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Rift Valley fever virus (RVFV) has the ability to cause severe disease (in the form
of encephalitis or hemorrhagic fever) in humans and animals. RVFV is endemic to parts
of Africa and the Arabian Peninsula, but there is significant concern regarding its
potential introduction into non-endemic regions and the potentially devastating effect to
livestock populations with concurrent infections of humans. The lack of licensed vaccines
or therapeutics contributes to the designation of RVFV as a category A agent on the
NIAID list of priority pathogens. During outbreaks in livestock, a nearly 100% abortion
rate in infected pregnant animals can be observed with up to a 60% mortality rate in adult
animals. Until recently, limited information has been published on the host response to
infection by RVFV. To date, there is little detailed data directly comparing the host
response to infection with RVFV and correlation with viral pathogenesis. My goal was to

be able to discern the host response to infection and to correlate the response with
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development of RVFV-induced pathogenesis. My efforts have centered on
understanding how host immune-modulatory cells respond to infection.

In the first part of my project, primary mouse bone marrow derived (BMD)
macrophages were infected with MP-12 (attenuated vaccine strain), tMP-12 Clonel3
type virus (a recombinant virus resembling a naturally occurring attenuated strain), and
ZH501 (pathogenic wild type strain). The cytokines and chemokines examined show a
larger increase after MP-12 or rtMP12-C13type infection when compared to the increase
of the same cytokines after ZH501 infection. Since ZH501 does not induce secretion of
cytokines in macrophage cells, it may be using these cells for transport and as initial
replication site.

The second part of my project involved characterizing clinical and systemic
immune responses to infection with ZH501 or MP-12 in the C57BL/6 mouse. Animals
infected with MP-12 survived productive viral infection with little evidence of clinical
disease and minimal cytokine response in evaluated tissues. In contrast, ZH501 infection
was lethal, caused depletion of lymphocytes and platelets and elicited a strong, systemic

cytokine response which correlated with high virus titers and significant tissue pathology.
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Chapter 1 Introduction:

BRIEF HISTORY

Rift Valley fever (RVF) virus (RVFV) (family Bunyaviridae, genus Phlebovirus)
is a highly pathogenic mosquito-borne virus that can cause lethal disease in both humans
and, particularly, ruminant animals (Findlay 1931; Schwentker and Rivers 1934). RVFV
is endemic to sub-Saharan Africa, Egypt, and the Arabian Peninsula (Saudi Arabia and
Yemen) (Bird, Ksiazek et al. 2009). Humans are typically infected during disease
outbreaks in animals. The clinical picture of RVF in humans can vary from a self-limiting
febrile disease, to more severe symptoms, such as hemorrhagic fever, encephalitis, and
retinitis, and can even result in death. Major outbreaks in human populations vary in size,
intensity and location with these parameters dependent upon rainfall and mosquito
abundance (Gear 1977; Davies, Linthicum et al. 1985; WHO 2007). Most outbreaks of
RVFV can be linked to a period of high rainfall that increases the number of breeding
sites for Aedes species mosquitoes (Meegan 1988; Davies 2003). RVFV is classified by
the National Institute for Allergy and Infectious Diseases (NIAID) as a category A
priority pathogen and is a United States Department of Agriculture (USDA) high priority

pathogen.

DISTRIBUTION AND IMPACT

The first known outbreak of RVFV was in sheep in 1930 in the Great Rift Valley
in Kenya near Lake Naivasha (Daubney 1931). On a farm in the area, many sheep,

lambs, and ewes became sick and died. Since then, the disease has been seen in many

IPortions of this chapter have been previously published. K.K. Gray, M. N. Worthy, et al. (2012).
"Chemotactic and inflammatory responses in the liver and brain are associated with pathogenesis
of Rift Valley fever virus infection in the mouse." PL0oS Negl Trop Dis 6(2): e1529

1




different African countries (Figure 1.1). The largest recorded outbreak of RVF was in
Egypt in 1977 while only 598 fatalities were reported, 20,000 to 200,000 human
infections were estimated (Abdel-Wahab 1978; Laughlin, Meegan et al. 1979; Meegan,
Hoogstraal et al. 1979). RVFYV is historically endemic in sub-Saharan Africa, but the
virus increased its range and spread to the Arabian Peninsula in 2000 and the island of
Madagascar in 2008. It is believed the virus spread either by wind-blown mosquitoes or
transportation of infected livestock from East Africa (Shoemaker, Boulianne et al. 2002).
The outbreak in 2000 was the first documented outbreak of RVFV outside of Africa. In
this outbreak, 14% and 11% of individuals that reported infections died in a five-month
span in Saudi Arabia and Yemen, respectively (Shoemaker, Boulianne ef al. 2002). The
higher than normal mortality rates found on the Arabian Peninsula are thought to be due
to the virus being introduced into a naive population. Recent outbreaks in South Africa
and Mauritania have shown a higher mortality rate than previous ones have. A 2010-
2011 outbreak in South Africa resulted in over 250 laboratory confirmed cases with an
approximate case fatality rate of 11% (NICD 2011). The outbreak in the fall of 2012 in
Mauritania resulted in 34 reported cases with 17 deaths (WHO 2013). This increase
could be due to more awareness of the disease and better detection methods and therefore
a higher rate of reported mortality.

RVFV infection in ruminants causes a more catastrophic disease than in humans.
Pregnant ruminants that become infected with RVFV can have nearly a 100% abortion
rate and some might have permanent reproductive problems (Baskerville, Hubbard et al.
1992; Flick and Bouloy 2005). An outbreak of RVFV causes significant agricultural
problems to an area. It is thought that in the first year of an outbreak, 40-100% of
pregnant animals that become infected will abort their fetuses and 90-100% of all animals
younger than 14 days old that become infected will also succumb to the disease (Hartley,
Rinderknecht et al. 2011). After an outbreak, trade restrictions can be placed on live

animals, meat and meat products, as well as milk and milk products. In the United States,
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susceptible livestock and competent mosquito vectors are present (Davies 2003;
Swanepoel 2004; Kasari, Carr et al. 2008) and an outbreak of RVF could be a substantial
setback to the agricultural industry as many animals would be sacrificed to limit the
spread of the disease and animal as well as animal product exports would be severely

restricted. The estimated cost of an outbreak to the livestock industry is in the billions.

Figure 1.1. RVFV Distribution?

The dark green countries indicate reported outbreaks of RVFV. The lighter green
countries represent areas where the virus has been isolated (Ikegami 2012).

VIRUS TRANSMISSION

While the virus has been detected in 23 species of mosquitoes (including Aedes,
Anopheles, and Culex spp. mosquitoes) as well as other vectors such as sandflies, RVFV
is transmitted primarily by floodwater Adedes mcintoshi mosquitoes (Smithburn, Haddow
et al. 1949; Swanepoel 1994; Fontenille, Traore-Lamizana et al. 1998; Moutailler, Krida

et al. 2008). These mosquitoes increase in number after heavy rainfalls that result in a

2 Modified and reprinted from lkegami, T. (2012). "Molecular biology and genetic diversity of Rift Valley
fever virus." Antiviral Res 95(3): 293-310 with permission from Elsevier.
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larger number of accessible breeding sites and stimulate dormant eggs to hatch. The
virus survives during the dry season due to transovarial transmission. Infected
mosquitoes lay eggs that are infected with the virus. When it rains, the mosquito eggs
hatch and infected mosquitoes are released. Outbreaks have been shown to follow times
of abundant rainfall or after new dams have been constructed (Linthicum, Davies et al.
1985; Meegan 1988; Digoutte and Peters 1989). Aedes mosquitoes are found throughout
the world, including the United States and Europe, making the potential introduction of
RVFYV into naive populations a very serious public health and agricultural concern as
naive populations have higher morbidity and severe reactions recorded (Al-Hazmi,
Ayoola et al. 2003; Bird, Ksiazek et al. 2009). To support the notion that naive
populations are more susceptible to RVFV infection, recent studies have evaluated RVFV
infection in primate species from Africa and South America. These studies found that
several African monkey species do not have any febrile response after they are infected
with RVFV, while South American monkey species had fever for up to 2 days after
infection (Findlay 1932; Easterday 1965; Davies, Clausen et al. 1972; lkegami and
Makino 2011; Smith, Bird ef al. 2012). It appears that the old-world monkey species
may have developed a slight natural genetic resistance to infection after dealing with
RVFYV for over 80 years. This resistance also appears to occur in livestock as indigenous
African breeds of sheep, goats, and cattle have no clinical signs of disease, when
compared to the European breeds, even though they do have a short viremic period
(Davies 2003).

RVFV is generally transmitted to humans through the bite of an infected
mosquito, but aerosol transmission or contact with bodily fluids and tissues from infected
animals has also been documented (Figure 1.2) (Smithburn, Haddow et al. 1949;
Smithburn, Mahaffy et al. 1949). People who are in close contact with viremic animals,
such as farmers, herders, and veterinarians, have an increased risk of contracting RVFV.

Aborted fetuses are of special concern as RVFV can maintain its high infectivity in the

4



protein rich environment of the fetus for an extended period of time (Bouloy 2011).
People that are involved in the birthing process are at a particularly high risk due to the
contact with infected tissue and possible aerosolized particles from animals. RVFV is
thought to be highly infectious in an aerosol and is stable at 4°C for extended periods of
time; accordingly, it has the theoretical potential to be used as a biological weapon

(Davies and Highton 1980; Peters 2002; Gerdes 2004).
Mosquitoes
Wildlife Transovarial M
Transmission
& Domestic
) Animals

fs{ﬁ \,» oL
, e P =

’l.\/losq_uitoes 7 J .

Figure 1.2. RVFV Transmission cycle

Transmission cycle of RVFV. The virus is transmitted by mosquitoes to domestic
animals or wildlife. Humans can be infected by mosquitoes or by exposure to infected
animal tissue.

VIRAL STRUCTURE AND PROTEIN FUNCTION

RVFYV is an icosohedral virus enveloped by a lipid bilayer that is 90-110 nm in
diameter and contains a segmented, negative-sense, single-stranded RNA genome (Flick
and Bouloy 2005; Schmaljohn 2007; Freiberg, Sherman et al. 2008; Huiskonen, Overby
et al. 2009; Sherman, Freiberg et al. 2009). The genome consists of three segments: large
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(L), medium (M), and small (S). The L and M segments are of negative polarity (Figure
1.3) while the S segment has an ambisense polarity. The L segment encodes the L
protein (viral RNA dependent RNA polymerase), while the M segment encodes Gn and
Gc, (surface glycoproteins that extend from the virion surface), NSm (non-structural
protein), and a 78 kDa protein. The S segment ¢ ncodes for two proteins: N

(nucleocapsid protein) and NSs (non-structural protein) (Schmaljohn 2007).

S 7 ™~
3 | IRNSSR 5|

Figure 1.3. Schematic of RVFV gene organization3

The green boxes represent the 6 genes of RVFV. N, Gn, Gc and L represent the 4
structural genes while NSs and NSm represent the 2 non-structural genes. The 78 kDa
protein is part of the M-segment, but is shown below the M-segment as it overlaps the
NSm and Gn genes. The arrows represent gene polarity. The L and M segments are
negative polarity. The S segment is ambisense.

The surface glycoproteins Gn and Gc are transmembrane proteins that are
arranged at regular intervals on the viral surface. The virion is covered by 122
glycoprotein capsomers (Sherman, Freiberg et al. 2009), which are likely formed by Gn-
Gc heterodimers, and form hexamers and pentamers (Freiberg, Sherman et al. 2008;
Rusu, Bonneau ef al. 2012). While Gec is required for the virus to fuse with the host cell
membrane (Dessau and Modis 2013), the cytoplasmic tail domains of the Gn protein
associate with the viral ribonucleoprotein (RNPs) and are thought to act as a matrix

protein found in other negative-strand RNA viruses, connecting the viral envelope with

3 Modified and reprinted from Ikegami, T. (2012). "Molecular biology and genetic diversity of Rift Valley
fever virus." Antiviral Res 95(3): 293-310 with permission from Elsevier.
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its RNA (Piper, Sorenson et al. 2011; Strandin, Hepojoki et al. 2013). The RNPs are
composed of the individual genomic segments of RNA that are encapsidated with the N
protein in a string of pearls formation and the viral L protein. The RNA and N protein
interact in a similar fashion as DNA and histones (Raymond, Piper et al. 2010; Ferron, Li
et al. 2011; Raymond, Piper et al. 2012). The untranslated regions at both the 3” and 5’
ends of the genomic RNA are highly conserved and self-associate through non-covalent
bonds. The genomic panhandle structured RNA is then packaged into mature virions.
While neither non-structural protein is needed for viral replication, NSs is
considered the virulence factor of RVFV (Bouloy, Janzen ef al. 2001). NSs has several
important functions. It has been known for some time that the NSs protein is responsible
for the type I interferon (IFN-a and IFN-f) antagonistic properties of RVFV (Billecocq,
Spiegel et al. 2004; McElroy and Nichol 2012). This property is lacking in the NSs
protein of the RVFV mutant clone 13 which has an in-frame deletion of the majority
(70%) of the NSs gene and is attenuated in wild type adult mice (Bouloy, Janzen et al.
2001; Billecocq, Spiegel et al. 2004). NSs interacts with the p44 subunit of transcription
factor and Sin3A-Associated Protein 30 (SAP30) (Le May, Dubaele ef al. 2004; Le May,
Mansuroglu ef al. 2008; Benferhat, Josse et al. 2012) and affects the IFN-f3 pathway at
various stages all with the role of evading the host response to viral infection (Ikegami
and Makino 2009). NSs interacts with SAP30 and represses the histone acetylation of this
protein to prevent the transcriptional activation of the IFN-f3 promoter and thus prevents
the transcription of IFN-B gene (Le May, Mansuroglu et al. 2008). It was also found that
NSs down regulates general host transcription by interacting with the p44 subunit of
transcription factor II H (TFIIH) (Le May, Dubaele et al. 2004). TFIIH is a required
transcription factor for cellular RNA polymerase I and II. NSs nuclear filaments bind the
p44 subunit so that host RNA polymerase cannot be activated because TFIIH assembly is
blocked (Le May, Dubaele et al. 2004). Since the RNA polymerase cannot be activated,

basal level cellular transcription is decreased (Le May, Dubaele et al. 2004). NSs has
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also been shown to down regulate the p62 subunit of TFIIH (Kalveram, Lihoradova et al.
2011). NSs is able to inhibit transcription in the host cell, including type I IFN and genes
stimulated by IFN, which prevents a proper antiviral response in nearby cells, (Ikegami,
Narayanan et al. 2009; lkegami and Makino 2011). By down-regulating host
transcription, RVFV can use all the components of the cell to make mature virions.

NSs also promotes proteasome-mediated degradation of PKR (dsRNA-dependent
protein kinase) and does not allow for the activation of eukaryotic initiation factor 2 alpha
(elF2a) (Habjan, Pichlmair ef al. 2009; lkegami, Narayanan et al. 2009; lkegami,
Narayanan et al. 2009). Normally PKR plays an important role in inhibiting cellular and
viral protein synthesis and induction of apoptosis after sensing dsRNA. To prevent
translational shut-off, NSs promotes the degradation of PKR. This process promotes
viral protein synthesis as the degraded PKR cannot inhibit protein synthesis nor induce
apoptosis in infected cells (Ikegami, Narayanan et al. 2009; Ikegami and Makino 2011).

Even though RVFV replicates in the cytoplasm, NSs forms filamentous structures
in the nucleus that bind to specific regions of host DNA (Struthers and Swanepoel 1982).
When RVFV binds to these DNA sequences, it leads to segregation defects and
chromosome cohesion in mouse cells (Struthers and Swanepoel 1982; Bouloy 2011).
These two processes could be the cause of fetal defects and therefore abortions that are
seen in RVFV infected ruminants (Bouloy 2011).

NSm is implicated in viral pathogenesis and is thought to have anti-apoptotic
properties (Won, Ikegami et al. 2007). It has been shown that deletion of NSm from the
virus stimulates significant cell die offs through the activation of caspases 3, 8, and 9 in
infected cells (Won, Ikegami et al. 2007). The suppression of apoptosis by NSm could
give the virus a larger window of productivity thereby increasing the viral progeny output

by each infected cell (Engdahl, Naslund ez al. 2012).



VIRAL REPLICATION

After binding to its receptor, the virus enters the cell through receptor-mediated
endocytosis (Lozach, Kuhbacher ef al. 2011). DC-SIGN has been identified as at least
one receptor for phleboviruses on DCs (Lozach, Kuhbacher er al. 2011). NSs is
synthesized very early after viral infection because some S antigenome is present in the
mature virion when it initially infects the cell (Ikegami, Won et al. 2005). Once inside
the cells, viral genomic RNA that is associated with the viral N protein undergoes
primary transcription in the cell cytoplasm with the aid of the viral RNA polymerase and
produces complementary RNA (cRNA), antigenome and mRNA. The S segment
antigenome is the template for NSs mRNA. NSs then begins its interruption of the
cellular functions that allows the virus to replicate to high titers in the cell (Billecocq,
Spiegel et al. 2004; McElroy and Nichol 2012). After NSs has accumulated in the cell,
viral replication can begin in a “virus-friendly” environment, where the transcription of
antiviral proteins is down-regulated. Host mRNAs are cleaved and the 5’-cap is removed
from the host mRNA through the cap-snatching mechanism to initiate viral mRNA
synthesis by the L protein which also possesses an endonuclease activity (Patterson,
Holloway et al. 1984). Initiation of cRNA synthesis begins with 5’ nucleoside
triphosphates (Simons and Pettersson 1991; Gro, Di Bonito et al. 1992).

Viral mRNA for the Gn and Gc proteins is translated into viral protein at the ER.
Structural proteins Gn and Gc are transported to the Golgi apparatus due to a Golgi
localization signal in the transmembrane domain of the Gn protein. Gn and Gc are
glycosylated, and expressed together as a polyprotein. Gc requires the physical
interaction with Gn to be transported to the Golgi. Without Gn, Gc remains in the ER
due to an ER retention signal it expresses. After replication of RVFV in the cytoplasm,
and assembly at the Golgi membrane, the mature virus buds from the Golgi compartment

and, in infected hepatocytes, the plasma membrane (Anderson and Smith 1987; Bouloy



2011). When the virus buds from the Golgi complex, Golgi vesicles containing mature
virus migrate to the cell surface and fuse with the plasma membrane where mature virus

is then released.

Current Vaccines

The easiest way to slow the spread of RVFV is through mosquito control
programs. Phlebovirus cases have been shown to decrease after malaria eradication
campaigns implemented widespread insecticide spraying in an area (Bouloy 2011). It is
possible that decreasing the number of vectors that can transmit RVFV will decrease the
number of cases seen annually. This type of proactive method of prevention needs to be

implemented in conjunction with a successful vaccine campaign.

Smithburn strain

Although there are currently no licensed vaccines or therapeutics for RVFV
infection in humans, several potential vaccine candidates are available and have been
tested in animals and clinical trials (Smithburn 1949; Barnard and Botha 1977; Morrill,
Jennings et al. 1987; Morrill and Peters 2003; Ikegami and Makino 2009; Dungu, Louw
et al. 2010; Boshra, Lorenzo et al. 2011). In Kenya and South Africa the neuroadapted
Smithburn RVFYV strain is used in an effort to control RVF (Capstick and Gosden 1962).
Smithburn used an established method for attenuating the virus. A wild type strain of
RVFV isolated in Uganda in 1944 was serially inoculated into mouse brains until it
became attenuated in mice (Smithburn 1949). The Smithburn strain provides long lasting
protection in sheep as little as 6 days after vaccination (Coackley, Pini ef al. 1967).
However, this strain is not completely avirulent and can cause abortions and birth defects
in cows, sheep, and goats (Smithburn 1949; Coetzer and Barnard 1977; Swanepoel 2004;
Botros, Omar et al. 2006; Kamal 2009). Therefore, the vaccine is only used during an

outbreak and is given to female ruminants only if they are not pregnant (Swanepoel
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2004). The Smithburn vaccine also has the potential to revert to its virulent form if used

in non-endemic countries (Swanepoel 2004).

MP-12

The vaccine strain MP-12 was developed by the United States Army by passaging
RVFV ZH548 12 times in the presence of 5-fluorouracil (Caplen, Peters et al. 1985).
The ZH548 strain was isolated during a major outbreak in Egypt in 1977, which resulted
in 200,000 clinical cases and almost 600 deaths (Meegan 1979). Serial passaging
resulted in the acquisition of a total of 23 nucleotide mutations in all three viral segments
relative to its parent strain ZH548, with eleven mutations resulting in an amino acid
change (Vialat, Muller ef al. 1997; Lokugamage, Freiberg et al. 2012). Currently, MP-12
is one of the most promising RVF vaccine candidates because it provides protection from
infection with few adverse reactions (Ikegami and Makino 2009). The MP-12 vaccine is
currently only available to military personnel and researchers through the Special
Immunizations Programs at the US Army Medical Research Institute of Infectious
Diseases (USAMRIID) as part of an on-going clinical trial (www:.clinicaltrials.gov). The
MP-12 vaccine virus has been found to induce high titer neutralizing antibodies in
vaccinated ruminants and has been shown to protect animals from subsequent challenge
with wild type virus (Morrill, Jennings et al. 1987; Morrill, Carpenter et al. 1991;
Morrill, Mebus et al. 1997; Morrill, Mebus et al. 1997). MP-12 has also been
demonstrated to be apathogenic in adult mice (Vialat, Muller et al. 1997; Gray, Worthy et
al. 2012). While wild type RVFV must be handled in a high or maximum containment
facility in many countries, MP-12 is frequently employed in research as a BSL-2 model
virus for the highly pathogenic wild type virus.

While MP-12 can be administered to sheep and cows in the late stages of
pregnancy with no complications as compared to the Smithburn strain, it has been shown

to be teratogenic and to cause abortions in sheep vaccinated at the 28th day of gestation
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(Morrill, Carpenter et al. 1991; Morrill, Johnson et al. 1991; Baskerville, Hubbard et al.
1992; Morrill, Mebus et al. 1997; Hunter, Erasmus et al. 2002). When the vaccine is
given to lactating animals, maternal antibodies are spread to nursing lambs, but live virus
is not shed in milk (Morrill, Jennings et al. 1987; Morrill, Mebus et al. 1997). MP-12 can
also be given to lambs that are older than 2 days without any adverse effects and the
animals produce neutralizing antibodies (Moussa, Abdel-Wahab et al. 1986; Hubbard,
Baskerville et al. 1991; Morrill, Carpenter et al. 1991).  The NSs of MP-12 has 3
nucleotide mutations from its parent strain. Only one of these mutations leads to an
amino acid change in MP-12. These mutations cause the virus to be attenuated. The NSs
of MP-12 has IFN antagonist properties (discussed in detail below) (Lokugamage,
Freiberg et al. 2012)..

Clonel3

Clonel3 is a live attenuated RVFV strain that resembles wild type RVFV but has
a large in frame deletion (approximately 70%) of the NSs gene (Muller, Saluzzo et al.
1995). This deletion causes the virus to be attenuated. Due to this large deletion, it is
unlikely that the virus can revert to a virulent form. Vaccination with Clonel3 provides
protection against wild type virus infection by the induction of a high antibody response
(Muller, Saluzzo et al. 1995). Further, Clonel3 does not cause abortions or birth defects,
as does the Smithburn strain (Dungu, Louw et al. 2010). In recent years, vaccine
candidate viruses resembling ZH501 but carrying a deletion in the NSs protein similar to

Clonel3 have been generated (Bird, Albarino et al. 2008).

rMP-12 Clonel3 type virus

Using reverse genetics a vaccine candidate resembling Clonel3 on the

background of MP-12 was created (Ikegami, Won et al. 2005). Recent studies have
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shown that RVFV NSs mutants are protective 20-30 minutes after exposure to ZH501 in

C57BL/6 mice (Gowen, Bailey et al. 2013).

Formalin-inactivated

Formalin-inactivated RVF vaccines have been used in Egypt and South Africa
(El-Karamany 1981).  Vaccination with inactivated viruses generally results in
development of high neutralizing antibody titers. While inactivated vaccines are safer for
the animals they are not as immunogenic as live virus vaccines and yearly boosters are
required to achieve and maintain protective immunity. One such vaccine from The Salk
Institute-Government Services Division, TSI-GSD-200, (Kark, Aynor et al. 1982)
provides protection in 90% of vaccines after three doses but only for a short term. After
9 months, only 50% of the vaccines had Plaque Reduction Neutralizing Test (PRNT)so
values of 1:40 (Pittman 2000). Furthermore, inactivated vaccines are very expensive to
produce since they require containment laboratories for virus growth and inactivation
needs to be proven for each batch (Kark, Aynor et al. 1985; Pittman 2000; Lubroth,
Rweyemamu et al. 2007). Using a vaccine that requires a yearly booster is not
economically feasible in the areas that need a RVFV vaccine, since long time gaps (up to

25 years) can occur between outbreaks.

Virus-like particles

Virus-like particles (VLPs) and DNA vaccines are being developed as an
alternative to live and formalin-inactivated vaccines against RVFV (Lagerqvist, Naslund
et al. 2009; Naslund, Lagerqvist et al. 2009). VLPs are formed when structural proteins
are expressed and assemble into native-like structure, but no genomic material is present.
Since there is no genomic material and thus no RNA polymerase, VLPs are replication
deficient and cannot produce progeny virus. The RVF VLP is similar to RVFV in that it

has the viral Gc, Gn, and in some cases N-proteins present. Because of structural
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similarities between VLPs and native virus, VLPs will bind to the same receptors and
cells as the complete virus (Habjan, Penski et al. 2009; Ikegami and Makino 2009).
VLPs are not replication competent and cannot produce progeny virus due to a lack of
viral RNA polymerase. Vaccination with VLPs has been shown to provide protection
against viral challenge, but does not cause any birth defects or abortions in vaccinated
animals (Habjan, Pichlmair et al. 2009; Naslund, Lagerqvist et al. 2009; de Boer,
Kortekaas et al. 2010; Pichlmair, Habjan et al. 2010; Koukuntla, Mandell et al. 2012).
VLPs have been created using recombinant baculoviruses that express the RVFV Gn, Gc
and N proteins (Liu, Spurrier et al. 2008). At present, RVFV VLP vaccines have a large
amount of optimization that still needs to be done for these to be a viable candidate for
human vaccine studies (Ikegami and Makino 2009), but studies are quickly moving
forward (Habjan, Penski et al. 2009; de Boer, Kortekaas et al. 2010; Pichlmair, Habjan et
al. 2010). Since VLPs do not produce progeny, an optimal dose needs to be determined
that will result in a development of protective immunity without causing adverse
reactions to the inoculum. Also, appropriate cells substrates need to be identified and

optimized for production of VLPs as a human vaccine (Ikegami and Makino 2009).

DNA Vaccines

DNA vaccines are relatively inexpensive to generate and do not require the cold-
chain storage that is typically required for live vaccines (Belakova, Horynova et al.
2007). A vaccine that is not temperature sensitive is a valued commodity in developing
countries where it may be difficult to maintain cold storage from receipt to use of the
vaccine (Giese 1998). DNA vaccines directed at Gn and Gc have shown protection,
albeit incomplete, against lethal challenge with ZH548 (Spik, Shurtleff er al. 2006;

Wallace, Ellis et al. 2006; Lagerqvist, Naslund et al. 2009). While a majority of mice
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vaccinated with DNA vaccines are protected against lethal challenge, some do not have
any protection to wild type infection.

While both VLP and DNA vaccines show promise, in most studies, aside from
neutralizing antibodies and lymphocyte proliferation, the cellular immune response
following the administration of DNA vaccines has not been reported. Recent studies
using a DNA vaccine and alphavirus replicon in tandem caused high neutralizing
antibodies to be produced and a cellular immune response to be mounted (Bhardwaj,
Heise et al. 2010). The immune response in the DNA vaccine study was of mixed T-
helper response, but did show a Th2 bias. Splenocytes from mice vaccinated with RVF
VLPs have been shown to increase the production of IL-2, -4, -5 and IFN-y after

stimulation with MP-12 (Mandell, Koukuntla ef al. 2010).

WILD TYPE RVFV

ZH501 and ZH548, the parent strain for MP-12, were both isolated during an
outbreak of RVF in Egypt in 1977. ZH501 was isolated from a fatal hemorrhagic case of
RVF in a 12-year old female at Zagazig Hospital while ZH548 was as isolated from a
non-fatal case in a 52-year old male at the same facility. Both viruses were isolated by
inoculating two-day-old suckling mice intracerebrally with the undiluted sera from the
patients. Viral stocks were made from mouse brain suspensions (Meegan 1979). The

LD50 of ZH501 is approximately 1 PFU (Reed, Lin et al. 2013).

DISEASE PRESENTATION

Liver necrosis can contribute to development of disseminated intravascular
coagulation (DIC) and death in infected animals. Following RVFV infection, animals
across different species have been found to have elevated liver enzymes (alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)), decreased white blood

cell (WBC) counts, and decreased platelet count (Coetzer and Ishak 1982; Morrill,
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Jennings et al. 1989; Morrill, Jennings et al. 1990; Gray, Worthy et al. 2012). Disease
pathogenesis has been characterized in various different animal models (Smith, Steele et
al. 2010). The course of infection has been documented in rodents, ruminants, and non-
human primates (NHPs). Some of these animal species (livestock, rodents and NHPs)

are discussed in detail below.

Humans

Human disease is usually not as severe as the disease seen in livestock as most
humans develop a self-limiting febrile illness. During an outbreak of RVF, which can
often be predicted by outbreaks of disease in animals (Daubney 1931; WHO 2007), a
large percentage of the infected human population will likely develop an asymptomatic
infection.

The incubation period following RVFV infection in humans is 2 to 6 days, with
symptoms lasting 2 to 4 days (Bartelloni and Tesh 1976). The symptoms for RVF are
common for many febrile illnesses like malaria, bacterial illnesses and even a severe
cold: debilitating biphasic fever, chills, malaise, headache, photophobia, back pain, and
joint pain (Bartelloni and Tesh 1976; Peters, Liu et al. 1989). Due to the similarities
between RVF and other common tropical diseases and the swift progression of RVF, the
disease can go undetected in many infected people. Generally, only about 1% of patients
progress to severe illness (Meegan 1979; Meegan 1989). RVFV infection can result in
three severe manifestations: retinal vasculitis, encephalitis, and hemorrhagic fever
(Schwentker and Rivers 1934; Meegan 1979; Gerdes 2004). While hemorrhagic fever
may present early in the disease course, retinal vasculitis and encephalitis can present
weeks to months after the initial phase of disease. Since the virus appears to have been
cleared from the organism before these manifestations (retinal vasculitis and encephalitis)
first appear, an overactive immune response 1s thought to be of high importance in their

appearance (Peters 1981). Of patients that present with severe manifestations, mortality
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has been reported in up to 20% of these cases (Laughlin, Meegan et al. 1979; McIntosh,
Russell et al. 1980; Madani, Al-Mazrou et al. 2003; Ikegami and Makino 2011). In
populations not previously exposed to RVFV, the severe manifestations of disease are
more common and the mortality rate tends to be higher (Shoemaker, Boulianne et al.
2002). While the mortality rate is generally accepted as approximately 2%, recent
outbreaks have reported mortality rates near 45% (WHO 2007; CDC 2009; Adam,
Karsany ef al. 2010). This increase in mortality could be due to increased surveillance
and reporting in rural areas or increased virulence of the virus.

Rift Valley fever patients that progress to the hemorrhagic stages of the disease
have been shown to have elevated levels of many liver enzymes, such as aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) (Al-Hazmi, Ayoola et al.
2003). This elevation in liver enzymes is indicative of liver necrosis associated with the
disease. Patients can also have low hemoglobin and platelet counts (Al-Hazmi, Ayoola et
al. 2003). The low platelet counts could be due to DIC that uses up the platelets in non-
specific clotting events. Liver necrosis also contributes to other factors that can cause
DIC, since the liver both synthesizes and recycles coagulation factors and releases

coagulation factors into the blood stream as necrosis spreads throughout the organ.

Livestock

RVFV outbreaks are often first indicated by “abortion storms” of livestock in an
affected area (Daubney 1931; WHO 2007). Cases of RVFV result in abortion in nearly
100% of infected pregnant ruminants (e.g. sheep, cattle, and goats) regardless of the
trimester of pregnancy (Flick and Bouloy 2005). These animals develop very high viral
titers and are considered an amplifying host for the virus (Gerdes 2004; Bouloy 2011).
For newborn lambs and kids, the viral incubation period is 24 to 36 hours and 90-100%
of the animals die 24 to 36 hours after the first clinical signs of symptoms, usually from

acute hepatitis (Daubney 1931; Flick and Bouloy 2005). Mortality in animals less than 2
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weeks old is greater than 90%, but as animals age and develop a stronger immune
response, they become more resistant to infection (Easterday 1965). In adult animals,
RVFYV has an incubation period of 1 to 6 days and the mortality is between 5% and 60%
(Gerdes 2004; Flick and Bouloy 2005). The disease is indicated by fever, abdominal
pain, lack of appetite, lack of movement, and abortion (Daubney 1931; Flick and Bouloy
2005). In animals that succumb to disease, high viremia is detectable with widespread
tissue damage, vasculitis, and hepatic necrosis (Swanepoel, Struthers et al. 1986;

Cosgriff, Morrill et al. 1989).

Rodents

Mice that are infected with RVFV MP-12 survive infection, while RVFV ZH501
is highly lethal in common laboratory strains (Flick and Bouloy 2005; Bhardwaj, Heise et
al. 2010; Smith, Steele ef al. 2010; Ikegami and Makino 2011; Gray, Worthy et al. 2012).
Mice represent a suitable animal model for RVFV because mouse infection with RVFV
closely resembles certain aspects of RVFV infection in humans (Ikegami and Makino
2009; Ikegami and Makino 2011). Most mice infected subcutaneously (sc) or
intraperitoneally (ip) with ZH501 will succumb to the infection due to liver necrosis and
hepatitis 3-5 days post infection (Vialat, Billecocq et al. 2000; Bouloy, Janzen et al.
2001; Smith, Steele et al. 2010; Gray, Worthy et al. 2012). While RVFV is primarily
hepatotropic, it can be found in almost every tissue of the mouse and has been detected in
the liver, brain, lung, spleen, kidney, heart and eyes (Flick and Bouloy 2005; Smith,
Steele ef al. 2010). There is large amount of necrosis in the liver via virally induced
apoptosis of hepatocytes (Smith, Steele ef al. 2010; Gray, Worthy et al. 2012). When the
livers of sick mice are examined, the hepatocytes have eosinophilic intranuclear
inclusions (Findlay 1931; Ishak, Walker ef al. 1982; Smith, Steele et al. 2010; Gray,
Worthy et al. 2012). These inclusion bodies are the result of the filamentous structures

produced by the NSs protein (Struthers and Swanepoel 1982; Yadani, Kohl ef al. 1999).
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While most mice die within 4 days after RVFV infection due to visceral disease, a small
percentage of mice will survive the initial stage of the disease and develop neurological
disease during the second week of infection (Smith, Steele et al. 2010). Interestingly,
Morrill ef al. found that a subpopulation of RVFV is primarily neuroinvasive in mice
(Morrill, Ikegami et al. 2010). This study identified two forms of ZH501 present in
infected animals. The ZH501 M847-A strain (amino acid Glutamic acid at position 277)
had a similar virulence as ZH501. The ZH501 M847-G strain (amino acid Glycine at
position 277) had a reduced virulence. The two strains of the virus are identical with the
exception of the one point mutation at nucleotide position 847 in the Gn gene. Animals
that are infected with the attenuated ZH501 M847-G that succumb to infection will yield
ZH501 with the single nucleotide substitution in the mRNA MS847-A as the major
population when virus is recovered from the brain during necropsy (Morrill, Ikegami et
al. 2010). Recently, published studies have described a mouse strain that is more
susceptible to RVFV infection than conventionally inbred laboratory strains and may
provide a better model to evaluate the efficacy of vaccines and antiviral drug treatments
(do Valle, Billecocq et al. 2010). The MBT/Pas mouse strain was created from wild
trapped mice and shows that host genetic variation is important in RVFV infection.
MBT/Pas mice were propagated by sibling-mating at the Institute Pasteur from recently
(1980) caught M. musculus mice. The MBT/Pas mice had signs of disease similar to
BALB/cBylJ mice, but the MBT/Pas mice started to show clinical signs two days earlier.
The authors suggest that the less efficient innate immunity of the MBT/Pas is the reason
for the increase in viral titer and the decrease in time to death (do Valle, Billecocq et al.
2010).

As with mice, rats are also highly susceptible to RVFV infection. Following
infection, RVFV is found in most tissues of Wistar-Furth and Brown Norway rats and in
high titers (Peters and Slone 1982; Anderson and Smith 1987). Most of the pathology is

seen in rats is in the liver as expected (Peters and Slone 1982). Rat species show
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differential susceptibility to RVFV infection. ACL rats have a mortality rate of only 50%
while Lewis (LEW) rats exhibit none of the classical clinical signs of disease when
infected via the subcutaneous route (Peters and Slone 1982; Anderson and Smith 1987).
Recently published data indicate that genetics (of both the virus and the host) may play a
role in RVFV pathogenesis in rats (Anderson and Peters 1988; Ritter, Bouloy et al.
2000). Ritter et al. infected Wistar-Furth (WF) and Lewis rats from a European breeding
colony and their results were contradictory to previously findings using mice bred in
American colonies (Ritter, Bouloy et al. 2000). Ritter found that the European WF rats
were resistant to RVFV infection while American bred WF rats were found to die due to
hepatitis caused by RVFV infection (Anderson and Peters 1988; Ritter, Bouloy et al.
2000). While Ritter proposed that this difference was due to the genetic backgrounds of
the rats, Anderson and Peters proposed that the RVFV strain could also determine the
outcome of infection in the rat model. RVFYV strains isolated from an outbreak in Egypt
during the 1970s are a 1,000,000-fold more virulent in WF rats than strains isolated
during outbreaks in sub-Saharan Africa (Anderson and Peters 1988).

Further, rodents have been found to be susceptible to infection with aerosolized
RVFV (Anderson, Lee ef al. 1991; Bales, Powell et al. 2012; Reed, Lin ef al. 2013). WF
rats and Swiss Webster mice ultimately succumb to hepatitis due to liver necrosis after
aerosol exposure (Brown, Dominik ef al. 1981; Bales, Powell ef al. 2012; Reed, Lin ef al.
2013). ACI (August-Copenhagen-Irish) and normally resistant LEW rats developed
encephalitis after infection and virus was only recovered from the brain after aerosol
infection. The LEW rats that did not develop encephalitis and survived the infection
were not protected against subsequent challenge (Bales, Powell ef al. 2012). Mice that
are infected with ZH501 via the aerosol route have brain involvement that is more severe
and seen earlier than mice that are infected via other routes (Reed, Lin et al. 2013). Even

though RVFV does have the potential to cause disease through aerosol exposure, it is of
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note that the liver necrosis still remains an important pathological feature and time to

death increases by at least 2 days post aerosol infection (Ross, Bhardwaj et al. 2012).

Non-human primates (NHPSs)

Rhesus macaques are susceptible to RVFV infection. The majority of rhesus
macaques infected intravenously with 1x10° PFU of ZH501 become viremic but do not
develop any signs of illness. Some infected animals may become febrile, and a small
percentage may develop severe disease with hemorrhagic manifestations and
subsequently succumb to the disease (Morrill, Jennings ef al. 1989; Morrill, Jennings et
al. 1990; Morrill, Czarniecki et al. 1991; Ross, Bhardwaj et al. 2012). Pathology reports
from infected macaques have identified liver lesions similar to those described in humans
and other animals (Findlay 1932; Easterday 1965; van Velden, Meyer et al. 1977). The
liver lesions are caused by hepatic necrosis which leads to DIC and anemia (Davenport,
Hennessy et al. 1953). Marmosets are more susceptible to RVFV than rhesus macaques,
and the disease presentation closely resembles that in humans. Marmosets develop acute
hepatitis following RVFV infection, with an increase in liver enzymes and hemorrhaging
and late-onset encephalitis with all animals becoming viremic and 50% succumbing after
subcutaneous infections (Smith, Bird ef al. 2012). Even though disease pathogenesis in
NHPs mimics human infections and they provide the most realistic model of RVFV in
NHPs to date (Peters 1994; Smith, Bird et al. 2012), they are not a great model for human
infection as only a small percentage began to hemorrhage and subsequently can be used
to study the hemorrhagic manifestations of the disease. Due to this, pathogenesis studies
in NHPs are not as readily available as those of other species of animals (Ross, Bhardwaj

etal 2012).
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HosT RESPONSE TO RVFV

Cell signaling during RVFV infection

To better understand how RVFV enters a cell and affects the host immune
response, the cellular pathways that are activated during infection need to be examined in
depth. Pathways that are activated soon after infection are most likely associated with
virus binding to a host cell receptor and entering the cell. Downstream signaling
pathways may be the intracellular response to viral replication. Understanding the
regulation of intracellular signaling following viral infection is essential to understanding
how the host immune system responds to infection and replication of RVFV.

Several in vitro studies examining cell signaling events after RVFV infection
have recently been published. The p53 protein is regulated by post-translational
modifications and it acts as a transcription factor for many genes involved in apoptosis,
DNA repair, and cell cycle arrest (Wu 2004; Olsson, Manzl et al. 2007). Many proteins
involved in the DNA repair response have been found to be phosphorylated in response
to RVFV infection, including p53 (Baer, Austin ef al. 2012). Phosphorylation increases
the stability of p53 and its ability to bind to DNA (Chehab, Malikzay et al. 2000; Wu
2004). The pro-apoptotic protein p53 is phosphorylated at Ser-12 and Ser-46 during
RVFV infection by activation of ataxia-telanglectasia mutated protein (ATM) in response
to DNA damage. ATM is activated after the viral protein NSs is synthesized. The
filamentous structures that NSs forms in the cell nucleus cause DNA damage
(Mansuroglu, Josse et al. 2010; Popova, Turell et al. 2010; Baer, Austin et al. 2012).
While previous studies show that phosphorylation of p53, a pro-apoptotic protein, is
increased during infection, it has been shown that RVFV NSm protein has anti-apoptotic
properties through the inhibition of caspases 3, 8, and 9 (Won, Ikegami ef al. 2007). The
activation of p53 would be beneficial to the host as its activation would normally lead to
cell death after viral infection. The death of the cell early in the course of infection
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would lead the release of immature, presumably not infectious, virus particles. These
particles would quickly be phagocytized by macrophage cells.

Increases in the levels of phosphorylated proteins within the MAPK cascade,
including JNK, p38, and ERK1/2, have also been observed in recent studies. The
phosphorylation profiles of these three proteins were similar after ZH501 infection.
These changes in phosphorylation were seen where there was no significant change in the
levels of total proteins after both MP-12 and ZH501 infection (Popova, Turell et al.
2010). These results indicate that the increases in phosphorylation seen were not due to
an increase in the amount of the protein present. JNK is likely one of the major targets of
RVFV as it had an initial increase in phosphorylation that was followed by a rapid
dephosphorylation at higher MOIs (Popova, Turell et al. 2010). Phosphorylation of JINK
is important in apoptosis and cell survival and happens in response to inflammatory
cytokines, growth factors and cellular stress. JNK and p38 MAPK are similar in that they
are both activated by cellular stress and are important in apoptosis/survival pathways.
After MP-12 infection, p38 is upregulated and activates pro-survival pathways possibly

in response to NSm (Narayanan, Popova ef al. 2011).

Cytokine response during RVFV infection

Cytokines are used by cells to communicate with one another. If the cytokine
response to infection can be understood, then treatments that exploit this response can be
devised. At present, there is no approved treatment for patients infected with RVFV.
Since ZH501 infection causes the release of large amounts of cytokines in vivo, if the
response of key cytokines can be controlled during infection, the virus can be cleared and
some of the pathogenesis caused by an overactive immune response can be avoided.

Type 1 IFNs are known as the antiviral cytokines as they responsible for the
activation of various pathways that would help clear a viral infection. RVFV evades the

host immune response through manipulation of the type I interferon response. The earlier
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and stronger the type I interferon (IFN-o and -B) response after infection the easier the
host clears virus (do Valle, Billecocq ef al. 2010). Other than the potential role of type I
IFN in limiting disease that was discussed earlier, little else is known about the host
immune response to RVFV infection.

The importance of type I IFN has also been shown in MBT/Pas mice. Even
though studies have shown that NSs blocks the transcription of type I IFN, it seems that
wild type RVFV infection does lead to a small amount of interferon secretion in these
animals (Le May, Mansuroglu ef al. 2008; do Valle, Billecocq ef al. 2010). As with other
mice, MBT/Pas mice survive infection with RVFV lacking a functional NSs gene and
succumb to infection with wild type virus. While mouse embryonic fibroblast (MEFs)
taken from the MBT/Pas mice had higher viral titers throughout the experiment when
compared to MEFs from BALB/cByJ mice, they also had a weaker IFN response than
BALB/cByJ mice (do Valle, Billecocq et al. 2010).

This gives support to the concept that the slightly stronger IFN response in the
BALB/cByJ mice, while still lower when compared to other viral infections, is what
allows that mouse to survive longer after infection when compared to the MBT/Pas mice.
Even though RVFV decreases transcription in infected cells, it appears that the basal
level of IFN activation that is happening is important to the host response to the virus and
allows animals to survive infection (Morrill, Jennings et al. 1989; Morrill, Jennings et al.
1990; Bouloy, Janzen et al. 2001; Le May, Mansuroglu et al. 2008).

The effect of type II interferon (IFN-y) in response to RVFV infection has also
been evaluated. It has been shown that even after IFN-y increase there is no decrease in
viral replication in mice infected with wild type RVFV (Jansen van Vuren, Tiemessen et
al. 2011). On the other hand, IFN-y was shown to be important in RVFV infection in
rhesus macaques. Macaques given IFN-y replacement therapy were able to control viral
infection as demonstrated by a decrease in viremia and protection from fatal disease

when compared to control macaques. Generally, approximately 20% of challenged
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monkeys develop severe disease and exhibit hemorrhagic manifestations before they
ultimately succumb to the infection (Morrill, Jennings et al. 1990; Morrill, Czarniecki et
al. 1991).

TNFa is a cytokine with an important role in inflammation and helping to
stimulate the acute phase reaction. Narayanan et al. shows that both MP-12 and ZH501
increase TNFa protein expression in human small airway lung epithelial cells (HSAECs)
(Narayanan, Popova et al. 2011). McElroy and Nichol demonstrate that wild type RVFV
inhibits the expression of TNFa in human monocyte derived macrophages (MDMs)
(McElroy and Nichol 2012). This shows that RVFV can induce completely different
responses to infection depending on the origin of the cells. IL-10 is an important anti-
inflammatory and immunosuppressive cytokine that controls the expression of many
other cytokines (Donnelly, Dickensheets ef al. 1999). Jansen van Vuren ef al. observed
an increase in IL-10 gene expression in the livers of infected mice as RVFV replication
increased (Jansen van Vuren, Tiemessen ef al. 2011). It was suggested that the increase in
IL-10 is a detriment to the host as IL-10 suppresses the immune response and leads to
inefficient clearance of wild type RVFV. When viral replication was at its peak, the IL-
10/IFN-y response was skewed in favor of IL-10. An enhanced IL-10 response can lead
to a decrease in inflammation while an IFN-y-mediated response points to viral clearance.
From these data it appears that the host is concentrating its efforts on limiting
immunopathology by decreasing inflammation and not on efficient viral clearance
(Jansen van Vuren, Tiemessen ef al. 2011). This inefficient clearance leads to a vicious
cycle where the virus overwhelms the host and, to compensate, the host produces more
cytokines in an attempt to up-regulate the immune response. From what I have seen, it
appears that the immune up-regulation contributes to the damage that has already been
caused by replicating virus in the host cell and can cause much of the pathology that is

attributed to an overactive immune response.
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JUSTIFICATION OF STUDIES

In Africa, many people and countless animals have died from RVF since its
discovery in the 1930s. The research discussed here is relevant to not only Africa and the
Arabian Peninsula, but to the world as a whole. The ubiquitous nature of Aedes spp.
mosquitoes poses a significant problem in the control of RVFV because many members
of this genus are potential vectors for RVFV. The widespread nature of potential vectors
provides for a possible worldwide spread of RVFV. RVFV is also stable at 4°C and has
been shown to be transmitted by aerosol. If the virus were to spread into a new area
either naturally or intentionally, it could become established in that area as the virus can
be maintained in the mosquito population through vertical transmission (Linthicum,
Davies et al. 1985).

Since very little is known about the cellular response after RVFV infections, a
foundation needs to be laid that can be built upon for the development of antiviral
treatment and vaccines. By evaluating the cytokine profile and cellular response to
infection, it will be possible to identify specific mechanisms of viral propagation and
interference with the host response early in infection. Once it is determined how the host
reacts to infection, it will be possible to identify new targets to interfere with the RVFV
infection. This could lead to the better design of vaccines or therapeutic strategies and
result in protective immunity against RVFV.

The innate immune response is important in RVFV infection because the onset of
symptoms is swift, and the animal host does not have time to make antibodies before they
succumb to the hemorrhagic phase of the disease (Shoemaker, Boulianne et al. 2002).
The majority of humans that survive the initial stages of disease and produce antibodies
generally survive infection. While the host innate immune response to RVFV is not fully
understood, it is known that vaccination and passive antibody transfer protect from lethal

disease (Smithburn 1949; Randall, Gibbs et al. 1962; Niklasson, Meadors et al. 1984;
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Caplen, Peters et al. 1985; Dungu, Louw et al. 2010). The problem is that no vaccine or
treatment is currently approved for human use. In endemic areas, where animal vaccines
are in use, these vaccines have adverse effects or animals need yearly boosters which is
not economically feasible in the areas they are needed most.

In these studies, my focus was on the characterization of the host response to
RVFYV infection in the mouse model system. These studies examined the regulation of
cytokine expression and the intracellular signaling associated with induction of the
cytokine response following infection with a wild type or vaccine strain of RVFV in vitro
and in vivo. While the increase of pro-inflammatory cytokines released in other
hemorrhagic fevers such as Ebola and Crimean-Congo hemorrhagic fever (CCHF) shows
a correlation to the increase in mortality (Villinger, Rollin et al. 1999; Gupta, Mahanty et
al. 2001; Stroher, West et al. 2001; Ergonul, Tuncbilek et al. 2006; Papa, Bino et al.
2006; Hutchinson and Rollin 2007; Connolly-Andersen, Douagi et al. 2009), the cytokine
response to RVFV has not been examined as closely. In the hopes of understanding
where cytokines originate in vivo, in vitro studies involving murine macrophages and
dendritic cells were performed. These cells, both primary and cell lines, were infected
with ZH501, MP-12, irradiated MP-12, and rMP12-C13type virus and the cell signaling
and cytokine response was examined using multiplex assays. The effect of RVFV on
C57BL/6 mice was also examined by infecting these mice with ZH501 and MP-12. After
infection cytokine secretion, blood counts, and pathology were examined.

These studies have provided a better understanding of the host response to RVFV
infection in the organism as a whole. If I have a better understanding of the host
response, therapies that utilize inhibition or activation of cell signaling pathways and/or

cytokine secretion could potentially be developed.
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SPECIFIC AIMS OF DISSERTATION

Specific Aim 1: Identify cell specific signaling responses associated with RVFV
attachment and entry in vitro.

Hypothesis: After infection with ZH501, there will be a stronger increase in
phosphorylation of pro-inflammatory proteins and a reduced phosphorylation of pro-
apoptotic proteins compared to infection with MP-12. Previously, it has been shown that
ZH501 has the ability to inhibit apoptosis, likely giving the virus the advantage to
replicate to high titers in the infected host cell (Won, Ikegami et al. 2007).

Specific Aim 2: Identify IFNs and inflammatory cytokines whose secretion is
affected following infection in vitro with RVFV wild type strain ZH501 or MP-12.

Hypothesis: While the IFN response to infection with either ZH501 or MP-12 will
be similar, more pro-inflammatory cytokines will be released following ZH501 infection
since the pathology that is seen after RVFV infection has been repeatedly attributed to an
overactive immune response.

Specific Aim 3: Identify a panel of cytokines whose secretion is affected
following infection in vivo with wild type RVFV or MP-12.

Hypothesis: ZH501 will induce a stronger anti-viral and pro-inflammatory

response in vivo than MP-12.
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Chapter 2 Materials and Methods

ESTABLISHED CELL LINES

Immortalized macrophage cells (RAW 264.7, ATCC# TIB-71) generated from
the ascites fluid of adult male BALB/c mice were maintained in Dulbecco’s Modified
Eagle’s Media (DMEM) supplemented with 10% BGS, 1% non-essential amino acids,
and 1% sodium pyruvate, as recommended by ATCC. Immortalized dendritic cells (DC
2.4) that were generated from the bone marrow of adult male C57BL/6 mice were
maintained in RPMI 1640 supplemented with 10% FBS, 1% non-essential amino acids,
and 1% D-glucose as previously described (Shen, Reznikoff et al. 1997). DC 2.4 cells
were provided by Dr. D. Mark Estes (University of Georgia, College of Veterinary
Medicine). VERO C1008 (Vero 76, clone E6, Vero E6) cells (ATCC # CRL-1586) were
maintained in MEM media supplemented with 10% BGS, 1% non-essential amino acids.
All cells were passaged every 3-4 days depending on cell confluency. All cells were kept

at 37°C and 5% CO,.

PRIMARY CELLS

Adult (8-10 weeks old) female C57BL/6 mice were used for isolation of primary
macrophages and dendritic cells.

Isolation of peritoneal macrophages: After CO, asphyxiation and cervical
dislocation, mice were sprayed with 70% EtOH. The skin was nipped, with scissors to
avoid cutting into the peritoneal cavity. The skin was then pulled back to expose the
peritoneal cavity of the mouse. Using an 18-gauge needle, the peritoneal cavity was then
injected with 8 ml of RPMI media (supplemented with 1% penicillin/streptomycin). With
the needle still in place, the mouse’s belly was then massaged for 3 minutes and the

media was pulled out of the peritoneal cavity back in to the syringe. While the needle
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was still in the mouse, contact with fat and the intestines was avoided to prevent
contamination of the peritoneal macrophage cells. The cells from 5 mice were pooled in
a 50 ml conical tube and pelleted by spinning at 300g for 7 min 4°C. The pellet was
washed with RPMI media (with 1% penicillin/streptomycin), cells then resuspended in
complete RPMI media (supplemented with 10% FBS and 1% penicillin/streptomycin;
cRPMI) and counted. Cells were then seeded at 1x10° cells per well of a 12-well plate.
After incubation for 2 hours at 37°C and 5% CO,, to allow cells to adhere to the plate, the
media was removed and cells washed with PBS to remove non-adherent cells. Fresh
cRMPI media was added, and the cells were cultured 24-hours until use (Yang, Zhao et
al. 2007).

Isolation of BMD macrophages and dendritic cells: After CO, asphyxiation and
cervical dislocation, mice were sprayed with 70% EtOH. The skin was removed from the
thigh of the mouse and the femurs were removed by carefully making two cuts; one
below the knee joint and another above the hip. It was important to keep the bone intact
to avoid killing cells when placing the bone in 70% EtOH. The muscle was then
removed from the bone using sharp scissors and forceps. The exposed bone was washed
in 70% EtOH and rinsed in a 35-mm petri dish containing RPMI media (with 1%
penicillin/streptomycin). After the bones were rinsed, the ends of the femur were cut off
just below the joints using sterile scissors and the bone marrow cells were flushed from
the bone shafts into fresh cRPMI media using a 23-gauge needle attached to a 5 ml
syringe. When the bones were completely white, almost transparent, they were discarded
as all the bone marrow had been removed. The bone marrow was then broken up using
two 23-gauge needles and the cell suspension transferred to a 50 ml conical tube. The
petri dish was washed with 3 ml of media to remove any residual cells and added to the
50 ml conical tube.

Cells were pelleted by centrifuging at 300g for 7 minutes 4°C, supernatant was

discarded and the pellet resuspended in 5 ml of RBC lysis buffer (eBioscience catalog #
30



00-4333-57). The solution was incubated for 5 minutes at room temperature with
occasional rocking. Next, 10 ml of RPMI (with 1% penicillin/streptomycin) was added to
the solution to stop the activity of the lysis buffer and cells were centrifuged at 300g for 7
minutes 4°C. The pellet was then washed twice with RPMI (with 1%
penicillin/streptomycin) and resuspended in complete RPMI (with 10% FBS and 1%
penicillin/streptomycin) and the cells counted using a hemocytometer. Cells were then
plated in 150mm x 25mm petri dishes at a volume of 2x10” cells/dish in 60 ml of cRPMI
media. For bone marrow cells that were to be differentiated into dendritic cells, cRPMI
media was supplemented with 20 ng/ml of GM-CSF (eBioscience #14-8331). For bone
marrow cells that were to be differentiated into macrophages, cRPMI media was
supplemented with 20 ng/ml of M-CSF (eBiosciene #14-8983).

To stimulate the dendritic cells to mature, every 48 hours half the volume of
media was replaced with fresh cRPMI media complemented with 20 ng/ml GM-CSF. To
do this, 40 ml of the cell supernatant was removed and placed in a 50 ml conical tube,
media was left on the cells so that they did not dry out. The supernatant was then spun at
300g for 7 minutes at 4°C. After centrifugation, 30 ml of the supernatant was removed
and discarded, 30 ml of fresh cRPMI media (supplemented with 20ng/ml of GM-CSF)
added, and the pellet resupended. The cell suspension was then re-added to the original
petri dish. After 8 days, non-adherent cells were counted and plated for infection or
stimulation.

To obtain macrophages, after 3 days half the volume of cRPMI media
(supplemented with 20 ng/ml M-CSF) was replaced as stated above for the dendritic
cells. After 4 additional days (on day 7 after primary cell isolation), the supernatant was
removed, the cells were washed with PBS (without calcium and magnesium), and then 3
ml of non-enzymatic cell dissociation buffer (Sigma catalog # C5914) added to the plate.

The plate was then incubated at 37°C and 5% CO, for 10 min. After the incubation, the
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cells were removed from the plates, centrifuged at 300g for 7 minutes at 4°C, and then

plated for infection or stimulation.

VIRUSES

RVFV wild type strain ZH501 (ZH501) and vaccine strain MP-12 (MP-12) were
obtained from Dr. John Morrill (UTMB). Recombinant RVFV MP-12 Clonel3 type
(rtMP12-C13type) virus was kindly provided by Dr. Testuro lkegami (UTMB). All
viruses were cultured and titrated on Vero E6 cells. Each virus went through one or two
passages in Vero E6 cells to grow laboratory working stocks. After infection, the virus
was allowed to grow on Vero E6 cells for three days. The virus was then harvested and
frozen at -80°C in 500ul aliquots until use.

For experimental infection of cells, the virus was diluted in DMEM supplemented
with 4% FBS. For virus challenge of mice, virus was diluted in serum-free DMEM prior
to inoculation. All work involving handling of infectious ZH501, was performed in the
Robert E. Shope or Galveston National Laboratory BSL-4 laboratories (UTMB). All
samples removed from BSL-4 laboratory were y-irradiated (5 Mrad) prior to analysis at
BSL-2. Tissues were fixed with 10% buffered formalin and removed from the BSL-4

laboratory following BSL-4 SOPs.

VIRUS TITRATION

Vero E6 cells were infected with 100pl of sample through 10-fold serial dilutions.
Plates were incubated for 1 hour in a 37°C incubator with 5% CO, and gentle rocking
every 15 minutes. A 0.8% tragacanth/MEM overlay with 2% FBS and 1%
penicillin/streptomycin was applied to the wells. After 4 days, the overlay was removed
and the cells were stained with 0.2% crystal violet diluted in 10% neutral buffered
formalin. The plaques were counted and the titers determined. Viral titers are reported as

logio plaque forming unit (PFU).

32



For tMP12-C13type, Vero E6 cells were infected with 100ul of sample through
10-fold serial dilutions. Plates were incubated for 1 hour in a 37°C incubator with 5%
CO; and gentle rocking every 15 minutes. Two milliliters of an overlay composed half of
1.2% noble agar (VWR, catalog #101170-362) and half of 2X MEM media (suplimented
with 10% FBS, 1% penicillin/streptomycin and 10% tryptose phosphate broth (MP
biomedicals, catalog #168249) was put on the cells and they were incubated for three
days in a 37°C incubator with 5% CO,. After three days, another mixture of the half
noble agar/half MEM media mixture was created and 500ul of 0.33% neutral red was
added to the mixture before two milliliters of the overlay was added directly to the wells
on top of the previous overlay. The plates were incubated an additional 24 hours. As

above, the plaques were counted and the viral titers were reported as logl0 PFU.

CELL INFECTION

Virus was diluted with medium (DMEM or RPMI) and the cells were infected at
either a multiplicity of infection (MOI) of 1 (for cytokine studies) or 4 (for
phosphoprotein studies). Virus was placed on the cells and the plates were incubated at
37°C and 5% CO; for 1 hour with rocking every 15 minutes. After incubation, the cells
were washed three times with sterile PBS and were then covered with complete DMEM
media supplemented with either 4% FBS (for DCs) or 4% BGS (for macrophages). After
infection the cells were placed back in the incubator for the remainder of the experiment.
At each time point, 500 pl of supernatant and lysate was harvested and frozen at -80°C.
Cell culture supernatants were used for ELISA and Bio-Plex analysis. Lysates were used

for western blot and Bio-Plex analysis.

MOUSE CHALLENGE STUDIES

Adult (8-10 week old), female C57BL/6 mice (Harlan Sprague Dawley) were

infected with 1,000 PFU via the subcutaneous (s.c.) route with ZH501, MP-12 or an
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equivalent volume of diluent. The LDs, for ZH501 is ~1 PFU (personal communication,
J. Morrill). Each challenge group consisted of 5 animals. Three challenge groups (one
group each: ZH501, MP-12 and mock infected) were sacrificed every 12 hours post-
infection (HPI) by terminal cardiac bleed under deep isoflurane anesthesia. Mice from
groups designated for sacrifice on the last day of the experiment were implanted with
BioMedic Data Solutions (BMDS) (Seaford, DC) transponders 2 days prior to challenge
and had their weight and body temperature measured daily throughout the course of the
experiment.

At sacrifice, whole blood was collected for hematology and clinical chemistry and
serum was isolated for analysis of the cytokine response profile and for virus titration.
Approximately half of each organ examined (liver, spleen and brain) was harvested and
homogenized in 0.5 ml PBS using a TissueLyser (Qiagen) to be used for virus titration
and cytokine profile analysis. All animal studies were carried out with IACUC approval

in an AAALAC accredited animal facility.

B10-PLEX ASSAY

In vitro phosphoprotein assays: For these experiments, cells were plated in 12-
well plates and infected with media, inactivated (y-irradiated, 5 Mrad) MP-12, MP-12, or
ZH501 at a MOI of 4 or mock infected. A high MOI was used in the phosphoprotein
studies to ensure consistent activation of cell signaling pathways. At each time point the
cell lysates from predetermined wells were collected. The cells were lysed using a cell
lysis kit from Bio-Rad (Bio-Rad catalog #171-304011) that contained both wash buffer
and lysis buffer and cell lysates were then frozen at -20°C in 500 ul of lysis buffer from
the kit containing 200 pl of 500 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma
catalog #P7626) as a serine protease inhibitor. Before use, the cell lysates were thawed
on ice. Lysates were then placed in 96-well plates and analyzed for phosphorylation of

various different proteins using Bio-Plex custom designed assays. These multiplex
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assays examined p-JNK, p-STAT2/3, p-ERK 1/2, p-p38 MAPK, p-c-jun, p-p53 and p-
NF-«kB (Bio-Rad). The assay was performed following the manufacturer’s instructions
for incubations and washes. These plates were analyzed on a Bio-Plex 200 system (Bio-
Rad). Fluorescence of the samples was compared to mock infected controls and naive
cells to determine a relative fold change. Irradiated virus was used to determine activated
pathways in association with viral attachment as opposed to viral replication.

In vitro cytokine assays: For these experiments, cells were infected with either
media only (mock), ZH501, rMP12-C13type, MP-12 or replication deficient MP-12 at a
MOI of 1. A sample of the supernatant was taken at different time points and frozen at -
80°C until use. The cytokines were coupled to cytokine-specific multiplex beads
following the manufacturer’s instructions (Bio-Rad catalog #M60-0060BEF) in pre-
designed multiplex assays that included nine cytokines (IFN-y, IL-1a, IL-12(p70), IL-
12(p40), MCP-1, MIP-1a, MIP-1B, RANTES and TNF-a). With the samples, a standard
of known concentration was diluted and used to generate a standard curve. This standard
curve was used to determine the concentration of each cytokine in the samples to pg/ml
levels. The cytokine levels were reported in terms of fold-change relative to mock
infected cells. This assay was used to provide information as to the concentration of
cytokines that are released by macrophages and dendritic cells after infection with
RVFV.

For tissues and serum collected in vivo: After mice were euthanized, one lobe of
the liver, approximately half of the spleen and approximately half of the brain of each
mouse were removed. The tissues were place in 1.5 ml tissue lyses tubes with steal
beads. The tubes were then placed into a TissueLyser (Qiagen) and shaken for 5 minutes.
The homogenates were then centrifuged at 1,100rpm for 10 minutes at 4°C to remove
tissue debris. The supernatant was transferred into new tubes and then frozen at -80°C

until use.
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Tissue homogenates and serum were processed according to manufacturer
instructions (Bio-Rad #M60-009RDPD) and then analyzed using a Bio-Plex 200 system
(Bio-Rad, Hercules, CA). Briefly, the samples were centrifuged for 10 minutes at 1,000
rpm at 4°C to remove cellular debris. The supernatants were collected and aliquoted into
96-well plates in pre-determined wells; this plate was centrifuged at 1,250 rpm to remove
any remaining debris. The supernatant was transferred to a 96-well flat bottom plate and
processed for use on the Bio-Plex system. The cytokines were coupled to cytokine
specific multiplex beads (Bio-Rad) following the manufacturer’s instructions using pre-
designed assays that measured the concentration of a panel of cytokines including IL-
1a/B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40, p70), IL-13, IL-17, eotaxin,
IFN-y, KC (CXCL1), monocyte chemoattractant protein (MCP)-1 (CCL2), granulocyte
colony-stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor
(GM-CSF), macrophage inflammatory protein (MIP)1a/p (CCL3/CCL4), tumor necrosis
factor (TNF)-a and RANTES (CCLS).

ELISA

Assays for IFN-B were performed by ELISA following the manufacturer’s
instructions (PBL Biomedical Laboratories, Piscataway, NJ). In vitro, cell culture
supernatant was collected at each time point. /n vivo samples were prepared similarly to
the Bio-Plex samples. All samples were centrifuged for 10 minutes at 1,000 rpm at 4°C to
remove cellular debris. The supernatant was transferred to ELISA strips processed for use
on the plate reader (Bio-Rad microplate reader model #680) at 560 nm. The IFN-f in the
sample adhered to the wells pre-coated with IFN- antibodies during incubation. After
washing, the plates were incubated with HRP-conjugated secondary antibody, with a
washing step between incubations. The strips were then incubated with a TMB solution
for 15 minutes and 100 pl of stop solution was added. These strips were read at 450 nm

within 5 minutes of addition of stop solution.
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CLINICAL EVALUATION OF INFECTED MICE

Complete blood counts (CBC) were evaluated on a Hemavet hematology analyzer
(Drew Scientific, Dallas, TX) in the BSL-4 laboratory. Analysis included total white
(WBC) and red blood cell (RBC) counts, platelet counts, hemoglobin concentration,
hemocrit, and the counts of white blood cell subpopulations (lymphocytes, monocytes,
eosinophils, neutrophils and basophils). Clinical chemistry analysis was performed on a
VetScan2 Chemistry Analyzer (Abaxis, Union City, CA) in the BSL-4 laboratory.
Fourteen analytes were examined including the liver enzyme alanine transferase (ALT),
serum glucose, amylase, plasma electrolytes (calcium, phosphorus, sodium, and
potassium), globulin, albumin, total bilirubin, blood urea nitrogen, creatinine, and total
protein. Mice were micro chipped with BMDS (Seaford, DE) transponders and
temperature readings at each time point. Weights were taken from groups of five mice

each.

IMMUNOHISTOCHEMISTRY (IHC) ON MOUSE TISSUES

Formalin-fixed tissues were processed in a Shandon VIP Processor, and were
mounted in paraffin blocks. Staining of RVFV antigen was prepared using mouse on
mouse polymer technology and the Sequenza cover plate system. Briefly, the steps were:
1) Antigen retrieved using DIV A solution in a steamer (20 min); 2) Peroxide block using
peroxidase (5 Min); 3) Blocking step using Rodent Block M (30 min); 4) RVFV mouse
hyper-immune ascitic fluid (Dr. Robert Tesh, World Reference Collection for Emerging
Viruses and Arboviruses at UTMB), used at 1:100 dilution (60 min); 6) Secondary
antibody using Biocare MM HRP Polymer (30 min); 7) Chromagen was DAB (5 min);

8) Counterstained with hematoxylin for 5 minutes.
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STATISTICAL ANALYSIS

Initially (in the studies involving only MP-12) a paired Student’s t test (P>0.05
for a 95% confidence interval) was used to compare the data from virus infected and
mock infected cells. In experiments where MP-12 and ZH501 viruses were used a one-
way analysis of variance (ANOVA) was used to test for difference among the wild type
infected, MP-12 infected or mock infected cells. A T-test correction (P>0.05 for a 95%
confidence interval) was used to determine statistical significance between the two
different infected groups.

As the test groups are small, a Fisher’s exact test was used to determine the
significance between ZH501, MP-12 and mock infected groups of animals in clinical and
cytokine analyses. A Kaplan-Meier test was applied to the weight and temperature
measurements that were taken daily post infection from the group of mice that was

designated to be sacrificed 6 days post infection (DPI).
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Chapter 3 The response of immunomodulatory cells to RVFV infection

Specific Aim 1: Identify cell specific signaling responses associated with RVFV
attachment and entry in vitro.

Hypothesis: After infection with ZH501, there will be a stronger increase in

phosphorylation of pro-inflammatory proteins and a reduced phosphorylation of pro-

apoptotic proteins compared to infection with MP-12. Previously, it has been shown that

ZH501 has the ability to inhibit apoptosis, likely giving the virus the advantage to
replicate to high titers in the infected host cell (Won, Ikegami et al. 2007).

Rationale: Understanding the cell signaling response after viral infection will
lead to a better understanding of how a virus manipulates the host’s immune response.
Once this process is better understood and specific cellular targets have been identified,
antiviral treatments and vaccines could be developed. RVFV NSs protein has been
shown to prevent the activation of the [FN-B promoter and to down-regulate general host
transcription (Le May, Dubaele ef al. 2004; Le May, Mansuroglu ef al. 2008). Even
though NSs blocks the transcription of type I IFNs, studies with MBT/Pas and
BALB/cByJ mice show that ZH501 does induce low activation of IFN-signaling (Le
May, Mansuroglu ef al. 2008; do Valle, Billecocq ef al. 2010). Pas mice have in general
a lower activation level of IFN-signaling and succumb to RVFV infection on average 4.5
days sooner when compared to BALB/cByJ mice after i.p. infection with 100 PFU of
RVFV strain ZH548. The weaker IFN response likely contributes to the increased
pathogenicity of RVFV in Pas mice. Even though RVFV decreases general transcription
levels in infected cells, it appears that the still occurring transcription involves cellular
defense genes, important to the host response to the virus (Le May, Mansuroglu et al.

2008). Recently, Popova and colleagues characterized the phosphorylation of p53, p38
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MAPK, JNK, and ERK among other proteins in ZH501-and MP-12-infected human
small airway epithelial cells (HSAECs) and found that phosphorylation of these proteins
was up regulated after infection with ZH501 but not MP-12-infected cells (Popova,
Turell et al. 2010). These proteins are important in apoptotic signal transduction and cell
growth and differentiation.

In my studies, the goal was to determine if differences in the early host response
could be detected that are a direct response to RVFV attachment, entry, and replication. I
hypothesize that a difference in cytokine response and cell signaling in
immunomodulatory cells can be shown as a result between infection with MP-12 and
ZH501. To test this hypothesis, both macrophage and dendritic cell lines and primary
cells were used. While cell lines are expected to yield homogeneous results, primary cell
responses will likely more accurately reflect results observed in in vivo studies.
Immortalized mouse macrophages (RAW 264.7), immortalized mouse dendritic cells
(DC 2.4), primary mouse BMD macrophages, and primary mouse BMD dendritic cells

were used and the results are discussed by cell type.
RESULTS

Cell-signaling response in immortalized mouse macrophage cells (RAW 264.7)

Cells were infected with MP-12 and the induction of phosphorylation was
measured for several key signaling proteins including STAT2, JNK, p38 MAPK, and p53
(Figure 3.1) by multiplex analysis. Only MP-12 was used in this part of the study as the
Bio-plex equipment that was used to measure phosphorylation was not avaliable for use
in the BSL-4 (therefore preventing analysis of ZHS501-infected cell samples) and
preliminary studies showed that the irradiation process performed to remove the samples
for the BSL-4 changed the concentrations of phosphoprotein that was detected (data not
shown). When examining the MP-12 and ZH501 surface glycoproteins, Gn and Gec,
there are four nucleotide substitutions of which three result in amino acid changes at
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nucleotide positions 715 (Leucine in MP-12 to Glutamine in ZH501), 1824 (Isoleucine in
MP-12 to Valine in ZH501), and 2981 (Glutamic acid in MP-12 to Aspartic acid in
ZH501). These amino acid substitutions do not change the charges on the surface
proteins and the receptor usage does not appear to be affected by these mutations

(Lokugamage, Freiberg et al. 2012).
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Figure 3.1. Schematic of signaling pathways examined

Schematic of signaling pathways that are to be examined in this chapter. The orange tiles
highlight the proteins that will be specifically discussed in this chapter. The yellow
circles represent phosphorylation and the blue arcs represent acetylation. The bold
arrows show the cytokines that are activated by the various pathways.

A high MOI (MOI=8) was used to ensure that multiple virus particles would bind
to the cellular receptor(s) and subsequently activate cellular pathways. I found that at a

lower (1) or higher (8) MOI, RVFV grew to at least 5 logs in RAW 264.7 cells within 18

41



hours of infection (Figure 3.2). Following virus attachment, as the signal is transduced it
will be amplified and result in the phosphorylation of downstream effector proteins. I
infected the cells with either replication-competent MP-12 or —incompetent (y-irradiated)
MP-12. The early signaling for both of these viruses should be similar since they should
bind to and activate the same receptor. The early signaling results sould give insight as to
the pathways activated in response to viral attachment and entry. The signaling response
within the first 2 hours of infection was examined and no significant difference between
infections with MP-12 and irradiated MP-12 was detected. This was expected as

irradiation does not likely affect the morphology of the viral surface glycoproteins.
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Figure 3.2. MP-12 growth in RAW 264.7 cells

The growth of MP-12 in RAW 267.7 cells through the course of infection (1-36 HPI).
One replication cycle of RVFV is approximately 6-8 hours.

Initially, total amounts of various proteins (JNK, c-Jun, NF-kB, ERK, p38
MAPK, and p53) were examined after infection of RAW 264.7 cells (Figure 3.3). For 24
hours after infection, the concentration of total proteins did not show a significant change
for any of the proteins examined from mock and irradiated MP-12-infected cells (Figure
3.3). Beginning at around 9 HPI, the amount of total protein decreased significantly for
cells infected with live MP-12, indicative of decreased protein levels that could be due to

reduced cellular transcription caused by the NSs protein.
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Figure 3.3. Total protein levels in RAW 264.7 cells

Total protein levels in RAW 264.7 cells after infection with irradiated MP-12 and live
MP-12. Changes in protein levels are represented as a fold change over uninfected
samples at 0 HPI. Cells were plated, allowed to rest for 24 hours and then infected.
Open bars represent mock-infected cells, gray bars represent cells infected with irradiated
MP-12 and striped bars represent cells infected with MP-12. Error bars are + standard
deviation and * indicates p<0.05 between mock- and MP-12-infected groups. Cells were
infected with a MOI of 8.
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Next, the amount of phosphorylated protein before and after infection was
measured (Table 3.1 shows the phosphorylation sites of the proteins examined). The
amount of signal transducer and activator of transcription (STAT) proteins
phosphorylated after MP-12 infection was increased when compared to mock-infected
cells and was significantly decreased in comparison to cells infected with irradiated MP-
12 from 1-24 HPI. While the concentration of p-STAT2 increased significantly after
infection with irradiated MP-12 over mock beginning at 3 HPI and remained elevated for
the duration of the experiment, p-STAT2 protein showed a significant increase only
between 3 and 9 HPI with MP-12 over mock-infected cells (Figure 3.4A). At 9 HPI there
was an increase in the amount of p-STAT3 after infection with irradiated MP-12 that was
not significant. Beginning at 12 HPI and lasting until the completion of the experiment at
24 HPI, the amount of p-STAT3 was significantly higher in cells that were infected with
irradiated MP-12 than in mock-infected cells (Figure 3.4B). The levels of p-STAT3
appear to decrease beginning at 12 HPI after MP-12 infection. This reduction correlates
with the decrease observed in total protein levels and is thought to be contingent upon the

levels of total protein.

Protein Phosphorylation Site

c-Jun Ser-63

ERK 1/2 Thr-202/Tyr-204, Thr-185/Tyr-187
JNK Thr-183/Tyr-185

NF-«kB Ser-536

p38 MAPK | Thr-180/Tyr-182

p53 Ser-15

STAT2 Tyr-689

STAT3 Tyr-705

Table 3.1: Phosphorylation Sites

Proteins that are phosphorylated and the phosphorylation site for the proteins that are
examined using the Bio-plex assay.
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Various proteins involved in the late phases of MAP kinase cascades were also
examined. MAP kinases are involved in many different processes in the cell, such as cell
growth and development, differentiation, inflammation and apoptosis. JNK proteins are
activated in response to many different cytokines, and bind and phosphorylate c-Jun.
JNK also regulates the synthesis of cytokines, such as RANTES, IL-8, and GM-CSF.
While there was a significant increase in p-JNK 1 hour after live MP-12 infection, a
stronger increase in phosphorylation could be detected after infection with irradiated MP-
12 in the early stages of infection (Figure 3.5A). The amount of p-JNK increased more
than 5-fold at 9 hours after infection with irradiated MP-12 in RAW 264.7 cells. The
concentration of p-JNK increased at 1 and 6 hours after live MP-12 infection and
remained elevated until 18 HPI (Figure 3.5A and C). At 9 HPI, the amount of p-JNK
peaked at over a 55-fold increase in the amount of phosphorylated protein detected when
compared to uninfected mock control. I also examined the phosphorylation of JNK in the
early stages of infection (< 90 minutes post infection (MPI)). The concentration of p-
JNK increased as soon as 45 MPI with irradiated MP-12, decreased at 60 MPI and
elevated again at 90 and 120 MPI (Figure 3.5C). The increase of pJNK concentration at
60 MPI, which is also observed after infection with irradiated MP-12, could possibly be
due to receptor binding and the later increases (> 6 HPI) could be due to the involvement
of JNK during viral replication.

The protein p53 is a tumor suppressor protein, which plays a crucial role in
regulation of the cell cycle, genomic stability, and can initiate apoptosis. It is activated in
response to the activity of kinases that belong to the MAPK family (JNK, ERK1/2 and
p38 MAPK). No change in the concentration of p-p53 was detected within the first 3
HPI for cells infected with irradiated and live MP-12. Cells infected with irradiated MP-
12 showed only a decrease in the amount of p-p53 at 12 HPI. While there was a decrease
in p-p53 at 6 HPI for live MP-12-infected cells, this trend was reversed and increased

levels were observed starting at 12 HPI and lasted throughout the entire time course
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(Figure 3.6A). The amount of p53 detected at 18 and 24 HPI was not different between
the two MP-12 infection groups (Figure 3.6A). The phosphorylation of p38 MAPK, an
upstream effector of p53, was only significantly higher than mock-infected cells at 1 HPI
with irradiated MP-12 (Figure 3.6C). The phosphorylation of p38 MAPK was
significantly increased between 6 and 12 hours after live MP-12 infection, after which the
signals decreased to levels equivalent to mock. For p-ERK 1/2, signals in all samples

were below detection limits (data not shown).
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Figure 3.4. Protein levels of STAT proteins in RAW 264.7 cells

Protein levels in RAW 264.7 cells of p-STAT2 (A) and p-STAT3 (B) after infection with
irradiated MP-12 and live MP-12. Changes in phosphorylation levels are represented as a
fold change over uninfected samples at 0 HPI. Cells were plated, allowed to rest for 24
hours and then infected. Open bars represent mock-infected cells, gray bars represent
cells infected with irradiated MP-12 and striped bars represent cells infected with MP-12.
Error bars are + standard deviation and * indicates p<0.05 between mock- and MP-12-
infected groups. Cells were infected with a MOI of 8.

The transcription factor NF-kB is responsible for the regulation of the genes of
many different pro-inflammatory cytokines (e.g. IL-6 and IL-2) and chemokines (e.g.
RANTES, IL-8, and MCP) (Olajide, Bhatia et al. 2013). With the exception of 18 HPI,

there was no significant change in the phosphorylation of NF-kB (Figure 3.6C). At 18
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HPI, there was a large increase in p-NF-kB detected after infection with irradiated MP-
12, however. There was also a decrease in the concentration of NF-kB 24 hours after
MP-12 infection. This decrease correlated with the decrease that was seen in the

concentration of total protein.
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Figure 3.5. Protein levels in RAW 264.7 cell of INK

Protein levels in RAW 264.7 cells of p-JNK and t-JNK after infection with irradiated
MP-12 and live MP-12. Changes in phosphorylation levels are represented as a fold
change over uninfected samples at 0 HPI. Cells were plated, allowed to rest for 24 hours
and then infected. Open bars represent mock-infected cells, gray bars represent cells
infected with irradiated MP-12 and striped bars represent cells infected with MP-12.
Error bars are + standard deviation and * indicates p<0.05 between mock- and MP-12-
infected groups. Cells were infected with a MOI of 8.
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Figure 3.6. Phosphoprotein levels in RAW 264.7 cells of p53, p38 MAPK, and NF-kB

Protein levels in RAW 264.7 cells of p-p53 (A), p-p38 MAPK (B), and p-NF-kB (C) after
infection with irradiated MP-12 and live MP-12. Changes in phosphorylation levels are
represented as a fold change over uninfected samples at 0 HPI. Cells were plated,
allowed to rest for 24 hours and then infected. Open bars represent mock-infected cells,
gray bars represent cells infected with irradiated MP-12 and striped bars represent cells
infected with MP-12. Error bars are + standard deviation and * indicates p<0.05 between
mock- and MP-12-infected groups. Cells were infected with a MOI of 8.

Cell-signaling response in immortalized mouse dendritic cells (DC 2.4)

The same infection experiments that were described in the macrophage cell line,
RAW 264.7, were also performed in the dendritic cell line, DC 2.4. After infection with

an MOI of 8, the virus grew to 5 logs (Figure 3.7) in the same amount of time it needed to
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reach maximum titers of 5.5 logs in the RAW 264.7 cell line (Figure 3.2). The
phosphorylation of various different proteins involved in pathways from cell growth to
apoptosis was examined to determine how viral entry and replication affect the
phosphorylation pattern of these proteins. Total protein levels of DC 2.4 cells were
similar after mock, irradiated MP-12, and live MP-12 infection until 18 HPI (data not
shown). After that time, the level of total proteins dropped drastically in the live MP-12-
and mock-infected samples. The drop in total protein amounts in DC 2.4 cells that were
infected with live MP-12 can be attributed to the observed cytopathic effects. By 18 HPI
there was approximately 75% CPE in the cells and at 36 HPI there were no cells alive on
the plate. The drop seen in the mock-infected cells could possibly be due to the cells
becoming overgrown and starting to die during the experiment. While the plates were all
seeded with the same number of cells, the mock-infected cells grew faster than the cells
infected with irradiated MP-12 and this over concluency could be why there was a drop

in total protein levels.
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Figure 3.7. MP-12 growth in the DC 2.4 cell line
The growth of MP-12 in DC 2.4 cells through the course of infection (1-36 HPI).

As with the RAW 264.7 cells, there was no significant change in the

phosphorylation of the examined proteins immediately following virus attachment and

49



binding (between 15 MPI and 2 HPI) after live and irradiated MP-12 infection (data not
shown).

Phosphorylation of STAT2 in DC 2.4 cells began to show significant increases 6
HPI with irradiated MP-12 and live MP-12 (Figure 3.8A). This increase was transient as
p-STAT?2 levels were not significantly higher during the course of infection. The drastic
decrease that is seen at 24 hours after live MP-12 infection correlates with the decrease in
cell numbers and total protein levels, due to increased cytopathic effects. The trend
observed in pSTAT3 was similar to one that was observed in total protein levels (Figure
3.8B). No significant change was detected until 18HPI, when suddenly the levels of p-
STATS3 in mock and live MP-12-infected cells dropped. Since this trend was similar to
one observed for total protein, these results suggest that no change in the amount of
STAT3 phosphorylation occurred due to MP-12 infection compared to mock-infected
samples.

The phosphorylation of JNK increased slightly, although not significantly, within
the first hours after infection with live and irradiated MP-12 and might be related to virus
attachment and entry. This temporal increase in phosphorylation vanished by 3HPI. A
significant increase in phosphorylation of JNK was detected (up to 8-fold increase) after
live MP-12 infection between 6 and 12 HPI, which then decreased to near mock levels at
18 HPI. However, a significant (3-fold) elevated phosphorylation level was still
detectable (Figure 3.8C). No significant change in p-JNK levels could be detected in cells

infected with irradiated MP-12.
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Figure 3.8. Phosphorotein levels in DC 2.4 cells

Protein levels in DC 2.4 cells of p-STAT2 (A), p-STAT3 (B), p-JNK (C), p-p53 (D), p-
p38 MAPK (E), and p-NF-«B (F) after infection with irradiated MP-12 and live MP-12.
Changes in phosphorylation levels are represented as a fold change over uninfected
samples at 0 HPI. Cells were plated, allowed to rest for 24 hours and then infected.
Open bars represent mock-infected cells, gray bars represent cells infected with irradiated
MP-12 and striped bars represent cells infected with MP-12. Error bars are + standard
deviation and * indicates p<0.05 between mock- and MP-12-infected groups. Cells were
infected with a MOI of 8.
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While there was no significant change in the phosphorylation of p53, certain
inconsistent fluctuations in all three samples occurred over the entire time course of the
experiment and no apparent trend in the phosphorylation levels could be detected (Figure
3.8D). As with p-p53, changes in p-p38 MAPK were inconsistent (Figure 3.8E).
However, there were significant increases after irradiated MP-12 infection at 1, 12, and
24 HPI, as well as a significant increase 9 hours after live MP-12 infection. Similar to
the p-p53 results, the phosphorylation of NF-kB was inconsistent during this experiment
and no significant change occurred between the mock and MP-12-infected cells (Figure
3.8F). This inconsistency could due to the fact that both NF-kB and p53 need to be in the
nucleus perform their desired functions. It is possible that the total amount of p-p53 and
p-NF-«B in total cell lysates is not as important as the amount of phosphorylated protein
that has translocated to the nucleus. As previously determined in the RAW 264.7 cells,
ERK 1/2 amounts were below the detection limit (data not shown).

To compare the results gained from experiments performed in immortalized
mouse macrophage and dendritic cells, infections in primary mouse peritoneal

macrophage and bone-marrow derived dendritic cells were performed.

Cell-signaling response in primary mouse macrophage cells

For experiments utilizing primary cells, in addition to MP-12 and irradiated MP-
12, ZH501 and rMP12-Cl3type virus were included to characterize phosphorylation
events. During initial experiments performed in cell lines, the required equipment (Bio-
Plex) necessary to measure phosphorylation profiles was not available inside the BSL-4
laboratory. Samples from cell lines could previously not be removed from the BSL-4
laboratory for analysis at BSL-2, due to the fact that gamma-irradiation affected the

phosphorylation of the proteins to be analyzed.
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Figure 3.9. Viral titers in BMD macrophages after infection

Viral titers in BMD macrophage cells after infection with MP-12, rtMP12-C13type, and
ZH501. The line with closed diamonds is viral growth after cells were infected with
ZH501, the line with closed squares represents cells were infected with MP-12, and the
line with closed triangles represents cells were infected with rMP12-C13type virus. Error
bars are + standard deviation.

Initially, growth kinetics of pathogenic ZH501, attenuated MP-12 and MP-12-
clonel3type (rMP12-C13type) were performed in primary mouse cells. Overall, only
limited replication of RVFV could be detected in primary macrophages after infection.
Over the first 24 hours post infection, the amount of infectious virus in the supernatant
increased in tMP12-C13type-, MP-12-, and ZH501-infected cells by at least one log.
Two separate MOIs were tested as to determine if the higher MOI would result in higher
viral titers and a different phosphorylation profile. No further increase in viral titer could
be detected throughout the remaining time course and virus titer plateaued (Figure 3.9).
The viral titer appear to only slightly increase early after infection and the low level of
CPE observed until < 24 HPI reflects the low viral replication. There was approximately
70% cell death at 72 hours after infection with ZH501 and approximately 20% cell death

72 hours after infection with MP-12 (Figure 3.10).
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Figure 3.10. Primary BMD macrophages 1 or 72 HPI

Primary BMD macrophage cells 1 or 72 hours after infection. (A) Mock-infected cells, 1
HPI, (B) Mock-infected cells, 72 HPI, (C) cells infected with irradiated MP-12, 1 HPI,
(D) cells infected with irradiated MP-12, 72 HPI, (E) cells infected with MP-12, 1 HPI,
(F) cells infected with MP-12, 72 HPI, (G) cells infected with rMP12-C13type, 1HPI, (H)
cells infected with rMP12-C13type, 72HPI, (I) cells infected with ZH501, 1HPIL, (J) cells
infected with ZH501, 72HPI. MOI=4

Next, the concentration of the phosphorylation states of eight different proteins
was measured in whole cell lysates to gain an understanding as to which pathways are
activated after RVFV infection. To ensure that the primary cells were capable of
responding to stimulus and phosphorylation of these proteins, LPS-stimulated cells were
included as a positive control. JNK phosphorylation did not change in primary
macrophages after infection with a low MOI of 1 (data not shown). When the MOI was
increased (from 1 to 4), there was an almost 4-fold increase in the phosphorylation of
JNK 72 hours after infection with live MP-12 only (Figure 3.11A). None of the other
infections resulted in a significant change in p-JNK. Since p-JNK phosphorylates c-Jun,
a similar profile was expected to be observed between phosphorylation states of the two
proteins. The protein c-Jun has anti-apoptotic properties and is required for the cell to
progress through the cell cycle. The amount of c-Jun increased 18-fold starting at 6 hours
after rMP12-C13type infection at the lower MOI (MOI = 1) (data not shown). After
infection with a MOI of 4, the increase in phosphorylation was already detectable as early
as 1 hour after infection (Figure 3.11B). A similar pattern of phosphorylation increase
was observed after infection with irradiated MP-12 (3-fold increase), but the increase was
not as high as the increase seen after infection with rMP12-C13type (12-fold increase).
As with p-JNK, there was no significant change in the phosphorylation of c-Jun after

irradiated MP-12 or ZH501 infection.

55



Fold Change Fold Change Fold Change

Fold Change

154

p-JNK

3 Mock

Irradiated MP-12
E MP-12

rMP-12 C13 type
B ZH501

LPS

-STAT2
& P

12+
9+

Hours Post Infection Hours Post Infection

56




Figure 3.11. Phosphoprotein levels in primary macrophage cells

Protein levels in primary BMD macrophage cells of p-JINK (A), p-c-Jun (B), p-STAT2
(C), p-STAT3 (D), p-p53 (E), p-p38 MAPK (F), and p-NF-kB (G) after infection with
irradiated MP-12, live MP-12, tMP12-C13type, or ZH501 or stimulated with LPS.
Changes in phosphorylation levels are represented as a fold change over cells at 0 HPL
Cells were plated, allowed to rest and then infected after 24 hours. Open bars represent
mock-infected cells, dark gray bars represent cells infected with irradiated MP-12, striped
gray bars represent cells infected with MP-12, light gray bars are cells infected with
rMP12-C13type virus and black bars are representative of ZH501-infected cells. LPS
stimulated samples were only taken after 72 hours and are represented by the last bar on
the graph. Error bars are + standard deviation and *, #, and + indicates p<0.05 between
mock/MP-12, mock/ZH501, and MP-12/ZH501, respectively. MOI = 8

STAT proteins are important in the cell signaling response to IFN binding to its
receptors.  In primary macrophages, STAT2 phosphorylation increased but not
significantly during the course of rMP12-C13type virus infection and 48 hours after
infection with irradiated MP-12 (Figure 3.11C). There was also an increase in STAT2
phosphorylation after MP-12 infection, at 48HPI (4-fold) and 72 HPI (3-fold),
respectively. STAT3 phosphorylation only exhibited a slight increase after infection with
rMP12-C13type and irradiated MP-12 infection (Figure 3.11D). This was expected as
the rMP12-C13type is missing a large section of the NSs gene, the virulence factor for
RVFV, and irradiated MP-12 is replication deficient. MP-12 infection did not lead to any
increase in pSTAT3 and infection with ZH501 did not result in any increase in the
concentration of p-STAT2 or p-STAT3 with the exception of a 3-fold transient and
significant increase of p-STAT?2 at 24 HPI (Figure 3.11C and D).

The levels of phosphorylated pro-apoptotic protein p53 increased significantly
after ’IMP12-C13type, MP-12 and irradiated MP-12 infection beginning at 48 HPI (Figure
3.11E). By 72 HPI, the increase in p-p53 after rMP12-C13type and irradiated MP-12
infection was gone but a significant increase after MP-12 infection was seen.
Furthermore, there was also a 10-fold increase in p53 phosphorylation 24 hours after
ZH501 infection (MOI=4). Directly upstream of p53 in its signaling cascade, is p38
MAPK. P38 MAPK is also an upstream effector of IL-1 and TNFa. This protein
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increased in phosphorylation beginning 1 hour after rMP12-C13type infection with a 6-
fold increase over mock-infected cells at the same time and 6 hours after infection with
irradiated MP-12 with a 4-fold increase (MOI = 4) (Figure 3.11F). The concentration of
p-p38 MAPK remained significantly elevated 6 hours after rMP12-C13type infection.
Since there was approximately 36 hours between the increase in p38 MAPK
phosphorylation and p53 phosphorylation, it appears that the detected p53
phosphorylation was not a direct result of the phosphorylation of p38 MAPK.

NF-kB, which plays a key role in regulation of the immune response and in
vascular inflammation (Brasier 2006), only demonstrated an increase in phosphorylation
at 48 and 72 hours post MP-12 and rMP12-C13type infection (Figure 3.11G). It is
possible that at these time points, the cells were trying to regulate the immune response to
control and ultimately survive RVFV infection. In conjunction with the other cell
signaling data gained from the performed analyses, it appeared that at 48 and 72 HPI the
macrophage cells were at a critical time point where they will either control and survive
the infection or undergo apoptosis. Only two of the proteins examined showed an
increase in phosphorylation after ZH501 infection and only after infection with the high
MOI. The observed increases in phosphorylation appeared to be a random occurrence
after RVFV infection and might indicate that ZH501 interrupts the macrophage

intracellular signaling response to viral infection (Figure 3.11).

Cell-signaling response in primary mouse dendritic cells

Data from growth kinetics performed in primary BMD dendritic cells, indicated
that these cells appeared to be refractory to RVFV infection or that active viral replication
failed in these cells (Figure 3.12). The initial increase in viral titer at 6 hours post
infection might be a possible result from cell-bound virions that could have detached
from the dendritic cells instead of entering the cells. This is contrary to what generally

happens as viral titers in cell culture supernatants will generally decrease as virus
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particles will bind and ultimately enter target cells (Lozach, Kuhbacher et al. 2011).
Over the entire time course of 72 hours, no obvious visual change in infected primary

DCs was observed (Figure 3.13).
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Figure 3.12. Viral titers in BMD dendritic cells after infection
Viral titers in BMD dendritic cells after infection with MP-12, rMP12-C13type, and

ZH501. The line with closed diamonds is viral growth after cells were infected with
ZH501, the line with closed squares represents cells were infected with MP-12, and the
line with closed triangles represents cells were infected with rMP12-C13type virus. Error
bars are + standard deviation.

Of the examined eight proteins, three (JNK (Figure 3.14A), STAT3 (Figure
3.14D), and Erk (data not shown)) showed no change in the level of its phosphorylated
counterpart. The other proteins demonstrated sporadic changes that exhibited no
continuity. While there was no change in p-JNK concentration, one of its downstream
effector proteins did have an increase in phosphorylation. The concentration of p-c-Jun
increased significantly 6 hours after infection with rMP12-C13type and 48 hours after
infection with live MP-12 (Figure 3.14B). As with p-JNK and p-c-Jun, two proteins that
are sequentially activated, p53 and p38 MAPK phosphorylation did not show any
correlation in response (Figure 3.14E and F). No change in p38 MAPK phosphorylation
during the experiment was detected until 6 hours after infection with tMP12-C13type.
After tMP12-C13type infection, there was no significant change detectable in p53
phosphorylation. The only time point at which p53 phosphorylation increased was late in
the experiment, 72 hours after MP-12 infection. Both STAT2 and NF-kB (Figure 3.14C
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and G) experienced only a sporadic increase in phosphorylation at 48 and 72 hours after

MP-12 infection.

DiscussiON

After a virus binds to its host cellular receptor, it initiates the activation of specific
signaling pathways. Once a virus has entered the cell and begins to replicate, the cell
initiates secretion of cytokines and can stimulate pathways within itself (autocrine
signaling) or in nearby cells (paracrine signaling). A virus can manipulate the host
signaling response to its benefit and by gaining an understanding of these manipulations,
it will be possible to design treatments that counteract the virus’ activities in the host.
Initially, total levels of JINK, ERK1/2, kB, c-Jun, p38 MAPK, and p53 were examined
and no significant change in the amounts of total protein between mock, irradiated MP-
12, and live MP-12-infected samples were detected for the cell types examined. This has
also previously been observed in HSAEC cells after MP-12 and ZHS501 infection
(Popova, Turell et al. 2010). Since no significant change in total protein concentration
was detected in mouse macrophage and dendritic cells, changes that were observed in the
phosphorylation status of these proteins are likely due to phosphorylation of the proteins
already present in the cell, as opposed to new protein being synthesized.

Although not definitive, it appears that while RVFV can infect and replicate in
BMD macrophages, it cannot replicate in BMD DCs. No increase in viral titer was
detectable over 72 hours after RVFV infection of BMDCs. The viral growth kinetics
might indicate that initially after infection (within 1 HPI) cell-bound virus is dissociating,
subsequently resulting in an increase of infectious virus in the cell supernatant of the
primary DCs. In most infections, the titer generally decreases within the first 6 HPI as

the virus enters the cell and begins to replicate, generating new infectious virions.
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Figure 3.13. Photographs of primary dendritic cells 1 or 72 HPI

Primary BMD dendritic cells 1 or 72 hours after infection. (A) Mock-infected cells, 1
HPI, (B) Mock-infected cells, 72 HPI, (C) cells infected with irradiated MP-12, 1 HPI,
(D) cells infected with irradiated MP-12, 72 HPI, (E) cells infected with MP-12, 1 HPI,
(F) cells infected with MP-12, 72 HPI, (G) cells infected with rMP12-C13type, 1HPI, (H)
cells infected with rMP12-C13type, 72HPI, (I) cells infected with ZH501, 1HPI, (J) cells
infected with ZH501, 72HPI. MOI=4
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Cell signaling data indicate that similar pathways (in relation to the proteins
examined in this study) were activated early in infection with irradiated and live MP-12
virus. This was expected as irradiation used to inactivate the virus, results in degradation
of viral RNA and should have minimal impact on viral surface glycoproteins. While the
purpose of using these live and inactivated viruses was to differentiate between signaling
cascades activated by viral attachment and viral replication, none of the proteins
examined showed a significant difference between mock, irradiated MP-12, MP-12, or
ZH501 infections in primary macrophages. These data lead to the conclusion that they
are possibly not involved in the entry of RVFV and that alternative proteins are being
used for viral entry.

My first main observation was the increase in the phosphorylation of proteins that
are generally involved in pro-apoptotic pathways (JNK, p53 and p38 MAPK) after
rMP12-C13type and MP-12 infections. JNK is important in cellular proliferation and cell
survival and apoptosis. It represents a link between apoptotic pathways and gene
expression in cells (Wu 2004). JNK is involved in the release of various cytokines
including RANTES, IL-8 and GM-CSF. The increase in p-JNK could be a precursor to
cell migration and the release of pro-inflammatory cytokines. Generally, p53 is
phosphorylated in response to IFN stimulation and is used as a transcription factor to
activate the cellular apoptotic process. It is also important in DNA repair and cell cycle
arrest (Olsson, Manzl ef al. 2007). In response to DNA damage, the cell cycle is halted at
the end of the G1 stage. If the DNA can be repaired, the cell cycle continues, if the
damage cannot be repaired, then the cell begins to undergo apoptosis. The activation of
these DNA damage signaling pathways has been attributed to the NSs virulence factor of
RVFV (Baer, Austin et al. 2012).

The NSm protein has been shown to be targeted to the mictochondria via its C

terminus. NSm prevents apoptosis through the inactivation of various caspases by
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unknown mechanisms (Won, lkegami et al. 2007; Terasaki, Won et al. 2012). While p-
pS3 concentration increases, the downstream effectors (caspases) are possibly not being
activated due to the decrease in cleavage that accompanies NSm.

P38 MAPK is an upstream regulator of p53, which is known to be a pro-apoptotic
cell signaling molecule (Wu 2004). Since the damage in the liver is believed to be
caused by apoptosis (Smith, Steele et al. 2010), the increases observed in p-JNK and p-
p38 MAPK concentrations could indicate the initiation of apoptosis after MP-12
infection. Popova et al. and Narayanan et al. detected a significant increase in p-p53 and
p-p38 MAPK, respectively, in HSAECs (Popova, Turell ef al. 2010; Narayanan, Popova
et al. 2011; Austin, Baer et al. 2012).

Overall, the pro-apoptotic MAPK pathways that were examined showed an
increase in the phosphorylation of key proteins after infection with MP-12 or rMP12-
C13type. Even though there was no increase in these proteins after ZH501 infection,
there was more cell death observed after ZH501 infection than after MP-12 infection.
From the data shown, ZH501-infected cells appear not to go through apoptosis, but
possibly die due to the fact that cellular processes have been re-programmed to
synthesize new virus particles. Since the viruses grow to similar titers in the macrophage
cells, these data suggest that ZH501 affects components of the host response that MP-12
does not. While NSs has been shown to decrease transcription in host cells (Le May,
Dubaele et al. 2004) and both viruses (MP-12 and ZH501) have an intact NSs protein, it
has been shown that the NSs protein of wild type RVFV strain ZH548 and MP-12
functions differently in host animals (Bouloy, Janzen ef al. 2001). This might indicate
that alternative pathways exist through which ZH501 can manipulate the host response in

macrophage cells.
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Figure 3.14. Protein levels in primary BMD dendritic cells

The fold change of p-JNK (A), p-c-Jun (B), p-STAT2 (C), p-STAT3 (D), p-p53 (E), p-
p38 MAPK (F), and p-NF-kB (G) after infection with irradiated MP-12, live MP-12,
rMP12-C13type, or ZH501 or stimulated with LPS. Changes in phosphorylation levels
are represented as a fold change over cells at 0 HPI. Cells were plated, allowed to rest
and then infected after 24 hours. Open bars represent mock-infected cells, dark gray bars
represent cells infected with irradiated MP-12, striped gray bars represent cells infected
with MP-12, light gray bars are cells infected with rMP12-C13type virus and black bars
are representative of ZH501-infected cells. LPS stimulated samples were only taken after
72 hours and are represented by the last bar on the graph. Error bars are + standard
deviation and *, #, and + indicates p<0.05 between mock/MP-12, mock/ZH501, and MP-
12/ZH501, respectively. MOI = 8

Viral infection generally causes infected cells to release IFN-y resulting in
JAK/STAT pathway activation in bystander cells through paracrine signaling. STAT
proteins regulate a spectrum of cellular functions downstream of activated cytokine
receptors. They stimulate proliferation, differentiation, and survival of cells as well as
host resistance to pathogens. The JAK/STAT pathway appears to be activated after
infection with MP-12 as there is a large increase in p-STAT2 72 hours after infection in
primary macrophage cells. The JAK/STAT pathway terminates with the activation of
IFN-y activated sequence (GAS) or IFN-stimulated response elements (type I IFN) such
as IL-6, chemokine (C-C) receptors, RANTES, and MCP. The increase of p-STAT2 is
seen at the very end of the time course after MP-12 infection (at least in my experiments)
and may be a possible attempt at repair since the STAT proteins are important
components of cellular growth and survival. This activation after infection could be in
response to the various cytokines that are released after MP-12 infection.

While recent published studies indicate that there is no change in levels of p-
STAT3 after MP-12 and ZH501 infection (Popova, Turell et al. 2010), I observed a 2-
fold increase in pSTAT3 48 hours after infection with rMP12-C13type when compared to
mock-infected cells. This could be due to the use of different cell types (primary mouse
immuno-modulatory cells used here versus HSAECs used in the other studies), the lack

of the NSs protein in rtMP12-C13 type virus, or since this increase is only transient, it
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could have been missed in other studies. I have found that STAT3 phosphorylation was
unchanged after live MP-12 infection, while p-STAT2 showed increases starting at 48
HPI. The late increase in p-STAT2 after viral infection in cells could be due to an
antiviral response that is initiated when the virus initially enters the cells.

Early in the course of infection (< 24 HPI), p-NF-kB concentration does not differ
between the infection groups. Beginning at 48 HPI there is a 2-fold increase in NF-kB
concentration which increases to 10-fold at 72HPI. Since NF-kB is important in the
mediation of vascular inflammation (Han, Runge et al. 1999; Brasier, Recinos et al.
2002) through the regulation of various pro-inflammatory cytokines (RANTES, MCP-1,
MIP-1, and IL-6), it is possible that this increase could facilitate an increase in the pro-
inflammatory cytokines. Further studies need to be done to examine the amount of NF-
kB in the nuclear fraction of the cell since NF-kB is active after it translocates to the
nucleus and binds to DNA (Shirakawa and Mizel 1989).

My data suggest that pro-inflammatory pathways that respond to NF-kB are
down-regulated since NF-kB expression does not increase until 48 and 72 HPI and only
after MP-12 infection. NF-«kB also inhibits apoptosis, and since the levels of pro-
apoptotic proteins phosphorylated after MP-12 infection increases, it is not surprising that
the anti-apoptotic protein NF-kB does not show an increase. The cells infected with MP-
12 appear to undergo apoptosis. As seen with the other proteins examined, there is no
increase in NF-kB after ZH501 infection which is probably due to viral inhibition of
cellular transcription.

I have found that proteins that are involved in pro-apoptotic and survival
pathways are phosphorylated after MP-12 infection in primary BMD macrophage cells.
This phosphorylation, with the exception of p-p38 MAPK, is late in the course of
infection. It appears that the delicate balance in the cell is disrupted by RVFV infection.
After entering host cells, RVFV shuts down cellular transcription approximately 8 hours

post infection with the MOI used, (Billecocq, Spiegel et al. 2004). A better
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understanding of the overall host immune response to RVFV infection will not only
contribute to increase my knowledge on RVFV pathogenicity but also to the development
of antiviral strategies. The goal of this aim was to examine and characterize the early
host cell signaling response after infection with RVFV. Many recent studies have
examined the cell signaling response to RVFV infection and have begun to piece together
modulation of general pathways to viral replication (Popova, Turell er al. 2010;

Narayanan, Popova et al. 2011; Austin, Baer et al. 2012).
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Chapter 4 Cytokine secretion that is affected following RVFV infection

Specific Aim 2: Identify IFNs and inflammatory cytokines whose secretion is
affected following infection in vitro with RVFV wild type strain ZH501 or MP-12.

Hypothesis: While the IFN response to infection with either ZH501 or MP-12

will be similar, more pro-inflammatory cvytokines will be released following ZH501

infection since the pathology that is seen after RVFV infection has been repeatedly

attributed to an overactive immune response.

Rationale: For this study, the goal was to determine the host immune response to
RVFYV infection in cell culture systems. In an effort to characterize the host response to
RVFYV infection, the overall cytokine response was examined in primary murine immune-
modulatory cells (macrophages and bone-marrow derived dendritic cells) and immune-
modulatory cell lines (RAW 264.7 macrophage and DC 2.4 dendritic cells) with the
expectation that the response would be similar and provide data to support the use of
murine cell lines in studies characterizing the host response to RVFV infection.
Furthermore, if a similar response can be detected between human (data from published
studies) and mouse immune-modulatory cells, this would provide additional support for
the use of murine cells to study infection. If the host cytokine response can be deduced,
efficient treatment therapies could be devised.

McElroy and Nichol examined TNFa and IFN levels in peripheral blood
mononuclear cells obtained from four individual healthy human donors (McElroy and
Nichol 2012). They found that human primary monocyte derived macrophages were
susceptible to RVFV infection, and developed CPE at 12 hours post infection (HPI).
Furthermore, they determined that infection with ZH501 did not cause an increase in type

I IFN (IFN-a2 and IFN-B) or TNFa at 24 HPI, but that infection with irradiated ZH501
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led to an increase in TNFa and IFN-a2 levels in three out of the four donors. Cells that
were infected with a recombinant RVFV lacking NSs showed an exponential increase in
IFN-a2, IFN-B, and TNFa in all four donors when compared to mock and ZH501-
infected cells (McElroy and Nichol 2012).

Similar to the described results from McElroy and Nichol, I detected an increase
of multiple different pro-inflammatory cytokines in murine primary macrophages after
infection with a recombinant RVFV lacking the NSs protein (rMP12-C13type) (Ikegami,
Won et al. 2006). No difference in cytokine response was detected between mock and
ZH501-infected primary macrophage cells and only a slight increase in cytokine
concentration after infection with y-irradiated virus. The response by MP-12-infected
primary macrophage cells seemed to be delayed and less intense when compared to the

response by rMP12-C13type-infected primary macrophage cells.
RESULTS

Cytokine response in RAW 264.7 cells

Mouse-derived RAW 264.7 cells were infected with MP-12 or ZH501 at a MOI
of 1. One hour after infection, cell culture supernatant aliquots were taken at multiple
time points (over a course of 36 hrs) and the concentration of a panel of Thl associated
cytokines (IFN-y, IL-12(p70), and IL-12(p40)) and chemokines (MCP-1, MIP-1a, MIP-
1B, and RANTES) was examined. IFN-y is considered an antiviral cytokine and is
thought to directly inhibit viral replication (Milstone and Waksman 1970; Hayashi and
Koike 1989; Shirazi and Pitha 1992; Lin, Kwong et al. 2004; Dash, Prabhu et al. 2005;
Konishi, Okamoto et al. 2012). In ZH501-infected RAW 264.7 cells, no significant
change in IFN-y concentration was detected until 36 HPI, after which the concentration
increased to 2.5 times higher than observed in mock-infected RAW cells (Figure 4.1A).
At 36 HPI, the ZH501 viral titer was 6.5 log and the number of surviving cells was less
than 10% (data not shown). With such high titers and low number of surviving cells, it
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appears that the cellular response is inefficient at controlling viral replication and
subsequently clearing RVFV. Although macrophages are not the primary producers of
IFN-y (natural killer and natural killer T-cells are the principal source of IFN-y in vivo),
IFN-y is needed for activation of macrophages and it may serve in an autocrine manner to
self-activate the cells. The release of IFN-y by macrophages is important in this context
to examine the effect of RVFV on the functionality of these cells. However, IFN-y
secretion does not change significantly through the course of the experiment after MP-12
or irradiated MP-12 infection. IFN-y secretion only increased toward the end of infection
with ZH501.

IL-12(p70) (Figure 4.1B) and IL-12(p40) (Figure 4.1C) were both examined after
RVFV infection. IL-12(p70) is a heterodimer and is considered the active form of the
protein. Thl cells stimulated by IL-12(p70) proliferate and produce IFN-y (Hsieh,
Macatonia et al. 1993). IL-12(p40) is a homodimer and is an IL-12 antagonist. While
IL-12(p70) exhibited no significant change in concentration throughout the course of
infection with ZH501, at 12 HPI, there was approximately a 5-fold decrease in the
concentration of IL-12(p70) after MP-12 infection compared to mock-infected cells.
Even though the amount of secreted IL-12(p70) increased throughout the course of
infection, after infection with irradiated MP-12 the concentration was lower compared to
mock-infected cells. No change in the concentration of IL-12(p40) was detected after
infection with either MP-12 or ZH501 when compared to mock-infected cells (Figure
4.1C). At 9 and 12 HPI, MP-12 and ZH501-infected cells secreted amounts of IL-

12(p40) that were significantly different from one another.
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Figure 4.1. Thl cytokines secreted by RAW 264.7 cells

Thl cytokines secreted by RAW 264.7 cells after infection with irradiated MP-12, live
MP-12, or ZH501. Cells were plated, allowed to rest and then infected after 24 hours.
Open bars represent mock infected cells, gray bars represent cells infected with irradiated
MP-12, gray striped bars represent cells infected with MP-12, and black bars represent
cells infected with ZH501. Error bars are + standard deviation and *, #, and + indicate
p<0.05 between mock/MP-12, mock/ZH501 or MP-12/ZH501, respectively. Cells were
infected with a MOI of 1.

A significant increase in the amount of secreted TNFa was detected at 12 HPI
after irradiated MP-12 infection compared to both MP-12- (4-fold increase) and mock-
infected cells (45-fold increase) (Figure 4.2). While MP-12 caused a 4-fold increase in
the secretion of TNFa early in the course of infection (1-3 HPI), no difference could be
detected between TNFa concentrations in mock and MP-12-infected samples during the

end stages of the experiment (24-36 HPI). The concentration of TNFa after ZH501
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infection increased by a factor of three when compared to mock-infected controls early in
infection (1-3 HPI) and then began to gradually decline until 36 HPI. By 24 HPI, the
concentration of TNFa secreted after MP-12 and ZH501 infections decreased to levels
below that of mock-infected cells, while concentrations after infection with irradiated
MP-12 gradually increased throughout the time course (Figure 4.2). These data suggest

that replicating RVFV might inhibit TNFa expression.
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Figure 4.2. TNFa secreted by RAW 264.7 cells

TNFa secreted by RAW 264.7 cells after infection with irradiated MP-12, live MP-12,
and ZH501. Cells were plated, allowed to rest and then infected after 24 hours. Open
bars represent mock-infected cells, gray bars represent cells infected with irradiated MP-
12, gray striped bars represent cells infected with MP-12, and black bars represent cells
infected with ZH501. Error bars are + standard deviation and *, #, and + indicate p<0.05
betweem mock/MP-12, mock/ZH501 or MP-12/ZH501, respectively. Cells were infected
with a MOI of 1.

The chemokines RANTES, MCP-1, MIP1la and MIPIB play an important role
during the host response to infection, due to their chemotactic properties and recruiting
activity of immune cells, such as macrophages, to the sites of viral replication. While
there was no detectable change in RANTES concentration between mock- and ZH501-
infected samples, a large gradual increase was observed after infection with irradiated

MP-12 that lasted throughout the entire course of the experiment (Figure 4.3A). This
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change became apparent at 6 HPI (a 3-fold increase) and steadily increased until 36 HPI
(a 40-fold increase). A decrease in RANTES secretion after MP-12 infection could be
detected when compared to all other treatments. The decrease was first observed at 3
HPI when there was approximately a 40% decrease in the concentration of RANTES
released after MP-12 infection. The decrease was greatest at 36 HPI with a 75%
reduction in the concentration of RANTES in the cell supernatants. =~ MCP-1
concentration in both MP-12- and ZH501-infected cells was decreased when compared to
mock-infected samples throughout the entire time course (Figure 4.3B). During the
course of the experiment, it appeared that MCP-1 was naturally secreted from RAW
264.7 cells and the active replication of RVFV hindered this secretion by compromising
the functionality of the macrophage cells. MIP-la concentration followed a similar
pattern as MCP-1 after RVFV infection (Figure 4.3C). There were significant decreases
in both MP-12- and ZH501-infected samples after infection when compared to mock.
ZH501-infected samples (even though secreting less MIP-1a than mock-infected cells)
secreted significantly more MIP-1a than observed for MP-12-infected cells. IL-la

concentration did not change after infection with RVFV (data not shown).

Cytokine response in DC 2.4 cells

As observed in the RAW 264.7 cells after RVFV infection, there was no increase
in the concentration of IFN-y in the DC 2.4 cells with the exception of 12 HPI, when both
MP-12- and ZH501-infected cells secreted higher amounts of IFN-y than mock cells
(Figure 4.4A). This increase was only significant between mock- and MP-12-infected
cells. At early time points after infection (between 1 and 9 HPI), a 60% (at 1 HPI) and
30% decrease (at 9 HPI) in the concentration of IFN-y could be detected after infection
with ZH501 compared to MP-12- and mock-infected cells (Figure 4.4A). Cells infected
with irradiated MP-12 showed no significant difference in induction of IFN-y at the

translational level when compared to mock samples. IL-12(p70) exhibited no significant

73



change in concentration throughout the course of infection with RVFV MP-12 or ZH501,
but was consistently lower in irradiated MP-12 infected DC 2.4 cells when compared to
uninfected controls (Figure 4.4B). While IL-12(p70) concentration did not change when
comparing mock- to MP-12-infected cells, the concentration of this cytokine showed a
significant decrease at 6, 9, and 12 HPI after infection with ZH501 when compared to
MP-12-infected cells. As with the RAW 264.7 cells, there was no detectable change in
IL-12(p40) (data not shown).
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Figure 4.3. Chemokines secreted by RAW 264.7 cells

Chemokines secreted by RAW 264.7 cells after infection with irradiated MP-12, live MP-
12, and ZH501. Cells were plated, allowed to rest and then infected after 24 hours. Open
bars represent mock-infected cells, gray bars represent cells infected with irradiated MP-
12, gray striped bars represent cells infected with MP-12, and black bars represent cells
infected with ZH501. Error bars are + standard deviation and *, #, and + indicate p<0.05

for mock/MP-12, mock/ZH501 or MP-12/ZH501, respectively. Cells were infected with
aMOI of 1.
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Figure 4.4. Th1 cytokines secreted by DC 2.4 cells

Th1 cytokines secreted by DC 2.4 cells after infection with irradiated MP-12, live MP-12,
and ZH501. Cells were plated, allowed to rest and then infected after 24 hours. Open
bars represent mock-infected cells, gray bars represent cells infected with irradiated MP-
12, gray striped bars represent cells infected with MP-12, and black bars represent cells
infected with ZH501. Error bars are + standard deviation and *, #, and + indicate p<0.05
betweem mock/MP-12, mock/ZH501 or MP-12/ZH501, respectively. Cells were infected
with a MOI of 1.

At 1 hour post ZH501 infection, there was a significant 2.5-fold increase in the
amount of secreted TNFa. TNFa secretion peaked at 6 HPI and remained elevated until
9 HPI after ZH501 infection. From 12 to 24 HPI, the concentration of TNFo was not
different among DC2.4 cells infected with MP-12 or ZH501 but TNFa concentration did
increase after infection with irradiated MP-12 (Figure 4.5).

The concentrations of the chemokines RANTES, MCP-1, MIP-1a and MIP-1f3
were evaluated next in the supernatant of DC 2.4 cells. Unlike observations made in
RAW 264.7 cells, there was an increase in RANTES in DC 2.4 cells after MP-12
infection (Figure 4.6A). At 1 HPI, there was a 2-fold increase, which lasted from 3 to 6
HPI, when the concentration of TNFa released after MP-12 infection was significantly
higher than the concentration of TNFa released from the mock-infected samples. The

ZH501-infected DC 2.4 cells showed no difference from mock-infected cells until 24 HPI
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when there was a 2-fold decrease in the concentration of secreted RANTES. MCP-1
concentration was constantly lower in ZH501-infected DC 2.4 cells when compared to
MP-12-infected cells. While the RANTES concentration in all three viral infections
steadily increased over the course of the experiment, at 24 HPI the concentrations of
MCP-1 in MP-12- and ZH501-infected cells dropped as the levels in mock-infected
samples continued to increase (Figure 4.6 B). MIP-1a and MIP-13 concentrations were
unchanged or decreased in both MP-12- and ZH501-infected samples when compared to

mock (Figure 4.6C; data not shown for MIP-1p).
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Figure 4.5. TNFa secreted by DC 2.4 cells

TNFa secreted by DC 2.4 cells after infection with irradiated MP-12, live MP-12, and
ZH501. Cells were plated, allowed to rest and then infected after 24 hours. Open bars
represent mock-infected cells, gray bars represent cells infected with irradiated MP-12,
gray striped bars represent cells infected with MP-12, and black bars represent cells
infected with ZH501. Error bars are + standard deviation and *, #, and + indicate p<0.05
between mock/MP-12, mock/ZH501 or MP-12/ZH501, respectively. Cells were infected
with a MOI of 1.
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Figure 4.6. Chemokines secreted by DC 2.4 cells after infection

Chemokines secreted by DC 2.4 cells after infection with irradiated MP-12, live MP-12,
and ZH501. Cells were plated, allowed to rest and then infected after 24 hours. Open
bars represent mock-infected cells, gray bars represent cells infected with irradiated MP-
12, gray striped bars represent cells infected with MP-12, and black bars represent cells
infected with ZH501. Error bars are + standard deviation and *, #, and + indicate p<0.05
between mock/MP-12, mock/ZH501 or MP-12/ZH501, respectively. Cells were infected
with a MOI of 1.

Cytokine response in primary macrophage cells

Current in vitro experiments have been performed in immortalized mouse
macrophage and dendritic cells, due to their availability, ease of handling, and low cost.
To determine if the cell lines are a suitable surrogate for primary immune-modulatory

cells and if the host cell immune response displays similarities between the two cell
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systems, experiments were also performed in mouse primary macrophage and dendritic
cells. Immortalized cell lines potentially have an altered response when compared to the
primary cells. LPS was used as a positive control to ensure that the primary cells were
secreting the cytokine of interest, and cells responded strongly to LPS stimulation and
secreted large amounts of the cytokines examined (Chia, Pollack et al. 1989; Pan, Kim et

al. 2008; Y1, Bi et al. 2013).
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Figure 4.7. Thl cytokines secreted by primary macrophages

Thl cytokines secreted by primary BMD macrophage cells after infection with irradiated
MP-12, live MP-12, tMP12-C13type and ZH501, or LPS stimulated. Cells were plated,
allowed to rest for 24 hours, moved into the BSL-4, infected, and then harvested at the
time point indicated. The LPS stimulated cells were only harvested at 72 HPI. Open bars
represent mock-infected cells, medium gray bars represent cells infected with irradiated
MP-12, gray striped bars represent cells infected with MP-12, light gray bars represent
cells infected with rMP12-C13type, black bars represent cells infected with ZHS501.
Error bars are + standard deviation and *, #, and + indicate p<0.05 between mock/MP-12,
mock/ZH501 or MP-12/ZH501, respectively. Cells were infected with a MOI of 4.

Primary bone marrow-derived macrophages were infected with irradiated MP-12,
and replication-competent MP-12, rtMP12-C13type or ZH501 at two different MOIs (1
and 4). While the overall response was similar, cells infected with the higher MOI
secreted cytokines sooner than those infected with the lower MOI. The cytokine panel

used to evaluate RAW 264.7 and DC 2.4 cells to infection with RVFV was also used to
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evaluate responses to infection in primary cells with the addition of interleukins (IL) -2, -
3, -4, -5, -6, -7, -8, -9, and -10, eotaxin, G-CSF, and GM-CSF to better correlate the in
vitro primary cell data with in vivo analysis performed in Specific Aim 3 (Chapter 5).

Results from infections with RVFV (MOI=1) in primary macrophages was not
consistent with observations made in the macrophage cell line, RAW 264.7. While
macrophages are not a typical source of IFN-y in vivo, there were changes in the
concentration of IFN-y in the culture supernatant of infected BMD macrophages (Figure
4.7A). Similar to observations made with RAW 264.7 cells, there was no change in the
concentration of secreted IFN-y after infection with ZH501 except a decrease observed at
72 HPI. After infection with MP-12, IFN-y levels increased to levels significantly higher
(a 2-fold increase) than mock- and ZH501-infected cells at 72 HPI. There was also an
increase in IFN-y concentration after infection with rMP12-C13type virus that was
detectable as early as 6 HPL. After infection with this naturally attenuated avirulent
RVFV isolate, which is lacking 70% of the NSs gene, IFN-y gradually began to increase
and was significantly higher than other treatment groups beginning at 24 HPI. This is not
surprising because the NSs gene has been shown to be the virulence factor for RVFV and
is known to interfere with the host innate immune response by blocking the production of
type I IFNs (Bouloy, Janzen et al. 2001; Billecocq, Spiegel et al. 2004; lkegami,
Narayanan et al. 2009; Ikegami, Narayanan et al. 2009; Kalveram, Lihoradova et al.
2011; Kalveram, Lihoradova ef al. 2013). It is possible that NSs also has functions in
blocking IFN-y that have yet to be elucidated. Therefore, the lack of NSs in the rtMP12-
C13type virus would explain the increase in IFN-y.

Changes in IL-12(p70) (Figure 4.7B) and IL-12(p40) (data not shown)
concentration mirrored those observed for IFN-y. While there was no change in
concentration of IL-12 after ZH501 infection when compared to mock-infected cells,
there was a significant decrease in IL-12 secretion after ZH501 infection when compared

to MP-12-infected cells. There was also an 8.5-fold increase in the amount of IL-12
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detected 72 hours after MP-12 infection. As expected, since rMP-12-C13type infection
caused an increase in the secretion of IFN-y, IL-12(p70) increased rapidly after rMP12-
C13type infection. There were significantly higher amounts of IL-12(p70) and IL-
12(p40) being detected beginning at 6 HPI and 24 HPI, respectively, and lasting

throughout the remainder of the experiment.
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Figure 4.8. TNFa secreted by primary macrophages

TNFa secreted by primary BMD macrophage cells after infection with irradiated MP-12,
live MP-12, tMP12-C13type and ZH501, or LPS stimulated. Cells were plated, allowed
to rest for 24 hours, moved into the BSL-4, infected, and then harvested at the time point
indicated. The LPS stimulated cells were only harvested at 72 HPI. Open bars represent
mock-infected cells, medium gray bars represent cells infected with irradiated MP-12,
gray striped bars represent cells infected with MP-12, light gray bars represent cells
infected with rMP12-C13type, black bars represent cells infected with ZH501. Error bars
are + standard deviation and *, #, and + indicate p<0.05 between mock/MP-12,
mock/ZH501 or MP-12/ZH501, respectively. Cells were infected with a MOI of 4.

TNFa concentration in primary macrophage cells seemed to increase slightly at 6
HPI following stimulation with irradiated MP-12 (Figure 4.8A). No additional changes
in the concentration of TNFa after infection with irradiated MP-12 or ZH501 were
observed. After rMP12-C13type infection, TNFa increased during infection beginning at

6 HPI, when the concentration of secreted TNFa peaked, and remained elevated
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throughout the course of the experiment. TNFa was only significantly elevated 72 hours
after MP-12 infection.

The concentration of IL-1a did not change in the macrophages after infection with
ZH501 (Figure 4.8B). Similar to what was observed in regards to the concentration of
TNFa, there is only a change in IL-1a concentration at 6 HPI with irradiated MP-12.
After infection with rMP12-C13type, the amount of IL-la detected in the culture
supernatant of macrophage cells increased sharply at 6 HPI (>100 fold increase when
compared to mock-infected cells) and remained elevated until the termination of the
experiment at 72 HPI (a 35-fold increase above mock is seen). MP-12 did cause a
significant increase in IL-1a secretion during all time points examined except 1 HPIL.

The chemokines KC (IL-8), RANTES, MIP-1a, MIP-1p, and MCP-1 all increased
after infection with rMP12-Cl13type (Figure 4.9A-D). The concentration of the
chemokines examined was significantly higher after rMP12-C13type infection when
compared to other infection groups beginning as early as 6 HPI. The concentration of
RANTES (Figure 4.9A) and MCP-1 (Figure 4.9B) increased significantly once the
macrophages were infected with rMP12-C13type when compared to mock-infected
samples. Of interest is the lack of increase of RANTES and MCP-1 early during the
course of MP-12 infection, but elevated levels of RANTES and MCP-1 could be detected
at 24, 48, and 72 HPI. At 24 hours after infection with irradiated MP-12, even more of
these chemokines were secreted when compared to MP-12 infection. RANTES levels
were three times higher and MCP-1 levels were two times higher after infection with
irradiated MP-12. The same amount of RANTES that secreted into the supernatant at 72
hours after MP-12 infection was also secreted after infection with irradiated MP-12. The
increase in both RANTES and MCP-1 secreted after irradiated MP-12 or MP-12 infection
(MOI=4) was significant when compared to mock-infected cells. MIPla (Figure 4.9C)
and MIP1p (data not shown) did not increase until 72 hours after MP-12 infection. KC

(IL-8) values began to increase early after MP-12 infection (6 HPI) and were higher
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compared to mock-infected samples throughout the course of the experiment but the

values were not significantly elevated in comparison to irradiated MP-12 until 48 HPI

(Figure 4.9D).
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Figure 4.9. Cytokines secreted by primary macrophages

Chemokines secreted by primary BMD macrophage cells after infection with irradiated
MP-12, live MP-12, tMP12-C13type and ZH501, or LPS stimulated. Cells were plated,
allowed to rest for 24 hours, moved into the BSL-4, infected, and then harvested at the
time point indicated. The LPS stimulated cells were only harvested at 72 HPI. Open bars
represent mock-infected cells, medium gray bars represent cells infected with irradiated
MP-12, gray striped bars represent cells infected with MP-12, light gray bars represent
cells infected with rMP12-C13type, black bars represent cells infected with ZHS501.
Error bars are + standard deviation and *, #, and + indicate p<0.05 between mock/MP-12,
mock/ZH501 or MP-12/ZH501, respectively. Cells were infected with a MOI of 4.
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Both G-CSF (Figure 4.10A) and GM-CSF (Figure 4.10B) levels increased after
infection with tMP12-C13type at the later stages of infection (= 6 HPI). These levels
were significantly higher than all other infection groups with the exception of samples
taken after infection with MP-12 at 72 HPI. At that time, the cells that were infected with

MP-12 resulted in increased amounts of released G-CSF and GM-CSF.
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Figure 4.10. G-CSF and GM-CSF secreted by primary macrophages

G-CSF and GM-CSF secreted by primary BMD macrophage cells after infection with
irradiated MP-12, live MP-12, tMP12-C13type and ZH501, or LPS stimulated. Cells
were plated, allowed to rest for 24 hours, moved into the BSL-4, infected, and then
harvested at the time point indicated. The LPS stimulated cells were only harvested at 72
HPI. Open bars represent mock-infected cells, medium gray bars represent cells infected
with irradiated MP-12, gray striped bars represent cells infected with MP-12, light gray
bars represent cells infected with rMP12-C13type, black bars represent cells infected with
ZHS501. Error bars are + standard deviation and *, #, and + indicate p<0.05 between
mock/MP-12, mock/ZH501 or MP-12/ZH501, respectively. Cells were infected with a
MOI of 4.

The concentration changes of IL-6 (Figure 4.11A) and IL-10 (Figure 4.11B) after
infection with RVFV were similar to each other. While IL-6 concentration increased
significantly after infection with rMP12-C13type when compared to all other infection
groups, IL-10 concentration was significantly elevated after rMP12-C13type infection
compared to the other infection groups until 72 HPI. At 72 HPI, the concentration of IL-
10 drastically increased after MP-12 infection and was significantly higher than all other
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groups at the same time point after infection, including rMP12-C13type. IL-6
concentration after infection with irradiated MP-12 and MP-12 was higher than mock-

and ZH501-infected samples starting at 6 HPL.
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Figure 4.11. Pro/Anti-inflammatory cytokines secreted by primary macrophages

Pro/Anti-inflammatory cytokines secreted by primary BMD macrophage cells after
infection with irradiated MP-12, live MP-12, tMP12-C13type and ZH501, or LPS
stimulated. Cells were plated, allowed to rest for 24 hours, moved into the BSL-4,
infected, and then harvested at the time point indicated. The LPS stimulated cells were
only harvested at 72 HPI. Open bars represent mock-infected cells, medium gray bars
represent cells infected with irradiated MP-12, gray striped bars represent cells infected
with MP-12, light gray bars represent cells infected with rMP12-C13type, black bars
represent cells infected with ZH501. Error bars are + standard deviation and *, #, and +
indicate p<0.05 between mock/MP-12, mock/ZH501 or MP-12/ZH501, respectively.
Cells were infected with a MOI of 4.

Various other interleukins (IL-2, -3, -4, -5, and -9) were examined as well. The
profiles of IL-2 and IL-9 showed no specific trend and values were not sufficiently
consistent to predict any specific type of host response (data not shown). The
concentrations of IL-3 (Figure 4.12A), IL-4 (Figure 4.12B), and IL-5 (Figure 4.12C) all
had similar profiles. Starting 6 hours after rMP12-C13type infection, the concentrations
of these 3 cytokines were significantly elevated and remained elevated throughout the
course of the infection. While the concentrations after MP-12 infection were slightly

higher, they were not as significantly increased until 6 HPI with IL-3 and IL-4. ZH501-
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infected samples did not show any change in concentration after infection, but cells

infected with irradiated MP-12 did secrete more of these cytokines compared to mock-

infected cells even though the values were not significant.
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Figure 4.12. Interleukins secreted by primary macrophage cells

Interleukins secreted by primary BMD macrophage cells after infection with irradiated
MP-12, MP-12, rMP12-C13type, or ZH501 or stimulated with LPS. Cells were plated,
allowed to rest for 24 hours, moved into the BSL-4, infected, and then harvested at the
time point indicated. The LPS stimulated cells were only harvested at 72 HP1. Open bars
represent mock-infected cells, medium gray bars represent cells infected with irradiated
MP-12, gray striped bars represent cells infected with MP-12, light gray bars represent
cells infected with rMP12-C13type, black bars represent cells infected with ZH501.

Error bars are + standard deviation and *, #, and + indicate p<0.05 between mock/MP-12,
mock/ZH501 or MP-12/ZH501, respectively. Cells were infected with a MOI of 4.



Cytokine response in primary BMD DCs

The Murine BMD DCs that I obtained did not appear to support productive
infection by RVFV. Several attempts were made to infect DCs, but no attempt resulted
in detection of active viral replication. The lack of viral replication was indicated by a
constant and not increasing virus titer over the course of the experiment (Chapter 3;
Figure 4.8), no apparent CPE present after infection (Chapter 3; Figure 4.9) and no
obvious signaling pathway activation. Since there seemed to be no productive infection,

the cytokine response in primary BMD dendritic cells was not examined further.

DiscussiON

Currently, only a few studies have been published describing the detailed
characterization of the cytokine and chemokine secretion after RVFV infection. None of
these recently published studies have examined more than a few cytokines and their
specific interactions with other cytokines and proteins (McElroy and Nichol 2012; Smith,
Bird et al. 2012). The objective of this study was to achieve a more detailed overview of
the general host immune response from immunomodulatory cells following RVFV
infection by examining a comprehensive panel of cytokines and chemokines. In attempts
of identifying a difference in the host response to virulent and non-virulent strains of the
virus, cells were infected with a live and replicating vaccine strain of RVFV (MP-12), a
replication-deficient vaccine strain (y-irradiated MP-12), a recombinant MP-12 that
resembled a naturally occurring attenuated avirulent isolate (rMP12-C13type), or with
pathogenic ZH501.

IFNs are considered the antiviral cytokines because their activity leads to
inhibition of viral replication and they induce a number of antiviral proteins, such as
PKR, RNaseL, MxA, OAS-1, OAS-2, IL-6, MCP-1, and RANTES which could lead to
resistance to viral infection (Milstone and Waksman 1970; Hayashi and Koike 1989;
Shirazi and Pitha 1992; Lin, Kwong et al. 2004; Dash, Prabhu et al. 2005; Konishi,
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Okamoto ef al. 2012). IFNs bind to their receptors and then cause self-phosphorylation
of STAT proteins inside the cell. The STAT proteins move into the nucleus and then
bind to DNA to activate the transcription of antiviral genes. If an organism cannot
produce and utilize IFN properly, it is generally very susceptible to viral infection. The
secretion of the Thl cytokines IFN-y and IL-12 is inhibited during infection with MP-12
or ZH501 in RAW 264.7 and DC 2.4 cells, but this inhibition is not observed in primary
BMD macrophage cells that are infected with rMP12-C13type or MP-12. Analyzed data
collected from experiments performed in cell lines, indicate that RVFV vaccine strain
MP-12 and ZH501 down regulate the immune response. However, in primary cells, the
picture seems to be a little different. It appears that there is a delayed IFN-y response
after MP-12 infection in primary BMD macrophages that is important in viral clearance.
IFN-y has a synergistic response with IL-12(p70) to promote the proliferation of Thl
cells. The IFN-y response in murine cells points towards a decrease in the Thl cell
response that would occur after ZH501 infection. The decrease in proliferation is seen
soon after infection with MP-12, but it appears that the cells recover and begin to produce
Thl cytokines (IFN-y and IL-12(p70)). These cytokines drive the cells toward a Thl
response starting at 72 HPI.

These two cytokines (IFN-y and IL-12(p70)) could be the key in understanding
the differences that are observed when these viruses infect living organisms. No
difference could be detected in the cytokine response between mock and MP-12-infected
primary macrophage cells until 72 HPI. The data suggest that there is a delay in the IFN
response after MP-12 infection in comparison to rtMP12-C13type-infection, while no
response can be detected after infection with ZH501 infection. The small amount of IFN-
y produced by the primary macrophage cells after MP-12 and rMP12-C13 type viral
infection could be the determining factor between viral attenuation and fatal infection.

This could be what is needed to begin an immune response that will clear the virus.
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I observed that TNFa, which works synergistically with IFN-y (Feduchi, Alonso
et al. 1989), increases in concentration 72 hours after infection with MP-12 in primary
macrophage cells. TNFo mediates inflammatory and immune functions by manipulation
of INK, p38 MAPK, and NF-kB pathways and IFN synthesis (Karin and Gallagher 2005;
Karin and Greten 2005; Kant, Swat ef al. 2011). Just as others have observed (McElroy
and Nichol 2012), I detected an increase in TNFa secretion 24 HPI with virus that is
lacking the NSs protein in primary macrophage cells. The increase of TNFa after rMP12-
C13type infection seems to indicate that pro-inflammatory and pro-apoptotic pathways
are activated after infection. The lack of TNFa secretion after ZH501 infection can likely
be due to, at least partially, the activity of NSs since there was no TNFa response after
MP-12 (which has an intact NSs protein) infection until very late time points, but an
increased TNFa response could be detected after infection with rtMP12-C13type. This
decrease in TNFa secretion could also be due to the decrease in cell signaling that is seen
after ZH501 infection. It has been shown that TNFa stimulation of cells with suppressed
transcription or translation suppresses apoptosis (Aggarwal, Kohr et al. 1985; Sugarman,
Aggarwal ef al. 1985). While NSm has been shown to suppress apoptosis by suppressing
the cleavage and thereby activation of caspase-3 and caspase-8 (Won, lkegami et al.
2007), an inhibition of TNFa secretion early in infection by NSs could have a synergistic
effect with NSm on blocking apoptosis since TNFa induces apoptosis through the
caspase cascade.

The majority of newly assembled infectious MP-12 virions is released within the
first 24 hours after infection (at MOI 1 or higher) (Ikegami, Won et al. 2006; Won,
Ikegami et al. 2006; Won, lkegami et al. 2007), and apparently occurs before the
appearance of the first wave of cytokines. Only the cells infected with rtMP12-C13type
are secreting cytokines (IFN-y, TNFa, IL-1a, IL-8, IL-4, IL-5, IL-6, IL-10, IL-12, MCP-
1, MIP-1a, G-CSF, and GM-CSF) at less than 24 hours after infection in primary

macrophage cells. The responses seen in other cytokines can be a reflection of the many
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pathways that are activated by TNFa. My data suggest that the cytokine response in
macrophages is significantly delayed or even suppressed at the translational level due to
presence of the RVFV virulence factor NSs.

The chemokines IL-1a, RANTES, MCP-1, and MIP-1a all play important roles in
cellular recruitment and trafficking. My data suggest that the recruitment of immune
cells such as macrophages and T-cells may be severely restricted by ZH501-infected
macrophages; however, without further investigation, it is not clear that recruitment is
limited in DCs as they did not appear to be infected. It is possible that RVFV utilizes
DCs as a means of transport, similarly to what has been observed in other viral infections
in regards to macrophages (Koenig, Gendelman et al. 1986; Medeot, Contigiani et al.
1995; Miagostovich, Ramos et al. 1997; Gras and Kaul 2010; Mathieu, Pohl ef al. 2011).
It is also possible that the expression level of the homologue of the phlebovirus cellular
receptor DC-SIGN (DC-SIGNR3) is lower in mouse bone marrow-derived DCs due to
the activation status (mature versus immature) of the DC (Lozach, Kuhbacher ef al. 2011)
and needs to be evaluated in future studies. The presentation to naive T-cells by DCs
appears not to be inhibited by RVFV, because the DCs are not infected. It appears that
the recruitment of activated macrophages to sites of infection is restricted due to the lack
of chemokines released after MP-12 and ZH501 infection. Chemokines examined to date
do not exhibit an increased expression in primary macrophage cells after ZH501 infection
and these chemokines have a severely delayed release in cells infected with MP-12.

In summary, in vitro infection studies performed in mouse primary macrophages
indicate that both, MP-12 and ZH501, inhibit chemokine secretion, and that ZH501 does
so more efficiently. The cytokine response to rMP12-C13 type infection is elevated
quickly after infection and remains that way throughout the experiment. Since studies
have shown that virus lacking NSs provides protection in mice (Gowen, Bailey et al.
2013), the increase in cytokines I saw in primary macrophages, may be beneficial to the

host. Activated macrophages are important in combating infection. Both MP-12 and
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rMP12-C13 type viruses appear that they would be viable vaccine candidates.
Furthermore, it appears that immortalized mouse dendritic cells and macrophages are not
a sufficient cell culture system to study host cellular cytokine secretion after RVFV
infection, since gained data are in stark contrast to the data collected from primary cell

experiments.
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Chapter 5 Chemotatic and Inflammatory Responses in the Liver and
Brain are associated with Pathogenesis of Rift Valley Fever Virus

Infection in the Mouse4

Specific Aim 3: Identify a panel of cytokines whose secretion is affected
following infection in vivo with wild type RVFV or MP-12.

Hypothesis: ZH501 will induce a stronger anti-viral and pro-inflammatory
response in vivo than MP-12.

Mice that were infected with ZH501 displayed higher levels of cyotkines (Gray,
Worthy et al. 2012) and pathology (primarily hepatitis, in a small percentage secondary
encephalitis) that is typical of RVFV infection (Mims 1956; Flick and Bouloy 2005;
Ikegami and Makino 2009; Bhardwaj, Heise et a/. 2010; Mandell, Koukuntla et a/. 2010;
Smith, Steele ef al. 2010; Ross, Bhardwaj et al. 2012). These mice indicate that there is a
delicate balance between the immune response and viral clearance. The more subtle
immune response seen after MP-12 infection apparently controlled viral replication and
therefore cleared the virus without causing any fatal outcome.

Rationale: While some studies have analyzed only selected cytokines after
RVFV infection and others examined the pathology after infection, no study has been
performed characterizing both in the same animal model after RVFV infection. Here the
goal was to describe the cytokine response and to correlate that response to the clinical
and pathological finding following RVFV infection in the C57BL/6 mouse model.

RVFV is virulent in many different animal species, with mice being highly

susceptible to infection (Ross, Bhardwaj et al. 2012). Currently, there is no detailed

4 The majority of this chapter, including figures, has been previously published. K. K. Gray, M. N.
Worthy, et al. (2012). "Chemotactic and inflammatory responses in the liver and brain are associated with
pathogenesis of Rift Valley fever virus infection in the mouse." PLoS Negl Trop Dis 6(2): €1529
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understanding of the host immune response and how it relates to pathogenesis. While
infection with MP-12 does not cause lethal disease in immune-competent mice, wild type
RVFV generally results in up to 100% mortality in BALB/c, C57BL/6, and CD-1 mice
within 3-5 days of infection (LD50 <10 PFU) (Bouloy, Janzen et al. 2001; Morrill,
Ikegami et al. 2010; Smith, Bird et al. 2012). A study by Smith et al. examined
pathogenesis in BALB/c mice following subcutaneous challenge with 1,000 PFU of wild
type ZHS501, focusing on viral titers in tissues, types of infected cells and
histopathological changes during infection (Smith, Steele et al. 2010; Reed, Steele et al.
2012). While this study examined clinical parameters, it did not analyze the host immune
response and relate that response to the in-depth discussion of the pathogenesis that was
observed in the BALB/c mouse model. Recently, MBT/Pas inbred mice were shown to
be more susceptible to RVFV than the traditionally used inbred laboratory strains
BALB/cByJ and C57BL/6J. 1t is believed that this higher susceptibility is because the
mice do not mount a proper innate immune response (do Valle, Billecocq ef al. 2010). 1
chose to study C57BL/6 mice as this strain is biased toward a Th-1, or cell-mediated,
immune response which is more typical in limiting viral infection (Heinzel, Sadick et al.
1989; Locksley, Heinzel et al. 1991; von Stebut, Belkaid et al. 2000; Gemmell, Winning
et al. 2003; Pinto, de Mello Cortezia et al. 2003; Ritchie, Yam et al. 2003; Misslitz,
Bonhagen ef al. 2004).

As anticipated, I found that there was a marked difference between the host
response to infection with wild type RVFV and the attenuated MP-12 vaccine strain.
While neither virus caused overt changes in body weight or temperature, changes in the
clinical parameters measured were more profound in animals infected with wild type
virus than with the vaccine strain. Histopathologic lesions from animals infected with the
wild type virus were more severe than MP-12-infected animals, including a large amount
of necrosis in the liver which correlated with the presence of viral antigen. Furthermore,

there was a significant cytokine response in wild type virus-infected animals in all organs
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examined [liver, spleen, and the brain]; whereas the only significant changes detected in
MP-12-infected animals were, surprisingly, in the brain. An increased cytokine response
could also be correlated to histological changes observed in the organs of ZH501-infected
animals versus those infected with MP-12. These studies suggest that the pathogenicity
caused by RVFV infections in the mouse model is driven primarily by an unregulated
host inflammatory response, which results in significant loss of liver function and

development of neurologic disease.
RESULTS

Clinical observations

To assess the onset of illness with the host response, serum, liver, spleen, and
brain were harvested from groups of 5 mice every 12 hours after virus inoculation and
various different parameters were measured. As anticipated, MP-12-infected mice
showed no signs of clinical disease and all survived until sacrificed. ZH501-infected
mice began to develop signs of illness (i.e. ruffled fur and hunched posture) as early as 36
HPI and all infected mice showed signs of clinical illness and succumbed to disease. Of
the subset of ZH501-infected animals monitored daily for their weight and body
temperature, 85% were alive on day 2, while 30% survived to day 3, and all were dead at
day 4 post infection (Figure 5.1). All animals in the monitored MP-12-infected group
survived through completion of the study or sacrifice. Even though human disease is
characterized by fever, during the course of the experiment, none of the mice became
febrile or lost a significant amount of weight (Figure 5.2 A and B). While in some
studies, mice lose weight, the studies I have seen did not examine fever in the mouse

model.
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Complete Blood Counts (CBCs)

CBCs are an important diagnostic and prognostic tool for determining overall
clinical health and a reliable measure of multiple indices of whole blood components.
CBCs were performed in this study to determine the utility of the parameters measured in
assessing the health of mice during RVFV infections. Whole blood from animals that
were either MP-12-, ZH501-, or mock-infected was collected by terminal cardiac
puncture. Overall, no significant difference in the total white blood cell (WBC) count
between mock- and MP-12-infected mice was observed for any of the measured
parameters (Figure 5.3A and Table 1). The CBCs of ZH501-infected animals were not
remarkably different from MP-12- or mock- infected animals until 60 HPI. A two-fold
drop in total WBC count after ZH501 infection was observed at 60 and 72 HPI, but
recovered to levels of uninfected controls 84 and 96 HPI. The only time point where the
decrease of WBC was statistically significant relative to mock was at 72 HPI when there
was a three-fold drop in ZH501-infected mice. @ A similar trend was observed for
lymphocytes and monocytes (Figure 5.3B and Table 1). No significant difference was
detected between the three challenge groups at any point of infection except at 72 HPI
where the number of cells was lower in ZH501-infected animals than in the other two
groups. Lymphocytes in ZH501-infected mice were almost 15- and 10-fold lower when
compared to mock and MP-12-infected animals, respectively. At 96 HPI the
concentration of monocytes in ZH501-infected animals was elevated relative to both
mock and MP-12-infected animals, but the difference was not significant. Eosinophils
only showed a change at 96 HPI after ZH501 infection where there were five times as
many eosinophils circulating in the blood. The neutrophil population did not deviate
significantly between the three treatments during the course of the experiment (Table 1).

Red blood cell (RBC) populations were largely the same between all three

challenge groups (Figure 5.3C and Table 1). However, at 24 HPI the RBC concentration
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in MP-12-infected animals was 1.5 times higher than in mock or ZH501-infected mice
while at 72 HPI, ZH501-infected animals had a decreased RBC count (Figure 5.3C).
Interestingly, the platelet count was within normal ranges (592-2,972 K/ul) for all groups
until 72 HPI where the platelet concentration in ZH501-infected mice dropped well
below normal and was 4 times lower than in mock or MP-12-infected mice (Figure
5.3D). There was a short temporal recovery to normal levels at 84 HPI, but then the level
dropped to below normal values again at 96 HPI when mock and MP-12-infected mice

displayed twice as many platelets as ZH501-infected mice.
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Figure 5.1. Mouse survival after RVFV infection

Percent survival of mice that were infected with 1000 PFU of vaccine strain MP-12
(square), wild type strain ZH501 (triangle) or were mock-infected (diamond). Of all
animals included in this study, only three ZH501-infected animals survived to 96 HPI.
All mock and MP-12-infected animals survived until euthanized for tissue collection.
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Figure 5.2. Mouse daily weight and temperature

(A) Daily weight (g) and (B) temperature (°C) of mock- (diamond), MP-12- (square) or
ZH501-infected (triangle) C57BL/6.
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Figure 5.3. Hematology results

(A) Total white blood cell, (B) lymphocyte, (B) red blood cell and (C) platelet counts
over the course of disease in mock- (closed diamond), MP-12- (closed square) or ZH501-
infected (closed triangle) animals. Each data point represents the mean of 5 animals per
group except at 96 HPI in the ZH501 group where only 3 animals remained.
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Normal Hours Post Infection

Parameter Values 0 12 24 36 48 60 72 84 96 108 120 132 144
Mock

(N=5)

WBC 1.8 - 5.89 2.16 2.93 3.88 2.00 1.55 6.90 2.84 4.22 1.54 3.72 441 5.20
(K/pl) 10.7 (1.5)  (0.5) (0.9) (2.1) (0.7) (0.7) (2.4) (1.7) (1.9) (0.8)  (2.3) (1.5) (1.1)
LY 0.9 - 4.62 2.21 2.08 2.95 1.28 1.24 5.04 2.16 3.13 1.15 2.74 3.60 3.44
(K/ul) 9.3 1.2) 1.2) (0.6) (1.5) (0.5) (0.6) (1.6) (1.4) (1.4) (0.6) (1.6) (1.4) (1.1)
MO 0.0 - 0.22 0.14 0.15 0.25 0.1 0.07 0.47 0.17 0.22 0.10 0.21 0.14 0.57
(K/pl) 0.4 (0.07)  (0.02) (0.1) (0.2) (0.07)  (0.02)  (0.4) (0.1) (0.1) (0.07) (0.2 (0.02)  (0.4)
EO 0.0 - 0.04 0.03 0.06 0.08 0.07 0.01 0.11 0.07 0.03 0.04 0.04 0.02 0.11
(K/pl) 0.2 (0.03) (0.04) (0.1) (0.07) (0.06) (0.01) (0.04) (0.06) (0.02) (0.03) (0.04) (0.01) (0.05)
NE 0.1- 0.99 0.42 0.64 0.58 0.55 0.23 1.25 0.43 0.83 0.24 0.72 0.67 1.06
(K/ul) 2.4 (0.4) (0.1) (0.3) (0.4) (0.1) (0.1) (0.5) (0.3) (0.4) 0.1) (0.6) 0.1) (0.3)
RBC 6.36 -  9.47 9.22 8.76 9.39 9.95 9.62 10.3 8.97 10.43 9.92 8.99 9.55 8.79
(M/pl) 9.42 (03) (1.0 (2.2) (0.2) (0.2) (0.3) (1.7) (0.5) (0.4) (0.3)  (0.6) (0.2) (1.4)
PLT 592 - 291.33 460.50 488.75 618.00 564.75 529.60 452.25 455.20 408.60 716.20 484.20 719.00 434.20

(K/ul) 2972 (34.56) (392.85) (216.64) (105.82) (109.43) (129.85) (200.82) (301.84) (178.0) (87.15) (221.24) (107.75) (371.66)
MP-12

(N=5)

WBC 5.01 2.70 2.70 5.19 3524 433 4.72 3.45 200 466 5.10 3.27
(K/ul) (1.6) (1.3) (1.3) (0.9) (1.4) 0.7) (1.6) (1.3) 0.7)  (1.5) (5.5) (1.4)
LY 3.41 2.12 3.57 3.57 2.93 3.22 373 2.53 132 321 3.93 2.40
(K/ul) (1.2) (1.1) (0.5) (0.5) (1.3) 0.7) (1.1) 1.2) 05)  (L3) (4.9) (1.3)
MO 0.15 0.37 0.33 0.21 0.13¢  0.13 0.16 0.26 025  0.26 0.30 0.18
(K/pl) 0.13)  (0.21)  (0.3) (0.04)  (0.04)  (0.04)  (0.06)  (0.1) 01)  (0.1) (0.2) (0.1)
EO 0.04 0.02 0.02 0.09 0.04 0024  0.08 0.03 008  0.03 0.04 0.02
(K/ul) (0.07)  (0.07)  (0.03) (0.07) (0.05) (0.01)  (0.04)  (0.04)  (0.07) (0.02)  (0.03)  (0.03)
NE 0.43 1.03 0.42 1.12 047#  0.93 0.66 0.63 043  1.14 0.82 0.65
(K/ul) (0.4) (0.2) (0.2) (0.4) (0.1) (0.3) (0.5) (0.2) 0.2)  (0.3) (0.6) (0.1)
RBC 9.24 13.48% 8.94 8.05 10.13%  9.50 9.07 8.50 1021 9.76# 1176  8.41
(M/pl) (0.65)  (1.8) (1.23)  (1.4) (0.3) (0.5) (0.3) 2.2) (0.4)  (0.4) @.7) (1.3)
PLT 539.50  509.00 652.80 542.67 39520 530.20 570.00  449.50  746.40 57400 644.00 6813
(K/ul) (164.1)  (215.0) (170.3) (37.3)  (1295) (76.4)  (55.8)  (238.4) (50.82) (100.4) (178.3)  (121.9)
ZH501

(N=5)*

WBC 1.95 4624  3.29 4.16 1.07 1.42 255 4.47

(K/pl) (1.6) (1.8) (2.5) (2.5) (0.4) (0.1) (1.3) (0.2)

LY 1.33 350# 259 2.70 056#  0.34 1.62 3.04

(K/ul) (0.9) 1.7) (1.9) (1.8) (0.4) (0.03) (1.4) (0.6)
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MO
(K/ul)
EO
(K/ul)
NE
(K/ul)
RBC
(M/pl)
PLT
(K/ul)

0.15 0.19 0.18 0.18 0.06 0.02 0.18 0.60
(0.1) 0.07)  (0.16)  (0.1) 0.04)  (0.03)  (0.1) (0.3)
0.04 0.05 0.05 0.09 0.01 0.02 0.06 0.15
(0.07)  (0.04) (0.05)  (0.07) (0.02) (0.01)  (0.03)  (0.04)
0.43 0.86 0.46 1.18 0.44 1.04 0.69 0.64
(0.4) 0.2) (0.3) (0.7) (0.2) (0.1) (0.3) (0.3)
9.24 9.21 9.41 9.22 9.31 6.39 8.95 8.504

(0.7) 0.2) (0.5) (0.5) 0.7) (133 (L1 (0.6)
539.50  584.40 67275 44020 563.20  112.00 383.80  174.00
(164.1)  (132.0) (37.0)  (183.0) (239.4) (43.8)  (109.8) (165.8)

Table 5.1. Complete blood counts

Total white blood cell concentration (WBC), lymphocyte concentration (LY), monocyte concentration (MO), eosinophil
concentration (EQO), neutrophil concentration (NE), total red blood cell concentration (RBD) and platelet concentration (PLT)
after mock, MP-12 or ZH501 infection. Each value is the average of 5 mice with the standard deviation (SD) below, except 96
HPI in the ZH501-infected mice which represent the average of the three surviving mice (SD). K/ul = 103 cells/ul; M/ul = 106
cells/ul. # indicates p<<0.05 for that viral infection (MP-12 or ZH501) compared to mock-infected samples. *Note: n =5 for
all time points except 96 hours post ZH501 infection where n = 3
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Plasma Chemistry

RVFV is known to be hepatotropic (McGavran and Easterday 1963) and to cause
the release of liver specific enzymes from necrotic hepatocytes which can serve as
clinical markers of hepatic dysfunction. Glucose and total bilirubin are also markers of
liver function. Glucose production is one of the last functions of the liver to be lost as
hepatocytes die and bilirubin increases with progressing degree of liver necrosis. In this
study, serum liver enzyme concentrations became elevated in ZH501-infected mice as the
disease progressed. Alanine aminotransferase (ALT) began to increase at 36 HPI and
peaked in concentration at 60 HPI in ZH501-infected animals (Figure 5.4A). While
normal values of ALT are between 17-77 U/L, at 36 HPI one mouse infected with ZH501
had ALT serum levels over 500 U/L, at 48 HPI one animal had levels of 1,300 U/L, and
at 60 HPI two mice had over 1,500 U/L of ALT in their serum. No animals in the mock
or MP-12-infected groups had an ALT concentration above 150 U/L (Figure 5.4A).
Serum glucose levels dropped drastically in the ZH501-infected mice at 72 HPI (Figure
5.4B). Glucose levels in ZH501-infected mice began to increase at 84 HPI and were at
higher than normal levels at 96 HP1. Total bilirubin was also elevated in ZH501-infected
animals (Figure 5.4C). At 72 and 84 HPI, there was one mouse each in the ZH501-
infected group that had elevated total bilirubin concentrations. Blood urea nitrogen
(BUN) and creatinine levels are expected to increase in the serum with progressing
kidney damage. BUN and creatinine levels were both elevated at 72 hours after ZH501
infection (data not shown). Creatinine levels in ZH501-infected mice dropped to similar
levels as mock at 84 HPI and subsequently rose at 96 HPI. Analyzed plasma electrolytes
(calcium, phosphorous, sodium, and potassium) did not show a significant deviation from

normal concentrations (data not shown).
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Figure 5.4. Liver function enzymes

Alanine aminotransferase (ALT) (A), glucose (B), and total bilirubin (TBIL) (C) concentrations in the serum of mock, MP-12, and
ZH501-infected mice. Each symbol represents an individual mouse. There were five mice in each group, except at 96 HPI where
only three animals had survived until this point of the study. The horizontal bar represents the average of the mice for that group.
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Virus Distribution

To correlate the onset of illness with virus replication in different organs, tissues
were harvested from groups of 5 mice every 12 hours and virus titers determined by
plaque assay. ZH501 was detected at 24 HPI in the serum at 5 log10 PFU/ml and peaked
at 84 HPI with over 7 logl0 PFU/ml in the liver (Figure 5.5A). The points on the graph
for serum and the liver represent at least 4 mice per time point, excluding 84 HPI where
only 3 mice had positive ZH501 titers in the serum. In the spleen the peak viral titer was
seen at 48 HPI where over 6 logl0 PFU/ml of virus was present. This is representative of
only 1 mouse that had a positive viral titer. At all other time points, only 3 mice had
ZH501 present in their spleens. While virus titers in the spleen drastically decreased, the
titers in serum, liver, and brain remained elevated at 72 HPI. At each of the time points
taken in the brain, only one mouse had positive viral titers. ZHS501 titers peaked at 60
HPI in the brain and serum at 5 log10 PFU/ml and 6 log10 PFU/ml, respectively.

As observed in other animals, virus titers declined to undetectable levels after the
initial phase of the disease (Smith, Steele ef al. 2010; Kortekaas, Antonis et al. 2012;
Nfon, Marszal ef al. 2012; Smith, Bird ef al. 2012) and plaque assay analysis of the
serum, liver and brain in the three remaining animals sacrificed at 96 HPI showed no
virus present (Figure 5.5A). MP-12-infected animals did not have any detectable virus in
any tissue until they became viremic at 72 HPI with a peak titer of 2.5 logl0 PFU/ml.
This peak in viremia was representative of 2 mice that had positive viral titers at this time
point. The viremia was below detectable limits (~ 200 PFU) by 84 HPI. In the liver,
virus appeared at 96 HPI when the viral load was just under 4 log10 PFU/ml with a slight
decrease in tissue titer at 108 HPI and was no longer detectable at 120 HPI. Each point
of the graph that shows positive titers in the liver is representative of one mouse that had
positive viral titers. MP-12 was not detected in the spleens or brains of infected mice at

any point during the study (Figure 5.5B).
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Figure 5.5. Viral Distribution

Viral titers in the serum, liver, spleen, and brain after infection with (A) ZH501 or (B)
MP-12. (C) Immunohistochemical stain of liver from a ZH501-infected mouse at 60
HPI.  Intracytoplasmic viral antigen is depicted by brown staining, 10X. (D)
Immunohistochemical stain of liver from a ZHS50l-infected mouse at 84 HPIL
Intracytoplasmic viral antigen is depicted by brown staining, 20X. (E)
Immunohistochemical stain of spleen for RVFV antigen from a ZH501-infected mouse at
84 HPI. The red pulp sinusoids contain numerous cells with cytoplasmic brown, granular
material depicting viral antigen. There are no viral antigen positive cells in the lymphoid
follicle. Note the increased lymphocytolysis depicted by pyknotic nuclei and cellular
fragments, 20X. (F) Brain from a ZH501-infected animal at 84 HPI with no pathologic
changes, H&E 2.5X.
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Immunohistochemical stains for RVFV antigen in formalin-fixed tissues collected
from the three study groups were examined microscopically (Figure 5.5C-F). Seven out
of a total of 11 MP-12-infected mice analyzed, had no viral antigen in their livers,
spleens, or brains; while four mice had occasional antigen-positive cells in splenic red
pulp sinusoids and white pulp lymphoid follicles (data not shown). One MP-12-infected
animal exhibited cytoplasmic antigen staining in small numbers of cells within multiple
hepatic microgranulomas. Seven out of eight ZH501-infected mice sacrificed from 48 to
84 HPI exhibited diffuse granular cytoplasmic viral antigen staining in most hepatocytes
(from 75% to 95% of cells affected) (Figure 5.5C and D). While two out of eight ZH501-
infected animals had no splenic viral antigen staining, up to 5% of the cells in splenic red
pulp sinusoids and white pulp lymphoid follicles in the other six animals contained
cytoplasmic viral antigen (Figure 5.5E). Viral antigen was not detected in brain (Figure
5.5F) or spinal cord (data not shown) sections in any mouse from any infection group.
While viral antigen has been detected as early as 5 DPI, (Smith, Steele ef al. 2010; Reed,
Steele et al. 2012), encephalitis in the mouse model is usually detected more than 10 days
after infection if the mouse survives the hepatitis that ZH501 causes (Reed, Steele ef al.

2012).

Cytokine Profiles

RVFV infection is known to cause a number of pathogenic effects such as liver
necrosis and encephalitis that could be correlated with the host immune response to
infection. In order to identify potential mechanisms of pathogenesis during RVFV
infection, I examined the cytokine response in three major organs (spleen, liver, brain)
and the serum. These organs were selected because the spleen plays an important role in
the host immune response, RVFV is hepatotropic (McGavran and Easterday 1963) and in
some cases causes encephalitis (Maar, Swanepoel et al. 1979). The results from these

experiments found that wild type ZH501 caused a significant cytokine response in all of
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the organs examined compared to MP-12. The responses for each organ are summarized

below.

Individual graphs for a representative subset of the cytokines examined are

shown in Figures 6-9.
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Figure 5.6. Serum Cytokines

The concentration of key cytokines in the serum of mice after mock infection or infection
with MP-12 or ZH501. Shown here are the changes in actual concentration [pg/ml]. The
values are the average of 5 mice (with the exception of 96 hours post ZH501 infection,
where only 3 surviving mice are represented) and the error bars are + standard deviation.
* #, and + indicates p<0.05 for mock/MP-12, mock/ZH501, and MP-12/ZH501,
respectively.

Serum (Figure 5.6A-H)-The serum from RVFV-infected animals was evaluated
for changes in cytokine levels relative to mock-infected animals. These studies indicated
a mild and limited inflammatory response in MP-12-infected animals with slight
elevations of IL-6, IL-12 and MIP-1a around 72 HPI. Elevated IL-12(p70) and IFN-y
suggest a Thl response against viral infection. In contrast, the response against ZH501
infection was very broad with onset evident at 48 HPI with significant elevations of IL-6,
KC, MCP-1 and MIP-1a. By 72 HPI, virtually all cytokines measured in ZH501-infected
animals were significantly elevated relative to mock-infected animals. The
concentrations of IL-6, G-CSF and MCP-1 indicate a strong inflammatory response and
potential response to vascular leakage (Lee, Liu ef al. 2006). Interestingly, the majority
of these cytokines return to non-significant levels in animals sampled at 84 HPI although
IL-6, IL-8, G-CSF and MCP-1 remain elevated.

Liver (Figure 5.7A-H)-Samples from MP-12-infected animals showed no
significant deviation from mock-infected control animals with the exception of a decrease
of IL-12(p70) at 72 HPI. As with serum samples, liver homogenates from ZH501-
infected animals had evidence of an inflammatory response with increases in KC, MCP-1
and MIP-la. A number of cytokines, such as IL-1a, IL-12, G-CSF, and KC, became
elevated at 48 HPI with most peaking at 72 HPI. G-CSF and KC concentrations were
both very high with peak concentrations several hundred fold higher than mock-infected
controls. MCP-1 and IL-1a were also elevated although not to the extent of G-CSF and

IL-8.
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Figure 5.7. Liver Cytokines

The concentration of key cytokines in the serum of mice after mock infection or infection
with MP-12 or ZH501. Shown here are the changes in actual concentration [pg/ml]. The
values are the average of 5 mice (with the exception of 96 hours post ZH501 infection,
where only 3 surviving mice are represented) and the error bars are + standard deviation.
* #, and + indicates p<0.05 for mock/MP-12, mock/ZH501, and MP-12/ZH501,
respectively.

Spleen (Figure 5.8A-H)-The response to MP-12 infection in the spleen was much
like that observed in the serum except that cytokine peaks were delayed by approximately
24 HPI. As seen in the serum, IL-6, IL-12(p70) and IFN-y concentrations peaked at levels
that were significantly higher than in mock-infected animals. In ZH501-infected animals,
cytokine concentrations began to increase significantly beginning at 48 HPI. IL-6 and G-
CSF displayed the largest fold changes, 200 and 450 times higher, respectively, relative
to mock. There was no significant change in concentrations of IL-2, IL-4, IL-12(p70) or
IFN-y suggesting that there was little, if any, stimulation of T- or B-cell activation or
differentiation. However, significant induction of IL-6, IL-1a, and several chemokines,
particularly MCP-1, indicates recruitment of pro-inflammatory cells into the spleen. The
peak cytokine response in the spleen (72 HPI) correlates with a significant drop in viral

titer in the spleen (Figure 5.5B).
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Figure 5.8. Spleen Cytokines

The concentration of key cytokines in the serum of mice after mock infection or infection
with MP-12 or ZH501. Shown here are the changes in actual concentration [pg/ml]. The
values are the average of 5 mice (with the exception of 96 hours post ZH501 infection,
where only 3 surviving mice are represented) and the error bars are + standard deviation.
* #, and + indicates p<0.05 for mock/MP-12, mock/ZH501, and MP-12/ZH501,
respectively.

Brain (Figure 5.9A-H)-The cytokine response in the brain indicates that the brain
is involved during infection with both MP-12 and wild type ZH501. This is particularly
interesting given that no virus was detected in the brain of MP-12-infected animals by
plaque assay (Figure 5.9) nor was there any signs of neurologic disease. In MP-12-
infected animals, IL-2, IL-13 and IL-17 were all elevated along with MCP-1 and MIP-1a.
The presence of IL-2, IL-13 and IL-17 suggests the presence and activation of a B-cell
response (Fitzgerald 2001; O'Gorman 2008) or even Th17 cells. Th17 cells have been
shown to play a key role in inflammation (Steinman 2007) . In addition to Th1 and Th2
cells, Th17 cells are recently discovered T-helper cells (Stockinger and Veldhoen 2007).
Th17 cells are potent producers of IL-17 after infection with bacteria and fungi (Siciliano,
Skinner et al. 2006; Aujla, Dubin ef al. 2007; Aujla, Dubin et al. 2007). They have been
shown to be both protective and harmful (causing pathology) in viral infection (Bystrom,
Al-Adhoubi et al.). Since the discovery of this cell subset is fairly recent, many of its
functions remain a mystery.

MCP-1 and MIP-1a concentrations were elevated soon after infection indicating
early onset recruitment of immunomodulatory cells. The brains of ZH501-infected mice
showed an early response similar to that seen in MP-12-infected animals, however,
concentrations of these cytokines remained elevated and many of their downstream
cytokines also became elevated with peak concentrations seen at 60-72 HPL. IL-6 was
not evident in the brains of MP-12-infected animals and IL-8 did not deviate significantly
from mock-infected animals. In ZH501-infected animals both cytokines were elevated

significantly indicating a strong pro-inflammatory response. G-CSF levels were also
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extremely high 48-72 HPI (over 2,500 times higher than mock and MP-12-infected mice)
suggesting stimulation of a strong protective anti-apoptotic response in the brain that is
associated with neurogenesis (Schabitz, Kollmar et al. 2003; Schneider, Kruger et al.
2005; Henriques, Pitzer et al. 2010). Although I found no clear clinical or histological
evidence that the ZH501-infected animals developed neurologic disease, the cytokine
response strongly suggests that they were going down a path that could lead to

encephalitis.
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Figure 5.9. Brain Cytokines

The concentration of key cytokines in the serum of mice after mock infection or infection
with MP-12 or ZH501. Shown here are the changes in actual concentration [pg/ml]. The
values are the average of 5 mice (with the exception of 96 hours post ZH501 infection,
where only 3 surviving mice are represented) and the error bars are + standard deviation.
* #, and + indicates p<0.05 for mock/MP-12, mock/ZH501, and MP-12/ZH501,
respectively.

IFN-B (Figure 5.10) —As wild type RVFV has been demonstrated to have type |
IFN antagonist properties (Bouloy, Janzen et al. 2001; Billecocq, Spiegel et al. 2004), 1
examined IFN-f production in the liver, spleen and brain. One out of five ZH501-
infected animals had elevated IFN-f in the brain at 84 HPI (Figure 5.10A). Three mock-
infected animals had slightly elevated IFN-3 concentrations in the brain while none of the
other mock-infected animals exceeded 75 pg/ml in any sample tested. Similar results
were seen in MP-12-infected animals, but one animal had elevated IFN-f in the liver at
36 HPI. However, ZH501-infected animals had elevated IFN-f in the liver (Figure
5.10B) and spleen (Figure 5.10C) of the majority of animals tested at 72 and 84 HPL
Mean concentrations of IFN-f in the spleens of ZH501-infected mice were significantly
higher (2-5 fold increase) than both mock and MP-12-infected animals between 48-96

HPI, while in the liver a significant difference was only seen at 72 HPI.
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Figure 5.10. IFN-B concentration folowing infection.

IFN-B concentration in the (A) liver, (B) spleen, and (C) brain in mice after infection. The first row represents mock-infected mice,
the second row represents MP-12-infected mice, and the third is ZH501-infected mice. Each symbol represents an individual mouse.
There were five mice in each group with the exception of the 96 time-point for ZH501 when only three animals were surviving. The
horizontal bar represents the average of the mice for each group. The # indicate that p<0.05 for the average value of ZH501-infected
animals compared to both mock and MP-12-infected animals.
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Histopathology

Examination of H&E stained sections from the liver, spleen and brain largely
supported clinical and cytokine response observations indicating significant damage to
the liver and spleen of ZH501-infected animals while tissues from mock and MP-12-
infected animals were essentially normal (Figure 5.11A and B).

ZH501-infected mice had evidence of necrosis and hepatocellular change as early
as 48 HPI (Figure 5.11C). Histological findings correlated well with the cytokine
response in that ZH501-infected animals with the more significant cytokine response also
had increased tissue damage. This trend was seen throughout the course of infection. At
48 HPI, mouse 60 presented with the highest cytokine levels (IL-1a, IL-6, IL-8, IL-12,
IFN-y, eotaxin, and G-CSF) and had moderate necrosis in the liver as opposed to mild
microgranulomas with approximately 70% of hepatocytes having cytoplasmic
vacuolation that was seen in the mouse 56, which had lower cytokine levels at the same
time point. At 60 HPIL, the mouse with higher levels of IL-1a, IL-6, IL-8, IFN-y, and
various chemokines in the liver (mouse 71) had moderate necrosis and hepatocyte
degeneration while other ZHS501-infected animals (mouse 73 and 75) had minimal
microgranulomas that were made up of neutrophils, Kupffer cells, and lymphocytes that
had no effect on surrounding tissue (Figure 5.11C). The foci of hepatocyte degeneration
and necrosis had occasional neutrophils, Kupffer cells and lymphocytes present (Figure
5.11C). At 72 HPI, the livers of ZHS50I-infected mice had evidence of severe
architectural disruption and most of the hepatocytes were in the process of degeneration
and necrosis. There was disassociation of hepatocytes, expansion of sinusoidal lumens
and accumulation of hemorrhage within dilated hepatic sinusoids. Most of the nuclei that
were still intact contained a single, centrally-located, intranuclear eosinophilic inclusion.
At 84 HPI, the livers looked similar to those collected at 72 HPI with architectural

disruption and necrosis (Figure 5.11C).



Figure 5.11. Liver and spleen pathology

(A) Liver from a mock-infected mouse at 84 HPI. The liver is essentially normal H&E
20x. (B) Liver from an MP-12-infected mouse at 84 HPI. The random, small
microgranulomas composed of individually necrotic hepatocytes surrounded by a small
number of neutrophils and mononuclear cells are unrelated to the study, H&E 20x. (C)
Liver from a ZH501-infected mouse at 84 HPI, showing piecemeal hepatocyte necrosis
(white arrowhead), hepatocellular intranuclear eosinophilic inclusions (white arrow).
Note the presence of neutrophils (black arrow) within foci of necrosis, H&E stain 40x.
(D) Spleen from a mock-infected mouse at 84 HPI. The spleen is essentially normal,
H&E 20x. (E) Spleen from an MP-12-infected mouse at 84 HPI. The spleen is
essentially normal, H&E 20x. (F) Spleen from a WT RVFV ZH501-infected mouse at 84
HPI with moderate amounts of necrotic cellular debris and macrophages containing
hemosiderin (brown pigment) within red puld sinusoids, H&E 10x.
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The spleens of the mock- (Figure 5.11D) and MP-12-infected (Figure 5.11E) mice
remained essentially normal throughout the study. The only pathologic change observed
was in mice infected with ZH501 (Figure 5.11F). At 48-84 HPI, the spleens of mice
infected with ZH501 that had the highest levels of cytokines (IL-1a, IL-1p, IL-6, eotaxin,
MCP, and MIP-1a) with corresponding increases in pathology. Observations included
mildly enlarged spleens with moderate amounts of necrotic cellular debris. This
pathology was not evident in animals with a limited cytokine response. At later time
points (i.e. 72 and 84 HPI), there was increased evidence of neutrophils and macrophages
containing hemosiderin (Figure 5.11F).

The brains of all the mice examined appeared essentially normal during the course
of this study despite evidence of a high viral titer and significantly increased

inflammatory cytokine concentrations in the brain (data not shown).

DiscussiON

Rift Valley fever virus is a highly pathogenic virus that causes large scale
outbreaks in livestock with frequently associated epidemics in humans. The mouse is an
established model for RVFV infection where animals succumb to wild type RVFV
infection within a matter of days with disease characteristics similar to that seen in fatal
cases of human disease and in infected newborn lambs (Ikegami and Makino 2011).
While the mouse is an accepted model for disease, the host response to infection has not
been well characterized in this or any model. Some studies have evaluated clotting time,
mortality, and disease progression, but none have focused on the host immune response
to RVFV infection (Morrill, Jennings et al. 1987; Peters, Jones et al. 1988; Morrill,
Jennings et al. 1989; Morrill, Jennings et al. 1990; Smith, Steele et al. 2010; Ikegami and
Makino 2011). Smith et al. described the pathogenesis of ZH501 infection in BALB/c

mice following subcutaneous challenge (Smith, Steele et al. 2010; Reed, Steele et al.
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2012), but did not have the benefit of cytokine profiles to correlate the pathogenesis to
the host response. To my knowledge, this is the first study to provide a broad
examination of the host response to RVFV infection in the mouse model. This study
identifies very significant differences between the host response to infection with wild
type ZH501 or the live-attenuated vaccine strain MP-12 and clearly demonstrates that a
significant and systemic pro-inflammatory immune response is likely a major contributor
to the progression to lethal disease.

As other studies examining the clinical response to viral infection have shown
(Tigabu, Juelich et al. 2009), clinical analysis is not particularly useful for predicting or
analyzing disease progression in this model. In this study, there was no significant
change in body weight or temperature in any of the challenge groups despite the ZH501-
infected animals showing clear indications of disease. There was an insignificant,
although constant, slight decrease in body temperature in the RVFV-infected mice when
compared to mock-infected mice. While RVFV is known to cause febrile illness, it is
possible that the mice were not febrile because body temperature can decrease as organ
systems shut down. Hematological analysis appeared to show that wild type RVFV
infection stimulates depletion of lymphocytes and platelets over the course of disease.
The depletion in WBC could be the result of lymphopenia during the mid-stages of
disease in ZH501-infected animals. Smith ef al. has shown virus is present in thymus and
the bone marrow as early as three days after infection of BALB/c mice with ZH501
(Smith, Steele er al. 2010). There appears to be a decrease in both total WBC and
lymphocyte numbers between 48 and 60 HPI in ZH501-infected mice (Table 1) with a
gradual recovery toward the end of the study. Lymphocyte recovery may be the result of
stimulation of the hematopoetic system as significantly increased concentrations of G-
CSF were found in the serum and tissues of ZH501-infected animals. Hematology results
in the C57BL/6 mouse model correlate somewhat with previously published studies in

the BALB/c mouse (Smith, Steele ef al. 2010) and rhesus macaque (Morrill, Jennings et
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al. 1989). Infected macaques had an initial leukocytosis and then a sharp decrease to
leukopenia at 5 dpi that slowly began to recover and was back to normal by 7 dpi. In
another study, looking at WBC counts in ZH501-infected rhesus macaques, animals with
a fatal outcome had evidence of leukocytosis at 2 dpi which remained elevated until death
or returned to baseline levels just prior to death. Animals which showed clinical illness,
but survived infection had only a transient leukocytosis (Morrill, Jennings et al. 1990).
The transient decrease in platelet concentration in ZH501-infected mice was a bit
surprising. Generally, DIC will cause the platelet count to decrease as the platelets are
used to form small clots in the blood vessels throughout the organism. Morrill et al.
reported a drop in platelet counts in RVFV-infected macaques which was in direct
proportion to the severity of the disease (Morrill, Jennings et al. 1990). Smith et al.
observed a decrease in platelet count in BALB/c mice infected with ZH501 when
compared to uninfected mice (Smith, Steele ez al. 2010). In this study utilizing the mouse
model, I found no difference between MP-12- and mock-infected animals yet a
significant decrease in the mean platelet count in ZH501-infected animals relative to
mock-infected animals but only at 72 HPI. Examination of individual ZH501-infected
animals found that mice with liver damage indicated by elevated ALT, low glucose and
high total bilirubin levels in the serum also had low platelets counts. However, not all
mice with low platelet counts had evidence of severe liver damage. My data also seem to
indicate a correlation between liver disease and low platelet counts in mice infected with
wild type RVFV, but not the reverse. When it appeared that the mice had large amounts
of liver necrosis, the number of platelets in circulation was low. The liver produces the
glycoprotein thrombopoietin. This protein stimulates the production of the platelet
precursor cells, megakaryocytes (Kaushansky 2006). When the liver is not functioning
properly, it more than likely cannot produce thrombopoietin, and therefore the number of

platelets will drop as they are used up. Similar results have been seen in humans where

118



approximately half of the patients with laboratory confirmed RVF present with abnormal
platelet counts (Al-Hazmi, Ayoola et al. 2003).

Clinical chemistry data seemed to indicate liver and kidney disease in ZH501-
infected animals, but no evidence of similar disease in MP-12- or mock-infected animals.
Liver necrosis has been shown to be a large contributor to the mortality seen after
infection with wild type RVFV (McGavran and Easterday 1963; Abdel-Wahab, El Baz et
al. 1978; MclIntosh, Russell et al. 1980; Peters, Liu et al. 1989; Morrill, Jennings et al.
1990; Bouloy, Janzen et al. 2001; Al-Hazmi, Ayoola et al. 2003; Smith, Steele et al.
2010). In studies with ZHS50I-infected non-human primates or sheep, serum
aminotransferases were increased in animals with fatal infections (Cosgriff, Morrill et al.
1989; Kortekaas, Antonis et al. 2012; Smith, Bird et al. 2012).  One of the studies
showed a correlation between the amount of liver damage (using ALT values) and virema
(Cosgriff, Morrill et al. 1989). ZH501-infected mice with elevated ALT and bilirubin
concentrations appeared to have histological indications of hepatitis, liver necrosis and
possible hepatitis associated jaundice that are characteristic of infection in mice. In Saudi
Arabia, 95% of patients with confirmed RVFV infections also had increased ALT levels
and 75% of them were diagnosed with hepatic failure (Al-Hazmi, Ayoola et al. 2003).
Animals with extremely elevated (above 600 U/L) serum ALT also had increased virus
titers and a stronger cytokine response in the liver indicating a strong correlation with the
onset of liver disease. Macroscopic examination of liver tissues during necropsy showed
them to be black in color in the later stages of disease, which was the consequence of the
livers being congested with blood. This finding was supported by histopathology with
accumulation of hemorrhage present throughout the liver in conjunction with significant
levels of viral antigen (Figure 5.5C-D).

ZH501-infected animals presented with elevated BUN and creatinine levels at
times when liver enzymes were the highest and cytokine response was at its peak.

Marmosets and sheep both show increases in BUN and creatinine amounts in the serum
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after infection with ZH501 (Kortekaas, Antonis et al. 2012; Smith, Bird er al. 2012).
While I did not test for viral titers in the kidneys of C57BL/6 mice, BALB/c mice do
have detectable amounts of virus in the kidneys 3-8 days post infection (Smith, Steele et
al. 2010). These findings lead me to believe that in addition to the liver failure, the
animals might also be in the process of developing kidney disease and are experiencing
multi-organ failure (which could account for the low body temperatures) as virus has also
been found in every major organ in RVFV-infected animals (brain, spleen, lung, thymus,
heart, pancreas, large intestine, adrenal gland, lymph nodes, sex organs (ovary and testis)
skeletal muscle, and bone marrow) (Smith, Steele et al. 2010; Gommet, Billecocq et al.
2011; Reed, Steele et al. 2012; Smith, Bird et al. 2012).

In order to characterize the host immune response to RVFV infection and to
differentiate infection with MP-12 vaccine strain from wild type ZHS501, the
concentration of a panel of cytokines in tissue homogenates and serum was determined.
The response to ZH501 infection was significant and dramatic in all of the tissues tested
while the response to MP-12 infection was largely unremarkable. The response seen in
livers from ZH501-infected animals was not anticipated. Given the nature of the wild
type RVFV infection, I expected evidence of a significant inflammatory response in the
liver. The induction of a pro-inflammatory response was not evident; however, a
significant chemokine response focused on recruitment of T-cells, neutrophils and
monocytes was pronounced. Histological evaluation of livers from ZH501-infected mice
identified significant cellular infiltration and congestion with the appearance of
neutrophils, macrophages, and lymphocytes within disrupted sinusoids and eosionphilic
intranuclear inclusion bodies that are characteristic of RVFV infections (Ishak, Walker et
al. 1982). These data were strongly correlated to the observed chemokine response and
were also consistent with studies in the BALB/c mouse model (Smith, Steele ef al. 2010).

Morphologically, the spleen was enlarged with a large amount of cellular debris

and a moderate number of neutrophils and macrophages containing hemosiderin (Figure
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5.11F). Hemosiderin is commonly found in macrophages when they break down
hemoglobin and release heme and bilirubin after conditions that result in hemorrhage
(Stewart, Fawcett et al. 1985; Turkmen, Eren et al. 2008). The presence of hemosiderin
containing macrophages in the spleen is indicative of hemorrhage following ZH501
infection.

As with the liver, the level of serum cytokines was significantly increased in
ZH501-infected animals. The levels of IL-6, IL-12(p40), G-CSF and several chemokines
were elevated indicating the onset of a strong inflammatory response and recruitment of
immunomodulatory cells. I have found only one study that examines the cytokine
response in ruminant animals to compare these data to. In the serum of goats infected
with RVFV (ZH501 strain), Nfon ef al. recorded an increase in IL-6, IL-12, IFN-y, TNF-
a, and IL-1pB, but they did not see an increase in the type I IFN, IFN-o (Nfon, Marszal et
al. 2012). The concentrations of all the analytes I examined, with the exception of IL-5
and IL-13, were significantly elevated in serum at 72 HPI supporting the hypothesis of a
strong unregulated immune response following ZH501 infection when compared to MP-
12 infection. Interestingly, animals sampled at 84 HPI did not have this broad cytokine
response and animals sampled at 96 HPI had normal cytokine levels. These data suggest
that there might be a critical transition period for RVFV pathogenesis that occurs around
72 HPI in this experimental model. Although exactly what this transition entails or the
associated mechanism is unclear, it is possibly a release of neutralizing antibodies and the
start of a Th2 response. Antibody titers and cell types present after infection were not
measured, therefore this is not definitive conclusion.

Despite a slight cytokine response in the brain following MP-12 infection, which
could indicate initiation of cellular recruitment, correlating pathology was not observed.
The results from MP-12-infected animals were in striking contrast to the response seen in
ZH501-infected mice. A very significant pro-inflammatory cytokine response was

stimulated in the brains of ZH501-infected mice and it was maintained through the course
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of disease. Despite the pronounced cytokine and chemokine response in the brain
beginning around 48 HPI, I did not find any viral antigen or histological evidence of
meningoencephalitis as was observed in BALB/c mice (Smith, Steele et al. 2010). It is
surprising that I could not detect viral antigen in brain sections, but viral titers reached 5
logs in the brain when evaluated via plaque assay. Studies done by Smith et al. and
Morrill et al. show that virus appears in the brains of infected mice on day 5 or 7 post
infection, respectively (Morrill, Ikegami et al. 2010; Smith, Steele et al. 2010). While
Smith detected virus in the brain via plaque assay as early as 3 dpi, virus was not detected
in immunolabeled sections of the brain until 5 dpi. BALB/c did not have any prominent
brain lesions and meningoencephalitis until 8 dpi (Smith, Steele et al. 2010). Here,
animals did not survive beyond 4 dpi, therefore not detecting virus or pathological
changes in immunolabeled brain sections is not surprising. It is possible that the
C57BL/6 mice would have developed neurological disease had they survived longer.
Previously published studies have shown that the NSs protein of wild type RVFV
has type I IFN (both IFN-a and -B) antagonist properties, while the MP-12 vaccine strain
induces type I IFN in in-bred mouse strains (Bouloy, Janzen et al. 2001; Billecocq,
Spiegel ef al. 2004; Ikegami, Narayanan et al. 2009). Monkeys that produce IFN-a soon
after infection with RVFV do not develop clinical disease (Morrill, Jennings et al. 1990).
High susceptibility in MBT/Pas mice to wild type infection is thought to be caused by
defects in both the early and late IFN responses after RVFV infection, even though the
mice typically produce and respond to IFN (do Valle, Billecocq ef al. 2010). Here, 1
found that wild type ZH501 induced a modest IFN-3 response in the liver and spleen
while the IFN-f3 response in MP-12-infected animals was negligible in the tested tissues.
The induction of the IFN-3 response was not evident until 72 HPI. This delayed IFN
response gives the virus an opportunity in a small window of time to replicate to high
titers. This suggests that production of measurable IFN-f could be correlated to increases

in virus titer. Previous work has shown that the initial inhibition of type I IFN occurs
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shortly after infection allowing the virus to become established with the resulting release
of IFN- coming from bystander cells (Bouloy, Janzen et al. 2001; Billecocq, Spiegel et
al. 2004). The lack of an IFN-B response in MP-12-infected animals is curious as I had
anticipated that I would see an induction of this cytokine as reported by others. However,
the lack of a strong generalized immune response suggests a key role for IFN-f3 at the
very onset of viral infection of macrophages or dendritic cells which could limit virus
propagation and dissemination, subsequently eliminating the induction of a broad
response. Evidence of virus in the spleen of some MP-12-infected animals and the
moderate Th-1 type response in the brain suggests that some virus escapes initial control
measures, but that the particle numbers are insufficient to trouble a competent immune
system.

With these experiments, I have identified significant host response differences in
the mouse model following infection with either wild type RVFV or the attenuated
vaccine strain. [ have also identified a temporal correlation between increased virus titers
in ZH501-infected mice, a decrease in WBC and platelets, architectural disruption and
necrosis in the liver, and the onset of a significant systemic cytokine response. The
specific mechanisms driving these physiological changes still need to be elucidated.
However, many of the responses that were identified can be directly correlated to disease
outcome. Clearly, there is a significant amount of cellular infiltration into and necrosis of
the liver that likely limits organ function, disrupts regulation of the acute phase response
and the ability of the coagulation cascade to limit hemorrhaging, regardless of the
mechanism associated with vascular leakage. There is evidence of a systemic pro-
inflammatory response in both the liver and the serum, but there is also evidence that
neurologic disease may play a role in the demise of ZH501-infected animals despite a
lack of gross signs of neurologic disease. This finding is generally not surprising as [
have observed a number of studies with vaccines and attenuated viruses where animals

that survive the first phase of disease following ZHS501 infection are only partially
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protected and may succumb to neurologic disease 10-14 dpi (M. Holbrook, unpublished
observations (Gowen, Bailey et al. 2013). There have also been published reports of
humans developing neurologic (Alrajhi May 2004) and ocular disease (Siam and Meegan
1980; Al-Hazmi, Al-Rajhi ef al. 2005) as a result of RVFV infection.

This experiment has demonstrated that RVFV vaccine strain MP-12 infects and
replicates in adult C57BL/6 mice, but does not cause acute disease while the wild type
strain ZH501 is highly pathogenic and causes a significant innate immune response.
Given that there are only 11 amino acid differences between the MP-12 strain and
ZH548, and the high homology between ZH501 and ZH548 (nucleotide difference of
0.26%), the differences in the host response are quite impressive (Bird, Khristova et al.
2007). This study makes it clear that MP-12 has the potential to be further developed and
evaluated as a safe and effective vaccine and clinical trials will hopefully provide
additional support for the use of MP-12 as a vaccine for RVFV in humans. This study
also gives evidence that rMP12-C13type virus could also be a good candidate vaccine
candidate. Recent studies have shown that virus lacking NSs provides protection in mice
post-exposure (Gowen, Bailey et al. 2013). The data published in that study along with
the cytokine response that I showed rMP12-Cl3type virus exhibited in primary
macrophage cells could provide a basis for more studies involving rMP12-13type virus.

It has been shown that the early innate response is important in survival rates of
those infected with RVFV, but there is very little published data on the immune response
of the primary host of RVFV (sheep, cattle, goats and humans). Recent studies have
shown a strong correlation between an increased pro-inflammatory response and survival
of infection in humans (McElroy and Nichol 2012). Knowing the pathology of the virus
and how the immune response has a hand in this pathogenesis is vital for better devised
treatments and vaccines. A single dose, immunogenic vaccine is needed because of the
sporadic nature of and quick spread of infection during outbreaks. The number of

causalities from RVFV infection can be decrease if a virus can be created that will
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decrease the number of animals that are infected and/or decrease the levels of viremia in
these animals. If virus amplification in the animals is reduced, then transmission by
mosquitoes can also be reduced. Small mammal studies are where these studies have to

begin in an effort to eliminate any treatments that may not be advantageous.
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Chapter 6 Conclusions and Future Studies

OVERVIEW

The aim of this project was to examine host responses against pathogenic and
attenuated RVF virus infection with the long-term goal of identifying specific host factors
that play an important role in protection and viral clearance. To examine these processes,
I utilized mouse macrophage (RAW 264.7) and mouse dendritic cell (DC 2.4) lines as
well as primary mouse BMD macrophages and dendritic cells for in vitro studies. To
examine cytokine secretion in vivo, C57BL/6 mice were used. The purpose of using both
cells and mice was to characterize the cytokine response in cells with the expectation that
the cytokine response that is seen in vivo could be attributed to immunomodulatory cells.
For these studies I used y-irradiated MP-12, MP-12, rtMP12-C13type virus or ZH501. 1
have shown that primary mouse BMD DCs appear not to be permissive to RVFV
infection, while primary mouse BMD macrophages are susceptible and productive
infection can be measured. While MP-12 and ZH501 had similar growth kinetics and
grew to comparable titers in primary macrophage cells (Figure 3.9), these similarities in
virus growth did not translate into the mouse system as ZH501 replicates to higher titers
more rapidly in the serum, liver, and spleen of infected mice. I also observed stark
differences in the cytokine response mounted against MP-12 and ZH501 both in vivo and
in vitro. This is likely due to the fact that infection of additional and more relevant
targets cells (such as hepatocytes and endothelial cells) contribute to the overall viremia
and therefore result in increased viral titers of ZH501. Furthermore, infection with the
attenuated MP-12 strain does not result in the development of clinical signs of disease in

mice and replication in immuno-competent mice is normally controlled very effectively.
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In these studies I tried to discriminate protective host responses following RVFV
infection to those that could contribute to development of severe disease. To obtain a
better understanding of the host response to RVFV infection, various signaling proteins
(Chapter 3) and secreted cytokines (Chapter 4) were characterized in macrophages and
dendritic cells in vitro, and compared with findings of blood chemistry, serum electrolyte,
and cytokine analysis from mouse in vivo studies (Chapter 5). ZH501 infection caused a
decrease in the concentration of all cytokines examined in primary macrophages, while
ZH501 infection caused large increases in the same cytokines (with the exception of IL-
5) systemically in vivo. The opposite was observed in MP-12 infection. MP-12 caused
an increase in the concentration of cytokines examined in vitro and a decrease in those
cytokines in vivo (with the exception of IFN-y). By understanding these host cellular
responses to RVFV infection, it will be possible to identify specific pathways and

mediators that are important for viral clearance in response to infection.

CELL SIGNALING

To examine the effects of RVFV infection on the response of specific
immunomodulatory cells, macrophage cell lines (RAW 264.7), dendritic cell lines (DC
2.4) and primary BMD macrophage cells were used. In the cells examined, pro-apoptotic
pathways appeared to be activated viral replication as the phosphorylation levels increase
<24 HPI. These results are in accordance with other studies published by Popova et al.
that show an increase in the phosphorylation of p53 and its upstream effectors p38
MAPK and JNK which are associated with pro-apoptotic pathways (Popova, Turell ef al.
2010). The phosphorylation of JNK leads to phosphorylation of both p53 and c-Jun. It
appears that a competition for activation by JNK occurs, in terms of when JNK activates
c-Jun, p-p53 concentration decreases leading to cell proliferation. The same is true in
that the absence of c-Jun leads to the increase of phosphorylation of p53 by JNK and

cellular apoptosis (Schreiber, Kolbus et al. 1999). When evaluating primary BMD
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macrophages [ also found an inverse correlation between p-p53 and p-c-Jun. I
concluded that the initial signaling steps of pro-apoptotic pathways are activated after
MP-12 infection in primary mouse macrophages due to an increase in p-p53, interference
from RVFV NSm may prevent the final steps of the pro-apoptotic pathway. Won et al.
demonstrated that the NSm protein of RVFV has anti-apoptotic properties by blocking
the cleavage of caspases 3, 8, and 9 (Won, lkegami et al. 2007). This down-regulation of
apoptosis allows the virus to more efficiently replicate before expending all the cell’s
resources (Engdahl, Naslund et al. 2012).

While the pro-apoptotic pathways appear to be activated, the STAT pathways I
examined are either not activated, or activated late in the course of infection of primary
macrophages. STAT proteins are phosphorylated when IFNs and other cytokines bind to
their receptors and activate their specific signal transduction pathways. Of the STAT
proteins that I examined, only STAT2 was phosphorylated, and that occured 48 hours or
more after MP-12 infection of primary macrophage cells. Normally, STAT proteins are
activated by IFN-a/f and once phosphorylated, they translocate into the nucleus to
activate transcription of antiviral genes. The late increase in phosphorylation of STAT?2
protein after infection of RAW 264.7 cells with y-irradiated MP-12 could be due to an
antiviral response that is initiated when the virus first enters the cells. Uptake of the
irradiated virus causes exposed cells to release IFN, and via paracrine signaling,
JAK/STAT pathways are activated in nearby cells. The cell lines infected with irradiated
MP-12 show an increase in IFN-y secretion. While I did not measure the IFN-a/f
concentration in the RAW 264.7 cells, the increase in STAT2 is expected following the
increase in IFN-y concentration (Lehtonen, Matikainen et al. 1997). STAT3 was not
phosphorylated in the primary macrophages during the course of infection. It is possible
that no phosphorylation was detected because STAT3 activation is inhibited by JNK, and

I did detect increases in the phosphorylation of JNK (Figure 3.11).
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The expression of IFN-a/B and many other cytokines such as RANTES, MCP-1,
and MIP-1a is controlled by NF-kB. NF-«B is phosphorylated in response to TNFa and
controls inflammation by regulation of cytokines. An increase in the phosphorylation of
NF-kB was detected 48 hours after MP-12 infection of primary macrophage cells, which
correlates with the observed increase in TNFa at 48 HPI. While no change in NF-kB
phosphorylation could be detected after ZH501 infection, decreases in IFN-y, MCP-1,
and MIP-1a concentrations were observed. Additionally, NF-kB has also been shown to
induce IL-6 (Han, Runge et al. 1999; Brasier, Recinos et al. 2002; Brasier 2006), which

was detected at 48 HPI after MP-12 infection (discussed below).

CYTOKINE SECRETION

The NSs protein of ZH548 (a wild type strain of RVFV that was isolated during
the same outbreak as ZH501) has been shown to antagonize IFN-a/f production in vivo
while MP-12 infection has been shown to induce IFN-a/f (Bouloy, Janzen et al. 2001).
That same study identified the target of the NSs protein as [FN-a/f system as opposed to
the IFN-y system. It is thought that, even though other mutations have been acquired in
other segments of the genome of the attenuated MP-12 strain, the induction of IFN-a/p
by MP-12 is due to the mutation at position 513 of the NSs protein, which results in an
valine-to-alanine point mutation (Bouloy, Janzen ef al. 2001). Studies using Pas mice
demonstrated the importance of low IFN levels released after infection. A delay in
survival by two or four days could be observed in comparison to ZH548 infections in [FN
competent C57BL/6 mice and BALB/c mice, respectively. The MBT/Pas mice had a
higher viremia and began to die earlier than the inbred mouse strains, which expressed a
broader array of interferon stimulated genes. Mouse embryonic fibroblasts (MEFs)
isolated from the MBT/Pas mice had a weaker IFN-dependent response at 9 HPI when
compared to BALB/c MEFs after infection with ZH548. These results show that RVFV

interferes with IFN-f production as early as 3 HPI (Le May, Mansuroglu et al. 2008).
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Genetic variations that cause a difference in innate cellular antiviral response lead to a
difference in the expression of IFN response genes (I/fnbl and Ifna4) after ZH548
infection that can be translated to a difference in survival. The expression of these IFN
genes, although lower than the IFN induction after infection with a NSs-deficient virus,
was detectable after infection of BALB/c and MBT/Pas mice (do Valle, Billecocq et al.
2010). While there is only a small amount of stimulation of IFN genes after infection
with ZH548 when compared to West Nile virus infection (Fredericksen, Keller et al.
2008; do Valle, Billecocq et al. 2010), there is a detectable difference in IFN response
that will result in a difference in disease progression.

Very few studies have been done that examine the secretion of cytokines in vivo
after infection with RVFV. Cytokines are the signaling molecules of the immune system
and are produced by almost every nucleated cell in the body (Boyle 2005). In this study,
very low response for Thl cytokines (IFN-y and IL-12) was measured in the examined
organs (brain, liver, spleen) after MP-12 or ZH501 infection of C57BL/6 mice. The only
exception was a detectable increase at 60 hours post ZH501 infection in the brain. These
data suggest for a potential restriction in Thl cell proliferation in vivo after infection with
RVFV, which could allow the virus to replicate in an attempt to overwhelm the host
response before a Th2 response can develop. The Th2 cytokines (IL-6 and IL-10) did not
show an increase in secretion until 48 hours after infection in vivo and 24 HPI in primary
macrophage cell cultures. Since IL-6 is a pro-inflammatory cytokine, it is not surprising
that after infection of C57BL/6 mice, an increase in the secretion of IL-6 could be
measured. The increase of IL-6 could also contribute to the increase seen in IL-10. The
anti-inflammatory cytokine IL-10 could be released in an attempt to regulate
inflammation and to counteract the effects of I1L-6.

The decrease of Thl cytokines could be at least partially responsible for the
decrease in WBCs that was observed after infection with ZH501, but absent after MP-12

infection. A decrease in Thl cytokines causes a decrease in the number of WBCs that

130



mature. There are no new cells to replace the dying WBCs that are in circulation
combating infection. As previously described in other studies (Morrill, Jennings et al.
1989; Smith, Steele et al. 2010), there is a decrease, followed by a subsequent increase
(to levels higher than in mock-infected mice), in the number of the WBCs that are
circulating after infection with ZH501. Just before the number of WBCs increases, an
increase in the amount of G-CSF can be measured. The increase that is seen in G-CSF
could lead to the increase of pJNK. G-CSF binds to its receptor and then causes the
activation of intracellular pathways including the JNK pathway (Kendrick and
Bogoyevitch 2007). The G-CSF increase could stimulate the hematopoietic system
which would explain the rebound in the numbers of WBCs that were detected after
infection with ZH501.

The decrease in Thl cytokines in vivo does not correlate with in vitro macrophage
studies. When comparing in vivo and in vitro data, contrary to infections in C57BL/6
mice, macrophages secreted low levels of Thl cytokines after ZH501 infection. It has
been suggested that this down-regulation of cytokines in vitro is a direct result of the
presence of the NSs protein (McElroy and Nichol 2012). I did not see this down-
regulation after MP-12 infection in cells, but rather a large increase in the secretion of all
cytokines examined with the exception of IFN-y. These data suggest that the primary
macrophages might not be the primary source of cytokines after ZH501 infection in vivo.
ZH501 could also be blocking the functionality of the primary macrophages since they
show a decrease in the concentration of all cytokines examined after infection. This
effect has also been observed by McElroy and Nichol (McElroy and Nichol 2012). In
vivo, hepatocytes or endothelial cells are both possible target cells that could be
responsible for the increase in pro-inflammatory cytokine secretion, but supporting data
have not been published. The hepatocytes were clearly infected with high titers of RVFV

during the experiments discussed here. The ZHS501-infected macrophages are not
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secreting pro-inflammatory cytokines and have become a center of viral replication
because they are not signaling bystander cells to defend against viral infection.

In my studies I also found that TNFa was not secreted from infected primary
macrophages, with the exception of cells infected with rMP12-C13type virus. MP-12
and ZH501, which both contain an intact NSs protein, did not exhibit any change in
TNFa concentration, until late in the infection when there was an increase in TNFa in
MP-12-infected cells at 48 hpi. The NSs protein of MP-12 and ZH501 do not have the
same suppressing function on IFN-a/p, but both viruses could have a similar effect on
TNFa secretion. Since I did not use tMP12-C13type virus in my mouse challenge
studies, no definite statement can be made, to whether these findings could be translated
to the mouse system. However, no change in TNFa concentration could be detected in
mice infected with MP-12 or ZH501. Inhibition of TNFa in macrophages is a recent
finding by McElroy and Nichol that needs to be investigated further (McElroy and Nichol
2012).

In the cell lines (RAW 264.7 and DC 2.9) infected with MP-12 and ZH501, a
decrease in the secretion of pro-inflammatory cytokines compared to mock-infected cells
was observed. Pro-inflammatory cytokines did not increase after ZH501 infection in
primary macrophages, but did increase after MP-12 infection later in the experiment (>
48 HPI). While it looks like that both MP-12 and ZH501 are down regulating the
immune response after infection in cell lines, it appears that the immune response is only
down-regulated after ZHS501 infection in primary macrophages. Conversely,
macrophages infected with MP-12 elicited a response suggesting an attempt to clear the

virus.

IN VIVO

Studies of other hemorrhagic fever diseases, such as CCHF and Ebola, show that

an increase in the secretion of pro-inflammatory cytokines after infection in vivo can be
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observed as the mortality rate increases (Villinger, Rollin ez al. 1999; Gupta, Mahanty et
al. 2001; Stroher, West et al. 2001; Ergonul, Tuncbilek et al. 2006; Papa, Bino et al.
2006; Hutchinson and Rollin 2007; Connolly-Andersen, Douagi et al. 2009). Results
from these studies support my findings with ZH501 in vivo. While the serum, livers and
spleens of infected mice all had high levels of cytokines and chemokines secreted and
evidence of necrosis after ZH501 infection, the brain involvement in the course of the
infection with MP-12 or ZH501 was minimal with no observed pathology. Some
cytokines present in the brain after MP-12 infection, such as IL-1a, were only elevated
early in infection. This could have been a protective mechanism initiated by the brain in
the presence of systemic infection. No virus was detected in the brains of MP-12-
infected mice. Brains from ZH501-infected mice exhibited an increase in the pro-
inflammatory cytokines examined between 48 and 84 HPI. These samples also displayed
a peak in viral titer at 60 HPI. The virus was not detected in the brains at 96 HPI. This
would fit with the pathology of the disease as all mice infected with ZH501 succumbed to
disease by 4 dpi and the virus had yet to invade the brain. The encephalitic cases
observed in humans and livestock, represent a secondary condition that is often seen after
the host appears to clear the virus and make a recovery.

Of note is that the immune response appears as if it should be able to produce
antibodies via B cells after infection with ZH501 in vivo when the spleens of infected
mice are examined. Recent studies have shown that the B cells are critical for viral
clearance after infection with ZH501 that is lacking the NSs gene (Dodd, McElroy et al.
2013). The spleens of mice infected with ZH501 only have a small amount of necrosis
and the spleens of mice infected with MP-12 looked normal throughout the course of the
experiment. There was no viral antigen detected in the lymphoid follicles of the spleen
after MP-12 or ZH501 infection. The lymphoid follicles, in the white pulp of the spleen,
are filled with B-lymphocytes. In mice, the spleen can hold up to half of the animal’s

monocytes (Swirski, Nahrendorf et al. 2009). After infection, these monocytes migrate
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to the site of infection and then mature into dendritic cells or macrophages (Jia and Pamer
2009; Swirski, Nahrendorf ez al. 2009). The ZH501-infected mice would likely still be
able to mount a Th2 response if they would survive for an extended time. The three mice
that did not succumb to ZH501 infection and were sacrificed at 96 HPI cleared the virus
and all had normal cytokine and blood chemistry levels. With a functioning immune
response, treatments given after infection could be effective if the proper therapeutics are
found.

The damage that is seen after RVFV infection could be due to the early effects of
TNF-a or viral replication itself. TNF-a has been shown to increase in patients that have
alcoholic hepatitis (Felver, Mezey ef al. 1990). It has been shown that it is produced by
monoclear cells infiltrating the liver (Yoshioka, Kakumu ef al. 1990). I saw an increase
early in the course of infection. This TNF-a secretion by the macrophages could be a
contributing factor to the hepatitis that is seen after infection. Of note is the decrease in
anti-inflammatory cytokines that is seen after ZH501 infection in primary macrophages.
This decrease in anti-inflammatory cytokines that appears to be mediated by the virus
could be done to allow the virus more time to replicate. The more viral replication that
there is, the more damage the virus itself can cause. The balance between damage caused
by the immune response and by the virus is intricate and needs further study to be better
understood.

The study represented here demonstrates that MP-12 causes neither a release of
large amounts of chemokines nor does it cause any pathology in the liver, spleen, or
brain. The lack of pathology and the protection provided by MP-12 against lethal
infection with ZH501 in most laboratory strains of mice are good indicators that MP-12
vaccines will be effective and have few adverse reaction (Vialat, Billecocq et al. 2000;
Bouloy, Janzen ef al. 2001; Flick and Bouloy 2005; Bhardwaj, Heise et al. 2010; Smith,

Steele et al. 2010; Ikegami and Makino 2011; Gray, Worthy et al. 2012).
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MP-12 ZH501
Titer 2-5 PFU 2-5 PFU
Pro-Inflammatory cytokines + -
Primary Anti-Inflammatory cytokines ++ =
Macrophages Th1 cytokines ++ -
Th2 cytokines + -
Cell death + +++
Titer <4 PFU 4-7 PFU
Pro-Inflammatory cytokines -/+ +++
Anti-Inflammatory cytokines -/+ -/+
Th1 cytokines -[+ +
Th2 cytokines -/+ +++
Liver, spleen, and Liver - Mgderate
. . necrosis and
C57BL/6 Pathology brain - no obvious hepatocellular
Mice pathology degeneration
Spleen - Midly
enlarged with
moderate necrosis
Brain - Essentially
normal
Viral dissemination + +++
Survival Alive Death

Table 6.1. Comparison of the host response to MP-12 and ZH501 infections

Summary of the host response to RVFV infection in primary BMD macrophage cells and
C57BL/6 mice.

While some severe manifestations are induced by RVFV cytotoxicity, it is
believed that a large percentage of the manifestations in RVFV disease are caused by an
overactive host immune system response in vivo (Morrill, Jennings et al. 1990). It
appears that while ZH501 causes the secretion of many different cytokines and
chemokines in vivo, macrophages are not the cells that are responsible for this release.
The studies that were performed examined cytokine response in both primary
macrophage cells as well as in the C57BL/6 mouse model. These data demonstrate the
importance of using the whole organism to analyze the effect of RVFV on the host

immune system. The high levels of chemokines in vivo were in stark contrast to what
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was seen in vitro. The macrophage and dendritic cells were not secreting high levels of
chemokines after infection with either MP-12 or ZH501, but high levels of chemokines
could be detected in mice after ZH501 infection in serum, liver, spleen, and brain. This
leads to the conclusion that the macrophages and dendritic cells in vivo may not be
responsible for the high level of chemokines detected. The macrophages may be
responsible for localized cytokine production but not for the cytokine storm that is seen in
infected humans and animals. As macrophage and dendritic cells are the first line of
defense against infection, other host cells must be responsible for the high quantity of
cytokines released after ZH501 infection because increased cytokine responses were
measured in vivo after the virus has grown to high titers. /n vivo the host response was
severely unbalanced. There was a large increase in the amount of released pro-
inflammatory cytokines, but the proper complement of Thl cytokines (IFN-y and IL-12)
is not seen. While the type-II IFN response was not as expected, the story behind type I
IFN function correlates well between in vivo and in vitro studies. Since ZH501 shuts-off
host gene expression, the virus grows to high titers in the mouse. The type 1 IFN
induction was late in the course of infection in vivo. This delay in type I IFN induction
could allow for the hepatitis that is seen in vivo. As with any complex system, when one
component is removed to study its functionality, the results may or may not be the same

as 1f it were possible to keep the entire system intact and to study the response.

FUTURE STUDIES

Future studies should be performed focusing on cytokines secreted by
hepatocytes. In this study, I used liver homogenates, the cytokines presents could be
from hepatocytes, resident macrophages, or other immune cell infiltrates. Co-culture
studies could also be performed to examine the interaction between the hepatocytes and
macrophage. These studies could investigate the cytokines secreted by macrophages

alone, hepatocytes alone, and then cytokines secreted by the two when cultured together.
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Careful attention should be paid to IFN-y, IL-12, and TNFa. These studies would be
important in determining how the macrophage cells behave in the presence of other cells
that are also reacting to viral infection. It would also be interesting to determine if the
dendritic cells, while not actively infected, are facilitating a niche for the virus to gain
access to lymph nodes in the host. While it did not appear that the primary DCs that were
used in these experiments were infecte, future attempts should include RT-PCR to
demonstrate the absence of transcription of viral genes before a definitive conclusion can
be made.

The cytokine profiles should also be characterized in other RVFV animal models
(such as the rat, hamster or non-human primate), to demonstrate that the results that I
observed in the C57BL/6 mice could potentially be translated to other species. Future
studies should also include the examination of therapies using different cytokines such as
TNFa. TNFa is not increased in vivo but there are significant increases in TNFa
concentration after infection with MP-12 in primary macrophages. TNFa treatment that
is given earlier in infection may be able to control viral infection as it has been shown to
control and protect against lethal West Nile viral infection in mice (Shrestha, Zhang et al.
2008). It seems that in the case of RVFV an early treatment is crucial to result in
increased survival. If a therapeutic could be devised that is directed against RVFV
specific biomarkers and could be given even before symptoms appear, as a preventative
measure during an outbreak, the better the outcome would be. This treatment needs to be
cost effective, temperature stable, and immunologically effective. This study and others
like it could lead to the development of a preventative inexpensive human and livestock

vaccine that can be given to prevent the spread of RVF disease.

IN SUMMARY

While still in the early stages, it appears that RVFV does not replicate in primary

BMD DCs. 1 have shown that primary BMD macrophage cells do support an active
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RVFV infection and infection with MP-12 or rMP12-Cl3type virus leads to the
activation of pro-apoptotic pathways and the secretion of pro-inflammatory cytokines.
In the primary macrophage cells, ZH501 replication decreases cellular signaling and
cytokine secretion. While a down-regulation of the immune response is seen after ZH501
infection in primary macrophage cells, the opposite is seen after ZH501 infection in
C57BL/6 mice. In the serum, livers, spleens, and brains of ZH501-infected mice, large
increases in pro-inflammatory cytokines were seen in stark contrast to what was seen in
MP-12-and mock-infected mice. The organs of MP-12-infected mice had no obvious
pathology while the livers and spleens of ZH501-infected mice had large patches of
necrosis. There appeared to be no pathology in the brains of ZH501-infected mice.
While the function of the macrophages is important after infection in vivo, it appears that
the large amounts of cytokines that are seen after infection cannot be contributed to the

macrophages alone.
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