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Rift Valley fever virus (RVFV) is a phlebovirus of the virus family, Bunyaviridae. Since
the early 1900s, RVFV has continually caused economically devastating outbreaks in livestock
and severe disease in humans. In pregnant ewes, RVFV infection can cause abortions in up to
100% of animals and high mortality rates (up to 60%), and it can cause fetal abnormalities and a
high rate of mortality in newborn lambs. Originally, endemic to sub-Saharan Africa, RVF
outbreaks have been documented in Egypt, Madagascar, the Arabian Peninsula, and, most
recently, the island of Mayotte in the Indian Ocean. The proven potential for RVFV to cause
outbreaks in “virgin soils” is of grave concern for the European Union and the United States of
America, where competent vectors and susceptible host species are located. Vaccination of
livestock is paramount in the prevention of outbreaks. Unfortunately, inactivated vaccines that
are safe for both young and pregnant animals require boosters, and live-attenuated vaccines
are not considered safe in pregnant animals. Thus, the development of a live-attenuated
vaccine that is safe in pregnant animals is invaluable to the prevention of future RVF outbreaks
and ultimately, the eradication of RVFV.

The first aim of this work was to determine the N-glycosylation status of the RVFV
glycoproteins, Gn and Gc, and determine the roles of the N-glycans in DC-SIGN-mediated
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infection. The results determined that the single N-glycan site within Gn, at nt. 438, was N-
glycosylated and three sites within Gc, at nt. 794, 1035, and 1077; are N-glycosylated. We also
noted that the doublet band of Gc is generated by two distinct glycoforms, Ge-large and Ge-
small, which are due to heterogeneous N-glycosylation at N1077. Enhanced infection of RVFV
by DC-SIGN occurs by the Gn/Gc N-glycans in a redundant manner, and the N-glycans present
at N438 (Gn) and N1077 (Gc) play an important role in DC-SIGN mediated infection. This work
will aid in the development of vaccines that target the DC-SIGN receptor towards the facilitation
of dendritic cells acting in their antigen-presenting capacity instead of viral dissemination.

The second aim of the work presented was to create rMP-12 vaccine candidates that
expressed increased levels of Gn and Gc. Neutralizing antibodies to Gn and Gc have been
demonstrated to be important for protection against lethal RVFV challenge. Thus, we sought to
optimize the translation efficiency of the preglycoprotein region of the M-segment. Within the
preglycoprotein regions, there are five initiation codons, and the first initiation codon generates
the 78 kDa-Gc precursor, while the second initiation codon generates the NSm-Gn-Gc
precursor. We generated rMP-12 mutants with altered levels of Gn expression due to point
mutations and truncation of the initiation codons. Truncation of the preglycoprotein region up to
the 2" initiation codon resulted in relative Gn expression levels that were almost 3-fold greater
than the parental plasmid. However, this increase in relative Gn expression did not result in an
increase in viral titer. We also investigated the Gn expression strategy of other phleboviruses,
Sandfly fever Sicilian virus (SFSV) and Toscana virus (TOSV). Interestingly, relative Gn
expression from the preglycoprotein regions of these viruses was 3-fold and 1.5 fold higher than
RVFV. The knowledge gained from this aim will aid in the development of subunit vaccines

based on the RVFV Gn and Gc proteins.
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CHAPTER 1: INTRODUCTION!
HISTORY

The area surrounding Lake Naivasha in Kenya experienced an unusually, heavy rainy
season in 1930 (1). Over 31 inches of rain fell between February and May of that year, where
usually about 4 inches is the norm. Starting in late June and continuing throughout the summer,
a large number of abortions occurred in sheep flocks of the neighboring areas. In Kenya, many
diseases can infect sheep, including bluetongue virus (a reovirus), heartwater disease
(rickettsia), Nairobi sheep disease virus (a bunyavirus in the Nairovirus genus), and sheeppox
(a poxvirus). However, the pathology of the pathogens listed did not match the pathology seen
in the sheep in the Lake Naivasha area. About 1,200 ewes and lambs had succumbed to the
unknown disease by mid-August, and it was determined, then, that both the ewes and lambs
had suffered from the same disease. Within 24 hours after the onset of clinical signs (lethargy,
lack of desire to move or eat), the newborn lambs, around 3 days old, died (1). The lambs had
extensive liver necrosis. After a filtration experiment, the causative pathogen was determined to
be a virus, and the pathogen was, subsequently, named Rift Valley fever virus (RVFV) after the
region where it was identified.

Humans were also infected during the outbreak, including the local population that was
in charge of sheep herding. Also, during the investigation of the disease, four of the European
investigators developed the disease. lliness included fever, shivering, and a severe headache
(similar to Dengue fever), which was followed by pain in or around the joints. A recurrence of
symptoms occurred in one researcher about 3 days post recovery from the initial onset, and foor
weeks, that researcher experienced headaches and vision problems.

In the late 1940s, after the first RVF outbreak in Kenya, RVFV was first isolated from a

pool of mosquitoes that were harvested from a forest in Uganda (Entebbe strain) (2). This was

! Portions of this Chapter were previously published. Phoenix, I, Ikegami T. Pathogenesis of Rift Valley
fever in humans. 2015. In Emerging and re-emerging human infections. John Wiley & Sons/Wiley
Blackwell Press.



the first indication that mosquitoes serve as a vector for the transmission of RVFV, and because
the forest was uninhabited, it demonstrated that in African forests, circulation of RVFV in
mosquitoes occurs without human involvement. Later, it was found that persistence of RVFV, in
Kenya at least, is due to the transovarial transmission of the virus from floodwater Aedes spp.
mosquitoes to their offspring (3).

In South Africa in 1950, another prominent RVFV outbreak occurred, though RVFV was
not identified as the causative agent until human cases started to occur in 1951. As the virus
had not been documented in the country prior to this time, it was thought that RVFV was
introduced from other African countries (4). Roughly, 100,000 sheep died during the course of
the enzootic, and around 500,000 ewes aborted (4). During this outbreak, mortality and disease
was also identified in cattle, though to a lesser extent than in sheep.

During another outbreak in South Africa in 1975, the first cases of hemorrhagic fever
were reported. The origin of the RVFV strain that caused this outbreak is unknown. However,
Grobbelaar et al. identified 15 distinct genetic lineages using partial M-segment sequences from
over 200 viruses isolated from 1944 — 2010 (5). Isolates from South Africa (1971, 1974, and
1975) clustered with isolates from Kenya (1963 and 1965) and Zimbabwe (1969 and 1970) (5).
Thus, a weak genetic link between the East African strains of RVFV and the 1951 South African
strain exists (5-7).

In Egypt, in the summer of 1977, another RVF outbreak started and made its way up the
Nile River Valley (8). Continuing through 1978, the outbreak produced an estimated 20,000-
200,000 human infections and around 600 deaths (8). The responsible source of RVFV is
thought to be either infected sheep imported from Sudan (9) or wind-blown infected
mosquitoes(10), but the true source is unknown. This outbreak was the first outbreak north of
the Saharan desert and highlighted the ingenuity of RVFV in spreading to regions outside its

traditional boundaries.



Since the first introduction of RVFV to Egypt, more outbreaks have occurred in 1993,
1994, 1997, and 2003 (7). The use of vaccines in humans and livestock would have been useful
in preventing human deaths and economic losses due to animal abortions/deaths. Repeated
importation of animals from Sudan and the horn of Africa, with a disregard of proper quarantine
procedures might be involved in the recurrence of RVF outbreaks in Egypt (9, 11).

The first RVF outbreak occurring outside of Africa, in the Arabian Peninsula, took place
at the turn of the century (12). A close genetic tie between isolates from the Arabian Peninsula
2000 outbreak and from Kenya 1997 outbreak have been determined (6). The RVFV strain from
Madagascar has also shown to be genetically linked to that from east Africa (13).

The ability of RVFV to spread unexpectedly and across vast areas is a cause for great
concern, especially for non-endemic areas like the European Union (E.U.) and North America,
which have susceptible human and animal populations. Veterinary vaccination is the most
effective way to prevent RVF outbreaks. In endemic countries, veterinary vaccines, such as the
Smithburn vaccine, that are available have concerns with efficacy and safety (14, 15). In the
U.S., which is not endemic for RVFV, the MP-12 vaccine has been conditionally licensed for use
in livestock for emergency use in the case of RVFV introduction (APHIS, 2013). Legal
mportation of RVFV infected livestock is not a concern for the U.S. since importation of livestock
from countries endemic for foot-and-mouth disease and/or rinderpest is prohibited (16), and
countries endemic for foot-and-mouth disease and/or rinderpest are also endemic for RVFV
(16). However, illegal importation of animals is a concern. Other ways to prevent the
introduction of RVFV include the stringent regulation of shipping and possession of viral strains
used in research. The U. S. government classifies RVFV a Category A priority pathogen
(National Institute of Health), and an overlap select agent by the HHS (United States
Department of Health and Human Services) and USDA (U.S. Department of Agriculture) (17).
Select agents are pathogens that have been determined to be dangerous to public health,
animal or plant health, or to products derived from plants and animals (18). Enhanced biosafety
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level (BSL)-3, with exit shower, or BSL-4 is required for safe handling of RVFV in the U.S. Such
biosafety measures are to prevent infection of laboratory staff and the possibility of RVFV
escape from the research laboratory into the local population (19).
PATHOGENESIS IN HUMANS
Febrile illness

During early RVFV studies, there were a number of laboratory-acquired infections
caused by the use of inappropriate safety measures (20-24). For the majority of patients, RVF
is a non-fatal and self-limited, febrile illness (1, 20, 21, 24-28). Clinical signs and symptoms
typically, develop four to six days post-infection (incubation period). The onset of symptoms is
abrupt and include nausea with or without a sensation of fullness over the liver, rigors, fatigue,
severe headaches, discomfort, and dizziness, (20, 21, 25). Tenderness and redness of the
eyes, low blood pressure, elevation of body temperature (38.8°C to 39.5°C), continuous dull
pain in the shoulders, back, neck or legs, and inability to sleep or have bowel movements
follows the initial symptoms (1, 21, 24, 27-29). Sensitivity to light, loss of taste, nosebleeds, and
diarrhea and/or vomiting can also occur (1, 21, 24, 27-29). Remission of symptoms can occur
about hree days after symptom with some improvement and abatement of fever, typically,
occurs around the fourth day. After the initial recovery, however, in some patients severe
headaches and body temperature elevation recrudesces within one to three days post initial
recovery (1, 24, 25, 28). Lasting up to ten days, this secondary phase contributes to the
biphasic component of RVF. Even during the convalescent period, pain in the lower extremities
can occur, up to 2 weeks (1, 21), and in one case, a massive blood clot in the coronary artery in
a RVF patient (28). Also, long lasting discomfort in the abdominal area is experienced by some
patients despise an obvious lack of spleen or liver enlargement (1). RVF patients may also still
experience fatigue, eye pain, headaches, malaise, frequent headaches, weakness, and a sense

of disequilibrium. During the initial febrile period (i.e. 3-4 days), RVFV is present in the blood.



On the fourth day post infection, neutralizing RVFV antibodies start appearing in the blood and
begin to clear the infection (1, 21, 22, 24-26).
Hemorrhagic fever

In most RVF fatal cases, hemorrhagic disease is a leading cause of death, though the
time from infection to death can vary (30-32). Hemorrhagic symptoms start abruptly and include
a myriad of symptoms: fever, exhaustion, head and body aches, nausea, vomiting, infection of
or bruising of the eyelid; bloody diarrhea; and bleeding in the mouth and/or gastrointestinal tract
(31, 32). Enlargement of the spleen and liver, jaundice, throat pain, and a raised rash on the
upper body are also symptoms (31, 32). Aspartate aminotransferase (AST), Lactate
dehydrogenase (LDH), Alanine aminotransferase (ALT) are liver tissue damage indicators that,
typically, are found to be elevated in RVF hemorrhagic disease, whereas platelets and
hemoglobin amounts are reduced (31, 33). Patients, usually, die within 3 to 6 days post onset
of symptoms. However, it can take up to 17 days in some cases for patients to succumb to RVF,
and due to the widespread liver necrosis seen in autopsies, acute hepatic injury is considered a
primary cause of death (30, 31). When hemorrhage or jaundice is not seen in patients,
disseminated intravascular coagulation (DIC) with an increase in ALT/AST/LDH or D-Dimer,
which is generated by the degradation of blood clots; or renal failure are considered the main
causes of death (34, 35).
Neurological disorders

Usually, occurring one to two weeks post-onset of initial symptoms, (36), encephalitis
due to RVFV infection is another severe manifestation that occurs in some cases. Encephalitis
has also been seen in autopsies of RVF patients, who died of acute liver disease (37). Even
without obvious viral damage to the eye, temporary blindness can still occur along with
confusion, fever, and even paralysis (37-39). Lasting anywhere from 4 months (39) up to a year
(36), paralysis can manifest as locked-in syndrome (all voluntary muscles are affected) (37);
quadriplegia (all four limbs affected) (36); or hemiparesis (where only 1 side is affected) (39).
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An increase in the white blood cell count found in the cerebral spinal fluid (CSF),
indicates meningoencephalitis or inflammation of the meninges (36, 38). Hyperreflexia or over-
reactive reflexes; stupor and coma; fever; stiffness in the neck; increased salivation; visual
hallucinations; teeth-grinding; and convulsions are other symptoms (36-38). RVF-induced
encephalitis can also cause inflammation and hemorrhage in both eyes (36). Histopathological
examinations of the brain reveal perivascular cuffing and focal necrosis associated with
macrophage and lymphocyte infiltration (37).

Ocular diseases

Maculopathy (the center region of the retina is damaged), or retinopathy (the whole
retina is damaged) has been documented with RVFV infection. These pathologies can result in
the loss of highly sensitive central vision and/or in blurry vision and can affect one or both eyes.
These symptoms can manifest immediately after onset of initial symptoms to several weeks or
months later (40-42). Detachment of the retina (40, 43), arterial occlusion or blockage of the
retina arteries (40, 43-46); and irritation and swelling of the uvea or middle layer of the eye,
which supplies the most blood to the retina (42, 44) can occur in some cases. Though partial
improvement in vision can been seen in some patients after several months (41-43, 46);
permanent blindness or impaired vision due to scarring of the central retina is still a concern
(40-42, 44-47).

Thrombosis

Starting during the RVF febrile period and, possibly, lasting for weeks, another RVF
complication is thrombosis. The mechanism of the formation of large thrombi caused by RVFV
infection is unknown; however, DIC is thought to be involved. In one reported fatal case, a large
thrombus formed in the vena cava after persistent thrombophlebitis in one of the legs. The

thrombus, then traveled to the pulmonary artery and caused a embolus (23).



TRANSMISSION
In endemic areas in Africa, RVFV persists due to transmission between animals and

mosquitoes (horizontal) and vertical transmission in mosquitoes (Figure 1-1) (48). RVFV

Low-level
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Figure 1-1: Transmission Cycle of Rift Valley fever virus. In endemic areas, low-level circulation of
RVFV occurs between Aedes spp. of mosquitoes, which can transovarially transmit RVFV to their eggs,
and indigenous wildlife, such as African buffalo, Springbok, and Blesbok. During enzootics, RVFV
spillover into domesticated animals, such as sheep, goats, and cattle, can occur leading to potential
human infections via slaughtering of livestock or via bites from infected mosquitoes. During epizootics,
high rates of rainfall causes increased flooding of wetland areas, called dambos, most often due to the
weather anomaly known as the El Nino Southern Oscillation (ENSO). This increased flooding leads to
increased breeding grounds for Aedes and Culex spp. Culicine mosquitoes are thought to be involved in
the amplifying cycle that leads to increased infections of livestock and of humans. Veneral transmission
from infected male F1 Aedes mosquitoes to uninfected female mosquitoes might also occur.

survives severe drought conditions in east Africa via drought-resistant Aedes mosquito eggs (3).
Aedes spp are capable of the transovarial transmission of RVFV to their offspring (3). During

periods of drought, the shallow wetlands, where the infected female mosquitoes lay their
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infected eggs, dry up, but the infected eggs are capable of surviving from season to season
(49). Heavy rainfall, due to the weather phenomenon known as the El Nifio Southern Oscillation
(3, 50, 51), floods these shallow wetlands, known locally as dambos, and the infected Aedes
mosquito eggs hatch. The infected larvae turn into infected adults, which then feed on local
livestock allowing RVFV to be amplified and spread to other mosquitoes, animals, or humans
(49). Epizootics occur when there is enough rain to form breeding sites for Culex mosquitoes,
which feed on larger numbers of livestock and humans, thus amplifying RVFV spread (49, 52).
In other endemic areas, such as Egypt, Madagascar, South Africa, Sudan, West Africa; RVFV
persistence and transmission mechanisms are unclear. Independent introductions from other
endemic areas, in the production of outbreaks, have been supported by genetic lineage
analyses (13, 53, 54). While the principal hosts in the sylvatic cycle have yet to be identified,
native ungulates, such as the blesbok, springbok, African Buffalo, dorcas gazelle, and rodents
could be involved (48, 55).

RVFV infection of humans occurs via aerosolization, due to handling of infected tissue or
blood during the slaughtering of livestock, assisted parturition, and necropsies; or the bite of an
infected mosquito (49, 56). In the RVF outbreak in Egypt in 1977-78, infected patients did
develop transient viremia (16), but no cases of horizontal (human-to-human) transmission were
reported (52). However, there was a possible case of vertical transmission, where a pregnant
mother may have transmitted RVFV to her fetus in utero, reported during the RVF outbreak in
2000 in Saudi Arabia. (57). Four days before giving birth, the pregnant mother had symptoms
similar to RVF. RVFV IgG antibodies were detected in the mother, and the newborn had
detectable RVFV-specific IgM antibodies. Elevated levels of ALT/AST, extension of activated
partial thromboplastin time (APTT: a test for deficiency of intrinsic pathway factors) and
prothrombin time, and jaundice were seen in the neonate, who died at 6 days old (57). There is

no direct evidence to support a role for RVFV in human abortions, and the exact cause of the



infant’s death is unknown. Before and after the RVF outbreak in Egypt (1977), the serological
conversion rate of mothers who aborted their fetuses were 31.1% and 27.5%, respectively (58).
VIRAL LIFE CYCLE AND GENOME STRUCTURE

The first step in the RVFV life cycle begins with attachment to an attachment factor or
receptor (Figure 1-2). In the case of RVFV, two attachment factors, heparin sulfate (247) and L-

SIGN (59), and one true receptor, DC-SIGN (60) have been identified. A
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Figure 1-2: Rift Valley fever Life Cycle. The first step in the viral life cycle is viral Attachment to a
receptor or attachment factor. In some cases, such as attachment to DC-SIGN, attachment to the
receptor leads to Receptor Clustering, which can trigger Receptor-mediated Endocytosis. After
endocytosis, the virion disassociates from the receptor in the Early Endosome, and as the pH of the
endosome decreases, it becomes an Intermediate, Early-late Endosome and the membrane starts to
disintegrate. At pH 5.4, a conformational change in Gc allows exposure of the fusion loop, which fuses
the viral membrane with the Late endosomal membrane, releasing the viral contents into the cytoplasm.
As antigenomic (positive-sense) strands of S-segment are packaged into the virion, NSs protein is rapidly
synthesized from NSs mRNA, and NSs enters the nucleus, where it forms filamentous structures that
prevent an anti-viral state. The L protein that is associated with the negative-sense genomic RNA
strands, transcribes the viral mMRNA, using capped 5 fragment of host-mRNA as a primer. After primary
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transcription, the viral mRNA are translated into the viral proteins. The glycoproteins, Gn and Gc, form
heterodimers in the Endoplasmic reticulum, where they are N-glycosylated. Then, they proceed through
the Golgi apparatus secretory pathway, where the N-glycans can be further processed. NSm, on the
other hand, colocalizes with the mitochondrial outer membrane, anchored through the C-terminal
transmembrane domain, and inhibits apoptosis of the cell. Once Gn and Gc and the ribonucleoprotein
complex accumulate in the cis-Golgi, viral assembly and subsequent Egress occurs. Trafficking of
vesicles containing virions from the Golgi to plasma membrane is not well characterized. Once secreted
out of the cell, the newly formed virions can spread into neighboring cells.

true, or authentic, receptor is defined as one that is necessary for both binding and
internalization (59). After RVFV binds to DC-SIGN, receptor clustering occurs increasing the
avidity of the interaction and inducing signals within the cytoplasmic tail, specifically the
dileucine motif (LL), of DC-SIGN to allow receptor-mediated endocytosis (60). In the early
endosomes, RVFV begins to disassociate from DC-SIGN, and as the pH of the endosome
decreases, the membrane begins to disintegrate (intermediate early late endosomes). Virus
penetration occurs 20-40 minutes after entry (60), when the low pH (5.4 for RVFV) allows a
conformational change in Gc facilitating exposure of the fusion loop, which allows viral
membrane-lysosomal membrane fusion (61). After being injected into the cytoplasm, primary
transcription can begin by the L-protein that is attached to in the viral ribonucleocapsid (RNP),
followed by translation of the viral proteins.

Three negative-strand RNA segments compose the RVFV genome, which consists of
the Large (L: 6,404 nt)-, Medium (M: 3,885 nt), and Small (S: 1,690 nt)-segments (Figure 1-3).
In an ambi-sense manner, the nucleocapsid protein (N: 245 amino acids) and the nonstructural
S protein (NSs: 265 amino acids), are encoded by the S-segment. The N protein is encoded in
the viral-sense (negative-sense), whereas the NSs protein is encoded in the anti-viral-sense
(positive-sense). Between the N and NSs open reading frames (ORFs), termination sites of
transcription exist in both the anti-viral and viral-sense RNA. The RNP is formed when the N
proteins encapsidate the viral genome RNA, which is used for transcription of viral RNA and

genome RNA replication. Unlike the N protein, the NSs protein is not necessary for viral
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replication or the life cycle, but instead, the NSs protein is a major virulence factor and is known
to suppress the antiviral responses of the host.

Two overlapping ORFs are encoded by the M-segment, which produce four proteins: Gn
(nt. 480-2,090); Gc (nt. 2,091-3,614); a nonstructural protein, NSm (nt. 135-479); and the less
characterized 78 kDa protein (nt. 21-2,090). The envelope glycoproteins, Gn and Gc, are
responsible for the formation of the viral particle and are involved in RVFV attachment and entry
(62). Though the NSm has been shown to demonstrate anti-apoptotic functions in RVFV
infected cells (63), it has been shown to be dispensable for viral replication in mammalian cells,

along with the 78 kDa protein (64, 65), which plays a role in viral dissemination in mosquitoes.
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Figure 1-3: Schematic Representation of Rift Valley fever virus Gene and Protein Expression.
Primary transcription of the negative sense, viral genomic RNA, into mRNA, begins with the L-protein
removing the 10-18 nucleotides from capped 5’ host mRNA, which is used as a primer for viral mRNA
synthesis. From the viral mRNA, viral proteins are produced: L protein (RNA-dependent RNA
polymerase), M-segment proteins (78 kDa, NSm, Gn, Gc), and S-segment proteins (N, NSs). M-segment
proteins are produced from two open reading frames (ORF), and two polypeptides are produced: 78 kDa-
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Gc, and NSm-Gn-Gc. These polyproteins are cleaved by signal peptidase to produce their individual
proteins. NSs mRNA can be produced from the anti-genomic (positive sense) S-segment RNA that is
incorporated into the virions, while N mRNA is produced from viral sense S-segment RNA in an
ambisense coding strategy. Subsequently, viral RNA replication occurs due to the accumulation of N and
L proteins. The RNP is formed when the N protein encapsidates the viral RNA, and this association,
along the L protein, is essential for both viral RNA replication and transcription.

Five, in-frame initiation codons (AUGS) (Table 1-1) are located in the preglycoprotein
region of the M-Segment, and each is involved in the biogenesis of precursors, which are then
co-translationally cleaved, to produce the 78 kDa protein, the NSm protein, and the envelope
glycoproteins, Gn and Gc (66). The first AUG encodes the 78 kDa, which has a carboxyl-
terminal region identical to that of Gn. The 2™ initiation codon is the translation start of the NSm
protein, and it generates the NSm-Gn-Gc polyprotein, which is then cleaved at the amino-

terminus of Gn by signal peptidase. The 4™ or 5™ initiation codons may be used to translate the

precursor(s) to Gn and Gc, but the exact codon or mechanism used is currently unknown.

G AIG C C A U G G Strong
C U A A A U G U Weak
C G A G A U G A
G G A G A U G C
G A C C A U G G Strong
A G C A A ) G A

Table 1-1: Kozak Consensus Sequence and RVFV Initiation Codon Sequences.
Presence of an A or G at the -3 within the sequence surrounding the initiation codon (where the A of AUG

is +1), and a G at +4 confers a “Strong” Kozak sequence. The presence of one of these signals confers
an “adequate” sequence. The presence of a G at -6 and a C at -2 and -1 are considered to be important
and “strengthen” the sequence. “Adequate +" denotes the presence of either an A/G at -3 or G at + 4,
and the presence ofaG at-6 ora C at-2 and -1.

Lastly, the viral RNA-dependent RNA polymerase, or L-protein, is the only protein
encoded by the L-segment. The L-protein is required for primary transcription of viral mRNA,
which can then be translated into viral proteins. Through its endonuclease activity, the L protein
“snatches” the 5’ cap from host mRNAs along with 10-18 nucleotides and uses this capped RNA

fragment as a primer for viral mMRNA synthesis (67). The L-protein is also responsible for

genomic replication, which begins with the synthesis of an exact complementary copy of the

12



genome (cRNA), which is then copied into viral RNA (VRNA) (68). Unlike viral mMRNA synthesis,
neither cRNA nor VRNA synthesis requires an oligonucleotide cap primer (68). N encapsidation
of VRNA, however, is required for transcription and genome replication (68).

VIRAL VIRULENCE FACTORS: NSs and NSm

The NSs protein, encoded by the S-Segment of RVFV, is considered to be the major
virulence factor of RVFV. Though dispensable for the viral life cycle, the NSs counteracts host
antiviral responses and is necessary for proper replication. NSs is able to shut off host general
transcription via interactions with TFIIH, an essential transcription factor necessary for host RNA
polymerase | and Il (69, 70). Degradation of dsRNA-dependent protein kinase (PKR) has also
been shown to be a major function of NSs (71). Lastly, NSs inhibits the upregulation of
interferon (IFN)-B via binding to SAP30 (Sin3A-associated protein 30) (72).

RVFV NSs shuts down general host protein transcription by inhibiting TFIIH. TFIIH is a
major component of the pre-initiation complex (PIC), and it promotes transcription by opening
the promoter site and activating Pol Il through phosphorylation of its carboxyl-terminal domain
(CTD) (73). Ten different subunits comprise TFIIH, which is composed of two subcomplexes:
the CAK (cyclin-dependent kinase (CDK)-activating kinase) complex, and the core complex
(73). The CAK complex contains cdk7, MAT1, cyclin H, and the core complex is made up of a
helicase, XPB, and p8, p34, p44, p52, p62 (73). Another helicase, XPD, bridges the two
subcomplexes through interactions with MAT1 and p44 (73). RVFV NSs binds to p44, and
sequesters p44 from TFIIH assembly. RVFV serves as an adaptor protein bridging E3 ligase
consisting of FBXO3, Skpl, Cullin 1, Rbx1, and E2, to p62 protein, for ubiquitination. Though
ubiquitination of p62 via NSs has not been demonstrated, posttranslational degradation of p62
through proteasome has been demonstrated (74-76).

The degradation of PKR is another major function of RVFV NSs (77, 78). As an
interferon-stimulated gene (ISG), PKR can inhibit both host and viral translation initiation via the
phosphorylation of its substrate protein, eukaryotic initiation factor 2 (elF2a). Translation of host
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cell mRNA begins when the transfer RNA carrying methionine, which is delivered as a ternary
complex with elF2a bound to GTP, is located at the initiation codon. PKR is expressed
constitutively. When PKR binds to dsRNA or 5’ triphosphated ssRNA at the N-terminal domain,
PKR causes structural change exposing the fusion domain and the C-terminus kinase-active
domain and dimerizes to function as an activated kinase (79). The phosphorylated elF2a forms
a stable complex with elF2B, which is required for the conversion of elF2-GDP to elF2-GTP,
and thus, the sequestration of elF2B leads to translational initiation shutoff. During RVFV RNA
synthesis, RVFV NSs promotes the degradation of PKR through formation of viral E3 ligase
complex (76, 80), which maximizes viral protein synthesis without triggering translational
suppression.

While host general transcription shut off usually occurs at late time points in RVFV
infection, IFN-B mRNA induction can occur as early as 3 hours post infection (81). Pathogen
recognition receptors (PRR), including RIG-I (retinoic acid-inducible gene 1), TLR (toll-like
receptor)-3, and MDA-5 (melanoma differentiation-associated protein 5); can recognize viral
RNA and induce IFN-B gene expression through the activation of transcription factors, such as
Interferon Regulatory Factor-3 (IRF-3) and Nuclear factor-KB (NF-KB). The induced IFN-
protein then upregulates IFN-a and ISGs via promoters known as IFN-stimulated response
elements (ISRE), which include 2'-5'-oligoadenylate synthetase (OAS), IFN-inducible
cytoplasmic dynamin-like GTPase (MxA), PKR, and RNase L. IFN-a induction can further
increase the induction of ISGs. NSs inhibits IFN-B production via binding to SAP30 (72).
SAP30 bhinds to the YY1 transcription factor on the IFN-B promoter along with the SAP30
associated repressor proteins, Sin3A, NCoR, and HDAC-3 (72). Recruitment of IRF-3 and the
CREB-binding protein, CBP, along with subsequent acetylation of KBH4 and K14H3 are
required for IFN-B promoter activation (72). CBP recruitment requires the binding of YY1 to the
IFN-B promoter at -90 and -122 (72). After translation, NSs proteins are found both in the
nucleus and the cytoplasm, and in the nucleus, the NSs proteins form filaments (82). These
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unique NSs structures are detected in infected animals and are formed by the 17 amino acids
located in the carboxyl terminus (83-85). RVFV NSs associates with the SAP30 repressor
complex and inhibits YY1 binding at the -122 site thus preventing CBP recruitment to the IFN-
promoter activation (72).

RVFV NSm has also been demonstrated to be a virulence factor, though it is
dispensable for viral replication. A previous study demonstrated that apoptosis of infected cells
occurs earlier when infected with MP-12 mutants that lack NSm (64, 65, 86), which colocalizes
with the mitochondria and is thought to suppress apoptosis via that interaction (63). The last 45
aa in the C-terminal region of the NSm protein targets it to the outer membrane of the
mitochondria, where it prevents an apoptotic cascade via regulation of the p38 mitogen-
activated protein kinase response (87-89). RVFV can retain virulence in the Wistar-furth inbred
rat strain, even while lacking the 78 kDa and NSm proteins (90). Clearly, an indication of
pathogenesis alteration, the infected rats did not die of acute hepatitis as expected, but instead
died of delayed neurological diseases (90). However, Nishiyama el al. recently demonstrated
CD1 mice inoculated with 1x10° pfu of ZH501-ANSmM21/384 succumbed to infection, and liver
damage was noted (91). NSm’ is a 13 kDa protein, which is produced from the 3" AUG when
the 2" AUG is lacking, that like NSm, localizes to the mitochondria, though it is unknown
whether NSm’ has the same or similar anti-apoptotic activities as NSm (92). Viruses lacking
both NSm and NSm’ have been shown to be attenuated in murine macrophages and in mice
(92). One or both proteins may play a synergistic role with the 78 kDa protein in viral
dissemination in mosquitoes (92-94).

VIRAL DISSEMINATION IN MOSQUITOES: 78 kDa and NSm/NSm’

In a study using recombinant ZH501 RVFV, a wild type isolate from Egypt, the entire
coding region of NSm was deleted producing rRVF-ANSm (93). The infection, dissemination
and transmission rates in Aedes aegypti and Culex quinquefasciatus were determined and
compared to the wild-type parental virus, rRVF-wt (93). In Ae. aegypti, the infection-,
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dissemination-, and transmission-rates were all significantly lower with the rRVF-ANSmM mutant
compared to the wild-type (93). Only five of the 129 Ae. mosquitoes used in the experiments,
were infected, and of those five, only one was positive for dissemination, and subsequently,
transmission (93). In Cx quinquefasciatus, on the other hand, infection and dissemination rates
of the rRVF-ANSmM mutant were significantly lower, but the transmission rate was similar to that
of the wild-type virus (93).

Kreher et al found that a recombinant (ZH548) virus lacking the first initiation codon
(AUG S1 KO), the first through third initiation codons (AUG S1+2+3 KO), and that lacking the
second and third initiation codons (AUG 2+3 KO) grew to lower titers than the parental virus in
the Aedes albopictus C6/36 cell line (92). The AUG S1+2+3 KO virus displayed the most
reduced viral titer in the C6/36 cells compared to the other mutants (92). Infection and
dissemination rates of these mutants in Ae. aegypti mosquitoes were also determined (92). At
14 days post infection, the AUG 2+3 KO had similar infection rates compared to the parental
virus, and the dissemination rate was similar at day 14, but it did not rise by day 21, as did the
parental virus (92). The infection rate of the AUG S1 KO mutant was similar to the parental virus
at day 14 but was reduced at day 21 (92). However, the ability of this virus to disseminate in
mosquitoes was severely reduced, as only one mosquito displayed dissemination (92). Because
the infection rate of the AUG S1+2+3 KO was so low, the consequences of the abolishment of
78 kDa, NSm, and NSm’ on infection and dissemination in Ae. aegypti mosquitoes could not
fully be elucidated (92). Overall, this study demonstrated that infection of C6/36 cell is
modulated by NSm/NSm’ activity, while 78 kDa plays the major role in viral dissemination in Ae.
aegypti mosquitoes (92).
ANTIVIRAL THERAPIES

Though many antiviral therapies have been studied, no licensed therapeutics for Rift
Valley fever are currently available. Ribavirin, a broad spectrum antiviral that has been used to
treat several other viruses that cause hemorrhagic fever, has been investigated for its anti-
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RVFV properties. As a synthetic analog of guanosine, ribavirin is thought to act in an antiviral
capacity in several ways. The proposed mechanisms of antiviral activity of ribavirin include
polymerase inhibition (as a nucleoside analog of guanosine), RNA mutagenesis (incorporation
into viral genomes), and competitive inhibition of inosine monophosphate dehydrogenase
(necessary for guanosine biosynthesis) (95). However the exact mechanism by which it works
is not fully understood and it can produce adverse side effects (96, 97). Its large size also
prevents it from being able to pass the meningeal barrier, and because of this, ribavirin was
unable to prevent meningeal-encephalitis in a group of RVF patients in Saudi Arabia (96).

Protection from RVFV infection involves innate immune responses and type | IFN
induction (98-100). Swiss-Webster mice were completely protected from RVFV challenge when
given Poly (ICLC) daily starting at 24 hours post infection (100). Four doses of 20 ug poly
(ICLC) given intraperitoneally (i.p) was required to prevent mortality (100). Viremia was
reduced in rhesus monkeys that received five, daily doses of recombinant leukocyte A IFN-a or
human leukocyte IFN (98). Adverse side effects and a lack of safety and efficacy studies in
RVF patients have limited the potential for ribavirin and poly (ICLC) and ribavirin as RVF
treatments (101).

Several compounds have demonstrated anti-viral properties against members of the
Bunyaviridae family. Curcumin is has been shown to have anti-viral, anti-inflammatory, and
anti-arthritic properties (102). This compound can inhibit the IKK complex and, subsequently,
RVFV replication. Another antiviral molecule in the early stages of development for RVF
treatment is FGI-106 (103). In cell culture, wt RVFV was inhibited by FGI-106, and in a lethal
RVFV challenge in mice, onset of disease was delayed with FGI-106 treatment (103). Further
study will be required to understand the antiviral mechanism of FGI-106 to determine its anti-
RVFV therapeutic potential.

Broad spectrum inhibitors of RNA or enveloped viruses that are being investigated as
potential treatment of RVF include Favipiravir, Favipiravir relatives, and LJO01. Favipiravir, or T-
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705, inhibits the RNA-dependent RNA polymerase of RNA viruses, and it is currently in Phase
1l clinical trials for treatment of influenza (104-107). Early research on T-705, as a prospect for
RVFV treatment, involved surrogate studies using Punta Toro virus (PTV), a new world
phlebovirus transmitted by sandflies, which causes self-limited febrile iliness in humans and can
be handled in BSL-2 conditions making it more useful for preliminary studies than pathogenic
RVFV (103). When given two times a day (30 mg/kg/day) starting 24 hours post lethal-
challenge, T-705 was able to protect 90% of PTV (5000 PFU) infected C57BL/6 mice (108).
Due to theses promising results, further investigation into the anti-RVFV properties of RVFV
were undertaken using the pathogenic RVFV strain, ZH501 in both golden Syrian hamsters
(107) and Wistar-Furth rats (Caroline 2014). Hamsters infected with RVFV usually die of
infection within 48 hpi (107, 108). Sixty percent of hamsters given T-705 (200 mg/kg/day), twice
daily starting at 24 hpi, survived lethal RVFV infection, and T-705 treatment ameliorated acute
disease and protected against late-stage encephalitis better than ribavirin (107). However, in
the WF rat study, the 6 rats (out of 72 total) that succumbed to aerosol infection, died of late-
stage encephalitis, despite treatment with T-705 at various doges (20, 50, 100 mg/kg) (109).
These results were due to lower doses of T-705 (2 rats given 20 mg/kg; 1 given 50 mg/kg) or
delayed treatment with 100 mg/kg (2 in the 12 hpi group and 1 in the 48 hpi group) (109).
Overall, 90% of WF rats that were treated with 100 mg/kg started at 48 hpi survived infection
with highly lethal RVFV aerosol infection (109). These results suggest T-705 may be a viable
resource in RVF treatment, and since it is in Phase lll clinical trials, its safety profile in humans
has been well-established.

T-1106, a pyrazine derivative similar to T-705, was more efficacious than T-705 in a PTV
hamster model of infection but not in a mouse model (110). Unlike T-705, T-1106 is able to
target the liver, which is greatly affected in the PTV hamster model, which may explain the
differences in efficacy between the two animal models. A number of enveloped viruses are
inhibited by the aryl rhodanine derivative, LJ0O01, which is able to prevent viral-host membrane
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fusion, via insertion in the viral membrane (111). LJOO1 works at non-cytotoxic levels, and with
wt-RVFV was pretreated with LJO01, mortality is mice was completely prevented (111). Efficacy
and safety studies are required fully evaluate the potential of LJO01 as an antiviral treatment for
RVFV.

Another interesting antiviral strategy is to use peptides structurally similar to viral
components that inhibit fusion (112). A fusion-inhibiting peptide, RVFV-6, demonstrated to be
effective at inhibiting fusion of RVFV-ZH501, which uses a Class Il type fusion mechanism
(112). Class Il type fusion proteins are distinguished from Class | and Class Il type by the
location and structure of the “fusion peptide” or “fusion loop” (113). The Class Il fusion loops
are anti-parallel B-sheets composed of aromatic and hydrophobic amino acids, and they are
internally located (113). The putative fusion loop of RVFV is located within Gc, and several
peptides were designed based on the sequences of the Gc protein (112). The RVFV-6 peptide,
which is based on the Gc stem region (N450-468), demonstrated the ability to not only inhibit
RVFV infection, but was also able to inhibit Andes virus (Class Il), Ebola virus (Class |), and
Vesicular Stomatitis virus (Class IIl) (112). Interestingly, other viruses that have Class Il type
fusion proteins, such as Venezuelan Equine Encephalitis virus (VEEV), Eastern Equine
Encephalitis virus (EEEV), and Western Equine Encephalitis virus (WEEV) were not inhibited;
even at the highest concentration used (50 uM) (112). The proposed mechanism of fusion-
inhibition by RVFV-6 involves two steps: 1) association with RVFV, independent of Gc; followed
by 2) Conformational changes in Gc¢ due to the low pH environment of the late endosome allow
specific binding of RVFV-6 to Gc (112). Binding of RVFV-6 to Gc prevents fusion of the viral
membrane with the host membrane and release of the viral contents into the cytoplasm (112).
Future studies that identify where RVFV-6 binds to the Gc, if binding is reversible, and in vivo
efficacy studies will be invaluable in determining if the true antiviral potential of this fusion-

inhibiting peptide and others (112).
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VACCINE CANDIDATES

Due to the sporadic nature of RVF epidemics, vaccination is paramount to preventing
further spread of the virus. Symptomatic RVF can be prevented by the antibodies to the virus
induced by vaccination (114). Currently, no fully licensed RVF vaccines exist outside endemic
countries. Factors that are of concern when producing a RVF vaccine include the rapid
induction of protective immunity and low manufacturing cost. As ruminants are the most
susceptible to RVFV disease, the prioritization of veterinary vaccines is the most important
factor in RVF prevention. Also, since farmers, veterinarians, and anyone that works closely with
animals are also at high risk during an RVF outbreak, an efficacious and highly safe vaccine
should be available for human use, as well. It is thought that a single RVFV strain could be
used to develop a vaccine due to the high genetic homology seen among RVFV isolates and
cross-reactivity among divergent strains (7).
Live-attenuated vaccines

Wild-caught mosquitoes from the Semliki Forest region of Uganda were used to derive
the first live-attenuated vaccine for RVF (115). The Entebbe RVFV strain was isolated from the
mosquitoes, then was passaged 82 times in the brains of suckling mice (4). After being further
passaged in embryonated eggs and then mice, the first experimental vaccine was released in
1951 in South Africa (4). Since 1971, the vaccine has been amplified in BHK-21 cells, and it is
used as a veterinary vaccine in endemic areas (4, 116). With a single dose, the vaccine
produces life-long immunity and within 5-7 days, and it is inexpensive (Table 1-2) (4). However,
fetal malformations and abortions have been reported when pregnant animals are vaccinated
with the Smithburn vaccine (14). Reversion to a virulent phenotype and ability to spread via
local, competent vectors prevents the vaccine from being recommended in non-RVFV endemic
countries (4). Because the vaccine is a live vaccine, there have been reports of the creation of

reassortments with wild-type RVFV, including reassortant 95EG Cow-2509 strain isolated in
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Egypt from the aborted fetus of a vaccinated cow and the SA184/10 strain that was isolated

from a South African who was vaccinating sheep and suffered a needle injury (5)

Type

Inactivated

Smithburn

MP-12

arMP-12-A-
NSm

Clone-13

NDV-GnGc

Commercially Industry Safe in Single Genome Reference
Available Involved Pregnant Dose Structure
Animals
YES OBP YES NO Formalin- Kamal
inactivated 2011; FAO
2015
YES OBP & NO YES Live, Smithburn,
others attenuated 1949
NO Zoetis ? YES Mutagenized, | Morrill et al.,
(PFIZER) attenuations in | 1987, 1991,
SM, &L 1997.
NO MCI, ? YES 78 kDa/NSm Morrill et al.,
Sante region deleted | 2013;
Animale from M Weingartl et
segment al.,
2014; Morrill
et al., 2013.
YES OBP NO YES NSs region Muller et al.,
(S.Africa) deleted from S | 1995;
segment Dungu et
al., 2010;
von
Teichman et
al., 2011.
Makoschey
et al., 2016
NO Merck ? YES Clone 13 S & | Kortekaas
Animal MP-12 M & L et al., 2014.
Health segments
NO Merial/ YES YES Deleted NS Bird et al.,
Deltamune region of S & 2008, 2011.
M segments
of ZH501
NO Deltamune ? YES NDV Kortekaas,
expressing de Boer et
RVFV Gn/Gc | al., 2010;
Kortekaas,
Dekker et
al., 2010.
NO Merck ? YES Non-spreading | Oreshkova
Animal RVFV et al., 2013.
Health expressing Gn

Table 1-2: Commercially Available and Vaccine Candidates for RVFV. Modified from a presentation
by Dr. Doug Watts (ASTMH 2014) and The FAO Report 2015: The last hurdles towards RVFV control.

Clone-13 (C13) is another live-attenuated vaccine for RVF and was plaque-cloned from

the 74HB59 RVFYV strain, which was isolated in the Central African Republic from a nonfatal
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RVF case (117). After purification, it was determined that C13 lacks a large portion of the NSs
open reading frame (ORF) (117). Both the M- and L-segments are wild-type, but due to the
missing ORF, C13 lacks the expression of a functional NSs (118). Studies have demonstrated
the efficacy and safety of C13, even in young animals (calves/lambs) and in pregnant ewes
(119, 120). Also, C13 has an inherent DIVA marker (differentiation of infected from vaccinated
animals): anti-NSs antibodies present in livestock would indicate wild-type RVFV infection, as
C13 would not induce antibodies to NSs (121). Though there have been some concerns of
efficacy in the production of C13, it has been licensed in South Africa, Zimbabwe, Botswana,
and Namibia (122). In addition, a recently published study has demonstrated that the Clone-13
RVFV strain can be vertically transmitted from pregnant ewes to their fetuses and cause
stillbirths and malformations (123).

Other live attenuated vaccine candidates have been produced using the reverse genetic
system for RVFV (65, 124-126). Gene deletion involving the other RVFV virulence factor, NSm,
has also been investigated (127). Both the NSm and NSs genes were removed from the wild-
type ZH501 strain, and this vaccine strain was demonstrated to be safe in newborn and
pregnant animals and very efficacious (128, 129). These gene deletions can be used as DIVA
markers. It should be noted that in another study, that intranasal inoculation of rZH501-ANSs,
resulted in 100% mortality in C57BL/6 mice, whereas subcutaneous footpad inoculation resulted
in 100% survival and no signs of clinical infection (130).

The MP-12 live-attenuated vaccine, on the other hand, encodes a functional NSs
protein. It was developed by the United States Army Medical Research Institute of Infectious
Diseases (USAMRIID) for human use to replace the TSI-GSD-200 vaccine (149). Subsequently,
it demonstrated efficacy in animals (135, 136, 138, 139, 140). MP-12 was derived from the
serial passage of the wild-type ZH548 strain in human diploid MRC-5 cells that were exposed to
5-fluorouracil, a chemical mutagen for viral RNA (131). Twelve passages generated 23
mutations within all three segments of MP-12 (132, 133). When the NSs of ZH548 was replaced
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with that of MP-12, virulence was not affected indicating the S-segment of MP-12 is partially
attenuated (126). The other two segments are attenuated, and it is thought that, in combination,
the M- and L-segment mutations produce the attenuated phenotype of MP-12 (134). Though
there have been reports of abortions in pregnant animals (135, 136), MP-12 has repeatedly
been shown to be safe and efficacious in animals (137-140). However, MP-12 lacks a DIVA
marker.

Since the MP-12 strain has potential as a vaccine candidate, various maodifications have
been investigated. The arMP-12 ANSs16/198 vaccine strain was developed using reverse
genetics and encodes an in-frame truncation of the NSs gene (A16-198), identical to the C13
strain, but the N- and C-terminal peptides are linked with additional Asp-Val (141). While this
vaccine strain produced a lower neutralizing antibody titer in mice than parental MP-12, no
viremia was detected in any of the mice inoculated (141). Also, as no anti-NSs antibodies were
produced, this vaccine strain contains a DIVA marker (141). The R566 strain is a reassortant
MP-12 strain that encodes the M-and L-segments of MP-12 and the S-segment of C13 (142).
However, when compared to that of C13, the immunogenicity of R566 was decreased (142).
Both R566 and arMP-12 ANSs16/198 are attenuated in all three segments reducing the
potential creation of virulent RVFV reassortments with wild-type viruses (15). A novel 2-
segmented MP-12 vaccine candidate, encoding the replacement of the NSs protein with that of
Gn and Gc coupled with the L-segment, has been developed by Brennan et al. (2011). The
r2segMP-12 strain produced lower amounts of Gnh and grew to lower titers in both mammalian
and insect cell culture compared to a three segmented rMP-12, which included the two
r2zsegMP-12 segments and an M-like segment that encoded GFP in between the UTRs of the
M-segment (143). An MP-12 strain that lacks NSm, arMP12-ANSm, has also been
investigated for vaccine potential (136). The vaccine strain demonstrated high immunogenicity
in ruminants, but reassortment risk with wild-type virus strains would need to be evaluated as
the virus retains the NSs gene.
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Formalin-inactivated vaccines

A formalin-inactivated vaccine for RVFV was derived from the Entebbe strain. The wild-
type strain was passaged 184 times in mice, grown in African green monkey kidney cells, and
finally, was formalin-inactivated (144, 145). The vaccine was named NDBR 103 and starting in
1977, more than 500 laboratory personnel and various volunteers (145, 146) and 963 United
Nation soldiers (147, 148) were vaccinated with NDBR103. The TSI-GSD-200 vaccine was
subsequently produced in diploid FRhL-2 cells following more rigorous regulations of safety
(142),(147). USAMRIID and the Salk Institute worked together to produce the TSI-GSD-200
vaccine, and a 12-year long study demonstrated long-lasting protection in humans that received
three vaccinations (149). Beyond 6 months, additional booster vaccinations are required to
maintain immunity, which is considered to be a neutralizing titer of 1:40 (149). Minor events and
one report of Guillian-Barre syndrome were noted, but there have not been any reports of any
other severe adverse events, such as anaphylaxis or death, reported with either to NBDR 103
or TSI-GSD-200 (146, 150). The only RVFV vaccine for humans is TSI-GSD-200, but it is
exceptionally expensive is not available for public use.

There are also formalin-inactivated RVFV veterinary vaccines available. These vaccines
are based on highly virulent wild type strains, such as Menya/Sheep/258 or ZH501 (4, 14, 151).
Full protection depends on boosters, recommended every 6 months, which can be costly in
resource poor-settings.
Subunit vaccines

Due to the lack of infectious virus particles, subunit vaccines are considered a safe
alternative to traditional vaccines. Drosophila melanogaster cells, the Stable Schneider 2 (S2)
cell line, have been used to develop RVFV subunit vaccines. This cells line can produce
proteins that are secreted into the supernatant and can be kept in serum-free medium (152).
The ectodomain of Gn (Gn-e) was purified from S2 cells and was used to immunize mice (152).
When the adjuvant, Stimune, was added, two immunizations of Gn-e were adequate to protect
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mice from a lethal challenge of RVFV (152). In another study, Gn-e was produced with Flag
and Strep-tags, and lambs were protected from RVFV lethal challenge with one immunization
when formulated with Stimune (153).

Using a recombinant baculovirus system, Faburay et al. generated a Gn-Gc subunit
vaccine candidate and vaccinated six sheep (154). After a primary dose of 50 ug adjuvanted
with montanide ISA125, three sheep had antibody reactivity to Gne (the Gn ectodomain) at 7
days post vaccination (154). All six sheep seroconverted by day 14 post vaccination, and five of
the six sheep had protective neutralizing antibodies (PRNTg, >1:40) (154). A booster dose was
given at day 21 post vaccination, and all six sheep had increased neutralizing antibody titers
(PRNTgy>1:1280) (154). At day 328 post vaccination, neutralizing antibody titers were analyzed
and still demonstrated to be protective (PRNTg,>1:80) (154). Because this subunit vaccine
candidate only encodes the glycoproteins, it has an intrinistic negative DIVA marker, the N
protein (154). Indeed, none of the sheep vaccinated produced an antibody response to RVFV N
(154).

Virus-like particles (VLP)

Virus-like particles (VLP) are another option for RVFV vaccine candidates because they
can mimic wild-type virus but are exceptionally safe because they lack a viral genome (155). As
such, inactivation or attenuation is not required, and they have the potential to produce a more
potent immune response, with a lower dose, than inactivated vaccines because they retain the
same size and epitopes of wild-type virus (155). Insect cells (152, 156-158) or mammalian cells
(159-162) can be used to produce VLPs, but insect cells are preferred due to cost concerns by
a variety of methods, including a Drosophila insect expression system (33), a recombinant
baculovirus expression system (107) or via expression systems utilizing the gag protein of the

Moloney murine leukemia virus (112, 113).

25



Other vaccines

Replicon RVFV vaccines based on Sindbis virus (SIN) or Venezuelan equine
encephalitis have also been investigated (163, 164). After vaccination, 19G, 19G,, and 1gG2,
were induced by a VEEV replicon that encoded the ectodomain of Gn. In mice, the CAdVax
vector system, Gn and Gc proteins that are expressed by an adenovirus vector, was shown to
be efficacious an safe (165, 166). In mammals, New Castle disease virus (NDV) does not inhibit
type-l IFN responses making it an attractive viral vector (167). As such, the RVFV Gn gene was
inserted into the La Sota NDV strain (NDFL platform), which is attenuated, and when cattle were
vaccinated twice, neutralizing antibodies were produced (168-171). When both Gn and Gc¢
were expressed by the NDFL platform, mice were protected from challenge and had sterile
immunity (153).

The stability of DNA plasmids makes them practical vaccine options for diseases that
occur in tropical areas, where high temperatures can be a concern. Plasmids encoding the
glycoproteins (Gn/Gc) of RVFV were shown to produce neutralizing antibodies and protection
from RVFV challenge (172, 173). In another study, the ectodomain of Gn was fused the three,
tandem repeats of the C3d mouse homolog, which binds to the complement receptor 2, which
can be found on T cells or B cells, or follicular dendritic cells. Antibody production may result
from the activation of these cells. Mice injected with the plasmid encoding Gn-C3d were
protected from wild-type challenge and displayed Th2-type immune responses (174). The RVFV
N protein has been demonstrated to also induce cellular immunity (175, 176), and a plasmid
construct that had ubiquitin fused to the N protein protected mice from wild-type RVFV
challenge (177).

Non-spreading RVFV replicons, those that lack an M-segment, are also being developed
with the idea that cells can be infected, but cannot produce viable viral particles due to the lack
of glycoproteins (178, 179). For example, plasmids that encode both the S- and L- segments
(full-length) and a plasmid that encodes the Gn/Gc glycoproteins are transfected into BHK cells
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that stably express T7 RNA polymerase (178). Alternatively, the replicon could be recovered by
transfection of cells stably expressing S- and L-segments by T7 RNA polymerase with a plasmid
expressing Gn/Gc proteins (179). The replicons could be also obtained by infection of different
type of cells with replicon and co-expression of Gn/Gc proteins (179). The replicon is then
injected into mice or ruminants and completes a single round of infection. Studies have
demonstrated this approach to be safe and produce immunity to RVFV (153, 178, 179).

In laboratories that study RVFV, cases of accidental exposure will need to be properly
addressed, and, as such, post-exposure vaccination studies have been performed (180). Mice
that were challenged with a lethal dose of RVFV were protected by post-exposure vaccination
with MP-12 that lacked NSs but not MP-12 with a fully functional NSs (180). Though protection
waned after 20 mins post-exposure, strong protection was conferred when mice were
vaccinated 20 minutes post challenge (180). Early induction of type-IFNs most likely play a role
since the MP-12 with a functioning NSs, which prevents IFN induction, failed to protect, but
further studies will be necessary to confirm.

N-GLYCOSYLATION AND RVFV N-GLYCOSYLATION

Proteins are highly diverse not simply due to their amino acid sequences, but due to
post-translational modification. Glycosylation is the most common post-translational modification
of proteins, and it is estimated that over half of all expressed cellular proteins are glycosylated
(181). There are five types of glycosylation: N-linked, O-linked, glypiation, c-linked, and
phosphoglycosylation (181). N-linked, where an N-acetylglucosamine (GIcNAc) is attached to
the amino group of an asparagine (N), is the most common (at least 90% of glycoproteins are
N-glycosylated) and well described (181). N-linked glycosylation takes place in the Endoplasmic
Reticulum (ER) and Golgi apparatus and proceeds in a step-wise fashion, and it is divided into
four main events: precursor production, attachment of N-glycan to nascent protein, trimming of
the N-glycan, and maturation of N-glycans (181). N-glycosylation produces three types of N-
glycans: oligomannose or high mannose, hybrid, and complex type (Figure 1-4) (181).
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Experimentally, high mannose and hybrid N-glycans are identified by their susceptibility to
digestion endoglycosidase H (endo H), whereas peptide-N-glycosidase F (PNGaseF) will cleave
all three N-glycans at the GIcNAc-asparagine bond (Figure 1-4) (181). Each type is determined
by the terminal sugars, but all three types contain a common core (MansGIcNAc,), which is
produced by a common precursor (GlcsMangGIcNAc,-P-P-Dal).

Before translation of glycoproteins, an N-linked glycan starts as a precursor on the
cytoplasmic side of the ER (Figure 1-5) (181). Dolichol-P, a polyisoprenol lipid in the membrane
of the ER, receives a GIcNAc-1-P from UDP-GIcNAc via the enzymatic activities of GICNAc-1-
phosphotransferase producing the first necessary product of N-glycan production: Dol-P-P-
GIcNAc (181). Tunicamycin, an antibiotic that is used in N-glycosylation studies, is an analog of
UDP-GIcNAc and prevents the GIcNAc-1-phosphotransferase from attaching the GIcNAc to Dol-

P, thus preventing N-glycosylation (181). Once Dol-P-P-GIcNAc is produced,

EndoH EndoH *)

PNGaseF EPNGas.eF PNGaseF
X-Ser/Thr Asn P X-Ser/Thr Asn X-Ser/Thr
High Mannose Hybrid Complex

vFuc Owman Oacal .GIcNAc ’SialicAcid X= any aa other than Pro

Figure 1-4: Types of N-linked Glycans. There are three types of asparagine (N)- linked Glycans: High
mannose, Hybrid, and Complex. Branches of high mannose type N-glycans terminate in Mannose
sugars, designated by green filled circles. For hybrid-type, one branch terminates in mannose sugars,
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while the other branch can terminate in a wide variety of sugars. The branches of Complex type N-
glycans can terminate in a wide variety of sugars, the most common type is a NANA complex, which are
long strings of repeating Galactose (Gal- yellow-filled circles) followed by Sialic Acid (purple-filled
diamonds). The GIcNAc of each Glycan is linked to the N found in a common motif encoded by the
genome: N-X-Serine (S)/Threonine (T). Experimentally, high mannose and hybrid N-glycans are identified
by their susceptibility to digestion endoglycosidase H (endo H), whereas peptide-N-glycosidase F
(PNGaseF) will cleave all three N-glycans at the GIcNAc-asparagine bond.

another GIcNAc is transferred from UDP-GIcNAc; then five mannoses are added in a stepwise
fashion from GDP-Man, all via distinct glycosyltransferases (Gtfs) (181). A proposed enzyme,
“flippase”, transfers the MansGIcNAc,-P-P-Dol precursor across the ER membrane into the ER
lumen, along with Dol-P-Man and Dol-P-Glc (181). On the lumen side, Dol-P-Man and Dol-P-
Glc add four mannose residues and three glucose residues, respectively to complete the

precursor (GlcsMangGIcNAc,-P-P-Dol), which can be transferred to the peptide (181).

Cytosol
Core Oligosaccharide

“Flippase”

Ribosome

LA A 4l 4 1 4 44 4 4 4 1 J

000000000 OOO OO
ER Lumen

Mang-;GlcNACc,

Dolichol
Phosphate

Nascent
polypeptide

OST
é

a-glucosidases | .
H To Golgi
a-glucosidases |

Glc;ManyGlcNACc,

Figure 1-5: Addition of N-glycan Precursor to Nascent Polypeptide. The core precursor of the N-
glycan is produced on the cytosol side of the endoplasmic reticulum. An enzyme, “flippase”, flips the core
precursor into the ER lumen, where it is further modified to GlczMangGIcNAc,. Then, the precursor is
added to the nascent polypeptide by the oligosaccharide transferase (OST). The precursor is further
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modified to Mang-9GICNAC,, and once proper folding of the peptide has occurred, the peptide is sent to
the Golgi apparatus (cis-Golgi), where further modification of the N-glycan can occur. Proteins that are
not properly folded either bind to chaperones in the ER for refolding or are marked for the ER associated
degradation (ERAD) pathway by EDEM (ER degradation-enhancing a-mannosidase I-like protein
*Modified from http://mol-biol4masters.masters. grkraj.org/html/ Co_and_Post_Translational_Events4-
Glycosylation_of Proteins.htm

For the precursor to be added to the peptide, a signhal motif must be present in the amino
acid sequence (181). The signal motif is asparagine (N) followed by any amino acid, other than
proline, followed by serine (S) or threonine (T): N-X-S/T (181). Occasionally, N-X-Cysteine (C)
can be glycosylated when the C is in a reduced form (181). The presence of an N-X-T/S/C
motif in the amino acid sequence is necessary but not sufficient for N-glycosylation due to many
factors, including presence in the ER lumen and how quickly the protein folds after translation
(181). In addition, when the amino acid in the X position is acidic [aspartate (D); glutamate (E)],
the efficiency of N-glycosylation is reduced (181).

The “en bloc” transfer of the N-glycan occurs via the membrane-bound,
oligosaccharyltransferase (OST) (181). In mammals, there are three OST complexes that have
been identified (Mammalian OST-I, OST-Il, and OST-IIl) (181), and they are comprised of seven
to eight nonidentical subunits (182). The active site is in the STT3 subunit (183), and there are
two isoforms STT3A and STT3B, which have different kinetic properties and act can in concert
or sequentially (184). In addition to the standard N-glycan precursor (GlcsMangGIcNACc,-P-P-
Dol), STT3B can also mediate the transfer of intermediate precursors found in the ER lumen
(GlcsMans-gGIcNAc,-P-P-Dol) (182, 184). The STT3A unit is involved in the co-translational
addition of the N-glycan precursor to the peptide (184). As the growing peptide is passed
through the protein translocation channel into the ER lumen, the STT3A subunit, which is
associated with the channel (185), adds the N-glycan precursor (GlcsMangGIcAc,-P-P-Dol), to
the growing peptide. Translation occurs very rapidly, and activity of the OST is highly
dependent on protein conformation in its ability to add the precursor (181). Thus, the most N-

glycans are located on the N-terminal region of the protein (181). However, in some cases N-
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glycosylation can occur post-translationally via the STT3B isoform (184). It has been
demonstrated that extreme C-terminal N-glycan sites (usually within the last 50 residues) tend
to be skipped by the STT3A OST but are acted on by the STT3B OST (184). Also, the
presence of internal N-glycosylation sites (located between 65-75 residues from the N-terminal
region and >50 residues from the C-terminal end) increases the likelihood of C-terminal N-
glycosylation by the STT3B OST (184). Lastly, C-terminal N-glycosylation is affected by the
amino acids in the T/S/C sites of the sequon, where T>S>C (184).

After the N-glycan precursor (GlcsMangGIcNAc,-P-P-Dol) is added to the growing
peptide by the OST, sequential trimming of the glucose residues occurs by a-glucosidases | and
Il (Figure 1-5) (181). This event, along with the addition of an innermost glucose, occurs during
the folding of the protein and increases the amount of time the protein spends in the ER (181).
Many proteins also have an additional mannose residue trimmed by ER a-mannosidase I, which
leaves the final precursor as MangGIcNACc, (181). The trimming process provides an avenue for
the ER chaperones, calnexin and calreticulin, to help properly fold the glycoproteins (181).
Proteins that do not fold or are misfolded are marked for the ER associated degradation (ERAD)
pathway by EDEM (ER degradation-enhancing a-mannosidase I-like protein), which is a-
mannosidase I-like protein without enzymatic activity (181). EDEM binding to a misfolded
protein results in poly-ubiquitination and exportation from the ER into the cytoplasm, where the
protein is degraded by proteasomes. Also, N-glycosylation by STT3B of cryptic N-glycan sites
(sites only glycosylated when the C-terminal region is destabilized) can also mark the protein for
ERAD (184). Upon leaving the ER, the N-glycans of many glycoproteins terminate in eight or
nine mannose residues (181). Sometimes incomplete processing can occur leaving a glucose
residue, which will be cleaved along with the attached mannose by Golgi-resident endo-a-
mannosidase (181). This cleavage creates a different MangGIcNAc, isomer than the one

produced the ER (181).
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In the cis-Golgi, further trimming takes place by a1-2 mannosidases IA, 1B, and 1C,
which produce MansGIcNAc, (Figure 1-6) (181). Hybrid and complex N-glycans cannot be
formed without this key intermediate as they cannot be further processed in the medial- and
trans-Golgi (181). Proteins not processed in the cis-Golgi have oligomannose or high mannose
type N-glycans (181).

In the medial-Golgi, the generation of hybrid and complex N-glycans begins with the
addition of a GIcNAc to the MansGIcNAc, by the N-acetylglucosaminyltransferase, GICNACT-I

(Figure 1-6) (181). This step is necessary for the N-glycans to be further trimmed by a-

Transportfrom ER A

Golgi l

al-2 3
mannosidases IA,
IB,and 1C

Medial
 —

= o N
GIcNACcT- N
.-—-'-"'-" "_'—-B
a-mannosidase |l Endo H Susceptible
Endo H Resistant]

GlcNACT-II

Trans/”-_ x
Gal Transferase

? e
NANA Transferase \\
O‘l' O Egress

Figure 1-6: Trimming and Addition of Sugar Moieties to N-glycans in the Golgi Apparatus. In the
cis-Golgi, the N-glycan is trimmed by a1-2 mannosidases IA, 1B, and 1C. This step is required for the
production of hybrid and complex type N-glycans. In the medial-Golgi, the N-glycan is further acted upon

v
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by GIcNACcT-I, which adds a GIcNAc to the mannose «1-3 in the core, followed by trimming of mannose
residues in another branch in the core by a-mannosidase Il (hybrid type). Trimming of mannose residues
by a-mannosidase Il allows an addition of GIcNAc to the mannose ol-6 in the core by GICNACT-II
(complex type). Trimming of mannose by mannosidase Il is required for the production of complex type N-
glycans. Addition of two GIcNAcs by GIcNAcT-II, confers Endo H resistance to the N-glycan. Each step in
the entire process is sequential and requires the previous step and interaction of N-glycan with the
enzymes.

mannosidase Il, which removes two mannose residues to produce GlIcNAcMans;GIcNAc, (181).
If a-mannosidase Il fails to trim the mannose residues, hybrid glycans (GlcNAcMans-4GIcNAc2)
are formed (181). The precursor for complex glycans are produced when GICNACT-Il adds a
second GIcNAc to the other branch of the mannose core creating a biantennary precursor (181).
After this step, the N-glycans are resistant to digestion by endoglycosidase H (endo H) (181).
Tri- and tetra-antennary N-glycans can be created via addition of GIcNAcs to the other carbons
of the core mannose by GIcNAcT-IV, and bisecting GIcNAcs can be added to either hybrid or
complex N-glycans to the f-mannose of the core by GICNAcT-III (181).

So-called maturation of N-glycans occurs in the trans-Golgi (181). Here, sugars are
added to the core, the GIcNAc branches are elongated by further sugar additions, and the
elongated branches are then “decorated” with terminal sugars (181). The core GIcNAc,
attached to the asparagine, receives a fucose residue in many vertebrates, and in mammals,
few other sugar additions to the N-glycan core occur (181). In many hybrid and complex
glycans, a B-linked galactose residue is added to the GIcNAc on the main branch(es), creating a
building block, GalB1-4GIcNAc or the “LacNAc”sequence (181). While other sugar variations
can occur, the most common additions are tandem repeats of LacNAc creating poly-LacNAc
branches (181). Lastly, the addition of sialic acid (NANA), fucose, galactose (Gal), N-
acetylgalactosamine (GalNAc), and sulfate to the branches denotes the “capping” or
“decorating” step of hybrid and complex N-glycan production (181). Antibodies and lectins
interact with the terminal sugars of N-glycans, and as such, many terminal sugars are a-linked

so that they extend away from the -linked ribbon-like poly LacNAc branches (181).

33



Glycoproteins can exist as homogeneous or heterogeneous glycoforms (181). Many
glycoproteins display “microheterogeneity”, meaning that one particular N-glycan site may have
no N-glycan present or different types of N-glycans present, depending on the cell type, cell
cycle, availability of glycosidases and Gtfs, rate of transport through the translocon, rate of
transport through the ER and Golgi, and localization of glycosidases and glycosyltransferases
(Gtfs) in the lumens of the ER and Golgi (181). If a particular glycosidase or Gtf encounters an
N-glycan at one site before another, the remodeling of that site may interfere with the
remodeling of the other (181).

RVFV encodes six putative N-glycosylation sites: one in the preglycoprotein region
(N88), which is an upstream of Gn coding region, and five within the Gn/Gc region that are
found at: N438 (Gn); N794 (Gc); N829 (Gc); N1035 (Gc); and N1077 (Gc) (Figure 2-1). Two
studies regarding the N-glycosylation status of RVFV Gn and Gc, have been reported (186,
187). In the first study, BSC40 cells (African green monkey kidney cells) were infected with a
recombinant vaccinia virus expressing the entire ORF of the M segment and extending beyond
the termination codon of the authentic RVFV M segment, which produced the 78 kDa protein
from the 1% AUG, NSm from the 2" AUG (186). It was determined that the 78 kDa protein’s
electric mobility was increased when incubated with Endo H and Endo F, whereas the 14 kDa
(NSm) protein’s mobility did not change (186). There are two putative N-glycosylation sites
located within the 78 kDa protein: one in the preglycoprotein region (N88), which is shared with
the NSm protein, and one (N438) shared with Gn. These data indicate that at least one of the
two putative N-glycosylation sites is utilized by the 78 kDa protein, but the one putative site of
the NSm is not utilized. These results are reasonable because the 78 kDa protein is probably a
structural protein expressed with a putative signal peptide, while NSm is a nonstructural protein
expressed without a signal sequence (187). Also, as both Endo F and Endo H are only able to
digest high mannose or hybrid-type glycans, the N-glycan(s) on the 78 kDa protein appear(s) to
be high mannose- or hybrid-type. In this study, the mobility of the Gn and Gc proteins was also

34



increased when incubated with Endo H and Endo F indicating site usage and the presence of
high-mannose or hybrid-type glycans. In a follow-up study, immunoprecipitated 78 kDa proteins
were incubated with Endo F for various times, and two distinct shifts in mobility were seen,
indicating that both N-glycosylation sites within the 78 kDa protein are utilized (187). The
mobility of the Gn protein was also increased indicating that the shared N-glycosylation site,
N438, is utilized by both the 78 kDa protein and the Gn protein (187). Three species of Gc
proteins were seen, when treated with Endo F over time, indicating that three of the four
putative sites are utilized (187). However, the N-glycosylation status was inconclusive as Gc¢
exists as a doublet in infected cells (61, 186-188).
DENDRITIC CELL-SPECIFIC INTERCELLULAR ADHESION MOLECULE 3-GRABBING
NONINTEGRIN (DC-SIGN), LIVER/LYMPH NODE SPECIFIC INTERCELLULAR ADHESION
MOLECULE 3-GRABBING NONINTEGRIN (L-SIGN), AND THEIR MOUSE ORTHOLOGS

DC-SIGN (CD209) is a calcium-dependent (C-type), type Il transmembrane protein
(189). Other members of the C-type Lectin family include L-SIGN, the mannose receptor, and
langerin (DEC-205). This lectin family is characterized by their ability to recognize carbohydrate
structures of cellular and viral proteins (190-192). The expression sites of DC-SIGN include DCs
found in the dermis, though not Langerhans cells, and those found in lymphoid tissues or near
mucosal surfaces (193-195). DC-SIGN has also been identified on macrophage cells in the
placenta, called Hofbauer cells; alveolar macrophages, and in the liver sinusoids on Kupffer
cells (193, 194)

DC-SIGN binds ligands via its carbohydrate recognition region (CRD) (Figure 1-7) (196,
197). Attached to the CRD is the neck region, which is made up of eight tandem repeats
consisting of 23 amino acids and is responsible for the tetramerization of the lectin (198-200).
This tetramerization is necessary for proper biological functions of DC-SIGN. The lectin spans
the plasma membrane via the transmembrane region, and it has a cytoplasmic tail, which
consists of a tyrosine residue, followed by a tri-acidic region and a dileucine motif. The tail
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region is involved in internalization (194), and removing the dileucine motif via site-directed

mutagenesis has been demonstrated to abolish DC-SIGN internalization (59, 60, 198).

Carbohydrate Recognition Domain
CRD

Neck Domain
Conserved in DC-SIGN

Variable in L-SIGN

Tetramerization of DC-S5IGN

Transmembrane Pl ofion : Transmembrane
Region : . Region
....... \ ..............Q. \ ...
Y CytoplasmicTail
- Y = Tyrosine -
ILL = EEE EEE=ytrialcidc.’uster LL w EEE
LL=dileucine

Figure 1-7: Schematic of DC-SIGN showing Tetramerization of DC-SIGN. DC-SIGN binds ligands via
its carbohydrate recognition region (CRD). The Neck domain is made up of eight tandem repeats
consisting of 23 amino acids and is responsible for the tetramerization of the lectin. In L-SIGN, the neck
region contains many polymorphisms and can range from 3 up to 9 repeat regions, while it is conserved
in DC-SIGN. The lectin spans the plasma membrane via the transmembrane region, and it has a
cytoplasmic tail, which consists of a tyrosine residue, followed by a tri-acidic region and a dileucine motif.
The tail region is involved in internalization via the dileucine motif (LL). Tetramerization is required for
antigen (or virus) interaction and internalization.

In its antigen presenting capacity, DC-SIGN has been demonstrated to internalize
ligands (201). Identification of self and pathogen ligands for DC-SIGN has been made possible
via determination of carbohydrate specificity of the lectin. DC-SIGN preferentially binds to non-
sialylated fucose-containing Lewis antigens and high-mannose N-glycans (200, 202). Viral

pathogens can use DC-SIGN in a cis-fashion, where it facilitates entry and infection of the cell
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expressing DC-SIGN (60), or in a trans-fashion (203), where it binds to viral particles and
transfers them to other cells, which the virus then infects.

Originally, identified as a receptor for human immunodeficiency virus-1 (HIV-1), DC-
SIGN has been identified as a either an attachment factor or authentic entry receptor for other
viruses, including members of the filovirus (204), alphavirus (205), arenavirus (206), and
flavivirus families (198, 207). DC-SIGN was also recently identified as an authentic entry
receptor for bunyaviruses, including members of the phlebovirus (60), and nairovirus genus
(208). In the study of phlebovirus entry, human peripheral blood mononuclear cells (PBMCs)
were used to generate immature DCs (60). These DCs were then exposed to RVFV for 7 h(60).
Antibodies against the N protein were used to immunostain the viruses, and FACS analysis
determined the number of infected cells(60). The fraction of infected cells increased over time,
between 0-25 hours post infection (hpi), and at the highest multiplicity of infection (MOI), more
than 70% of DCs were infected(60). These results confirm DCs can be infected with RVFV. Raiji
cells, a B-lymphocyte cell line, are generally not infected by phleboviruses or are infected at
very low levels. Thus, when parental Raji cells were infected with 1 MOI of RVFV and analyzed
by FACS at 18 hpi, less than 10% of cells were infected with RVFV, whereas when DC-SIGN
was expressed, around 60% of cells were infected (60). When inhibitors of DC-SIGN, such as
EDTA (5 mM) and anti-DC-SIGN mAb 1621 (25 pg*ml™) were present during infection, the
number of infected cells decreased to less than 10% and less than 30%, respectively(60).
These results confirm DC-SIGN mediates RVFV infection in Raji-DC-SIGN cells. In a follow-up
experiment, UUKV was produced in BHK-21 cells and then treated with Endo H or PNGase F
under reducing or non-reducing conditions. Under reducing conditions, both the Gn (1 N-
glycosylation site) and the Gc (4 N-glycosylation sites) glycoproteins were sensitive to Endo H
digestion indicating presence of high mannose- or hybrid-type glycans (60). Under non-reducing
conditions, infectivity determined by plaque assay was not significantly affected (60). However,
when binding was determined by FACS, less than 30% of PNGase treated viral particles could
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bind and less than 10% of Endo H treated viral particles could bind to Raji-DC-SIGN cells (60).
These results also suggest an important role for high mannose or hybrid-type glycans in UUKV
binding to DC-SIGN.

L-SIGN (DC-SIGNR; CD209L) shares 77% amino acid identity to DC-SIGN and is
structurally very similar (190, 193, 194). However, unlike DC-SIGN, the neck region of L-SIGN
contains many polymorphisms and can range from 3 up to 9 repeat regions (203). Expression
of L-SIGN also differs as L-SIGN has been identified on the endothelial cells (LSECs) of lymph
node and liver sinusoids, and on the endothelial cells of the placenta (209, 210).

Similar to DC-SIGN, L-SIGN binds to high mannose type N-glycans(203, 207), but unlike
DC-SIGN, L-SIGN does not bind to fucose-containing Lewis antigens (197). L-SIGN is unable
to bind to Lewis antigens due to the serine residue at N363, which prevents the creation of a
hydrophobic pocket that allows stabile binding of the Lewis antigen in the CRD (197, 199). It has
been demonstrated that L-SIGN only binds to high mannose type N-glycans and not hybrid or
complex type (211). The inability of L-SIGN to bind to hydrid type N-glycans is due to the steric
hinderance of a core GIcNAc (B1-4 linked), found in hybrid type N-glycans, with the
phenylalanine (Phe®*) residue with the CRD of L-SIGN (211).

A recent study has shown that L-SIGN is an attachment factor for phleboviruses and not
an authentic receptor like DC-SIGN (59). The authors used rRVFV that expresses GFP in the
place of NSs, and lab strains of Toscana virus and Uukuniemi virus for comparison. Hela cells
and Raji-cells that stably express L-SIGN were exposed to the viruses for 20 hours, then flow
cytometry was used to analyze viral replication. The parental Raji cells, which did not express L-
SIGN, had low infection (<5%) even at higher moi: rRVFV-ANSs-EGFP (10moi), TOSV (5 moi) ,
and UUKYV (10 moi) (59). On the other hand, the viruses could infect cells even at the lower moi
of 1, when L-SIGN was expressed: rRVFV-ANSs-EGFP (~5%), TOSV (~18%) , and UUKV

(~5%). The same trend occurred when L-SIGN was expressed by HelLa cells with higher
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infection rates compared to the Raiji cells at an moi of 1-1.25: rRVFV-ANSs-EGFP (~85%),
TOSV (~85%), and UUKV (~30%).

For the rest of the study, the authors used UUKV as a surrogate for bunyaviruses.
Inhibitors of L-SIGN (EGTA, an antibody to L-SIGN, and mannan) limited binding of UUKV to
the Raji-cells that expressed L-SIGN, confirming that the lectin was involved in viral binding
(59). However, when the Raji cells expressed L-SIGN that lacks the dileucine motif (unable to
be endocytosed), at mois of 0.2, 1, and 5 the percentage of infected cells were similar to cells
that expressed L-SIGN with the dileucine motif (59). These results indicated that while L-SIGN
is important for binding UUKYV, it is not necessary for viral infection of the cell (59).

This study is in contrast to another study that used rhabdovirus particles pseudotyped
with RVFV Gn/Gc, Severe Fever with Thrombocytopenia virus Gn/Gc, or La Cross Virus Gn/Gc
(212). Twenty-four hours post infection of Raji cells that express L-SIGN (listed as DC-SIGNR
in the paper), viral infection was analyzed by luciferase activity and only the SFTSV Gn/Gc
pseudotype appeared to have enhanced infection by L-SIGN. The RVFV Gn/Gc and LACV
Gn/Gc pseudotypes showed similar luciferase activity to that of Raji Cells that did not express L-
SIGN (212). These contradictory results may be due to the differences in viral N-glycosylation
and assembly of rhabdoviruses and bunyaviruses. It has been documented that differential N-
glycosylation can affect viral binding to L-SIGN or DC-SIGN (198, 205, 207).

The functions of human DC-SIGN and L-SIGN have only been investigated in vitro
mostly due to a lack of a functional ortholog in mice. Sequencing analyses have demonstrated
that the mouse genome encodes eight DC-SIGN-like genes that are dubbed SIGNR. One of
the genes was determined to be a pseudogene, SIGNRG6, while the other seven produce distinct
proteins (213). In terms of carbohydrate binding, SIGNR1, -3, and -7 are similar to DC-SIGN,
with SIGNR-1 being the only one capable of binding to Lewis antigens (213). As far as L-SIGN,

SIGNR-5 and-8 are the most similar in terms of binding (213).
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However, in terms of structure there are few similarities between human DC-SIGN and
L-SIGN with the mouse SIGNRs. SIGNR-2 does not have a membrane anchor and the other
SIGNRs have much shorter neck regions than the human lectins (213). The longest neck region
is that of SIGNR-1, which contains four repeat regions, while the neck of SIGNR-2 has only two
and the rest have no repeated neck sequences (213). Due to the short neck regions, the mouse
SIGNs cannot form stable oligomers, which may affect binding avidity to their respective
ligands. Only SIGNR-3 contains a tyrosine-based internalization motif, but both SIGNR-3 and
SIGNR-1 are able to release ligands at low pH values similar to that of DC-SIGN (213). Human
DC-SIGN are expressed by similar cell types, but SIGNR-5 does not mediate receptor
internalization like DC-SIGN (214). Thus, due to these structural, expression, and binding
differences, it is not possible to use mouse SIGNs as surrogates for human DC-SIGN/L-SIGN
studies.

For this reason, hSIGN mice were created via the introduction of a transgene encoding
DC-SIGN into C57/BI6 mice (215). The CD11c promoter controls expression of DC-SIGN in
these mice in an effort to reproduce part of its expression pattern (216). When hSIGN mice were
infected with M. tuberculosis, they survived longer than the wild-type mice, possibly due to DC-
SIGN limiting inflammatory responses (215). However, because the other mouse SIGNs and the
mannose receptor were not knocked out, they may have also contributed to this effect (216).
Though, hSIGN mice may not be able to fully elucidate human DC-SIGN functions in vivo, they
may be valuable in CD4+ and CD8+ induction studies, which will be paramount in evaluating
DC-vaccines (216).

JUSTIFICATION OF STUDIES

Since first being described in 1931, RVFV has continued to cause sporadic outbreaks
throughout Africa and more recently, the Arabian Peninsula (217). These outbreaks cause
devastating losses of livestock, particularly sheep, goats, and cattle; and death in humans can
occur (217). RVFV is transmitted via contact with infected tissues or via mosquitoes, and two
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genera (Aedes and Culex) are primarily involved in the maintenance and amplification of RVFV
(218). The outbreak of RVFV in Saudi Arabia and Yemen, in 2000, increased the concern of
the spread of RVFV to other naive geographical regions, where susceptible livestock and
competent vectors are present. A more recent outbreak in South Africa (2010-2011), had an
approximate case fatality rate of 11% (219). The following year in Mauritania, there were 17
human deaths reported out of 34 cases (220). RVFV has continually demonstrated to invade
“virgin soils”, and studies indicate that competent mosquito vectors, such Aedes and Culex spp.,
are present in the United States (221, 222). Also, as both livestock and humans produce
enough viremia to transmit RVFV to mosquitoes (223), RVFV introduction into the United
States, and the ease with which it can become endemic is a serious concern.

Recently, the C-type lectin, DC-SIGN, was identified as a receptor for RVFV (224). Like
other studies involving DC-SIGN, high mannose-type glycans were demonstrated to be
important for UUKV binding to DC-SIGN, but other phleboviruses were not investigated in this
regard (224). However, there have been very few studies investigating the type and usage of
N-glycans of RVFV and their role in infectivity. Kakach et al. (1989) performed a time-course
digestion of Gn and Gc with endoglycosidase F (Endo F), which does not cleave all types of N-
glycans, nor did they investigate the individual N-glycosylation sites of these proteins. By
determining the usage and type of N-glycans present, we can better determine their roles in
receptor binding, such as their interactions with DC-SIGN. This work will aid in the development
of vaccines that target the DC-SIGN receptor, which is found on immature dendritic cells that
patrol tissues in search for viral pathogens. DC-SIGN, in its antigen-presenting capacity, can
allow the induction of both humoral and cellular responses (225), which are important in the
immunogenicity of vaccines.

Among 33 RVFYV isolates tested, all five initiation codon sites encoded within the
preglycoprotein region of the RVFV M-segment were conserved suggesting functional roles
(226). The first and second start codons initiate translation of the 78 kDa-Gc and NSm-Gn-Gc
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precursor proteins, respectively; whereas the fourth and fifth codons initiate translation of the
Gn-Gc protein precursor, when the upstream initiation codons are abolished (227). A
fundamental understanding of the RVFV Gn/Gc expression mechanism will lead to the rational
design of highly safe and immunogenic vaccine candidates.

SPECIFIC AIMS

Specific Aim 1: Determine the role of Gn/Gc N-glycosylation in RVFV MP-12 infection via
DC-SIGN. Hypothesis: No single N-glycan plays a dominant role in MP-12 infection via DC-
SIGN. Rationale: Five putative N-glycosylation sites are found in Gn/Gc at N438 (Gn), N794
(Gc), N829 (Gc); N1035 (Gce) and N1077 (Gce). DC-SIGN has been identified as a receptor for
RVFV, and high-mannose-type glycans are DC-SIGN ligands. It is unknown which asparagines
within the N-X-S/T sequons are N-glycosylated, and which N-glycans support DC-SIGN binding
in RVFV infection. | aim to identify N-glycosylation sites in RVFV Gn and Gc, and characterize
their roles in viral infection mediated by DC-SIGN and L-SIGN. The results will be important for
the rational design of next generation RVF vaccines, which retain DC-SIGN carbohydrate
ligands. Reverse genetics for the RVFV MP-12 strain and Jurkat cells stably expressing human
DC-SIGN or L-SIGN will be used for this study.

Specific Aim 2: Characterize the mechanism of Gn/Gc expression via ribosomal leaky
scanning of the 5 initiation codons in the RVFV M-Segment. Hypothesis: RVFV Gn/Gc
expression is regulated in the context of the leaky five AUGs upstream of Gn/Gc. Rationale:
The RVFV M-segment encodes at least two glycoprotein precursor proteins (78 kDa-Gc and
NSm-Gn-Gc), and 78 kDa, NSm, Gn, and Gc proteins are produced by the co-translational
cleavage of these precursors. The two precursor proteins are made through leaky scanning of
ribosome at the 1% initiation codon. Reverse genetics allowed us to generate RVFV MP-12 M-
segment mutants, which lack the 78 kDa and/or NSm proteins. Abolishment of the 1% or the 2™
AUGs will lead to the generation of surrogate precursor protein(s) for Gn and Gc production.
However, it is unknown how the alteration of precursor proteins affects the cleavage efficiency
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to produce Gn or Gc proteins or viral replication. Since rMP12-ANSmM?21/384, which encodes an
in-frame deletion in 78 kDa/NSm region, is considered a next generation MP-12 vaccine, further
characterization of M-segment preglycoprotein coding region is important for the proper
evaluation and production of next generation vaccines. | aim to quantitatively characterize the
expression of the Gn protein from precursor proteins produced from the RVFV M-segment
lacking selected initiation codon(s) in preglycoprotein region, using a reporter assay.
Furthermore, | will also characterize the virological phenotype of RVFV MP-12 mutants

encoding initiation codon mutation(s) within the preglycoprotein region.
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CHAPTER 2: N-glycans on the Rift Valley fever virus envelope glycoproteins, Gn and Gc,
redundantly support viral infection via DC-SIGN?
INTRODUCTION

Within the RVFV M-segment, there are six, potential N-glycan sites (sequon) predicted
by the presence of an asparagine (N), followed by any amino acid (X), followed by serine or
threonine (S/T) (Figure 2-1A) (181). The locations for these N-glycan sequons are the
following: N88 (78 kDa), N438 (78 kDa and Gn), N794 (Gc), N829 (Gc), N1035 (Gc), and N1077
(Gc). NSm is not N-glycosylated at N88 because the NSm polypeptide is anchored to the
membrane at the C-terminus, while the N-terminus is exposed to cytoplasm. The N88 site is N-
glycosylated in the 78 kDa protein (186). The N438 site, shared by the 78 kDa protein and Gn,
are N-glycosylated in both proteins (66, 232). According to a previous study, three of the four
sites within Gc are N-glycosylated (66). Gc is a class Il fusion protein and has a similar
structure to the envelope E proteins of alphaviruses and flaviviruses according to the crystal
structure (233). The three domains that comprise RVFV Gc are domain | (aa.691-759, 852-901
and 981-1024), domain Il (759-852, 901-981), and domain Il (1024-1120), and the putative
fusion loop, (aa. 820-830), resides within domain 1l (61). The N829 sequon is located within the
fusion loop.

Human DC-SIGN is a C-type lectin that has been identified as a receptor for RVFV (60).
DC-SIGN shares 77% amino acid identity with L-SIGN, or DC-SIGNR, but they are expressed
on different cell types and have different sugar-binding affinities (234). L-SIGN is expressed on
the endothelial cells of liver and lymph node sinuses, as well as the endothelial cells lining
capillaries of the placenta, whereas DC-SIGN is expressed on dendritic cells and some

macrophages (234). Unlike DC-SIGN, L-SIGN has been demonstrated to not support RVFV

? Portions of this chapter have been previously published. Phoenix I, Nishiyama S, Lokugamage N, Hill
TE, Huante M, Slack O, Carpio V, Freiberg AN, Ikegami T. 2016. N-glycans on the Rift Valley fever virus
Envelope Glycoproteins Gn and Gc Redundantly Support Viral Infection via DC-SIGN. Viruses. 8, 149.
doi: 10.3390/v8050149
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infection (235). As DC-SIGN interacts with N-glycans on glycoproteins, the N-glycans of RVFV
Gn and Gc are expected to be involved in infection mediated by DC-SIGN. Gc N-glycosylation
at each sequon has not been resolved. Moreover, the roles of the RVFV N-glycans in DC-SIGN
mediated infection are not known. In the present study, we sought to analyze RVFV Gc¢ N-
glycosylation and pinpoint its role in DC-SIGN mediated infection using reverse genetics and
mutagenesis.

MATERIALS AND METHODS

Media, Cells, Viruses. Baby hamster kidney cells that express the T7 RNA polymerase
(BHK/T7-9 cells) were cultured in Minimum Essential Medium (MEM)-alpha media
supplemented with 10% fetal bovine serum (FBS) (Invitrogen), penicillin (100 U/ml),
streptomycin (100 pg/ml), and Hygromycin (600 ug/ml) (236). Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100
pg/ml) was used to culture Vero E6 cells (ATCC C1008). Dr. Rafael Delgado (Molecular
Microbiology Laboratory, Hospital Universitario 12 de Octubre, Madrid, Spain) kindly provided a
parental Jurkat cell line along with Jurkat cells stably expressing human DC-SIGN (Jurkat-DC-
SIGN) or L-SIGN (Jurkat-L-SIGN) (237). These Jurkat cells were maintained in Roswell Park
Memorial Institute Medium (RPMI) — 1640 supplemented with 10% FBS, penicillin (100 U/ml),
and streptomycin (100 pg/ml). The RVFV MP-12 lot 7 vaccine (238) was passaged twice in
Vero cells to produce the MP-12 strain used in this study. Reverse genetics (124) was used to
rescue recombinant RVFV MP-12 (rMP-12) and the various N-glycosylation mutants (N438Q,
N794Q, N1035Q, N1077Q, N438Q/N794Q, N438Q/N1035Q, N438Q/N1077Q). Viral titers were
determined by plaque assay in Vero E6 cells (239).

Plasmids. We constructed 7 plasmids: pProT7-vM(+)N438Q, pProT7-vM(+)N794Q, pProT7-
VM(+)N1035Q, pProT7-vM(+)N1077Q, pProT7-vM(+)N438Q/N794Q, pProT7-
VM(+)N438Q/N1035Q or pProT7-vM(+)N438Q/N1077Q; following the manufacturer’s
instructions using Pfu Ultra High-Fidelity DNA polymerase (Agilent Technology) for site-directed
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mutagenesis. A point hon-synonymous mutation (N to Q) is encoded by each of the plasmids at
the asparagine of each putative N-glycan sequon (where aa.l represents the first methionine of
M-segment open reading frame), and the mutations were confirmed by sequencing. We
rescued seven rMP-12 N-glycan mutants using these plasmids: N438Q, N794Q, N1035Q,
N1077Q, N438Q/N729Q, N438Q/N1035Q or N438Q/N1077Q. We also modified the pCAGGS-
vG plasmid to analyze Gc N-glycosylation, and the modified plasmid, The pCAGGS-vG-Gly-null
plasmid encodes all of the N-to-Q mutations: N438Q, N729Q, N829Q, N1035Q, and N1077Q.
Using pCAGGS-vG-Gly-null plasmid, we then inserted each of the N-glycan sequons to produce
single N-glycan plasmids: pCAGGS-vG-N438(+), pPCAGGS-vG-N794(+), pPCAGGS-vG-N829(+),
PCAGGS-vG-N1035(+), and pCAGGS-vG-N1077(+).

Precipitation of Gn/Gc by Concavalin A beads. Using TransIT-293 (Mirus), we transfected
Human Embryonic kidney 293 cells (5x10° cells) with pPCAGGS-vG or the mutants (2 ug),
according to the manufacturer’s instructions. Cells were washed with PBS at 48 hours post
transfection, and RIPA buffer (150mM NaCl, 50mM Tris-HCI, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate) containing 1mM of CaCl,, MgCl,, and MnCl,; was
used to harvest the cellular lysates. After mixing 20 ul of Agarose bound concanavalin A
(Vector, AL-1003), the samples were incubated further at 4°C for 16 hours. The samples were,
then, washed with PBS with CaCl, and MgCl, three times, re-suspended in denaturing buffer,
and heated for 5 mins at 95°C.The samples were then digested with 1000 units of PNGase F or
Endo H (New England BioLabs) for 24 hours at 37°C. Non-treated samples served as a control.
Sample buffer (2X) was added to the samples, which were then boiled for 10 mins, followed by
separation in 12% SDS-PAGE gels.

Western Blotting. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing
conditions was performed followed by Western blot analysis (240). RVFV Gc and Gn were
detected by anti-RVFV Gc rabbit polyclonal antibody (ProSci, Inc.; CAT#4521) or anti-RVFV Gn
mouse monoclonal antibody (4D4), respectively.
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Radiolabeling of Virus Particles. The rMP-12 or mutants were used to infect Vero E6 cells a
MOI of 0.1 to 3 at 37°C. Before the [**S] labeling of polypeptides, the infected cells were
incubated with MEM lacking methionine/cysteine and L-glutamine, and complemented with 1%
dialyzed FBS, 20mM L-glutamine, penicillin (100 U/ml) and streptomycin (100 ug/ml) for 30 min
at 37°C. At 1 hpi or 4 hpi, Trans [*°S] label (MP Biomedicals), a metabolic labelling reagent, was
added to infected cells of the single asparagine mutant experiment or double asparagine mutant
experiment, respectively. Supernatant was harvested at 16 hpi followed by low-speed
centrifugation (4800 rpm for 5 min) to remove any cellular debris. Using a polyclonal anti-RVFV
antibody, virus particles were immunoprecipitated, followed by four wash steps using PBS.
Sample buffer (2X) containing 5% mercaptoethanol was used to resuspend the sample, which
were then boiled at 100°C for 10 mins. Lastly, SDS-PAGE followed by autoradiography was
used to analyze Gn and Gc¢ band mobility.

Infectivity of rMP-12 or the N-glycan mutants in Jurkat-DC-SIGN or Jurkat-L-SIGN cells.
rMP-12 or the mutants (6.3x10° RNA copies corresponding to an MOI of 3.6 in Vero E6 cells)
were used to infect Jurkat, Jurkat-DC-SIGN, or Jurkat-L-SIGN cells (1x10° cells). Cells were
incubated for 6 hours at 37°C post-infection. Paraformaldehyde (4%) was used to fix cells at
4°C for 30 mins. After a PBS wash, permeabilization buffer (Affimetrix eBioScience) was used
to permeabilize the cells for 25 min at 4°C. Alexa Fluor 488-conjugated anti-GFP rabbit
antibody (Life Technologies) and anti-RVFV mouse ascite were diluted in permeabilization
buffer, then incubated with the permeabilized cells at 4°C for 40min. Alexa Fluor 488-conjugated
normal rabbit IgG (EMD Millipore) was used as an isotype control for GFP detection. After two
wash steps with permeabilization buffer, Alexa Fluor 647-conjugated goat anti-mouse 1gG (Life
Technologies) was incubated with the cells for 30 min at 4°C. Cells were washed three times
with permeabilization buffer, then resuspended in FACS buffer. Cells were collected on the

Canto or LSRII Fortessa (BD Biosciences, San Jose, CA, USA) in the UTMB Flow Cytometry
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and Cell Sorting Core Facility using FACSDiva software (version 8.0.1, BD Biosciences) and
analyzed in FlowJo version 9.7 (TreeStar, Ashland, OR, USA).
Statistical Analysis. GraphPad Prism version 6.05 for Windows (GraphPad Software Inc., La
Jolla, CA, USA) was used for statistical analyses using an unpaired Student’s t test for the
comparison of two groups.
RESULTS
RVFV Gc N829 is a N-P-S Sequon and is located at the Fusion Loop

There are six N-X-S/T sequons encoded by the RVFV M-Segment: N88 (78 kDa: N-I-T),
N438 (78 kDa/Gn: N-G-S), N794 (Gc: N-E-T), N829 (Gc: N-P-S), N1035 (Gc: N-L-T), and
N1077 (Gc: N-G-T) (Figure 2-1A). Previous work has demonstrated that the OST cannot
access the asparagine (N) when there is a proline (P) at the X-site; meaning that N-
glycosylation does not occur at N-P-S/T sites (241-243). RVFV Gc N829, which is located within
the putative fusion loop, is an N-P-S sequon, and it is most likely not N-glycosylated. When the
RVFV Gc was aligned with related sandfly fever phleboviruses [Sandfly fever Sicilian virus
(SFSV), Toscana virus (TOSV) and Punta Toro virus (PTV)], this N-P-S sequon was found in
these viruses as well (Figure. 2-1B). The RVFV Gc N794 sequon corresponded to sequons
found in the Gc of TOSV and Sandfly fever Sicilian virus (SFSV), but not in that of PTV. In
SFSV, TOSV, and PTV, the RVFV Gc 1035 sequon could be aligned to N1180, N1180, and
1161, respectively. None of the three viruses analyzed contained a sequon corresponding to
N1077. Our results indicate that while RVFV Gc N1077 is unique to RVFV, the G¢c N794 and
N1035 sequons are evolutionarily conserved across Naples, RVFV, and Sicilian serocomplexes.
RVFV Gc N794, N1035, and N1077, but not N829 are N-glycosylated

In an effort to analyze the N-glycosylation status of the RVFV Gc sequons, plasmids
encoding the RVFV M-segment ORF with a single N-glycan or lacking all putative N-glycans

(PCAGGS-vG-Gly-null) were constructed (Figure 2-2A). We transfected 293 cells with the
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(A) N438 N794 N829  N1035N1077

(NGS) (NET) (NPS)  (NLT) (NGT)
3 { H H 5
NSm Gn H Gc -
39-153|  154-690 6911197 . M-segment
78-kD | f
1-690 Fusion loop
(NIT) (NGS)
N88 N438
(B) N794 N829
RVFV Gc 783 CHV------ NRCLSWRDNETSAEFSFVGESTTMRENKCFEQCCGWECGCFNVNPSICLFVHTY LQSVRKEALRVENC 852

SFSV Gc 921 CRGVAECKGDACQRWNSTLVSREFQGITNNSVISENRCIEQCGGVGCACFNVYASCLFVHARLRATKREATKVENC 996
TOSV Gc 923 CHLMGECCSDRCLKWKTNETISAEFTGKAHGEVMHENRCFEQSGGIGYGCFNVNPSCLYVHSILKSVYKNGFKIFRC 998
PTV Gc 903 CHLVGDCVGNKCQSWRDDQLSREFSGVKDNHIMNENKCFEQCGAIGCGCFNINPSCLYVHAY LKSARNEAVRVESC 978

N1035 N1077
RVFV Gc 1029 CDAAFINLTGCYSCNAGARVCLSITSTGTGSLSAHNKDGSLHIVLPSENGTKDQC 1083
SFSV Gc 1173 CLASFVNITGCYSCNEGARVCIQAAANKNTTLHVHTLDNSLTIVMDVLSPKSTDC 1227

TOSV Gc 1174 CSATFRNLTGCY SCDEGSRMCYQVKAEGETIFHFVNEDES INVINKVSPDVSDYC 1228
PTV Gc 1155 CDATFINVSGCY SCDYGAHVCVKVKS SESADFFAESEDKTTVLSFPIQSGTRDYC 1209

Figure 2-1: The Asparagine (N)-X-Serine (S)/Threonine (T) Sequons of Rift Valley fever
virus and Other Related Phleboviruses. (A) Schematic diagram of the M-segment RNA and
protein expression. The RVFV M-segment encodes a single M mRNA, and co-translational
cleavage and leaky ribosomal scanning of the initiation codons produce at least 4 proteins: 78
kDa, NSm, Gn, and Gc. The 78 kDa, Gn, and Gc are structural proteins, while NSm is a
nonstructural protein. There are 6 N-X-S/T sequons, which are potentially utilized for N-
glycosylation: N88 (78 kDa), N438 (Gn and 78 kDa), N794 (Gc), N829 (Gc), N1035 (Gc), and
N1077 (Gc). (B) Partial alignment of Gc amino acid sequences among RVFV, Sandfly fever
Sicilian virus (SFSV: Genbank Accession No. U30500), Toscana virus (TOSV: Genbank
Accession No. X89628), and Punta Toro virus (PTV: Genbank Accession No. DQ363407).
Conserved amino acids are shown in pink, while the N-X-S/T sequons are shown in red squares.
Positions of amino acids at the N- and C-termini of sequences are also shown. The fusion loop at
aa.820 to 830 is shown in yellow.

mutant plasmids: pCAGGS-vG-Gly-null, pPCAGGS-vG-N438(+), pCAGGS-vG-N794(+),
pCAGGS-vG-N829(+), pCAGGS-vG-N1035(+), or pCAGGS-vG-N1077(+); and used the
parental plasmid, pCAGGS-VG, as a control. Cell lysates were harvested at 48 hrs post
transfection and then incubated with concanavalin A agarose beads. The samples were
washed, and the precipitates were analyzed by Western blot with anti-Gc or anti-Gn antibody
(Figure 2-2B). The presence of an N-glycan at each site was determined by paired, precipitated
samples that were treated with either PNGase F [cleaves between the innermost N-acetyl-
glucosamine (GIcNAc) and the asparagine of high mannose-type, hybrid-type, and complex-
type N-glycans] or Endo H (cleaves the chitobiose core of high mannose-type and some hybrid-
type N-glycans). Treatment with either PNGase F or Endo H lead to an increase in migration of

the parental Gn and Gc, confirming the presence of N-glycans on these proteins. Enzymatic
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digestion of the N-Gly null (Gn/Gc lacking all sequons), with either PNGase F or Endo H did not
result in a migration change, as expected, as no sequons are present on Gn and Gc in this
plasmid. The bands of N438(+) Gn displayed increased migration after digestion by either
PNGase F or Endo H compared to non-treated samples. In addition, compared to the non-
treated samples, the bands of Gc N794(+) and N1035(+) displayed increased migration after
digestion with either PNGase F or Endo H. No migration change was seen in Gc N829(+) bands
post-digestion with either PNGase F or Endo H, and the bands displayed a similar pattern of
migration to that of the N-Gly null bands. Interestingly, only the bands of N1077(+) displayed as
a doublet, and the slower migrating band was not present post- PNGase F or Endo H digestion.
These results support previous work (187) that Gn is N-glycosylated, and they demonstrate the
presence of N-glycans at 3 sites on Gc. This study identified that N794, N1035, and N1077, but

not N829, are utilized for N-glycosylation (all high mannose or hybrid type).

(A) N438 N794 N829 N1035 N1077
v v v v v
Parental - Gn | Gc |
X X X XX
N-Gly null [ Gn [ Gc |
N4v38 X X XX
N438(+) [ Gn I Ge |
X N79v4)( XX
N794(+) (I Gn | Gc |
X X uszg XX
ne2o(+) [ Gn | Ge ]
X X X N103§X
N1035(+) [ Gn | Gc |
X X X X lv\”O??
N1077(+) [ Gn | Gc I
(B) Parental N794(+)  N829(+)  N1035(+)  N1077(+)  N-Gly null
() PE ( P E( PETC(TPTET( P E () P E
Ge 7™ . - - ""'-| oo e (e e W60
Parental N438(+) N-Gly null L N1077(+)
() PE ( P E () P E
Gly (+)
Gn > n---‘~ .. | 56kD i
o ()| .

Figure 2-2: Rift Valley Fever Virus N-glycosylation and Enzymatic Digestion of N-glycans. (A)
Schematics of the M-segment ORF encoded in the following plasmids: pCAGGS-vG (Parental),
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pCAGGS-vG-Gly-null (N-Gly null), pCAGGS-vG-N438(+) [N438(+)], pCAGGS-VG-N794(+) [N794(+)],
PCAGGS-vG-N829(+) [N829(+)], PpCAGGS-vG-N1035(+) [N1035(+)], or pCAGGS-vG-N1077(+)
[N1077(+)]. N-to-Q mutations were made in the X-sites, and the remaining single asparagine site is
shown with an arrowhead. (B) 293 cells were transfected with plasmids shown in A. Then, Gn/Gc were
precipitated with concanavalin agarose beads, and subsequently detected by anti-Gc antibody (top
panels) or anti-Gn antibody (bottom panels). Samples were either not treated (-), or treated with PNGase
F (P) or Endo H (E). An image of untreated N1077(+) lane is enlarged to show both glycosylated [Gly(+)]
and unglycosylated [Gly(-)] bands.
Generation of Recombinant RVFV encoding N-to-Q Substitutions at one or more
N-glycan sequons

To elucidate the roles of the individual RVFV Gn/Gc N-glycans, the asparagine (N) of
each individual sequon was replaced with a glutamine (Q), and recombinant RVFV MP-12
strains were produced encoding N794Q, N1035Q, N1077Q, N438Q/N794Q, N438Q/N1035Q, or
N438Q/N1077Q (Figure 2-3A). Glutamine was used because it is a neutral and polar acid
similar to asparagine. After immunoprecipitation, radiolabeled virions were analyzed by Western
blot. As expected, the Gn bands of the MP-12 mutants that encoded N438Q (e.g., N438Q,
N438Q/N794Q, N438Q/N1035Q, and N438Q/N1077Q), migrated faster than the Gn band of the
parental control (Figure 2-3A and B). The bands of Gc displayed as a doublet (Gc-large and
Gc-small), but there was only the Ge-small band present in N1077Q, N438Q/N1035Q, or
N438Q/N1077Q. Our results, (Figure 2-2B), for pPCAGGS-N1077(+) indicate heterogeneous
N-glycosylation occurs at this site. Thus, the Gc-large band of the N794Q mutant may be due
to N-glycosylation at N1035 and N1077, while the Gc-large band of the N1035Q mutant may be
due to N-glycosylation at N794 and N1077. The lack of a Gc-large band for the N438Q/N1035Q
was interesting since this mutant could be N-glycosylated at both N794 and N1077 like the
single, N1035Q mutant (Figure 2-3B).

The replication kinetics in Vero cells of the single and double mutants were similar to
parental rMP-12 (MOI=0.01) (Figure 2-3C). The rescue of rMP-12 encoding two or more
mutations within Gc (i.e. N794Q/N1035Q, N794Q/N1077Q, N1035Q/N1077Q

N438Q/N794Q/N829Q/N1035Q/N1077Q, or N794Q/N829Q/N1035Q/N1077Q) were attempted,
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but after three independent attempts for each virus, no viable viruses were detected. In Vero
cells, the rMP-12 encoding N829Q replicated efficiently (data not shown), but since N829 is not
utilized for N-glycosylation (Figure 2-3B), it was not included in further experiments.
RVFV Gn and Gc N-glycans redundantly support viral infection via DC-SIGN

A previous study indicated that DC-SIGN (CD209), which is a C-type lectin expressed on
macrophages and immature dendritic cells, is a receptor for RVFV (60). Another C-type lectin,
L-SIGN, which has 77% amino acid identity to DC-SIGN has recently, been demonstrated to be
an attachment factor for RVFV (59). To determine the function of the RVFV Gn/Gc N-glycans
during the infection of cells that express these lectins, we used Jurkat cells stably expressing
human DC-SIGN or L-SIGN (237) and co-express GFP in up to 17% of the population. The cells
were mock infected or infected with rMP-12 (MOI of 3.6 — as determined by plague assay in
Vero E6 cells) to determine the infection efficiency. The cells were fixed at 6 hpi, permeabilized,
and stained with anti-GFP and anti-RVFV antibodies. In our sample preparation, the GFP-

positive population of Jurkat cells co-expressing GFP was not
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Figure 2-3: Gn/Gc of Recombinant MP-12 encoding N-to-Q mutation(s). The Gn/Gc migration
patterns of rMP-12, N438Q, N794Q, N1035Q, and N1077Q mutants (A) or N438Q/N794Q,
N438Q/N1035Q, and N438Q/N1077Q mutants (B). Vero E6 cells were infected with rMP-12 or the
mutants at an MOI of 0.1 to 3, and metabolically labeled with [358] methionine/cysteine from 1 to 16 hpi.
The cleared culture supernatants were subjected to immunoprecipitation using anti-RVFV antibody.
Precipitated virions were analyzed by 7.5% SDS-PAGE and autoradiography. Gc-large: slow migrating
Gc; Ge-small: fast migrating Gce. (C) Virus growth kinetics in Vero cells. Vero cells were infected with
indicated rMP-12 mutants at an MOI of 0.01. Virus titers were determined at 1, 24, 48, 72 and 96 hours
post infection. Means +/- standard deviations of three independent experiments are shown.

distinguishable from the GFP-negative population without the anti-GFP antibody. To analyze
RVFV infection via DC-SIGN, relative number of RVFV-infected cells in the GFP-positive cell
population [Q2/(Q2+Q3)] was normalized to that of RVFV-infected cells in the GFP-negative cell
population [Q1/(Q1+Q4)] (background infectivity level in Jurkat cells: 100%) (Figure 2-4A-C).
This value represents the infectivity of rMP-12 via DC-SIGN, over the nonspecific infectivity
independent of DC-SIGN. In DC-SIGN positive cells, there was a 7.5 to 15-fold increase in rMP-
12 positive cells compared to the GFP-negative cells (Figure 2-4B). In cells that express DC-
SIGN, every one of the single N-glycan mutants (N438Q, N794Q, N1035Q, or N1077Q)
displayed increased infection (N438Q: 4.4-fold, N794Q: 7.9-fold, N1035Q: 6.5-fold, and
N1077Q: 6.1-fold) compared to the cells that did not express the lectin (Figure 2-4B).
Interestingly, the double mutants, N438Q/N794Q and N438Q/N1035Q still displayed increased
infection of 3.3-fold and 6.2-fold, respectively, in DC-SIGN expressing cells (Figure 2-4C). The
N438Q/N1077Q mutant, on the other hand, only displayed a 1.5-fold increase of infection of
DC-SIGN-positive cells compared to cells not expressing DC-SIGN (Figure 2-4C). In L-SIGN
positive cells, there was a 2.1-fold increase of rMP-12 infectivity, compared to GFP-negative (L-
SIGN-negative) cells (Figure 2-5A-C). The fold increase of each rMP-12 mutant infection was
more moderate in Jurkat-L-SIGN cells: N438Q: 1.0-fold, N794Q: 1.1-fold, N1035Q: 1.2-fold, and
N1077Q: 1.4-fold. In all, these data indicated that Gn N438 and G¢c N794, N1035, and N1077

redundantly support virus infection via DC-SIGN.
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DISCUSSION

In the rough endoplasmic reticulum (ER), N-glycosylation of nascent proteins begins with
the “en bloc” transfer of an oligosaccharide N-glycan precursor by the OST complex (181).
After addition of the precursor, the nascent protein continues through the ER and the Golgi,
where the N-glycan precursor comes into contact with glycosidases and glycosyltransferases
(181). These enzymes further process (trimming or addition of sugar residues) the sugar
moieties on the N-glycan (181). In the present study, it was determined that out of the four
potential N-glycan sites of RVFV Gc, three (N794, N1035, and N1077) are N-glycosylated. N-
glycosylation does not occur when a proline is present at the X-site (N-X-S/T) of the sequon
(241-243), and as expected, RVFV Gc N829, which is an N-P-S sequon, was not N-
glycosylated. The results also showed that RVFV Gn and Gc are susceptible to Endo H
treatment indicating the presence of high mannose or hybrid type N-glycans.

There are two subunits, STT3A or STT3B, of the OST which catalyze N-glycosylation in
mammalian cells (244). Generally, the STT3A-OST adds N-glycans as the polypeptide is
translocated into the ER lumen through the translocon (245). When N-X-S/T sequons are
skipped by the STT3A-OST complex, the STT3B-OST can add N-glycans to the nascent
peptide, post-translationally (244). While rare, N-glycosylation by the STT3B-OST complex is
usually of the N-X-S/T sequons located near the C-terminus that were skipped by the STT3A-
OST complex (244). In this study, the heterogeneous N-glycosylation of RVFV Gc N1077 was
observed leading to the appearance of two differently sized Gc bands (Gc-large and Ge-small).
N1077 is located 121 amino acids upstream of the C-terminus, while the “cut-off” for STT3B-
mediated OST N-glycosylation is 65-75 amino acids (246). Thus, further study is required to
confirm that N1077 is post-translationally N-glycosylated by STT3B-OST.

DC-SIGN-mediated viral infection was analyzed using Jurkat-DC-SIGN cells. These cells
co-expressed DC-SIGN and GFP in up to 17% of cell population (Figure 2-6), and overall GFP-
positive cells were coexpressed with DC-SIGN (Figure 2-7). In the samples prepared at an
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early stage of infection (6 hpi), we compared the relative number of infected cells in the DC-
SIGN/GFP-positive population to those in the DC-SIGN/GFP-negative population. This relative
number represents viral infectivity via DC-SIGN (or L-SIGN) over the background infectivity in
Jurkat cells. The background infectivity is most likely due to the presence of heparin sulfate,
which has been demonstrated to be an attachment factor for RVFV (247). RVFV infection of
CHO K1 cells was shown to be reduced in a dose-dependent manner when preincubated with
soluble heparin (247). However, even in cells that were defective in producing heparin sulfate
(CHO pgsD-677 cells), residual infection by RVFV still occurred (247). These results coupled
with the results from this study indicate that RVFV most likely uses a number of attachment
factors and receptors to bind to and infect a multitude of permissive cells. MP-12 infection
occurred preferably in DC-SIGN/GFP-positive population, indicating that DC-SIGN acts as a
receptor for RVFV (60). The N438Q/N1077Q mutant no longer retained enhanced infectivity via
DC-SIGN, while the N438Q, N794Q, N1035Q, N1077Q, N438Q/N794Q, and N438Q/N1035Q
mutants showed an increased viral infection via DC-SIGN compared to cells not expressing the
lectin. Thus, our result indicated that Gn N438 or G¢c N1077 play an important role in viral
infection via DC-SIGN, and that Gn and Gc¢ N-glycans redundantly support virus infection via
DC-SIGN.

It should be noted that recombinant RVFV lacking one or more sequons may have
unpredictable effects on the usage of other sequons. We observed reduced infectivity of the
N438Q or N1035Q mutants in Jurkat-DC-SIGN cells, while the N438Q/N1035Q double mutation
had little impact on viral infection in those cells. In addition, the N438Q/N1035Q mutant did not
show a distinct Ge-large band unlike the N438Q/N794Q mutant. Since the Ge-large for the
N438Q/N1035Q mutant could be N-glycosylated at N794 and N1077, the N-glycosylation status
either at N794 or N1077 may be altered in the N438Q/N1035Q mutant. Effects of N-terminal N-
glycosylation on C-terminal sites have been studied in the rabies virus glycoprotein (G) (248).
The rabies virus G is type | membrane glycoprotein and encodes three sequons: N37, N247,
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Figure 2-4: Infectivity of Recombinant MP-12 encoding a Glutamine (Q) in place of a Asparagine
(N) at N-X-S/T sequon(s) in Gn or Gc in Jurkat-DC-SIGN cells. (A) Jurkat-DC-SIGN cells stably co-
expressing green fluorescent protein (GFP) and human DC-SIGN (~17% in cell population) (top panels),
or parental Jurkat cells, which express neither DC-SIGN nor GFP (bottom panels), were mock-infected
(left and center panels) or infected with rMP-12 (right panels) at a multiplicity of infection (MOI) of 3.6. At 6
hpi, cells were fixed, permeabilized, and then stained with a cocktail of mouse anti-RVFV antibody and
Alexa Fluor 488-conjugated rabbit anti-GFP antibody, or a cocktail of mouse anti-RVFV antibody and
Alexa Fluor 488-conjugated normal rabbit 1I9G. Subsequently, cells were stained with Alexa Fluor 647-
conjugated goat anti-mouse 1gG, and analyzed by flow cytometry. Since permeabilized Jurkat-DC-SIGN
cells showed poor intrinsic GFP signals, as shown with Alexa Fluor 488-conjugated normal rabbit IgG (left
top panel), rabbit anti-GFP antibody (center and right top panels) was used to detect GFP signals of
permeabilized Jurkat-DC-SIGN cells. Q1, GFP-negative (DC-SIGN-negative) and RVFV-infected cell
population; Q2, GFP-positive (DC-SIGN-positive) and RVFV-infected cell population; Q3, GFP-positive
(DC-SIGN-positive) and uninfected cell population; Q4, GFP-negative (DC-SIGN-negative) and
uninfected cell population; (B,C) Jurkat-DC-SIGN cells were infected with rMP-12 or that lacking one (B)
or two sequons (C). Relative number of RVFV-infected cells in the GFP-positive cell population.
(Q2/(Q2+Q3) normalized to that of RVFV-infected cells in the GFP-negative cell population (Q1/(Q1+Q4)
are shown. Graphs represent mean + standard deviations for three independent experiments.
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Figure 2-5. Infectivity of Recombinant MP-12 encoding a Glutamine (Q) in place of an Asparagine
(N) at N-X-S/T sequon(s) in Gn or Gc in Jurkat-L-SIGN cells. (A) Jurkat-L-SIGN cells were mock-
infected (left and center panels) or infected with rMP-12 at an MOI of 3.6 (right panel). At 6 hpi, cells were
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fixed, permeabilized, and then stained with a cocktail of mouse anti-RVFV antibody and Alexa Fluor 488-
conjugated rabbit anti-GFP antibody (center and right panels), or a cocktail of mouse anti-RVFV antibody
and Alexa Fluor 488-conjugated normal rabbit IgG (left panel). Then, cells were stained with Alexa Fluor
647-conjugated goat anti-mouse 1gG, and analyzed by flow cytometry. Intrinsic GFP signal was weak,
and thus, anti-GFP antibody was used to detect GFP-positive cells. Q1, GFP-negative (L-SIGN-negative)
and RVFV-infected cell population; Q2, GFP-positive (L-SIGN-positive) and RVFV-infected cell
population; Q3, GFP-positive (L-SIGN-positive) and uninfected cell population; Q4, GFP-negative (L-
SIGN-negative) and uninfected cell population. (B) Jurkat-L-SIGN cells were infected with rMP-12 or the
mutants, as described. Relative number of RVFV-infected cells in the GFP-positive cell population
[Q2/(Q2+Q3)] normalized to that of RVFV-infected cells in the GFP-negative cell population [Q1/(Q1+Q4)]
are shown. Graphs represent mean + standard deviations for 3 independent experiments.

and N319. The G lacking N37 and N319 was largely susceptible to Endo H, while intact G or G
lacking only N37 were resistant to Endo H. Thus, the presence of an N-glycan at one site can
affect the processing of an N-glycan at another site. Another study showed that the insertion of
a new sequon (N58) in human plasminogen activator influences the processing of the N-
glycosylation at N117 (249). While this is beyond the scope of the current study, determination
of carbohydrate chains at each asparagine residue will elucidate this mechanism of N-
glycosylation modification during Gn/Gc maturation of each mutant.

We also analyzed the infectivity of MP-12 and the mutants in Jurkat-cells that coexpress
L-SIGN and GFP (Figure 2-5). We observed only a 1.2-fold augmentation of MP-12 infection
via L-SIGN, in contrast to the 7.5-15-fold augmentation of infectivity via DC-SIGN. This result is
consistent with the previous study by Hofmann et al. that demonstrated mosquito-borne RVFV
or La Crosse virus (genus Orthobunyavirus) specifically utilize DC-SIGN, but not L-SIGN, while
tick-borne Severe Fever with Thrombocytopenia Syndrome virus (SFTSV: genus Phlebovirus)
uses both DC-SIGN and L-SIGN for entry (235). Both DC-SIGN and L-SIGN are
homotetrameric type Il membrane proteins and retain 77% amino acid identity (234). L-SIGN
selectively binds to the trisaccharide Mana1-3(Mana1-6)Mana1 on high mannose glycans, while
DC-SIGN bhinds to high mannose glycans (preferably with 8 or 9 mannoses) or fucose-
containing structures including the Lewis-X trisaccharide: GalB1-4(Fuca1-3) GlcNAc (250-252).
Though both DC-SIGN and L-SIGN bind to high mannose-type N-glycans, the pH-dependent
release of the oligosaccharide ligand by L-SIGN is not as efficient as DC-SIGN (252), which
might explain the poor infectivity of RVFV via L-SIGN. Indeed, Leger et al. recently
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demonstrated that an L-SIGN mutant that lacked the dileucine motif (required for endocytosis)
did not reduce infectivity of UUKV in HelLa cells expressing the mutant L-SIGN compared to
HelLa cells expressing the wild type L-SIGN, which indicates that L-SIGN does not act as an
authentic receptor for UUKYV entry (59).

We also noted that RVFV Gn/Gc lacking all N-glycans could be still expressed without
showing unstable characteristics. The N-to-Q mutation of Bunyamwera virus (genus
Orthobunyavirus) Gn N60 resulted in the loss of immunoreactivity with an anti-G¢c monoclonal
antibody (253). Further, the N-to-Q mutation of Hantaan virus (genus Hantavirus) Gn N134
resulted in poor accumulation of Gn and poor immunoreactivity to anti-Gn monoclonal
antibodies (254). Thus, RVFV N-glycans might be dispensable for protein stability. On the other
hand, rMP-12 encoding N1035Q/N1077Q, N438Q/N794Q/N829Q/N1035Q/N1077Q, or
N794Q/N829Q/N1035Q/N1077Q were not rescued successfully. Thus, N-glycans may play a
role in combination to form a functional Gn/Gc complex for viral assembly.

We demonstrated the presence of N-glycans in Gn (N438) and Gc (N794, N1035, and
N1077). RVFV Gc consists of two distinct N-glycoforms (Gce-large and Ge-small), due to
heterogeneous N-glycosylation at N1077. We found that an enhanced RVFV infection via DC-
SIGN occurs in a redundant manner through Gn and Gc, and that N-glycans at Gn N438 and
Gc N1077 play an important role in viral infection via DC-SIGN. Our study will support better
understanding of the post-translational N-glycan modification of Gn/Gc and the role in progeny

infection.
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Figure 2-6: Co-expression of GFP and DC-SIGN in Jurkat-DC-SIGN cells. Jurkat (parental), Jurkat-
DC-SIGN, Jurkat-L-SIGN cells were fixed with 4% paraformaldehyde for 15 min on ice, and then,
incubated with anti-human DC-SIGN rabbit monoclonal antibody (Cell Signaling Tech: #13193) for 16
hours at 40C. After washing with PBS, cells were stained with Alexa Fluor 594 goat anti-rabbit IgG
(ThermoFisher: #A-11037) at 370C for 1 hour. Washed cells were observed in a chamber slide under
Olympus 1X71 fluorescense microscope. Jurkat-DC-SIGN and Jurkat-L-SIGN cells, but not parental
Jurkat cells, express GFP intrinsically. BF (top left): bright field image, DC-SIGN (top right): Alexa Fluor
594 signals (red) specific to DC-SIGN, GFP (bottom left): cells expressing GFP intrinsically, Merge,
(bottom right): merged image of DC-SIGN and GFP. Arrows show the location of GFP-positive cells.
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Figure 2-7: Populations of Cells co-expressing GFP and DC-SIGN in Jurkat-DC-SIGN cells.
Populations of cells co-expressing GFP and DC-SIGN in Jurkat-DC-SIGN cells. Indirect staining of
extracellular DC-SIGN using anti-human DC-SIGN rabbit monoclonal antibody
(#13193: Cell Signaling Technology, Inc., Danvers, MA, USA) followed by staining with Alexa Fluor 647
goat anti-rabbit IgG (#A-121244: Thermo Fisher Scientific, Waltham, MA, USA) was performed on
parental Jurkat cells and Jurkat-DC-SIGN cells. After extracellular staining, cells were fixed with 4%
paraformaldehyde for 30 mins at 4 °C, and then permeabilized with permeabilization buffer (Affimetrix
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eBioScience, San Diego, CA, USA) for 30 mins at 4 °C. After permeabilization, Alexa Fluor 488 anti-GFP
mouse monoclonal antibody B-2 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was used to stain
cells for 30 mins at 4 °C. Though Jurkat-DC-SIGN cells intrinsically express GFP, the GFP-positive
population was not detected separately from GFP-negative cells in permeabilized samples, due to weak
signals (Fig. 2-6), without using anti-GFP antibody. Cells were washed three times with permeabilization
buffer, resuspended in FACS buffer, and collected on a LSRII Fortessa
(BD Biosciences, San Jose, CA, USA) in the UTMB Flow Cytometry and Cell Sorting Core Facility using
FACSDiva software (version 8.0.1, BD Biosciences) and analyzed in FlowJo version 9.7 (TreeStar,
Ashland, OR, USA). Fluorescence Minus One (FMO) controls for Alexa-647 and anti-GFP were done in
parental Jurkat cells and Jurkat-DC-SIGN cells. (A) FACS images of parental Jurkat (left panel), and
Jurkat-DC-SIGN cells (right panel). (B) Relative DC-SIGN-positive cells in GFP-negative cells or those in
GFP-positive cells in Jurkat-DC-SIGN cells. It should be noted that GFP-positive cells (3.8%) and DC-
SIGN-positive cells (7.42%) were detected in Jurkat-DC-SIGN cells, which was lower than those detected
using Alexa Fluor 488-conjugated anti-GFP rabbit antibody, probably due to decreased sensitivity of
mouse anti-GFP antibody and anti-DC-SIGN antibodies in the co-staining protocol.
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CHAPTER 3: Mutational Analysis of the Rift Valley fever virus Glycoprotein Precursor
proteins for Gn protein Expression?®
INTRODUCTION
The Small (S) -, Medium (M)-, and Large (L)- segments comprise the negative-stranded
RNA genome of RVFV. The L protein, the viral RNA polymerase, is the only protein encoded by
the L-segment, whereas the S-segment encodes two proteins, NSs and the nucleocapsid (N), in
an ambisense manner. The envelope glycoproteins, Gn and Gc, are encoded by the M-
segment along with the 78 kDa protein and NSm, which are accessory proteins (66, 230, 255).
The context of the Kozak sequence surrounding the initiation codon of the mRNA affects
translation initiation efficiency (256). A strong Kozak consensus sequence contains a adenine
(A) or guanosine (G) at position -3 (where the A of the AUG is +1 and there is no 0 position),
and a G is at position +4 in vertebrate cells (256). An adequate sequence will contain only one
of these parameters (256). Strong Kozak sequences are further enhanced by a G at -6 and C
at positions -2 and -1 (256).
The Kozak context surrounding the 1% initiation codon is very weak in RVFV M mRNA

(Table 1-1). However, this RVFV M-segment sequence resembles the strong context in
invertebrates (92). Though the 2" AUG is surrounded by the G at the -3 position, the 3" AUG,
which was originally thought to not be involved in translation, contains a G at -6, in addition to
the one at -3. Thus, both the 2" and the 3™ AUG support the Kozak context in vertebrate cells.
Similarly, the 4™ and 5" AUGs are also surrounded by strong and adequate Kozak contexts for
translation, respectively (Table 1-1). Leaky scanning of ribosome at the 1% AUG allows for the
production of, at least, two polypeptides generated from the 1% AUG (at nt. 21) and the 2™ AUG
(nt. 136) (Figure 3-1A). The 78 kDa protein and Gc are produced from the polypeptide

generated from the 1% AUG by cleavage upstream of Gc by signal peptidases. The precursor

* Portions of this chapter have been previously published. Phoenix I., Lokugamage N, Nishiyama S,
Ikegami T. 2016. Mutational Analysis fo the Rift Valley fever virus Glycoprotein Precursor Proteins for Gn
Protein Expression. Viruses. 8, 151. doi: 10.3390/v8060151.
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produced from the 2" AUG is also cleaved by signal peptidases, but generates NSm, Gn, and
Gc. The first and second AUGs can be abolished without abolishing Gn and Gc expression
because Gn-Gc precursor proteins can be generated from the 3", 4™ or 5™ AUGs. A lack of the
2" AUG abolishes the expression of NSm protein, however, the 3 AUG can alternatively
generate NSm’, an N-terminally truncated form of NSm that can co-localize with the
mitochondrial outer membrane like NSm (92).

Because viral replication is not dependent on the expression of the 78 kDa and NSm
proteins (64, 65), studies have focused on removal of these proteins for vaccine development
(64). Indeed, a recombinant MP-12 vaccine, rMP12-ANSm21/384, which encodes an in-frame
truncation in the 78 kDa/NSm region induced apoptosis sooner than parental rMP-12 in 293,
J774.1 and Vero E6cells. In one study, NSm and 78 kDa were deleted from the recombinant
ZH501 strain, a pathogenic RVFV, strain, (R-ANSm-ZH501), and the dissemination rate in
mosquitoes (Aedes aegypti) was less efficient than that of the parental rZH501 strain (93, 94).
However, when this same R-ANSmM-ZH501 strain was used to infect rats, it retained
neurovirulence (90). Therefore, abolishment of the NSm and 78 kDa proteins, may reduce viral
dissemination in mosquitoes, while also weakly attenuating pathogenic RVFV. A subsequent
study using a recombinant ZH548 strain, the parental strain used to produce MP-12, showed
that specific abolishment of the 78 kDa protein, produced a strain that also had reduced
dissemination in mosquitoes (92). This study also demonstrated that abolishment of the 2™ and
3" AUGs prevented the expression of NSm and NSm’, respectively, which lead to reduced viral
titers in mammalian cell culture (92). Thus, a rMP-12 strain lacking the 78 kDa and NSm
proteins would be a viable candidate vaccine as it would have good immunogenicity and a DIVA
marker.

The expression levels of Gn and Gc proteins may be changed by the alteration of
glycoprotein precursor proteins by abolishment of the 1% and/or the 2" AUGs. Using
recombinant vaccinia viruses, Suzich et al. analyzed the impact of specific AUG abolishment
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(AUG to CUC substitution) in the pre-Gn region, while Kakach et al. analyzed the effects of
truncation of the pre-Gn region on Gn expression levels (Table 3-1) (186, 227). The
abolishment of the 1% AUG (A1) slightly increased the Gn expression, whereas the abolishment
of the 2" AUG (A2), 2™ and 3™ AUGs (A2+3), the 2™, 3" and 4™ AUGs (A2+3+4), or the 2",
3" 4" and 5™ AUGs (A2+3+4+5) decreased the synthesis of Gn, compared to that from the
parental wild-type M-segment. Thus, the “default” NSm-Gn-Gc precursor protein from the 2™
AUG is apparently more efficient than the NSm’-Gn-Gc precursor (from the 3 AUG) or the Gn-
Gc precursors (from the 4™ or 5™ AUGSs), for Gn expression. However, the relative expression
levels were analyzed by autoradiography (Table 3-1), and further, quantitative analysis of Gn
expression levels by AUG alterations will be necessary to correctly understand the impact of

mutagenesis in the M-segment start codons.

100 100
48 66
46 72
23 44
11 49
116.7 91.7
130 100
204.2 204.2
2125 183.3
0.0 4.2

Table 3-1: Rift Valley fever virus Gn and Gc Expression Alteration due to Abolishment of Initiation
Codons. Kakach et al used antigen-capture ELISA to determine the expression levels of Gn and Gc¢
produced from the AUG mutants indicated. The AUG mutants were generated using truncated (up to
AUG indicated) RVFV M-segments present in recombinant vaccinia viruses. Suzich et al. counted the
amount of RVFV-specific proteins found in bands corresponding to Gn and Gc sizes. Cleared cellular
lysates from infected cells were immunoprecipated with antibodies to Gn and Gc and separated by SDS-
PAGE. Bands corresponding to Gn and Gc sizes were cut and protein counted. Protein amounts from
the non-mutated virus was normalized to 1 (100%). *Modified from Kakach et. al. 1988. J-Virol. and
Suzich et al. 1990 J-Virol.

Though the live-attenuated MP-12 vaccine has been demonstrated to be safe and
efficacious in livestock and has been licensed, conditionally, for veterinary use in the United
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States(137-139, 257-259); it lacks a DIVA, differentiation of infected from vaccinated animals,
marker. Removal of either the 78 kDa protein or NSm or both would provide a negative DIVA
marker for the MP-12 vaccine. The rationale underlying the development of rMP12-
ANSmM21/384 is the abolishment of the 78 kDa and NSm proteins from the MP-12 vaccine (136,
260). However, little is known about the impact of specific mutation or truncation in the
preglycoprotein coding region on the virological phenotype, as well as on Gn and Gc expression
levels. Our hypothesis is that optimization of the translation efficiency of the preglycoprotein
region of the RVFV M-Segment will lead to an increase in Gn secretion and, subsequent,
increase in viral titer. The aims of this study were to determine the effects on Gn secretion and
viral phenotype due to the abolishment of the 1st, 2nd, 3rd, 4th, and/or 5th AUG by point-
mutation or in-frame deletion to determine the potential of rMP-12 mutants for vaccine
development.

To quantify the changes in Gn expression levels, due to mutagenesis of the pre-Gn
region, we developed a reporter assay, where the N-terminal region of Gn was fused to Gaussia
luciferase (gLuc). In this system, the 1% and 2" AUGs produce Gn/gLuc precursor proteins
(precursor-1 and -2, respectively), and the NSm and Gn/gLuc fusion proteins are cleaved from
precursor-2, due to the signal sequence upstream of Gn. Since the precursor-1 mimics the 78
kDa-Gc precursor protein and encodes the signal peptide at the N terminus, in addition to that
upstream of Gn, we assumed that the precursor-1 cannot be further cleaved into the Gn/gLuc
protein. Surrogate Gn/gLuc precursors can be produced from the 3", 4", or 5" AUG (precursor-
3, -4, and -5, respectively) and generate cleaved Gn/gLuc proteins (FIGURE 3-1B). Various
AUG (Met) to CUC (Leu) mutants were analyzed for relative gLuc activity of secreted Gn/gLuc
proteins in the culture supernatant. Subsequently, reverse genetics was used to rescue
recombinant MP-12 (rMP-12) encoding various AUG mutations, and the effects of AUG

abolishment on viral phenotypes was characterized. This work will support the understanding of
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the effects of initiation codon knockout within the RVFV M-segment preglycoprotein region, and
the development of NSm or 78 kDa knockout mutants for vaccine development.

MATERIALS AND METHODS

Media, Cells, Viruses. DMEM supplemented with 10% FBS, penicillin (200 U/ml), and
streptomycin (100 pg/ml) was used to maintain human embryonic kidney (293) cells, Vero cells,
(ATCC CCL-81), and Vero E6 cells (ATCC C1008). BHK/T7-9 cells that stably express T7 RNA
polymerase (236) were cultured in MEM-alpha supplemented with 10% fetal bovine serum
(FBS) (Invitrogen), penicillin (100 U/ml), streptomycin (100 pg/ml), and hygromycin (600 pg/ml).
Reverse genetics was used to rescue the recombinant RVFV MP-12 (rMP-12) strains encoding
mutation(s) in the preglycoprotein region of the RVFV M-segment as described previously (124).
Viral titers were determined in Vero E6 cells by plaque assay (239).

Plasmids. DNA synthesis (gBlocks, Integrated DNA Technologies, Coralville, IA) made the
chimeric DNA construct consisting of RVFV MP-12 M-segment (nt. 1-533: containing 18 amino
acids of N-terminal Gn) fused with gLuc (lacking nt.1-51 to remove an intrinsic signal sequence
for gLuc), followed by two tandem Strep-tags and a Flag tag to generate: pCAGGS-PreGn-
gLuc-SF. Gibson assembly mastermix (New England BioLabs, Ipswich, MA) was used to clone
the DNA fragment into the pCAGGS plasmid, which made the parental pPCAGGS-PreGn-glLuc-
SF plasmid. Site-directed mutagenesis of the pCAGGS plasmid was not feasible because of the
long GC tract in the CAG promoter sequence. Thus, to create each AUG mutant, the DNA
fragment encoding nt.1-830 of parental pCAGGS-PreGn-gLuc-SF insert sequence was first
transferred into a pProT7 plasmid, which does not contain long GC tracts. Then, site-directed
mutagenesis was performed and CUC (Leu) was introduced in the place of the AUG (Met); thus
abolishing the initiation codons. The mutated insert sequences were re-transferred into the

pCAGGS-PreGn-gLuc-SF plasmid.
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Figure 3-1: Gene Expression of the Rift Valley fever virus M-segment and pCAGGS-PreGn-gLuc-
SF. (A) The polypeptides synthesized from the 1> AUG (78 kDa-Gc) or the 2" AUG (NSm-Gn-Gc) are
cleaved by signal peptidases [14, 16, 31]. The 78 kDa protein and Gc are generated from the 78 kDa-Gc¢
precursor, while NSm, Gn, and Gc are made from the NSm-Gn-Gc precursor. (B) The pre-Gn region was
fused to the gLuc ORF lacking the intrinsic signal peptide, which allows for secretion of Gn/gLuc fusion
proteins from the cell via the Gn signal peptide. The Gn/gLuc precursor-1 makes a chimeric protein
consisting of the pre-Gn region and glLuc, while the Gn/gLuc precursor-2 generates NSm and the
Gn/gLuc fusion protein.

Western Blotting. Sample buffer (2X) was used to suspend cells followed by boiling for 10

mins. Under reducing conditions, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was
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performed to separate samples, followed by Western blot analysis (240) using anti-actin
antibody (I-19, Santa Cruz Biotech) and anti-Flag M2 antibody (Sigma-Aldrich) to detect the C-
terminal Flag-tagged Gn/gLuc protein or precursor proteins.

Gaussia and Cypridia luciferase assays. TransIT-293 transfection reagent was used,
according to the manufacturer’s instructions, to co-transfect 293 cells (subconfluent, 1x10° cells
in 6-well plate) with the pCAGGS-PreGn-gLuc-SF or the AUG mutant plasmids (2.0 ug) along
with pSV40-CLuc (0.1 pg; encodes Cypridia luciferase, cLuc, downstream of the SV40
promoter). Culture supernatants were harvested at 36 hpi, and we performed gLuc assay
(BioLuc Gaussia Luciferase Assay Kit, New England BioLabs) and cLuc assay (BioLuc
Cypridina Luciferase Assay Kit, New England BioLabs), separately, according to the
manufacturer’s instructions.

Statistical Analysis. GraphPad Prism version 6.05 (Graphpad Software Inc.) was used for
statistical analyses. For the gLuc/cLuc values normalized to parental construct value in Figures
3-2B and 3-3C, or virus titers in Figure 3-4A, arithmetic means of log;, values were analyzed by
one-way ANOVA followed by Tukey’s multiple comparisons test.

RESULTS
The Gn/gLuc Precursor-1 does not efficiently generate Gn/gLuc Fusion Proteins

The parental pPCAGGs-PreGn-gLuc-SF plasmid and a transfection control plasmid

(pSV40-Cluc) were cotransfected into 293 cells. A natural signal peptide is encoded by the
expressed cLuc proteins, which get secreted into the secretory pathway. Thus, secreted cLuc
can serve as a control for the measurement of secreted Gn/gLuc fusion proteins in transfected
cells. At 36 hours post transfection, cell lysates and culture supernatants were collected for
Western blot and luciferase analyses, respectively.

Western blot using an anti-Flag antibody demonstrated that precursor protein production

(Figure 3-2A) was altered by AUG abolishment. The corresponding band for the precursor-1

was no longer visible when the first AUG was abolished, as expected. When the 2™ AUG was
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abolished, the precursor-2 band disappeared. The band corresponding to precursor-3,
produced from the 3" AUG appeared when the 2" AUG was abolished (i.e., A1+2 or A2).
Based on the migrations of the bands, precursor-4 and -5, produced from the 4™ and 5™ AUGs,
respectively; and the cleaved Gn/gLuc fusion proteins were indistinguishable. No Gn/gLuc
fusion proteins were detected when all five of the AUGs were concomitantly abolished.
However, the Gn/gLuc fusion protein band, while decreased, was detectable when the 2™
through 5™ AUGs were abolished.

After measuring the activities of gLuc and cLuc in the culture supernatant, the ratio of
gLuc to cLuc was normalized to that of parental pPCAGGS-PreGn-gLuc-SF (Figure 3-2B). Little
gLuc activity (0.79% compared to parental 100%) in the supernatant was measurable when all
five the AUGSs were simultaneously abolished. However, when the 1* AUG was present, but the
other four (2"%-5™) were abolished, there was detectable, but decreased, glLuc activity (7.7%
compared to parental 100%). Thus, precursor-1, which is produced from the 1% AUG, can also
generate Gn, though at a decreased level.

Precursor-2 plays a major role in Gn/gLuc Expression

The relative secretion levels of the cleaved Gn/gLuc proteins of various AUG mutants
were also analyzed (Figure 3-2B). The relative gLuc activity was significantly affected with the
abolishment of the 2" AUG. Compared to the parental plasmid (100%), the A1 plasmid (121%),
the A3 plasmid (85%), or the A4 plasmid (72%); the gLuc activity of the Gn/gLuc fusion proteins
expressed from the A2 plasmid was significantly low (32%). The relative gLuc activity was also
significantly reduced when other AUGs were abolished in combination with the 2" AUG
abolishment (1%, 2™, and 3 AUGs (A1+2+3) — 13%; 1%, 2", 3" and 4™ AUGs (A1+2+3+4) -
15%) compared to the parental plasmid. When the 1* AUG was concomitantly abolished with
the 2" AUG (A1+2: 74%), the relative glLuc activity was not as low as A1+2+3 (13%). As the
A1+2 mutant contains the 3 AUG, a precursor-3 made from the 3" AUGSs can serve as a
surrogate precursor protein for the production of Gn.
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Figure 3-2: Relative Expression of Precursor Proteins and Cleaved Gn/gLuc Fusion Proteins
after AUG Abolishment. (A) Western blot of cell lysates. 293 cells were co-transfected with pSV40-
CLuc (transfection control), and pCAGGS-PreGn-gLuc-SF or the AUG mutant plasmids. At 36 hours
post transfection, cell lysates were collected and analyzed by Western blot using anti-Flag antibody. (B)
The extracellular Gn/gLuc fusion proteins were measured using the culture supernatant of transfected
cells. The ratio of gLuc to cLuc (control plasmid) was normalized to that of parental pPCAGGS-PreGn-
gLuc-SF. The graph represents the mean + the standard error of three independent experiments.
Asterisks represent statistically significant differences (One-way ANOVA, *p<0.05, **p<0.01, compared

to the A4+5 mutant).

tO+ +O000O00O0O+ + +
++0O++00000O0O0O+
t++O++O0O+TO0000
++++++ 0O+ +O+0O0

70



When the second AUG was concomitantly abolished with the third AUG, the gLuc
activity was significantly lower than the parental plasmid (100%): A2+3 — 31%. Further
abolishment of the 4™ and the 5™ AUGs lead to more significant reductions in gLuc activities:
A2+3+4 — 18%; A2+3+4+5 — 8%. Comparison of the gLuc activities of mutants which still
encode the 1% AUG [A2+3 (31%), A2+3+4 (18%)] with those lacking AUG 1 [A1+2+3 (13%);
A1+2+3+4 (15%), respectively] indicate that precursor-1 does contribute, albeit slightly, to
Gn/gLuc protein expression. However, when the downstream AUGs (3", 4™, and 5™,) were
abolished, gLuc activity was not decreased, compared to the parental plasmid (100%): A3+4
(142%), A3+4+5 (104%), A4+5 (146%). These results indicate that precursor-3, -4, or -5 play
little role in Gn/gLuc protein production when both the 1% and 2™ AUGs (precursor-1 and -2) are
present.

The viral untranslated region sequence, upstream of the 4™ or 5™ AUG, affects efficient
generation of Gn/gLuc fusion proteins.

A previous study indicated that slightly higher levels of Gn/Gc were produced from a
DNA plasmid containing the ORF of the RVFV M-segment starting at the 4™ AUG compared to
a similar construct where the ORF started at the 2" AUG (35). We hypothesized that the
untranslated region (UTR) upstream of the Gn/gLuc precursor-4 and/or -5 (A1+2+3; A1+2+3+4)
contributed to the decrease in gLuc activities of the Gn/gLuc fusion proteins expressed from
those plasmids (13% and 15%, respectively). Therefore, we generated four plasmids, (AUG2-
M, AUG3-M, AUG4-M, or AUG-5-M), that each encoded a truncated UTR sequence in the
pCAGGS-PreGn-gLuc-SF (Figure. 3-3A). These plasmids share a common UTR sequence [5'-
ACACAAAGACGGUGCACGAGAUG (initiation codon is underlined)], and all of the downstream
initiation codons (AUG) were also abolished to ensure that each plasmid produces a single
Gn/gLuc precursor (AUG2-M: Precursor-2; AUG3-M: Precursor-3; AUG4-M: Precursor-4; AUG-

5M: Precursor-5) (Figure. 3-3C).
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To determine the impact of UTR sequence upstream of the 2", the 3, the 4™, or the 5™
AUG, we evaluated the relative gLuc activity found in the culture supernatant of cells transfected
with each plasmid (Figure. 3-3B). The gLuc activity of the AUG2-M was higher (282%)
compared to the parental plasmid (100%), and significantly higher than the AUG3-M, AUG4-M,
and AUG5-M plasmids. The gLuc activity of the AUG3-M, however, was significantly reduced
(66%) compared to the AUG4-M (116%) and the AUG5-M mutants (92%). Precursor-4 (AUG4-
M) and precursor-5 (AUG5-M) are more efficient at producing Gn/gLuc fusion proteins with
precursor-4 (AUG4-M) being marginally increased significantly. Our results demonstrated that
an in-frame deletion of the UTR upstream of the 2" or the 4™ AUG, but not that of the 3" or 5"

AUG, can increase the expression of Gn/gLuc fusion proteins.
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Figure 3-3: Relative Expression of Precursor Proteins and Cleaved Gn/gLuc after the Truncation of
the Viral Sequence Upstream of the AUG. (A) Schematic representation of AUG2-M, AUG3-M, AUG4-
M, or AUG5-M, which express a single precursor from the 2" 3 4™ or the 5" AUG, respectively. AUG2-
M lacks the 3", 4", and 5" AUGSs, AUG3-M lacks the 4™ and 5" AUGs, and AUG4-M lacks the 5" AUG.
The mutant plasmids encode a common 20 nt viral sequence upstream of the 1% AUG [5'-
ACACAAAGACGGUGCACGAGAUG (initiation codon is underlined)]. (B) 293 cells were co-transfected
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with pSV40-CLuc (transfection control), and pCAGGS-PreGn-gLuc-SF or the mutant plasmids. At 36
hours post transfection, culture supernatants were collected, and the gLuc and cLuc activities were
measured. Then, the ratio of gLuc to cLuc was normalized to that of parental pCAGGS-PreGn-gLuc-SF
plasmid. The graph represents the mean + the standard error of three independent experiments.
Asterisks represent statistically significant differences (One-way ANOVA, *p<0.05, **p<0.01)

The rMP-12 encoding the AUG2-M mutation or the rMP-12 encoding the A2+3 mutation
replicate less efficiently than parental rMP-12

We also determined the effects of M-segment modification on viral phenotypes. Two
constructs were selected to analyze the impact of increased or decreased Gn expression due to
mutagenesis in the preglycoprotein coding region: A2+3 (31%) and AUG2-M (282%).
Recombinant MP-12 encoding either the A2+3 or AUG2-M mutations were rescued by reverse
genetics. In addition, we also rescued rMP-12 encoding Al (121%), A1+2 (74%), or A4+5
(146%), to compare replication kinetics. The AUG2-M, the A1, A1+2 mutants lacked expression
of the 78 kDa protein. The A2+3 mutant also lacked expression of NSm and the AUG2-M
encoded a mutated NSm (Met to Leu, at the 3rd, 4th, and 5th AUGs). The AUG2-M and A2+3
mutants lacked expression of NSm’, while the A1+2 still encoded for NSm’. The A4+5 mutant
was included because it encoded the 1% and 2™ AUG and is able to produce the precursors
from those initiation codons.

Vero EG6 cells were infected with the mutants at an MOI of 0.15. Though all of the
mutants replicated in Vero cells, it was noted that both the AUG-2M, and A2+3 mutants
replicated slower than the other mutants (Figure 3-4A). The arithmetic means of the log, titers
of the AUG2-M mutant at 48 and 72 hpi were 7 and 2 times lower than those of the A4+5
mutant at 48 and 72 hpi, respectively (p < 0.05). The arithmetic means of the log,, titers of A2+3
mutant were 6 and 2 times lower than those of the A4 + 5 mutant at 48 and 72 hpi, respectively,
but the differences were not statistically significant. The two mutants, AUG2-M and A2+3, were
further analyzed at a higher MOI infection (1 MOI) (Figure 3-4B). No significant differences

were seen when compared to rMP-12 (data not shown). Western blot analysis confirmed that
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the AUG2-M mutant did not produce the 78 kDa protein, and the A2+3 mutant did not produce
NSm-Gn, whereas both proteins were produced by parental rMP-12 (Figure 3-4B). An increase
in all viral proteins at 6 hpi indicated that viral replication probably started around 5 to 6 hpi. In
terms of plaque phenotype, the A2+3 mutant made smaller plaques (0.9 to 2.3mm in diameter)
compared with parental rMP-12 (heterogeneous sizes: 2.6 to 5.7mm in diameter), while the
AUG2-M mutant had intermediated-sized plaques (1.7 to 4.5mm in diameter) compared with the
other two viruses. Thus, these results indicate that viral replication is affected in the AUG2-M
and A2+3 mutants despite efficient expression of Gn by AUG2-M. In addition, the 78 kDa

protein and/or NSm/NSm’ may have a role(s) in expression of Gn at later stages in the viral life

cycle.
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Figure 3-4: Characterization of Recombinant MP-12 encoding Mutations in the Pre-Gn region.

(A) Replication of rMP-12 mutants encoding the mutations either in the 1% AUG (A1), the 1% and 2™ AUG
(A1+2), the 2" and 3" AUG (A2+3), the 4™ and 5" AUG (A4+5), or the deletion of the UTR upstream of
the 2™ AUG (AUG2-M: see Fig. 3A). Vero cells were infected with each virus at an MOI of 0.15. The
graph represents the antilog of the arithmetic mean of the log;o-transformed virus titers + the standard
deviation of three independent experiments. (B) Western blot using Vero cells infected with either rMP-12,
A2+3, or the AUG2-M mutants (an MOI of 1). The 78 kDa and Gn were detected by mouse anti-Gn
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monoclonal antibody (4D4). The N proteins were detected using mouse anti-RVFV polyclonal antibody. b-
actin is shown as sample loading controls. (C) Plaque phenotypes of rMP-12, A2+3, or the AUG2-M
mutants in VeroE6 cells. Small (S) and large (L) plagues are shown with arrows. The diameters (mm) of
small and large plagues were measured (n=10 per sample), and the average and standard errors are
shown in the graph.

DISCUSSION

RVFV lacking accessory proteins, like the 78 kDa or NSm proteins, can be produced
using reverse genetics, and RVFV lacking the first or second initiation codon can produce
mutants lacking the 78 kDa or NSm proteins, respectively. This work confirmed that modification
of the initiation codons within the pre-Gn region alters precursor protein production and affects
the expression of Gn/gLuc proteins. However, an optimized pre-Gn region for abundant Gn
expression did not lead to an increased viral replication (AUG2-M) in our experiments. Thus, a
process downstream of viral protein translation may be involved in viral progeny release (e.g.
viral assembly in the ER-Golgi intermediate compartment (ERGIC) or cis-Golgi). Both of the
AUG2-M and A2+3 mutants, which replicate slowly in Vero cells, lack intact expression of both
NSm and NSm'. The AUG2-M mutant lacks the 1%, 3", 4™ and 5™ AUGs (A78 kDa and ANSm’),
and also expresses a mutant NSm that encodes Met-to-Leu mutations at the 3", 4™, and 5"
AUGs. The A2+3 mutant does not express NSm or NSm’ proteins. Thus, NSm and/or NSm’
might be involved with viral assembly or a further downstream step in virion release. A similar
KO virus was produced by Kreher et al (2014), using the RVFV ZH548 strain backbone (92).
RVFV ZH548 is the original virulent strain that was used to produce the attenuated MP-12 strain
(131). Virulence of the RVFV ZH548 2+3 KO mutant was substantially reduced compared to the
parental virus in C57BL/6 mice (92). Also, though no changes in viral kinetics were seen in
murine fibroblast cells, the RVFV ZH548 2+3 KO did replicate to a lower titer than the wild-type
strain in murine macrophages (92). Since the observations of our group and others are
consistent, future studies should address the mechanism of NSm and NSm’-mediated viral

progeny formation.
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Precursor proteins produced from the 1%, 2™, 3 4™ or 5" initiation codons can be
easily measured using our reporter assay, which encodes the RVFV preglycoprotein region
followed by the N-terminal region of Gn fused to gLuc. However, RVFV Gn encodes a Golgi
retention signal, whereas the Gn/gLuc proteins do not and are secreted from the transfected
cells. Thus, precursor protein production and cleavage efficiency are determined by the gLuc
activity in the culture supernatant. There was a detectable amount of gLuc activity in the
supernatant of cells transfected with the A2+3+4+5 plasmid and accumulation of a detectable
amount of Gn/gLuc proteins in the cell lysates analyzed by Western blot. In the natural RVFV
infection, the 78 kDa protein is cleaved from the 78 kDa-Gc precursor produced from the 1
AUG, which encodes a signal sequence at its N-terminus (261). Folding of the 78 kDa protein
in the ER lumen may hinder access of the second signal sequence, located between the NSm,
and Gn coding regions, with signal peptidases. A lack of cleavage at this second signal
sequence can prevent the accumulation of Gn from the 78 kDa-Gc precursor protein. This lack
of Gn accumulation is most likely the reason that the rMP-12-A2+3+4+5 mutant could not be
rescued. The A1, A3, or A4 plasmids efficiently produced Gn/gLuc fusion proteins, whereas the
A2 plasmid did not. Also, when the downstream initiation codons were abolished, [e.g. A3+4+5
(AUG1 and AUG2 present)], gLuc activity was not affected. Thus, the expression of Gn/gLuc
proteins is most efficient from AUG 2, which produces precursor-2. Also, precursor-3, produced
from the 3" initiation codon, can act as a surrogate of Gn/gLuc production in the absence of the
2" initiation codon. The A1+2+3 plasmid displayed much less gluc activity than the A1+2
plasmid. Taken together, expression of the Gn protein primarily occurs from the NSm-Gn-Gc
precursor, while the NSm’-Gn-Gc precursor can act in a surrogate manner when the 2™
initiation is absent or skipped by the ribosome.

We also truncated the viral UTR upstream of each initiation codon to better determine
the translation efficiency of Gn. The plasmids encoding the A1+2+3 and A1+2+3+4 mutations
had low relative gLuc activities. Thus, reporter plasmids that lack the upstream viral UTR
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sequence and encode a single initiation codon were generated: AUG2-M, AUG3-M, AUG4-M,
and AUG5-M. The increased relative gLuc activity of the AUG4-M and the AUG5-M plasmids
compared with the A1+2+3 and A1+2+3+4 plasmids indicated that removal of the UTR
upstream of the 4™ and 5" can increase Gn/gLuc expression. Thus, the expression of RVFV
Gn/Gc from precursors produced by the 4™ and 5™ initiation codons can be enhanced by the
deletion of the UTR sequence located upstream of these codons.

Though increase in translational efficiency of Gn/Gc did not result in an increase in viral
production, the increase in Gn/Gc expression may be beneficial for a subunit vaccine (Gn only
or Gn and Gc) or a virus-like particle vaccine (Gn, Gc, and N). Subunit vaccines and VLP
vaccines do not require inactivation,

In the natural RVFV infection, Gn and Gc form heterodimers and accumulate in the Golgi
via the Golgi retention signal within Gc (262-264). The viral nucleocapsid and the Gn-Gc
heterodimers assemble in the ERGIC or the cis-Golgi, and then the viral particles egress from
the cell. Because the Gn/gLuc fusion proteins produced by our reporter assay lack the Golgi
retention signal, they are secreted from the cell without proceeding through the same viral
assembly and budding processes as RVFV Gn/Gc. Thus, only the expression levels of Gn via
translation of the mRNA and subsequent cleavage of precursor proteins can be predicted with
this assay.

Not much is known of the roles that the 78 kDa, NSm, or NSm’ may play in viral
assembly. In this study, our rMP-12 encoding the AUG2-M mutant demonstrated increased Gn
expression but still replicated more slowly than rMP-12. This mutant lacks the expression of the
78 kDa and NSm’ proteins and encodes a mutant NSm Met-to-Leu substitutions at the 3rd, 4th,
and 5th AUGSs). Migration of the NSm protein has been demonstrated to decrease when a Met-
to-Ala substitution is encoded by the 3™ initiation codon (92). Thus, RVFV NSm and/or NSm’
may have roles in later stages of viral infection. In infection with Bunyamwera virus (genus
Orthobunyavirus), the NSm protein facilitates viral assembly of the Gn/Gc heterodimers and the

77



viral ribonucleocapsid (RNP) via the formation of a “viral tube” (265). The NSm acts as a
scaffolding protein, and viral production was reduced by 10-100-fold when NSm was not
present. In another study, five serial passages of KO mutants that lacked the expression of the
78 kDa protein (A1, A1+2, and A1+2+3) in mammalian cells lead to an RVFV mutant encoding a
new initiation codon upstream of the original AUG at nt. 21 (92). A new 78 kDa-Gc precursor
protein could be generated from this initiation codon. It has been demonstrated that viral
propagation in mammalian cells is affected by a lack of NSm or NSm’, while RVFV
dissemination in mosquitoes is reduced in the absence of the 78 kDa protein (92). However,
other studies have indicated that both the 78 kDa protein and NSm protein are not necessary for
viral replication in cell culture (88). Thus, further studies are necessary to determine the true

roles these viral proteins play in RVFV infection.

Relative Gn/gLuc
Expression (%)

Al 121
Al+2 74
A1+2+3 13
A1+2+3+4 15
A1+2+3+4+5 0.79

A2 32

A2+3 31
A2+3+4 18
A2+3+4+5 8

A3 85

A3+4 142
A3+4+5 104

A4 72

A4+5 146
Truncation up to AUG 2 (AUG2-M) 282
Truncation up to AUG 3 (AUG3-M) 66
Truncation up to AUG 4 (AUG4-M) 116
Truncation up to AUG 5 (AUG5-M 92

Table 3-2: Relative Gn/gLuc Expression due to Abolishment of Initiation Codons or
Truncation of Viral UTR. Summation of the data in Figures 3-2 and 3-4.
MP-12 is a live attenuated RVFV vaccine that is conditionally licensed in the U.S. for

veterinary use, which has been demonstrated to be safe and effective (137-140, 257).
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However, MP-12 lacks a DIVA marker, which is necessary to determine which animals have
acquired a natural infection versus those which have been vaccinated. Previous studies
involving the removal of the NSs protein, demonstrated reduced immunogenicity of the deletion
mutants, (R566 strain or rMP12-ANSs16/198), compared to parental MP-12 (260). As the 78
kDa and NSm proteins have been demonstrated to be non-essential, introduction of a DIVA
marker into MP-12 could be accomplished via the removal of these proteins. Indeed, studies
using rMP-12 which lacks 78 kDa and NSm protein production (rMP12-ANSm21/384),
demonstrated this mutant, which is similar to our AUG4-M mutant, displayed a similar efficacy
and immunogenicity profile to that of parental MP-12 (136, 260).

Here we describe rMP-12 mutants with altered levels of Gn expression due to point
mutations and truncation of the initiation codons. Alterations in the production of Gn lead to
altered viral phenotypes compared to rMP-12. This works aids future studies that will focus on

NSm or 78 kDa knockout mutants and subunit and VLP vaccine studies.
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CHAPTER 4: Future Directions

The work presented in the first aim has laid the groundwork for future studies involving
RVFV N-glycosylation and the viral interaction with DC-SIGN. Here, we have confirmed N-
glycosylation of Gn at N438 and at three of the four sites within Gc, which we identified: N794,
N1035, and N1077. We also noted the heterogeneous N-glycosylation of N1077, which results
in the well-documented, Gc doublet. While we were also able to determine the presence of high
mannose or hybrid N-glycans on Gn and Gc via Endo H digestion, this method is not rigorous
enough to elucidate the actual N-glycans. Thus, future studies using Mass Spectrometry to
analyze the glycoforms will characterize the specific N-glycans present at each site. Also, while
our studies indicate that heterogeneous N-glycosylation of Gc N1077 occurs via post-
translational N-glycosylation by the STT3B subunit of the OST, our studies would be further
strengthened by STT3A and STT3B knockdown studies using siRNA (244).

We determined that the presence of Gn N438 or Gc N1077 is important for RVFV
infectivity via DC-SIGN. DC-SIGN has specific ligand binding preferences (high mannose N-
glycans and fucosylated N-glycans, such as Lewis antigens) and knowing the exact N-glycan
present at each site within RVFV Gn/Gc will further elucidate which N-glycans are involved.
DC-SIGN is involved in antigen-presenting to CD4+ T-cells through rapid degradation of
internalized antigens (266-268). Further understanding of how viruses utilize DC-SIGN for their
entry will lead to novel vaccine candidates targeting antigens to this lectin in an effort to
increase antigen presentation rather than viral infection. Dodd et al. demonstrated that CD4+
responses are required for clearance of RVFV and prevention of neurological disease (269).
Lastly, our in vitro results with Jurkat-DC-SIGN cells would further be enhanced by in vivo
studies. Unfortunately, mice encode eight different orthologs of human DC-SIGN (216).
However, recently, a transgenic mouse strain has been produced, in which the murine CD11c
promoter controls human DC-SIGN (216, 270). In one study using these transgenic mice, strong
antigen specific CD4+ and CD8+ T cell responses were produced and these responses lead to
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protection from infection (270). Thus, hSIGN mice would be a valuable tool for the analyzing
dendritic-cell based vaccine candidates.

The second aim of this study focuses on modification of the preglycoprotein region of the
M-segment in an effort to alter Gn/Gc expression. Our initial hypothesis was that we could
increase the translational efficiency of the M-segment by abolishing the initiation codons,
individually or concomitantly, or via truncation of the preglycoprotein. This increase in
translation efficiency would, then, lead to an increase in Gn expression, which would lead to an
increase in the immune response. A previous study indicated that mice were protected from
lethal RVFV challenge due to neutralizing antibodies to Gn and Gc induced by recombinant
baculoviruses expressing the M-segment starting at the 2" initiation codon (271). Indeed, our
AUG-2M plasmid, truncated up to the 2™ AUG and expressing gLuc fused to the N-terminal
region of Gn, demonstrated a significant increase in Gn/gLuc secretion compared to not only the
parental plasmid, but all other combinations we investigated. However, this increase in Gn/gLuc
secretion did not transfer over to the actual rescued virus. The rMP-12-AUG2-M displayed a
lower titer compared to rMP-12. Also, our studies could be further enhanced by in vivo analyses
to determine as previous studies have shown that 78 kDa/ NSm KO mutants can be protective
against lethal RVFV challenge (136, 260).

Though our AUG2-M mutant plasmid displayed increased Gn expression, this did not
result in a higher viral titer in the rMP-12-AUG2-M mutant virus. Thus, while this mutation may
not be beneficial for a live attenuated vaccine, it may be beneficial in the production of a Gn/Gc
subunit vaccine. Indeed, Faburay et al demonstrated that three doses of 50 ug of the Gn
ectodomain in combination with adjuvant were sufficient to protect sheep from lethal RVFV
challenge (154). In addition to the recombinant baculovirus system used by Faburay et al., Gn
and Gc subunits have been produced using Drosophila melanogaster cells lines (152). The
Stable Schneider 2 (S2) cell line was used because of its ability to secrete proteins into
supernatant and ability to be cultured in serum-free medium (152). In addition to secretion of
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proteins and serum-free media, this system has the added benefit of not requiring the removing
of baculovirus proteins (152). Investigation of the potential of the ability of the AUG2-M mutant
plasmid to be adapted to the S2 expression system and the subsequent studies on the efficacy
of Gn/Gc proteins produced from this system will be invaluable to the development of a Gn/Gc

subunit vaccine candidate.

We are also interested in whether the expression strategies of the preglycoprotein
regions of other phleboviruses were similar to that of RVFV. To that end, we have generated
pCAGGs plasmids that encode the preglycoprotein regions of Sandfly fever Sicilian virus
(SFSV) and Toscana virus (TOSV), which are closely related to RVFV. A myc-tag has been
inserted between the 1% and 2™ AUGs, and a V5-tag was inserted between the 2™ and 3™
AUGs for Western blot analysis. Similar to the pCAGGS-PreGn-gLuc-SF created for Aim 2
studies, the pCAGGS-SFS-PreGn-gLuc-SF and pCAGGS-TOS-PreGn-gLuc-SF plasmids have
the N-terminal coding region of Gn that is fused to Gaussia luciferase (gLuc) for quantification of
Gn/gLuc secretion by gLuc and cLuc assays. The C-terminus encodes Flag-SF tag for the
detection of Gn/gLuc or precursor proteins.

For preliminary analyses, transIT-293 was used according to the manufacturer’s
instructions to co-transfect 293 cells (subconfluent, 1x10° cells ) with the pCAGGS-SFS-PreGn-
gLuc-SF or pCAGGS-TOS-PreGn-gLuc-SF plasmids (2.0 pg) along with pSV40-CLuc (0.1 pg;
encodes Cypridia luciferase, cLuc, downstream of the SV40 promoter). Culture supernatants
were harvested at 36 hpi, and we performed gLuc (BioLuc Gaussia Luciferase Assay Kit, New
England BioLabs) and cLuc assays (BioLuc Cypridina Luciferase Assay Kit, New England
BioLabs) following the manufacturer’s instructions. Sample buffer (2X) was used to suspend
the cells followed by boiling for 10 mins. Under reducing conditions, SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) was used to separate samples, followed by Western blot analysis

(240) anti-Flag M2 antibody (Sigma-Aldrich), anti-cmyc (COMPANY), and anti-V5).
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In the Western blot analysis of cell lystates, bands corresponding to the Precursor-1
generated from SFSV-M-gLuc and TOSV-M-gLuc were approximately 80 kD in size compared
to Precursor-1 from RVFV-M-gLuc, which was 46 kD in size (data not shown). The precursors
generated from the 2™ AUGs of SFSV and TOSV were 62 kD and 60 kD, respectively,
compared to the 39 kD Precursor-2 of RVFV. Interestingly, despite encoding a myc-tag
between the 1% and 2™ AUGS, no band of precursor-1 was detectable in TOSV-M-gLuc
samples using an anti-myc antibody (data not shown). However, bands corresponding to the
SVFV precursor-1 and NSm-1 were detected in SFSV-M-gLuc samples. A faint band was noted
for the TOSV Precursor-1, with anti-V5 antibody (data not shown) indicating that an inserted
myc-tag upstream of the 2" AUG might be cleaved together with N-terminal signal peptide.
Precursor-2 from both SFSV-M-gLuc and TOSV-M-gLuc was detected by the anti-V5 antibody
along with NSm-2, which is generated from Precursor-2, from both plasmids. The results
showed that both TOSV and SFSV M-segments make two glycoprotein precursors, like RVFV
M-segment, and can be cleaved into NSm, Gn and Gc. In the western blot, multiple precursor
bands were detected by anti-Flag antibody. Interestingly, TOSV and SFSV M-segment encodes
8 and 14 initiation codons in the preglycoprotein coding region, respectively. Multiple initiation
codons in the preglycoprotein coding region is common in those phleboviruses, and may be a
clue in understanding the roles of 78 kDa and NSm of RVFV in the viral life cycle, since neither
SFSV or TOSV express the 78 kDa protein.

Analysis of gLuc activity indicated that secretion of Gn/gLuc fusion proteins was 3.5-fold
higher for the pCAGGS-SFS-PreGn-gLuc-SF than the pCAGGS-PreGn-gLuc-SF control
plasmid, whereas Gn/gLuc fusion protein secretion was also about 1.5 fold higher from the
pPCAGGS-TOS-PreGn-gLuc-SF plasmid. These results indicated that precursor proteins
derived from TOSV, SFSV, and RVFV may have different co-translational cleavage efficiency of
Gn/Gc. Taken together, these data indicate that there are differences in both protein expression
and secretion between RVFV, SFSV, and TOSV, and our reporter system is a valuable
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resource to further elucidate the mechanisms of protein expression and secretion from
phlebovirus preglycoprotein regions. Further studies will be required to elucidate the exact
mechanism of glycoprotein expression by SFSV and TOSV and if chimeric M-Segments that
encode the preglycoprotein regions of SFSV and TOSV and the glycoproteins of RVFV are

viable vaccine candidates.
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