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ABSTRACT

Rift Valley fever virus (RVFV) is a mosquito-borne phlebovirus posing major threats to human and
animal health. Despite decades of research, the determinants governing diverse clinical manifes-
tations remain incompletely understood. This narrative review examines four central facets: i)
exposure route impacts on disease outcome; ii) field strain diversity and organ-specific virulence;
iii) genome reassortment driving viral evolution; and iv) organ-specific pathology including the
overlooked placental/retinal infections. Differences among infection routes, viral strains, and host
species complicate extrapolation from experimental models to outbreaks. Collectively, evidence
indicates that RVFV pathogenesis results from interplay between infection route, viral determi-
nants, and host factors including age and immune responses, which shape viral dissemination,
tissue tropism, and organ-specific disease outcomes. Despite progress, major uncertainties remain
regarding mechanisms controlling tissue tropism and field strain diversity roles in severe mani-
festations. Integrating field isolates, organotypic cultures, and physiologically relevant models will
be essential to refine understanding and improve prevention.
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Introduction: An old virus with modern

questions identifies major knowledge gaps, particularly, in under-

studied areas of RVFV pathogenesis. Nearly a century

RVFEV (genus Phlebovirus, family Phenuiviridae) is an
enveloped, negative-sense RNA virus with a tripartite gen-
ome (L, M, S) [1]. Since its first isolation in Kenya in 1930,
RVFV has caused recurrent epidemics across sub-Saharan
Africa and the Arabian Peninsula, characterized by cata-
strophic livestock losses (abortion storms and high neona-
tal mortality) and severe human disease manifestations,
including hepatitis often accompanied by hemorrhagic
complications, as well as encephalitis and ocular infection
(retinitis), with reported human mortality rates ranging
from 1% to 3% [2]. Transmission is classically mosquito-
borne (notably by Aedes and Culex species), but mucosal
contact with infected tissues or fluids is also a well-
established route, particularly among farmers, abattoir
workers, and veterinarians [3]. Climate change, land-use
shifts, and livestock trade are expanding the ecological
range of RVFV, making current knowledge gaps and con-
trol strategies increasingly critical [4,5]. Several recent
reviews have synthesized current knowledge [6-12], nota-
bly on RVFV pathogenesis, yet important uncertainties
remain. This review highlights recent advances and

after its discovery, key aspects of RVFV pathogenesis
remain unresolved. In both ruminants and humans,
RVFV causes multi-organ disease, manifesting as severe
hepatic injury and abortion storms in ruminants, as well as
encephalitis and retinitis in humans (Figure 1) [11,13].

Key unresolved questions include: (i) how different
routes of exposure (mosquito bite versus mucosal con-
tact) influence disease trajectories; (ii) how genetic
diversity among field strains shapes virulence, tissue
tropism, and transmission; (iii) the frequency and
impact of reassortment (genomic segment exchange)
on RVFV biology; and (iv) the mechanisms driving
organ-specific pathogenesis, particularly in the liver
(the primary replication site) and the brain (associated
with late-encephalitic outcomes), as well as understu-
died manifestations such as placental infection and
ocular disease, leading to abortions and vision loss,
respectively.

This review focuses on four major aspects of RVFV
biology: the role of exposure routes, the contribution of

viral strain diversity, the impact of genome
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Figure 1. Mechanisms of Rift Valley fever virus (RVFV) transmission and associated disease manifestations in humans and livestock.
RVFV is predominantly transmitted to livestock through the bite of infected mosquitoes during hematophagy, while human infection
also occurs via mucosal exposure to contaminated tissues or bodily fluids. Vertical transmission in livestock drives abortion storms
and elevated neonatal mortality, whereas such outcomes remain insufficiently documented in humans. While RVFV infection is
asymptomatic in the majority of human cases, it can cause severe disease characterized by acute hepatitis, hemorrhagic complica-
tions, encephalitis, as well as ocular disease and, in the most critical cases, multiorgan failure. In livestock, RVFV similarly induces
hepatic injury and hemorrhagic pathology, with young animals being particularly susceptible to severe outcomes. Created with
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reassortment, and the mechanisms underlying organ-
specific pathogenesis. It synthesizes experimental, clin-
ical, and epidemiological studies addressing RVFV
pathogenesis. Relevant literature was identified through
searches in PubMed using combinations of the key-
words “Rift Valley fever virus,” “pathogenesis,
lence,” “neuroinvasion,” and “reassortment.” Priority
was given to primary studies providing mechanistic
insights into viral determinants, host responses, and
organ-specific pathology. Particular attention was paid
to recent primary studies while avoiding redundancy
with recent reviews, with the aim of highlighting emer-
ging concepts and remaining knowledge gaps in RVFV
pathogenesis.

» «

viru-

Route of exposure: A key determinant of RVFV
tropism and virulence

The initial phase of an RVFV outbreak is typically
marked by waves of abortions among ruminants, often
following infection of animals through mosquito bites in

rural areas. Early human cases most often arise from
mucosal exposure to infected animal tissues and bodily
fluids, particularly during farming, slaughtering, or
veterinary procedures, as well as from the consumption
of contaminated meat or milk [14,15]. Human infection
also occurs through bites from infected mosquitoes [16].
Moreover, while occupational exposure to contaminated
animal materials represents a major transmission risk,
aerosolized particles generated during high-pressure
cleaning or animal processing may also contribute to
infection, albeit likely with lower frequency.

Several in vivo experimental models of RVFV,
described in two review articles [9,17], offer
a complementary and versatile platform for dissecting
pathogenic mechanisms, with each species or mouse
strain recapitulating distinct aspects of the disease.
BALB/c mice reproduce severe hepatic and neurologi-
cal outcomes closely mirroring those observed in
humans, whereas C57BL/6 and 129 Sv strains more
commonly develop early hepatotropic disease, making
them well suited for evaluating virulence, tissue injury,



and host response. Rodent diversity further enhances
model granularity: Wistar and Brown Norway rats
typically develop fulminant hepatitis; Lewis and ACI
strains show a propensity for encephalitic progression;
and hamsters develop acute, severe hepatitis with
hemorrhagic features that can rapidly progress to
multi-organ failure and high mortality.

At the upper end of translational relevance, non-
human primates, most notably the common marmoset,
represent the closest clinical counterpart to human
RVFV infection, with disease phenotype ranging from
hepatic to hemorrhagic or encephalitic presentations
depending on the inoculation route. Across labora-
tories, past and ongoing studies have used a range of
infection routes including intraperitoneal, subcuta-
neous, intranasal, footpad, and aerosol exposure,
reflecting varied experimental goals and model-
specific endpoints. Nevertheless, only a limited number
of investigations have directly compared or clearly dif-
ferentiated vector-borne, mucosal, and aerosol trans-
mission routes under controlled animal study
conditions. Discriminating between the various routes
of viral entry remains crucial, as each may differentially
shape viral dissemination, organ tropism, and overall
disease outcome.

A study in cattle using a strain from the 2006-2007
outbreak compared intranasal, intradermal, and com-
bined inoculation routes. All routes produced viremia,
but intranasal exposure resulted in the highest and
most sustained levels, together with more severe clinical
signs and broader tissue dissemination, despite the
relatively high inoculum used (107 PFU) [18]. Yet, in
the absence of data on the minimum infectious dose in
cattle, it remains difficult to assess how this high inocu-
lum may have influenced the outcome.

Subcutaneous injection, although commonly used in
experimental studies, does not accurately replicate nat-
ural mosquito transmission, which occurs intrader-
mally and involves additional biological factors such
as mosquito saliva and insect-derived viral particles.
Moreover, the volume delivered by a mosquito bite
differs markedly from that of an injection, and the
precise infectious dose introduced during mosquito
blood feeding remains poorly defined. In C57BL/6
mice, the ZH548 strain induced primarily hepatic
pathology after intraperitoneal inoculation, while intra-
dermal infection, which more closely reflects mosquito-
borne transmission, resulted in both hepatic and neu-
rological disease [19]. Notably, co-inoculation with
mosquito saliva or salivary gland extracts further
increased mortality and elevated viral titers in blood
and organs compared to infection alone [19]. Thus,
integrating mosquito-derived factors and natural
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inoculation routes is essential to capture more realistic
infection dynamics.

Interestingly, in mice, RVFV pathogenesis also dif-
fers between subcutaneous inoculation and aerosol
exposure: while both routes yield comparable survival
rates and can induce acute hepatitis, aerosol exposure is
associated with earlier onset and more severe neuro-
pathology [20]. Moreover, intranasal infection of mice
with attenuated strains (Smithburn, Clone 13) resulted
in higher mortality and greater brain viral loads than
subcutaneous infection, underscoring the importance
of the exposure route in determining neurovirulence,
at least for attenuated viruses [21]. Overall, these find-
ings suggest that aerosol and intranasal exposure may
bypass, or at least accelerate, biological bottlenecks that
normally delay neuroinvasion, thereby altering both the
pace of disease progression and the range of tissues
affected. For veterinary workers, farmers, slaughter-
house staff, and laboratory personnel, the potential for
RVFV transmission via mucosal routes or, in specific
circumstances, through aerosol exposure constitutes
a significant occupational risk. This underscores the
need for stringent mucosal and respiratory protection
not only during field outbreaks, but also during routine
manipulation of infectious material in BSL-3 facilities.
From a biodefense perspective, this atypical transmis-
sion route, uncommon among arboviruses, warrants
particular vigilance, as efficient mucosal entry coupled
with accelerated neuroinvasion potential raises notable
dual-use concerns, in addition to posing a concrete
economic threat to agricultural and livestock sectors.

Taken together, available studies indicate that the
route of exposure strongly influences early viral disse-
mination and disease outcome. Peripheral infection
typically results in primary hepatic replication, whereas
mucosal or aerosol exposure may facilitate earlier neu-
roinvasion. However, the precise mechanisms control-
ling these differences remain incompletely understood.
Experimental models that incorporate natural transmis-
sion factors such as intradermal inoculation with mos-
quito saliva, direct mosquito feeding, or mucosal
exposure, e.g., intranasal route, provide the most phy-
siologically relevant insights. Moreover, infection doses
vary widely across studies, and systematic comparisons
of high and low inocula could yield valuable informa-
tion on dose-dependent effects on viral dissemination,
pathogenesis, and host responses. Emerging evidence
further indicates that sex-related differences and the
cellular origin of the virus, reflecting differences in
virus production in mammalian versus insect cells,
can significantly influence infection outcomes [22].
Hence, multiple parameters affect viral tropism, repli-
cation kinetics, immune activation, and tissue-specific
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pathology, underscoring the need for standardized
experimental conditions and integrated analytical
approaches. Future studies should therefore move
beyond convenience routes (e.g., intraperitoneal, sub-
cutaneous, footpad, etc.) and systematically account for
infectious dose and viral cell origin to more faithfully
reproduce the dynamics of natural infection and host
responses.

Field strain diversity: A neglected source of
virulence variability

Viruses, including RVFV, display significant phenotypic
heterogeneity, even though overall genetic diversity
across RVFV genetic lineages is relatively low (between
1 and 5%) [23]. Pioneering work in the 1980s revealed
that RVFV strains exhibit marked differences in viru-
lence in rodent models. Indeed, in a comparison of 22
isolates, Battles et al. found median lethal doses (LDsg)
in outbred mice spanning 2 PFU to over 10° PFU, with
an even wider range in C57BL/6 mice [24]. Another
study further showed that Egyptian isolates were more
virulent in Wistar-Furth rats than sub-Saharan strains
[25]. Subsequent studies confirmed that RVFV strains
from distinct genetic lineages exhibit heterogeneous
virulence in outbred mice. For example, isolates such
as SA51 (lineage G), Entebbe (lineage D), and OS7 (line-
age E) induced more rapid hepatic injury and severe
acute disease than other strains [26]. Chabert et al.
recently compared two  Mauritanian isolates,
MRU25010-30 (isolated from a camel, 2010) and
MRU2687-3 (isolated from a goat, 2013) [27], belonging
to lineages E and A, respectively, as defined in the
nomenclature of Bird et al. [23]. They reported distinct
lethality patterns in BALB/c mice: the former induced
rapid death accompanied by high hepatic viral loads and
pronounced viremia, whereas the latter, similar to the
reference strain ZH548, resulted in delayed death asso-
ciated with higher viral loads in the brain [27]. Overall,
these observations indicate that strain-specific variation
contributes to differences in virulence and organ trop-
ism, highlighting the biological importance of viral
genetic diversity in shaping RVFV pathogenesis.
Although the precise viral determinants remain
unclear, variation in viral entry efficiency, replication
kinetics, or immune evasion may influence whether
infection results primarily in hepatic disease or delayed
neurological involvement. Importantly, the viral popu-
lation within each strain should also be considered, as
this intra-strain diversity (comprising both major and
minor variants) may contribute to the global virulence
of the virus. Overall, such variation complicates the
extrapolation of findings from reference strains

extensively used in laboratory settings, such as ZH548
or ZH501, to real outbreak contexts. For translational
applications, including diagnostics, antivirals, and vac-
cine development, it is therefore essential to perform
comparative phenotyping of circulating field isolates
under standardized protocols. This requires not only
expanding the collection of field isolates but also ensur-
ing their accessibility to the broader scientific commu-
nity. Classifying strains by organ tropism, e.g., liver vs
brain, will help improve our understanding of virulence
patterns and, in turn, guide outbreak management and
therapy design. In parallel, deeper characterization of
field isolates using deep sequencing and reverse genet-
ics approaches will be crucial to uncover the viral
determinants underlying severe or divergent disease
outcomes.

Reassortment: A hidden driver of RVFV
evolution

Reassortment is a hallmark of Bunyaviricetes [28],
including RVFV, whose genome is segmented into
three RNA segments (L, M, and S). Co-infection of
a single host cell by different strains has been shown
to enable segment exchange, giving rise to reassortant
viruses with novel genetic combinations. A good exam-
ple is Ngari virus, a recognized cause of hemorrhagic
fever in Africa, which emerged from the reassortment
of genetic segments between Bunyamwera virus and an
unidentified orthobunyavirus [29]. Early genetic evi-
dence from Africa has also shown that natural RVFV
reassortment occurs in the field, including between
wild-type lineages and vaccine-derived strains, high-
lighting the need to anticipate potential risks in control
strategies [30]. More recently, experimental studies
have confirmed the efficiency of reassortment both in
vectors and in mammalian hosts. In mosquitoes, co-
infection of Culex tarsalis with different RVFV strains
led to frequent reassortment, highlighting the vector’s
potential role as a mixing vessel for viral evolution [31].
In sheep, reassortment was also observed following
experimental co-infection, indicating that livestock,
the main amplifying hosts in natural outbreaks, can
serve as additional platforms for genome reshuffling
[32]. Mechanistic insights into these processes highlight
the molecular plasticity of RVFV and its capacity to
generate novel phenotypes, raising concerns over
unpredictable consequences for transmission dynamics
and virulence [33]. This adaptability also heightens the
prospect of barrier crossing, both across mammalian
hosts and between vector species, potentially reshaping
ecological range, host susceptibility, and outbreak
severity.



Collectively, these findings establish reassortment as
a major driver of RVFV evolution and underscore its
relevance for surveillance and risk assessment, espe-
cially since the phenotypic traits of resulting viruses,
including their transmissibility and pathogenicity,
remain difficult to predict with our current knowledge.
Future research should prioritize systematic surveil-
lance and experimental characterization of RVFV reas-
sortants, together with comprehensive genomic and
phenotypic profiling of circulating field strains, to bet-
ter anticipate their impact on transmission, virulence,
and potential risks for control strategies.

RVFV pathogenesis at the organ level: Liver,
brain, and hemorrhagic outcomes

As previously mentioned, RVFV infection causes severe
disease in both humans and ruminants: in humans,
fulminant hepatitis with hemorrhagic manifestations
and delayed-onset encephalitis are characteristic mani-
festations of severe cases, while in ruminants the dis-
ease is marked by massive hepatocellular necrosis with
associated hemorrhages [9]. However, the mechanisms
underlying  these  pathologies remain  poorly
understood.

Viral determinants modulating organ tropism

In theory, all RVFV proteins may contribute to viru-
lence and disease outcomes, yet only a subset has been
clearly demonstrated to directly modulate pathogeni-
city. For instance, the M segment, which encodes the
viral surface glycoproteins Gn and G, exhibits the
greatest genetic variability within the RVFV genome
[23]. Hence, structural differences in these envelope
glycoproteins are likely to modulate entry routes, cel-
lular tropism, replication dynamics, and viral morpho-
genesis [10,34], ultimately shaping whether disease
presents with hepatic or neurological manifestations;
however, experimental evidence supporting this rela-
tionship is not yet available.

Conversely, the NSs protein encoded by the
S segment is one of the most extensively characterized
RVFV factors, functioning as a major virulence deter-
minant in mammalian hosts [6,10,35]. The contribu-
tion of NSs to pathogenicity is primarily attributed to
its potent antagonism of type I interferon (IFN-I) sig-
naling, achieved through TFIIH-p62 degradation, sup-
pression of IFN-B promoter activation, and
proteasome-dependent inhibition of PKR [6,10,36,37].
NSs is well known to assemble into large nuclear fila-
ments [38], often extending tens of micrometers. These
structures were recently shown to consist of bundled

VIRULENCE (&) 5

~10-nm amyloid-type fibrils [39]. NSs also forms fibrils
in the cytosol, which appear as more amorphous aggre-
gates by fluorescence microscopy, in contrast to the
prominent nuclear filaments [39].

These filamentous assemblies are critical to NSs
function, particularly in suppressing innate immune
signaling. Experimental evidence shows that they not
only promote RVFV replication and systemic disease
following intraperitoneal infection, but also exacerbate
virus-induced neuropathology after intracranial inocu-
lation in mice [39,40]. In mice, subcutaneous or intra-
peritoneal inoculation with an attenuated ZH501 RVFV
strain lacking NSs leads to efficient viral clearance and
does not produce a lethal outcome, whereas intranasal
infection results in a fatal neuroinvasive disease char-
acterized by high viral load and pronounced central
nervous system (CNS) inflammation [39,41]. These
findings indicate that a functional NSs protein is critical
for efficient hepatic infection, systemic spread, and
subsequent progression to CNS following peripheral
exposure. Moreover, the attenuated Clone 13 strain,
which contains a large deletion in the NSs gene and is
non-lethal following subcutaneous inoculation, still
produces fatal encephalitis in mice after intranasal
administration [21]. Hence, although NSs can facilitate
neuropathogenesis, it is not strictly necessary for neu-
roinvasion and neurological disease via the intranasal
route, indicating that CNS pathology can arise from
robust viral replication within neural tissues indepen-
dently of NSs.

In addition to NSs, the NSm protein encoded by the
M segment also contributes to RVEV virulence in
immunocompetent mice [42,43]. Notably, 100% of
rats intraperitoneally inoculated with RVFV-ZH501
develop fatal hepatic disease, whereas only 61% of
those infected with an NSm-deficient strain succumb,
with survivors exhibiting either hepatic (44%) or neu-
rological (17%) manifestations [42]. These findings
support a role for NSm in both virulence and clinical
outcome modulation in mammalian hosts. NSm also
exhibits in vitro anti-apoptotic activity mediated by its
C-terminal domain, which contains a basic amino-acid
cluster and a predicted transmembrane region that
localizes the protein to the mitochondrial outer mem-
brane [44,45]; however, the relevance of this function to
in vivo pathogenicity remains unresolved. Finally, ele-
vated P78 expression has been shown to attenuate
RVEFYV virulence by limiting viral replication in macro-
phages, indicating that P78 also contributes to modula-
tion of pathogenicity [46]. Hence, NSs likely does not
solely explain the full spectrum of organotropism and
disease kinetics observed among field strains, as NSm,
P78, and potentially additional components such as
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Gn-Geg, as well as the viral polymerase about which no
functional data are currently available, may also mod-
ulate virulence and clinical outcome. Further investiga-
tion of viral determinants in natural isolates will be
essential to delineate the respective contributions of
RVEFYV proteins to pathogenicity.

Host determinants of hepatic disease: The central
role of LRP1

Cell entry is the initial and essential step in viral infec-
tion. In RVFV, the envelope glycoproteins Gn and Gc
encoded by M segment mediate entry and play a pivotal
role in defining cellular, tissue and species tropism in
mammalian hosts. To date, two mammalian attach-
ment factors have been identified: the C-type lectin
L-SIGN, which is predominantly expressed on liver
sinusoidal endothelial and lymph node cells [47], and
the broadly distributed heparan sulfate proteoglycans
found on virtually all eukaryotic cell surfaces [48,49]. In
contrast, the C-type lectin DC-SIGN, highly expressed
on dermal dendritic cells, functions as a true endocytic
receptor for several phenuiviruses [50]. DC-SIGN is of
particular interest because it is expressed on cells situ-
ated at the anatomical site of viral transmission by
infected mosquitoes.

The identification of an additional host determinant
that governs RVFV tropism and pathogenic outcomes
has recently advanced our understanding of the mole-
cular basis of liver injury during infection. Indeed,
recent studies have identified LRP1 (low-density lipo-
protein receptor-related protein 1) as a cellular receptor
for RVFV, establishing it as a key determinant of lethal
hepatic disease [51,52]. Silencing LRP1 in hepatocytes
restricts RVFV ZH501 strain replication, markedly
reducing liver damage and redirecting pathogenesis
toward the brain in footpad-infected mice resulting in
delayed neurological manifestations rather than early
fulminant hepatitis [52]. Interestingly, no difference in
survival was observed between control mice and those
lacking LRP1 in hepatocytes following intranasal infec-
tion, indicating that neuroinvasion via this route pro-
ceeds independently of hepatic LRP1 expression. More
recently, the interaction between LRP1 and several
bunyaviruses, including RVFV, was shown to be
strongly modulated by cellular factors such as the
amount of cholesterol and the level of endocytic activ-
ity, underscoring a relationship far more complex than
a simple virus-receptor interaction [53].

Beyond this key host determinant of RVFV liver
infection and disease, studies in lambs (a natural host
highly susceptible to RVFV) further show that infection
profoundly disrupts hepatic immune and metabolic

responses [54]. Transcriptomic analyses showed upre-
gulation of genes involved in immune activation and
programmed cell death regulation. Genes encoding
metabolic enzymes, including those acting on lipids,
carbohydrates, amino acids, nucleic acids, and vita-
mins, were also upregulated. Conversely, xenobiotic
metabolism was downregulated during the peak of vir-
emia, suggesting impaired detoxification capacity and
disruption of normal liver function. Collectively, these
findings show that RVFV replication and pathogenesis
in the liver depend on host-specific factors and lead to
major dysregulation of signaling and metabolic
pathways.

Recent advances in organoid and organotypic liver
culture systems derived from both animal and human
tissues could provide powerful platforms to investigate
the molecular and metabolic determinants of RVFV
replication and associated hepatic pathogenesis [55].
Along these lines, human liver spheroids have been
shown to support RVFV infection, although relatively
high viral inocula are required to achieve productive
replication [56]. While this limitation may reduce their
applicability for high-throughput antiviral screening,
such models remain valuable for elucidating host cel-
lular factors and metabolic pathways essential for
RVEV  replication and virus-host interactions.
Identifying the metabolic routes that are essential for
viral replication or contribute to disease progression
will be crucial for pinpointing host-directed molecules
capable of blocking viral replication and/or mitigating
clinical manifestations.

Neuropathogenesis and encephalitis

Encephalitis in humans is a severe and often fatal
complication of RVFV infection, typically arising at
later stages of disease. Neurological symptoms occur
in 1-21% of cases, most often as delayed meningoen-
cephalitis appearing 1-4 weeks post-infection, with
mortality approaching 50%. Neurological involvement
most often presents as encephalitis accompanied by
dizziness, delirium, and sleep disturbance, and may
progress to confusion, disorientation, or coma [57].
In some patients, RVFV encephalitis leads to severe
neurological ~ sequelae, including  hemiparesis,
a persistent vegetative state, and profound cognitive
impairment. These complications may arise weeks to
months after the acute phase and can become perma-
nent, although their frequency and underlying
mechanisms remain poorly documented [58]. In
young ruminants (lambs and calves), RVFV infection
typically presents as a rapidly fatal syndrome domi-
nated by massive necrotizing hepatitis, with case



fatality rates of 70-100% [59,60]. Neurological signs,
including hyperexcitability, convulsions, encephalo-
myelitis, and coma, are more common in this age
group than in adults.

In mice, viral antigens have been detected postmor-
tem primarily in the hippocampus, cerebral cortex and,
to a lesser extent, deep brain structures: regions show-
ing large areas of necrotic neurons associated with
lymphocytic infiltrates [7]. Similar observations have
also been reported in aerosol-infected Lewis rats, with
additional involvement of the olfactory bulb and
meningeal layers [61]. Despite its clinical significance,
the mechanisms underlying neuroinvasion and neuro-
pathology remain poorly understood. Recent in vivo
and ex vivo studies have begun to shed light on the
early events of infection and the key features of RVFV
neuropathogenesis. A growing body of evidence indi-
cates that RVFV causes encephalitic disease primarily
through direct viral injury to the CNS, while immune-
mediated mechanisms, particularly microglial activa-
tion and cytokine-driven damage, may further contri-
bute to disease progression at later stages [7].
Conversely, intrinsic antiviral responses mediated by
mitochondrial antiviral-signaling protein (MAVYS),
a key adaptor in the RIG-I-like receptor pathway, can
restrict CNS infection in intranasally infected mice
[62]. This suggests that innate immune responses play
a dual role, restricting viral spread while potentially
exacerbating neuropathology. While most studies on
RVFV neuropathogenesis have employed aerosol or
intranasal exposure models, the pathways by which
the virus gains access to the CNS under natural, vector-
borne transmission conditions remain poorly
understood.

In cases of peripheral infection, disease progression
appears to depend on the efficiency of viral replication
in the liver, which varies among strains, individuals,
and species. In mice, when hepatic replication becomes
massive and uncontrolled, fulminant hepatitis develops,
often leading to rapid death. In contrast, when viral
replication in the liver is limited or effectively con-
tained (for instance, as observed in the absence of NSs
or hepatic LRP1), infection may subsequently extend to
other LRPI1-expressing compartments, including the
blood-brain barrier (BBB) and the nervous system
[63-66], ultimately leading to a delayed neurological
phase culminating in encephalitic disease in both mice
and humans. Similar to Jamestown Canyon virus,
another arbovirus from the order Hareavirales [67],
RVFV may directly infect neurons either at peripheral
sites or following hepatic dissemination.

Alternatively, although RVFV appears able to cross
the BBB in vitro without causing disruption [68],
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a sublethal hepatic infection may nonetheless induce
inflammation that transiently weakens the barrier and
promotes neuroinvasion. Moreover, liver-derived viral
populations might possess increased neurotropism and/
or an enhanced ability to elicit inflammatory responses
within the CNS, potentially due to selective pressures
within the hepatic environment that favor certain var-
iants or modulate the composition of viral particles,
thereby influencing their infectivity and tissue tropism.
Elucidating how liver-brain crosstalk and systemic
inflammation may contribute to CNS invasion will
therefore be critical for understanding RVFV neuro-
pathogenesis under natural infection conditions.
Notably, a newly established Collaborative Cross
mouse line reliably develops encephalitis after periph-
eral inoculation, highlighting the influence of host
genetics and offering a robust model to dissect viral
and host determinants of neurovirulence [69].

In rats, aerosol infection enables the virus to access
the CNS via the olfactory route, infecting the olfactory
epithelium and spreading along neuronal axons [61].
Subsequent disease progression is characterized by
extensive viral replication and a delayed disruption of
the BBB, with increased vascular permeability occur-
ring only at later stages, further indicating that RVFV
neuroinvasion occurs independently of early BBB dis-
ruption [61,70]. Consistently, a human in vitro BBB
model demonstrated that RVFV is able to cross the
barrier in a strain-dependent but NSs-independent
manner, while maintaining tight-junction integrity
[68]. Once within the CNS, infection induces microglial
activation and cytokine upregulation, with neutrophils
and macrophages constituting the predominant infil-
trating immune cell populations [71]. However, block-
ing neutrophil recruitment does not improve disease
outcome, suggesting that inflammation is largely sec-
ondary to direct virus-induced damage. Ex vivo rat
brain slice cultures further demonstrate that the patho-
genic ZH501 strain replicates efficiently within neural
tissue, infecting neurons and triggering microglial and
astrocyte activation, apoptotic cell death, and a robust
proinflammatory cytokine response [72]. These orga-
notypic  brain cultures  therefore  provide
a physiologically relevant model to dissect host-virus
interactions and neuroinflammatory processes.

Overall, animal models, brain organotypic cultures,
and human BBB systems now offer robust and com-
plementary platforms to investigate RVFV neuroinva-
sion, host-virus interactions, and strain-specific
neurotropism. In addition to rodent models, a ferret
model of RVFV infection has recently been described
and reproduces key features of encephalitic disease,
providing a useful system to study neurological
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manifestations and neuroinvasion mechanisms [73].
These models enable detailed exploration of neuron-
astrocyte-microglia cross-talk, clarify the roles of host
genetics and innate immunity in disease progression,
and facilitate comparative analyses of neurotropic
properties across diverse field isolates. Deciphering
the viral and immune mechanisms that drive RVFV-
associated neuropathology will be critical for the devel-
opment of targeted interventions to prevent or treat
encephalitic disease. To this end, experimental variables
such as route of exposure, inoculation dose, and the use
of low-passaged field strains must be carefully consid-
ered, as they profoundly influence disease trajectories
and can otherwise obscure an accurate understanding
of RVFV neuropathogenesis under natural conditions.

Hemorrhagic fever

Beyond hepatitis and encephalitis, RVFV can also cause
hemorrhagic fever in a small subset of patients, repre-
senting one of the most severe yet least frequent clinical
outcomes. This form is characterized by fulminant hepa-
titis with massive hepatocellular necrosis, rapidly pro-
gressing to jaundice, coagulopathy, and multi-organ
involvement [57]. Clinically, patients may also present
with mucosal and gastrointestinal hemorrhages, epis-
taxis, hematemesis, and melena, often accompanied by
hypotension, edema, and circulatory shock [11]. Despite
its severe clinical presentation and high case fatality rate,
our understanding of RVFV-associated hemorrhagic
fever remains limited due to the scarcity of well-
documented human cases and pathological material.
Fatal RVFV infections are characterized by profound
cytokine dysregulation, with markedly elevated levels of
IL-8, CXCL9, MCP-1, IP-10, and IL-10, accompanied
by reduced levels of RANTES (CCL5) [74]. This skewed
inflammatory profile is thought to promote endothelial
damage, vascular inflammation, and disseminated coa-
gulopathy, ultimately leading to capillary leakage and
the hemorrhagic presentation typical of severe disease.
In contrast, analysis of three surviving patients revealed
that higher viral loads were associated with pronounced
systemic inflammation evidenced by increased IP-10,
CRP, Eotaxin, MCP-2, and Granzyme B together with
elevated markers of fibrinolysis (tPA, D-dimer) and
endothelial activation (sSICAM-1) [75]. Notably, viral
burden negatively correlated with  P-selectin,
ADAMTSI13, and fibrinogen-related coagulation fac-
tors, suggesting that rising levels of these markers may
signal gradual resolution of coagulopathy during recov-
ery. Collectively, these findings indicate that hemorrha-
gic manifestations in RVF arise from complex
interactions between viral replication, platelet

activation, and dysregulated coagulation-fibrinolytic
pathways, rather than from a single defective mechan-
ism. Overall, current evidence indicates that severe
hemorrhagic disease arises from the combined hepato-
cellular damage, impaired hemostasis, and inflamma-
tion-driven microvascular injury, although the relative
contributions of viral and host factors remain unclear.
Deciphering the vascular processes leading to coagu-
lopathy and endothelial damage may reveal therapeutic
opportunities to mitigate RVFV-associated hemorrha-
gic disease. To this end, integrating ex vivo organotypic
and cross-species comparative models will be crucial to
define the underlying mechanisms and key determi-
nants of vascular pathology. For example, RVFV infec-
tions in animal models highlight marked species-
specific differences in the severity and outcome of
hemorrhagic disease: in mice, RVFV typically induces
acute hepatitis without hemorrhage [17], whereas
Golden Syrian hamsters consistently develop fulminant,
fatal hepatitis with extensive hemorrhagic lesions [76].
The mechanisms underlying these divergent pheno-
types remain unclear, but one plausible explanation is
that the hamster liver exhibits high susceptibility to
RVEFV, resulting in rapid hepatic failure associated
with vascular damage. Comparative analyses of hepatic
responses across species (mice, hamsters, and humans)
could therefore elucidate key pathways governing spe-
cies-specific susceptibility and hemorrhagic progres-
sion, including cytokine-mediated vascular
dysfunction, and ultimately aid in identifying early
biomarkers predictive of severe disease in humans.

Placenta and retina: The overlooked tissues in
Rift Valley fever pathogenesis

Reproductive complications of RVFV infection remain
among the least studied aspects of pathogenesis, despite
their major clinical and epidemiological importance [8].
In livestock, abortion storms cause devastating economic
losses, with abortion rates reaching up to 100% among
pregnant domestic ruminants. In humans, vertical trans-
mission and adverse pregnancy outcomes have been
reported but remain insufficiently documented [12].

RVFV placental infection and vertical transmission

Experimental models have begun to clarify RVFV pla-
cental tropism. In late-gestation rats, the virus readily
crosses the maternal-fetal interface, establishing infection
in the decidua, basal zone, and labyrinth, where necrosis,
hemorrhage, and inflammatory cytokine responses cor-
relate with fetal demise [77]. Pregnancy outcomes range
from normal live-born pups to fetuses exhibiting



teratogenic abnormalities or undergoing intrauterine
death. Although lesions occurred across all outcomes,
teratogenic cases showed extensive multi-layer hemor-
rhage and strong induction of pro-inflammatory cyto-
kines, type I IFNs, and chemokines, implicating
inflammation as a driver of RVFV-associated teratogeni-
city [78]. Comparable findings have been reported in
human and ruminant placentas. In human mid-
gestation explants, RVFV infects chorionic villi, replicat-
ing in both the syncytiotrophoblast and underlying cyto-
trophoblasts [78,79]. In pregnant ewes, infection
produces high placental viral loads, beginning in mater-
nal epithelial cells and spreading to fetal trophoblasts.
Notably, RVFV may exploit the haemophagous zone of
ovine and human placentas, where direct contact
between maternal blood and fetal trophoblasts facilitates
transplacental transmission, a process that across species
is associated with vascular injury, tissue necrosis, and
inflammatory responses [79].

In sum, these findings demonstrate that RVFV effi-
ciently targets the maternal-fetal interface and crosses
the placental barrier through multiple routes, with
inflammation-driven tissue damage likely underpinning
adverse pregnancy outcomes in both experimental
models and natural infections. Human syncytiotropho-
blasts are usually resistant to viral infection because
they secrete antiviral type III IFNs [80,81]. However,
both type I and type III IFNs rely on the JAK/STAT
pathway which is actively antagonized by the RVFV
NSs protein [82]. This suggests that NSs may enhance
viral replication in placental tissues by downregulating
JAK/STAT signaling, even though RVFV can cross the
placental barrier in the absence of NSs in ovine models,
as shown for the attenuated Clone 13 strain [83]. Even
so, the viral strategies that circumvent this barrier, the
impact of gestational stage on placental susceptibility,
and the role of fetal immune responses remain poorly
defined and should be prioritized in future studies to
clarify the mechanisms of RVFV vertical transmission
and pathogenesis. Moreover, LRP1 is abundantly
expressed in human placental tissue [84,85], where it
may contribute to lipid transport [86]. However, its
potential involvement in RVFV placental infection
remains to be elucidated. Finally, understanding pla-
cental infection is also crucial for vaccine safety assess-
ment, as illustrated by the previously mentioned Clone
13 data [83].

RVFV ocular disease and pathogenesis

Ocular disease, typically manifesting as retinitis, has been
reported in humans and affects approximately 2-5% of
all human RVFV infections, rising to up to 10% in severe
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cases [2]. Symptoms typically resolved within two weeks,
but in some cases persisted for three months or more
[57]. In severe forms, retinal scarring can cause perma-
nent vision impairment, with blindness occurring in
nearly half of affected patients. Retinal lesions are thus
a major cause of irreversible vision loss, with up to 71%
of affected eyes progressing to blindness [58]. In human
RVEV infection, ocular involvement often presents as
bilateral retinal lesions with associated hemorrhage and
edema, while uveitis and optic nerve or vascular compli-
cations are observed in a subset of cases [87-89]. Despite
the clinical importance of this outcome, the mechanisms
of RVFV ocular pathogenesis remain poorly understood.

Experimental infections in Sprague Dawley rats have
shown that subcutaneous inoculation leads to viral dis-
semination to the uvea, retina, and optic nerve, accom-
panied by posterior eye inflammation and cytokine
induction [90]. Yet, the precise cellular targets of
RVEFV infection within the eye and the mechanisms
by which the virus crosses the blood-ocular barrier
remain unresolved. Future research should aim to elu-
cidate these processes to improve our understanding of
ocular disease and develop strategies for its prevention
and treatment. Several ex vivo and in vitro human
retinal models, such as tissue explants, retino-spheres,
and stem cell-derived organoids, have been developed
to study retinal development and disease [91]. These
models could prove valuable for better understanding
RVEFYV infection and the associated retinal pathology.

Altogether, placental and ocular tissues are both sus-
ceptible to RVFV infection and may underlie severe or
persistent disease outcomes. Despite recent progress, par-
ticularly from rodent studies, these manifestations, most
notably ocular disease, remain poorly characterized and
merit focused investigation. Whether RVFV infection of
ocular tissues is linked to CNS involvement remains
uncertain, particularly given the direct neuronal pathway
provided by the optic nerve. Integrating placental and
ocular models with animal studies will deepen our under-
standing of tissue-specific infection mechanisms and may
reveal therapeutic opportunities to protect vulnerable
compartments such as the maternal-fetal interface and
sensitive organs including the eye.

Conclusion and priority research agenda

RVFEV does not induce uniform disease but rather
produces a spectrum of clinical manifestations
depending on the infection routes, strain-specific
viral genetic determinants, host responses, and
organ-specific replication dynamics. Its segmented
genome allows reassortment, generating unpredict-
able phenotypes that challenge surveillance and risk
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Figure 2. Strategic research priorities to advance understanding of Rift Valley fever virus (RVFV) pathogenesis. Created with
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assessment. Likewise, differences in exposure route,
viral determinants, and host species, as well as the
age and immunological status of the infected host,
shape whether disease manifests as fulminant hepa-
titis, delayed neuroinvasion, or other organ-specific
outcomes. This complexity underscores the need to
move beyond simplified laboratory models and
toward integrated experimental systems that better
reflect natural transmission routes, incorporate the
diversity of circulating field isolates, and leverage
advanced ex vivo platforms such as organoids and
organotypic cultures.

Deep sequencing of circulating strains, combined
with reverse-genetic approaches, will be critical to iden-
tifying virulence determinants, monitoring the emer-
gence of novel variants, and resolving the intra-strain
genetic diversity that shapes clinical outcomes.
Systematic characterization of circulating isolates
using standardized protocols will be required to dissect
the molecular basis of hepatic versus neural disease and
to anticipate the evolutionary consequences of reassort-
ment. Underexplored manifestations, such as placental
infection and abortion in ruminants (and possibly
humans), as well as retinitis and vision loss in human
cases, should likewise be incorporated into this frame-
work. Adopting an organ-centered perspective is there-
fore essential for refining experimental strategies,
explaining species- and strain-specific differences, and
identifying the viral and host factors that drive the
diverse clinical manifestations of Rift Valley fever.

A more integrated exploration of viral, host, and
environmental factors, particularly the mosquito vec-
tor, which represents both a natural infection route
and an ecological hub for reassortment, will be
equally critical to unravel the complex mechanisms
underlying RVFV pathogenesis. With climate change
and ongoing outbreaks, such as the recent episode in
northern Senegal and Mauritania in September 2025
involving persistent lineage H (as per the nomencla-
ture of Grobbelaar et al. [92]), marked by several
hemorrhagic cases and increased human mortality
[93], bridging these knowledge gaps is not only an
academic challenge but an urgent global health prior-
ity. Recent international roadmaps emphasize the
need to deepen our understanding of RVFV ecology,
transmission dynamics, and One Health surveillance
in endemic and hyperendemic settings [94].
Complementing these ecological and epidemiological
perspectives, we outline four research priorities aimed
at elucidating the mechanistic basis of RVFV patho-
genesis and guiding the development of robust
experimental frameworks for future investigations
(Figure 2).
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