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SUMMARY

Rift Valley Fever Virus (RVFV) is a negative sense segmented RNA virus that can cause severe
hemorrhagic fever. The tri-segmented virus genome encodes for six (6) multifunctional proteins
that engage host factors at a variety of different stages in the replication cycle. The S segment
encodes nucleoprotein (N) and nonstructural protein S (NSs), the M segment encodes viral
glycoproteins Gn and Gc as well as nonstructural protein M (NSm) and the L segment encodes
the viral polymerase (L). Viral glycoproteins Gn and Gc are responsible for entry by binding to
a number of host factors. Our recent studies identified a scavenger receptor, LDL receptor related
protein 1 (Lrpl), as a potential pro-viral host factor for RVFV and related viruses, including
Oropouche virus (ORQV) infection. Coincidentally, several recent studies identified other LDL
family proteins as viral entry factors and receptors for other viral families. Collectively, these
observations suggest that highly conserved LDL family proteins may play a significant role in
facilitating entry of viruses from several distinct families. Given the significant roles of viral
and host factors during infection, characterization of these interactions is critical for therapeutic
targeting with neutralizing antibodies and vaccines.
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1. INTRODUCTION

Rift Valley Fever Virus (RVFV) is a negative sense segmented RNA virus. RVFV belongs
to the genus Phlebovirus and family Phenuiviridae in the in the order Bunyavirales(Kuhn
et al., 2022). RVFV is known to cause diseases including severe hemorrhagic fever in
livestock and in humans(lkegami and Makino, 2011;Kwasnik, Rozek and Rola, 2021) and
is transmitted through Aedes and Culex mosquito species (Kwasnik, Rozek and Rola,
2021). Initially identified in east Africa, RVFV is now endemic throughout many regions
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of Africa(lkegami, 2012). RVFV displays low-level enzootic activity, interspersed with
large, explosive epizootic outbreaks in ruminant animals, and epidemics in humans during
heavy rainfall seasons when mosquito populations are abundant(Chamchod et al., 2015):
(Fontenille et al., 1998). Additionally, RVFV can be transmitted through bodily fluids of
infected animals, but a significant route of transmission to humans appears to be through
mosquito bites(Tantely, Boyer and Fontenille, 2015). RVFV related epidemics are increasing
in frequency, possibly due to rainfall alterations associated with climate change(Chevalier

et al., 2010). The widespread distribution of mosquito vectors that are RVFV-competent,
emphasizes the emerging nature of RVFV (Turell et al., 2013). In 2018-2019, at least

10 African countries endured RVF disease in both animals and people(Organization,
2018a;0rganization, 2018b;Organization, 2018c). RVF is highly lethal in young animals
including cattle, sheep, goats, and camels(Daubney and Hudson, 1931;Easterday et al.,
1962;Findlay and Daubney, 1931). In humans, RVF is primarily an acute febrile illness
accompanied by headache, body aches and joint pain, with occasional progression to hepatic
disease, hemorrhagic fever, or encephalitis(Connors and Hartman, 2022;Laughlin et al.,
1979;Madani et al., 2003;McIntosh et al., 1980).

Rift Valley Fever (RVF) outbreaks have been reported in various countries. In 2000, Saudi
Arabia and Yemen reported unexplained hemorrhagic fever cases in humans and animal
deaths(Jupp et al., 2002). Uganda has been experiencing RVF outbreaks since March 2016,
with subsequent outbreaks occurring (Nyakarahuka et al., 2023). Mayotte, a French overseas
territory, witnessed a significant RVF outbreak from 2018 to 2020, with 143 human cases
and 126 cases in livestock (Asad Khan et al., 2022) . Previous RVF outbreaks have also
occurred in Mauritania in 1987, 2010, 2012, 2015, and 2020 (Caminade et al., 2014). In
October 2020, Mauritania and Sudan reported RVF outbreaks, leading to human cases and
livestock deaths (Asad Khanet al., 2022). Libya reported 30 RVF cases and four deaths in
2020. Kenya experienced an outbreak in Isiolo County in February 2021, with at least 11
deaths reported in both animals and humans. In Mauritania, an outbreak occurred between
August and October 2022, resulting in 47 confirmed cases and 23 deaths, mainly among
animal breeders (Mohapatra et al., 2023).

2. THE TRIPARTITE VIRAL GENOME ENCODES A SMALL NUMBER OF
PROTEINS

The tri-segmented virus genome encodes for six (6) multifunctional proteins that engage
host factors at a variety of different stages in the replication cycle (Figure 1). The S segment
encodes for nucleoprotein (N) and nonstructural protein S (NSs); the M segment encodes
viral glycoproteins Gn and Gc as well as nonstructural protein M (NSm); and the L segment
encodes the viral polymerase (L) (Struthers, Swanepoel and Shepherd, 1984). Of these, the
viral glycoproteins Gn and Gc are responsible for entry by engaging attachment factors,
receptors, or other host factors (Ellis et al., 1979). Over the past two decades, significant
progress has been made in advancing our knowledge of specific RVFV proteins and their
interactions with host proteins for viral entry. The following sections summarize our current
knowledge of the RVFV proteins and their interactions.
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2.1 Non Structural Protein, NSs:

The RVFV NSs protein plays a central role in the pathogenesis of the virus by suppressing
the antiviral type | interferon response (Billecocq et al., 2004): (Bouloy et al., 2001). The
NSs is present in both the cytoplasm and nucleus of infected cells, where it forms a
filamentous structure in the nucleus (Yadani et al., 1999). This protein is made up of 265
amino acids and has an estimated size of 31 kDa. The acidic C-terminus, consisting of 17
amino acids, plays a crucial role in the formation of the filamentous structure within the
nucleus (Ly and Ikegami, 2016),(Yadaniet al., 1999). Moreover, the NSs protein of RVFV
disrupts the general transcription activity of the cell by directly interacting with components
of the transcription factor (TF) IIH (Le May et al., 2004). Specifically, it interacts with
TFIIH p62 and promotes its post-translational degradation (Kalveram, Lihoradova and
Ikegami, 2011). The NSs protein also facilitates the reduction of protein kinase PKR through
post-transcriptional processes while also suppressing the phosphorylation of elF2a (Ikegami
et al., 2009).

2.2 Non Structural Protein, NSm:

RVFV NSm is approximately 14 kDa in size and is generally considered to have no
significant role in virus replication (Gerrard et al., 2007;Won et al., 2006). Instead, NSm

has been shown to play a role in determining the virulence of RVFV in mice and in
modulating host responses, including potentially limiting the impact of apoptosis during
viral infeciton(Bird, Albarifio and Nichol, 2007;Terasaki, Won and Makino, 2013;Won et al.,
2007). NSm is anti-apoptotic and exerts its anti-apoptotic function by integrating into the
mitochondrial outer membrane, with its N-terminus exposed to the cytoplasm(Terasaki, Won
and Makino, 2013;Wonet al., 2006). The NSm protein spans approximately 115 amino acids
and contains a hydrophobic amino acid cluster at its C-terminus. Within this context, two
presumed transmembrane helices span amino acids 95 to 112 and 99 to 115. Amino acids
71 to 115 located in the C-terminal domain of RVFV NSm play a pivotal role in directing
the protein to the mitochondrial outer membrane (MOM), facilitating its antiapoptotic role.
For the MOM targeting of proteins, NSm has two basic amino acids preceding the potential
transmembrane domain are imperative for efficient MOM targeting (Terasaki, Won and
Makino, 2013) (Wonet al., 2006). The precise mechanism by which C-terminus of NSm
executes its anti-apoptotic activity warrants further investigation.

In addition, NSm plays a crucial role in regulating p38 mitogen-activated protein kinase
response in mammalian cells and is essential for virus infectivity in mosquitoes(Crabtree et
al., 2012;Narayanan et al., 2011).

2.3 Nucleocapsid Protein, NP:

RVFV NP, molecular weight of 27-kDa, serves as a crucial structural protein within
RVFV (Le May et al., 2005). It plays important roles in viral replication and assembly
by actively participating in the formation of viral ribonucleoprotein complexes (VRNPS)
(Zamoto-Niikura et al., 2009). The RVFV NP is involved in the encapsidation of viral
genomic RNA, which is essential for various steps in the replicative cycle, including
transcription and replication by the RNA-directed RNA polymerase (RdRp), as well as
genome packaging into virions (Lopez et al., 1995). NP is thought to interact with the
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viral RdRp, and it also plays a role in virus assembly through interactions with viral
envelope glycoproteins (Gn and Gc)(Barr et al., 2020) Additionally, the NP is a significant
target of the host immune response, triggering antibody production and cellular immune
responses(Ragan et al., 2018). NP is the most abundantly expressed protein. NP is also
highly immunogenic, and many NP specific antibodies are observed during infections in
multiple animal models, their impact in limiting infection and disease appears to be limited.

2.4 L (RdRp) protein:

The RVFV L protein is a multifunctional enzyme, approximately 238 kDa in size,
responsible for catalyzing genome replication and viral gene transcription (Lopezet al.,
1995). Genome replication occurs through a prime-and-realign mechanism, while viral
gene transcription involves cap-snatching (Gogrefe et al., 2019;Wang et al., 2022). The L
protein is essential for viral RNA synthesis, but its specific mechanisms and interactions
with host factors remain poorly understood. The L protein consists of N -terminal
endonuclease domain, a central RdRp domain and a C-terminal cap-binding domain. Cap-
snatching involves cleavage of 5’ cap along with 10-18 nucleotides of host mMRNAs by
the L- endonuclease domain, which serve as primers for viral mRNAs ((Gogovi et al.,
2019;Gogrefeet al., 2019). Recent, cryoEM structure of RVFV L revealed that a single
template is required for initiation the RNA synthesis which is enhanced by 5 VRNA
(Wanget al., 2022). Another report suggested that RVFV L protein forms biologically
active oligomers within cells and oligomerization is essential for RNA synthesis (Zamoto-
Niikuraet al., 2009).

2.5 Gn and Gc Glycoproteins:

RVFV glycoproteins Gn (~57 kDa) and Gc (~55 kDa) are initially expressed as a precursor
polypeptide and undergo co-translational cleavage, presumably by signal peptide peptidase
(SSP), before maturing into envelope glycoproteins (Gerrard and Nichol, 2007;Huiskonen
et al., 2009;Hulswit et al., 2021). As type-I integral membrane proteins anchored in the
envelope, they play crucial roles in receptor recognition, binding to target cells, and viral
entry through membrane fusion (Dessau and Modis, 2013). Unlike other negative-stranded
RNA viruses, bunyaviruses lack a matrix protein, and Gn and Gc interact directly with

the ribonucleoprotein complex inside the virus particle (de Boer et al., 2012b). Gn and Gc
form oligomers and organize as cylindrical hollow spikes on the virus surface, arranged
into distinct capsomers. The virus surface has 122 capsomers in an icosahedral lattice

with a triangulation number of 12 (Bouloy and Weber, 2010). RVFV Gn consists of an
N-terminal Gn ectodomain, succeeded by a stalk domain, transmembrane region, and a
cytoplasmic tail. The cystal structure analysis of Gn ectodomain has unveiled a tripartite
architecture comprising three distinct domain. These include a mixed a-helical/p-stranded
N-terminal domain, referred to as domain A and a b-ribbon domain and a domain B
(Hulswitet al., 2021;Wu et al., 2017). On the other hand, RVFV Gc falls under the category
of Class-I1 fusion proteins. The crystallography studies of Gc etodomain regions has
uncovered a trio of Gc domains designated as I, 11 and I11. The domains are primarily

from B-sheets. Importantly, fusion loop has been pinpointed within domain I, which are
responsible for insertion into host target membrane. Adjacent to the fusion loop, there is

a conserved cavity that interacts with glycerophospholipids and significantly contribute to
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the interaction of Gc and the target membrane(Dessau and Modis, 2013;Guardado-Calvo et
al., 2017;Halldorsson et al., 2016;Vaney and Rey, 2011). Due to their significance in virion
maturation, receptor binding, and fusion with host cells, both glycoproteins are attractive
targets for designing antiviral drugs to block receptor binding and/or fusion processes.
Like other viral glycoproteins, RVFV virus glycoproteins Gn and Gc each have specialized
functions. Together, they engage in with host receptors in order to promote fusion. Gn

and Gc forms dimers, and the heterodimer subsequently forms higher order oligomers
likely hexamer. The Gn/Gc hexamers are thought to promote type Il fusion. While RVFV
is an envelop virus, how the glycoproteins are selected during egress is unclear, but the
cytoplasmic region of Gn is thought to be critical. Overall, Gn and Gc glycoproteins are
critical for infection and for the continuation of the virus replication cycle.

Much progress has been made in defining molecular insights, including the availability

of three-dimensional structures of multiple proteins from RVFV (Figure 1). Availability

of these molecular insights, coupled with numerous studies that have defined host factor
interactions, the field is poised to future explore how host-pathogen interactions contribute
to infection and disease. However, one major limitation in the current literature is the lack of
insight on membrane proximal regions, including structural insights into transmembrane
regions of Gn and Gc. These crucial details are missing from the currently available
structures of Gn/Gc ectodomains. Such insights will enhance our ability to better define
how viral proteins engage host proteins during viral entry.

3. TARGET CELLS AND RECEPTORS

Transmission of RVFV typically occurs after an arthropod bite (Balenghien et al., 2013).
During the initial stage of infection, the virus is recognized by dendritic cells (DCs) and
macrophages in the skin, which are also permissive for RVFV infection (McElroy and
Nichol, 2012;0reshkova et al., 2015). While viral glycoproteins Gn and Gc¢ are known

to support entry into cells, prior studies have identified a plethora of host proteins as
receptors and entry factors. Among them, lectin DC-SIGN on DCs has been shown to
potentially mediate internalization of RVFV, and many other viruses through a poorly
defined mechanism (Lozach et al., 2011;Phoenix et al., 2016). Importantly, in these previous
studies, DC-SIGN interaction depended on the glycosylation of RVFV Gn. Elimination
of Gn glycosylation by PNGase F and Endo H (glycolytic enzymes) resulted in reduced
binding without impacting infectivity, demonstrating that DC-SIGN may be important for
attachment, but not sufficient for infection (Lozachet al., 2011). Lectin molecules closely
related to DC-SIGN, such as L-SIGN and DC-SIGNR, are found on RVFV-permissive
cells, including hepatic and placental cells, but have no role in RVFV internalization
(Hofmann et al., 2013). Heparan sulfate was also identified as a potential attachment
factor for RVFV; however, removal of heparan sulfate reduced RVFV infection, but did
not eliminate it. Adding heparan sulfate to virus led to inhibition through charge-charge
interactions between basic clusters of glycoproteins and heparan sulfate (de Boer et al.,
2012a;Riblett et al., 2016). While the liver is the main target of RVFV infection in
rodents, ruminants, and primates, most cell and tissue types, including neurons, epithelial
cells, macrophages, granulocytes, pancreatic islet cells, adrenal glands, ovaries, testes,
and placenta, are susceptible (Gaudreault et al., 2015;Gommet et al., 2011;Gray et al.,
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2012;Hartman et al., 2014;lkegami et al., 2017;0dendaal et al., 2019;Scharton et al., 2015).
Given its broad cellular and host tropism, yet unidentified host factors are likely to mediate
RVFV entry.

Recently, a number of studies have used CRISPR-based genomic screens to identify host
factors that provide entry receptors and attachment factors (Carette et al., 2011;Ma et al.,
2020;Zhang et al., 2018). Following these studies and to define proteinaceous host factors
for RVFV entry, we conducted a similar screen, which resulted in a series of prioritized

hits, including a low-density lipoprotein (LDL) receptor family protein known as the LDL
receptor-related protein 1 (Lrpl) (Ganaie et al., 2021) (Fig. 2A). Work from this study also
showed that deletion of Lrpl from multiple cell lines and from primary mouse embryonic
fibroblast (MEF) cells resulted in reduced RVFV infection. Lrpl is a scavenger receptor
with a number of known ligands, including receptor associated protein (RAP), which binds
LDL- receptor family members during its processing through the ER-Golgi network to keep
these proteins in a ligand free conformation. Mouse RAP domain 3 (MRAPp3), which binds
to multiple clusters within Lrpl was used to show that the RVFV glycoprotein Gn and
mRAPD3, similar ligand binding sites within Lrp1 that are known as cysteine rich domains
(CRDs). These CRDs are also known as LA domains. Importantly, mRAPD3 can reduce
RVFV infection of taxonomically distinct cell lines, further demonstrating a shared role
across different species. Finally, the same study highlighted a role for Lrpl in an intracranial
infection model, where co-injection of mMRAPD3 was able to significantly protect mice from
otherwise lethal disease. In contrast to blocking Lrp1, tissue specific removal of Lrpl from
the liver in a mouse model led to delayed time to death (Schwarz et al., 2023). In Lrpl liver
deleted mice, most exhibited high levels of neurological abnormalities relative to those with
intact Lrpl in the liver. While additional studies are required to fully explore the impact

of Lrpl in distinct tissues for tropism, dissemination, and zoonotic potential, these studies
collectively highlight an important role for Lrpl in RVFV virus entry. In addition to RVFV,
additional bunyaviruses may also use Lrpl (Schwarz et al., 2022), but the exact nature of the
role played by Lrpl in these infection models requires additional studies. In particular, Lrpl
is known to play multiple roles in endocytosis and therefore, the molecular mechanisms by
which Lrpl impacts virus infection may be more complex than currently appreciated.

In unrelated studies, several other LDLR-family proteins have been shown as to be entry
factors for Semliki Forest virus (SFV), Eastern equine encephalitis virus (EEEV), Sindbis
virus (SINV), and Venezuelan Equine Encephalitis Virus (VEEV) (Clark et al., 2022;Maet
al., 2020;Zhanget al., 2018). These studies further highlight the importance of scavenger
receptors such as LDLRs for virus entry. Importantly, these studies raise the potential that
these evolutionarily conserved lipoprotein receptors also serve as a back-door for viral entry,
where mutations in the host receptors that limit infection may be deleterious for the host,
as it may also prevent the physiological roles of the scavenger receptors. Additionally,
closer examination of the receptors themselves show a wide range in the number of binding
sites. Distantly related LDLRAD3 contains 3 CRD/LA domains while Lrpl contains 34
CRD/LA domains (Figure 2A). Biochemical and biophysical studies, including a recent
cryoEM structure of Lrp8 (ApoER?2) bound to SFV, revealed that different CRD domains
can bind viral glycoproteins with different affinities. This variability, which results in an
affinity gradient may play an important role in engaging the viral glycoproteins resulting

Adv Virus Res. Author manuscript; available in PMC 2024 August 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganaie et al.

Page 7

in virus retention (longer half-life) on cell surface (Cao et al., 2023). Increased half-life
of cell surface attachment can enhance infectivity. Parameterization of such a model will
require more data than currently available. However, these initial observations set up a
potential model where the balance between high affinity binding sites (CRDs) and low
affinity binding sites provide a kinetic advantage for virus entry (Figure 2B).

Recent studies in RVFV, described above, and other viruses are important contributions
that help explain how some viruses display broad tissue and species tropism. Recent
findings also point to numerous opportunities to develop animal models where LDLR
family receptors can be targeted to therapeutic development and to better determine how
RVFV and related viruses contribute to disease. Since many LDL family receptors are
embryonically lethal, thus global deletion of such receptors are not feasible. Instead,
conditional removal, using cre/lox methods, may enable investigators to probe the role of
different LDL family proteins in viral infection. Additionally, there are numerous potential
links between lipoprotein receptors and their impact on other signaling proteins at the
membrane. Membrane lipid compositions can also impact phagocytosis, micropinocytosis,
and endocytosis. Thus, there are many remaining questions, including gaps in genetic,
molecular, and structural insights of viral entry. Therefore, additional studies are required to
fully explore links between these important cellular processes and viral infections. Findings
reviewed here further illustrate the exciting new avenues of research to come in the near
future.
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ABBREVIATIONS

Lrpl Low-density lipoprotein receptor-related protein 1

RVFV Rift Valley Fever virus

OROV Oropouche virus

CRD Cysteine-rich domain

RdRp RNA-dependent RNA polymerase

VLDLR Very low-density lipoprotein receptor

LDLRADS3 Low density lipoprotein receptor class A domain containing 3

EpoER2 Apoliporpotein E receptor 2
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Figurel.

Tri-segmented viral genome of RVFV encodes a handful of gene products. The tri-

segmented virus genome encodes for six (6) multifunctional proteins that engage host
factors at a variety of different stages in the replication cycle. The S segment encodes
for nucleoprotein (N) and nonstructural protein S (NSs); the M segment encodes viral
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glycoproteins Gn and Gc as well as nonstructural protein M (NSm); and the L segment
encodes the viral polymerase (L). Representative three-dimensional structures individual

proteins or fragments for N (3LYF), NSs core (5000), NSs C-term (2NOY), Gn head

(5YOW), Gc pre-fusion (61EB), Gc post fusion (6EGT) and L (7EEI) rendered with PyMol

Software (Schrodinger, 2015).
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Figure2.

LDL family receptors play a role in bunyaviral infections. A. Cartoon representation of
select LDL family members include LDL receptor family protein (Lrp) 1 (Lrpl), Lrp6,
Lrpl0, very low-density lipoprotein receptor (VLDLR), Lrp8 (also known as apolipoprotein
E receptor 2-ApoER?2), and low-density lipoprotein receptor class A domain containing

3 (LDLRADZ3). Each of these LDL family proteins contain repeating units including

the ligand binding domain (LA or CRD), B-propeller repeats, epidermal growth factor
repeat (EGF repeat), O-linked sugar domains, and NPxY, an endocytic motif, are shown

in the inset. B. Model for ligand binding and viral entry. Single site binding result in

low efficiency infections while multiple domain engagement results in apparent increased
receptor/attachment factor engagement and therefore high levels of infectivity.
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