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Abstract: Rift Valley fever virus (RVFV) is a zoonotic arbovirus that causes significant morbidity
and mortality in both humans and animals. In humans, the disease manifests itself as febrile illness,
hemorrhagic fever, encephalitis, or retinitis. In animals, RVFV causes high rates of abortions and
fetal malformations. Since the first Rift Valley fever (RVF) outbreak in 1930, there have been
several major outbreaks across Africa and the Middle East. Effective control of RVF outbreaks
via vaccination is important for both endemic and non-endemic countries. In some countries in
Africa, inactivated and/or live-attenuated vaccines have been available for vaccinations of
susceptible ruminants. In the U.S., a live-attenuated MP-12 vaccine strain was conditionally
licensed for animal use, whereas it is also an Investigational New Drug for clinical trials. Upon
the field trials of live-attenuated RVF MP-12 vaccine, potential formations of reassortant or
recombinant strains between a vaccine strain and circulating pathogenic RVFV strains or other
phleboviruses should be characterized. My central hypothesis is that genetic reassortment or
recombination between two phleboviruses can occur when a loss or swap of gene element does
not deteriorate the viability of resulting viruses. The overall objective of this study is to analyze
genetic reassortment or recombination between RVFV MP-12 strain and AMTYV, using co-
infection assays and reverse genetics. The long-term goal is to establish a universal method to
develop a novel pseudotype chimeric virus system applicable for most pathogenic phleboviruses.
To address the central hypothesis, the following three aims are proposed. Specific Aim 1:
Characterization of genetic reassortment between MP-12 strain and the genetic variant, rMP12-
GM50, and between MP-12 strain and Arumowot virus, Specific Aim 2: Characterization of the
attenuation and protective efficacy of rMP12-GMS50 strain in mice, and Specific Aim 3:
Characterization of recombinant MP-12 strain with AMTYV genetic elements. Overall, the study
will characterize potential occurrence of interspecies reassortment and recombination between
RVFV and AMTV, and evaluate the significance of the presence of AMTV in RVF vaccination
in endemic countries.
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CHAPTER 1: Introduction

Classification of phleboviruses

According to the International Committee on Taxonomy of Viruses in 2018, the
Bunyavirales order consists of twelve families: Arenaviridae, Cruliviridae, Fimoviridae,
Hantaviridae, Mypoviridae, Nairoviridae, Peribunyaviridae, Leishbuviridae, Phasmaviridae,
Phenuiviridae, Tospoviridae, and Wupedeviridae, encompassing 300 species and 45 genera,
including highly pathogenic species that lack effective vaccines for the prevention of outbreaks.
Phlebovirus is one of the 14 genera within the family Phenuiviridae. As of current, there are 10
species assigned under the genus Phlebovirus: Bujaru, Candiru, Chilibre, Frijoles, Punta Toro,
Rift Valley fever, Salahabad, Sandfly fever Naples, Mukawa, and Uukuniemi phleboviruses. There
are also unclassified phleboviruses, which are not assigned to any species. Those viral members
could be grouped into similar representative phlebovirus species, via genetic or serologic relation
to one another. The phlebovirus genome is comprised of tripartite single-stranded RNA with
negative or ambi-sense polarity. Among phleboviruses, Rift Valley fever virus (RVFV) is
classified as a Category A Priority Pathogen by the National Institutes of Health in the United
States of America (U.S.A), due to the grave economic and health consequences upon introduction
into the U.S.A, and an overlap Select Agent by the U.S. Department of Health and Human

Services, and U.S. Department of Agriculture’.

Genome structure and gene functions
The genome of phleboviruses is comprised of Small (S), Medium (M), and Large (L) RNA

segments. The S segment encodes two open reading frames (ORF) that encode the nucleoprotein
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(N) and the non-structural (NSs) protein in an ambi-sense manner. Termination of mRNA
synthesis occurs within the intergenic region (IGR), which is located between the two ORFs in the
S-segment, or within the 5° untranslated regions (UTR) of the M- or L- RNA segments > (Fig.
1.1). The 3 and 5’ termini of each viral RNA segment are complementary and form a stable pan-
handle structure, which serves as a signal for the encapsidation of viral RNA with N protein, viral
RNA replication, and viral mRNA transcription®.

The viral-sense and anti-viral sense S-segment encode N mRNA and NSs mRNA,
respectively. The N protein is the nucleocapsid protein and is the most abundant viral protein in
the virion and is the major structural component of the RNP complex. It has a molecular weight
of roughly 27-kDa and forms hexamers through interactions with its N terminus. The N terminus
is thus important for the oligomerization of the N protein, where the extension of the N-terminal
arm interacts with the hydrophobic pocket of the adjacent subunit thus mediating an inter-
molecular interaction crucial for hexamer formation®. In the monomeric form, however, the N-
terminal arm makes an intra-molecular interaction and binds to its own hydrophobic core. In
addition to preventing oligomerization, this monomeric structure also covers the RNA binding
cleft, so that it does not bind to viral RNA. Each N subunit has been described to accommodate
up to 6 bases, thus one hexamer can hold 36 bases®. Overall, the N protein plays an important role
in protecting the viral RNA through encapsidation, as well as an active role in viral transcription,
replication, and packaging.

The RVFV NSs protein is estimated to be 31-kDa in size and is considered the major
virulence factor that plays an important role in viral evasion from the host innate immunity. The
NSs protein is present in both the nucleus and cytoplasm of RVFV-infected cells and forms

filamentous structures in the nucleus. The stable core domain of RVFV NSs (residues 83-248) is
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responsible for the formation of this filamentous structure as well nuclear translocation’. RVFV
NSs protein is a type-I IFN antagonist, and cells infected with RVFV fails to up-regulate IFN-3
mRNA®’. Le May et al. demonstrated that the NSs protein binds to the Sin3A Associated Protein
30 (SAP30) and subsequently prevents the activation of the IFN-f3 promoter through its interaction
with a transcription factor, Yin Yang 1 (YY1) protein'®!!. In the presence of this NSs-SAP30-YY
complex, the cAMP-response element-binding protein-binding protein cannot be recruited to the
IFN-B promoter, and subsequent acetylation of histone K8H4 or K14H3 cannot occur. RIG-I,
however, is still shown to be activated and nuclear translocation of interferon regulatory factor 3
(IRF3), nuclear factor-kB (NF-kB), and activator protein 1 still occurs'2. Thus, RVFV NSs protein
inhibits the upregulation of the IFN-B promoter downstream of the activation of transcription
factors. Le May et al. also demonstrated that the RVFV NSs protein inhibits general cellular
transcription activity by interacting with transcription factor (TF) IIH components, specifically,
the p44 and p62 subunits'®. TFIIH is a major component of the transcription pre-initiation complex,
and promotes transcription by opening the promoter site and activating cellular RNA Polymerase
IT through phosphorylation of its carboxyl-terminal domain. Ten different subunits comprise
TFIIH; cdk7, MATI, cyclin H, XPB, XPD, p8, p34, p44, p52, and p62'%. The NSs protein binds
to the p44 subunit and sequesters it from the assembly site of TFIIH, thus preventing and
interrupting the TFIIH complex assembly. In contrast, the NSs protein causes the post-translational
degradation of the p62 subunit, through the E3 ligase complex, which consists of cullin 1, Skpl,
and FBXO3. Another function of the RVFV NSs protein is the degradation of PKR!>!6, Pathogen
recognition receptors, 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 IRF3 and
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NF-«B. The induced IFN- protein then up-regulates IFN-a and interferon-stimulated genes. Both
endogenously expressed PKR and transcriptionally-induced PKR via IFNs can inhibit host and
viral translational initiation via the phosphorylation of its substrate protein, eukaryotic initiation
factor 2 (e[F2a). Activation of PKR occurs when it binds to dSRNA or the 5’ triphosphated ssSRNA
at the N-terminal domain, causing a structural change that results in an activated kinase!’. The
phosphorylated elF2a then forms a stable complex with elF2B, which is required for the
conversion of elF2-GDP to elF2-GTP, and thus, the sequestration of eIF2B leads to the cessation
of translational initiation. Similar to the degradation of the p62 subunit, the degradation of PKR
occurs through the E3 ligase complex, consisting of cullin 1, Skp1, and FBXW11. The RVFV NSs
protein forms two different E3 ligase complexes and promotes the degradation of p62 or PKR
through different F-box proteins. In addition to RVFV NSs protein, Toscana virus (TOSV) NSs
protein is also shown to promote the degradation of PKR!>!'%!8, TOSV NSs protein localizes in the
cytoplasm and inhibits the nuclear localization of IRF3. TOSV NSs protein also interacts with
RIG-I or PKR, and promotes the degradation of RIG-I and PKR via the proteasome pathway'®1°.
Other NSs proteins, such as Bunyamwera virus (BUNV), La Crosse virus (LACV), Punta Toro
virus (PTV), SFSV, or Severe Fever with Thrombocytopenia Syndrome virus have also been
reported to inhibit the induction of IFN-3 mRNA.

The RVFV M-segment encodes a single ORF for a precursor polyprotein that is co-
translationally cleaved into the 78kD, NSm, Gn and Gc proteins by cellular signal peptidases?’.
Five in-frame AUGs initiation codons are located in the preglycoprotein region, and is involved
in the biogenesis of precursor polyproteins through a leaky scanning mechanism. Initiation of
translation at the first AUG codon leads to the synthesis of an 78kD-Gc precursor where cleavage

leads to the production of the 78kDa protein and Gc. Initiation of translation from the second AUG
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leads to the synthesis of an NSm-Gn-Gc precursor and after cleavage, it generates the NSm, Gn,
and Gc protein. The third, fourth and fifth AUG are not dominantly utilized when the 1% and 2™
AUGs are available, whereas they also contribute to Gn and Ge expression, if upstream AUGs are
not available due to mutations or truncations. The 78kD protein and NSm are dispensable for viral
replication in host cells, whereas the Gn and Gc together constitute the viral glycoproteins that are
found in the envelope of mature virions (Fig. 1.1). The RVFV 78kD protein is reported to be a
structural protein that is incorporated into matured virions from infected C6/36 mosquito cells, but
not from Vero cells?!. The 78kD protein also plays a role in efficient viral dissemination in
mosquitoes through an unknown mechanism?*2*, RVFV NSm proteins localize to the
mitochondrial outer membrane and delay apoptosis in mammalian cells>>-°,

The L-segment encodes the RNA-dependent RNA polymerase (L protein) that functions
in both viral RNA replication and transcription. The L protein is packaged into virions with viral
RNP and is responsible for genomic RNA replication, which begins with the synthesis of
complementary-sense (positive-sense) copies of the genome (CRNA), which are then copied into
viral-sense (negative-sense) RNA (VRNA). Unlike viral mRNA synthesis, neither cRNA nor
vRNA synthesis requires an oligonucleotide cap primer. N encapsidation of VRNA, however, is
required for viral RNA replication and transcription®’. Viral mRNA transcription occurs through
a cap-snatching mechanism where the L protein, through its endonuclease activity, cleaves capped

host mRNA and uses it as a primer to initiate mRNA synthesis®®°.
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N ORF NSs ORF
N . SSN . S-segment

JUTR 738 nt IGR 798 nt 5UTR 1690 bp
38 nt 82 nt 34nt
M ORF
M M-segment
JUTR 3591 nt 5'UTR 3885 bp
20 nt 274 nt
L ORF
L L-segment
JUTR 6279 nt 5UTR 6404 bp
18 nt 107 nt

Figure 1.1: Rift Valley fever phlebovirus virion and genome structure

The virion of RVFV contains the RNP, which consists of the viral genomic RNA encapsidated with the nucleoproteins (N). The L
protein is also packaged within mature virion to initiate primary transcription and replication after infection. RVFV has a lipid
bilayer that contains the viral glycoproteins Gn and Gc (shown in orange in the top panel). The genome of phleboviruses is
comprised of three negative- or ambi-sense RNA segments named Small (S), Medium (M), and Large (L). The S segment encodes
two open reading frames (ORFs) that encode the N and the non-structural (NSs) protein in an ambi-sense manner (Bottom panel).
Termination of mRNA synthesis occurs within the intergenic region (IGR), or within the 5’ untranslated regions (UTR) of the M-
or L- RNA segments (shown in black in the bottom panel). The 3’ and 5’ termini of each viral RNA segment are complementary
and form a stable pan-handle structure, which serves as a signal for the encapsidation of viral RNA with N protein, viral RNA
replication, and viral mRNA transcription.

Rift Valley fever
RVFYV is transmitted by mosquitoes, and causes significant morbidity and mortality in both
animal and human hosts. Floodwater Aedes spp. mosquitoes play an important role in the viral

maintenance of RVFV. Ideal conditions for hatching of floodwater Aedes spp. mosquito eggs are
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established during periods of heavy rainfall or irrigation. An increase of infected mosquitoes can
lead to an amplification of RVFV in ruminants and mosquitoes, which subsequently triggers
outbreaks of RVF in endemic areas. In ruminants, such as sheep, cattle, and goats, RVFV causes
high rates of spontaneous abortions and fetal malformations*’. Human transmission of RVFV
occurs through direct contact with bodily fluids or aerosols derived from infected animals or from
the bite of an infected mosquito. The disease, Rift Valley fever (RVF), is characterized by febrile
illness, hemorrhagic fever, encephalitis, or retinitis in humans. Since the first RVF outbreak in
Kenya in 1930, there have been several major outbreaks, including in Egypt in 1977-1978,
resulting in an estimated 20,000 to 200,000 infections and 600 deaths®'. Outbreaks of RVF have
been predominantly reported in sub-Saharan Africa, but have spread into Egypt, Madagascar, and
the Arabian Peninsula (Fig.1.2). In 2000, a large outbreak of RVFV occurred in Saudi Arabia and
Yemen and resulted in 886 reported cases with a case fatality rate of 13.9%?>2. Effective control of
RVF outbreaks is important not only in endemic countries but also in non-endemic countries due
to the potential introduction of RVFV. In Africa, inactivated vaccines, and live-attenuated vaccines
[i.e., the Smithburn vaccine from the Onderstepoort Biological Products (OBP) or the Kenya
Veterinary Vaccines Production Institute (KEVEVAPI); the Clone 13 vaccine from the OBP] are
available for vaccination of susceptible ruminants in registered countries. The latter provides
prolonged protective immunity in ruminants with a single dose. The Smithburn vaccine retains
significant residual virulence (e.g., fetal malformation or abortion) and formed a reassortant strain
with circulating pathogenic RVFV in a human. It is thus important to evaluate potential formation

of genetic reassortants via any live-attenuated RVF vaccine, which is used in field trials.
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Figure 1.2: Rift Valley Fever Virus Distribution in Africa

Map illustrating endemic regions for RVFV. Countries shown in dark blue represents reported outbreaks of RVFV. The year for
each reported outbreak in the respective country is also shown. Countries shown in light blue represent regions where RVFV has
been isolated.

During the RVF outbreak in 1930, RVF was characterized by high rates of abortions and
fetal malformations in pregnant ewes, and high mortality in newborn lambs*?. The susceptibility
of sheep to RVFV is largely age-dependent, and the mortality rate in RVFV-infected newborn
lambs is 95 to 100%, whereas in adult sheep it is approximately 20%>*. Symptoms, which include
elevated body temperature (40—42°C), loss of appetite, and decreased physical activity, have been
reported to occur 12 to 18 hours before death®*. Lethal fulminant liver necrosis can occur in
infected lambs, as the disease progresses®®. Older sheep are less susceptible to RVFV,*® and the

disease is characterized by lethargy, nasal discharge, viremia, fever, and diarrhea’*. More severe
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clinical signs of diseases include widespread rash and bruising in hairless areas, bleeding from
nares, and bloody diarrhea®”*®. RVFV can also cause disease in other animals including cattle,
goats, camels, ferrets, dogs, and cats*>34393_ Interestingly, in the case of the latter two animals,
dogs and cats did not display any signs of disease yet had detectable viremia and neutralizing
antibody after exposure through the aerosol route*?. Other animals, such as birds and reptiles were
described to be refractory, while other livestock species such as pigs and horses, were reported to
be resistant to RVFV infection**. The mechanism of species-specific susceptibility to RVFV
infection is unknown to date.

Humans infected with RVFV generally exhibit a self-limiting febrile illness¥-3%454,
Symptoms, which may vary among patients, begin to manifest after an incubation period of 4-6
days; i.e., chills, malaise, dizziness, weakness, severe headache and/or sensation of fullness in the

394547 which is then followed by a decrease in blood pressure, elevated body temperature

liver
(38.8-39.5°C), muscle aches, shivering, insomnia, and constipation®*%4"#° Other symptoms
such as nosebleeds, impaired taste, photophobia, and vomiting and/or diarrhea have also been
reported®*%474 Patients have been shown to improve several days after the onset of symptoms,
whereas a resurgent fever with severe headaches has been reported to occur in some patients within
a few days after initial recovery>>#%4°_ This secondary febrile phase can last between a few days
to up to 10 days. In the convalescent period, patients may still experience continuous pain in the
legs, lasting up to 2 weeks***’. Additionally, patients may develop massive blood clots in the
coronary artery, malaise, frequent headaches, weakness, a sense of disequilibrium, and pain when
moving the eyes*. Viremia is normally detected during the febrile period, and antibodies specific
to RVFV usually develop by the fourth day after onset. This antibody response is able to

subsequently neutralize and eliminate RVFV infection??-3%:46:47:49
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The development of hemorrhagic disease is often seen in fatal RVF cases®*°!. Symptoms
start abruptly and include, fever, shivering, headaches, body aches, and nausea. These cases may
also include bruising in the limbs and/or eyelids; bleeding in the mouth and/or gastrointestinal
tract; vomiting blood; and bloody diarrhea’!. Other reported symptoms may include a raised rash
on the upper body, throat pain, jaundice, and/or enlargement of both the liver and the spleen®">2.
Although death can be delayed for up to 17 days after the onset of symptoms, it usually occurs
within 3—6 days. An acute hepatic injury is also thought to play a role in human deaths caused by
RVFV infection, as widespread liver necrosis has been observed in autopsies®*>2.

Another serious outcome of patients infected with RVFV is viral infection in the central
nervous system, which usually develops one to two weeks after the onset of symptoms. Symptoms
usually include fever, confusion, temporal blindness, and paralysis®>~>°. Indicative of meningeal
inflammation or meningoencephalitis is increased white blood cell count found in the
cerebrospinal fluid®®. Hemorrhage and inflammation in both eyes have also been documented in
RVF-induced encephalitis®®. Focal necrosis associated with perivascular cuffing with infiltrations
of macrophages and lymphocytes was demonstrated in histopathological examinations of
encephalitic brains>.

RVFV can also cause retinopathy or maculopathy, resulting in blurred vision and/or loss
of highly susceptible central vision. Vision changes can affect one or both eyes and can occur
immediately or weeks to months after the onset of symptoms>®—%, In some patients, obstruction or
blockage of the retinal arteries, irritation and swelling of the middle layer of the eye, and even
detachment of the retina can occur’®°® %, In a few patients, partial improvement in vision is seen
after several months while in other, however, scarring of the central retina causes permanent

blindness or impaired vision>®>’.
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As can be seen, clinical symptoms of RVF vary widely among patients in different
outbreaks. Additionally, the determinant of host susceptibility to induce hemorrhagic fever or
encephalitis in humans has not been identified or characterized. It is also unknown through which
mechanisms RVFV causes diseases such as neurological disorders, vision loss or thrombosis in

the presence of protective antibodies.

Mosquito-borne phleboviruses in Africa

In Burkina Faso, serological studies revealed that local sheep had antibodies specific to not
only RVFV, but also other related phleboviruses such as Arumowot virus (AMTYV), Odrenisrou
virus (ODRYV), Gabek Forest virus (GFV), Saint Floris virus (SAFV), and Gordil virus (GORV)%..
Among those phleboviruses, AMTV and ODRYV are transmitted by mosquitoes and are
phylogenetically grouped into the Salehabad species complex. AMTV is transmitted by Cx.
antennatus, one of the highly competent vectors for RVFV, and thus, co-infection of RVFV and
AMTV is expected to occur in mosquitoes®***. Although RVFV can form reassortant strains via
co-infection with different RVFV strains®’, there has been no evidence of interspecies reassortment
between RVFV and other phleboviruses. Ngari virus, which was isolated from patients during an
RVF outbreak in Kenya, Somalia, and Tanzania between 1997 and 1998, was found to be a
reassortant strain, which encoded the M-segment of Batai virus and the L-, and the S-segments of
Bunyamwera virus, both of which are within the Orthobunyavirus genus of the Peribunyaviridae

family©6-67.

Accordingly, the identification and characterization of interspecies genetic
reassortment upon vaccination using live-attenuated RVFV strains in endemic countries is
considered important. In the U.S., a live-attenuated MP-12 vaccine strain is conditionally licensed

for veterinary use in ruminants, and is also an Investigational New Drug under clinical trials in

humans.
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There are no evidence of human or animal diseases associated with AMTV infections.
AMTYV is predominantly present in Africa, and past isolation of AMTYV includes rodents from
Nigeria, the Kurrichane Thrush (Turdus libonyanus), which is a species of birds, from the Central
African Republic (CAR), and mosquitoes from Sudan®®® (Fig. 1.3). Evidence of seroprevalence
was demonstrated in sheep in Burkina Faso and in humans in Sierra Leone, Sudan, Egypt, and
Somalia®!*%°. There have been few pathological studies of AMTV in animals. Swanepoel et al.
inoculated AMTYV into sheep, and demonstrated transient mild fever without signs of viremia’.
Tesh et al. demonstrated transient viremia with titers around 10°-107 plaque forming units
(PFU)/mL in Syrian hamsters after three days post infection with AMTV via s.c. All hamsters
survived without developing any severe sequelae’!. In addition to AMTV, Tesh et al. also
demonstrated viremia in hamsters with other phleboviruses such as Chagres, and Gabek Forest
viruses. Arumowot and Chagres viruses produced nonfatal infections in hamsters via s.c. with 104
PFU and 103 PFU, respectively. In contrast, Gabek Forest virus infection via s.c. with 10*® PFU,
was fatal in hamsters. Interestingly, in hamsters previously infected with AMTV and/or Chagres

virus, Gabek Forest infection was less severe. This indicated some level of cross-protection

between these strains.
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Figure 1.3: Arumowot Virus Distribution in Africa

Map illustrating countries where AMTV has been isolated (red) or circulating due to serological evidence (light red). Asterisk
indicates seropositive.

Transmission of RVFV and AMTV

RVFYV is transmitted through the bite of an infected mosquito or through direct contact
with bodily fluids from infected animals. Vertical transmission in mosquitoes and transmission
among animals and mosquitoes allows RVFV to persist in endemic areas of Africa’. In East Africa
the weather pattern, known as the El Nino Southern Oscillation cycle, often causes heavy rain.
These periods of heavy rainfall promote transmission of RVFV among floodwater Aedes
mosquitoes that thrive in such conditions. These cycles allow RVFV to continue endemic cycles,
even during extreme drought®®’3. Aedes mosquitoes lay their eggs in shallow wetlands called

dambos, which dry up during periods of drought and refill when heavy rain falls. Following heavy
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rains, infected eggs hatch and release RVFV-infected adults into the surrounding environment.
Infected mosquitoes then feed on wild animals and local livestock, transmitting RVFV where it is
then amplified in the animal host. The virus is then further transmitted by other mosquitoes into
further animals or humans’. Culex mosquitoes feed on infected livestock and act as amplifying
vectors by spreading RVFV to larger numbers of livestock and humans’*. Though humans can be
infected through mosquito bites, the handling of bodily fluids derived from infected animals
appears to be the major route of infection’*”>. Although RVF patients develop transient viremia,
there has been no evidence of human-to-human transmission in RVF outbreaks. Vertical
transmission of RVFV in humans may occur in rare cases, in which pregnant mothers transmit
RVFV to their fetuses in utero’®.

AMTYV is also transmitted via mosquitoes; specifically, the Culex antennatus in the African
continent and seroprevalence has been reported in sheep, humans, birds, and rodents. Other than

these few facts, little is known about the pathogenesis of AMTV.

Viral life cycle of RVFV

RVFV begins its life cycle with attachment to receptors expressed on host cells. RVFV has
been reported to utilize the dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin (DC-SIGN) and heparan sulfate as receptors for entry into a cell”””’®. DC-SIGN is
expressed on immature dendritic cells, which are major antigen-presenting cells of the immune
system, and macrophages, and binds to carbohydrate chains attached to RVFV virions.
Meanwhile, most cells express heparan sulfate on their surfaces, and the electrostatic interaction
between negatively-charged heparan sulfate and positively-charged residues on the virion surface,

support the broad cellular tropism of RVFV’® After attachment, RVFV enters the cells via
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caveolae-mediated endocytosis’. RVFV then proceeds through the endosomal pathway, and the
low pH within the late endosomal environment induces a structural change of Gc proteins, which
exposes the fusion domain. The viral fusion domain inserts into the endosomal membrane, fusing
the endosome and the viral envelope, resulting in the release of the RNP into the cytoplasm®®#!,
Upon being released into the cytoplasm, the L protein begins to transcribe the viral RNA to make
viral mRNA. This is known as primary transcription. Following viral protein synthesis, further
transcription from amplified genomic RNA (secondary transcription) can occur. Overall
accumulations of viral L, M, and S-segment RNA as well as N, L, Gn, and Gc proteins lead to the
assembly of viral structural components. The Gc proteins encode an endoplasmic reticulum (ER)
localization signal and localizes to the ER by itself. The Gn encodes a Golgi retention signal, and
the co-expression of Gn and Ge proteins lead to their co-localization to the Golgi apparatus®?. After
the localization of Gn and Gc proteins to the Golgi, the cytoplasmic tails of Gn and Gc are
considered to recruit all L, M, and S-segment RNA, which are encapsidated with N proteins and
attached to L proteins. Virions that bud into the Golgi lumens can be further matured via

attachment and alteration of carbohydrate chains onto Gn and Gc proteins. Following all this,

matured virions are allowed to be released from the cell.

RVF vaccines and the candidates

Effective control of RVF outbreaks is important not only in endemic countries but also for
non-endemic countries. One of the most important approaches to minimizing such impact of RVF
outbreaks is through effective vaccination of susceptible animals and humans at risk of RVFV
exposure®>. In some countries in endemic regions, the Smithburn and/or the Clone 13 vaccines

are available for vaccination of susceptible ruminants. The Smithburn strain, which is a live-
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attenuated vaccine, was isolated from mosquitoes in Uganda and was developed via serial passages
in mouse brains. The Clone 13 was isolated from a non-fatal human case of RVF and is a live-
attenuated natural mutant carrying a large deletion in the NSs gene in the S segment (NSs). In the
U.S., a live-attenuated MP-12 vaccine was conditionally licensed for veterinary use. The MP-12
stain was generated from serial passages of the ZH548 strain, which was previously isolated from
a RVF patient during an outbreak in Egypt, in the presence of a chemical mutagen, S-fluorouracil,
in MRC-5 cells. The resulting strain encodes 23 mutations in the L-, M-, and S-segments. There
are currently no licensed RVF vaccines or therapeutics available for humans. Live-attenuated RVF
vaccines have shown strong protective efficacies in ruminants following a single dose without
adjuvants. Since these vaccine strains replicate in vaccinated animals, residual virulence might be

8385 whereas the

a concern for vulnerable populations, including pregnant or newborn animals
formation of reassortants of the vaccine strain with wt RVFV or other phleboviruses might occur
as well. Although subunit vaccines, DNA vaccines, viral vectors, and single-cycle RVF replicons
are highly safe in animals due to a lack of viral spread, the vaccine immunogenicity of these novel
candidates is not as high as live-attenuated vaccines, and a booster dose and/or the use of adjuvants

might be required to induce long-term protective immunity®¢°,

Specific Aims

RVFV is a zoonotic arbovirus that causes significant morbidity and mortality in both
humans and animals. Humans become infected with RVFV mainly through direct contact with
bodily fluids as well as aerosols derived from infected animals or from the bite of an infected
mosquito. The disease manifests itself as febrile illness, hemorrhagic fever, encephalitis, or

retinitis. In ruminants, such as sheep, cattle, or goats, RVFV causes high rates of abortions and
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fetal malformations®. Since the first RVF outbreak in 1930, there have been several major
outbreaks, including the 1977 outbreak in Egypt with an estimated 600 human deaths?!. Due to the
significant impact on public health, RVFV is also classified as a Category A Priority Pathogen by
the National Institutes of Health in the U.S., and an overlap Select Agent by the U.S. Departments
of Health and Human Services and Agriculture®’. As mentioned above, effective control of RVF
outbreaks is important not only in endemic countries but also for non-endemic countries. In Africa,
both inactivated and live-attenuated vaccines are available for vaccinations of susceptible
ruminants. Although the latter provides prolonged protective immunity in ruminants with a single
dose, residual virulence and the potential formation of reassortant strains with circulating
pathogenic RVFV or other phleboviruses is a concern. In Burkina Faso, serological study revealed
that sheep had antibodies specific to not only RVFV, but also other phleboviruses such as AMTV,
ODRV, GFV, SAFV, and GORV®!. Among these, AMTV and ODRYV are transmitted by
mosquitoes and are classified within the Salehabad species complex. AMTV is transmitted by CX.
antennatus, which is one of the highly competent vectors for RVFV, and thus, co-infection of
RVFV and AMTYV is expected to occur in mosquitoes®>**. Although RVFV can form reassortant
strain via co-infection with different RVFV strains, interspecies reassortment has not been
characterized for RVFV, and the potential of interspecies genetic reassortment upon vaccination
using live-attenuated RVFV strains in endemic countries is important®. In the U.S., a live-
attenuated MP-12 vaccine strain was conditionally licensed for animal use and is currently an
Investigational New Drug under clinical trials in humans. In this study, I aim to characterize the
genetic reassortment between MP-12 and the genetic variant, IMP12-GM50, and between MP-12
and AMTYV. Although I hypothesize that the structural proteins, N, L and Gn/Gc, of AMTYV cannot
replace the functions of MP-12 strain for the formation of reassortants due to a lack of similarity,

the UTR of genomic RNA is likely interchangeable among phlebovirus species. The 3’- and 5°-
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termini of genomic RNA and the overall genome structure are highly conserved among
phlebovirus species. The truncation of 5 UTR of RVFV M-segment is known to affect the co-
packaging of L- and S-segment RNA, indicating a co-packaging signal located within the M-
segment 5°-UTR®. I thus presume that a partial replacement of the MP-12 UTR with that of
AMTYV will alter the phenotype of MP-12 by reducing the efficiency of genomic RNA packaging.
The resulting chimeric strain will be less replicable than parental MP-12 strain, due to a lack of an
optimal surrogate function in AMTV UTR elements. Similarly, the replacement of MP-12 NSs
gene with that of AMTV NSs gene will lead to less replicable strain than parental MP-12 strain,
due to a lack of optimal antagonistic functions of the NSs protein.

Overall, my central hypothesis is that genetic reassortment or recombination between two
phleboviruses can occur when a loss or swap of gene element does not deteriorate the viability of
resulting viruses. The overall objective of this study is to analyze genetic reassortment or
recombination between RVFV MP-12 strain and AMTYV, using co-infection assays and reverse
genetics. The long-term goal is to establish a universal method to develop a novel pseudotype
chimeric virus system applicable for most pathogenic phleboviruses. To address the central

hypothesis, the following three aims are proposed.

Specific Aim 1: Characterization of genetic reassortment between MP-12 strain and
the genetic variant, rMP12-GM50, and between MP-12 strain and Arumowot virus
Hypothesis: Poor similarity of N, L, and Gn/Gc proteins between RVFV and AMTV limits the
formation of genetic reassortants. Rationale: In Africa, due to the overlap in endemic regions and

shared transmission pattern, humans and ruminants can be exposed to infected mosquitoes
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harboring both RVFV and AMTV. Therefore, it is important to study the potential occurrence of
genetic reassortment between MP-12 strain and AMTV, as well as between two RVFV strains.

Specific Aim 2: Characterization of the attenuation and protective efficacy of rMP12-
GMS50 strain in mice. Hypothesis: The rtMP12-GM50 strain, which encodes a number of silent
mutations, is highly attenuated and is similarly efficacious to parental MP-12 vaccine, with a
number of gene markers to distinguish it from wt RVFV strains. Rationale: If MP-12 strain creates
reassortant strains with wt RVFV, mutations unique to MP-12 strains will not serve as confirmative
evidence to trace the origin of reassortant strains. The use of rMP12-GMS50 strain with artificial
gene markers will minimize the concern of spreading unknown reassortant strains in endemic
areas.

Specific Aim 3: Characterization of recombinant MP-12 strain with AMTYV genetic
elements. Hypothesis: Recombinant MP-12 strains encoding a partial UTR or NSs gene of AMTV
are viable, yet replicate less efficiently than parental MP-12 strain. Rationale: Although genetic
reassortment may not readily occur between RVFV and AMTV, recombination between two
phleboviruses may occur. Other than the exchange of structural proteins, genetic elements such as
the UTR or the NSs gene may be interchangeable between RVFV and AMTV. Reverse genetics
system likely generates recombinant chimeric MP-12 strains encoding AMTV UTR or NSs.
Further understanding of interchangeable genetic elements will support the evaluation of

potentially pathogenic chimeric strains.

Overall, the study will characterize potential occurrence of interspecies reassortment and
recombination between RVFV and AMTYV, and evaluate the significance of the presence of

AMTYV in RVF vaccination in endemic countries.
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CHAPTER 2: Characterization of genetic reassortment between MP-12
strain and the genetic variant, rMP12-GMS50, and between MP-12 strain and

Arumowot virus

Introduction

The development and distribution of vaccines have led to significant public health
accomplishments, including the eradication of smallpox and the near eradication of
poliomyelitis®!. The majority of viral diseases, however, have not been successfully prevented by
vaccination due to either an absence of licensed vaccines or poor coverage of vaccination in
susceptible populations. RVF is one of the most important zoonotic viral diseases in Africa and
the Arabian Peninsula. RVFV infections cause high rates of abortion in pregnant sheep, cattle,
goats, and camels, leading to devastating economic losses in the agricultural industry®>. Most RVF
patients suffer from febrile illness, whereas severely affected RVF patients exhibit hemorrhagic
fever, encephalitis, or retinitis®>*. RVFV is naturally maintained via vertical transmission by the
floodwater Aedes mosquitoes, whereas horizontal transmission via other mosquito species (e.g.,
Culex spp.), likely plays an important role in viral transmission to animals or humans’°>%,

The viral genome consists of three single-stranded RNA segments: i.e., L-, M-, and S-
segments. Co-infection of two different strains or species may thus lead to the generation of
reassortant strains encoding one or more RNA segment(s) derived from heterologous viruses.
Between 1997 and 1998, the Ngari virus was isolated from patients exhibiting hemorrhagic fever
during an outbreak of RVF in Kenya, Tanzania, and Somalia®’. Genetic analysis of the Ngari virus

revealed that the S- and L-segments were related to those of the Bunyamwera virus, and the M-

segment was closely related to that of the Batai virus, both of which are bunyaviruses®®. The
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nucleotide similarity between M-segments of the Batai virus and Bunyamwera virus was
approximately 64%, which indicates that genetic reassortment between two different bunyavirus
species is a concern, as it could generate novel pathogenic bunyaviruses. Little is known about the
likelihood of RVFV to generate reassortant strains with heterologous phlebovirus species.
Reassortant problem is particularly important if a live-attenuated vaccine strain were to be
distributed widely in RVFV endemic area. The question would remain whether the vaccine is able
to gain a pathogenic phenotype via genetic reassortment with a circulating pathogenic strain
through co-infections when vaccinations are being carried out during an outbreak. In Africa,
several phleboviruses are transmitted via multiple vector hosts: i.e., (i) sandfly-borne
phleboviruses: Sandfly fever Sicilian virus (SFSV), Sandfly fever Naples phlebovirus (SFNV),
Toscana virus (TOSV), and Punique virus, (ii) mosquito-borne phleboviruses: Arumowot virus
(AMTV: transmitted by Culex antennatus), and Odrenisrou virus (ODRV: transmitted by Culex
albiventris), and (iii) phleboviruses isolated from wild rodents: Gabek Forest virus (GFV), Gordil
virus (GORYV), and Saint Floris virus (SAFV)®1:639%9 Culex antennatus is a potent vector for both
AMTYV and RVFV, and sheep was shown to be naturally exposed to AMTV, ODRV, and RVFV
in Burkina Faso®!**. Experimental data revealed that transient fever occurs following infection of
AMTYV in sheep, but not by GORV, SAFV, or GFV’’. AMTYV shares overlapping endemic areas
with RVFV and is distributed in at least Burkina Faso, Niger, Morocco, Senegal, Sierra Leone,
Nigeria, Central African Republic, South Africa, Zimbabwe, Kenya, Uganda, Somalia, Ethiopia,
Sudan, Egypt, and Tunisia®>’°, Characterization of genetic reassortment between RVFV and other
phleboviruses is required for identifying the potential environmental risk of vaccination using live-
attenuated RVF vaccines, especially during outbreaks when infections are present in both

mammalian and mosquito hosts. In this study, [ aimed to characterize the formation of reassortant
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strains between the RVFV MP-12 vaccine strain and AMTV. My hypothesis is that RVFV cannot
form reassortant strains with AMTV due to a lack of compatibility among heterologous N, L,
and/or Gn/Gc proteins. A minigenome system was utilized to evaluate the genetic compatibility
of N, L, and Gn/Gc proteins. These results were followed by co-infection experiments in Aedes
albopictus C6/36 cells, which support robust replication of both RVFV and AMTV, to detect the

formation of reassortant strains.

Materials and Methods

Media, cells, and viruses

MRC-5 (ATCC CCL-171), VeroE6 (ATCC CRL-1586) and Vero cells (ATCC CCL-81)
were kept in Dulbecco’s modified minimum essential medium (DMEM) containing 10% fetal
bovine serum (FBS), streptomycin (100 pg/ml), and penicillin (100 U/ml) at 37°C with 5% CO..
BHK/T7-9 cells, which stably express T7 RNA polymerase!”, were kept in MEM-alpha
containing 10% FBS, streptomycin (100 pg/ml), penicillin (100 U/ml), and hygromycin B (600
pg/ml) at 37°C with 5% COa. C6/36 cells (ATCC CRL-1660) were kept in Leibovitz’s L-15
medium containing 10% FBS, 10% tryptose phosphate broth (TPB), penicillin (100 U/ml), and
streptomycin (100 pg/ml) at 28°C without COa. All cells utilized in this study were verified to be
mycoplasma free at the University of Texas Medical Branch (UTMB) Tissue Culture Core

Facility.

The generation of rMP-12 and rMP-12 encoding an in-frame deletion of 69% of the NSs

gene (rMP12-ANSs16/198: previous name of this virus was rMP12-Cl13type) have been
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previously described!?!. Using reverse genetics, an tMP-12 variant encoding a cluster of silent
mutations at every 50 nucleotides interval within each ORF was recovered and designated rtMP12-
GM50 (GenBank Accession No. MF593928, MF593929, and MF593930). Additionally,
reassortant rMP-12 strains encoding either of the rMP12-GM50 L, M, or S-segment (RST-GMS50-
L, RST-GM50-M, RST-GMS50-S, respectively), were rescued and used for the validation of
genotypes. All rescued viruses were recovered from BHK/T7-9 cells and plaque-cloned once
before further amplification in Vero cells. AMTV Ar 1286—64 strain (Sudan, 1963), which was
kindly provided by Dr. Robert B. Tesh (UTMB), was plaque-cloned once in Vero cells and
amplified three times. All viruses were titrated via plaque assay and sequenced before

experimental use.

Plasmids

Using the custom DNA synthesis service via GenScript Inc., plasmids encoding the
positive-sense L-, M-, and S-segment of tMP12-GM50 downstream of the T7 promoter, were
generated and named pProT7-vL(+)-GM50, pProT7-vM(+)-GM50, and pProT7-vS(+)-GM50,
respectively. The pT7-RVFV-M-rLuc(-) plasmid expressing the negative-sense M-segment
minigenome of RVFV was described previously. The pT7-AMTV-M-rLuc(-) plasmid expressing
the negative-sense M-segment minigenome of AMTV was created using the gBlocks Gene
Fragment synthesis service (Integrated DNA Technologies). Plasmids expressing the N, L, or
Gn/Gc proteins of AMTV were generated via subcloning of inserts, synthesized using the custom
DNA synthesis service (GenScript Inc.), into the pT7-IRES or pCAGGS plasmids: i.e, pPCAGGS-

AMTV-N, pT7-IRES-AMTV-L, or pPCAGGS-AMTV-G, respectively'?. Plasmids pT7-IRES-vN,
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pT7-IRES-vL, or pCAGGS-vG, expressing the N, L, or Gn/Gc proteins of the RVFV MP-12

strain, respectively, were described previously!°!.

Adenovirus vectors

Amplification of a PCR fragment from the pENTR4 plasmid (Thermo Fisher Scientific)
was carried out to remove the ccdB gene and the chloramphenicol resistant gene. The PCR
fragment, containing the attL1 and attL2 sites, was then recombined with a linearized pCAGGS-
vG plasmid, which was cut with enzymes Spel and Xhol, using Gibson assembly (New England
BioLabs). Resulting plasmid encodes the CAG promoter and the M-segment ORF of the RVFV
MP-12 strain (pENTR-CAG-vM). The pENTR-CAG-wL or pENTR-CAG-wN plasmids were
then generated via replacement of the M-segment ORF of pENTR-CAG-vM plasmid with the L
or N ORF of the RVFV ZH501 strain, respectively. Using Gateway Vector (Thermo Fisher
Scientific), these pENTR plasmids were further recombined with pAd/PL-DEST via LR clonase.
Recombined plasmids lacking resistant genes for chloramphenicol and kanamycin were selected
for and linearized with the enzyme Pacl. Recombinant human adenovirus 5 vectors lacking the
entire E1 region and expressing the N or L protein of RVFV (rAd5-RVFV-N or rAd5-RVFV-L,

respectively), were then rescued in 293 A cells.

Replication Kinetics of rMP-12 and rMP12-GMS0
Using a multiplicity of infection (MOI) of 0.01 or 1.0, Vero, MRC-5, and C6/36 cells were
infected with either the rMP-12 or rMP12-GM350 strain for 1 hour at 37°C (Vero and MRC-5 cells)

and 28°C (C6/36 cells). Cells were then washed three times with media, and culture supernatant

40



samples were collected at 1, 24, 48, 72, 96, and 144 hours post infection (hpi). Three independent

experiments were carried out.

Co-infection with rMP-12 and rMP12-GMS50 strains, or with rMP-12 and AMTV

C6/36 cells were co-infected for 1 hour at 28°C, with the rMP-12 and rMP12-GMS50 strain
at an MOI of 2 and 3, respectively. The infectivity of both rMP-12 and rtMP12-GM50 strain was
confirmed using an indirect fluorescent assay (IFA) in C6/36 cells (Fig. 2.1), whereas viral titers
were determined via plaque assays in VeroE6 cells. Similarly, using rtMP-12 and AMTYV at an
MOI of 6 and 9, respectively, C6/36 cells were co-infected for 1 hour at 28°C. The majority of
cells were infected with rMP-12 and AMTV with this amount of viral input (Fig. 2.1). After
washing cells with media five times, cells were further incubated at 28°C. At 24 hpi, culture

supernatants were collected and used for plaque isolation and genotype analysis.
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(A) Mock-infected (B) No primary antibody added
anti-RVFV anti-RVFV N anti-AMTV ‘MP-12 6 MOI AMTV 9 MOI

|mouse asctesl rabbit polyclonal |mouse asctesl

Merge with DAPI  Merge with DAPI Merge with DAPlI  Merge with DAPI  Merge with DAPI

(C) rMP-12 (D) rMP12-GM50 (E) rMP-12 6 MOI + AMTV 9 MOI
anti-RVFV anti-RVFV anti-AMTV anti-RVFV N

mouse ascites mouse ascites |mouse asctesl rabbit polyclonal

2 MQ!

- 1.5 MOI

Figure 2.1: Indirect fluorescent assay to test the infectivity of rMP-12, rMP12-GM50, and
AMTY in C6/36 cells.

DAPI Merge

C6/36 cells were infected with rMP-12, tMP12-GM50, and AMTV. At 8 hpi, cells were fixed with methanol and incubated with 1
in 800 dilution of either anti-RVFV mouse ascites, anti-RVFV N rabbit polyclonal antibody, or anti-AMTV mouse ascites.
Secondary antibodies (1 in 800 dilutions) of either Alexa Fluor 488 goat anti-mouse IgG (H+L), Alexa Fluor 488 goat anti-rabbit
IgG (H+L), or Alexa Fluor 594 goat anti-rabbit IgG (H+L) were utilized for the detection of specific signals. (A) mock-infected
controls, (B) no primary antibody controls, (C) C6/36 cells infected with rMP-12 at 2 or 1 MOI, (D) C6/36 cells infected with
rMP12-GMS50 at 3 or 1.5 MOI, (E) C6/36 cells co-infected with rtMP-12 (6 MOI) and AMTV (9 MOI). Nuclei were stained with
4,6-diamidino-2-phenylindole (blue). Scale bars represent 50 um. RVFV and AMTYV antigens were detected in the cytoplasm of
infected cells.

Ly H et al. (2017) Risk analysis of inter-species reassortment through a Rift Valley fever phlebovirus MP-12 vaccine strain. PLoS
ONE 12(9): e0185194. https://doi.org/10.1371/journal.pone.0185194

Plaque isolation of virus
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Supernatant from co-infected cells were collected, and used to infect fresh Vero cells in
10-cm dishes or six-well plates for 1 hour at 37°C, to isolate individual plaque clones. An overlay,
which contains 0.6% noble agar, 1 x MEM, penicillin (50 U/ml), streptomycin (50 pg/ml) and 5%
TPB, was then added over the cells!®. A second overlay, which contains an additional 0.012% of
neutral red solution, was added at 72 hpi. After incubation overnight, plaques were visible and
those that were well isolated were slowly aspirated using a 20 — 200ul tip. The agar plug was then
transferred into 1.7 ml Eppendorf tubes containing 200 pl of DMEM. Aliquots (50 pl) of plaque
isolates were used for further amplification in Vero cells for 5 to 7 days at 37°C. Using the TRIzol
reagent (Life Technologies), total RNA was extracted from infected Vero cells to determine the

genotype of each reassortant.

PCR-restriction fragment length polymorphism (RFLP) analysis

Using PCR-RFLP, genotyping of L-, M-, and S-segments from each plaque isolate was
performed. The rMP-12 strain contains unique restriction enzyme sites in the L-, M-, and S-
segments that are not present on the rMP12-GM50 strain. Primers for PCR flanking each
restriction enzyme site on the L-, M-, and S-segment of the rMP-12 strain (L-segment PCR
fragment: Pstl site; M- and S-segment PCR fragments: BamHI site) were generated (Fig. 2.2).
PCR primer sets were designed as follows: L-segment PCR-L1846F and L2362R; M-segment
PCR-M19F and M456R; and S-segment PCR—S341F and S764R. Using SuperScript II Reverse
Transcriptase (Life Technologies), first-stranded cDNA was synthesized with random hexamers
according to manufacturer’s instructions. PCR reactions using Phusion High Fidelity DNA
polymerase (New England BioLabs) was carried out according to manufacturer’s instruction.

Purification of PCR products was carried out with the DNA Clean & Concentrator-5 Kit (Zymo
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Research) and then digested with restriction enzymes (Pstl for L-segment PCR fragments
and BamHI for M- and S-segment PCR fragments) for 16 hours at 37°C. Two bands (185-bp and
a 291-bp) could be generated from the PCR fragment (472 bp) generated from the rMP-12 S-
segment after being digested with BamHI. Two bands (306-bp and a 178-bp) could be generated
from the PCR fragment (480 bp) from the rMP-12 M-segment after being digested with BamHI.
Lastly, two bands (121-bp and a 445-bp) could be generated from the PCR fragment (562 bp) from
the rMP-12 L-segment after being digested with Pstl. The rMP12-GMS50 strain do not encode the
restriction enzyme sites for either BamHI or Pstl. Genotyping was then carried out via

electrophoresis on 2% agarose gels using cDNA samples derived from plaque clones.
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Figure 2.2: PCR-RFLP analysis to genotype L-, M-, and S-segments of rMP-12 and rMP12-
GMS50 strains.

To genotype each L-, M-, and S-segments, PCR primers flanking a BamHI site unique to the MP-12 S- or M-segments, or a Pstl
site unique to the MP-12 L-segment were utilized. To validate the products from PCR-RFLP, reverse genetics was carried to
generate reassortant tMP-12 strains encoding either the L-, M-, or S-segment of tMP12-GMS50 (rMP12-RST-GM50-L, rMP12-
RST-GM50-M, or rtMP12-RST-GMS50-S, respectively). Vero cells were then infected with either rMP-12, tMP12-GM50, rtMP12-
RST-GM50-L, tMP12-RST-GM50-M, or rtMP12-RST-GM50-S at an MOI of 1. Total RNA was collected from infected cells at
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24 hpi, and cDNA was synthesized using random hexamers. PCR-RFLP analysis on a 2% agarose gel demonstrated the expected
size of each band representing the genotype of each segments.

Ly H et al. (2017) Risk analysis of inter-species reassortment through a Rift Valley fever phlebovirus MP-12 vaccine strain. PLoS
ONE 12(9): €0185194. https://doi.org/10.1371/journal.pone.0185194

Genotyping of L-, M-, and S-segments of AMTYV and the rMP-12 strain via RT-PCR

The ¢cDNA samples derived from Vero cells that were infected with plaque isolates were
used for genotyping. Since it was difficult to generate universal primers to amplify both AMTV
and MP-12 DNA, the amplification was made via virus-specific primers: i.e., a mixture of virus-
specific primers for MP-12 and AMTYV in a PCR reaction (Fig. 2.3). For the L-segment, MP-12-
specific 570 bp band was generated via RVFV-L488F and RVFV-L1037R, whereas AMTV-
specific 1004 bp band was amplified via AMTV-L4014F and AMTV-L4966R. For the M-
segment, MP-12-specific 568 bp band was generated via RVFV-M999F and RVFV-M1556R,
whereas AMTV-specific 997 bp band was amplified via AMTV-M1494F and AMTV-M2433R.
For the S-segment, MP-12-specific 472 bp band was generated via RVFV-S341F and RVFV-
S764R, whereas AMTV-specific 786 bp band was amplified via AMTV-S1035F and AMTV-

S1776R.
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Figure 2.3: RT-PCR analysis to genotype L-, M-, and S-segments of the rMP-12 strain and
AMTYV.

(A) C6/36 cells were co-infected with rMP-12 (6 MOI) and AMTV (9 MOI) at 28°C. Culture supernatant were then collected 24
hpi and used to infect Vero cells for plaque isolation. A total of 17 well isolated plaques were cloned. (B) Total RNA from infected
Vero cells was used for RT-PCR to determine the genotypes of the L-, M-, and S-segment of each clone. PCR was performed
separately for the L-segment (a mixture of RVFV-L488F, RVFV-L1037R, AMTV-L4014F, and AMTV-L4966R), M-segment (a
mixture of RVFV-M999F, RVFV-M1556R, AMTV-M1494F, and AMTV-M2433R), and S-segment (a mixture of RVFV-S341F,
RVFV-S764R, AMTV-S1035F, and AMTV-S1776R). The plasmids pProT7-vL, pProT7-vM, and pProT7-vS were used as
positive controls for RVFV L-, M-, and S-segments and labeled as RL, RM, and RS, respectively. Similarly, the plasmids pProT7-
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AMTV-L, pProT7-AMTV-M, and pProT7-AMTV-S were used as controls for AMTV L-, M-, and S-segments and labeled as AL,
AM, and AS, respectively.

Ly H et al. (2017) Risk analysis of inter-species reassortment through a Rift Valley fever phlebovirus MP-12 vaccine strain. PLoS
ONE 12(9): €0185194. https://doi.org/10.1371/journal.pone.0185194

Luciferase assay

Using the TransIT-293 Transfection Kit (Mirus Bio), BHK/T7-9 cells were transfected
with 0.8 pg of pT7-RVFV-M-rLuc(-), or pT7-AMTV-M-rLuc(-); 0.8 pg of pT7-IRES-vN, or
pCAGGS-AMTV-N; 0.4 pg of pCAGGS-vG, or pPCAGGS-AMTV-G; and 0.1 pg of pT7-IRES-
vL, or pT7-IRES-AMTV-L, in 12-well plates. In addition, 0.01 pg of pT7-IRES-fLuc plasmid was
co-transfected with each sample as a control'%?. At 72 hpi, cells were collected and the activity of
luciferase was measured using the Dual-Luciferase Reporter Assay System (Promega
Corporation), according to the manufacturer’s instruction. To analyze the minigenome activities
based on the constitutively expressed protein levels of fLuc, the activity values of rLuc were
divided with the activity values of fLuc per samples. The activity values resulting from the Dual-
Luciferase Reporter Assay System were shown as percentages: i.e., the median value of control
samples, which express neither the N nor L protein, was set as 100%. Controls without N and L
protein expression were set for each minigenome species, since background activities of rLuc
varied among minigenomes of RVFV and AMTYV. Alternatively, for the detection of the activity
of rLuc without the activity of fLuc, measurement was carried out with the Renilla Luciferase

Assay System (Promega Corporation).

Sequence alignment
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AMTYV and MP-12 genome sequences were aligned using the CLC Genomics Workbench
7.5.2, via the following parameters: gap open cost, 10; gap extension cost, 1; and end gap cost,

free.

Statistical analysis

Using GraphPad Prism 6.05 (GraphPad Software Inc.), statistical analyses were carried
out. For the comparison of two groups, viral titers at each time point were analyzed using the
unpaired t-test. For the comparison of multiple groups, the arithmetic means of logio values were

analyzed using one-way ANOVA, followed by the Tukey’s multiple comparison test.

Results

Introduction of silent mutations into N, NSs, M, and L. ORFs of the RVFV MP-12 strain
Using the MP-12 vaccine strain, a total of 584 silent mutations were encoded into all ORFs,
which resulted in the introduction of additional attenuations and gene markers without changing
the functions of viral proteins. Overall, 326 mutations were introduced in the L-segment, 185
mutations in the M-segment, and 73 mutations in the S-segment. This MP-12 variant, named
rMP12-GM50, was successfully rescued via the reverse genetics system. In order to retain the
capability of viral replication in host cells, each introduced silent mutation was designed not to

disturb the codon-pair bias and codon usage (Fig. 2.4)'%

. Within species, the codon pair bias
represents the bias of the pairing frequency of two neighboring codons!?:!%, Previous study on
codon pair bias used annotated human genes to calculate the codon pair bias score, where the

underrepresented pair and overrepresented pair were shown as scores of <0 and >0, respectively'%*.
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In the context of humans, the average codon pair bias score of rMP-12 was 0.018 and rMP12-
GMS50 was 0.189, whereas the codon adaptation index of tMP-12 was 0.72 and tMP12-GM50 was
0.73197:19% The homology at the nucleotide level between the MP-12 strain and the rMP12-GM50
strain is 94.9%, 95.2%, and 96.0% for the L-, M-, and S-segment, respectively. The replication
kinetics of rMP-12 and rMP12-GM50 were evaluated in Vero cells and at 24, 48, and 72 hpi, the
replication of rMP12-GM50 was less efficient than rMP-12, yet viral titers at 96 and 120 hpi had
no significant difference (Fig. 2.5). Replication kinetics were also evaluated in MRC-5 cells, and
the replication rMP12-GM50 were not significantly different than that from the rMP-12 strain
(Fig. 2.5). These results demonstrate that the rIMP12-GMS50 strain retains the ability to replicate in

mammalian cells.
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Figure 2.4: Changes in codon pair bias and codon usage in rMP12-GMS50 strain

(A) Codon-pair bias scores for all altered codon-pair of rMP12-GM50 were compared with parental MP-12. The X-axis represents
the nucleotide position numbers. Blue square = rMP-12; red triangle = rMP12-GMS50. Human codon-pair bias score was obtained
in Science, 2008, 320: 1784. (B) Codon usage was analyzed for human codon usage by GeneScript Rare Codon Analysis Tool
software (www.genscript.com).

Ly H et al. (2017) Attenuation and protective efficacy of Rift Valley fever phlebovirus rMP12-GM50 strain. Vaccine 35(48): 6634-
6642. https://doi.org/10.1016/j.vaccine.2017.10.036
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Figure 2.5: Replication kinetics of rMP-12 and rMP12-GMS50 in Vero cells and MRC-5 cells

(A) Replication kinetics of rtMP-12 and rMP12-GMS50 in Vero cells (left panel) and MRC-5 cells (right panel) at an MOI of 0.01.
Graph represents the means +/— standard deviations of three independent experiments. Statistical differences between the two
strains were analyzed by unpaired t-test at each time point (**p < 0.01). Red square = rMP-12; blue circle = rMP12-GMS50.

Ly H et al. (2017) Attenuation and protective efficacy of Rift Valley fever phlebovirus rMP12-GMS50 strain. Vaccine 35(48): 6634-
6642. https://doi.org/10.1016/j.vaccine.2017.10.036

Functional compatibility of RVFV N and L proteins for replication of AMTV M-segment
minigenome

The L-, M-, and S-segment RNA of phleboviruses are complimentary at the 3’- and 5°-
termini, and form panhandle structures that serve as promoters for RNA synthesis and
encapsidation signals for N proteins’. Among phlebovirus species, these panhandle regions are
highly conserved and it is possible that the N and L protein of RVFV can support the genome
replication of other phleboviruses. The M-segment minigenome, encoding the entire ORF of the
Renilla luciferase (rLuc) in place of the M-segment ORF, was constructed using the backbones of
RVFV and AMTYV (Fig. 2.6). The termini of both the M-segment of RVFV and AMTYV share an
identical 12-nucleotide sequence and the panhandle structure can be formed from just the terminal

10 nucleotides. BHK/T7-9 cells were transfected with plasmids expressing the N and L protein of
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RVFV, and the M-segment minigenome of either RVFV or AMTV (RVFV-M-rLuc(-) and
AMTV-M-rLuc(-), respectively), to determine whether the N and L proteins of RVFV can support
the replication of the M-segment minigenome of AMTV. When compared to the background
activity of rLuc in plasmids expressing RVFV L protein and minigenome RNA without RVFV N
protein, the expression of RVFV N and L proteins increased the activities of rLuc for RVFV- M-
rLuc(-) and AMTV-M-rLuc(-) by factors of 84 and 3.2, respectively, as shown in Fig. 2.6.
Alternatively, BHK/T7-9 cells were transfected with plasmids expressing the N and L protein of
AMTYV, and either the RVFV-M-rLuc(-) or AMTV-M-rLuc(-) plasmid. When compared to the
background rLuc activity in plasmids expressing the L protein and minigenome RNA of AMTV
without the N protein, the N and L protein of AMTV increased the activities of rLuc for RVFV-
M-rLuc(-) and AMTV-M-rLuc(-) by a factor of 98 and 17, respectively (Fig. 2.6). These results
indicate that the N and L proteins from RVFV support the replication of the M-segment RNA of
AMTYV and the N and L proteins from AMTYV support the replication of the M-segment RNA of
RVFV. The detection of both a positive-sense AMTV minigenome RNA band and a fast migrating
rLuc mRNA band in cells expressing the N and L protein of RVFV and AMTV M-segment
minigenome in Northern blot, provides further evidence of viral AMTV minigenome RNA
synthesis via RVFV N and L proteins (Fig. 2.6). The Northern blot result also indicated that the L

protein of RVFV could recognize the transcription termination signal on the AMTV M-segment.
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Figure 2.6: Replication of the M-segment minigenomes of RVFV and AMTYV in relation to
co-expression of RVFV N and L proteins.

(A) Schematic representation of panhandle sequences of RVFV and AMTV M-segments. (B) BHK/T7-9 cells were transfected
with plasmids expressing the RVFV-M-rLuc(-) (M-segment minigenome RNA of RVFV), and (C) AMTV-M-rLuc(-) (M-segment
minigenome RNA of AMTYV). The ratio of Renilla luciferase (rLuc) activities to firefly luciferase (fLuc) activities derived from
pT7-IRES-fLuc (control plasmid) was shown as percentage: i.e., the same type of minigenome without N and L expression was
set as 100%. Bars represent means plus standard errors. Asterisks on error bars represent statistically significant increased value
compared to samples expressing minigenome only (One-way ANOVA **p < 0.01). Samples expressing minigenome, N proteins,
and L proteins were also statistically compared with those expressing minigenome, and L proteins. ns, not significant. (D) Northern
blot using total RNA derived from AMTV minigenome assay. Sense rLuc probe (left panels) and anti-sense rLuc probe (right
panels) were utilized.

Ly H et al. (2017) Risk analysis of inter-species reassortment through a Rift Valley fever phlebovirus MP-12 vaccine strain. PLoS
ONE 12(9): e0185194. https://doi.org/10.1371/journal.pone.0185194

Functional compatibility of RVFV or AMTYV N and L proteins for the replication of RNA

minigenomes
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Next, further analysis of genetic reassortment possibilities between RVFV and AMTV
were carried out. From GenBank, the amino acid identities between the MP-12 strain (Accession
numbers: DQ380154, DQ380208, and DQ375404) and the AMTV Ar 128664 strain (Accession
numbers: MF593933, MF593932, and MF593931) were as follows: 57% for L protein, 22% for
pre-Gn protein, 30% for Gn protein, 41% for Gc protein, 49% for N protein, and 25% for NSs
protein. To characterize the compatibility of N and L proteins derived from RVFV and AMTV, a
minigenome reporter assay was used (Fig. 2.7A). BHK/T7-9 cells were transfected with plasmids
expressing N protein, L protein, or the minigenome RNA of RVFV or AMTYV, and the activity
level of rLuc were measured at 72 hpt. Co-expression of the N protein from AMTV and the L
protein from RVFV, or that of RVFV N protein and AMTV L protein, did not significantly
increase the activity level of rLuc for the AMTV-M-rLuc(-) when compared to the control sample
that lacks both the N and L protein expression. Whereas there was a slight increase in the activity
level of rLuc for RVFV-M-rLuc(-) by factors of 6.2 and 2.0, respectively, when compared to the
activity level of rLuc using plasmids expressing RVFV minigenome RNA without RVFV N and
L proteins. The raw luciferase activity level showed similar increases of the rLuc activity level,
when minigenome RNA and L protein of RVFV were expressed (factor of 3.7), or when the
minigenome RNA of RVFV and L protein of AMTYV were expressed (factor of 6.1) (Fig. 2.7). The
comparison of raw luciferase activity level did not show statistically significant differences
between samples expressing the N protein of AMTV and L protein of RVFV, or between the
samples expressing the N protein of RVFV and L protein of AMTV (Fig. 2.7B). These results
demonstrated that AMTV N proteins and RVFV L proteins, or vice versa, do not support

minigenome RNA replication.
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Figure 2.7: Minigenome assays with expressions of N and L proteins derived from AMTYV or
RVFV.

(A) BHK/T7-9 cells were transfected with the RVFV-M-rLuc(-) or AMTV-M-rLuc(-), and plasmid expressing N or L proteins
derived from either AMTV or RVFV. Cell lysates were collected at 72 hpt, and the ratio of rLuc activities to fLuc activities derived
from pT7-IRES-fLuc (control plasmid) was shown as percentage: i.c., the same type of minigenome without N and L expression
was set as 100%. Bars represent means plus standard errors. Asterisks on error bars represent statistically significant increased
values compared to samples expressing minigenome only (One-way ANOVA **p <0.01). (B) Raw luciferase activity values from
minigenome assays. BHK/T7-9 cells were transfected with RVFV-M-rLuc(-) or AMTV-M-rLuc(-), and those expressing N or L
proteins derived from either AMTV or RVFV. Cell lysates were collected at 72 hpt, and rLuc activity values and fLuc activity
values are separately shown in the graph. The original fLuc value was divided with 100 so that the rLuc and fLuc values could be
shown at a similar scale. Bars represent means plus standard errors. One-way ANOVA: ns, not significant.

Ly H et al. (2017) Risk analysis of inter-species reassortment through a Rift Valley fever phlebovirus MP-12 vaccine strain. PLoS
ONE 12(9): e0185194. https://doi.org/10.1371/journal.pone.0185194
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RVFYV and AMTY Gn/Ge proteins ability to package minigenome RNA encapsidated with
heterologous N proteins

Next, the ability of the envelope Gn/Gc proteins to package the minigenome RNA, that is
encapsidated with N proteins from either RVFV or AMTV, was evaluated through the production
of infectious virus-like particles (VLP) carrying the minigenome of RVFV (Fig. 2.8). Plasmids
encoding the minigenomes of RVFV or AMTYV, and plasmids expressing the structural proteins
N, L, and Gn/Gc¢ of either RVFV or AMTYV were used to transfect BHK/T7-9 cells. Indicator cells,
or Vero cells, that were previously transduced with recombinant adenoviruses expressing either N
or L proteins of RVFV, were incubated with the culture supernatant collected from BHK/T7-9
cells for 1 hour at 37°C. Lysates from Vero was collected and the activity of rLuc was analyzed at
36 hours post VLP infection.

The activity of rLuc measured from the minigenome of RVFV increased significantly in
indicator Vero cells infected with VLP samples derived from transfected cells expressing N, L,
and Gn/Gc proteins of RVFV, and in those expressing N, L, and Gn/Gc proteins of AMTYV (Fig.
2.8). Similarly, the measured activity of rLuc from the minigenome of AMTV increased
significantly in Vero cells infected with supernatant containing VLP that was collected from cells
expressing N, L, and Gn/Gc proteins of RVFV, and in those expressing N, L, and Gn/Gc proteins
in AMTYV (Fig. 2.8). The activities of rLuc were not shown to be increased in cells incubated with
culture supernatants collected from cells expressing RVFV N and L protein and AMTV Gn/Gc
proteins, or in those expressing AMTV N and L protein and RVFV Gn/Gc proteins. These results
demonstrate that the envelope Gn/Gc protein of RVFV are not capable of packaging the

minigenome that is encapsidated with the N and L protein of AMTYV, and vice versa. It was also
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noted that when cells expressed either combination of N, L, and Gn/Gc proteins of RVFV, or that
of N, L, and Gn/Gc proteins of AMTV, the activity level of rLuc increased significantly in
transfected cells. The result demonstrate that VLP spread also occurred in cells that were

transfected.
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Figure 2.8: Minigenome assays with expressions of N, L, and Gn/Gec proteins derived from
AMTY or RVFV.

(A and B) BHK/T7-9 cells were transfected with plasmids expressing RVFV-M-rLuc(-). (C and D) BHK/T7-9 cells were
transfected with plasmids expressing AMTV-M-rLuc(-) . Cells were also co-transfected with plasmids expressing N and/or L
derived from either RVFV (A and B) or AMTV (C and D), as well as those expressing Gn/Gc proteins derived from either AMTV
or RVFV. The rLuc activity was measured at 72 hpt. Culture supernatants from transfected cells were transferred into fresh Vero
cells transduced with adenovirus vectors expressing RVFV N and L proteins for 2 hours before incubation with supernatants. The
rLuc activity was then measured 36 hours after incubation with culture supernatants. The ratio of rLuc activities to fLuc activities
(transfected cells) or the rLuc activity values (indicator cells) were shown as percentage: i.e., minigenome without N and L
expression was set as 100%. Bars represent means plus standard errors. Asterisks on error bars represent statistically significant
increased values compared to samples expressing minigenome only (One-way ANOVA **p < 0.01).

Ly H et al. (2017) Risk analysis of inter-species reassortment through a Rift Valley fever phlebovirus MP-12 vaccine strain. PLoS
ONE 12(9): €0185194. https://doi.org/10.1371/journal.pone.0185194

Analysis of reassortant formation between rMP-12 and rMP12-GM50, and between rMP-12
and AMTY in C6/36 cells

Using a co-infection assay with C6/36, the occurrence of genetic reassortment between the
rMP-12 and AMTYV strain was further analyzed. Conditions for reassortment analysis were
initially evaluated through a co-infection assay with C6/36 cells using two different RVFV strains
of MP-12 (i.e., rtMP-12 and rMP12-GM50). As described above, the rMP12-GM50 strain encodes
a cluster of silent mutations at every 50 nucleotide interval in each of the ORF (L, M, N, and NSs),
resulting in a total of 584 mutations (Fig. 2.9). Although both the rMP-12 and rMP12-GM50 strain
could replicate to similar viral titers in C6/36 cells after 4 dpi, rIMP12-GMS50 exhibited delayed

growth kinetics before reaching plateau titers (Fig. 2.9).
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Figure 2.9: Reassortant formation between rMP-12 and rMP12-GMS50 strains, or between

rMP-12 and AMTYV.

(A) Schematic representation of rMP12-GM50 L-, M-, and S-segments. The rMP12-GMS50 strain encodes 326, 185, and 73 silent
mutations throughout the ORF of the L-, M-, and S-segments, respectively. Individual silent mutations are shown in red. (B)
Replication kinetics of rMP-12 and rtMP12-GMS50 strains in culture cells. C6/36 cells were infected with rMP-12 or rMP12-GM50
at an MOI of 0.01 or 1, and viral titers from culture supernatants were measured via plaque assay. The graph represents the mean
+/- standard deviation of three independent experiments. Statistical differences between the two strains were analyzed by unpaired
t-test at each time point (**p < 0.01). (C) Genetic reassortants produced from C6/36 cells co-infected with tMP-12 and rtMP12-
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GMS50 strains at 24 hpi. Genotypes for L-, M-, and S-segments of 47 plaque isolates from co-infected C6/36 cells were determined
via PCR-RFLP analysis. (D) Genetic reassortants produced from C6/36 cells co-infected with tMP-12 and AMTV at 24 hpi.
Genotypes for L-, M-, and S-segments of 17 plaque isolates from co-infected C6/36 cells were determined via RT-PCR analysis.

Ly H et al. (2017) Risk analysis of inter-species reassortment through a Rift Valley fever phlebovirus MP-12 vaccine strain. PLoS
ONE 12(9): €0185194. https://doi.org/10.1371/journal.pone.0185194

For the co-infection assay, C6/36 cells were co-infected with rMP-12 and rMP12-GM50.
Viral inputs, previously determined via IFA, were optimized, so that all C6/36 cells were infected
(Figure 2.1). At 1 dpi, culture supernatants were collected, which would contain virions derived
from cells co-infected with both rMP-12 and rMP12-GM50. A total of 47 well isolated plaques
were identified in plaque assay, and plaque-cloning and subsequent amplification of each clone
were performed. Vero cells were infected with each plaque clone, and total RNA was extracted
for genotyping analysis via PCR-RFLP (Fig. 2.2). Genotyping analysis of L-, M-, and S-segments
of collected plaque clones showed that 83% of them were reassortant strains, 10.6% were parental
rMP-12, and 6.4% were parental rtMP12-GM50. More specifically, 25.5% were G/G/M, 6.4%
were G/M/G, 8.5% were M/G/G, 6.4% were M/M/G, 8.5% were M/G/M, and 27.7% were G/M/M
reassortants (M = rMP-12, G = rMP12-GM50, order = L/M/S) (Fig. 2-9). These results
demonstrated that this co-infection assay using C6/36 cells could generate all combinations of
reassortant strains between rMP-12 and rMP12-GMS50 strains.

Using a similar co-infection assay with C6/36 cells, the occurrence of genetic reassortment
between the rMP-12 and AMTYV strain was determined. At 1 dpi, 17 well isolated plaques were
cloned and amplified in Vero cells (Fig. 2.3). The plaque morphology of both rtMP12 and AMTV
were similar and could not be distinguished based on plaque phenotypes. Total RNA was extracted
from Vero cells and genotype analyses were carried via RT-PCR (Fig. 2.3). From the genotype
analysis, no reassortant strains were identified between rMP-12 and AMTYV, whereas 47% and

53% of the plaque clones were parental rMP-12 and parental AMTYV, respectively (Fig. 2.9).
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Discussion

Implementation of routine vaccination program for susceptible livestock likely provides
protection from severe diseases that are caused by RVFV infection, as well as preventing
horizontal transmission of RVFV to mosquitoes. Freire et al. demonstrated that the genetic
diversity of RVFV strains has gradually decreased since massive vaccination of livestock in the
1970s with the live-attenuated Smithburn vaccine®>!%. Genetic reassortment has been reported to
occur between the same RVFV species, whereas the exchange of genomic segments between two
different bunyavirus species has also been shown!'*"!13, For example, the Ngari virus, which is an
unclassified orthobunyavirus within the family Peribunyaviridae, is a reassortant consisting of the
L- and S-segment of the Bunyamwera virus, and the M-segment of the Batai virus. This reassortant
strain was isolated during an outbreak of RVF in East Africa in 1997-1998 from hemorrhagic
fever patients®®%’. It is therefore critical to understand the likelihood of reassortant strain formation
between RVFV vaccine strain and heterologous phlebovirus species in endemic regions. Within
the Phenuiviridae family, AMTYV is transmitted via mosquitoes in Africa®%. In Burkina Faso,
serological evidence of infection with either RVFV or AMTV was demonstrated in sheep®'.
AMTYV induces transient fever in experimentally infected sheep, and shares mosquito vectors
(Culex antennatus) with RVFV®70. As of current, little is known regarding the ability of RVFV
to incorporate RNA segments from other phleboviruses to generate infectious progeny virions. A
past study characterized the RNA synthesis compatibility of the N and L protein of RVFV using
a minigenome assay''*. Using an S-like minigenome encoding the chloramphenicol

acetyltransferase (CAT) with the backbone of RVFV or TOSV, the study demonstrated that the
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co-expression of N and L proteins of RVFV or that of N and L proteins of TOSV supported the
expression of CAT activity. The co-expression of the N protein of TOSV and L protein of RVFV
also increased the activity level of CAT from the minigenome of RVFV, but not from the
minigenome of TOSV. The co-expression of the N protein of RVFV and L protein of TOSV did
not, however, increase the activity level of CAT from minigenomes of either RVFV and TOSV.
The amino acid identities between RVFV and TOSV are 49% for the N protein and 54% for the L
protein (GenBank accession number: KU925898 and KU925899), which is lower than the amino
acid identities shown between RVFV and AMTYV. Our results demonstrated that the co-expression
of the N protein of RVFV and the L protein of AMTYV, or vice versa, does not support the
replication of the minigenome. In addition, the RVFV minigenome RNP consisting of RVFV N
and L proteins cannot be packaged via the envelope Gn/Gc proteins of AMTV, and vice versa.
Overall, the combinations of RVFV N and AMTV L, and vice versa, and the combinations of
RVFV RNP and AMTV GnGc proteins, and vice versa, does not functionally support the viral life
cycle. In further support, no reassortant strains between rMP-12 and AMTYV could be identified in
the co-infection assay using C6/36 cells after isolation of 17 well isolated plaques. This could be
due to the small number of plaques isolated, however due to this incompatibility of the structural
N, L, and Gn/Gc proteins, it was concluded that formation of genetic reassortant strains between
RVFV and AMTYV are most likely not viable. Similar approaches will be applicable to determine
and characterize genetic compatibility and reassortment between other species of phleboviruses.
To characterize the potential formation of reassortant strains in co-infected cells, the
rMP12-GM50 strain was newly generated via reverse genetics. This strain encodes a total of 584
silent mutations in the ORFs within the L-, M-, and S-segments; i.e., 326 mutations in the L-

segment, 185 silent mutations in the M-segment, and 73 silent mutations in the S-segment. This
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genetic variant encodes a unique pattern of silent mutations throughout the genomic RNA that is
not found in nature. Additionally, the nucleotide difference of the genetic variant rMP12-GMS50,
is larger than the genetic diversity found among natural isolates of RVFV, which was reported to
be 4-4.5%'"®. This tMP12-GM50 strain is thus useful not only for characterizing genetic
reassortment, but also for studies pertaining to homologous recombination in species of RVFV.
From the PCR-RFLP analysis, co-infection of C6/36 cells with the rMP-12 and rMP12-GM50
strains after 1 day produced all possible combinations of L-, M-, and S-segment reassortants,
indicating that there is little bias when generating reassortants in mosquito cells. Maintenance of
co-infected C6/36 cells, without adding fresh C6/36 cells, could result in the establishment of
persistently-infected cells, which continuously generated infectious virions in culture
supernatants. Characterization of viral genomic RNA from such persistently-infected C6/36 cells
at 56 dpi did not indicate the formation of defective-interfering (DI) particles, whereas the full-
genome sequencing of five plaque-clones did not encode evidence of recombination between rMP-
12 and rMP12-GMS50 (data not shown). Although RVFV RNA retained good integrity in C6/36
cells during persistent infection, genetic changes might be induced in other cell types, as a result
of antiviral responses affecting viral replication. In this regard, the rMP12-GM50 strain will be an
excellent tool to evaluate genetic exchanges during co-infections.

Pathogenic strains of RVFV and live-attenuated vaccine strains might form reassortant
strains in co-infected cells in nature®. The MP-12 strain, however, has been reported to induce
low level of viremia (10*° pfu/ml) in ruminants, and this is considered not sufficient enough to
infect mosquitoes orally in laboratory studies!'®!"”. Furthermore, the MP-12 strain is attenuated
through several point mutations presented in each of the three segments; therefore, any generated

reassortants encoding RNA segments of MP-12 will be further attenuated when compared to the
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pathogenic strains of RVFV!'®, Taken together, this indicates that any reassortant of MP-12 with

wt RVFV strains would not exhibit pathology more severe than parental RVFV infections.
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CHAPTER 3: Characterization of the attenuation and protective

efficacy of rMP12-GMS50 strain in mice

Introduction

Since the first reported RVF outbreak in Kenya in 1930, the geographical distribution of
RVFV has expanded into Saudi Arabia, Yemen, and many other countries in Africa’>33!15:119,
Effective vaccination of susceptible animals and humans at high risk of viral exposure is one of
the most important approaches to minimizing the impact of RVF outbreaks®*%*, In some countries
in endemic regions, live-attenuated vaccines and/or inactivated vaccines are commercially
available for veterinary use!?%!2!, Preparation of a national vaccine stockpile is just as important
for neighboring non-endemic countries as it is for endemic countries. In the U.S., a live-attenuated
MP-12 vaccine was conditionally licensed for veterinary use upon RVF outbreaks based on its
protective efficacy and demonstrated safety in ruminants®*!22-127_ There are currently no licensed
RVF vaccines or therapeutics available for humans. Live-attenuated RVF vaccines have shown
strong protective efficacies in ruminants following a single dose without adjuvants. Since these
vaccine strains replicate in vaccinated animals, residual virulence might be a concern in vulnerable
populations, including pregnant or newborn animals®>'?8, Although subunit vaccines, DNA
vaccines, viral vectors, and single-cycle RVF replicons are considered highly safe in animals due
to a lack of viral spread, the vaccine immunogenicity of these novel candidates is not as high as
traditional live-attenuated vaccines, and a booster dose and/or the use of adjuvants might be
required to induce long-term protective immunity®®. As introduced in the first aim, a

recombinant MP-12 strain, which encodes hundreds of silent mutations throughout the ORFs of
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genomic RNA (rMP12-GM50 strain) was newly generated'?’. The rMP12-GM50 strain is
potentially valuable as a novel vaccine candidate, because numerous silent mutations might
strengthen the attenuation profile of the MP-12 strain via the L-, M-, and S-segments, and also
serve as genetic markers to be distinguished from other RVFV strains during or after the
vaccination. This characteristic is a highly sought after feature for newly developed veterinary
vaccines in endemic countries. In this study, I aim to characterize the attenuation profile and

protective efficacy of IMP12-GMS50 strain compared the parental MP-12 strain.

Materials and methods

Media, cells, and viruses

BHK/T7-9 cells, stably expressing T7 RNA polymerase!?’, were kept in MEM-alpha
containing 10% FBS, streptomycin (100 pg/ml), penicillin (100 U/ml), and hygromycin B (600
pg/ml) at 37°C with 5% CO2. MRC-5 (ATCC CCL-171), Vero (ATCC CCL-81), and VeroE6
cells (ATCC CRL-1586) were kept in DMEM containing 10% FBS, penicillin (100 U/ml), and
streptomycin (100 pg/ml) at 37 °C with 5% COz. All cells were verified to be mycoplasma free
with the UTMB Tissue Culture Core Facility, and the identity of MRC-5 cells was authenticated
via Short Tandem Repeat analysis with the UTMB Molecular Genomics Core Facility. For this
study, the MP-12 vaccine Lot 7-2-88 was amplified once in MRC-5 cells before experimental use.
Using reverse genetics, recombinant ZH501 (rZH501) and rMP-12 strains were recovered from
BHK/T7-9 cells and passaged once in VeroE6 cells in a BSL-4 Laboratory at UTMB!?-1% Ag
mentioned above, an rMP-12 variant encoding a total of 584 silent mutations within the L, M, N,

and NSs ORFs named rMP12-GM350, was also recovered'?’. Using reverse genetics, reassortant
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rZH501 strains encoding either the L-, M-, or S-segment of rtMP12-GM50 (RST-GM50-L, RST-
GMS50-M, and RST-GM50-S, respectively) were rescued from BHK/T7-9 cells. All reassortant
viruses were then amplified in Vero cells, and viral titers were carried out in VeroE6 cells via

plaque assay'®.

Plasmids
Plasmids expressing the positive-sense RNA of the L, M-,and S-segments of rMP12-GM50
(pProT7-vL(+)-GM50, pProT7-vM(+)-GM50, and pProT7-vS(+)-GMS50, respectively) were

described previously'®

. Manually, silent mutations encoded in the rMP12-GMS50 strain were
designed and introduced one by one so as not to disturb the codon pair bias and codon usage in

humans!®*1%7. One or more silent mutations were introduced at every 50 nucleotide intervals

serving as gene markers for this strain and was thus designated as gene marker 50 (GMS50).

Mouse challenge experiments with rZHS501 and the reassortant strains

Five-week-old outbred CD1 mice (Charles River, North Franklin, CT) were inoculated via
the intraperitoneal route (i.p.) with 1 x 10* PFU of RST-GM50-L, RST-GM50-M, RST-GM50-S
(n = 10 per group) or parental rZH501 (control, n = 5 per group). Clinical signs were recorded
daily, whereas body weight was measured daily for seven days, followed by every three days until
termination of study at 21 days post challenge. Mice displaying body weight loss of more than
20% and/or showing clinical signs of disease such as severe lethargy or viral encephalitis, were
humanely euthanized. Remaining surviving mice were also humanely euthanized at 21 days post
challenge. All experiments handing infectious rZH501 was performed at the Galveston National

Laboratory or the Robert E. Shope BSL-4 laboratory at UTMB.
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Protective efficacy experiment 1

Five-week-old outbred CD1 mice were inoculated via the subcutaneous (s.c.) route with 1
x 10* or 1 x 10° PFU of parental MP-12 or the rMP12-GM50 strain (n = 10 per group), or PBS
(mock, n = 5). At 43 days post vaccination (dpv), serum samples were collected via the retro-
orbital vein. At 45 dpv, mice were then challenged via the i.p. route with 1 x 10° PFU of pathogenic
rZH501. Clinical signs were recorded daily, whereas body weight was measured daily for seven
days, followed by every three days until termination of study at 21 days post challenge. At 21 days
post rZH501 challenge, sera were collected via cardiac puncture from surviving mice. Using the
GraphPad Prism 6.05 program (GraphPad Software Inc.), survival curves of mice were analyzed

via the Kaplan-Meyer method.

Protective efficacy experiment 2

Five-week-old outbred CD1 mice were inoculated via s.c. or intramuscular (i.m.) with 5 x
10° PFU of parental MP-12 or the rMP12-GM50 strain (s.c.: n = 10 per group; i.m.: n = 10 per
group), or PBS (s.c.: n =5; i.m.: n = 5). At 42 dpv, serum samples were collected via the retro-
orbital vein. As described previously for protective efficacy experiment 1, at 45 dpv, mice were

then challenged via i.p. with 1 x 10° PFU of pathogenic rZH501.

Plaque reduction neutralization test
Titers, using the plaque reduction neutralization test (PRNTso and PRNTso), were
determined as described previously'*°. Collected serum (20ul aliquot) from mice were serially

diluted four-fold and transferred into flat-bottom 96-well plate containing the MP-12 virus, in
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which 50 plaques were formed per well (final dilutions of sera mixed with viral input were 1:10,
1:40, 1:160, 1:640, 1:2560, and 1:10,240). After 1 hour of incubation at 37°C, 150ul of media was
added to each well. Next, 150ul of the mixture was transferred to 24-well plates containing sub-
confluent VeroE6 cells and incubated for 1 hour at 37°C. After removal of inocula, cells were
further incubated for 72 hours with an overlay containing 1xXMEM, 5% FBS, 5% TPB,
streptomycin, penicillin, and 0.3% tragacanth gum. VeroE6 cells were then fixed with 25%
formalin and 5% ethanol containing crystal violet. The average number of plaques from five
different wells that contained mock-immunized mice sera was used to set the cut-off number of
50% or 80% reduction. To determine titers, the highest dilution of sera that inhibited plaque

formation below the cut-off value was used.

Statistical analysis

Using the GraphPad Prism 6.05 program (GraphPad Software Inc.), statistical analyses
were carried out. The arithmetic means of logio values of viral titers were analyzed via one-way
ANOVA followed by the Turkey’s multiple comparison test. The Kaplan-Meier survival curve

analysis was performed via the Log-rank (Mantel-Cox) test.

Results

Attenuation of pathogenic recombinant ZH501 strain through the L-, M-, or S-segments of
the rMP12-GMS0 strain.
Although the MP-12 strain is attenuated through point mutations encoded in the L-, M-,

and S-segment, each segment only partially contributes to the attenuation of RVFV. Previous study
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showed that mice challenge via i.p. with 1x10° PFU of reassortant rZH501 strain encoding either
the L-, M-, or S-segment of the MP-12 strain (RST-MP12-L, RST-MP12-M, and RST-MP12-S)
had a survival rate of 20%, 40%, and 0%, respectively''®. Similarly, to determine attenuation of
each segment of the rMP12-GMS50 strain, reassortant rZH501 strains encoding either the L-, M-,
or S-segment of the rIMP12-GM50 strain (RST-GMS50-L, RST-GM50-M, and RST-GM50-S) were
generated. Outbred CD1 mice were challenged with rZH501, RST-GM50-L, RST-GM50-M, or
RST-GMS50-S. All mice challenged with the rZH501 strain died or were humanely euthanized due
to severe clinical signs of disease within 5 days post challenge (Fig. 3.1). Out of the ten mice that
was infected with RST-GMS50-S, nine displayed a hunched back or scruffy coat from 5-12 dpi,
and three mice showed neurological signs of disease, such as ataxia or paralysis at 7-8 dpi (Fig.
3.1). Similarly, out of the ten mice infected with RST-GST-M, nine mice showed a hunched back
or scruffy coat from 3-8 dpi, and three mice displayed ataxia or paralysis at 7, 9, or 10 dpi (Fig.
3.1). In contrast, out of the ten mice infected with RST-GMS50-L, three displayed a hunched back
or a scruffy coat at 11 dpi, and one mouse died at 8 dpi (Fig. 3.1). Overall, mice infected with
RST-GM50-L, RST-GM50-M, RST-GM50-S, and rZH501, had a survival rate of 90%, 50%, 30%,
and 0% respectively (Fig. 3.1). The survival curves of RST-GM50-L, RST-GM50-M, or RST-
GMS50-S were significantly different when compared to the control group of rZH501 (Log-rank
test, p<.0001). Furthermore, the survival curves were also significantly different for the RST-

GMS50-L and RST-GMS50-S groups (Log-rank test, p=.0073).
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Figure 3.1: Survival of mice infected with the parental rZHS501 strain of Rift Valley fever

virus or its reassortants with the rMP12-GMS50 strain.

(A — D) Outbred CD1 mice were mock-infected with PBS or infected with 1x10° PFU of parental rZH501 (n = 5), or reassortant
strains RST-GMS50-L, RST-GM50-M, or RST-GM50-S (n = 10 per group) via i.p. Clinical signs of disease observed in each mouse
infected with rZH501 (A), RST-GMS50-S (B), RST-GMS50-M (C), or RST-GMS50-L (D) are shown. Blue = scruffy coat and/or
hunched back; red = dead; purple = euthanized; asterisk = paralysis and/or ataxia; gray shadowing = typical period of disease in
parental rZH501-infected mice. (E) The Kaplan-Meier survival curve of infected mice. Statistically significant differences based

on log-rank testing among groups are shown.

Ly H et al. (2017) Attenuation and protective efficacy of Rift Valley fever phlebovirus rMP12-GMS50 strain. Vaccine 35(48): 6634-

6642. https://doi.org/10.1016/j.vaccine.2017.10.036
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Protective efficacy of the rMP12-GMS50 strain via the subcutaneous route

The protective efficacy of the rMP12-GM50 strain was next evaluated and compared to the
parental MP-12 strain. The protective efficacy of the MP-12 and rMP12-GMS50 strains were first
tested via the s.c. route using 1 x 10* and 1 x 10° PFU doses (Fig. 3.2), since previous efficacy
experiments were carried out via the s.c. route using the MP-12 strain!?4125127.130.131 At 43 dpv,
vaccination with 1 x 10* or 1 x 10° PFU doses of MP-12 resulted in an increase of PRNTso
neutralizing antibody titers (1:40 or higher) in 30% or 100% of vaccinated mice, respectively (Fig.
3.3). While for PRNTso, vaccination with 1 x 10* or 1 x 10° PFU doses of MP-12 resulted in an
increase of neutralizing antibody titers (1:40 or higher) in 20% or 40% of vaccinated mice,
respectively. For rMP12-GMS50, vaccination with 1 x 10* or 1 x 10° PFU doses resulted in an
increase of PRNTso titers (1:40 or higher) in 30% or 60% of vaccinated mice, respectively. While
for PRNTsgo, vaccination with 1 x 10* or 1 x 10° PFU doses resulted in an increase of neutralizing
antibodies (1:40 or higher) in 10% or 50% of vaccinated mice, respectively. (Fig. 3.3). At 45 dpv,
mice were challenge with pathogenic rZH501 strain, and four out of five (80%) mice that were
mock-vaccinated with PBS died within 8 days post challenge (Fig. 3.2). Vaccination with 1 x 10*
or 1 x 10° PFU of MP-12 resulted in 50% or 60% survival of mice after rZH501 challenge,
respectively (Fig. 3.2). Vaccination of mice with 1 x 10% or 1 x 10° PFU of rMP12-GM50 resulted
in 10% or 50% survival after rZH501 challenge, respectively (Fig. 3.2). Survival curves of the 1
x 10° PFU dose group of MP-12 and the 1 x 10° PFU dose group of tMP12-GMS50 showed marginal
differences when compared to the mock-vaccinated group (Log-rank test, p=.0376 and p=.0493,

respectively).
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Figure 3.2: Protective efficacy experiment #1: vaccination via subcutaneous route.

(A) Schematic representation of vaccination and challenge schedule for the protective efficacy experiment #1. Outbred CD1 mice
were mock-vaccinated via subcutaneous route (s.c.) with PBS (n = 5), or vaccinated via s.c. with 1x10* PFU or 1x10° PFU of
MP-12 (n = 10 per group) or tMP12-GM50 (n = 10 per group). (B) The Kaplan-Meier survival curve of infected mice is shown.

Statistically significant differences based on log-rank testing between mock-vaccinated group and vaccinated group are also
shown.

Ly H et al. (2017) Attenuation and protective efficacy of Rift Valley fever phlebovirus rMP12-GMS50 strain. Vaccine 35(48): 6634-
6642. https://doi.org/10.1016/j.vaccine.2017.10.036
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Figure 3.3: Titers of Plaque Reduction Neutralization Test (PRNTso and PRNTso) and
clinical signs of disease observed in each mouse vaccinated via subcutaneous route.

The PRNTso, PRNTso, and clinical signs of disease in mice vaccinated via s.c with 1x10* PFU (A and B) or 1x10° PFU (C and D)
of MP-12 (n=10 per group, A and C) or MP12-GM50 (n=10 per group, B and D) are shown. Blue = scruffy coat and/or hunched
back; asterisk = paralysis and/or ataxia, red = dead; purple = euthanized, gray shadowing = typical period of disease in parental
rZH501 in mice.

Ly H et al. (2017) Attenuation and protective efficacy of Rift Valley fever phlebovirus tMP12-GMS50 strain. Vaccine 35(48): 6634-
6642. https://doi.org/10.1016/j.vaccine.2017.10.036

Protective efficacy of the rMP12-GMS50 strain via the intramuscular route

Since vaccinations via the s.c. route were not efficacious, even with 1 x 10° PFU of the MP-
12 or rMP12-GMS50 strains, a higher dose of 5 x 10° PFU via the s.c. or i.m. route was evaluated
next (Fig. 3.4). At 42 dpv, 50% or 30% of mice vaccinated via s.c. with 5 x 10° PFU of the MP-12
or tMP12-GMS50 strains, respectively, had neutralizing antibodies with PRNTso 1:40 or higher.

Whereas it was 50% or 70% of mice vaccinated via s.c. with 5 x 10° PFU of the MP-12 or rMP12-
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GMS50 strains, respectively, had neutralizing antibodies with PRNTso 1:40 or higher (Fig. 3.4).
The average neutralizing antibody titer of responders (PRNTso titers of 1:10 or higher) was 1:4375
against the MP-12 strain and 1:1840 against the rMP12-GMS50 strain.

In contrast, improved immunogenicity for both MP-12 and rtMP12-GMS50 vaccine strains
was shown from vaccination via the i.m. route. Neutralizing antibodies (PRNTso or PRNTso 1:40
or higher) were detected in 100% of mice vaccinated via i.m. with MP-12 and 90% of mice
vaccinated via i.m. with rMP12-GM50. None of the mice in these groups displayed clinical signs
of disease after rZH501 challenge for 21 days (Fig. 3.4). The average neutralizing antibody titers
of responders via i.m. vaccination for PRNTso were 1:3712 against MP-12 and 1:853 against
rMP12-GM50.

At 45 dpv, all mice were challenged with the pathogenic rZH501 strain. Mice vaccinated
via the s.c. route with 5 x 10° PFU of MP-12 or tMP12-GM350 resulted in a survival rate of 60%
or 70%, respectively. Mice that died or was humanely euthanized due to clinical signs of disease,
did not have neutralizing antibody of PRNTso or PRNTso higher than 1:40 (Fig. 3.4). The survival
curves of mice vaccinated with 5 x 10° PFU of MP-12 or rMP12-GM50 via s.c. were statistically
significant when compared to the mock-vaccinated group (Log-rank test, p=.0128 or p=.0313,
respectively). In contrast, the survival rate was shown to be 100% for mice vaccinated via i.m.
with 5 x 10° PFU of MP-12 or rtMP12-GM350, and the survival curves were significantly different
when compared to the mock-vaccinated group (Log-rank test, p<.0001) (Fig. 3.4). Overall, these
results demonstrated that the rMP12-GM50 strain has a protective efficacy similar to parental MP-
12 strain in the mouse challenge model. In addition, vaccination via the i.m. route can induce better

protection in mice from pathogenic RVFV challenge than vaccination via the s.c. route.
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Figure 3.4: Protective efficacy experiment #2: vaccination via subcutaneous or
intramuscular route.

(A) Schematic representation of vaccination and challenge schedule for the protective efficacy experiment #2. Outbred CD1 mice
were mock-vaccinated via the s.c. or i.m. route with PBS (n = 5 per route), or with 5x10° PFU of MP-12 (n = 10 per group) or
rMP12-GM50 (n = 10 per group). (B — E) The PRNTs0, PRNTs0 and clinical signs of disease observed in each mouse infected with
5x103 PFU of MP-12 or tMP12-GM50. Blue = scruffy coat and/or hunched back; red = dead; purple = euthanized; asterisk =
paralysis and/or ataxia; gray shadow = typical period of disease in parental rZH501 in mice. (F) The Kaplan-Meier survival curve
of infected mice is shown. Statistically significant differences based on log-rank testing between mock-vaccinated group and
vaccinated group are also shown.

Ly H et al. (2017) Attenuation and protective efficacy of Rift Valley fever phlebovirus rMP12-GM50 strain. Vaccine 35(48): 6634-
6642. https://doi.org/10.1016/j.vaccine.2017.10.036
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Discussion

In the U.S., the MP-12 vaccine has been conditionally licensed for veterinary use'?. As
mentioned above, the MP-12 strain was originally generated from the ZH548 strain that underwent
serial passages in MRC-5 cells in the presences of 5-fluorouracil, which is a chemical mutagen'?>.
This resulted in the introduction of 23 mutations into each of the L-, M-, and S-segments. Two
amino acid substitutions (Gn-Y259H and Gc-R1182G) in the M-segment were reported to be
independently responsible for the attenuation of MP-12!13, These two mutations in the M-segment
and two other amino acid substitutions (V172A and M1244I) in the L-segments, was reported to
display a temperature-sensitive phenotype that results in the restriction of viral replication at 38°C

and above!3?

. Based on the virulence of reassortant ZH501 strains that encodes one of the L-, M-,
or S-segments of MP-12, the degree or strength of attenuation of each segment were determined
as M > L > S. The survival rate of mice infected via i.p. with 1 x 103 PFU of RST-MP12-L, RST-
MP12-M, or RST-MP12-S was 20%, 40%, or 0%, respectively''8. Although the attenuation of the
MP-12 strain through the S-segment was not evident based on the survival rate in mice, pathogenic
strains of RVFV encoding the S-segment of MP-12 demonstrated prolonged survival times in
mice!!'®133, To achieve further attenuation of the MP-12 S-segment, the truncation of the NSs gene
(rMP12-ANSs16/198)1°1:13% or the replacement of the NSs gene of MP-12 with the NSs gene of
another phlebovirus could be accomplished'*!"!**. Minimal attenuation of the M-segment could
also be accomplished via truncation of the 78 kD/NSm gene (rMP12-ANSm21/384)>13%:13¢ The

deletion of the 78 kD/NSm gene in the ZH501 strain (rZH501-ANSm21/384) was shown to be

100% lethal in mice, however in both mice and rats, the onset of disease was delayed'**!3”. This
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indicated that truncation of the 78 kD/NSm gene had only a weak effect on attenuating the ZH501
strain. Due to a lack of rationale for any approach towards altering the functions of the L protein,
modification of the L-segment has not been evaluated.

Further attenuation of MP-12 strain without affecting the immunogenicity is important,
because parental MP-12 strain has residual virulence in pregnant ewes upon vaccination during
the first trimester. Introduction of silent mutations throughout the ORFs of MP-12, via reverse
genetics, generated the rMP12-GMS50 strain in this study. Evaluation of viral replication kinetics
in Vero cells demonstrated a significant reduction of the rMP12-GM50 strain early in infection.
For MRC-5 cells, a slight decrease of the viral replication of rMP12-GMS50 also occurred, yet this
difference was not statistically significant. Mice infected with reassortant ZH501 strain encoding
either the L-, M-, or S-segment of rMP12-GM50 strain showed 90%, 50%, or 30% survival,
respectively. The result indicated that rMP12-GMS50 strain is likely more attenuated than parental
MP-12 strain via the L- and S-segment. Moreover, the protective efficacy experiment showed that
mice vaccinated with rMP12-GMS50 strain could induce high titers of neutralizing antibody, in
particular through the i.m. route. Complete protection of vaccinated mice with rMP12-GM50
strain is a promising result for further characterization of this strain in vaccine research and
development for RVF. It remains unknown how vaccination via the i.m. route with the MP-12
strain could produce high responders when compared to the s.c. route. Although there are
evidences of better immune responses from vaccination via the i.m. route, vaccination with live-
attenuated vaccines has been traditionally administered via the s.c. route!*®!*°, Further evaluation
of vaccination via the i.m. route may be important for the MP-12 vaccine strain as well as for other

next generation vaccines for RVF.
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Vaccination with live-attenuated Smithburn strain in South Africa resulted in a co-infection
event with wild-type RVFV and the Smithburn strain in a human, which led to the isolation of an
M-segment reassortant strain (SA184/10)''°. Such unexpected events might occur in endemic
countries via handling vaccines using the same syringes for both viremic and uninfected animals.
In such a scenario, the formation of reassortant strain between circulating RVFV and MP-12 strain
is likely. Although resulting reassortant strains are likely more attenuated than circulating
pathogenic RVFV strains, it will be difficult to trace the RNA in nature due to a lack of notable
genetic markers distinguishable between MP-12 strain and wild-type RVFV strains. For
environmental surveillance of live-attenuated RVF vaccine in endemic countries, silent mutations
in the rMP12-GM50 strain will serve as an excellent genetic marker to distinguish vaccine-derived
RNA fragments from naturally circulating RVFV strains, upon the event of genetic reassortment

or recombination in nature.
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CHAPTER 4: Characterization of recombinant MP-12 strain encoding a part

of AMTY genome

Introduction

Characterization of inter-species genetic recombination between RVFV and AMTV is
important, because co-infection of susceptible animals or mosquitoes with RVFV and AMTV
might lead to partial exchange of genetic materials in nature. RVFV is an arbovirus that is
transmitted by many species of mosquitoes. Its continual presence in nature is possible through
viral persistence for years in the eggs of infected Aedes spp. mosquitoes as well as transient
amplifications of RVFV in susceptible animals, including African buffalos, livestock, rodents, or
bats'*’. This vertical transmission partly explains why RVFV can reappear after long inter-
epizootic periods, especially after excessive rainfalls during which hydration of Aedes eggs leads
to the hatching of infected mosquitoes for new infections in susceptible animals. AMTV shares
similar mosquito vectors and geographic regions endemic to RVF. It is an unclassified phlebovirus
within the family Phenuiviridae, and is currently proposed as a member of the Salehabad species
complex. AMTV has been isolated from wild mammals (mostly rodents) or birds in Africa.
Although AMTYV has not been isolated from humans or sheep, seroprevalence in humans and
sheep in Africa indicates that AMTV infection does occur in these species. Other than what has
been discussed previously in Chapter 1, little is known regarding the pathology of AMTV.

Due to a lack of functional compatibility between structural proteins, formation of genetic
reassortant strains between RVFV and AMTYV is unlikely, as discussed above. Meanwhile, it is
unknown whether the RVFV strain encoding a part of AMTV genome, as a result of genetic

recombination, is viable or not. AMTV genome, other than the ORF of structural proteins (N, L,
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Gn, and Gc), might allow the generation of viable recombinant RVFV encoding AMTYV sequence:
e.g., UTR, NSs gene, NSm gene. Both RVFV and AMTYV have a tripartite genome with each
segment containing 3’ and 5" UTR termini composed of a complementary 8 nt sequence, that is
highly conserved among phleboviruses, to form a pan-handle structure (Fig 4.1). The UTR regions
other than genomic termini are variable and the sequences and lengths are different among
phleboviruses. The 5> UTR of the L- or M-segment, or the IGR of the S-segment are also
responsible for mRNA termination. The L segment 5’ UTR of RVFV contains a sequence forming
a stem-loop structure, that is responsible for mRNA termination, whereas a pentanucleotide
sequence, downstream of a homopolymeric tract of C or G sequences, are responsible for mRNA

termination within the RVFV M- or S-segment'#!

. Other than transcriptional termination, UTRs
play a role in coordinated packaging of the L-, M-, and S-segments. Terasaki et al. demonstrated
that the 5> UTR of the RVFV M-segment, functions in the co-packaging of the S-segment RNA,
which then subsequently supports the packaging of the L- segment. RVFV M-segment could also
be split into two segments via separating the Gn and Ge¢ ORFs, leading to the production of a four-
segmented RVFV, which was also shown to be highly attenuated”. The four-segmented RVFV
failed to replicate efficiently in mosquito cells by an unknown mechanism'#?>. By using a RVFV
minigenome system, Gauliard et al. indicated that the UTRs of L-, M- and S-segment function as
signals for viral RNA packaging'*’. Recombinant LACV (genus Orthobunyavirus) encoding the
chimeric M-segment consisting of the NSm, Gn, and Gc ORFs of Jamestown Canyon virus,
flanked by the 5 and 3 UTRs of LACV M-segment, was viable in cell culture, yet also highly
attenuated in mice'**. These studies implied that viral UTR could be exchanged between different

RNA segments or species, and may attenuate viral replication and virulence as a result of

recombination.
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Another genetic element important for potential phleboviral genetic recombination is the
NSs gene. The NSs gene is dispensable for viral replication, whereas expression of the NSs protein
supports efficient viral replication in vivo. In susceptible hosts, the NSs protein of phleboviruses
commonly inhibit the up-regulation of type-I interferon genes. Phleboviruses (e.g., RVFV, TOSV,
PTV, SFSV, and SFTV) encode NSs protein in their S-segment. In pathogenic phleboviruses the
protein serves as a major virulence factor in pathogenesis by counteracting host antiviral
responses, particularly the IFN-B gene induction pathway® 14146,

In this aim, I hypothesize that recombinant MP-12 strains encoding a partial UTR or NSs
gene of AMTYV are viable, yet replicates less efficiently than parental MP-12 strain in cell cultures.
Although genetic recombination between RVFV and AMTV may not easily occur in nature, the
use of reverse genetics might allow creations of various chimeric strains between them.

Characterization of viable chimeric strains might predict the virological and pathological

phenotypes, which would be useful for the evaluation of potential recombination of MP-12 vaccine

1n nature.
(A)
3 S-3’UTR S-5UTR 5
AMTV ACACAAAGACCCCUGAAAGAGUUAAAAA. ... . .. .UUAGUAUUUCCUCAGGGGGUCUUUGUGU
MP-12 ACACAAAGCUCCCU---AGAGAUACARAA. ... ....UAAGCACU----- AGGGGGUCUUUGUGU
3 M-3'UTR M-5’UTR 5
AMTV ACACAAAGACGGCUCUGUGA.... . ...GGUUUGAAAUCAGAGCCGGUCUUUGUGU
MP-12 ACACAAAGACGGUGCAUUAA. . .. . . . .UCUUUGAAGUUGCA-CCGGUCUUUGUGU
> L-3'UTR L-5'UTR .
AMTYV ACACAAAGGCGCCAAGA.... ... .GCAGUAUGAUUCUUGGCGGUCUUUGUGU
MP-12 ACACAAAGGCGCCCAAU. ... . ...GUGCUACAAUAUUGGGCGGUCUUUGUGU

Figure 4.1: Comparison of the terminal 3’ and 5’ ends of AMTYV and MP-12

(A) Sequences of the terminal 3’ and 5’ end of AMTV and MP-12 are complementary to each other and form a panhandle
structure. The panhandle structures serve as a site for the L protein to initiate viral RNA replication or transcription as well as
encapsidation of RNA with N proteins.

82



Materials and methods

Media, cells, and viruses

Vero (ATCC CCL-81), VeroE6 (ATCC CRL-1586), MRC-5 (ATCC CCL-171), A549
(ATCC CCL-185), Hepal-6 (ATCC CRL-1830), and BHK-21 (ATCC CCL-10) cells were
maintained at 37°C with 5% CO: in DMEM containing 10% FBS, penicillin (100 U/ml), and
streptomycin (100 pg/ml). BHK/T7-9 cells, which stably expresses T7 RNA polymerase!®, were
maintained at 37°C with 5% CO2 in MEM alpha containing 10% FBS, penicillin (100 U/ml),
streptomycin (100 pg/ml), and hygromycin B (600 pg/ml). Aedes albopictus C6/36 cells (ATCC
CRL-1660) were maintained at 28°C without COz in Leibovitz’s L-15 medium containing 10%
FBS, 10% TPB, penicillin (100 U/ml), and streptomycin (100 pg/ml). All cells used in this study
were verified to be mycoplasma free at the UTMB Tissue Culture Core Facility, and the identities
of MRC-5 and A549 cells were authenticated by Short Tandem Repeat analysis (UTMB Molecular
Genomics Core Facility). The rtMP-12 strain was recovered from BHK/T7-9 cells via reverse
genetics, and passaged once in VeroE6 cells, as described previously'?'% AMTV Ar 1286-64
strain was kindly provided by Dr. Robert B. Tesh from the UTMB. AMTV was plaque-cloned
once and then amplified three times in Vero cells before experimental use. An rMP-12 encoding
an in-frame 69% deletion of the NSs gene (rMP12-ANSs16/198 or rtMP12-C13type) has been

previously described!?!.

Plasmids

Plasmids for chimeric MP-12 strain
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Plasmids expressing UTRs of AMTV were modified to encode MP-12 ORFs of L-, M-, or
S-segments. PCR fragments encoding backbone plasmids plus the entire 3* and 5 UTRs of AMTV
were amplified from either pProT7-AMTV-L(+), pProT7-AMTV-M(+), or pProT7-AMTV-S(+)
plasmids. PCR fragments were also prepared to encode the N, M, or L ORFs of MP-12. Two PCR
fragments were recombined via Gibson assembly, and the following plasmids were generated:
pProT7-vL(+)-AMTVLUTR, pProT7-vM(+)-AMTVMUTR, pProT7-vS(+)-AMTVSUTR, which
encodes L, M, or N ORF of MP-12 strain, in place of those of AMTV, respectively. To generate
a plasmid encoding a partial 5° UTR of AMTV M-segment, a PCR fragment encoding the
backbone vector plasmid plus the entire 3> UTR, M ORF, and 40 nt of 5° UTR termini of MP-12
was amplified from the pProT7-vM(+) plasmid. This was then recombined with the PCR fragment
covering the AMTV M-segment 5’ UTR lacking the 5 UTR 41 nt terminus via Gibson assembly.

The resulting plasmid was designated as pProT7-vM(+)-AMTVMS5’UTR.

Viral rescue of chimeric MP-12 strain

To rescue chimeric MP-12 strain encoding full-length or partial UTR of AMTYV in either
L-, M-, or S-segment, BHK/T7-9 cells were transfected with following sets of plasmids: (i)
pProT7-vS(+)-AMTVSUTR, pProT7-vM(+), pProT7-vL(+), pT7-IRES-vN, pT7-IRES-vL, and
pCAGGS-vG (for rMP12-AM-SUTR), (ii)) pProT7-vS(+), pProT7-vM(+)-AMTVMUTR,
pProT7-vL(+), pT7-IRES-vN, pT7-IRES-vL, and pCAGGS-vG (for iIMP12-AM-MUTR), or (ii1)
pProT7-vS(+), pProT7-vM(+), pProT7-vL(+)-AMTVLUTR, pT7-IRES-vN, pT7-IRES-vL, and
pCAGGS-vG (for tMP12-AM-LUTR). From the initial attempt, rMP12-AM-SUTR virus could
be successfully rescued, and rMP12-AM-MUTR or tMP12-AM-LUTR viruses could not. Next,

the AMTV M-segment UTR was partially replaced. BHK/T7-9 cells were transfected with
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pProT7-vS(+), pProT7-vM(+)-AMTVMS5’UTR, pProT7-vL(+), pT7-IRES-vN, pT7-IRES-vL,
and pCAGGS-vG (rMP12-AM-M5’UTR). Using this approach, viable tMP12-AM-M5’UTR
could be rescued. To rescue the L-segment chimera, the S-segment NSs gene was replaced with
the green fluorescent protein (GFP) gene, to efficiently detect recombinant viruses, which do not
exhibit any CPE. BHK/T7-9 cells were then transfected with pProT7-vS(+)-GFP, pProT7-vM(+),
pProT7-vL(+)-AMLUTR, pT7-IRES-vN, pT7-IRES-vL, and pCAGGS-vG (tMP12/GFP-AM-
LUTR). Rescued of chimeric strains were further amplified in Vero cells and titrated for
experimental use (PFU/ml, or FFU/ml for rIMP12/GFP-AM-LUTR). Genome structures of rescued

chimeric strains are shown in Figure 4.2.

rMP12-AM-SUTR

v v v 5
N . SSN ALAY . S-segment
NSm Gn Gc 5’

i
. M . M-segment

rMP12-AM-M5’UTR
3. N . SSN .58-segment
3 NSm Gn Ge 5
. M . M-segment
3 4 5
. L . L-segment

rMP12-AM-LUTR

NSm Gn Gc LY
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=<
]
=
g
3
2

Figure 4.2: Rescued chimeric strains genome
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Schematic representation of rMP12-AM-SUTR, tMP12-AM-M5’UTR, and rtMP12/GFP-AM-LUTR chimeric virus. The rMP12-
AM-SUTR encodes the entire 3’ and 5 UTRs of the S-segment, IGR, and NSs of AMTV (red). The tMP12-AM-M5’UTR
encodes only a partial 5° UTR of the M-segment of AMTYV (red). The rMP12/GFP-AM-LUTR encodes the entire 3* and 5° UTR
of the L-segment of AMTV (red). Arrows indicate replacement of rtMP-12 with AMTV genetic elements.

Analysis of viral growth Kkinetics of chimeric MP-12 strains

Vero cells were infected with tMP12-AM-SUTR, rMP12-AM-M5’UTR, rMP12/GFP-
AM-LUTR, or parental rtMP-12 strain (control) at an MOI of 0.01 for 1 hour at 37°C. After
washing cells three times with PBS, cells were further incubated at 37°C. Culture supernatants
were harvested at 1, 24, 48, 72, and 96 hpi, and viral titers were measured by plaque assay and
focus-forming assay (FFA). C6/36 cells were infected with rtMP12-AM-SUTR, rMP12-AM-
M5’UTR, tMP12/GFP-AM-LUTR, or parental rtMP-12 strain (control) at an MOI of 0.01 for 1
hour at 28°C. After washing cells three times with media, culture supernatant samples were
collected at 1 hpi. Cells were further incubated at 28°C, and culture supernatants were collected at
24, 48, 72, and 96 hpi. Growth curves were calculated using means and standard deviations from

three independent experiments.

Droplet digital polymerase chain reaction (ddPCR) analysis of rMP-12 chimeric strains
Vero or C6/36 cells were mock-infected or infected with rMP12/GFP-AM-LUTR or

rMP12-AM-SUTR. Total RNA was collected at 72 hpi, and the copy number of each L-, M-, and

S-segment were analyzed by ddPCR using the QX100 droplet generator and reader (Bio-Rad

Laboratories), as described previously'*®

. Viral RNA was extracted using the RNeasy mini kit
(Qiagen), according to the manufacturer’s instructions. The concentration of extracted RNA was

measured with the Qubit 2.0 Fluorometer (Thermo Fisher Scientific), and cDNA was synthesized

using iScript (Bio-Rad Laboratory). PCR reactions were prepared as follow: 250 nM of TagMan
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probe, 900 nM of primer, ddPCR Supermix for Probes (Bio-Rad Laboratory), cDNA, and water
(up to 25 pl). PCR cycling parameters included an initial denaturation step (95°C for 10 minutes),
followed by 40 cycles of 94°C for 30 seconds, 60°C for 1 minute, and a final denaturation step of
98°C for 10 minutes. For the measurement of RNA copy number, a probe and two primers for the
detection of MP-12 L, M, and S RNA has been described previously'*®. The number of droplets
with positive and negative signals was measured using the QX100 droplet reader. Data analysis

was performed using QuantaSoft Version 1.4 (Bio-Rad Laboratory).

Analysis of L, M, S RNA ratios of virion RNA from rMP-12 chimeric strains

Vero cells were infected with rtMP-12, rMP12/GFP-AM-LUTR, rtMP12-AM-M5’UTR, or
rMP12-AM-SUTR at MOI 0.01. Sample supernatants were collected at 3 dpi, and spun down at
13,500 rpm for 10 minutes to remove cellular debris. Sample supernatant was then further
incubated in benzonase nuclease for 1 hour at 37°C to remove non-viron RNA and then
subsequently subjected to ultracentrifugation with 20% sucrose cushion at 38000 rpm for 2 hours
in 4°C. Viral RNA was then mixed with Trizol reagent, together with in vitro transcribed GFP
RNA (2 pg) as a spike, and extracted using the Direct-zol (ZYMO Research), according to the
manufacturer’s instructions. The concentration of extracted RNA was measured with the Qubit
2.0 Fluorometer (Thermo Fisher Scientific), and cDNA was synthesized using iScript (Bio-Rad
Laboratory). PCR reactions were prepared as follow: 250 nM of TagMan probe, 900 nM of primer,
ddPCR Supermix for Probes (Bio-Rad Laboratory), cDNA, and water (up to 25 ul). PCR cycling
parameters included an initial denaturation step (95°C for 10 minutes), followed by 40 cycles of
94°C for 30 seconds, 60°C for 1 minute, and a final denaturation step of 98°C for 10 minutes. For

the measurement of RNA copy number, a probe and two primers for the detection of MP-12 L, M,
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and S RNA has been described previously'*®. The number of droplets with positive and negative
signals was measured using the QX100 droplet reader. Data analysis was performed using

QuantaSoft Version 1.4 (Bio-Rad Laboratory).

Droplet digital polymerase chain reaction analysis of IFN-p mRNA induced by chimeric
MP-12 strains

Hepal-6 or MRC-5 cells were mock-infected or infected with rtMP12-AMTVNSs or
rMP12-ANSs16/198 at an MOI of 10. Total RNA was collected at 8 and 16 hpi, and copy numbers
of human or murine IFN- mRNA were analyzed by ddPCR using the QX100 droplet generator

and reader (Bio-Rad Laboratories), as described previously!'*

. Viral RNA was extracted using the
RNeasy mini kit (Qiagen), according to the manufacturer’s instructions. The concentration of
extracted RNA was measured with the Qubit 2.0 Fluorometer (Thermo Fisher Scientific), and
cDNA was synthesized using iScript (Bio-Rad Laboratory). PCR reactions were prepared as
follow: 250 nM of TagMan probe, 900 nM of primer, ddPCR Supermix for Probes (Bio-Rad
Laboratory), cDNA, and water (up to 25 ul). PCR cycling parameters included an initial
denaturation step (95°C for 10 minutes), followed by 40 cycles of 94°C for 30 seconds, 60°C for
I minute, and a final denaturation step of 98°C for 10 minutes. For the measurement of human
IFN-B mRNA copy number, ddPCR was conducted using a Tagman probe, 5’-(5’ Hexachloro-
Fluorescein, HEX) CAA TTG AAT GGG AGG CTT GAA TAC (Black Hole Quencher 1,
BHQ1)-3’; forward primer, 5’-TCA GTG TCA GAA GCT CCT GT-3’; and reverse primer, 5’-
GTT CAT CCT GTC CTT GAG GC-3’. For the measurement of murine IFN-f mRNA copy

number, a different Tagman probe, 5’-(HEX) TGG AGA TGA CGG AGA TGC AGA (BHQ1)-

3’; forward primer, 5’-TAC AGG GCG GAC TTC AAG AT-3’; and reverse primer, 5’-TGG CAA

88



AGG CAG TGT AAC TC-3’, were used. The number of droplets with positive and negative
signals was measured using the QX100 droplet reader. Data analysis was performed using

QuantaSoft Version 1.4 (Bio-Rad Laboratory).

Statistical analysis.

Statistical analyses were performed using GraphPad Prism 6.05 (GraphPad Software Inc.).
To allow comparisons among multiple groups of viral titers or RNA copy numbers, arithmetic
means of logio values were analyzed by one-way ANOVA, followed by Tukey’s multiple

comparison test.

Ethics statement
The RVFV MP-12 strain, tMP-12 strain, and those recombinant DNA were used upon

approval of the Notification of Use by the Institutional Biosafety Committee at UTMB.

Results

Rescue of chimeric strains via reverse genetics

In this study, I initially attempted to rescue recombinant chimeric MP-12 strains encoding
the entire 5° and 3° UTRs of AMTYV in all 3 RNA segments (rMP12-AM-SMLUTR). The tMP12-
AM-SMLUTR, however, could not be rescued after at least three independent attempts. Next, |
tried to rescue chimeric MP-12 strains encoding the 5’ and 3° UTRs of either AMTV S-, M-, or
L-segment. In this initial attempt, rMP12-AM-SUTR could be successfully rescued, yet not

rMP12-AM-MUTR or rtMP12-AM-LUTR. To rescue the chimeric MP-12 strain encoding the M
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UTR of AMTYV, only a partial 5> UTR of the MP-12 M-segment, except for the terminal 40 nt,
was replaced with that of AMTV M-segment 5° UTR (rtMP12-AM-M5’UTR). As a result, tMP12-
AM-M5’UTR was rescued and showed CPE in Vero cells. The rMP12-AM-LUTR also could not
be rescued after several attempts, whereas when the NSs gene was replaced with the GFP gene in
the S-segment, rMP12/GFP-AM-LUTR could be rescued. Replacement of the NSs gene with the
GFP gene was carried out to facilitate the detection of rescued viruses under fluorescent

microscope. Overall summary of the outcome of viral rescue is shown in Table 4.1.

rMP-12 S-segment M-segment L-segment Other Rescued
Chimeric Strain UTRs UTRs UTRs changes
rMP12-AM- AMTV AMTV AMTV AMTV NSs No
SMLUTR OREF in place
of MP-12
NSs ORF
rMP12-AM- AMTV MP-12 MP-12 AMTYV NSs Yes
SUTR OREF in place
of MP-12
NSs ORF
rMP12-AM- MP-12 AMTV MP-12 None No
MUTR
rMP12-AM- MP-12 MP-12 (3° UTR MP-12 None Yes
M5’UTR and 40nt of
5’UTR
terminus) and
AMTYV (5’ UTR
other than 41 nt
terminus)
rMP12-AM- MP-12 MP-12 AMTV None No
LUTR
rMP12/GFP-AM- MP-12 MP-12 AMTV GFP ORF in Yes
LUTR place of MP-
12 NSs ORF

Table 4.1: Summary of rMP-12 Chimeric Strain rescue result.

Analysis of viral replication of chimeric viruses
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Next, viral replication kinetics of all rescued chimeric viruses (rMP12-AM-SUTR, rMP12-
AM-M5’UTR, and tMP12/GFP-AM-LUTR) were analyzed in Vero and C6/36 cells (Fig. 4.3).
RVFV MP-12 strain encoding the entire 5’ and 3° UTR, IGR and NSs gene of AMTV (rMP12-
AM-SUTR) replicated efficiently in Vero and C6/36 cells. The chimeric MP-12 strain, rMP12-
AM-MS5’UTR, which encodes a partial 5° UTR of the AMTV M-segment, replicated less
efficiently than parental rMP-12 in Vero and C6/36 cells. The chimeric MP-12 strain encoding the
entirce UTR of AMTV L-segment (rtMP12/GFP-AM-LUTR) replicated less efficiently than
parental rtMP-12 in Vero cells, whereas infectious viral titers of rtMP12/GFP-AM-LUTR did not

show any increase in C6/36 cells.
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Figure 4.3: Replication kinetics of chimeric strains in Vero and C6/36 cells

Replication kinetics of rMP12-AM-SUTR, rtMP12-AM-M5’UTR, rMP12/GFP-AM-LUTR, and rMP-12 were analyzed in Vero
(left panel) or C6/36 cells (right panel). Cells were infected with tMP12-AM-SUTR, rtMP12-AM-M5’UTR, rtMP12/GFP-AM-
LUTR, or rMP-12 at an MOI of 0.01. After washing, culture supernatants were collected at 1, 24, 48, 72, and 96 hpi.
Experiments were performed in triplicate, and means +/- standard errors are shown. Arithmetic means of logio values were
analyzed via unpaired t-test (chimeric strain vs rMP-12). Asterisks represent statistical differences among viral titers at
corresponding time points (*p < 0.05, **p < 0.01).

Viral RNA accumulation of chimeric MP-12 viruses
To further analyze the occurrence of viral RNA replication, droplet digital PCR was

performed to measure RNA copy numbers of each segment from cells infected with rMP12/GFP-
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AM-LUTR. Less abundant viral RNA was detected from Vero or C6/36 cells infected with
rMP12/GFP-AM-LUTR than those infected with rMP-12. In C6/36 cells, rMP12/GFP-AM-LUTR
infection induced 118, 241, and 50 copies of S, M, and L segment, respectively, at 72 hpi, in
comparison to 6118151, 165109, and 176290 copies of S, M, and L segment of parental rMP-12
(Fig. 4.4A). This indicated that mosquito C6/36 cells did not support the replication of
rMP12/GFP-AM-LUTR even after 72 hpi. In Vero cells, tMP12/GFP-AM-LUTR infection
induced 8573, 30203, and 6813 RNA copies of S, M, and L segment, respectively, at 72 hpi, in
comparison to 276323, 212175, and 244297 copies of S, M, and L segment of rMP-12 (Fig. 4.4B).
Droplet digital PCR was also performed with rtMP12-AM-SUTR to compare the difference of
RNA accumulation from that seen with rMP12/GFP-AM-LUTR. As expected, infection with
rMP12-AM-SUTR showed RNA copy numbers similar to those of parental rMP-12 at 1, 24, 48,
and 72 hpi (Fig. 4.5). High level of viral RNA were detected at 24, 48, and 72 hpi in both C6/36
and Vero cells, demonstrating that the RNA replication of tMP12-AM-SUTR is as efficient as

parental rMP-12 strain in both C6/36 and Vero cells.
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Figure 4.4: Viral RNA accumulation of chimeric MP-12 viruses (rMP-12 vs rMP12/GFP-

AM-LUTR)

C6/36 cells (A) or Vero cells (B) were infected with rMP-12 (left panel) or IMP12/GFP-AM-LUTR (right panel) at an MOI of
0.01. Total RNA was extracted at 1, 24, 48, and 72 hpi, and ddPCR analysis was performed using probes designed to detect MP-
12 S, M, or L segments. The X-axis represents collected time points after infection and the Y-axis represents the RNA copy
number per pg of total RNA. Experiments were performed in triplicate, and means +/- standard errors are shown.
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Figure 4.5: Viral RNA accumulation of chimeric MP-12 viruses (rMP-12 vs rMP12-AM-

SUTR)

C6/36 cells (A) or Vero cells (B) were infected with rMP-12 (left panel) or rMP12-AM-SUTR (right panel) at an MOI of 0.01.
Total RNA were extracted at 1, 24, 48, and 72 hpi, and ddPCR analysis was performed using probes designed to detect MP-12 S,
M, or L segments. The X-axis represents collected time points after infection and the Y-axis represents the RNA copy number
per ug of total RNA. Experiments were performed in triplicate, and means +/- standard errors are shown.
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Characterization of L/ M/ S RNA ratios of virion RNA from rMP-12 chimeric strains

It was hypothesized that alteration of MP-12 UTR affects the packaging of viral RNA into
virions. Thus, the RNA copy number of virion-derived RNA was next determined. To minimize
the contamination of cell-derived viral RNA, culture supernatants were first treated with nuclease,
and then, virions were collected via ultracentrifugation. Viron-derived RNA collected from the
pellet was analyzed by droplet digital PCR using probes specific to L-, M-, or S-segment. As
shown in Figure 4.6, the L/M/S ratio of parental rMP-12 virion RNA was 1:1.4:3.1. The L/M/S
ratio of virion RNA for the rMP12-AMTV-SUTR, rtMP12-AMTV-M5’UTR, or rMP12-AMTV-
LUTR were 1:2:12.2, 1:10.8:18.8, or 1:3.2:6.6, respectively. This result demonstrates that

exchange of rMP-12 UTR leads to alteration of L/M/S ratio of virion-derived RNA.
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Figure 4.6: Alteration of L, M, S RNA ratios in virions via UTR exchanges

Vero cells were infected with rMP-12, rtMP12-AM-SUTR, tMP12-AM-M5’UTR, and rMP12/GFP-AM-LUTR. Culture
supernatant was collected at 3 dpi for ultracentrifugation and virion RNA was extracted and ddPCR analysis using probes
designed to detect MP-12 S, M, or L segments was used. The X-axis represents chimeric rtMP-12 strain used with respective L,
M, and S segments and the Y-axis represents the ratio of virion L, M, and S RNA. Experiments were performed in triplicate.

Characterization of recombinant MP-12 strain encoding AMTYV NSs gene

Since the rMP12-AM-SUTR encodes not only AMTV S-segment UTRs, but also AMTV
NSs OREF, it is possible that the chimeric virus could display different phenotypes in type-I IFN-
competent human cells. Little is known about the biological functions of AMTV NSs proteins.
Thus, the impact of the replacement of the MP-12 NSs gene with that of the AMTV NSs gene was

next evaluated. If AMTV NSs protein can functionally counteract host antiviral responses as
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RVFV NSs protein does, then the rMP12-AMTVNSs should replicate robustly in type-I IFN-
competent cells. The replication kinetics of rMP-12, rMP12-AMTVNSs, or rMP12-ANSs16/198
was then carried out in MRC-5 and Hepal-6 as shown in Figure 4.7. The rtMP12-AMTVNSs
replicated efficiently in murine Hepal-6 cells, and not in human MRC-5 cells. This result indicated

that AMTV NSs proteins likely inhibit antiviral responses in Hepal-6 cells, but not in MRC-5

cells.
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Figure 4.7: The replication kinetics of rMP-12, rMP12-AMTVNSs, or rMP12-ANSs16/198
in MRC-5 and Hepal-6

Replication kinetics of rMP-12, tMP12-AMTVNSs, or rMP12-ANSs16/198 in MRC-5 and Hepal-6. Cells were infected with
rMP-12, tMP12-AMTVNSs, or tMP12-ANSs16/198 at 0.01 MOI. After washing, culture supernatants were collected at 1, 24,
48, 72, and 96 hpi. Experiments were performed in triplicate, and means +/- standard errors are shown. Asterisks represent
statistical differences among viral titers at corresponding time points.

Role of AMTYV NSs proteins in interferon- mRNA up-regulation in MRC-5 and Hepal-6

cells
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To further confirm this, the induction of IFN-f mRNA in MRC-5 or Hepal-6 cells were
analyzed by ddPCR (Fig. 4.8). In MRC-5 cells, tMP12-AMTVNSs induced 27,383 copies of
human IFN-B mRNA at 8 hpi, which was 57 times more than mock-infected cells. Infection with
rMP12-ANSs16/198 induced slightly more human IFN- mRNA than tMP12-AMTVNSs at 8 hpi,
but the difference at 16 hpi was no longer significant. In Hepal-6 cells the rMP12-ANSs16/198
induced murine IFN-f mRNA 138 and 93 times more than rMP12-AMTVNSs at 8 and 16 hpi,
respectively. These results indicated that AMTV NSs expression can significantly inhibit the
induction of murine IFN-B mRNA. Viral S-segment RNA and N mRNA copies were also
measured in Hepal-6 and MRC-5 cells at 8 hpi (data not shown). Viral RNA levels of rtMP12-
AMTVNSs or rMP12-ANSs16/198 were abundantly detected at 8 hpi in Hepal-6 and MRC-5 cells

(100,000 to 1,000,000 copies per total RNA pg).
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Figure 4.8: Induction of interferon-p mRNA in MRC-5 cells or Hepal-6

MRC-C or Hepal-6 cells were mock-infected, or infected with rMP12AMTVNSs or rMP12-ANSs16/198 (rMP12ANSs) at an
MOI of 10. Total RNA was extracted at 8 or 16 hpi, and ddPCR analysis was performed using a human IFN-f probe (left panel)
or a murine IFN-f probe (right panel). The Y-axis represents the RNA copy number per pg of total RNA. Experiments were
performed in triplicate, and means +/- standard errors are shown.

Discussion
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AMTYV and several other phleboviruses, such as Adana virus, Adria Virus, Alcube virus,

Edrine virus, Medjerda Valley virus, Odrenisrou virus, Olbia virus, and Ponticelli virus'#-15¢,

are
clustered into a phylogenetic clade that is closely related to the Salehabad species complex.
Currently, there is little evidence of human diseases associated with viruses within this species
complex, with the exception of Adria virus, whose genome was partially detected from a child
who was hospitalized in Greece due to febrile seizure and nausea'”’. In addition, there are some
evidences of human infections by phleboviruses within the Salehabad species complex. For
example, in Tunisia, human sera (1.35%; 1:10 — 1:160) showed detectable neutralizing antibodies
against Medjerda virus'#’, whereas human sera from Italy (4.6%; 1:10 — 1:20) showed neutralizing
antibodies to Arbia virus'>’. Human sera have also shown detectable neutralizing antibodies
against AMTV in Egypt (1.6 — 8.3%; >1:10), Sudan (1.4 — 80%; >1:10), and Somalia (2.1%;
>1:10)%. Past isolations of AMTV, however, were mainly from rodents, such as African grass
rats, wild rats, typical striped grass mice, gerbils, and shrews®®. It is thus important to evaluate
whether or not the Salehabad species complex, AMTYV in particular, can interact with RVFV to
generate potentially pathogenic chimeric strains.

In previous chapter, it was demonstrated that the structural proteins, N, L and Gn/Gc, are
not interchangeable between RVFV and AMTV. It is thus unlikely that RVFV and AMTV can
form reassortant strains from co-infected cells. Meanwhile, there are no sufficient evidences to
exclude the capability of genetic recombination between RVFV and AMTV. Thus the exchange
of genetic elements, such as the UTRs of the S-, M-, and L-segments or the NSs protein, of AMTV
can functionally act as a surrogate to those of RVFV. Although genetic recombination between

RVFV and AMTYV may not easily occur in nature, the use of reverse genetics might allow creations

99



of various chimeric strains between them. Further characterization of virological phenotypes of
chimeric strains might predict the outcome of genetic recombination between RVFV and AMTYV,
which would be useful for the evaluation of the potential recombination impact of MP-12 vaccine
use in endemic countries.

The exchange of the L UTR of rMP-12 with that of AMTYV (i.e., tMP12/GFP-AM-LUTR)
resulted in a significant decrease in viral replication when compared to rMP12-AM-MS5’UTR,
rMP12-AM-SUTR, or rMP-12 in Vero cells. Interestingly, the rMP12/GFP-AM-LUTR did not
show productive RNA replication in C6/36 cells. This result indicates that the exchange of MP-12
L3’ and 5’ UTR with that of AMTV L 3’ and 5’ UTR could have a major impact in viral replication
in C6/36 cells. Analysis of viral RNA copy numbers of L-, M-, and S-segment of rMP12/GFP-
AM-LUTR virions purified from Vero cells showed decreased L-segment RNA copy numbers
relative to S- and M-segment, indicating less efficient replication or packaging of chimeric L-
segment in Vero cells. Moreover, mosquito C6/36 cells may not be able to support the AMTV L-
segment replication using RVFV N and L proteins by an unknown mechanism. The replacement
of the entire M segment UTR of rtMP-12 with AMTYV did not result in a viable chimeric strain.
Alternatively, a partial M segment 5> UTR of rMP-12 was replaced with that of AMTV and a
recombinant chimeric strain (rMP12-AMOMS5’UTR) was successfully rescued. It was shown that
a AMTV 5’ UTR in the MP-12 M-segment affects efficient viral RNA replication in both Vero
and C6/36 cells, when compared to that of parental rMP-12. The replacement of the 5* and 3° S
UTRs, IGR and NSs of rtMP-12 with those of AMTYV did not show negative impact on the viral
replication in Vero cells or C6/36 cells. It was thus concluded that the 3’ and/or 5 UTRs of MP-
12 strain could be exchanged with those of AMTV, yet such changes affects efficient viral

replication, except for the exchange of S-segment UTRs or NSs gene.
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This study also demonstrated that exchanges of UTRs of MP-12 with those of AMTV led
to alteration of L/M/S ratio of virion-derived RNA. The L/M/S ratio of virion RNA for the parental
t™MP-12, rtMP12-AMTV-SUTR, rMPI12-AMTV-M5’UTR, or rMP12-AMTV-LUTR were
1:1.4:3.1, 1:2:12.2, 1:10.8:18.8, or 1:3.2:6.6, respectively. Thus, an exchanges in the UTR might
have significant impact on the coordinated genome RNA packaging. A previous study estimated
the L/M/S ratio of RVFV C13 strain virion as 1:3.9:3.9'%. Although observed 1:1.4:3.1 ratio for
rMP-12 was similar to the reported L/M/S ratio of RVFV virions, increases of S-segment RNA
copy numbers for IMP12-AMTV-SUTR in virions might be due to exchanges of S-segment 3’-
and 5’-UTRs as well as IGR and NSs gene. Potential disruption of presumable coordinated
packaging of chimeric S-segment RNA via MP-12 M-segment might result in independent release
of S-segment RNA as non-infectious virus-like particle (VLP)s. Similarly, a lack of MP-12 M-
segment 5S’UTR might lead to abolishment of coordinated packaging via the MP-12 M-segment.
As a result, both M- and S-segments of rMP12-AMTV-M5’UTR might be released into VLP
virions without synergic packaging of L-, M-, and S-segments. Moreover, the L-segment of
rMP12-AMTV-LUTR might be less efficiently packaged into virions, which increased relative
abundance of M- and S-segment RNA in virion. Those hypotheses will need to be further validated
in future experiments.

Although the rMP12-AM-SUTR was viable and efficiently replicated in Vero and C6/36
cells, it is possible that the AMTV NSs gene expressed from this chimeric strain could not be
functional in counteracting host type-I IFN responses. Although many pathogenic phleboviruses
encode NSs gene, which inhibit the induction of human IFN-f mRNA, little is known about the
biological functions of AMTV NSs protein in this regard. Accordingly, the induction of human

IFN-B mRNA was analyzed in MRC-5 cells infected with rMP12-AMTVNSs. Human IFN-f3
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mRNA upregulation occurred in MRC-5 cells in response to the replication of IMP12-AMTVNSs,
indicating that AMTV NSs protein does not inhibit the IFN- induction/signaling pathways in
human cells. In contrast, the rMP12-AMTVNSs inhibited the induction of murine [IFN-f mRNA
in Hepal-6 cells. Nevertheless, AMTV NSs functions in human or murine cells remains largely
uncharacterized, which should be addressed in future studies. Meanwhile, AMTV has been
isolated in rodents in Africa. Since AMTV NSs proteins can inhibit murine IFN-f3 gene, it is likely
that it can also inhibit such pathways in other wild rodents. If rodents serve as reservoir for AMTYV,
AMTYV NSs proteins may support amplification of AMTYV in vivo.

In summary, none of the artificial chimeric MP-12 strain encoding AMTV UTRs or NSs
gene showed significantly increased replication in culture cells and the NSs gene failed to
counteract with IFN-B gene up-regulation in human cells. Based on the characterization of three
chimeric MP-12 strains encoding AMTV gene fragments derived from either L-, M-, or S-
segment, the chimeric MP-12 strains encoding AMTYV genetic element are considered less
pathogenic than parental MP-12 strain. Although it is not clear how the homologous recombination
can occur between RVFV and AMTV in nature, this experimental finding will provide
fundamental knowledge of basic chimeric strains to predict the concerns of potential viability or

virulence of other genetic recombinants of MP-12 vaccine with AMTYV during the field trials.
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CHAPTER 5: Epilogue

Although the live-attenuated MP-12 vaccine has never been used for field trials in Africa,
the rMP12-ANSm21/384, a genetic variant of MP-12, has been introduced into Tanzania, and the
safety and immunogenicity has been tested'>®. Further evaluation of rMP12-ANSm21/384 in field
trials will expose vaccinated animals to vector mosquitoes in nature. My immediate concern was
the spillover of vaccine strain to environment and subsequent genetic exchanges with circulating
wt RVFV in mosquito vectors. Fortunately, the rMP12-ANSm21/384 lacks the 78kD/NSm gene,
which most likely abolish viral potential to disseminate via midgut of mosquitoes®. It is however
important to address potential concerns occurring via MP-12 vaccine for field use in endemic
countries. For example, Smithburn vaccine and wt RVFV generated a reassortant strain in a
human, which led to the isolation of SA184/10, which encodes the vaccine strain M-segment and
S- and L-segments of SA54/10 strain. In my Aim 1 study, MP-12 strain was shown to randomly
reassort with other RVFV genotype. It is thus likely that reassortant strains carrying the S- and/or
L-segment of rMP12-ANSm21/384 and the M-segment of wt RVFV may be transmitted via
mosquitoes. The S- or L-segment of rMP12-ANSm21/384 encode only weak attenuation
phenotype, and thus such reassortants likely retain some virulence to humans or animals. In Aim
2, the experiment demonstrated that the S- and L-segments of rMP12-GM50 was more attenuated
than those of parental MP-12. Moreover, the rMP12-GMS50 encode more than 500 silent mutations
throughout the genome. In this regard, any reassortants derived from rMP12-GMS50 strain will be
highly attenuated, whereas such reassortant strains encode genetic markers to be distinguished
from wt RVFV. It is even likely that such attenuated RVFV reassortants may serve as a natural

vaccine to immune wild animals. Accurate surveillance of the distribution of vaccine strain or the
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reassortants will thus be important to understand environmental impact of vaccination in endemic
countries.

Another concern was the formation of any reassortant or recombinant MP-12 strains via
interspecies genetic exchanges. Mosquito-borne phleboviruses have not been extensively
characterized in Africa, yet at least AMTV is widely distributed there. AMTV is transmitted via
C. antennatus, which is also a vector for RVFV. Seroprevalence for AMTV was shown in humans
and ruminants in Africa, indicating mosquito-borne exposure of AMTV to humans or animals in
nature. Historically, AMTYV has not been pathogenic to humans, whereas AMTV NSs proteins did
not inhibit IFN-f mRNA up-regulations in an Aim 3 experiment. In Aim 1 study, MP-12 and
AMTYV did not form any viable reassortants, due to functional incompatibility of N, L, and GnGc
proteins between them. Based on those results, it will be less likely to have an emergence of viable
reassortant virus derived from RVFV and AMTYV. Potential limitation of current study was the use
of C6/36 cells, which lacks functional antiviral functions'>®. Under selective pressures with robust
antiviral responses in animals or vector mosquitoes, additional genetic mutations might be
introduced into RVFV and AMTV genome, which might lead to viral fitness to survive better
using those genetic materials. Such unpredictable concerns should be addressed in future studies.

Homologous recombination does not frequently occur among negative-stranded RNA
viruses. It was however reported that hantaviral RNA could recombine in persistently-infected
cells'®. In this regard, I initially tested the occurrence of homologous recombination between MP-
12 and rMP12-GM50 in persistently-infected C6/36 cells, yet no clues of homologous
recombination could be obtained. I also tested homologous recombination between rMP12-
ANSs16/198 and rMP12-GM50 lacking the NSs gene in persistently-infected Vero cells. It

demonstrated generation of defective-interfering (DI) RNA, yet no isolation of recombined MP-
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12 strain was made. To clarify whether the chimeras between MP-12 and AMTYV could be highly
viable, I used reverse genetics and designed the favorable incorporation of AMTV UTR or NSs
gene into MP-12 genome. An exchange of partial or full UTRs in the L-, M-, or S-segment
abolished authentic L/M/S RNA ratio in virions, and affected efficient viral replication in Vero,
C6/36, or MRC-5 cells. It is thus less likely that MP-12 strain encoding AMTV UTR or NSs gene
will surpass the residual virulence of MP-12 strain. It is however difficult to exclude the possibility
that further optimized incorporation of AMTV genetic elements might lead to revert the
attenuation phenotype of MP-12 strain.

In conclusion, this study characterized potential formation of genetic reassortants and
recombinants between MP-12 and AMTV. Without further viral adaptation, it is not likely that
MP-12 and AMTYV form viable reassortants. In contrast, MP-12 chimeras encoding AMTV UTR
or NSs gene could be generated artificially by using reverse genetics. It is however uncertain
whether homologous recombination can occur and create such ideal chimeras in naturally co-
infected cells. Nevertheless, it will be ideal to minimize the spillover of vaccine strains into
mosquito populations. Further attenuation of L-, M-, and S-segment or incorporation of genetic

markers such as rMP12-GM50 will benefit future RVF vaccination in endemic countries.
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