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Abstract

Dengue, a rapidly spreading mosquito-borne human viral disease caused by dengue virus (DENYV), is a public health concern
in tropical and subtropical areas due to its expanding geographical range. DENV can cause a wide spectrum of illnesses
in humans, ranging from asymptomatic infection or mild dengue fever (DF) to life-threatening dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS). Dengue is caused by four DENV serotypes; however, dengue pathogenesis is
complex and poorly understood. Establishing a useful animal model that can exhibit dengue-fever-like signs similar to those
in humans is essential to improve our understanding of the host response and pathogenesis of DENV. Although several
animal models, including mouse models, non-human primate models, and a recently reported tree shrew model, have been
investigated for DENYV infection, animal models with clinical signs that are similar to those of DF in humans have not yet
been established. Although animal models are essential for understanding the pathogenesis of DENV infection and for drug
and vaccine development, each animal model has its own strengths and limitations. Therefore, in this review, we provide
a recent overview of animal models for DENV infection and pathogenesis, focusing on studies of the antibody-dependent

enhancement (ADE) effect in animal models.

Introduction

Dengue, caused by dengue virus (DENV), is one of the most
important arthropod-borne human viral infections in many
tropical and subtropical areas [39, 128]. The geographic
range of dengue is increasing due to several factors, includ-
ing climate change, unplanned rapid urbanization and con-
struction, high population densities, and ineffective vector-
control strategies [37, 71]. A recent study highlighted the
possibility of an enzootic cycle of DNEV maintenance and
reported dengue positivity in a range of animals and birds,
including pigs (34.1%), non-human primates (27.3%), mar-
supials (13%), birds (11%), bats (10.1%), horses (5.1%),
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bovids (4.1%), rodents (3.5%), dogs (1.6%), and other small
animals (7.3%) [41]. However, their role as potential res-
ervoirs for dengue transmission remains to be confirmed
[41]. The mosquito Aedes aegypti and, to a lesser extent,
Aedes albopictus are the primary vectors for DENV trans-
mission [66]. One-third of the global population is at risk
of DENYV infection, with approximately 390 million infec-
tions occurring each year [11]. DENV is a positive-sense,
single-stranded RNA virus belonging to the family Flavi-
viridae and the genus Flavivirus with a genome of 10.7
kb [62]. Other pathogenic viruses, including yellow fever
virus (YFV), Japanese encephalitis virus (JEV), tick-borne
encephalitis virus (TBEV), Usutu virus (USUV), West Nile
virus (WNYV), and Zika virus (ZIKV), also belong to the
family Flaviviridae [90]. The DENV genome encodes three
structural proteins — the capsid (C), membrane (M), and
envelope (E) proteins — and seven nonstructural proteins,
NSI1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 [39, 62].
There are four genetically and antigenically distinct DENV
serotypes: DENV-1, DENV-2, DENV-3, and DENV-4 [110].
Infection with one serotype may provide lifelong immunity
against infection with a homologous DENYV strain; how-
ever, only short-term immunity is maintained against het-
erologous infections [1]. Notably, a heterologous infection
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may develop into severe dengue, possibly due to antibody-
dependent enhancement (ADE) [57]. DENV causes a spec-
trum of illness in humans, ranging from asymptomatic to
mild dengue fever, as well as potentially life-threatening
severe dengue, including dengue hemorrhagic fever (DHF)
and dengue shock syndrome (DSS) [47]. Severe dengue is
characterized by plasma leakage, hemorrhagic tendencies,
organ failure, shock, and occasionally death [113]. Notably,
DENY, in addition to being a human/mammalian virus, is
able to infect mosquito midgut cells and other tissues and
spread to the salivary glands, and infected mosquitos can
transmit DENV to humans during feeding [40]. Moreover,
it has been reported that mosquito-derived factors, includ-
ing mosquito salivary gland extract, can exacerbate dengue
pathogenesis [107], which indicates the importance of study-
ing DENV in invertebrate hosts. In addition, the antiviral
response of the mosquito during DENV replication might
provide an important platform for developing alternative
strategies for dengue control [25]. However, animal mod-
els are also invaluable tools for characterizing human viral
infections and pathogenesis, and a suitable animal model is
imperative for improving our understanding of the patho-
genesis of dengue. To date, several animal models have been
used in studies on dengue pathogenesis. However, many
challenges remain to be overcome [22]. Moreover, animal
models play a crucial role in the preclinical testing of anti-
viral drugs and vaccines. In this review, we provide a recent
overview of mammalian models used in studies on DENV
infection and pathogenesis. Our focus extends to the ADE
phenomenon observed in animal models of secondary het-
erologous DENYV infections.

Animal models for DENV infection

Animal models are invaluable tools for deciphering viral
pathogenesis, allowing questions to be addressed that can-
not be addressed using human trials. The establishment of a
small-animal model is of great importance for the study of
dengue, including research on host-virus interactions, dis-
ease pathogenesis, and antiviral and vaccine development.
The immunopathogenesis of dengue is poorly understood,
partly due to the lack of a suitable animal model of DENV
infection. A suitable small-animal model whose infection
manifestations resemble those of human dengue infection is
critical, and the development of such a model has been long
sought and challenging. In this context, several animal mod-
els have been investigated in DENYV infection and pathogen-
esis studies [139], including mouse models, non-human pri-
mate (NHP) models, swine models, and a recently reported
tree shrew model, as discussed in the sections below. A
summary of DENV infections in animal models is shown
in Table 1. In addition, we provide a graphical presentation
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(Fig. 1) of animal models used in DENV infection studies,
highlighting the major uses and limitations of each model.

Mouse models

Mouse models are ideal for investigating host—virus interac-
tions due to the availability of immunological tools; how-
ever, wild-type mice lack susceptibility to DENV infection
[129]. To date, an ideal mouse model for use in DENV
infection and pathogenesis studies has yet to be established.
Although immunocompetent mice are not readily infected by
DENYV, mouse models have been used frequently in DENV
infection studies as a useful complement to in vitro and epi-
demiological data [136]. This is due in part to the fact that
the conditions for infection of mice are well defined, and
experimental parameters can be altered with relative ease.
However, data generated using DENV-infected mice should
be extrapolated to dengue in humans with caution due to
the inherent limitations of animal models. Notably, a recent
study demonstrated phenotypic differences between DENV
in plasma and DENV that had undergone a single passage
in a laboratory cell line, showing that the virus in plasma
was 50 to 700 times more infectious than cell-culture-grown
DENYV, and this was attributed to the mature state of the
plasma virions [94]. In an early study, Sabin and Schles-
inger showed that DENV could be propagated in mice by
intracerebral inoculation [99]. However, the initial adap-
tation of DENV to mice was tedious and required several
consecutive passages. Furthermore, the virus propagated in
mice could reproduce dengue in humans but was unable to
infect cotton rats, hamsters, guinea pigs, or rabbits [99]. A
more recent study showed that intraperitoneal (IP) inocula-
tion with non-mouse-adapted DENV-2 strains resulted in
successful infection of adult BALB/c mice, which had very
low viremia without any clinical signs, except for increased
serum ALT and AST levels. Histopathological analysis also
revealed liver injury and the presence of viral antigens [87].
However, the level of DENV replication in wild-type mice
is very low compared to that in humans [130]. Furthermore,
it has been reported that intradermal inoculation of DENV-2
(strain 16681) induces systemic hemorrhage in immunocom-
petent C57BL/6 mice, with a high viral titer, macrophage
infiltration, and tumor necrosis factor alpha (TNF-a) pro-
duction [23]. A recent study showed that C57BL/6 mice
sequentially infected with non-mouse-adapted DENV-1
(strain Puerto Rico/94) and DENV-2 (strain Tonga/74) had a
low platelet count, internal hemorrhages, and increased liver
enzymes in serum [119]. Moreover, the transfer of DENV-
1-specific CD8*T lymphocytes before DENV-2 challenge
has been found to enhance disease severity [119], suggesting
that heterotypic anti-DENV CD8* T lymphocytes play a role
in the manifestation of severe dengue disease [114]. This
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inoculation)
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Tree shrew
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1V, SC 1.5 x 10° PFU Induces rise of body

Immunocompetent DENV-2, DENV-3

manifestations of
severe dengue

temperature, modest

thrombocytopenia;

may be suitable for
the evaluation of

antivirals and vac-

cines

PFU, plaque-forming units; TCIDs,, median tissue culture infectious dose; IV, intravenous; SC, subcutaneous; ID, intradermal; IP, intraperitoneal

will need to be investigated further in future studies. Infec-
tion of BALB/c mice with different DENV serotypes has
also been studied [16, 50, 100], and a previous study showed
that infection of adult BALB/c mice with mouse-adapted
DENV-3 resulted in lethality, the rate of which increased
with increasing inoculum, with increased IFN-y expression
preceded by increased IL-12 and IL-18 expression [27].
Moreover, severe disease manifestations with increased
lethality were observed in IFN-y(-/-) mice, suggesting that
IFN-vy plays a role in resistance to DENV infection [27]. It
has also been shown that IP inoculation of C57BL/6 mice
with DENV-1 results in viremia, and produces signs of den-
gue, such as thrombocytopenia, spleen hemorrhage, liver
damage, and increased production of IFN-y and TNF-a [34].
Recently, experiments with 3-day-old suckling C57BL/6 and
BALB/c mice infected with the DENV-2 New Guinea C
(NGC) strain demonstrated that C57BL/6 pups are more
susceptible than BALB/c pups and exhibit elevated liver
enzymes and extended viremia [16]. Moreover, DENV-
infected C57BL/6 pups showed a marked Th1 bias compared
to BALB/c mice [16].

A previous study showed that DENV-2 infection in
AG129 mice (lacking type I and II IFN receptors) results in
paralysis [54], a condition of the central nervous system that
is not commonly observed in cases of dengue in humans;
however, the number of reports of neurological symptoms
in dengue infections is increasing [68]. Although a mouse
model of neuroinfection was established previously [122], a
mouse-adapted DENV-2 strain, D2S10, has been shown to
induce human DHF/DSS-like disease in AG129 mice with-
out neurologic abnormalities [109, 134]. Moreover, DENV-2
(strain D2S10) was found to be more virulent than its paren-
tal strain (DENV-2 PL046, Taiwanese isolate; Aedes albop-
ictus C6/36 cell culture adapted), producing a lethal but
non-paralytic disease, with increased vascular permeability
[109]. A non-canonical IRF-3-, IRF-5-, and IRF-7-inde-
pendent antiviral defense mechanism against severe dengue,
mediated by IRF-1, has been demonstrated in AG129 mice
[18], suggesting that IRF-1 plays a role in DENV infection.
DENY susceptibility has been demonstrated in mice lacking
STAT1, STAT2, and type 1 IFN receptors [89, 108]. DENV
infection in Cardif-deficient mice showed increased DENV
RNA in serum and lymphoid tissues compared to wild-type
mice, suggesting a role of Cardif in DENV infection [88]. A
previous study demonstrated that conditional [IFNAR mice
(mice lacking the IFN receptor on either CD11c- or LysM-
expressing cells) can induce a better immune response in
DENYV infection than IFNAR ™~ mice and may be useful for
screening future vaccine candidates [140].

Clinical isolates of DENV-1 and DENV-2 have been
reported to induce severe dengue in AG129 mice, which
are suitable for drug testing and dengue pathogenesis stud-
ies [124]. However, the infectivity of DENV in mice may
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Fig.1 An overview of animal models used in DENV infection, including the major uses and limitations of each model

differ among virus strains. A recent study demonstrated that
severe dengue manifested with vascular leakage in type I
and type II IFN receptor double knockout C57BL/6 mice
(AG6) [138]. AG129 mice have the potential to be used
in studies evaluating the immunogenicity and efficacy of
dengue vaccine candidates [14]. AG129 mice are mainly
used as a lethal DENV infection model. IP inoculation of
AG129 mice with DENV-4 (strain TVP-376) (10’ PFU) was
found to result in high viral loads in multiple tissues, with
the mice succumbing 5 days after infection [102]. Another
study showed that IP inoculation of AG129 mice with non-
mouse-adapted DENV-3 produced high viral loads and his-
tological changes in tissues, including the spleen and liver,
and increased cytokine levels in serum [103]. Moreover, an
ADE-independent lethal disease has been demonstrated after
a high-titer IP challenge with non-mouse-adapted DENV-1
(strain West Pacific 74) in AG129 mice [74]. Notably, a
recent study showed a milder form of dengue in AG129
mice infected with a low-passage, non-mouse-lethal strain,
DENV-3 D83-144 [104], suggesting that the AG129 mouse
model could be used to investigate both mild and severe
forms of the disease.

Severe combined immunodeficiency (SCID) mice lack
functional T and B cells. Therefore, they lack both humoral
and cellular responses and can accept engraftment of human

cells, making them susceptible to DENV infection [26, 70].
However, humanized mice are expensive and laborious to
prepare and frequently exhibit mouse-to-mouse variation,
limiting their application in vaccine development studies [3].
Despite their limited immune response, humanized chimeric
mice have been used as relevant models for studying dengue
fever pathogenesis in humans, producing fever, viremia, ery-
thema, and thrombocytopenia; however, severe disease has
yet been reported in these mice [9, 28, 79, 80]. Humanized
chimeric mice may also offer the possibility of studying the
human immune response in vivo. A previous study estab-
lished non-obese diabetic (NOD)/SCID interleukin-2 recep-
tor gamma-chain knockout (NOD-SCID IL2ry(null)) mice
engrafted with human hematopoietic stem cells for DENV
infection and showed functional DENV-specific T cell
responses [51]. These mice could be used to investigate the
role of cross-reactive T cells in DENV infections, including
whether they are protective or pathogenic upon subsequent
infection [31]. Another study established humanized BLT-
NSG mice (NOD-SCID IL2ry(null) mice co-transplanted
with human fetal thymus and liver tissues) and demonstrated
their suitability for evaluating the immunogenicity of can-
didate dengue vaccines [52]. Notably, DENV infection has
also been studied in immunocompetent humanized RAG2(-
/-)gamma(c)(-/-) (RAG-hu) mice. In that study, anti-DENV
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antibodies were reported in 10 of 16 RAG-hu mice, and
three of them had neutralizing antibodies (nAbs) [63]. Over-
all, although studies on DENV infection in mouse models
have allowed the identification of key viral and host factors,
further investigations in both immunodeficient and immu-
nocompetent mouse models may help to improve our under-
standing of host-virus interactions [36], which will aid in the
development of antivirals and vaccines.

Non-human primate (NHP) models

NHPs provide more advantages as an animal model of
human dengue due to a close physiological and genetic
relationship between humans and NHPs [32]. Various NHP
models of DENV infection, including rhesus macaques
(Macaca mulatta), cynomolgus macaques (Macaca fascicu-
laris), green monkeys (Chlorocebus sabaeus), owl monkeys
(Aotus nancymaae), chimpanzees (Pan troglodytes), spider
monkeys (Ateles geoffroyi), pig-tailed macaques (Macaca
nemestrina), common marmosets (Callithrix jacchus), patas
monkeys (Erythrocebus patas), squirrel monkeys (Saimiri
sciureus), and white-handed gibbons (Hylobates lar), have
been investigated, as reviewed previously [4]. Recently,
bonnet macaques (Macaca radiata) have also been used
in experimental studies of DENV infection [56]. Studies
using WNV demonstrated that mosquitoes inoculate 10* to
10° PFU of WNV per bite [117], which is also assumed for
DENV. Therefore, infection of animals with 10*~10° PFU
of DENV is considered to mimic the inoculum in a mos-
quito bite. The viremia levels and antibody responses during
primary and secondary DENV infections in NHP models
have been reviewed recently [81]. Here, we provide an over-
view of NHP models that are frequently used to enhance our
understanding of DENV infection and pathogenesis.

Rhesus macaque model

The rhesus macaque is the first model that was used in the
investigation of dengue etiology via the inoculation of defi-
brinated blood obtained from dengue patients [67]. Rhesus
macaques are susceptible to DENV infection and exhibit
detectable viremia and immune responses, including T-cell
responses, but they do not develop overt clinical signs of
infection [19, 42, 43, 48, 49, 125]. However, some rhesus
macaques show low platelet counts after subcutaneous
DENYV infection [43, 44]. According to an estimate from
a previous study, the time to viremia in rhesus macaques
varies from 2.63 to 5.13 days, depending on the serotype
[4], suggesting that the DENV serotype plays a role in the
pathogenesis of dengue. Although rhesus macaques have
frequently been used in dengue vaccine evaluation studies
[5, 10, 13, 30, 69, 95-97, 118], vaccine efficacy should be
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carefully confirmed to avoid overestimation of vaccine effi-
cacy, since viremia is much lower in NHPs than in human
dengue [8]. A previous study demonstrated that the passive
transfer of a monoclonal antibody (mAb) (IgG SH2 AD) spe-
cific for DENV-4 protected rhesus monkeys against DENV-4
infection [65]. Intravenous inoculation with a high dose (107
PFU) of DENV-2 strain 16681 produced hemorrhage after
3-5 days of infection, with modest thrombocytopenia and
neutropenia concomitant with a slight decrease in hemo-
globin and hematocrit [86], suggesting that the inoculation
route and dose may have an effect on dengue pathogenesis.
Moreover, rhesus macaques could be used as an animal
model for characterizing the early events in dengue virus
infection to identify blood components that may be involved
in pathogenesis [86].

Cynomolgus macaques

Cynomolgus macaques have also been used in DENYV infec-
tion and vaccine efficacy studies for decades [5, 15, 24, 38,
123]. Similar to other NHP models, no overt clinical signs
of dengue have been reported in this animal; however, nAbs
and infrequent viremia have been reported [5, 123]. A pre-
vious study reported cynomolgus macaques possessing
dengue-specific IgM and IgG derived from natural infection
[55], suggesting that cynomolgus macaques act as a reser-
voir for the virus, which may be an important characteristic
for future investigations.

Bonnet macaque model

Bonnet macaques are indigenous to southern India, where
DENYV circulates widely. These animals have been used to
study experimental and natural infections caused by flavivi-
ruses. A previous study demonstrated the presence of nAbs
in bonnet macaques naturally infected with DENV [133].
Furthermore, a recent study demonstrated that intravenous
inoculation of bonnet monkeys with DENV-4 resulted in
high viremia without clinical symptoms [56]. However,
DENYV serotypes 1, 2, and 3 remain to be tested in this ani-
mal model.

Marmoset model

Animal models that consistently develop high levels of
viremia are essential for the development of protective and
preventive measures against disease. The common marmo-
set (Callithrix jacchus) of the family Callitrichidae (body
weight, approximately 350—400 g) is native to northeastern
Brazil [20]. The marmoset has been a useful primary and
secondary dengue infection model, consistently producing
high levels of viremia in primary and secondary DENV
infections [76, 85]. It has been demonstrated that all four
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DENV serotypes produce a high plasma viral load, with
DENV-2 viral RNA (VRNA) detected in lymphoid (lymph
nodes, spleen, thymus, and bone marrow) and non-lymphoid
organs [85]. The development of protective antibodies has
been demonstrated in marmosets [82], suggesting the poten-
tial of marmosets for evaluation of the immunogenicity of
candidate dengue vaccines [85]. During secondary infec-
tion with heterotypic DENV in marmosets, high levels of
viremia, IgM and IgG responses, and serotype cross-reactive
nAb responses were produced, resembling secondary DENV
infection in humans [76]. The dynamics of cellular immune
responses in the acute phase of DENV infection in a mar-
moset model have been demonstrated, where the responses
of CD4/CDS8 central memory T and NKT cells were found
to be greatly induced [131]. In another study, Moi et al.
demonstrated pathological changes in the kidney during
DENYV infection in marmosets, as observed in some dengue
patients, highlighting the potential of the marmoset model
as a suitable model for dengue pathogenesis studies [75].

Chimpanzee model

Chimpanzees are genetically very close to humans and have
been used in previous studies as DENV infection models
[48, 73, 106]. They have been found to experience detectable
subclinical disease without any overt clinical signs of den-
gue [106]. However, more recently, the use of chimpanzees
in experimental DENYV infections has become difficult due
to its high costs and close association with animal welfare
issues.

Swine model

Swine share physiological similarities with humans and have
several advantageous features, including their low cost and
the availability of immunological reagents, making them an
efficient animal model. A strain of Yucatan miniature pig,
Sus scrofa, was found to exhibit physiological and immuno-
logical responses similar to those in humans [21, 83]. These
animals were also found to be susceptible to some viruses
of the family Flaviviridae, including JEV, YFV, and Murray
Valley encephalitis virus [126]. A novel Yucatan miniature
swine model has previously been described in which subcu-
taneous (SC) infection with DENV-1 resulted in detectable
viremia with production of nAbs against intravenous (IV)
inoculation of DENV-1, and infection of DENV-1 produced
nAbs without detectable viremia [21]. Moreover, skin rash
and dermal edema developed after subsequent DENV-1
reinfection in pigs subcutaneously infected with DENV-1
[21]. Although preliminary data are promising, further stud-
ies are required to develop Yucatan miniature swine as a
small-animal model for dengue pathogenesis studies. These

studies need to examine the susceptibility of the animals to
other DENV subtypes, the level and duration of viremia, and
development of clinical signs of dengue.

Tree shrew model

The tree shrew is a small mammal belonging to the fam-
ily Tupaiidae and the genus Tupaia [121], and it has been
listed in the Lower Risk Category (Subcategory: Least Con-
cern) of the International Union for Conservation of Nature
(IUCN) Category of Threat (source: https://www.portals.
iucn.org/library/sites/library/files/documents/1995-059.pdf;
accessed on August 22, 2021). The tree shrew is an emerging
experimental animal model with a higher degree of genetic
similarity to primates than to rodents [33, 101]. Previous
studies have demonstrated that tree shrews are a promis-
ing animal model for several important viral infections in
humans, including hepatitis B virus, hepatitis C virus, influ-
enza virus, and ZIKV [59]. In an in vitro study, we showed
the susceptibility of tupaia lung fibroblast cells to infection
with all four DENV serotypes [58]. Moreover, we found that
the expression of TLR8 and IL-8 mRNA was upregulated
in DENV-infected tupaia cells compared to uninfected cells
[58]. In addition, silencing of TLR8 enhanced viral replica-
tion in these cells, indicating an antiviral role of TLRS8 in
DENV-infected tupaia cells [58]. Notably, a recent study
established a tree shrew model for ZIKV with notable der-
matological manifestations of skin rashes in ZIKV-infected
tree shrews, as is commonly observed in human patients
[137]. Furthermore, Jiang et al. described a novel model of
dengue in tree shrews in which IV or SC inoculation with
DENV-2 and DENV-3 gave rise to disease signs with fea-
tures of dengue in humans [53]. Notably, DENV-infected
tree shrews showed a significant increase in body tempera-
ture compared to uninfected individuals. Although the pro-
liferation of DENV and pathological changes in the brain
have been reported, viremia, a major clinical manifestation
of DENYV infection, is very low [53]. Moreover, vascular
leakage, the hallmark of severe dengue [139], has not yet
been demonstrated in DENV-infected tree shrews. Thus,
additional research is needed, including experimental infec-
tion with other DENV serotypes. Notably, research findings
on this animal model have been limited by the individual
variability of wild tree shrews, requiring further investiga-
tion of the use of inbred tree shrews, which should reduce
individual variability. However, using tree shrews as an
immunocompetent model, tree-shrew-adapted DENV strains
could be developed to overcome the problem of low-level
viremia and could be used in host-virus interaction stud-
ies, as well as for preclinical testing of candidate dengue
vaccines and antivirals. Furthermore, the tree shrew model
could be applied to investigate ADE effects in secondary
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heterologous DENV infections. Although tree shrews are a
promising small-animal model for human viral infections,
their extensive use is still hampered by the lack of avail-
ability of tree-shrew-specific reagents and an inbred line of
tree shrews [60].

Transcriptional response to DENV infection
in different models

Transcriptional changes in response to DENV infection may
vary among individuals, influencing the outcome of infec-
tion. A proper understanding of transcriptional changes in
response to DENV infection is important for the develop-
ment of targeted immunomodulatory strategies to treat and
control DENYV infection. Therefore, use of different models
for studying the transcriptional response to DENV infec-
tion is important for understanding host-DENV interac-
tions. DENV infection in immunocompetent mice results in
metabolic dysregulation and inflammatory responses in the
spleen and liver, with activation of NK, NKT, and CD8* T
cells, similar to that seen in human cases [78]. It has been
reported that the transcriptional response of PBMCs, includ-
ing an increase in the number of activated CD4" T cells
correlates with the control of DENV infection in asymp-
tomatic cases [111]. DENV-infected children in Nicaragua
were shown to exhibit changes in gene expression, including
increased expression of genes associated with the mitotic
cell cycle and B cell differentiation and decreased expres-
sion of genes associated with signal transduction and cell
adhesion [92]. Several studies have shown an association
between changes in cytokine profiles and disease severity
[92, 93]. The characterization of the immunotranscriptome
response in humans before, during, and after infection with
a partially attenuated rDENV-2A30 virus revealed the induc-
tion of inflammatory genes, including type I IFN, during
viremia, which returned to baseline after viral clearance
[46]. However, immune regulation pathways, including
myeloid, migratory, humoral, and growth factor pathways,
were reported to be at non-baseline levels post-viremia [46].
A recent study showed that DENV infection in AG129 mice
can cause changes in two important components of the alter-
native complement pathway: factor B (FB) and factor H
(FH). An increase in FB levels and a decrease in FH levels
were observed at 3 dpi [17]. However, like in humans, ter-
minal disease was associated with a decrease in FB and FH
[17]. Inoculation with a live attenuated tetravalent dengue
vaccine based on a DENV-2 backbone induced significant
early transcriptional changes in the peripheral blood of cyn-
omolgus macaques, with induction of 595 gene transcripts,
including type I IFN, on days 1, 3, 5, and 7, compared to
baseline and placebo-treated animals [116]. The transcrip-
tional changes in rhesus macaques after 5 days of DENV-1
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infection revealed a strong induction of the innate antiviral
immune response, including the production of myxoprotein,
2°,5’-oligoadenylate synthetase, phospholipid scramblase 1,
and viperin [105]. In addition, upregulation of IFN regu-
latory element 7, ISG15, and protein ligases linked to the
ISGylation process was observed [105]. As observed in
humans, CD14*CD16* monocyte counts in the blood and
lymph nodes were boosted after DENV infection in rhesus
macaques [64]. A transcriptional response study of Aedes
aegypti with a variable extrinsic incubation period (EIP)
for DENV revealed that mosquitoes with a short EIP show
less-active immune responses with higher levels of protein
translation and homeostasis of calcium ions and that mos-
quitoes with a longer EIP may show slower metabolism [61].
Studies of the transcriptional response to DENV infection
in different models appear to be an important way to gain a
better understanding of host-DENYV interactions, which may
suggest new control strategies for DENV infection.

Effects of ADE in animal models of DENV
infection

Antibody-dependent enhancement (ADE) of disease is a
public health concern for the development of vaccines and
antibody therapies, as the same mechanisms that under-
lie antibody protection against viruses may also have the
potential to enhance infection or affect immunopathology
negatively [6]. Vaccines that provide long-term protection
against each of the four DENV serotypes by inducing nAbs
are required for the control of dengue and to prevent severe
dengue [82]. However, the development of vaccines against
DENV is largely threatened by the ADE phenomenon, and
previous DENV vaccine studies have revealed severe safety
risks related to ADE, which has resulted in failed vaccine
trials [29, 112]. There is a need to elucidate the detailed
mechanism of ADE, and a suitable animal model is essential
for this purpose. In vivo evidence of ADE during DENV
infection was first described in rhesus macaques [45]. Injec-
tion of an anti-DENVmAD (IgG 1A5) into juvenile rhesus
monkeys was reported to lead to a 3- to 100-fold increase
in viremia by ADE [35]. A recent study further extended
the use of the macaque model in the evaluation of ADE
and demonstrated increased levels of viremia, aspartate
transaminase (AST), IL-10, IL-18, and IFN-y and decreased
levels of IL-12 in vaccinated macaques compared to non-
vaccinated macaques, suggesting that vaccination may trig-
ger ADE in DENYV infection [12]. In a previous study, the
formation of infectious DENV—-Ab immune complexes was
observed in marmosets after intravenous administration of
anti-DENV mAbs and infection with DENV; however, the
overall enhancement of viremia by passively transferred
antibody was limited [77].
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Table 2 Comparison of DENV infection characteristics in different animal models

Characteristic

Animal model

Viral replication
High viremia

Low viremia
Clinical signs
Dengue clinical manifestations
Fever
Thrombocytopenia
Leukopenia

Skin rash

Liver involvement
Kidney involvement

Vascular leak syndrome

AG129 mice; humanized mice; marmoset; bonnet macaque

Rhesus macaque; chimpanzee; C57BL/6; BALB/c mice; tree shrew

Humanized mice; AG129 mice (DENV serotype and mice-age dependent)
Marmoset; humanized mice, tree shrew

Humanized mice; AG129 mice; marmoset; tree shrew

Marmoset

Swine

AG129 mice; C57BL/6 mice

C57BL/6 mice; BALB/c mice

AG129 mice (DENV-2 infection)

Neurological signs (not commonly seen in human dengue) AG129 mice

Immune response
Seroconversion

Production of neutralizing antibodies

Marmoset; bonnet macaque; chimpanzee; mice; tree shrew; swine

Chimpanzee; rhesus monkey; cynomolgus monkey; marmoset; mice models

T cell immunity Marmoset

Antibody-dependent enhancement

Rhesus macaque; LysM Cre(+) Ifnar(flox/flox) mice; AG129 mice

The AG129 mouse model can also be used for studying
the ADE phenomenon, and previous studies have shown
that administration of DENV-specific antibodies to AG129
mice infected with mouse-adapted DENV-2 (strain D2S10)
produced an effect resembling human DHF/DSS [7, 134].
Moreover, a recent study provided evidence of ADE in
AG129 mice, showing that DENV-2 infection of young
mice born to DENV-1-immune mothers caused early death,
with increased viremia and vascular leakage compared to
DENV-2-infected mice born to dengue-naive mothers [84].
A previous study indicated that CD8* T cell responses play
a role in reducing Ab-mediated severe dengue disease in a
mouse model [135]; however, this requires further investiga-
tion. Another study found that specific deletion of IFNAR in
subsets of murine myeloid cells (LysM Cre(+) IFNAR(flox/
flox) resulted in enhanced DENV replication in vivo [91].
Moreover, it has been demonstrated that DENV serotype 2
or 3 infection in LysM Cre(+) IFNAR(flox/flox) mice after
the administration of subneutralizing cross-reactive anti-
DENYV mAbs resulted in ADE [91]. Therefore, balanced and
durable immunity to all four DENV serotypes is needed for
the development of a dengue vaccine to avoid the risk of
ADE in subsequent infections. Thus, a suitable ADE animal
model is needed to elucidate the mechanisms of ADE. To
summarize, Table 2 shows a comparison of DENV infection
characteristics in different animal models, highlighting the
need for further research to develop a suitable small animal
model for dengue resembling the disease in humans.

Conclusions

Although substantial progress has been made in our under-
standing of dengue pathogenesis using different animal mod-
els of DENYV infection, none of the existing animal models
represents the ideal model for the study of the pathogenesis
of dengue. Moreover, there are large variations in the host
response to DENV infection in humans and animal models.
For example, the DENV NS2B3 protease complex cleaves
human STING, but not mouse STING [2, 115, 132]. Moreo-
ver, recent studies have shown that DENV cannot inactivate
STING in most primates, including chimpanzees, rhesus
macaques, and common marmosets [115]. Therefore, data
obtained from the study of DENV infection and pathogene-
sis in animal models should be regarded with caution. More-
over, as the global burden of dengue continues to increase,
combined with the lack of an effective pan-serotype den-
gue vaccine [120], which is important to avoid the threat
of ADE, the lack of a suitable small animal model is likely
to hinder the development of effective vaccines and treat-
ments. Moreover, the factors involved in the mechanisms
underlying ADE need to be confirmed in a suitable animal
model. In this context, it is worth noting the recent devel-
opment of an immunocompetent dengue tree shrew model
[53], which requires further validation and whose use in the
study of dengue pathogenesis and vaccine efficacy should
be extended in the future.
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