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Abstract: The genus Flavivirus includes 53 members and poses a big threat to human health among worldwide. 

Diseases caused by flavivirus infections can be broadly classified into hemorrhagic diseases (Dengue, Yellow 

fever, etc) and neurological diseases (West Nile disease, Zika disease, etc). Many flaviviruses still lack specific 

treatments and effective vaccines. In this context, it becomes particularly important to thoroughly characterize 

the pathogenesis of flavivirus infection and develop animal models. Therefore, animal models that can 

accurately simulate human diseases are essential for evaluating the effectiveness of therapeutic drugs and 

preventive vaccines. In this paper, we provide a comprehensive review of the currently available animal 

models that support flavivirus infection and exhibit clinical manifestations related to flavivirus infection. 

Additionally, we discuss the strengths and limitations of each animal model, aiming to enhance researchers 

understanding of the use of animal models in flavivirus research. This insight is intended to facilitate further 

studies into the pathogenesis of flavivirus, as well as the development of antiviral agents and vaccines. 
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1. Introduction 

The genus Flavivirus includes a group of enveloped arthropod-borne viruses [1]. There are 53 

distinct members, of which Dengue virus (DENV), Zika virus (ZIKV), Japanese encephalitis virus 

(JEV), and West Nile virus (WNV) are predominantly implicated in affecting human health. The 

flavivirus genome is an approximately 11 kb positive-sense single-stranded RNA that encodes a 

single open reading frame (ORF) flanked by highly conserved 5' and 3' untranslated regions. The 

ORF encodes 3 structural proteins (capsid [C], pre-membrane [prM], and envelope [E]) and seven 

non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [2]. This group is known for 

its widespread infection across many global regions. The clinical manifestations of human flavivirus 

infection can be dichotomized into two principal groups: hemorrhagic diseases such as dengue and 

yellow fever, encompassing systemic infection, hemorrhagic disease, and pyrexia; and neurological 

diseases including congenital Zika syndrome and Japanese encephalitis, predominantly resulting in 

neurological sequelae. 

The viral life cycle of flaviviruses can be delineated into three primary stages: the initial phase 

of binding and entry, the subsequent phase of translation and replication, and the final phase of 

assembly and egress [2]. In the initial stage of the flavivirus life cycle, virions initially adhere to the 

cell membrane followed by the binding of the viral E protein to specific cell receptors, triggering 

endocytosis. Within the endosomal compartment, which is characterized by a slightly acidic milieu, 

uncoating of the virions occurs. This process culminates in the fusion of the viral envelope with the 

endosomal membrane [3]. In the ensuing translation and replication stage, the fusion event facilitates 

the release of the positive-strand viral RNA genome into the cytoplasm. This genomic RNA serves as 

a template for the viral RNA-dependent RNA polymerase, namely NS5. NS5 synthesizes an 

intermediate negative-strand RNA, which subsequently guides the production of progeny positive-

strand RNA. These nascent RNAs are then packaged into immature viral particles [4,5]. During the 

final assembly and egress phase, these immature virions are transported to the trans-Golgi network 
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for maturation. The mature virions are then released from the cell through a mechanism that remains 

to be fully elucidated. 

An appropriate animal model is critical for characterizing the pathogenesis of flavivirus 

infection and evaluating the effectiveness of therapeutic drugs and vaccine candidates. This review 

demonstrates a comprehensive assessment of current animal models utilized in the research field of 

eight flaviviruses and delves into the strengths and limitations of each model in detail, helping 

researchers select the most suitable animal model for flavivirus research based on the findings 

presented in this paper. 

2. Flavivirus infection in humans 

2.1. Dengue Virus (DENV) 

Globally, four distinct serotypes of the virus have been identified, designated as DENV-1, DENV-

2, DENV-3, and DENV-4 [6]. Each serotype encompasses multiple genotypes, defined by nucleotide 

variations in the viral genome. Infection with one serotype imparts lifelong immunity against it, while 

concurrently offering only temporary and partial immunity against the other serotypes. This partial 

immunity, rather than being protective, predisposes to more severe disease upon subsequent 

infections with heterologous serotypes, a phenomenon known as antibody-dependent enhancement 

(ADE) [7]. Same to ZIKV, the principal vectors transmitting DENV are Aedes aegypti and Aedes 

albopictus mosquitoes. Annually, over 100 countries report incidences of dengue fever, placing 

approximately 3.6 billion individuals at the risk of contracting the infection. Notably, the prevalence 

of dengue fever has escalated by thirtyfold in the past five decades [8,9]. Dengue fever exhibits a 

broad spectrum of severity. The patients usually manifest symptoms akin to influenza, 

predominantly characterized by fever, headache, nausea, vomiting, skin rashes, and musculoskeletal 

pain. In exceptional instances, the disease may progress to more severe diseases such as Dengue 

Hemorrhagic Fever and Dengue Shock Syndrome, both of which bear a potential for fatality. 

2.2. Japanese Encephalitis Virus (JEV) 

JEV stands as the predominant etiological agent of viral encephalitis in humans, particularly in 

some regions across Asia [10]. JEV spreads between humans and affected animal hosts mainly 

through the bite of culex tritaeniorhynchus mosquitoes [11]. Notably, in scenarios devoid of these 

vectors, JEV transmission among animals can occur via alternative routes, including direct contact, 

aerosols, and transplacental transfer [12–15]. JEV is a neurotropic virus that manifests symptoms such 

as fever, convulsions, and motor deficits. These manifestations can progress to long-term 

neuropsychiatric complications [16]. Individuals under the age of fifteen years are the most 

susceptible to experiencing the impacts of this viral infection [17]. Additionally, JEV is capable of 

inducing peripheral neurological disorders, exemplified by Guillain-Barre syndrome, which is 

characterized by symptoms including debilitation, paralysis, and respiratory distress [18,19]. 

Furthermore, it is observed that approximately 50% of individuals who survive the JEV infection may 

subsequently develop a range of enduring complications, encompassing neurological, psychiatric, 

cognitive, and behavioral disturbances [20]. 

2.3. Kyasanur Forest disease virus (KFDV) 

KFDV, a member of the tick-borne flavivirus group, is responsible for inducing acute 

encephalitis and hemorrhagic fever in human populations. Annual estimates show that 

approximately 500 cases of human KFDV infections occur, accompanied by a case fatality rate 

ranging from 3 to 5% [21,22]. The principal vector facilitating the transmission of KFDV is identified 

as ticks of the species Haemaphysalis spinigera [21,23–25]. Ticks, particularly in various 

developmental stages, ingest vertebrate blood and facilitate the transmission of KFDV to a range of 

avian and mammalian hosts through a process known as co-ingestion. Significantly, the activity 

period of the adult haemaphysalis spinner overlaps with the spring and summer months, which 
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coincides with the observed increase in KFDV infection incidence among human populations [26]. 

The incubation period for Kyasanur Forest disease (KFD) in humans typically ranges from 2 to 4 days 

[21,27]. KFD is clinically characterized by an abrupt onset of high fever and headache, followed by a 

constellation of symptoms including body aches, diarrhea, anorexia, insomnia, vomiting, myalgia, 

coughing, and photophobia. Additionally, hemorrhagic manifestations are notable in KFD, 

evidenced by bleeding from the gums, nasal cavity, or gastrointestinal tract [27,28]. Approximately 

10 to 20% of KFD cases experience febrile relapses accompanied by a range of neurological symptoms. 

These manifestations may encompass psychiatric disturbances, lethargy, transient disorientation, 

confusion, convulsive episodes, tremors, and, in some instances, a loss of consciousness [28,29]. 

2.4. Powassan virus (POWV) 

POWV was identified in 1958 and is the only virus present in North America in the tick-borne 

encephalitis serogroups [30]. Although the reported cases have remained relatively limited, 

epidemiological evidence suggests that the prevalence of POWV may be greater than currently 

acknowledged [31]. Infection with POWV can manifest as asymptomatic or exhibit moderate to 

severe symptoms, potentially leading to fatal outcomes. The initial symptoms of acute Powassan 

disease typically include fever and fatigue. But, approximately 95% of documented cases exhibit 

neuroinvasive characteristics. The majority of patients with neuroinvasive disease present with 

encephalitis or meningoencephalitis, characterized by symptoms such as headache, confusion, 

muscle weakness, focal neurological deficits, and seizures [31]. The mortality rate associated with 

POWV infection is approximately 10%. Notably, the case fatality rate (CFR) for encephalitis caused 

by POWV exceeds 30%, and survivors often experience long-term neurological sequelae [30,32]. 

2.5. Tick-borne encephalitis virus (TBEV) 

TBEV is an endemic tick-borne pathogen in Europe. Over the past four decades, there has been 

a significant rise in its incidence[33], with an estimated 10,000 to 13,000 cases globally each year 

[34,35]. TBEV is a neurotropic virus and primarily infects neuronal cells within the host's brain. The 

clinical manifestations range from mild influenza-like symptoms to more severe forms, such as 

encephalitis or encephalomyelitis. TBEV is classified into three major subtypes based on phylogenetic 

analysis: the European, Siberian, and Far Eastern subtypes. Notably, the mortality rate associated 

with TBEV infection varies depending on the specific subtype of the virus [36]. In the European 

context, the mortality rate associated with TBEV typically ranges from 1% to 2%. The fatal outcomes 

predominantly occur within a span of five to seven days following the emergence of neurological 

symptoms [37]. Conversely, infecting with subtypes prevalent in the Far East results in a more severe 

disease course, with the mortality rate ranging from 5% to 20% [38]. Additionally, it is observed that 

approximately 10% to 20% of patients endure long-term or permanent neuropsychiatric sequelae [39]. 

2.6. West Nile virus (WNV) 

WNV was initially discovered in Uganda in 1937 and still spread in the transmission cycle 

involving birds and mosquitoes. Humans, serving as incidental hosts, are susceptible to infection 

primarily through the bites of culex mosquitoes carrying WNV [40]. Furthermore, infections might 

occur via blood transfusion, organ transplantation, breast milk feeding, and vertical transmission 

during pregnancy [41–44]. Approximately 80% of human infections are asymptomatic. Of the 

symptomatic cases, the majority are characterized by fever, headache, and influenza-like symptoms 

[45]. Nevertheless, approximately one in every 150 infections with WNV culminates in neurological 

complications that manifest as meningitis, encephalitis, or acute flaccid paralysis. 

2.7. Yellow fever virus (YFV) 

YFV is mainly endemic in the tropical regions of South America and Africa, accounting for an 

estimated 170,000 severe cases and 29,000 to 60,000 deaths annually [46,47]. The transmission of YFV 

has a 'forest cycle' and 'urban cycle' with the latter currently serving as the primary mode of 
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transmission in human populations [48,49]. Infection with YFV results in yellow fever, a disease 

characterized by hemorrhagic fever and multi-organ failures, leading to significant damage to vital 

organs, including the liver, kidneys, and heart [50]. Notably, the CFR for patients requiring 

hospitalization can reach up to 67% in fatal cases. 

2.8. Zika virus (ZIKV) 

ZIKV was initially identified in Uganda in 1947 and caused an outbreak in Brazil after being 

dormant for over half a century in 2015-2016 [51]. ZIKV possesses approximately 10.7 kilobases of 

RNA genome which encodes a polypeptide composed of roughly 3,400 amino acids [52–54]. 

According to the phylogenetic analysis result, ZIKV can be classified into three phylogenetic lineages, 

namely, West African lineage, East African lineage, and Asian/American lineage [55]. In addition to 

the main transmission route via mosquitoes (Aedes aegypti and Aedes albopictus), ZIKV exhibits 

alternative transmission routes, including the vertical route, unprotected sexual route, and 

hematogenous (bloodborne) route [56]. Approximately 80% of ZIKV infections are asymptomatic, 

while the remaining 20% typically cause only mild illnesses. Crucially, ZIKV infection in pregnant 

women during the first three months of pregnancy can affect fetal development, leading to 

microcephaly and ocular defects [57]. In certain instances, ZIKV infection is associated with the onset 

of Guillain-Barré syndrome in adults [58]. As of now, there are no specifically authorized vaccines or 

pharmaceutical treatments for ZIKV infection. 

3. Animal models of flavivirus infection 

Appropriate animal models are essential tools for researchers aiming to elucidate the 

pathogenesis of flavivirus infection, as well as to develop vaccines, antiviral drugs, or antibodies 

against flaviviruses. In the field of flavivirus research, the most commonly used animal models fall 

into two main categories: mouse models and non-human primate (NHP) models. Mouse models are 

further divided into immunocompetent and immunodeficient mice. NHP models typically include 

Cynomolgus macaques, Rhesus macaques, and Pigtailed macaques.  

3.1. Immunocompetent Mice 

Immunocompetent mice, specifically the BALB/c and C57BL/6 strains, are commonly used as 

animal models for flavivirus research. Since adult immunocompetent mice naturally resist flavivirus 

infection, researchers employ four strategies to make these mice as suitable models: Antibody-

Mediated Receptor-Blocked Mice, Neonatal Mice, Pregnant Mice, and Elderly Mice. 

3.1.1. Antibody-Mediated Receptor-Blocked Mice 

Early study has shown that mice lacking interferon (IFN) receptors are more susceptible to 

flavivirus infections as compared to wild-type (WT) immunocompetent mice[59]. This discovery led 

researchers to explore if blocking IFN receptors could enable flavivirus infection in 

immunocompetent mice. In a pivotal study, Darci R. Smith and colleagues disrupted the Type I IFN 

response of adult immunocompetent mice by administering Type I IFN receptor (IFNAR1)-blocking 

antibody (MAb-5A3) intraperitoneally (i.p.) one day before, on the day of, and four days after 

infection. The mice were infected with ZIKV via subcutaneous (s.c.) or i.p. routes. The team recorded 

mouse deaths daily and collected blood for viral load analysis on the 4th day post-infection or at 

euthanasia time. Control mice, which did not receive MAb-5A3, survived the infection. However, 

antibody-treated mice exhibited variable mortality rates: 40% for s.c. infection and 100% for i.p. 

infection. Viremia levels in antibody-treated mice were higher than those in control mice, regardless 

of the infection route[60]. In a similar DENV study conducted by Lucas Wilken et al., adult C57BL/6J 

mice were pre-treated with MAb-5A3 or isotype control antibody and then infected with DENV. The 

IFNAR1-/- mice were used as a control group. Following s.c. infection, IFNAR1-/- mice rapidly lost 

body weight and met euthanasia criteria within 5 days, while the antibody-treated C57BL/6J mice 
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survived until the end of the observation period. Notably, the viral RNA levels in the sera of MAb-

5A3-treated mice were significantly higher than those in the isotype control-treated mice [61].  

These results suggest that adult immunocompetent mice can support flavivirus replication and 

succumb to lethal flavivirus infection after being blocked the Type I IFN receptor function, which 

represents a convenient, and easy-to-use platform for the development of next-generation vaccines 

and antiviral drugs against flaviviruses. But, IFNAR1-blocking antibody is very expensive and 

required to inject multiple times to maintain the infection status of mice, which limits the widespread 

application of this animal model. 

3.1.2. Neonatal Mice 

The innate immune system of adult immunocompetent mice is typically resistant to multiple 

flaviviruses, including ZIKV and DENV. To explore this further, Shuxuan Li and colleagues selected 

one-day-old mice from four different strains (C57BL/6, KM, ICR, and BALB/c) and infected them with 

ZIKV through i.p. injection. They found that all strains, except for BALB/c mice, were susceptible to 

ZIKV infection. The infected mice exhibited significant weight loss, paralysis in their hind or 

forelimbs, and tremors. ZIKV replication was also confirmed in multiple organs of neonatal C57BL/6 

mice by RT-qPCR[62]. In one study conducted by Xianmiao Ye et al., newborn C57BL/6 mice were 

infected with ZIKV via i.p. injection, and the mouse weight loss and mortality were recorded daily. 

The results indicated that the infected neonatal mice experienced severe growth retardation and had 

a mortality rate exceeding 60%. Additionally, about 50% of the virus-infected neonates displayed 

moderate to severe neurological symptoms and had detectable viral loads in the tissues [63]. 

Furthermore, Myriam Lucia Velandia-Romero and colleagues infected neonatal (2, 7, 14, or 21 days 

old) BALB/c mice with DENV via i.p. injection. The results showed that mice aged 2 and 7 days 

postnatal exhibited neurological symptoms, such as inactivity, prostration, and spasmodic 

movements. The virus was present in the brains of the infected mice, with a 2 to 3-log increase 

observed by day 6 post-infection. However, no neurological symptoms were observed in mice 

infected at 14 and 21 days postnatal, even though the virus in the brain was detectable [64]. 

These findings demonstrate that the immature immune system of neonatal mice presents a 

heightened susceptibility to flavivirus, making them suitable as an animal model for flavivirus 

infection. However, breeding and manipulating newborn mice can be cumbersome, and they may 

experience noninfection-induced death in the first few days after virus infection.  

3.1.3. Pregnant Mice 

Since some flaviviruses particularly ZIKV can across the placental barrier of pregnant women 

and infect the fetus[57], it is necessary to set up an animal model of vertical transmission for studying 

flaviviruses. Kong-Yan Wu et al. successfully established a vertical transmission mouse model of 

ZIKV infection by injecting ZIKV into the peritoneum of pregnant C57BL/6 mice at embryonic day 

13.5 (E13.5) and observed that the viremia level of the offspring of pregnant mice was significantly 

higher than that of the control group at one day post-infection. On the 3rd day after infection, viral 

RNA was identified in the placentas of 5 out of 9 pregnant mice, suggesting that ZIKV can effectively 

across the placental barrier and infect placentas [65]. In addition, researchers utilized pregnant mice 

from SJL and C57BL/6 strains to investigate the effects of ZIKV infection on the development of the 

fetus. They injected intravenously (i.v.) ZIKV into pregnant mice on days 10-13 of gestation and 

immediately examined the neonates post-birth. They found that the neonates born to infected 

pregnant mice exhibited pronounced generalized growth retardation and had viral RNA in multiple 

organs including the brain, kidneys, liver, and spleen. This study underscores the neurotropic 

propensity of ZIKV and provides direct experimental evidence supporting the hypothesis that ZIKV 

can lead to birth defects like microcephaly by promoting cell death via apoptosis and autophagy[66]. 

In a pioneering study conducted by Justin G. Julander and colleagues, a WNV vertical infection 

model was established for the first time. Pregnant mice, 11.5 days post-coital (dpc), were s.c. injected 

with WNV, and placenta samples were collected on the 3rd, 4th, and 5th day post-infection. The results 

showed that the virus was detectable in 6 out of 8 placentas on the 3rd day post-infection and the virus 
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was present in all examined placentas by the 5th day post-infection. The researchers also observed a 

higher rate of fetal infection with WNV when the WNV infection occurred 7.5 dpc [67]. Given that 

pregnant women also face the risk of WNV infection, this intrauterine WNV infection model is highly 

beneficial for future research.  

These findings demonstrate the feasibility of an intrauterine infection model for flaviviruses, 

offering a suitable approach for the development of therapeutics or antibodies to interrupt 

intrauterine transmission of flaviviruses.   

3.1.4. Elderly Mice 

Due to the weakened immune system, the elderly people are more susceptible to various viruses 

than young people. Therefore, it is necessary to explore whether flavivirus, particularly attenuated 

flavivirus strains, could establish infection in the elderly mouse. In a study conducted by Guorui Xie 

and colleagues, the elderly mice were used to examine the protective efficacy of attenuated WNV 

strain (WNV NS4B-P38G). Both 21- to 22-month-old elderly C57BL/6 mice and 6- to 10-week-old 

young mice were injected i.p. with WNV NS4B-P38G. The results showed that no young mice died 

or exhibited clinical symptoms. In contrast, 40% of elderly mice displayed severe neurological 

symptoms, with a 33% mortality rate. The serum viral loads in the elderly mice were approximately 

three folds higher than those in young mice on the 3rd day post-infection. The viral loads in the elderly 

mice showed a 45-fold increase on the 13th day post-infection [68]. In comparison, Kristen E Funk et 

al. injected 85-week-old mice and 16-week-old mice with WNV through footpad (f.p.) injection. As a 

result, the mortality rate of the elderly mice was significantly higher than that of the young mice, and 

the degree of weight loss in the elderly mice was more pronounced [69]. 

These studies indicate that the elderly mice, due to their diminished immune function, can also 

be developed as animal models for flavivirus infection. Compared to other fully immunocompetent 

mouse models, they do not require additional manipulation and can be utilized for the development 

of vaccines or drugs targeted towards the elderly population. It should be noted that the elderly mice 

are prone to various diseases, especially tumors, which may affect the stability of this animal models. 

More details for immunocompetent mouse models are shown in Table 1.  

Table 1.  

 

Mouse Strains Age or Statusa Flaviviruses Doseb Route of Infectionc Lethalityd Manifestations References

s.c. 40% (4/10) right-side, hind-limb paralysis

i.p. 100% (10/10) ruffled fur, hunched posture, and poorly responsive

C57BL/6J 10- to 12-week-old DENV 1×106 PFU s.c. 0  (0/5)  high levels of viral RNA were detected in the samples of MAR1-5A3-treated mice [61]

C57BL/6

Kunming 

ICR 75% lethargy and inactivity, wasting, limb weakness

BALB/c 0 None

ZIKV GZ02 70% (9/14)

ZIKV rGZ02p 60% (9/13)

2-day-old

7-day-old

14-day-old

21-day-old

C57BL/6 E13.5 (pregnant) ZIKV 3×105 PFU i.p. N/A transient viremia [65]

1×103 PFU

4×1010 PFU

1×1012 PFU

1×103 PFU

4×1010 PFU

1×1012 PFU

11.5 dpc 104 CCID50

7.5 dpc 105.3 CCID50

6- to 10-week-old 0 (0/14) None

21- to 22-month-old 33% (3/9) hunched posture, weight loss, and repetitive behaviors,viremia

16-week-old <40% weight loss

85-week-old >70% significant weight loss, the elderly mice have high level of viral level in brain

d The percentage indicates the mortality rate, whereas the digits in parentheses represent the numbers of deaths/tested mice.

[69]

Table 1. Experimental findings in flavivirus-infected immunocompetent mouse 

a E, embryonic day. dpc, days post-coitus;
b PFU, plaque-forming unit. FFU, focus-forming unit. TCID 50, median tissue culture infective dose. CCID50, cell culture infectious dose
c i.v., Intravenous Injections. i.p., Intraperitoneal Injections. s.c., Subcutaneous Injections. f.p., Footpad Injections;

6.4 log10 PFUZIKV 5-week-oldC57BL/6 [60]

[62]1-day-old ZIKV 106 TCID50 i.p.

lethargy and inactivity,wasting, limb weakness, hind-limb or fore-limb paralysis

and tremors, moribund and death

C57BL/6 WNV 1×102 PFU f.p.

C57BL/6

SJL

ZIKV i.v. [66]6 to 8-week-old (pregnant)

pups born to the ZIKV-infected pregnant SJL females displayed whole-body growth

delay or intra-uterine fetal growth restriction

N/A

None

moderate to severe neurological symptoms, meningeal thickening and lymphocyte

infiltration, live ZIKV virions were detected in 4 of 9 rGZ02p-infected mice and in 6

of 9 GZ02-infected mice

[63]C57BL/6 1.2×104 FFU i.p.1-day-old

C57BL/6 WNV 1.5×103  PFU i.p. [68]

Virus was detected in the most of placentas on the 3 rd day post infection and the

virus was present in all examined placentas by the 5 th day post infection

100%

[67]WNVFVB/N s.c. N/A

inactivity, prostration, and spasmodic movements, incoordination, loss of balance,

kyphoscoliosis, and partial paralysis of posterior limbs, posture instability, ataxia,

involuntary contractions, spasmodic movements, and limb paralysis

None0 (0/3)

100% (3/3)

[64]BALB/c DENV 7×104 PFU i.p.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 January 2024                   doi:10.20944/preprints202401.1587.v1

https://doi.org/10.20944/preprints202401.1587.v1


 7 

 

3.2. Immunodeficient Mice 

Immunocompetent mice are the well-characterized and widely accepted experimental animal 

model for JEV infection research [70], however, this kind of mouse model has above-mentioned 

limitations which limit their widespread application in some flaviviruses such as DENV, ZIKV, 

WNV, YFV, and TBEV [71–75]. Therefore, the scientists constructed immunodeficient mice models 

that support flavivirus infection and demonstrate more efficiency than immunocompetent mice in 

evaluating vaccine and antiviral agents [76]. Immunodeficient mice refer to mice with deficiencies in 

one or more components of the immune system either due to congenital genetic mutations or artificial 

methods. 

For examples, Johnson AJ et al. evaluated the infectivity of DENV in AG129 mice (lacking IFN-

α/β and IFN-γ receptors genes) of different ages (4-, 6-, 8-, or 12-week-old). They administered the 

DENV via i.p. injection into the mouse's abdominal cavities, and then found that mice of different 

age groups all exhibited neurological abnormalities (hind-limbs paralysis and blindness) on the 7th 

day post-infection and all mice died on the 12th day after infection. In comparison, no WT mice had 

clinical symptoms [77]. Similarly, Aliota MT et al. reported that ZIKV infection could cause 100% 

mortality in 3- to 8-week-old AG129 mice. Although having no paralysis during the whole 

experimental period, all infected mice displayed signs of illness like weight loss, lethargy, and 

hunching by the 5th day post-infection [78]. In addition, Zhou D et al. compared the pathogenicity of 

two strains (pSA14 and rG66A) of JEV using 5-week-old C57BL/6 mice and INFAR-/- mice. All 

C57BL/6 mice infected with the pSA14 strain via i.p. injection succumbed within nine days post-

infection whereas mice infected with rG66A strain just exhibited a 30% mortality. In contrast, all 

INFAR-/- mice, irrespective of virus strains, died within six days post-infection, suggesting that 

INFAR-/- mice are more susceptible to JEV infection than WT mice [79]. In fact, AG129 mice are also 

applicable animal models for YFV infection[80]. To understand the role of type III IFN in YFV 

infection, Douam F et al. constructed a range of mouse models including αβR-/-(IFN-α/β receptor 
knockout), λR-/-( IFN-λ receptor knockout), and αβR-/-λR-/- mice (both IFN-α/β and IFN-λ receptors 
knockout) mice. Two different doses (1 × 106 and 1 × 107 PFU, representing low and high doses, 

respectively) of YFV (YFV-17D strain) were injected to the tail vein of mice. Collected data revealed 

the obvious difference in mortality rate among three mouse models, with αβR-/-λR-/-mice exhibiting 

increased susceptibility to YFV. Specifically, αβR-/-λR-/-mice presented a mortality rate of 30% at the 

low dose of YFV and a mortality rate of 60% at the high dose of YFV. In contrast, the mortality rates 

in the other two mouse models were limited to 10% even at the high dose of YFV [81].  

STING (stimulator of interferon genes), primarily recognized for initiating the production of 

type I interferon and the innate immune response to cytosolic DNA, is essential for defending against 

neurotropic RNA viruses. Studies have shown that mice lacking STING (STING-/- mice) exhibit more 

significant neurological symptoms compared to WT mice following WNV infection. These 

neurological symptoms in affected STING-/- mice include loss of balance, diminished muscle tone and 

reflexes, especially in the pelvic limbs, along with increased paresis and paralysis. This suggests more 

severe damage to the hindbrain and spinal cord [82].  

In general, knocking out key molecules involved in the interferon signaling pathway could 

promote flaviviruses to infect mice more effectively, resulting in significant clinical symptoms and 

increased mortality rates. Therefore, immunodeficient mice represent a good animal models for 

studying flaviviruses infection. More details for immunodeficient mouse models are shown in Table 2. 

3.3. Non-human primates (NHP) 

The main natural hosts of flaviviruses are humans and mosquitoes. Although there are no 

obvious clinical symptoms after infection with a few flaviviruses like DENV and ZIKV, NHP can 

develop viremia and immune responses. Therefore, NHP can be used to study the immune response 

to flavivirus infection, the pathogenic mechanism of infection, and evaluate the efficacy of vaccine 

candidates[83,84]. 
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3.3.1. Cynomolgus macaques 

Cynomolgus macaques are primarily used for the evaluation of DENV vaccines. After being infected 

with 106 PFU of DENV, the viremia in these cynomolgus macaques occurred from the 2rd day to the 9th 

day post-infection[85]. In addition, Koide F et al. reported the infectivity of ZIKV in Mauritian 

cynomolgus macaques. In this study, six cynomolgus macaques were subdivided into three cohorts 

with a male and female each and challenged with different doses of ZIKV Asian (PRVABC59 or 

FSS13025)or African (IBH30656) lineages. Asian lineage-induced viremia is detectable up to day 10, 

but, FSS13025 induced viremia lasting only up to 6 days. Therefore, cynomolgus macaques could be 

suitable alternative models for the evaluation of ZIKV vaccine and antiviral agents[86]. Thus, 

scientists have a choice of cynomolgus macaques as an alternative NHP model for the study of DENV 

and ZIKV infection in the future. 

Table 2.  

 

3.3.2. Rhesus macaques 

As for JEV research, the researchers used intranasal injection aiming to simulate a more natural 

infection route as a method of infecting rhesus macaques with JEV. JEV infection induced non-

suppurative encephalitis in the rhesus macaques, characterized by neuronal cell death, proliferation 

of microglia, and astrocyte hyperplasia. All infected rhesus macaques displayed neurological 

symptoms that appeared approximately 7–10 days post-inoculation, which is consistent with human 

cases of JEV infection [87]. As for WNV, Poore EA et al. constructed a rhesus macaque model to 

evaluate the efficacy of attenuated WNV vaccines. All rhesus macaques inoculated s.c. with 

attenuated WNV-NY99 strain developed viremia [88]. In brief, rhesus macaques could work as 

Mouse Strains Age Flaviviruses Dosea Route of Infectionb Lethalityc Manifestations References

4-week-old

6-week-old

8-week-old

12-week-old

A129

GKO

1 PFU f.p.

10 PFU f.p.

100 PFU f.p.

1×103 PFU f.p.

1×104 PFU f.p.

1×105 PFU f.p. 100%(4/4)

2×105 PFU i.p. 100%(5/5)

8-week-old 1×105 PFU f.p. 100%(6/6)

JEV(rG66a)

JEV(pSA14)

JEV(rG66a) severe parasis

JEV(pSA14) dead

AG129 6 to 8-week-old YFV 2×105 PFU i.p. 100%(10/10) None [80]

αβR-/- C57BL/6 0%(0/5)

λR-/- C57BL/6 0%(0/5)

αβR-/-λR-/- C57BL/6 30%(2/6)
posture hunched, trembling, shaky, appearance with ruffled fur,

loss of weight, rash

αβR-/- C57BL/6 10%(1/6)

λR-/- C57BL/6 10%(1/6)

αβR-/-λR-/- C57BL/6 60%(3/5)
posture hunched, trembling, shaky, appearance with ruffled fur,

loss of weight, rash

STING-/- C57BL/6J 8 to 11-week-old WNV 100 PFU f.p. 77%(17/22) loss of balance, reduced muscle tone and paralysis [82]

Table 2. Experimental findings in flavivirus-infected immunodeficient mouse 

a PFU, plaque-forming unit;

b i.v., Intravenous Injections. i.p., Intraperitoneal Injections. i.c., Intracranial Infections. f.p., Footpad Injections;

c The percentage indicates the mortality rate, whereas the digits in parentheses represent the numbers of deaths/tested mice.

i.v.

posture hunched, appearance with ruffled fur, loss of muscle tone,

loss of weight

[81]

posture hunched, appearance with ruffled fur, loss of muscle tone,

loss of weight

2 to 6-month-old YFV

1×106 PFU

1×107 PFU

AG129

DENV 2 1×106 PFU i.p.

100%(5/5) hind-leg paralysis and blindness

[77]

4, 6, 8, and 12 weeks old 0%(0/5) None

[78]

IFNAR-/- C57BL/6 J 5-week-old

200 PFU i.c.

100%(8/8) [79]

1×106 PFU i.p.

100%(6/6)

100%(3/3)

dead

AG129
3 to 4-week-old

ZIKV weight loss, lethargy and hunched posture
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appropriate experimental models for evaluating the effectiveness of flavivirus vaccine and deepening 

researchers' understanding of flavivirus pathogenesis and antiviral agents. 

3.3.3. Pigtailed macaques 

In one study conducted by Broeckel RM et al, the feasibility of using Pigtailed macaques as an 

animal model for KFDV infection was evaluated. The pigtailed macaques infected with 105 PFU of 

KFDV displayed detectable viremia between 2 and 4 days following inoculation. Throughout 

infection, animals developed lymphocytopenia, thrombocytopenia, and elevated liver enzymes. 

Infected pigtailed macaques exhibited typical symptoms of human KFDV infection, characterized by 

a flushed appearance, piloerection, dehydration, loss of appetite, weakness, and hemorrhagic signs 

including epistaxis[89]. This study suggests that pigtailed macaques can be used as an alternative NPH 

model for experimental KFDV infection. More details for non-human primate models are shown in 

Table 3. 

Table 3.  

 

4. Conclusions 

Animal models of various flaviviruses have been developed for a long time, however, there is 

still a lot waiting to be explored. There are no effective antiviral agents available for the specific 

treatments of most flaviviruses, and vaccines are available for only a few of them. Therefore, it is 

crucial to understand the pathogenesis of the disease, and develop antiviral drugs and related 

vaccines, all of which cannot be achieved without animal models. Animal models should simulate 

Animal Strains Flaviviruses Dosea Route of Infectionb Lethalityc Manifestations References

cynomolgus macaques DENV 1×106 PFU s.c. 100%(2/2) None [85]

1×104 PFU

5×105 PFU

1×104 PFU

5×105 PFU

1×104 PFU

5×105 PFU slight erythema around the injection site

6.6×106 PFU

2.3×107 PFU

8×106 PFU

4×108 PFU 0%(0/2)

2×109 PFU 0%(0/4)

2×1010 PFU 0%(0/3)

rhesus macaques (6 to 13-

year-old)
WNV 2×105 PFU s.c. 100%(4/4)  viremic [88]

s.c. 0%(0/2)
decreased appetite, piloerection, and hunched posture,transient

bloody nasal discharge

i.v. 0%(0/6)
severely decreased appetite, piloerection, flushed appearance,

dehydration, and cyanotic mucous membranes

Table 3. Experimental findings in flavivirus-infected nonhuman primate 

a PFU, plaque-forming unit;

b i.v., Intravenous Injections., i.n. Intranasal Injections. s.c., Subcutaneous Injections;

c The percentage indicates the mortality rate, whereas the digits in parentheses represent the numbers of deaths/tested nonhuman primate.

KFDV 1×105 PFU [89]

cynomolgus macaques

rhesus monkey

pigtailed macaques(10 to

16-year-old)

None

i.n.

0%(0/1)

localized mild muscle tremors and fasciculations,anorexic and

lethargic
[87]

ZIKV(PRVABC59)

JEV

s.c.

100%(1/1)

[86]
ZIKV(FSS13025)

ZIKV(IBH30656) 0%(0/1)
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human diseases as closely as possible to facilitate the effective translation of research into clinical 

applications. However, certain factors affecting human flavivirus pathogenesis, such as genetic 

variations and underlying diseases, can never be accurately simulated using animal models. 

Before selecting a suitable animal model, the following points should be considered: firstly, the 

natural infection should be simulated as closely as possible, e.g., if the pathogen is transmitted via 

arthropods, the infection should be carried out using subcutaneous injections; secondly, in the study 

of flavivirus pathogenesis, doses of the virus similar to those used in natural infections should be 

utilized; and thirdly, the NHP is the most appropriate animal model for most flaviviruses, however, 

feeding costs and ethical issues need to be considered. In general, researchers first select animal 

models from various types of small animals with low cost and short lifespans, such as mice, guinea 

pigs, and hamsters. After the study has been conducted to a certain extent, they then move to the 

more costly and restrictive NHPs. 

Although mammals are anatomically, physiologically, and immunologically similar to humans, 

care must be taken when extrapolating results. Researchers need to continually deepen their 

understanding of extrapolation, which will facilitate progress in a variety of studies and reduce the 

number of experimental animals used. Overall, animal models play an indispensable role in 

flavivirus pathogenesis research, new drug preparation, and vaccine development. 
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