in knockout mice or immunodeficient mice that are engrafted
with human cells.

Immunocompetent mouse models—Although many studies suggest that laboratory
mouse strains are permissive to dengue virus infection and replication, it has been shown
repeatedly that there are no overt signs of disease and wild type viruses replicate to such low
titers in mouse tissues that they are barely detectable. To overcome this barrier, researchers
have used either very high doses of virus (8 logig PFU), mouse-adapted dengue virus strains
or an intracranial route of inoculation. However, high virus doses and several modes of
infection, such as intracranial, intraperitoneal or intravenous are physiologically irrelevant to
what is seen in nature, during which each mosquito might inject between 4.0 and 5.4 log1g
PFU into the human dermis. In addition, early studies by Sabin [24,25] revealed that virulent,
wild type dengue viruses produced no disease upon inoculation of human volunteers after seven
or more intracranial passages in mice, and are therefore significantly attenuated. Thus, it is
assumed that the mouse-adaptation of dengue virus strains results in a loss of human pathogenic
properties and that the use of these strains might not reflect natural events.

The most promising model in immunocompetent mice is the A/J mouse strain; it presents with
some thrombocytopenia, as seen in humans, and is more sensitive to dengue infection than
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BALB/c or B6 mice [26]. Intravenous injection of A/J mice with non-mouse-adapted dengue
serotype 2 virus induced paraplegia in a subset (55%) of mice on day 8-14 p.i. and a transient
thrombocytopenia on days 10-13 p.i.; increased hematocrit and decreased white blood cell
counts were noted with onset of paralysis (nota DF/DHF sign in humans). Antiplatelet antibody
was also generated, and increased numbers of splenic natural killer (NK) cells and B cells could
be demonstrated after infection [26,27]. However, these mice had to be inoculated with a large
quantity of virus (8 logyo PFU per mouse) intravenously, to induce signs; viremia was low and
transient, and could only be detected on day 2 p.i. with a sensitive RT-PCR.

Immunocompromised mouse models—The knockout AG129 mouse strain lacks
interferon (IFN)-o/B and IFN-y receptor genes; this model was proposed because IFN-deficient
mice show an increased susceptibility to virus infection and there is evidence that o,  and y
interferons might be involved in human dengue pathogenesis. Intraperitoneally administered,
mouse-adapted, serotype 2 virus (6 log;g PFU) was uniformly lethal in these mice; hind-leg
paralysis and blindness occurred at day 7 p.i. and they died on day 12 [28], but only when a
mouse-adapted virus strain was used. Virus levels in blood peaked to 1000 PFU/mI on day 3
and dropped sharply thereafter; low levels persisted until day 9. Further studies have
demonstrated that IFN-o/p and IFN-y receptors have crucial nonoverlapping functions in
resolving primary dengue infection in this model, and it might be useful for studying the
immunopathogenesis of dengue [27].

Severe combined immunodeficient (SCID) mice transplanted with human continuous cell
lines, primary cells or organized tissues have been used to study the replication of other viruses,
which lack a suitable small animal model [29]. SCID mice, which lack humoral and cellular
immunity owing to the absence of mature T or B cells, can support dengue-susceptible human
cell line xenografts. SCID mice reconstituted with human peripheral blood lymphocytes (hu-
PBL-SCID) have been widely used for studies of HIV pathogenesis and were first evaluated
as a dengue model in 1995 [30]. SCID mice were injected intraperitoneally with human PBL,
and after successful engraftment, were infected intraperitoneally with 4.9-5.9 log;o PFU of
dengue serotype 1 virus. Unfortunately, none of the animals showed any kind of clinical signs
and only 5 of 82 animals showed virus replication in tissues, with low viremias (<5 PFU/ml).
It was suggested that the main reason for the low infection rate was a scanty number of
appropriate human target cells in the reconstituted mice; low virus titers can also be attributed
to the fact that the infection rate of lymphocytes is low compared to monocytes and DCs, as
PBL contain mostly lymphocytes. Subsequently, SCID mice were engrafted intraperitoneally
with K562 cells, an erythroleukemia cell line [31]. After injection of dengue serotype 2 virus
into the peritoneal tumor masses, these mice showed paralysis and died 2 weeks p.i.; virus was
detected in the tumor masses, peripheral blood and brain. In another model, HepG2 cells from
a human hepatocarcinoma cell line were transplanted into SCID mice [32]. When these mice
were infected intraperitoneally with serotype 2 virus, high virus titers were detected in serum,
liver and brain when paralysis appeared. A similar approach was used in SCID mice
transplanted with Huh-7 cells, a hepatoma cell line [33]. After injection of serotype 4 virus
into the peritoneal tumor masses, mice developed viremia of up to 8 logg PFU/ml on days 6—
7 p.i. and virus was detected in brain, liver and tumor homogenates. All of the models using
SCID mice transplanted with human tumor cells allow the evaluation of virus replication/
attenuation in vivo and are therefore useful for vaccine studies [34]. However, it remains
questionable whether tumor cells mimic the different susceptible tissues in the human body
and if differentiation-related factors play a role in virus replication [35,36].

The NOD/SCID mouse

In contrast to the severe deficiency in their adaptive immune system, SCID mice have a normal
to enhanced innate immune system (especially natural Killer cells) that hinders the engraftment
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of hematopoietic tissues; the engraftment levels in these mice are extremely low and variable
[37]. Therefore, the SCID mutation was back-crossed onto a non-obese diabetic (NOD) strain
background; the NOD strain has defects in NK cell function, antigen-presenting cell
development and function, and genetically lacks C5, resulting in a deficiency in hemolytic
complement [38]. The resulting NOD/SCID strain combines the defects in innate and adaptive
immune system and can therefore be reconstituted at high levels with a broad variety of human
cells and tissues, such as bone marrow, PBL, skin, erythrocytes and umbilical cord blood
[39]. Since the cellular targets of dengue virus were postulated to be monocytes or
macrophages, numerous studies have focused on viral replication in cells of this lineage [40].
However, dengue viruses were subsequently shown to infect and replicate comparatively
poorly in primary monocytes, and recent reports have indicated that immature DCs, such as
Langerhans cells in the skin, are the major replication site after mosquito bite [7]. A mouse
model reconstituted with high levels of human DCs was therefore desirable. Recent reports
have demonstrated that NOD/SCID mice reconstituted with human CD34+ hematopoietic
progenitor cells (Fig. 1) have high levels of human CD45+ (a panleukocyte marker) cells in a
broad variety of tissues such as bone marrow, spleen, skin, lungs, liver and heart, and sometimes
in gut, kidney and pancreas [41,42]. High levels of DC reconstitution and development were
obtained in multiple organs but mainly in spleen, bone marrow and blood (Fig. 2). It was also
shown that these mice develop a full repertoire of human DCs, up to 24 weeks after transplant,
indicating ongoing and sustained production of DCs after initial engraftment. Moreover,
systemic production of human cytokines was induced after mice were injected with different
pathogens, indicating DCs were functional [41]. We have inoculated reconstituted NOD/SCID
mice subcutaneously with a low dose (approximately 4.7 log;o PFU) of a low passage dengue
serotype 2 strain, thus mimicking mosquito transmission. These mice developed clinical signs
of DF such as fever, thrombocytopenia and erythema as seen in humans [43]. Viremia levels
peaked on day 2-6 p.i. and were undetectable by day 18. In addition, viral positive strand RNA
was detected by quantitative RT-PCR in spleen, skin and liver; negative strand RNA, as a
surrogate of viral replication, was found in spleen and skin. Furthermore, body weight
decreased dramatically (up to 20%) in some of the mice, probably due to fever and lethargy.
Other findings include inflammatory cells and dengue antigen in liver and spleen, liver enzyme
elevation and increased fibrinolysis. The lack of murine immune cells in this model allows us
to study solely the immunological functions of the human engrafted cells, factors or tissues,
without the confounding effects of the murine system. It is therefore a valuable model to study
pathogenesis and test antidengue products.

In silico models

The evolutionary and epidemiological relationships of dengue viruses have been studied with
computer algorithms that make estimations based on nucleotide or amino acid sequences.
These models have shown that specific dengue virus genetic variants or genotypes have
established transmission cycles on other continents, are responsible for outbreaks of more
severe disease (DHF/DSS) and have helped track the displacement of one genotype by another,
more virulent genotype. However, some of these algorithms have also been used to extrapolate
on the occurrence of intramolecular recombination in dengue RNA genomes [44], the ancient
origin of epidemic strains [45] and the movement of genotypes within a country or from one
country to another [46], without the support of molecular studies of viruses or sufficient field
sampling and epidemiologic studies of the transmission cycles. Therefore, it is unclear whether
these phenomena actually occur in nature. These reservations also apply to the study of the
effects of antibody-dependent enhancement of dengue virus infection of monocytes in the host
(demonstrated only in vitro), especially when estimating its long-range effects on virus
epidemiology and population dynamics [47]. Other computer models of dengue virus infection
have included clinical applications, such as distinguishing dengue from other fevers, based on
logistic regression analysis of clinical and laboratory features [48], and measuring
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pathophysiological parameters of severe dengue (DHF/DSS) and risk in DF patients, using
neural network programs to predict outcome, and to determine patient management or
treatment [49]. It remains to be seen whether these models can explain or predict underlying
pathological processes that are still mysteries; this further highlights the need for animal models
of disease.

Conclusions

Understanding dengue virus pathogenesis has been extremely difficult because only humans
seem to develop this disease; what little is known to date has been derived from years of
painstaking, indirect, observational studies. Only recently have potential in vitro markers of
severity of disease been reported, but these tests use primary human cells and low passage virus
isolates that are difficult to grow and measure because of implicit variability. Also, because no
other animal besides humans shows signs of disease, the latest developments in animal models
have tended toward making human—mouse chimeras that show signs of dengue fever. So far
these chimeras have only the innate arm of the human immune system functioning but new
mouse strains and transplant techniques have the promise of creating a mouse with a
functioning human adaptive immune response. It is this area of research that has the most
potential for explosive advances, as these chimeras could very soon replace the inadequate in
vivo models available now. Thus, we predict that soon we might overcome the barriers to
dengue research that have plagued the field for the past 60 years.
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Figure 1.
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Reconstitution level
determined by flow cytometry

|

Retro-orbital blood draw

‘ NOD/SCID-hu mice|

Reconstitution of NOD/SCID mice with human hematopoietic progenitor cells. Irradiated
NOD/SCID mice are injected with CD34+ cells purified from human umbilical cord blood.
Six to 8 weeks later reconstitution levels of human CD45+ cells (panleukocyte marker) and

CD11c+/CD123+ cells (DC marker) are determined by flow cytometry.
in Refs [41,42].
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Figure 2.

Levels of human cells in reconstituted NOD/SCID mice. NOD/SCID mice reconstituted with
CD34+ cells develop functional subsets of human dendritic cells in a variety of tissues. They
have high percentages of human plasmacytoid dendritic cells (pDCs) and myeloid dendritic
cells (mDCs) in bone marrow, spleen and blood. Immature Langerhans cells can be detected
in the skin. Details are provided in Refs [41,42].
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Table 1
Characteristics of murine models of dengue virus infection

Page 11

Parameter Model

Immunocompetent mice Immunodeficient/knockout mice

BALB/c Al AG129 SCID- SCID cell lines NOD/

PBL SCID-hu

Availability of n/ad n/a nla ++ -+ +
human cells
Availability of +++b +++ +++ + + +
mice
Relevance to + ++ ++ ++ + 4+
dengue infection
Evaluation of + + +++ + + T+
innate system
Evaluation of + + ++ ++ ++ +44C
vaccine/antiviral
References [26] [26,27] [28] [30] [31-34] [43]
Supplier A A A Ad ad gd

Suppliers: A: Jackson laboratory, http://www.jax.org/and B: Taconic, http://www.taconic.com/.
a .
n/a, not applicable.
b+, poor; ++, moderate and +++, good.
le full engraftment with T cells is achieved.

d
Transplants have to be done separately.
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