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Abstract

Bunyaviruses, such as Rift Valley Fever (RVFV), are becoming increasingly important in
public health. RVFV is being prioritized by the World Health Organization (WHO) due to its
potential to become an epidemic. RVFV is transmitted by mosquitos and has the potential to spread
to new areas due to climate change. There is no treatment for RVFV since many aspects of the
disease are still unknown. Recently, a surface receptor known as low-density lipoprotein receptor-
related protein 1 (LRP1) was identified as a factor in RVFV cellular uptake. This finding could be
important for progression and may be a potential target for drug therapies or vaccines.
Polymorphisms in the human LRP1 gene have been documented and are associated with adverse
outcomes such as cholesterol and cardiovascular diseases. We hypothesize that polymorphisms in
LRP1 may affect protein expression, function, and/or structure, which could then affect the
susceptibility of cells to infection by RVFV. We identified nine polymorphisms of interest:
rs138854007, rs1799986, rs1800127, rs1800137, rs34577247, rs1800194, rs12814239, and
rs7397167. RVFV is an infectious disease that can lead to serious health outcomes in infected
people. As climate change results in disease-carrying mosquitos spreading to other areas, more
people will be exposed. Without effective treatment or vaccine, this could seriously impact human
health. LRP1 could be significant in RVFV disease progression; therefore, it could be a valuable
avenue for treatment or vaccine development. Polymorphisms influencing LRP1 function could

be significant in understanding susceptibility to RVFV infection and clinical disease progression.
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1.0 Introduction

Bunyaviruses, belonging to the order Bunyavirales, contain hundreds of viruses and can
infect many plants, animals, and humans (Boshra, 2022; Elliott, 2009; Kwasnik et al., 2021).
Viruses belonging to this family are enveloped, mostly tri-segmented, and single-stranded with
negative or ambi-sense coding (Boshra, 2022; Elliott, 2009). Typically, viruses in this family are
transmitted through arthropods, commonly mosquitos, or rodents (Boshra, 2022; Elliott, 2009).
Bunyaviruses are known to cause febrile and hemorrhagic diseases, which can be severe (Boshra,
2022). There is also a concern for viral reassortment due to the segmented genome, which could
lead to more severe virus strains (Schwarz et al., 2022). One such bunyavirus, Rift Valley Fever
Virus (RVFV), has been of significant public health concern due to the severity of the disease it
causes and its recent spread. Recently, a new host entry factor, low-density lipoprotein-related
protein 1 (LRP1), has been identified to mediate cellular infection by RVFV. LRP1 is a member
of the low-density lipoprotein receptor family, and known mutations in the protein have been
linked to cardiovascular disease (Ganaie et al., 2021). Human polymorphisms in LRP1 could
impact RVFV uptake and, therefore, disease progression. ldentifying polymorphisms could help

with understanding the disease and preventing severe outcomes.

1.1 Rift Valley Fever Virus Background

RVFV is a zoonotic disease transmitted by mosquitos in most parts of Africa, even

becoming endemic in certain areas (Linthicum et al., 2016). A member of the Phenuiviridae family



in the Phlebovirus genus, RVFV is related to hantaviruses and Crimean-Congo hemorrhagic fever
(CCHF) virus (Ganaie et al., 2021). RVFV is a negative sense RNA virus; other notable negative
sense RNA viruses include rabies, influenzas, and Ebola (Borkenhagen et al., 2019; Fisher et al.,
2018; Munoz-Fontela & McElroy, 2017)

RVFV is transmitted by Aedes mosquitos, specifically Ae.mcintoshi, and Ae.vexans, which
flourish in floodwater and can transmit the virus to their offspring (Ikegami & Makino, 2011). The
RVFV transmission cycle involves vertical virus transmission from female mosquitos to their eggs,
which can survive for years (CDC, 2020b). Heavy rainfall leads to the hatching of eggs and
increases in the mosquito population, leading to virus transmission to animals and humans (CDC,
2020b). Animal outbreaks also increase virus transmission to humans (CDC, 2020b). Livestock,
such as cattle, sheep, and goats, are most affected by the virus and can have severe disease
outcomes such as abortion, fetal malformation, febrile illness, and acute hepatitis (Ikegami &
Makino, 2011). The disease is more severe in younger animals, such as lambs and goats, with
mortality rates between 70% and 100%; this is particularly true in pregnant livestock, where
abortion rates are nearly 100% when infected (Gray et al., 2012; WOAH, 2022). Sheep and calves
also have high mortality rates, between 20% and 70% (WOAMH, 2022). These high mortality rates
illustrate the importance of RVFV; in areas where the disease is endemic, there is substantial
economic loss and increased stress in the community.

RVFV can be transmitted to humans through mosquitos or contact with infected animals'
blood, body fluids, or tissues; this contact can occur during slaughter/butchering, veterinary care,
or consuming raw or undercooked animal products (CDC, 2020b). There is no evidence of person-
to-person transmission; most transmission is zoonotic (CDC, 2020b). In about 50% of people, the

disease presents as a mild self-limiting febrile illness, making the condition challenging to



diagnose (Ikegami & Makino, 2011; Kwasnik et al., 2021). However, RVFV can become severe
and potentially deadly, with some people developing symptoms such as encephalitis, semi-
permanent vision loss, hemorrhagic fever, and thrombosis (Ikegami & Makino, 2011). Overall, the
case fatality rate in humans is between 0.5% and 2%, but in some instances, the mortality rate has
been up to 28% (Javelle et al., 2020). There is no treatment or vaccine for RVFV since many
aspects of the disease, specifically, host factors contributing to cellular infection, remain unknown
(Ganaie et al., 2021). Therefore, both the National Institutes of Health (NIH) and the World Health

Organization (WHO) consider RVFV a priority pathogen (Bopp et al., 2021).

1.1.1 History

RVFV was first identified in 1934 by veterinarians in a research laboratory in Kenya;
however, a similar report of the disease in 1913 was found in sheep in the Rift Valley (Davies,
2010). Kenya continued to have livestock outbreaks and noted the increased disease pattern during
heavy rainfall (Davies, 2010). In 1951, humans in South Africa became ill after handling infected
animals, and the disease was found in livestock in East and South Africa (Davies, 2010). The
largest epidemic was in 1977 in Egypt, where livestock and humans were impacted, with 10,000
to 20,000 human cases and 600 deaths in humans (Davies, 2010; Gray et al., 2012). Afterward, the
disease was seen in West Africa with high human mortality, which was early evidence that the
disease was spreading (Davies, 2010). The first instance of RVFV outside of Africa occurred in
2000 in Saudi Arabia and has remained in that area periodically (Davies, 2010). There have been
substantial outbreaks in Africa in 2006 and from 2009 to the present, proving that RVFV is a
problem throughout the continent (CDC, 2020a). There was also an outbreak in Mayotte, France,
from 2018-2019, where 142 human cases were confirmed (Youssouf et al., 2020). Mayotte is an
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island near RVFV endemic areas with a similar climate and heavy tourism, making it a likely
location for the spread of RVFV (Youssouf et al., 2020). Although this outbreak was likely due to
exposure to infected animals or bodily fluids, there was also evidence of increased illegal imports
of animals from endemic areas, potentially contributing to the outbreak (Youssouf et al., 2020).
This shows that RVFV is not going away and is becoming more prevalent and spreading to more

countries.

1.1.2 Prevention Methods

RVFV is prevalent in forests and grasslands with high rainfall (Davies, 2010). Although
historically, rainfall data was used to warn livestock owners of a risk of an outbreak, currently,
various technologies help provide an accurate prediction of when rainfall will be heavy and thus
lead to more disease (Consultative Group for, 2010; Davies, 2010). Historical data and soil type
identification allow experts to predict where disease-carrying mosquitoes will be found (Davies,
2010). These methods enable emergency preparedness interventions to be implemented about two
to three months before infected mosquitoes are seen (Davies, 2010). One of these interventions
includes livestock vaccinations using an attenuated live virus vaccine which helps prevent
significant economic losses (Consultative Group for, 2010; Davies, 2010). Some issues associated
with vaccination are that it can induce abortions in livestock, and it can also be risky if the disease
is already being transmitted since needles are sometimes not changed between animals, causing
more transmission between animals (Davies, 2010). However, practicing safe needle and
vaccination techniques can prevent such spread, but it may not be feasible in low-income areas.
An added challenge is the short shelf life of vaccines, which is about four years; due to the
infrequency of outbreaks (anywhere from four to twenty years), many veterinary clinics cannot
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afford to maintain adequate stock of the vaccine, therefore, when an outbreak does occur, vaccines
are not always readily available (Consultative Group for, 2010). This problem is also seen with
manufacturers who cannot maintain vaccine supplies but also take several months to produce and
distribute the vaccine (Consultative Group for, 2010). Another intervention is mosquito control
measures, including larvicides at breeding sites, increased public awareness, and preparation of
medical institutions (Davies, 2010). While proper surveillance and response could contain the
disease, these resources are unavailable in many areas where the virus is endemic. Additionally,
the lack of laboratory testing of suspected cases further complicates reporting in endemic areas
where resources are unavailable for routine testing (Grossi-Soyster & LaBeaud, 2020).
Furthermore, stigmas and economic loss from livestock trade restrictions in areas with outbreaks
may contribute to the lack of reporting (Grossi-Soyster & LaBeaud, 2020). Therefore, unless
significant changes in public health infrastructure exist, RVFV will continue to be a problem and

potentially spread to new countries.

1.2 RVFV Pathogenesis

Many cells can be infected by RVFV, including neurons, immune cells, and epithelial cells,
which allows the virus to attack many areas of the body (Ganaie et al., 2021). During the early
stage of infection, the virus is met with innate immune cells, such as macrophages and dendritic
cells (DCs). RVFV can replicate with macrophages, and its NSs protein from the S segment of the
gene appears to inhibit the secretion of specific antiviral proteins essential in inducing
proinflammatory responses (Terasaki & Makino, 2015). Previous studies have shown that the virus

can infect immature DCs through C-type lectin DC-SIGN, although this is poorly understood, and



other host factors could be required for viral entry (Ganaie et al., 2021; Leger et al., 2016; Lozach
et al., 2011; Phoenix et al., 2016; Terasaki & Makino, 2015). A study by Gommet et al. indicates
that macrophages and DCs increase RVFV pathogenicity, as mice deficient in both cell types had
prolonged survival and slower viral replication and infection (Gommet et al., 2011; Terasaki &
Makino, 2015).

The middle or hepatic phase of infection occurs after the virus enters the bloodstream and
replicates within many organs (Terasaki & Makino, 2015). RVFV preferentially targets the liver,
where it replicates extensively and subsequently causes damage (Terasaki & Makino, 2015).
Infection in the liver results in hepatic necrosis followed by uncontrolled inflammation and
cytotoxicity, ultimately leading to severe liver damage (Terasaki & Makino, 2015). Animal
research has shown that infected livers are enlarged, congested, and have black discoloration or
lesions upon death (Gray et al., 2012; Kwasnik et al., 2021). It has been demonstrated in animals
that liver necrosis is a significant cause of mortality, and it is thought to be the same for humans
(Gray et al., 2012).

Late-stage infection involves brain infection, specifically neurons, resulting in encephalitis
and other neurologic disorders. This stage of the disease typically has a higher mortality rate of
about 50% and is more common when the virus is transmitted via aerosol (Madani et al., 2003).
While brain infection by RVFV is still poorly understood, some aspects are becoming more
known. The adaptive immune response appears necessary to prevent severe late-stage outcomes;
this response involves CD4 and CD8 T cells and antibodies (Harmon et al., 2018). During late-
stage infection, immune cells in the brain called microglia respond using mitochondrial antiviral

signaling (MAVSs) protein to secrete cytokines and kill infected host cells (Hum et al., 2022).



Without a proper immune response in the brain, excessive inflammation leads to severe
neurological outcomes such as encephalitis.

Depending on various factors, there appear to be three infection patterns in animals and
possibly humans. The first pattern is a severe acute infection with a large abundance of virus in
the bloodstream resulting in a quick death (Kwasnik et al., 2021). The second pattern is the self-
limiting febrile illness that can be mild or asymptomatic with lower amounts of virus in the blood,
with increased survival (Kwasnik et al., 2021). Finally, the third pattern involves fever and an
abundance of virus in the bloodstream, which then spreads to other organs, such as the liver and

the brain; this causes many complications and death (Kwasnik et al., 2021).

1.3 Cellular Infection

RVFV is an enveloped virus containing three RNA segments: large (L), medium (M), and
small (S) (Figure 1) (Terasaki & Makino, 2015). The L segment encodes the RNA-dependent
RNA polymerase, which is essential for RNA replication (Terasaki & Makino, 2015). The M
segment encodes the glycoprotein precursor (GPC) and two accessory proteins; GPC is eventually
cleaved into Gn and Gc (Ganaie et al., 2021). Gn forms glycoprotein spikes, and Gc is a fusion
protein, Gn and Gc are found on the virus surface and aid in virus fusion and entry into the host
cells (Ganaie et al., 2021; Leger et al., 2016). Finally, the S segment encodes for nucleocapsid

protein N and protein NSs (Ganaie et al., 2021).
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Figure 1. RVFV Genome and Structure (Connors & Hartman, 2022).

The virus enters host cells by first using glycoproteins Gn and Gc to attach to the cell; then,
the virus uses receptor-mediated endocytosis for entry. Next, nucleocapsids are released into the
host cell cytoplasm using a pH-mediated fusion of viral and endosomal membranes (Hartman,
2017; Kwasnik et al., 2021). Next, the virus replicates its genome within the host cell's cytosol,
which helps the virus remain undetected by the cell while utilizing cellular resources; however, it
can lead to inflammation (Leger et al., 2016). After replicating, the virus particles are assembled
and buds from the Golgi apparatus, where they are released from the cell to infect others (Hartman,
2017).

One mode of cellular attachment is DC-specific intercellular adhesion molecule 3-grabbing
nonintegrin (DC-SIGN), a calcium-dependent (C-type) lectin found on the surface of dermal DCs
and some macrophages, responsible for antigen capture and presentation (Lozach et al., 2011).
DC-SIGN binds to high mannose N-glycans found on RVFV Gn and Gc, leading to cellular
attachment (Lozach et al., 2011; Phoenix et al., 2016). Furthermore, RVFV was found to utilize

DC-SIGN to infect immature DCs and other cells expressing the lectin, with lectin expression



levels directly related to infection rates (Lozach et al., 2011; Phoenix et al., 2016). However, due
to RVFV’s broad tropism, DC-SIGN cannot be the only receptor that mediates the virus entry (de
Boer et al., 2012). Another potential receptor for cellular attachment is liver/lymph node-specific
intercellular adhesion molecule 3-grabbing nonintegrin (L-SIGN), a C-type lectin similar to DC-
SIGN, found on the surface of human liver sinusoidal endothelial cells (LSECS) (Leger et al.,
2016). L-SIGN captures antigens by binding to high mannose N-glycans on the virus, which can
then lead to cellular entry (Leger et al., 2016). It was found that RVFV can utilize L-SIGN to infect
host cells; however, while more research is needed, it could explain why the liver is a target for
RVFV (Leger et al., 2016). However, it was found that Gn glycosylation, the attachment method
used by DC-SIGN and L-SIGN, is not necessary for RVFV entry (Ganaie et al., 2021). Therefore,
there must be other factors contributing to viral entry.

Heparan sulfate is a glycosaminoglycan (GAG) abundant on most cell types and has been
known to be an attachment factor for many viruses (de Boer et al., 2012). When comparing RVFV
infection in cell lines with heparan sulfate and without, infection is significantly reduced in cell
lines without heparan sulfate, but it is not eliminated, suggesting another attachment factor is
present (de Boer et al., 2012). This was further supported by Riblett et al., who found that cell lines
with deficiencies in GAG synthesis were resistant to RVFV infection. They concluded that heparan
sulfate enhances infection but is not necessary (Riblett et al., 2016). In addition, Ganaie et al.
identified Exostosin-2, a protein involved with heparan sulfate biosynthesis, as a host factor for
RVFV but later found that deletion of the gene encoding for the protein did not impact viral
infection, further concluding that heparan sulfate is not necessary for infection (Ganaie et al.,

2021).



1.4 Low-Density Lipoprotein Receptor-Related Protein 1 (LRP1)

Recently, LRP1 has been identified as a host factor for RVFV infection and is present in
many animal species, including those susceptible to RVFV infection. In addition, chaperone
proteins RAP and Grp94 were also identified as factors for cellular entry by RVFV (Ganaie et al.,
2021). Cells without the chaperone proteins had decreased expression of LRP1 and,
subsequentially, less binding by RVFV; similarly, cells lacking LRP1 also had less binding
(Ganaie et al., 2021). In addition, it has been shown that glycoprotein Gn on RVFV binds to LRP1
at CLyvand CLy, resulting in cellular infection (Figure 2) (Ganaie et al., 2021). LRP1 comprises
two chains, a 515-kDa extracellular alpha chain which is non-covalently attached to an 85-kDa
intracellular beta chain (Ganaie et al., 2021; Potere et al., 2019). The alpha chain consists of four
clusters of complement-like repeats (CL1-Cyv, green in Figure 2) that act as ligand binding sites,
along with epidermal growth factor repeats (EGF, light green in Figure 2) and p-propeller
(YWTD, dark green in Figure 2) domains (Ganaie et al., 2021; Potere et al., 2019). The beta chain
comprises a tetra amino acid YxxL motif, two NPxY motifs, and tyrosine residues (Potere et al.,
2019). The NPxY motifs act as docking sites for signaling adaptor proteins. The tyrosine residues
are used for phosphorylation; both are important for proper cell signaling, and their dysfunction

can lead to disease (Herz & Strickland, 2001; Potere et al., 2019).
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Figure 2. LRP1 Structure (Ganaie et al., 2021).

LRP1 belongs to the low-density lipoprotein receptor (LDLR) family, which is involved in
cholesterol regulation (Goldstein & Brown, 2009). Cholesterol is carried by low-density
lipoproteins (LDLs) through the bloodstream to other cells (Goldstein & Brown, 2009). They bind
to LDLRs and are internalized into the cell through receptor-mediated endocytosis and
metabolized (Goldstein & Brown, 2009). LDLRs dissociate from ligands once they encounter
lower endosome pH and are recycled back to the cell surface (Goldstein & Brown, 2009). LDLR
expression depends on feedback regulation; when the cell has increased cholesterol levels, it
reduces the production of LDLRs and vice versa (Goldstein & Brown, 2009). Therefore, defects
in LDLRs lead to increased LDL levels which can have many adverse health implications, such as

heart attacks (Goldstein & Brown, 2009).
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LRP1 plays many roles and is classified as a multifunctional transmembrane receptor
(Potere et al., 2019; Schwarz et al., 2022). LRP1 is a large protein and binds to over 100 different
ligands of various types (Mantuano et al., 2022). It is most known for lipoprotein endocytosis but
also acts as a scavenger, scaffold, and regulatory protein (Potere et al., 2019). Therefore, LRP1
functions in “ligand endocytosis, cell signaling, lipoprotein metabolism, blood-brain barrier
maintenance, and angiogenesis” (Schwarz et al., 2022). LRP1 is ubiquitous but, interestingly, is
expressed highly in the liver and brain, where severe outcomes of RVFV occur (Potere et al.,
2019). LRP1 is involved in cancers, Alzheimer’s disease, and cardiovascular diseases; in addition,
it can cause harm to the nervous system; therefore, LRP1 is involved in numerous diseases (Gonias
& Campana, 2014; Potere et al., 2019).

RAP, a chaperone for LRP1, helps regulate the protein by preventing ligand interactions
while the protein is cycled to the cell surface (Bu & Schwartz, 1998; Ganaie et al., 2021). Like
LRP1, RAP is ubiquitous, with high expression in the kidney and brain (Bu & Schwartz, 1998).
This chaperone primarily resides in the ER and Golgi compartments and can block the binding of
all ligands to LRP1 (Bu & Schwartz, 1998). LRP1 has multiple RAP binding sites that overlap
with other ligand-binding sites, which RAP competitively binds to; in fact, RAP is the only ligand
identified that can bind to CL, and CLi (Bu & Schwartz, 1998; Herz & Strickland, 2001; Horn et
al., 1997). RAP binds to LRP1 early in the secretory pathway, reducing binding activity and thus
preventing LRP1 from binding ligands too early in the pathway; once the RAP-LRP1 complexes
reach low pH in the medial-Golgi compartments, RAP dissociates, and LRP1 can bind to ligands
and continue in the pathway (Bu & Schwartz, 1998). It has also been recorded that RAP interacts

with LRP1 in the ER to ensure proper folding of LRP1, which is essential for protein function (Bu
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& Rennke, 1996). Therefore, RAP is critical in LRP1 function, and a reduction in RAP expression
is correlated with a reduction in RVFV infection (Ganaie et al., 2021).

Proprotein convertase subtilisin kexin type 9 (Pcsk9) is a sterol-regulated gene, meaning
that Pcsk9 is activated during low sterol levels and suppressed during high sterol levels, in order
to regulate sterol levels, mainly cholesterol (Poirier et al., 2015). It is primarily expressed in the
liver, similar to LRP1, and somewhat expressed in the kidney and intestines (Poirier et al., 2015).
When bound to LRP1, Pcsk9 directs LRP1 to endocytic compartments for degradation instead of
recycling to the cell surface; therefore, Pcsk9 negatively regulates LRP1 expression (Ganaie et al.,
2021; Poirier et al., 2015). An ER resident chaperone, Grp94, binds to Pcks9 to prevent its release
from the cell, which prevents LRP1 degradation (Ganaie et al., 2021; Poirier et al., 2015). When
Grp94 expression is decreased and Pcsk9 expression is increased, LRP1 degradation is increased,
leading to less expression (Poirier et al., 2015). Similarly, less Pcsk9 expression leads to increased
LRP1 expression and RVFV infection (Ganaie et al., 2021).

RVFV would not be the first pathogen to use LRP1 as a host cell entry factor. For example,
human rhinoviruses account for most common colds; a minor-group human rhinovirus was found
to utilize the LDL receptor family, including LRP1, as a factor for cellular infection (Herz &
Strickland, 2001; Hofer et al., 1994). In addition, the rhinovirus can use LRP1 as a docking
receptor for endocytosis and, subsequently, host cell infection (Herz & Strickland, 2001; Hofer et
al., 1994). Similarly, it was found that LRP1 can exclusively internalize Pseudomonas exotoxin
A, produced by the bacteria Pseudomonas aeruginosa, which can have deadly consequences for
host cells (Herz & Strickland, 2001; Kounnas et al., 1992). LRP1 also plays a role in HIV
activation by binding to the HIV-Tat protein, which then mediates its uptake into host neurons,

potentially accelerating severe outcomes relating to HIV infection (Herz & Strickland, 2001; Liu
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et al., 2000). Interestingly, it was found that dengue virus reduces LRP1 expression in order to
increase cholesterol levels and facilitate virus binding (Tree et al., 2019). Therefore, using LRP1
by pathogens is possible and may not be unique to RVFV. In addition, LDLRs have been found to
be associated with the binding and entry of hepatitis C virus and vesicular stomatitis virus, further
illustrating the role of this protein family in infectious diseases (Molina et al., 2007; Nikolic et al.,

2018).

1.5 Genetics Background

Genetics plays a significant role in determining an individual’s susceptibility to infectious
diseases. An individual’s genetics can influence the immune response to a pathogen and can
determine the ability to recognize and eliminate a pathogen (Sorensen et al., 1988). Furthermore,
certain genetic variations can either increase or decrease the risk of developing an infection or even
the severity of the disease (Chapman & Hill, 2012). Additionally, genetics can influence an
individual’s response to vaccines and treatments (Kwok et al., 2021). Therefore, understanding the
genetic basis of infectious diseases is crucial for developing effective prevention and treatment
strategies.

Single nucleotide polymorphisms (SNPs) are one genetic variation that can influence an
individual’s susceptibility to infectious diseases. SNPs are the most common variation or
polymorphism, which involves switching one nucleotide for another (Brookes, 1999; Shastry,
2009). An individual often has many SNPs in their genome since SNPs typically occur one in
every 1,000 base pairs (Brookes, 1999; Shastry, 2009). It has been found that “50% of SNPs occur

in noncoding regions, 25% lead to missense mutations, and the remaining 25% are silent
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mutations” (Shastry, 2009). SNPs can impact a gene by changing gene expression by impacting
the promoter region, decreasing gene stability by impacting messenger RNA (mRNA), and
impacting translational activity (Shastry, 2009).

LRP1 is a large protein containing over 4,500 amino acids (Shinohara et al., 2017). SNPs
in LRP1 that change the amino acid in a coding region (missense mutation) or impact the promoter
region could affect LRP1 structure, expression, or stability. We hypothesize that SNPs in LRP1
may change how RVFV can bind to LRP1 or the amount of LRP1 on the cell surface to mediate
viral entry. It was found that ligands can bind with equal affinity to CLII and CLIV, leading to the
theory that LRP1 has a functional duplication. A functional duplication occurs when a portion of
a protein is duplicated within the same sequence, causing identical regions. This can increase
binding affinity or be utilized as a backup in case of mutations such as an SNP. Herz et al.
performed a deletion analysis which found that ligands interact with multiple ligand-binding
repeats, which could span two or more clusters (Herz & Strickland, 2001). LRP1 has 31 ligand-
binding-type repeats with various features that each ligand utilizes uniquely for high-affinity

binding (Herz & Strickland, 2001).

1.6 Public Health Significance

As discussed in the previous sections, RVFV is a grave concern and a public health priority.
One of the major concerns associated with RVFV is the lack of treatment and vaccination for
human use. Since many aspects of the disease need to be better understood, it is difficult for
potential treatments or vaccines to be developed. Currently, there are vaccines for animal use that

effectively prevent and control infection (Faburay et al., 2017). One such vaccine, MP-12, is
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commonly used in animals and has proven safe for humans; however, the antibody response has
yet to be well defined and has halted its use in humans (Pittman et al., 2016). Providing MP-12 or
a similar vaccine may benefit at-risk groups such as veterinarians, butchers, farmers, and
slaughterhouse workers (Faburay et al., 2017). Another strategy to reduce the risk of RVFV
outbreaks is the routine vaccination of livestock in endemic areas (Faburay et al., 2017). Since the
primary mode for transmission to humans is via contact with infected animals, this strategy would
significantly reduce the number of RVFV cases in humans and potentially prevent large human
outbreaks (Faburay et al., 2017). Currently, it is recommended for farmers to vaccinate their
livestock if an outbreak is predicted using various tracking systems; however, there needs to be a
policy enforcing this strategy (Davies, 2010; Faburay et al., 2017). With a policy implementing
routine vaccinations for livestock, there would be a lower risk of transmission if an outbreak occurs
without proper prediction, which may be the case in the future with climate change. However,
areas endemic to RVFV often need more resources to enforce a vaccination policy or help pay for
the costs of a vaccine (Faburay et al., 2017). Therefore, a potential animal vaccination would need
to be low-cost, and public health infrastructure in endemic areas would need to be more robust.
With the current state of public health infrastructure in RVFV endemic areas, the virus will likely
continue to spread to new places as it is poorly contained. In that case, vaccines for use in humans
are highly critical since there is no treatment, and human cases can be quite severe. If an RVFV
pandemic occurs, there may be mass panic due to the potential severity of the disease and lack of
treatment or vaccine.

RVFV outbreaks become more likely as climate change worsens, especially in new areas.
Since RVFV outbreaks seem to be linked to climate due to mosquitoes and heavy rainfall, the

spread of the virus as the climate warms is probable. This idea is further supported by RVFV
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spread from the Rift Valley to most of Africa and recently to neighboring areas such as Egypt,
Madagascar, the Comoros Islands, and the Arabian Peninsula (Linthicum et al., 2016). In addition,
the geographical range of RVFV-competent mosquitoes has been expanding, and more continents,
including the Americas, are at risk (Linthicum et al., 2016). Similarly, susceptible animal hosts
such as livestock are seen in most parts of the world, further facilitating the spread of this virus
(Linthicum et al., 2016). International travel and trade also play a role as infected people or animals
can be brought to new places and introduce the virus to a naive population. Therefore, it is of great
concern to the global livestock trade since asymptomatic animal cases are relatively common
(Linthicum et al., 2016). Also, mosquitoes and their eggs can be transported to new areas and
spread from there. Once the virus is introduced to a new location, it can become endemic if RVFV-
competent mosquitoes become infected, especially as over 30 different species of mosquitoes can
be infected (Rolin et al., 2013).

In endemic areas, RVFV has more implications than disease burden; it also impacts
communities' economies, society, and food security. During outbreaks, families that rely on
livestock for food and economic benefit suffer the most loss due to herd size significantly
decreasing due to the high mortality and abortion storms in livestock (Peyre et al., 2015). Those
who rely on livestock for transportation or work struggle to maintain their livelihood (Peyre et al.,
2015). Bans on livestock trading due to outbreaks can impact a whole nation’s economy, which
harms countless people (Peyre et al., 2015). In addition, less livestock hurts farmers and butchers,
who may have to find new income sources (Peyre et al., 2015). Finally, the resulting food
insecurity can cause other health problems unrelated to the virus. The full socio-economic impact

of RVFV in endemic areas is under-research. It, therefore, is an area of focus in the future, although
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many believe the burden is relatively high due to the instability outbreaks cause (Peyre et al.,
2015).

RVFV has significant potential to be utilized as a weapon of bioterrorism and introduced
to naive areas in that capacity. Many national authorities have recognized RVFV as a bioterrorism
threat to humans and animals (Mandell & Flick, 2010; Rolin et al., 2013). RVFV was developed
as a bioterrorism weapon by the United States in the biological weapons program, proving that the
disease can be used in this manner (Rolin et al., 2013). The impacts of RVFV as a bioterrorism
weapon would be costly, especially since severe outcomes are more likely when the virus is in its
aerosolized form, which would have lasting effects on human health (Madani et al., 2003). In the
event of a bioterrorist attack, there would be extensive public panic at the possibility of a
hemorrhagic fever spreading (Mandell & Flick, 2010). Since there is no vaccine or treatment for
this disease, human suffering could be substantial. Losses could also occur due to disease spread
in livestock impacting food supply and trade. The loss in human and animal health would
negatively impact the economy, causing even more stress. Additionally, once RVFV is introduced,
it has a high potential for becoming endemic, causing long-lasting negative impacts.

Polymorphisms in LRP1 may play a role in disease progression or severity. For example,
it has been demonstrated that cells lacking LRP1, RAP, or Grp94 had less binding of RVFV and
thus had fewer instances of disease (Ganaie et al., 2021). Polymorphisms that change LRP1
expression may significantly influence an individual’s susceptibility to RVFV. Furthermore,
understanding these polymorphisms and their impact could inform treatment or vaccine

development.
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2.0 Methods

The literature search was conducted using keywords such as “LRP1”, “LDL-receptor,”
“polymorphisms,” “SNPs,” “mutations,” “cardiovascular disease,” and “human cholesterol
diseases.” Literature was found through PubMed, the National Library of Medicine, Wiley Online
Library, and ScienceDirect. Literature had to be peer-reviewed to be included and published after
2000. 13 publications met these criteria, and of these, nine publications were included in this paper.
We chose polymorphisms reported in the literature that likely impacted LRP1 structure and
expression; as a result, most of the polymorphisms included occur in exons except for one
polymorphism in the promoter region.

We also identified exons corresponding to the cluster regions of the protein to identify
polymorphisms that alter the amino acid sequence in the cluster regions that could impact RVFV
binding (Lee et al., 2017). After identifying the cluster exon locations, we utilized the University
of California-Santa Cruz (UCSC) Genomics Institute Genome Browser to identify the common
SNPs with an allele frequency greater than 1% in the exons (Kent WJ, 2002). We used the standard
definition of common SNPs to identify the polymorphisms that may result in a selective advantage

or disadvantage at the population level.
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3.0 Results

A literature search was performed to identify polymorphisms in LRP1 that have a known
impact on disease, focusing on cholesterol-related diseases. Once a SNP is identified, it is assigned
a reference SNP (rs) number used to refer to that specific SNP. However, often SNP common
names are used in literature, which usually include the location of the SNP and the resulting amino
acid change. Since SNP databases do not typically include common names, it can be challenging
to find a SNP in the literature in the database.

One notable polymorphism was first discovered by Schulz et al., referred to as ¢.1-25 C>G
(rs138854007), and found in the promoter region of the gene (Schulz et al., 2002). The
polymorphism leads to a new GC-box, a conserved sequence of nucleotides recognized by Spl
and Sp3 proteins that regulate gene expression (Schulz et al., 2002). It was found that those with
the polymorphism had higher mMRNA expression levels, which could lead to higher LRP1 protein
levels (Aledo et al., 2014; Schulz et al., 2002). Therefore, it is believed that this polymorphism
impacts LRP1 transcription. Furthermore, this polymorphism has been indicated to cause an
increase in coronary atherosclerosis (Aledo et al., 2014; Schulz et al., 2002). Concerning RVFV,
the polymorphism leads to higher LRP1 expression, potentially increasing RVFV binding and host
entry. This would make the host more susceptible to RVFV infection and potentially more severe
disease outcomes.

Another important polymorphism, 677 C>T (rs1799986), is a silent polymorphism,
meaning that it does not change the amino acid sequence of the gene (Jusic, 2018). However, this
polymorphism impacts the splicing efficiency of exon three, which can impact the mRNA length,
potentially impacting LRP1 function (Jusic, 2018). If LRP1 is not functioning properly, it may not
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bind and endocytose ligands properly, potentially resulting in decreased RVFV cellular infection.
This polymorphism is relatively common in the human population, showing up in about 22% of
the population (Vucini¢ et al., 2017). It has been associated with numerous disease states, including
metabolic syndrome, cardiovascular disease, and Alzheimer’s disease (Aledo et al., 2012; Jusic,
2018; Vucini¢ et al., 2017). It should be noted that this polymorphism has been referred to as both
677 C>T in most cases and occasionally 667 C>T but appears to be the same polymorphism in all
cases.

Polymorphism 663 C>T (rs1800127) impacts exon six and is associated with an increased
risk of coronary heart disease and a potentially higher risk of recurrent venous thromboembolism
(Pocathikorn et al., 2003; Vormittag et al., 2007). While the full impact of the polymorphism on
the LRP1 gene has not been described, it most likely impacts ligand binding. The paper by
Vormittag et al. describes how LRP1 is responsible for the uptake and degradation of clotting
factor (F) VIII (Vormittag et al., 2007). When LRP1 is not functioning correctly or not expressed,
FVIII levels increase, leading to a higher risk of venous thromboembolism (Vormittag et al., 2007).
This polymorphism leads to an increase in FVIII levels, meaning that LRP1 is not effectively
taking in and degrading FVI1II, potentially due to an inability of FVI1II to bind to LRP1 (Vormittag
etal., 2007). This is important because the polymorphism prevents the binding of a ligand to LRP1;
in the context of RVFV, this could lead to a decrease in cellular infection of the virus due to an
inability of ligand binding.

Another polymorphism that impacts FVIII levels is rs1800137, located in exon 8, which
causes a frameshift in exon nine and thus leads to premature termination codons, which often cause
MRNA to be degraded or become unstable (Lee et al., 2017). Those without the polymorphism

have higher mRNA expression levels than those with the polymorphism (Lee et al., 2017). The
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polymorphism is found in about 8% of the Chinese population; due to the lack of studies in other
populations, it is unclear how common this polymorphism is in the general population (Lee et al.,
2017). Those with the polymorphism may have a decreased risk of cellular infection by RVFV
due to the lower mRNA expression levels leading to a decrease in LRP1 on cell surfaces.

D2080N (rs34577247) is another polymorphism that impacts FVIII levels; located in exon
39, it changes the amino acid sequence (Morange et al., 2005). This change in the amino acid
sequence could impact LRP1 structure and, consequently, ligand binding (Morange et al., 2005).
Regarding FVIII levels, the D2080N polymorphism decreases FVIII levels, indicating that the
polymorphism leads to increased LRP1 binding (Morange et al., 2005). Therefore, this
polymorphism may increase cellular infection by RVFV due to increased ligand binding through
an unknown mechanism.

Additionally, we identified polymorphisms in the exons corresponding to the cluster
regions of the protein, seen in Table 1 below. The polymorphisms were identified using the UCSC
Genome Browser; we listed the common polymorphisms with an allele frequency greater than 1%
in the population (Kent WJ, 2002). By this definition, 35 exonic polymorphisms in the whole LRP1
gene are considered common (Kent WJ, 2002). While these polymorphisms were identified in the

Genome Browser, little is known about how they impact disease states or the protein.

22



Table 1. Known Common SNPS in LRP1 Cluster Regions.

Location
Cluster 1 (exon 2)

Cluster 2 (exons 18-25)

Cluster 3 (exons 52-61)

Cluster 4 (exons 71-81)

Of these identified common polymorphisms in the cluster regions, three are particularly
interesting: rs1800194, rs12814239, and rs7397167. The two nonsense mutations in CLy,
rs1800194 and rs12814239, result in premature stop codons that stop translation prematurely, often
resulting in a non-functional protein. This could lead to a decrease in RVFV infection due to the
decrease in functional LRP1 proteins. The polymorphisms are also notable since it is known that
RVFV binds to CLy. Therefore, these polymorphisms could have a direct impact on RVFV
binding. Finally, the polymorphism, rs7397167, in CLy is notable because it could alter the 3-D
structure of the protein through its amino acid substitution to proline (Krieger et al., 2005). This

change in LRP1 structure could impact RVFV binding, either positively or negatively, regardless

Known Common SNPs
None

exon 22: rs79365493 [C/T]
exon 22:rs1800194 [C/A/T]
exon 23:rs12814239 [C/A/T]
exon 54: rs1800154 [C/T]
exon 54: rs7397167 [A/C/T]
exon 56: rs1800156 [C/T]
exon 56: rs7308698

[T/AICIG]
exon 61: rs1140648 [G/A/C],

None

of where in the gene the polymorphism is.
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Description
N/A

synonymous change [Asn-
>Asn], likely benign
nonsense mutation
nonsense mutation

synonymous change [Cys-
>Cys], likely benign
missense variants [GIn->Pro
and GIn->Leu]

synonymous change [Asp-
>Asp], likely benign
synonymous change [Thr-
>Thr], likely benign
synonymous change [Thr-
>Thr], likely benign

N/A



Polymorphism
rs138854007
rs1800137

rs1799986

rs1800194
rs12814239
rs1800127
rs34577247

rs7397167

Impact
LRP1 expression
LRP1 expression

LRP1 function

LRP1 function
LRP1 function
LRP1 structure
LRP1 structure

LRP1 structure
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Table 2. Summary of Notable Polymorphisms in LRP1.

Disease Association
Coronary atherosclerosis
FVIII levels

Numerous disease states,
including metabolic
syndrome, cardiovascular
disease, and Alzheimer’s
disease.

Unknown

Unknown

FVIII levels

FVIII levels

Unknown



4.0 Discussion

LRP1 is a recently identified receptor for RVFV cellular infection and is a rather sizeable
multifunctional protein (Ganaie et al., 2021). The mechanisms for RVFV cellular infection are still
poorly understood, although it is known that RVFV binds to cluster regions Il and IV (Ganaie et
al., 2021). Identifying polymorphisms in LRP1 may give insight into how host cells are infected
and individual susceptibility. There are many polymorphisms in LRP1; however, we have
identified eight that potentially impact RVFV infection. These eight polymorphisms are as follows:
c.1-25 C>G (rs138854007), 677 C>T (rs1799986), 663 C>T (rs1800127), rs1800137, D2080N
(rs34577247), rs1800194, rs12814239, and rs7397167. The polymorphisms were identified
through a literature search and the UCSC Genome Browser (Kent WJ, 2002). The polymorphisms
could impact LRP1 expression, functionality, or structure, significantly affecting RVFV binding.

The amount of LRP1 expressed on the surface of host cells directly affects RVFV binding;
if there is less LRP1 to bind to, there is less opportunity for cellular infection and vice versa. Two
polymorphisms were identified that likely impact LRP1 expression: rs138854007 and rs1800137.
The first polymorphism, rs138854007, occurs in the gene's promoter region and directly impacts
transcription, leading to a higher expression of LRP1 (Aledo et al., 2014; Schulz et al., 2002). The
polymorphism has been associated with coronary atherosclerosis (Aledo et al., 2014; Schulz et al.,
2002). We hypothesize that this polymorphism would cause an increase in host cell infection by
RVFV due to the increased expression of LRP1. Conversely, the polymorphism rs1800137 causes
a decrease in LRP1 expression and is associated with increased FVIII levels (Lee et al., 2017).
This is due to the polymorphism causing a frameshift mutation in exon nine, leading to premature
termination codons, causing mMRNA to be degraded or become unstable (Lee et al., 2017). We
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hypothesize that this polymorphism would cause a decrease in host cell infection by RVFV due to
the decreased expression of LRP1.

LRP1 function is essential for cellular uptake and processing, which RVFV utilizes for
cellular infection. If the gene is not functioning properly, RVFV infection will be directly
impacted, either positively or negatively. Three polymorphisms potentially affecting LRP1
function were identified: rs1799986, rs1800194, and rs12814239. The first polymorphism,
rs1799986, is a silent polymorphism impacting the splicing efficiency of exon three (Jusic, 2018).
This affects mMRNA length and can affect LRP1 function (Jusic, 2018). This common
polymorphism impacts about 22% of the population and is associated with numerous diseases
(Aledo et al., 2012; Jusic, 2018; Vucini¢ et al., 2017). Little is known about the other
polymorphisms, rs1800194 and rs12814239, identified in CLy, resulting in nonsense mutations.
The polymorphisms cause premature stop codons, which often generate a non-function protein.
We hypothesize that the three polymorphisms would decrease RVFV cellular infection due to
decreased LRP1 functionality.

LRP1 structure determines if ligands can bind to the protein and the affinity to which they
can bind. Depending on the structure, RVFV may be able to bind easily and with more affinity or
vice versa. We found three polymorphisms that could impact the LRP1 structure: rs1800127,
rs34577247, and rs7397167. While the first polymorphism, rs1800127, is not entirely understood,
it is known to impact exon six and cause an increase in FVII1I levels (Vormittag et al., 2007). Since
LRP1 is essential in the clearance of FVIII, it is believed that the polymorphism changes the
structure of LRP1 to prevent ligand binding (Vormittag et al., 2007). Therefore, we hypothesize
that this polymorphism would decrease RVFV cellular infection due to the change in LRP1

structure decreasing ligand binding. Conversely, the polymorphism rs34577247, located in exon
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39, changes the amino acid sequence and impacts the LRP1 structure, and results in a decrease in
FVIII levels (Morange et al., 2005). Therefore, we hypothesize that this polymorphism would
increase RVFV cellular infection due to increased ligand binding. Interestingly, both previously
mentioned polymorphisms (rs1800127 and rs34577247) likely affect FVIII ligand binding, which
binds to the same cluster regions as RVFV, suggesting that RVFV binding may be impacted
similarly. While the exact mechanism of FVIII and LRP1 binding is still unknown, it has been
found that a combination of binding techniques is utilized during the interaction, including bivalent
binding and non-canonical binding (Chun et al., 2022). One primary binding technique of interest
is bivalent binding, in which two binding sites on the receptor bind to two parts of the ligand to
increase the affinity (Chun et al., 2022). With this binding technique, it has been found that
tryptophan residues in certain regions of LRP1 are critical in interactions with RAP and FVIII; as
such, substituting this residue results in decreased binding for both ligands (Chun et al., 2022).
Therefore, polymorphisms in LRP1 that result in an amino acid change from tryptophan could
impact ligand binding, as seen with RAP and FVII11, and could be of interest.

Finally, the polymorphism, rs7397167, could alter LRP1 structure due to its amino acid
substitution to proline. It is unknown if this would positively or negatively impact RVFV binding.
However, we utilized a platform, AlphaFold, to predict the 3D structure of LRP1 with the amino
acid substitution to proline. AlphaFold is an Al-based platform that uses a protein’s amino acid
sequence to predict 3D structure; while it is the most accurate platform available, its reliability is
still unknown (Jumper et al., 2021; Pak et al., 2023). Due to the size of LRP1, we had to input a
smaller protein region to visualize. Since the polymorphism of interest occurs in CL (exons 52-
61), we selected exons 50-65 to visualize; therefore, we do not know how the rest of LRP1

responds to the polymorphism. Figures 3 and 4, seen below, show the difference between the wild
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type (non-mutated) and mutated 3D predicted structures. While the exact impacts of this
polymorphism are still unknown, there is a clear difference between the structures. Even though

RVFV does not bind to CLy; of LRP1, this drastic change in structure could impact ligand binding.

pIDDT: == Very low (<50) Low (60) mmm OK (70) Confident (80) == Very high (>90)

Figure 3. AlphaFold LRP1 Wild Type Structure (exons 50-65).
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plDDT: == Very low (<50) Low (60) OK (70) Confident (80) mmm Very high (>90)

Figure 4. AlphaFold LRP1 Proline Substitution Structure (exons 50-65).

4.1 Limitations

There are several limitations to the paper. First, we focused on polymorphisms that likely
impact LRP1 structure and expression, preferring polymorphisms that alter the amino acid
sequence. As a result, polymorphisms occurring in introns were not included. However, SNPs
occurring in introns can also impact gene expression and could be an essential consideration. This
paper serves as a starting point for identifying significant polymorphisms in LRP1 and RVFV;
many potentially important polymorphisms were not included.

Also, it is believed that LRP1 has functional duplications due to its ligands' ability to bind
to multiple clusters with equal affinity (Herz & Strickland, 2001). Ligands interact with multiple

ligand-binding repeats on LRP1 (Herz & Strickland, 2001). Therefore, it is possible that a
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polymorphism that impacts one cluster of the protein would not change overall RVFV binding
since the virus could bind to another region. It is unknown if functional duplications with the
protein change the impact of polymorphisms, but it is possible.

Additionally, while many polymorphisms have been identified in LRP1, little is known
about them. Most literature identifies an association of a polymorphism with clinical disease
outcomes, but more needs to be done to study the underlying reasons mechanistically. Therefore,
it is difficult to understand other ways a polymorphism can impact the protein. More research is
needed to identify and characterize human polymorphisms in LRP1 and determine their potential

effects on the protein.

4.2 Future Directions

This paper highlights notable polymorphisms in the LRP1 gene that could impact RVFV
infection. Targeted research on these polymorphisms should be conducted to identify their specific
impact on RVFV infection. A potential first step could be to model the LRP1 protein 3D structure
using prediction software such as AlphaFold to identify how specific polymorphisms could change
the structure of LRP1. Afterward, a promising approach would be to employ site-directed
mutagenesis techniques to identify the effects of each polymorphism on LRP1 and RVFV binding.
Additionally, dual-luciferase assay offers a reliable means of measuring gene expression levels
associated with these polymorphisms and their potential impact on protein expression. In-depth
research into these polymorphisms could offer valuable insights into the mechanisms underlying

RVFV cellular entry and infection, eventually leading to novel vaccines and treatments.
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Due to the scope of this paper, polymorphisms in introns were not addressed but could still
significantly impact LRP1 and RVFV binding. Therefore, research similar to this paper should be
conducted to identify key polymorphisms occurring in introns and their potential impact.
Afterward, similar approaches using AlphaFold, site-directed mutagenesis, and dual-luciferase
assays could be employed to learn more about the polymorphisms.

Further research should also be conducted on polymorphisms in RAP and GRP94, proteins
associated with LRP1 that are important in its expression and function (Ganaie et al., 2021).
Polymorphisms in these proteins could impact LRP1 severely, resulting in a change in RVFV
cellular infection. Therefore, it is crucial to understand how polymorphisms in related proteins

play a role in overall infection by RVFV.
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5.0 Conclusion

Several notable polymorphisms within the LRP1 gene may impact RVFV infection. These
include: rs138854007, rs1799986, rs1800127, rs1800137, rs34577247, rs1800194, rs12814239,
and rs7397167. The effect of these polymorphisms could alter gene expression, function, or
structure, which has significant implications for RVFV cellular infection. Further research is
required to determine the exact extent to which each polymorphism impacts RVFV infection. By
understanding the impact of these polymorphisms on disease susceptibility, this research could
shed light on mechanisms underlying RVFV infection, potentially paving the way for the

development of treatments and vaccines.
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