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Millions of individuals are at risk of arenavirus infection worldwide, with untreated
infections often resulting in potentially lethal disease. Junin virus (JUNV), the causative
agent of Argentine hemorrhagic fever (AHF), is currently the only pathogenic arenavirus
for which a vaccine is currently in use. The Candidate #1 (Candid #1) vaccine strain,
which was obtained from the 44" mouse brain passage of the parental XJ strain, has
significantly reduced the incidence of disease in endemic areas. However, the
mechanisms of attenuation and protection remain largely unknown. We have previously
identified the glycoprotein (GP) gene as the primary attenuating gene of Candid #1 in our
Hartley guinea pig model of AHF. Here, | provide a detailed mechanism through which
the Candid #1 GP negatively effects the highly regulated life cycle of the virus within
infected cells. Candid #1 loses an N-linked glycosylation motif prior to the 44™ mouse
brain passage of the XJ strain, which coincides with a significant decrease in fully
processed and cleaved glycoprotein complexes (GPCs) and a significant increase in full-
length GP. JUNV GPs in which this N-linked glycosylation motif are absent fail to reach
the cell surface and aggregate within the endoplasmic reticulum (ER). Evidence of ER-
associated autophagy is present with aggregation of the full-length GP, and upregulation
of both ER stress-associated markers and LC3-11. Mutations present in the matrix protein
(2) contribute to the attenuation of Candid #1 to a smaller degree. An amino acid
substitution within the RING domain of the Candid #1 Z protein results in the protein
budding from the cell independently, and there is a significant decrease in interaction
between GP and Z in a plasmid expression system. Together, these results demonstrate
that the Candid #1 has a significantly altered life cycle compared to that of a wild-type
arenavirus, including the overexpression of viral proteins, accumulation of GPC in the
ER, and independent budding of the Z protein.
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Chapter 1: Introduction to JUNV and AHF

PHYLOGENY, GEOGRAPHIC DISTRIBUTION, AND EPIDEMIOLOGY

Phylogeny of Arenaviruses and JUNV

The family arenaviridae is a family of segmented negative sense RNA (nsRNA)
viruses consisting of a single genus, Arenavirus. The members of the arenaviridae family
are most closely related phylogenetically to the members of the bunyaviridae and the
orthomxyoviridae. The three families share a similar intracellular virus life cycle despite
utilizing different cellular compartments for assembly and budding. There are currently
22 viral species within the arenavirus family that are recognized by the International
Committee for Taxonomy of Viruses (ICTV) (Salvato et al., 2012). Prior to 2014, the
arenaviridae was a single virus family, but has since been divided into two separate genera.
The mammarenaviruses represent all arenaviruses that infect mammalian hosts, whereas
the heptarenaviruses represent those infecting snakes (Buchmeier et al., 2014). The
members of the mammarenavirus genus are divided into the Old World (OW) arenaviruses
and the New World (NW) arenaviruses based on phylogenetic relationships between
members (Bowen et al., 1997), geographical distribution, and serological cross-reactivity
(Wulffet al., 1978). The OW arenaviruses can be isolated in Europe, Africa, and Asia and
comprise the Lassa-Lymphocytic choriomeningitis serocomplex. This serocomplex
includes Lymphocytic choriomeningitis virus (LCMYV), Lassa virus (LASV), Mobala virus
(MOBYV), Mopeia virus (MOPV), and Ippy virus (IPPV). The viruses are confined to their
respective geographic regions with the exception of LCMV, which can be isolated

worldwide due to the range of its natural host, Mus musculus. Three recently discovered



OW arenavirus species, Morogoro virus (Gunther, unpublished data), Kodoko virus
(Lecompte et al., 2007) and Dandenong virus (Palacios et al., 2008), have not yet been
recognized by the ICTV in the most recent committee report. The NW arenaviruses can
be isolated in North and South America and comprise the Tacaribe serocomplex, which is
further divided into four clades termed clades A, B, C, and A/Rec. Clade A contains Pirital
virus (PIRV), Allpahuayo virus (ALLV), Pichinde virus (PICV), Parana virus (PARV),
and Flexal virus (FLEV). Clade B includes Machupo virus (MACV), Junin virus (JUNV),
Tacaribe virus (TCRV), Sabia virus (SABV), Guanarito virus (GTOV), Amapari virus
(AMAYV), Cupixi virus (CPXV). Clade C contains Oliveros virus (OLVV) and Latino
virus (LATV). While members of clades A, B, and C can be found in South America,
clade A/Rec viruses are located in North America and contain the species Whitewater
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Figure 1.1. Phylogenetic analysis New and Old World arenaviruses. Phylogenetic tree
representing both the OW and NW arenaviruses. Clades within the NW arenaviruses are
separated by color, with Junin virus lying within Clade B with several other pathogenic
arenaviruses (Sabia, Chapare, Guanarito, and Machupo). The figure was reproduced with
permission from (Emonet et al., 2009).
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Arroyo virus (WWAYV), Tamiami virus (TAMYV), and Bear Canyon virus (BCNV) (Charrel
et al.,, 2003). The origin of the A/Rec clade is suggested to be a recombination event
between members of clades A and B (Archer and Rico-Hesse, 2002; Charrel et al., 2001;
Charrel et al., 2002; Fulhorst et al., 2001). However, this observation has recently been
credited to be a result of the analytical method used for phylogenetic analysis and does not
represent evidence of a true recombination event (Milazzo et al., 2008). Recently
discovered NW arenavirus species that have not been recognized by the ICTV include
Pinhal virus (Emonet, unpublished data), Catarina virus (Cajimat et al., 2007), Skinner

Tank virus (Cajimat et al., 2008), and Chapare virus (Delgado et al., 2008).

Geographical Distribution of JUNV and Epidemiology of AHF

The distribution of each virus species is limited to the geographic distribution of its
associated natural rodent host, and each arenavirus species is closely associated with either
a single rodent species or a few very closely related rodent species (Charrel et al., 2003).
African arenaviruses circulate within regions between rodents of the family Muridae,
genus Praomis, Mastomys, or Arvicanthis. American arenaviruses circulate among rodents
of the family Cricetidae, genus Calomys, Oryzomys, Neotoma, Sigmodon, Nephelomys,
Zygodontomys, Oecomys, Neacomys, or Akodon (Zapata and Salvato, 2013). The only
arenavirus to achieve worldwide distribution is LCMV, which can be attributed to the
worldwide distribution of its natural host, Mus musculus (Salazar-Bravo et al., 2002).

Arenaviruses typically produce persistent infections within their rodent hosts with
chronic viremia, and shed infectious particles through urine, feces, and saliva (Justines and
Johnson, 1968; Peralta et al., 1979; Skinner et al., 1977). The infectious particles can infect
other rodents or even humans through direct contact with abraded skin or mucosal surfaces.
Although infections in rodents are generally considered to be asymptomatic, arenavirus

infection can cause changes in weight, extensive viral dissemination, and reduction in size
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and fertility. These changes are dependent on viral load as well as both virus and host
genetics (Borremans et al., 2011; Vitullo et al., 1987; Vitullo and Merani, 1988). While
transmission of the OW arenavirus LASV appears to transmit vertically in Mastomys
natalensis (Zapata and Salvato, 2013), the NW arenavirus JUNV appears to undergo more
frequent horizontal transmission, although vertical transmission can still occur. The natural
host of JUNV, Calomys musculinus, shows a pattern of transmission among males with
evidence of scarring, implying that transmission is occurring during aggressive encounters
(Mills et al., 1994; Sabattini and Maiztegui, 1970; Vitullo and Merani, 1990).

Argentine hemorrhagic fever (AHF), the clinical disease caused by JUNV
infection, emerged in 1958 within the Buenos Aires region of Argentina. The emergence
of the disease coincided with the large-scale deforestation of the region to create farmland.
Calomys musculinus mice began to inhabit the cornfields and surrounding areas near
Buenos Aires as a result of the deforestation, and the species population reaches its peak
density during the harvest season between March and June. These events led to an

I 74
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Figure 1.2. Chronological expansion of AHF endemic area. Reproduced with
permission from (Ambrosio et al., 2011).
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increased interaction frequency between farmers and C. musculinus. Exposure to JUNV is
proposed to occur through either direct contact with infected rodents, contact with rodent
excreta, or inhalation of aerosolized infectious particles created by the harvesting
machinery (Maiztegui, 1975; Peters, 2006). While person-to-person transmission is rare,
exposure to body fluids of direct patient contact can lead to occasional nosocomial
secondary infections (Grant et al., 2012). The original endemic region consisted of a
16,000 km? area of humid grasslands in the northern Buenos Aires province, leaving
around 270,000 individuals at risk of exposure. However, the endemic region continued
to spread over the next few decades to include another 134,000 km? of land across three
separate provinces north of Buenos Aires (Santa Fe, La Pampa, and Cordoba) (Fig. 1.2),
leaving over three million individuals at risk of exposure to JUNV (Maiztegui et al., 1986).
The current endemic area leaves around five million individuals at risk of exposure. Prior
to the introduction of a vaccine to protect against AHF, the number of annual cases ranged
from a few hundred to more than three thousand (Enria et al., 2008). A live-attenuated
vaccine, Candidate #1 (Can) was generated by the United States Army Medical Research
Institute of Infectious Diseases (USAMRIID) and is currently administered to the at-risk
population in Argentina. The vaccine has reduced the number of annual clinical AHF cases

to 30-50 (Ambrosio et al., 2011).

CLINICAL PRESENTATION AND PATHOGENESIS OF AHF

Signs, symptoms, and progression of AHF

The incubation period for JUNV in human infections can range from one to two

weeks, and infections have an 80 percent morbidity rate with an associated 15-20 percent
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mortality. AHF consists of three phases: prodromal, neurological-hemorrhagic, and
convalescent (Enria et al., 2004).

The prodromal phase begins upon the onset of flu-like symptoms, which includes
chills, headache, myalgia of the lower back, malaise, anorexia, and a moderate
hyperthermia. This phase lasts approximately one week and additional symptoms may
appear during this time, including nausea or vomiting, epigastric pain, photophobia, retro-
orbital pain, dizziness, or mild diarrhea. During this time, clinical signs manifest
themselves. Flushing of the face, neck, and upper chest are common, and cutaneous
petechiae can be found along the upper chest, axillary regions, and arms. Patients also
commonly present with periorbital edema and conjunctival congestion, and the gums may
appear congested and bleed spontaneously. An enanthem of the soft palate is noted in the
majority of patients. The cervical lymph nodes are typically swollen. There are usually
no pulmonary abnormalities, splenomegaly, or hepatomegaly. As the patient nears the end
of this phase they may become irritable and lethargic, and a fine tremor in the hand and
tongue can appear (Enria et al., 2008). Clinical findings during the first week of symptoms
include leukopenia and thrombocytopenia, with white blood cell counts and platelet counts
falling to 1,000-2,000 and 50,00-100,000/uL, respectively. Aspartate transaminase,
creatine phosphokinase, and lactate dehydrogenase are all slightly elevated, and proteinuria
is observed (Enria et al., 2008).

About 20 to 30 percent of patients transition into the neurologic-hemorrhagic phase,
which begins between 8 and 12 days after the onset of symptoms. Severe hemorrhagic
manifestations appear, including melena, hematemesis, hemoptysis, hematomas,
hematuria, and epistaxis. Neurological symptoms onset with confusion, ataxia, and
irritability. The symptoms progress to delirium, convulsions, and coma. Secondary
bacterial infections can occur, resulting in further complications (Enria et al., 2008).

Survivors experience convalescence that lasts between 1 and 3 months, displaying

irritability, asthenia, memory changes, and hair loss. Approximately one tenth of the

15



patients who receive immune plasma will develop a late neurological syndrome (LNS).
After a period free of symptoms, the LNS presents with hyperthermia, cerebellar ataxia,
and cranial nerve palsy (Enria et al., 2004; Enria et al., 2008). This LNS has not been
reported among patients who recovered without receiving specific treatment (Enria et al.,
1985; Maiztegui et al., 1979). Only a single case has presented in a patient who received

intravenous ribavirin (Enria et al., 1987).

Pathogenesis of AHF

Inhalation of aerosolized infectious particles is believed to be the most common
route of infection, and JUNV virus replication is proposed to occur at the initial site of
infection, usually the lungs. JUNV presumably escapes the lungs through the uptake of
the virus by macrophages and migration of the infected macrophages to the draining lymph
nodes (Gonzalez et al., 1980; Gonzalez et al., 1982). The virus spreads to additional
parenchymal tissues through the vascular system and affects a number of organs, including
the vascular system, myocardium, adrenal system, lymphoid organs, kidneys, and the
central nervous system (Buchmeier et al., 2013).

Macrophages are important cellular targets during arenavirus infection, and
evidence of macrophage infection in clinical cases has been demonstrated through
immunofluorescent staining of viral antigens and electron microscopy of budding virions.
Destruction of the lymph nodes and splenic white pulp has also been observed in lethal
cases of AHF, suggesting the tropism of JUNV for lymphatic tissue (Gonzalez et al.,
1980). It is possible that the tropism of JUNV for macrophages plays a key role in the
evasion of the host immune response. One study has shown that human macrophages
infected with a virulent strain of JUNV fail to produce detectable interferon (IFN) (Groseth
et al., 2011), whereas a separate study shows that murine macrophages infected with an

attenuated strain of JUNV activate the IFN response through detection of the JUNV GP by
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toll-like receptor 2 (TLR2) (Cuevas et al., 2011). Virulent strains of the OW and NW
arenaviruses Pichinde and Lassa both establish productive infections in macrophages, yet
the infected macrophages fail to activate and produce pro-inflammatory cytokines (Baize
et al., 2004; Fennewald et al., 2002; Lukashevich et al., 1999). Survival of Lassa fever
(LF) has been shown to correlate with elevated pro-inflammatory cytokine levels in the
patients’ plasma, whereas low levels of these cytokines in the plasma correlates with a poor
prognosis (Mahanty et al., 2001).

The hemorrhagic manifestations of AHF have been attributed to the
thrombocytopenia, reduction in serum complement activity, low levels of blood
coagulation activity, and decreased platelet aggregation (de Bracco et al., 1978; Heller et
al., 1995; Weissenbacher et al., 1987). There is evidence for an inhibitor of platelet
aggregation during JUNV infection (Weissenbacher et al., 1987), but the specific inhibitor
remains elusive. Interestingly, infection of endothelial cells with a virulent JUNV strain
produced no detectable cytopathic effects in vitro (Gomez et al., 2003), which is consistent
with the absence of vascular destruction in vivo (Weissenbacher et al., 1987). Additionally,
infection of endothelial cell cultures with JUNV resulted in a decrease in expression and
secretion of coagulation factors including von Willebrand factor (VWF), which contrasts
with clinical data that describes an increase in VWF in patient serum (Molinas et al., 1989).
This data suggests that there is another source of VWF secretion in AHF patients.
However, endothelial cell cultures infected with a virulent strain of JUNV induced the
production of nitric oxide and prostaglandin PGI>, which increase vascular permeability
(Gomez et al., 2003). Decreases in factor VIII and IX, elevated factor V, and an increase
in activated partial thromboplastin time have also been associated with AHF (Enria et al.,

2008; Heller et al., 1995).

IMMUNE RESPONSE TO JUNV
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Innate Immune Response

Severity of the acute disease has shown to have a positive correlation with high
endogenous levels of IFN-a (Levis et al., 1985), and elevated levels of IFN-a result in a
poor prognosis. Elevated IFN-a during the acute disease is typically accompanied by the
presence of hyperthermia, chills, and backache. Additionally, abnormal platelet function
and low platelet counts are commonly reported in correlation with elevated IFN-a (Lerer
et al., 1991; Levis et al., 1984; Levis et al., 1985). Elevated levels of IFN-a have been
observed during the acute illness of JUNV infection in both guinea pigs and rhesus
macaques, further validating the clinical data (Dejean et al., 1987; Dejean et al., 1988;
Kenyon et al., 1992).

While high levels of IFN-a are correlative in severe disease and poor prognosis, the
degree to which the cytokine is causative of the severity of the acute disease signs and
symptoms remains unclear. The infection of CD34+ hematopoietic progenitor cells with
JUNYV did not affect their survival or the ability of the cells to form megakaryocytes.
However, the infection did trigger a robust production of cytokines. The induction of
cytokine production was triggered by IFN-a, which acted via the paracrine route and
resulted in impaired platelet formation and release from the megakaryocytes (Pozner et al.,
2010). These in vitro findings suggest a role for IFN-a in the development of
thrombocytopenia during the acute disease, raising the possibility that elevated IFN-a is a
key contributor to the coagulopathy observed in severe cases of AHF.

The cytokines IL-6, IL-8, IL-10, and TNF-a are typically elevated in patients
exhibiting a wide range of disease severities, indicating the involvement of both the pro-
and anti-inflammatory pathways in the disease (Marta et al., 1999). In vitro infection of
human peripheral blood mononuclear cells (PBMCs) with the virulent Romero (Rom)

strain of JUNV did not upregulate their production of IL-6, IL-10, IL-12, type I IFN, or
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TNF-a, so it is unlikely that the source of the cytokines is of mononuclear origin.
Interestingly, infection of PBMCs with the non-pathogenic NW arenavirus TCRV results
in an increased production of IL-6, IL-10, and TNF-a (Groseth et al., 2011). Another
possible source of type I IFN during JUNV infection could be parenchymal cells. Human
lung epithelial carcinoma cells (A549) produce type I IFN and IFN-stimulated genes
(ISGs) upon infection by either the virulent Rom strain of JUNV and the attenuated Can
strain. Phosphorylation of the signal transducer and activator of transcription (STAT) 1
also occurs during infection with either Rom or Can, and RIG-I serves as the primary means
of detection upon infection with either strain (Huang et al., 2012). While the expression
of type I IFN is high in clinical cases, it is interesting that JUNV appear to be resistant to
the type I IFN response. In a murine cell line, pre-treatment of the cells with type I IFN
completely abolished replication of both Rom and Can. However, treatment of A549 cells
with type I IFN only reduced replication of Rom and Can by approximately 3-log and 2-
log, respectively. The sensitivity of JUNV to type I IFN in murine cells may contribute to
the resistance to disease in mice, and the resistance to type I IFN in human cells may play

a role in the pathogenesis of AHF in clinical cases (Huang et al., 2014).

Adaptive Immune Response

During the acute phase of AHF there is typically a depletion of both T and B
lymphocytes, and the ratio of CD4 to CD8 T cells is reduced. The cell counts usually return
to the normal range during convalescence (Vallejos et al., 1989). Polymorphonuclear cells
(PMNCs) can mediate antibody-dependent cell cytotoxicity (ADCC) with a similar
efficiency to peripheral blood mononuclear cells (PBMCs) during acute and early
convalescent AHF, suggesting a role for ADCC in clearing JUNV-infected cells (Ambrosio
et al., 1992). Consequently, necrosis of lymphoid tissue in the spleen has been observed

in JUNV-infected guinea pigs (Kenyon et al., 1985; Weissenbacher et al., 1975b).
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While the T cell response to JUNV has not been well characterized, LCMV has
been utilized extensively to study the adaptive immune response during arenavirus
infections. There is a strong proliferation of CD8+ T cells during the first week of LCMV
infection in mice, which peaks at 8 days post-infection (Buchmeier et al., 1980; Butz and
Bevan, 1998). The expanded subset of CD8+ T cells consists of cells that react to specific
epitopes derived from viral glycoprotein complex (GPC) and nucleoprotein (NP), and the
T cells exhibit a potent cytotoxic activity against LCMV-infected cells (Blattman et al.,
2000; Murali-Krishna et al., 1998). Infection of mice with the Can strain of JUNV shows
a similar kinetic of CD8+ T cell activation that peaks 7 days post-infection (Cuevas and
Ross, 2014).

The antibody response to JUNV infection plays a significant role in both clearing
the infection and providing immunity. Attenuated strains of JUNV are lethal in
immunosuppressed animals, and virulent strains of JUNV are lethal in immunocompetent
animals due to the absence of an effective antibody response that results in ADCC (Kenyon
et al., 1985). However, guinea pigs immunized with either the GPC of JUNV or infected
with attenuated JUNV strains generate high levels of neutralizing antibodies against the
GPC, and the guinea pigs are protected against challenge by a virulent JUNV strain (Avila
et al., 1979; Seregin et al., 2010; Weissenbacher et al., 1975a). Additionally, treatment of
AHF using immune plasma is effective during the early stages of illness in both marmosets

and human clinical cases (Avila et al., 1987; Enria et al., 2008).

PREVENTION AND TREATMENT OF AHF

Inactivated, Subunit, and Vector-based Vaccines
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A number of replication-incompetent and vector-based vaccine candidates have
been tested for efficacy in animal models of AHF. Initially, the sub-viral components were
tested for their immunogenicity by treating purified virus particles with a nonionic
detergent to disrupt the viral envelope. The fraction containing the glycoprotein was the
only fraction that was capable of providing complete protection against a subsequent
challenge with a virulent JUNV by stimulating the production of neutralizing antibodies
(Cresta et al., 1980).

Formalin-inactivated JUNV strain XJ Clone 3 (XJCI3) has been evaluated for its
efficacy in guinea pigs as a vaccine, and the killed virus stimulated the production of
neutralizing antibodies. However, despite the high antibody titers, protection against a
virulent JUNV strain was not achieved (Videla et al., 1989). While there are several
effective formalin-inactivated vaccines that are effective and currently in use, there are
other examples of ineffective formalin-inactivated vaccines. The formalin-fixed
respiratory syncytial virus (RSV) did not pass clinical trials due to the exacerbation of
disease despite the production of antibodies. The inactivated virus was unable to stimulate
signaling pathways involving specific pattern recognition receptors (PRRs) that are
necessary to activate a CD8+ T cell response. Additionally, toll-like receptor (TLR)
stimulation is necessary in mice to yield high-avidity antibodies, which could explain the
low-avidity antibodies produced in response to the inactivated RSV vaccine (Delgado et
al., 2009; Varga, 2009). Children who were previously vaccinated with a formalin-
inactivated measles virus have also presented with atypical measles infections (Fulginiti et
al., 1967). Thus, inactivated JUNV particles may fail to produce high-avidity antibodies
due to the absence of PRR recognition of virus antigens upon vaccination. An alphavirus-
based replicon system expressing the envelope glycoprotein (GPC) of the Can strain of
JUNV resulted in a partial protection against the virulent Rom strain, and a second booster
vaccination provided complete protection (Seregin et al., 2010). This supports the

hypothesis that the activation of PRR-based signaling achieved through replication-
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competent vaccines helps to stimulate the production of mature, high-avidity antibodies

that are capable of providing protection.

Live Attenuated Vaccines

Antibodies developed against two closely related viruses can sometimes cross-
protect against both viruses. Thus, the non-pathogenic NW arenavirus TCRV was tested
as a potential vaccine to protect against AHF. Guinea pigs are able to completely clear
TCRYV within 30 days post-infection, and they generate a robust immune response that
includes the development of antibodies that are cross-reactive to JUNV. The antibodies
persist for two years, and only a single dose of TCRYV is required to provide full protection
against challenge by a virulent JUNV strain at 18 months post-vaccination (Weissenbacher
etal., 1976; Weissenbacher et al., 1975a). Marmosets are also able to clear TCRYV infection
efficiently, and no viremia is present at 3 weeks post-inoculation. The marmosets do not
show any abnormal blood cell counts, and maintain normal hematocrit and hemoglobin.
There are neutralizing anti-TCRV antibodies present 3 weeks post-infection, and
subsequent challenge with the virulent JUNV XJ strain at two months post-TCRV-
infection yields no detectable disease symptoms and no detectable viremia. The marmosets
also developed neutralizing anti-JUNV antibodies (Weissenbacher et al., 1982).

The X1J strain was isolated in 1958 from a human clinical case (Parodi et al., 1958),
and has been used to develop multiple live-attenuated virus strains. The XJ strain was
plaqued in immortalized rabbit kidney (MA-111) cells to create the XJ Clone 3 (XJCI3)
strain, which was determined to be attenuated in both mice and guinea pigs. The XJCI13
strain also stimulated the production of high titers of neutralizing antibodies and eliciting
long-term immunity (Avila et al., 1979; Candurra et al., 1989). The positive results in pre-
clinical studies allowed the vaccine candidate to advance to clinical studies using a seed

vaccine that was created in suckling mouse brains, and the vaccine strain was administered
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to 636 volunteers over a two year period. Their health and immunological status were both
monitored for nine years post-vaccination, and most vaccinees developed a subclinical
illness. However, all clinical and laboratory values and parameters were within normal
ranges for all of the volunteers. Only 165 of the original 636 individuals were tested nine
years post-vaccination, and 90 percent of those individuals had maintained detectable
levels of neutralizing antibodies. Despite the positive results, the clinical trials were
suspended since the virus was prepared in suckling mouse brains and cloned in heteroploid
cell lines (Ambrosio et al., 2011; Ruggiero et al., 1981).

XJO0, another attenuated strain derived from the XJ parental strain, was reported to
provide complete protection from a virulent JUNV strain in guinea pigs. The studies were
terminated upon discovering persistence of the strain in the lymphohemopoietic organs of

guinea pigs (Ambrosio et al., 2011; de Guerrero et al., 1985).

(cliri(i\cj;asltirs?)llnate) --------------- Virulent in mouse, guinea pig, and NHP
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13 passages in mouse brain . .
Virulent in mouse

Virulence in guinea pig and NHP unknown
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Adaptation: 12 passages without dilution XJ44 ---------- - Virulent in nj'ous? .
in FRhL-2 cells Attenuated in guinea pig and NHP

Attenuation: 4 passages in FRhL-2 cells -]
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Fig. 1.3. Generating the Candidate #1 vaccine from the XJ clinical isolate.

The live attenuated vaccine currently approved for use in endemic areas is the Can

strain, and was developed in a joint effort between the Argentine Ministry of Health and
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Figure 1.4. Decrease in AHF incidence upon introduction of the Candidate #1
vaccine into endemic areas. Reproduced with permission from (Enria et al., 2008).

Social Action and USAMRIID under funding from the United Nations Development
Program and Pan American Health Organization (Ambrosio et al., 2011). The XJ strain
served as the parental strain, and the virus was passed 2 times in guinea pigs followed by
44 times in newborn mouse brains. The homogenate from the 44™ mouse brain passage
was subjected to adaptation and further clonal selection in a diploid fetal rhesus monkey
(FRhL-2) cell line for a total of 16 passages. The primary and secondary seed stocks were
each amplified a single time in FRhL-2 cells to yield the Can vaccine stock (Fig. 1.3)
(Ambrosio et al., 2011; Goni et al., 2010). The Can vaccine underwent extensive testing
for both safety and immunogenicity in mice, guinea pigs, and rhesus monkeys (McKee et
al., 1992; Medeot et al., 1990) and was determined to be both safe and efficacious in its
ability to generate a protective response. The Can vaccine was subjected to clinical trials
that included over 6,500 volunteers within the endemic region of Argentina, and it proved
to be highly immunogenic and protective against AHF. Additionally, there was an absence
of any adverse side effects in the study (Maiztegui et al., 1998). Use of the vaccine within
endemic areas over the last few decades has significantly reduced the incidence of disease

(Fig. 1.4).
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Therapeutics

The use of immune plasma from seropositive donors is the standard treatment for
AHF in endemic regions. The mortality rate among clinical cases is reduced from 15-30%
to 1-2% when the treatment is received within the 8 days of symptoms (Maiztegui, 1975).
However, 8-10% of the patients treated with immune plasma develop a late neurological
syndrome (LNS) that does not occur after acute infections that are cleared naturally
(Maiztegui, 1975). Symptoms of the LNS include ataxia, fever, cerebral nerve palsies,
tremors, and gait lateralization (Maiztegui et al., 1979). The window in which treatment
is effective correlates with the absence of the virus in the central nervous system (CNS).
Once the virus gains access to the CNS, the efficacy of immune therapy is drastically
reduced in guinea pigs (Zeitlin et al., 2016).

IgG purified from immune plasma has also been evaluated as a potential treatment.
Fractions containing IgGi 23 4 or just the F(ab’)2 region of IgG were administered to JUNV-
infected guinea pigs. While the fraction containing IgGi 3.4 was completely protective
against lethal disease at a dose of 6,000 TU/kg, the F(ab’)2 region alone provided no
protection after two doses of 15,000 TU/kg. While neutralizing antibodies are important
in clearing the virus, the neutralization of JUNV particles is not sufficient to protect against
lethal disease, as demonstrated by the lack of protection provided by the F(ab’)2 regions
alone. Itis possible that ADCC is necessary to control the infection through the elimination
of infected cells (Kenyon et al., 1990). The ability to produce chimeric monoclonal
antibodies (mAbs) in transgenic Nicotiana benthamiana plants allows for a greater
availability of treatment, and anti-JUNV mAbs produced in N. benthamiana have provided
complete protection against lethal disease when administered within the first 6 days post-

infection (Zeitlin et al., 2016).
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The only small molecule drug that is currently approved for JUNV infection is
Ribavirin, a nucleoside analog. Ribavirin is clinically proven to be an effective broad-
range antiviral drug (Parker, 2005). In rhesus macaques, lethal LASV-associated disease
was only prevented whenever the drug was administered prior to 6 days post-infection.
Otherwise, treatment only resulted in a delayed time to death (Jahrling et al., 1980).
Ribavirin yielded similar results in JUNV-infected guinea pigs. The drug only served to
increase the mean survival time of the guinea pigs, but ultimately did not alter the disease
outcome regardless of the route of inoculation (Kenyon et al., 1986). However, multiple
doses over an extended period of time has been demonstrated to significantly increase the
mean survival of JUNV-infected guinea pigs (Salazar et al., 2012). In the clinical setting,
ribavirin has proven successful whenever treatment begins shortly after exposure to JUNV

(Weissenbacher et al., 1987).

ANIMAL MODELS oF AHF

Natural Host

Evidence suggests that Calomys musculinus may maintain a lifelong persistent
infection. In a laboratory setting, newborn C. musculinus pups did not develop
neurological symptoms after intranasal inoculation of JUNV. However, the infection was
lethal in 70% of the pups. Infectious particles were detected in the blood, urine, and oral
swab in survivors throughout the 480 day study. By the end point of the study, all survivors
exhibited dissemination of the virus to the spleen, kidneys, brain, and salivary glands.
There was also a significant reduction in fertility (Lampuri et al., 1982; Vitullo et al., 1987;

Vitullo and Merani, 1988). A separate study demonstrated that adult C. musculinus did not
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develop any symptomatic disease upon intranasal inoculation of the Cba An 9446 strain of
JUNV. After 150 days, only 50% of the rodents maintained a persistent infection. The
remaining half seroconverted but no infectious particles were detectable. During gestation,
the virus did not transmit to any fetuses, but 50% of the weaned pups that were nursed by
viremic mothers became infected (Vitullo and Merani, 1990). The findings in the
laboratory setting support the suggested mechanisms of both horizontal and vertical

transmission in nature.

Mice

Infection of laboratory mice produces a lethal disease that includes the typical
symptoms of viral encephalitis, including tremors, spontaneous convulsions, walking
lateralization, and eventual paralysis of the hind legs. Similar disease progression occurred
despite the JUNV strain or mouse strain used in the study. However, the severity of disease
is dependent on age. Mice between 1 and 10 days of age are most susceptible to the
infection, whereas older mice experienced a significantly more mild disease with changes
in the presentation of symptoms (Boxaca et al., 1973). The virus reaches a similar titer in
the brain at around day 5 regardless of the age of the mouse at the time of inoculation.
However, mice beyond 30 days old at the time of inoculation are able to clear the virus
from the brain by day 10. Treatment of the young mice with an IFN inducer significantly
increased their survival time (Boxaca et al., 1973; Weissenbacher et al., 1975b). While
JUNV actively infects neurons and astrocytes in the mouse brain (Lascano and Berria,
1974), the damage appears to be immune-mediated. Thymectomized mice are completely
protected from lethal JUNV-mediated disease, and instead develop a persistent infection
which can be detected for up to 7 weeks in the brain with no signs of inflammation
throughout the infection. The protective effect can be counteracted by providing the mice

with spleen cells of immune adult mice (Weissenbacher et al., 1969).
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While immunocompetent adult mice do not exhibit severe disease signs and
symptoms, C3H/HeJ mice lacking a functional TLR-4 develop a lethal disease when
infected intracranially with the XJ strain. No neutralizing antibody response is detectable
in this disease model, and the mice experience a delayed hypersensitivity reaction.
However, the mice are not susceptible to the XJ strain by any other route of infection
(Campetella et al., 1988).

Recently, mice lacking a functional IFN-o/By receptor were evaluated as an animal
model of JUNV infection. The Rom strain caused a uniformly lethal disease among the
mice when injected intraperitoneally. While IFN-o/By receptor knockout mice develop a
disseminated infection, the pathology is somewhat different from what is observed in
humans. The mice display a multifocal myocarditis, increase in white pulp in the spleen,
hepatocellular necrosis, and patches of mononuclear cells in the cortices of the kidneys.
The brains of infected mice pronounced leptomeningitis and perivascular cuffing of
neutrophils. While humans have been reported to develop myocarditis, only about one
quarter of patients developed meningoencephalitis (Elsner et al., 1973). The lesions in the
kidneys of IFN-0/By receptor knockout mice are different from those observed in human
cases, which are typically hemorrhagic lesions (Cossio et al., 1975).

Upon discovering that JUNV utilizes transferrin receptor 1 (TfR1) to enter target
cells, it was hypothesized that the lack of this receptor in mice played a role in the decreased
virulence in mouse models of disease (Radoshitzky et al., 2007). However, it was later
discovered that JUNV could infect murine cells via a TfR1-independent mechanism and
induce innate immune response pathways in the cells (Cuevas et al., 2011). Thus, the entry

mechanism is likely different for JUNV in human cells and murine cells.

Guinea Pigs
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While mice treated with immunosuppressive drugs exhibit a decreased mortality
when challenged with virulent JUNV strains, immunosuppression of guinea pigs causes a
lethal disease resembling AHF. This result provides evidence that a competent immune
system is necessary to clear the infection in guinea pigs (Kenyon et al., 1985).

JUNV-induced disease in guinea pigs has shown some variability between JUNV
strains in terms of mortality, time to death, and distribution among organs. While a number
of strains cause a visceral illness with a high viremia, and replication occurring primarily
in the spleen, lymph nodes, and bone marrow. These organs all displayed necrosis in the
severe cases, and the guinea pigs succumbed to illness around 13-15 days post-infection.
Another group of strains caused a neurological illness with a transient level of replication,
lymphocyte depletion within the spleen and lymph nodes, and no viremia or replication in
the bone marrow. Virus can be found in the brain with a broad range of polioencephalitis
between guinea pigs. Leg paralysis is common before death, appearing between days 28-
34 post-infection. Only one virus strain caused illness that exhibited characteristics from
each pattern of illness. However, none of the strains were capable of replicating the signs,
symptoms, and pathology observed in their respective human cases (Kenyon et al., 1988).

The Rom strain of JUNV is virulent in both inbred Strain 13 and outbred Hartley
guinea pigs, causing a disease that closely resembles clinical cases of AHF in terms of
pathology and clinical values. Hartley guinea pigs develop a lethal viremic infection with
both thrombocytopenia and leukopenia, as well as elevated aspartate aminotransferase in
the serum. Infected Hartley guinea pigs succumb to infection between 13 and 17 days post-
infection. The only observable dissimilarity is the absence of petechiae on the skin of
infected guinea pigs (Yun et al., 2008). These findings validate Hartley guinea pigs as a

relevant animal model for the study of JUNV pathogenesis and vaccine development.

Nonhuman Primates
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Marmosets are susceptible to JUNV and develop a severe disease that resembles
clinical AHF, exhibiting both hemorrhagic and neurologic manifestations prior to
succumbing to disease by 3 weeks post-infection (Weissenbacher et al., 1979). There is
also evidence that treatment of marmosets with immune plasma results in the development
of a LNS that resembles human LNS (Weissenbacher et al., 1986). Infection of marmosets
with TCRV triggered an immune response that was capable of cross-protecting the
marmosets against JUNV for between 2 and 16 month depending on the route of TCRV
inoculation (Samoilovich et al., 1988; Samoilovich et al., 1984; Weissenbacher et al.,
1982). Additionally, the live attenuated Can strain has been evaluated for safety and
immunogenicity in rhesus macaques, demonstrating complete protection against virulent

JUNV strains (McKee et al., 1992, 1993).

VIRION ARCHITECTURE, GENOME ORGANIZATION, AND LIFE CYCLE OF JUNV

Virion Architecture and Genome Organization

Arenavirus particles are pleomorphic in structure, and can range in size from 40 to
300 nm, but are typically 110-130 nm in size (Murphy and Whitfield, 1975). The virions
consist of a nucleocapsid that is surrounded by a bi-lipid membrane envelope which is
densely packed with glycoproteins. The virions are granular in appearance in electron
micrographs due to the propensity of the budding machinery to incorporate ribosomes into
infectious particles, and their appearance in micrographs contributed to the name of the
virus family (arenosus, or sandy). Although this phenomenon is ubiquitous among all
arenavirus species, it has yet to be determined whether the incorporation of ribosomes into

the virions is advantageous for the life cycle (Buchmeier et al., 2013).
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The arenavirus genome is comprised of two ambisense, single-stranded RNA
segments. Each segment encodes two genes in an opposite orientation to one another. The
large (L) segment is approximately 7 kb in length and encodes the matrix (Z) protein and
the RNA-dependent RNA polymerase (LP). The Z protein is responsible for budding
through interaction with itself and the cellular endosomal sorting complexes required for
transport (ESCRT) machinery, recruitment of the ribonucleoprotein (RNP) complex, and
interaction with the GPC on the cell surface. The Z protein additionally downregulates the
activity of the viral replication complex through inhibition of the polymerase, and can also
manipulate the cellular immune response to the infection (Fehling et al., 2012). The small
(S) segment is approximately 3.4 kb in length and encodes both the nucleoprotein (NP) and
the glycoprotein complex (GPC). The GPC undergoes both co- and post-translational
processing within the endoplasmic reticulum (ER) and Golgi apparatus, where it is heavily
glycosylated and eventually cleaved into a stable signal peptide (SSP) and two separate
glycoproteins (G1 and G2). The G1-G2 cleavage is carried out by the Subtilisin Kexin
Isozyme-1 (SKI-1)/Site-1 Protease (S1P). The mature complexes are included into
budding virions on the cell surface and are responsible for host cell attachment and entry
of the virions into target cells (Burri et al., 2012a; Burri et al., 2012b). The NP is an
essential co-factor in the replication of the virus genome, and the protein has been shown
to block the ability of the cellular antiviral machinery to recognize the viral RNA

(Buchmeier et al., 2013).

Life Cycle of JUNV

Upon binding to its cellular receptor TfR1, JUNV undergoes clathrin-mediated
endocytosis (Martinez et al., 2007). Once inside the endosome, the low pH allows the
endosomal-viral membrane fusion triggered by the GPC (Klewitz et al., 2007). Viral

replication is initiated upon the release of the RNP complex into the host cell.
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Initial rounds or replication consist of the synthesis of anti-genomic copies of the L
and S segments and mRNA that encodes both the NP and LP. Synthesis of viral RNA is
initiated by a 19 nucleotide promoter region at the 3’-end of the genomic and anti-genomic
segments. This sequence is recognized by the LP and is highly conserved among all
arenavirus species (Kranzusch et al., 2010). Due to the high degree of complementarity
between the 5’ and 3’ ends of the segments, a panhandle structure is hypothesized to form
(Salvato and Shimomaye, 1989). Termination can occur in one of two ways. In order to
generate mRNA, primary transcription is terminated within the intergenic region (IGR) of
either segment, which forms a secondary hairpin structure. This structure has also been

suggested to stabilize the 3° end of the mRNA since polyadenylation does not occur
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infectious virions.
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(Franze-Fernandez et al., 1987; Meyer and Southern, 1993; Qi et al., 2010). To produce
full-length RNA, the LP must read across the IGR by a currently unknown mechanism,
and proceeds to the 5’ end of the RNA before terminating. It has been suggested that an
excess of NP prevents the secondary structure from forming by binding to the
complimentary regions within the IGR, allowing the shift from mRNA transcription to
anti-genomic RNA production to occur (Tortorici et al., 2001).

Arenavirus mRNA is capped through a cap-snatching mechanism that utilizes both
the cap-binding properties of the NP and the endonuclease activity of LP. The
endonuclease activity of the arenavirus LP has been mapped to domain I of the protein for
both LASV and LCMV (Lelke et al., 2010; Morin et al., 2010). This allows for the
translation of the mRNA through the use of the host cell machinery. As the trans-acting
replication factors LP and NP increase in concentration, anti-genomic copies of the L and
S segment begin to appear in higher concentrations. The LP incorporates a non-template
G nucleotide onto the 5’-end of the RNA product during termination of replication (Raju
et al., 1990). A “prime and realign” mechanism was proposed that suggests the synthesis
of a pppGpCon primer by the LP from the C and G nucleotides at positions 2 and 3 of the
3’-end. The primer can then shift to align with the added G at the 5’-end of the template
to begin RNA synthesis (Garcin and Kolakofsky, 1990).

The increase in anti-genomic RNA results a shift in production from the early
proteins necessary for replication to the late proteins necessary for budding. The Z protein
regulates transcription and replication of viral RNA through inhibition of the LP in a dose-
dependent manner, and has been observed in both OW and NW arenaviruses (Cornu and
de la Torre, 2001; Cornu et al., 2004; Hass et al., 2004; Lopez et al., 2001). While the
mechanism of inhibition has not been elucidated for JUNV, the Z protein of TCRV locks
its associated LP into a promoter-bound state to prevent elongation of the RNA strand.
This mechanism was also proposed to allow for packaging of the LP into budding virions

(Kranzusch and Whelan, 2011). The Z protein additionally drives budding by recruiting
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the RNP to specific areas of the membrane where GPC is present in high concentrations.
GPC is first translated as an inactive polyprotein precursor prior to arriving in its cleaved
and fully-processed active state on the cell surface, where Z orchestrates the assembly and

budding of infectious virions (Fehling et al., 2012).

VIRUS PROTEIN-PROTEIN INTERACTIONS

Z Protein Structure and Self-Interaction

The structure of Z is highly conserved among the arenavirus family, and all
arenavirus Z proteins contain a highly conserved 37-amino acid central really interesting
new gene (RING) domain with less conserved N- and C-terminal domains. A
myristoylation site is located on the second residue (G2) of the protein, and is required for
association of the protein to the plasma membrane (Urata and Yasuda, 2012). The RING
domain is characterized by its conserved pattern of both histidine and cysteine residues that
bind two Zinc ions in a cross-brace arrangement, which is essential in domain folding
(Borden, 2000). The RING domain structure is conserved throughout eukaryotic cells with
a unifying characteristic of mediating protein-protein interactions on a large scale, capable
of forming large macromolecular scaffolds. Self-interaction of matrix proteins has been
shown to be important in the budding of both rhabdoviruses and filoviruses (Hartlieb and
Weissenhorn, 2006; Okumura and Harty, 2011). Evidence of arenavirus Z protein self-
interaction has been observed in bacteria that have been transformed to express either
LASV or LCMV Z protein (Kentsis et al., 2002). Further evidence has been observed in
mammalian cells, where overexpressed TCRV and JUNV Z protein self-associate into

oligomers, with dimers representing the major population. Additionally, neither the
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integrity of the RING domain nor the specific residues required for Z-LP interaction are
required for Z self-interaction. However, the myristoylation site at G2 is required for self-

interaction (Loureiro et al., 2011).

Z-LP Interaction

Mutagenesis studies of the Z protein of TCRV have shown that the RING domain
is essential for both binding to LP and inhibition of viral RNA synthesis. The integrity of
the RING structure is essential to the inhibition of the polymerase (Jacamo et al., 2003;
Loureiro et al., 2011).

The structure of the arenavirus LP has been predicted to contain 4 conserved
domains, linked by 3 separate variable regions by comparing the structures of a number of
different RdRps from various negative-sense RNA viruses. Domain III contains sequence
motifs that are specific to the catalytic sites of these various RdRps (Ferrer-Orta et al.,
2006; Loureiro et al., 2012). The structural prediction of the LP has been supported by
electron micrographs of the MACV LP (Kranzusch et al., 2010), and by evidence that the
LCMV LP can be expressed as two separate proteins that reconstitute into a functional
polymerase (Brunotte et al., 2011).

Direct interaction of TCRV Z with the TCRV LP has been mapped to the N-
terminal domain I and to domain IIl. The C-terminal region is not involved in Z binding
(Jacamo et al., 2003; Wilda et al., 2008). Evidence of MACV Z binding directly to MACV
LP in an in vitro system supports the findings for TCRV protein-protein interaction
between LP and Z. It was reported that the Z protein locks the LP in a promoter-bound
state that prevents further RNA synthesis. While Z does oligomerize, the monomeric form
of Z protein appears to be responsible for inhibition of LP. In vitro, TCRV Z-LP complexes

exist primarily as heterodimers (Kranzusch and Whelan, 2011). Additionally, Z mutants
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that are unable to oligomerize are not inhibited in their ability to inhibit LP activity
(Loureiro et al., 2011).

The Z protein has also been observed to interact with cellular proteins involved in
replication. The RING domain of Z is capable of interacting with certain cellular proteins,
such as the promyelocytic leukemia protein PML and the translation initiator eIF4E
(Volpon et al., 2010). However, the biological implications for these interactions during

the virus life cycle remains unknown.

Z-NP Interaction

Early evidence of Z-NP interaction within arenavirus particles was discovered after
chemical crosslinking of the LCMV proteins within virions (Salvato et al., 1992). Direct
interaction was later confirmed by overexpressing LASV NP and Z in vitro in mammalian
cells (Eichler et al., 2004).

Using a reverse genetics-based approach to create virus-like particles (VLPs),
JUNYV Z protein has been shown to drive the assembly and budding of virions, and exhibits
self-budding activity. The JUNV Z protein additionally recruits the TCRV NP into the
budding virions, supporting the hypothesis that Z-NP interaction facilitates the
incorporation of nucleocapsids into the budding particles. Additionally, both an intact
RING domain and the L79 residue are required for the formation of infectious TCRV
particles, and are also essential for the Z-NP interaction to occur (Casabona et al., 2009).
Further investigation revealed that residues T81 and 183 (both outside of the RING domain)
are also involved in JUNV Z-NP interaction, and JUNV L71 (equivalent to TCRV L79) is
critical for VLP infectivity, suggesting that these residues are important for incorporation
of nucleocapsid into budding particles (Capul et al., 2011). Interestingly, the ability of

TCRYV Z protein to initiate budding was enhanced upon co-expression of the protein with

36



NP (Groseth et al., 2010). However, the mechanism through which this phenomenon
occurs has not been elucidated.

A highly conserved YLCL motif within the RING domain has been shown to be
involved in the incorporation of NP into Z-driven TCRV VLPs (Groseth et al., 2010), and
the results were replicated using the MOPV Z protein (Shtanko et al., 2011). It is
noteworthy that this motif is also essential in Z-LP interaction, suggesting that Z-NP and
Z-LP interaction may be mutually exclusive (Loureiro et al., 2011).

The C-terminal region of TCRV NP has been identified as the Z-binding region
within the protein, and the integrity of a zinc-binding motif within this region is crucial for
the ability of NP to bind Z and be recruited into budding particles (Levingston Macleod et
al., 2011). The same region of MOPV and LCMV NPs was also demonstrated to be
responsible for Z interaction. Interestingly, LCMV NP and LASV Z were capable of cross-
interaction, whereas LCMV Z and LASV NP fail to interact with one another (Ortiz-Riano

etal., 2011).

Z-GPC Interaction

Several enveloped viruses utilize glycoprotein-matrix protein interaction to
incorporate the glycoprotein into budding particles (Checkley et al., 2011; Mittler et al.,
2007). Experimental data indicates that the LCMV and LASV GPCs each interact with
their respective Z proteins, and myristoylation of the Z protein is required for each
interaction (Capul et al., 2007). The JUNV GPC has been observed to be incorporated into
Z-induced VLPs (Groseth et al., 2010). This suggests the importance of Z-GPC interaction
in incorporating the GPC into arenavirus particles. Interestingly, incorporation of TCRV
NP into VLPs that contain JUNV Z-GPC show an increase in the GPC density on the

surface of the VLP when compared to VLPs that include JUNV NP (Casabona et al., 2009).
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The specific mechanisms involved in the packaging of GPC into virions during the Z-

mediated budding stage remains unknown.

GLYCOPROTEIN PROCESSING AND ENDOPLASMIC RETICULUM STRESS

Protein Processing and Glycosylation Pathways

Protein synthesis in the ER involves a series of co-translational and post-
translational modifications involving a number of chaperones. The vast majority of
proteins located within the ER are devoted to the folding process. Targeting of a protein
to the ER occurs early in the translation process, and ER signal sequences are typically
located within the first ~25 amino acids of a protein (Braakman and Hebert, 2013).

Most proteins that are targeted to the ER and navigate the secretory pathway
undergo N-linked glycosylation on Asn residues within the Asn-X-Ser/Thr motif. These
modifications are typically added once the motif reaches 13 amino acids deep into the
lumen of the ER, where the motif is aligned with the oligosaccharyltransferase (OST)
(Nilsson and von Heijne, 1993). A pre-assembled branched carbohydrate that consists of
three glucose, nine mannose, and two N-acetylglucosamine molecules is attached to the
Asn residue (Ruiz-Canada et al., 2009). The addition of these carbohydrates have both
intrinsic and extrinsic effects on the conformation of the protein, involving the recruitment
of carbohydrate-binding factors involved in the maturation and sorting of the protein
(Braakman and Hebert, 2013).

The intrinsic effects of glycosylation on a protein include improving the stability
of the protein by masking the hydrophobic regions, cleavage sites, or immune recognition

(Kundra and Kornfeld, 1999; Skehel et al., 1984). Additionally, the addition of the

38



hydrophilic glycan can destabilize the unfolded state of the protein, assisting the folding of
the protein into the correctly folded state (Hanson et al., 2009). The necessity of a glycan
to the correct folding and function of the protein is highly variable. While some glycans
are absolutely necessary for the maturation of the protein, others are completely expendable
(Hebert et al., 1997; Wang et al., 2008). While the locations of glycans are sometimes
unimportant, the number of glycans can be critical (Braakman and Hebert, 2013).

There are two classes of ER chaperones that assist in the folding and maturation of
proteins: the classical and carbohydrate-binding classes. While the classical chaperones
can be found throughout the cell, the carbohydrate-binding chaperones are found only in
the ER. The classical chaperones consist primarily of the heat-shock protein (Hsp) 70 and
90 families (Braakman and Hebert, 2013). Chaperones of the Hsp70 and Hsp90 families
identify misfolded proteins by the presence of hydrophobic chains present on the surface
of the protein. The Hsp70 protein BiP is referred to as the master regulator of the ER due
to its large role in ER processes. The chaperone is responsible for maintaining the
permeability barrier of the ER during the process of protein translocation, directing the
correct folding of proteins, targeting misfolded proteins for retrograde translocation to the
proteasome, maintaining calcium stores, and monitoring ER stress to activate the unfolded
protein response (UPR) when necessary (Hendershot, 2004). Chaperones of the
carbohydrate-binding family are involved in quality control and trimming of the glycan
within the ER. Glucosidase I is responsible for the trimming of a terminal glucose residue
from the glycan and reduces the affinity of the protein for the OST (Hubbard and Robbins,
1979). Subsequent trimming occurs with glucosidase II, which interacts with the
chaperones clanexin and calreticulin to stabilize and slow the folding process to prevent
aggregation and turnover of proteins (Hebert et al., 1996; Hebert et al., 1997; Vassilakos
et al., 1996). The chaperones can also retain incorrectly folded substrates for additional
attempts at correctly folding and facilitate the formation of disulfide bonds (Oliver et al.,

1997; Rajagopalan et al., 1994). An additional glucose is added to the glycan in order to
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flag the protein for refolding (Braakman and Hebert, 2013). The protein is exported from
the ER only after the protein completely passes the quality control system within the

organelle.

GPC Processing within the ER and Trafficking to the Cell Surface

GPC FOLDING IN THE ENDOPLASMIC RETICULUM

The GPC of arenaviruses is translated into the ER, where it is heavily glycosylated
at a number of N-linked glycosylation motifs present on both G1 and G2. The SSP is
located at the N-terminal end of the GPC polyprotein and provides the signal to target the
protein to the ER. Upon cleavage the SSP does not undergo immediate degradation, but is
instead incorporated into the ER membrane. The SSP contains two hydrophobic
transmembrane domains separated by a hydrophilic loop that contains a single positively-
charged amino acid at position 33 (K33), which is located in the lumen/extracellular space
(Agnihothram et al., 2007; Froeschke et al., 2003). The SSP is co-translationally cleaved
by signal peptidases (SPases) within the ER and incorporated into the membrane. The SSP
is myristoylated at the amino acid G2, which is important for fusion with the host
membrane but has no effect on the formation of the G1/G2/SSP complex (York et al.,
2004). While trans-complementation and interchange of SSPs from different arenavirus
species are tolerated for proper function and trafficking of the GPC, the substitution of a
generic ER signal peptide in place of the SSP is not tolerated (Messina et al., 2012). The
JUNV G2 contains an ER retention motif that is masked by the SSP, allowing the GPC to

escape the ER and undergo maturation in the Golgi (Agnihothram et al., 2006).
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The presence of N-linked glycans on GPC are essential to assist in the folding and
transport of the protein (Braakman and van Anken, 2000). While the four N-linked
glycosylation motifs located in G2 are highly conserved among arenaviruses (with the
exception of the OW arenaviruses LCMV, DANV, and LUJV), the motifs present in G1
vary in number and location between arenavirus species (Bonhomme et al., 2011; Eichler
et al., 2006). These glycans are applied co-translationally, and in the case of LASV, all
nine motifs are glycosylated. While some motifs prevent proteolytic processing, others
appear to have no effect on the protein in vitro (Eichler et al., 2006).

While a protein is capable of reaching the correct conformation without assistance
at low concentrations, the crowded environment of the ER makes assistance from
chaperones essential to the folding process. Early in the folding process, disulfide bonds
begin to form between cysteine residues. Both native and non-native bonds form, and
chaperones in the protein disulfide isomerase (PDI) family are necessary to break the
disulfide bonds and allow them to reform into the native state of the protein.
Simultaneously, N-linked glycans are being added to Asn residues within N-linked
glycosylation motifs by OST. The presence of glycans increases the binding affinity of the
protein to calnexin and calreticulin. In the case of vesicular stomatitis virus (VSV),
deletion of a single glycan from the glycoprotein decreases its affinity for calnexin. The
wild-type VSV glycoprotein contains only two glycans, and does not associate with
calreticulin in vivo (Cannon et al., 1996). A transfer from calnexin to BiP is required to
complete the folding process (Hammond and Helenius, 1994). Alternatively, influenza A
hemagglutinin (HA) is more heavily glycosylated and associates with both calnexin and
calreticulin. The HA protein only binds BiP if binding to the lectin chaperones is prevented
(Zhang et al., 1997). The folding of Semliki Forest virus (SFV) glycoprotein has been
shown to involve a number of chaperones. The SFV p62 and E1 glycoproteins form a
transient covalent complex with PDI and Erp57 upon translation. Erp57 recruits calnexin

and calreticulin to form a noncovalent complex with the glycoproteins (Molinari and
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Helenius, 1999). While the exact interactions between arenavirus GPCs and ER
chaperones have not been elucidated, the extensive glycosylation of the proteins suggest
that a large number of these enzymes are involved in the correct folding and export of the

protein from the ER.

MATURATION AND CLEAVAGE OF ARENAVIRUS GPC

The maturation of most enveloped viruses share a similar process of priming their
glycoprotein through cleavage of the protein by host proteases (Hallenberger et al., 1992;
Kido et al., 2008; Ozden et al., 2008; Watanabe et al., 1995). Cleavage releases the fusion
peptide of the glycoprotein, which typically consists of a hydrophobic chain of ~20-30
amino acids. This polypeptide is responsible for anchoring the glycoprotein to the target
membrane and allow fusion of the virus and host membranes (White et al., 2008). The late
cleavage allows the virus to fold and assume a metastable conformation that is capable of
undergoing a significant conformational change upon the receptor binding and shift in pH
during infection. The process also helps to ensure the formation of infectious particles
since cleaved glycoproteins have been shown to be more readily incorporated into budding
particles than unprocessed glycoproteins (Damonte et al., 1994; Kunz et al., 2003).

The arenavirus GPC is cleaved in the Golgi apparatus by SKI-1/S1P at the highly
conserved motif RX(hydrophobic)X (Pasquato et al., 2011). This enzyme is the protease
utilized by both OW and NW arenavirus GPCs, and belongs to the proprotein convertase
(PC) family of proteases. A unique quality of SKI-1/S1P within the PC family is its affinity
for cleavage motifs within hydrophobic regions (Pasquato et al., 2006). The motif within
most arenavirus GPCs closely resembles the auto-cleavage motif of SKI-1/S1P. Both OW
and NW clade B arenavirus GPCs mimic the auto-processing site RRLL (Pasquato et al.,
2011). Specific amino acids around this cleavage site have shown importance in the

cleavage efficiency of the GPC by SKI-1/S1P. An F259A mutation in LCMV GPC impairs
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processing, and analysis of peptides that mimic the LASV cleavage motif reveal that the
presence of an aromatic residue at the same position (259) negatively affects the cleavage
efficiency (Beyer et al., 2003; Pasquato et al., 2006). However, cleavage of the GPC is not

required for transport of the GPC to the plasma membrane (Eichler et al., 2006).

ER Stress and the Unfolded Protein Response

The inability of proteins to fold correctly, through either an increase in total protein
concentration in the ER or through expression of folding-incompetent proteins, creates ER
stress and triggers the UPR. Whenever the capacity of the chaperones in the ER to fold
proteins is exhausted due to accumulation of unfolded proteins, the cell upregulates the
production of chaperones and downregulates protein production at the transcriptional and
translational level. The cell will also decrease the protein load in the ER through the
upregulation of ER-associated degradation (ERAD) (Schroder and Kaufman, 2005).

In thermodynamic terms, any protein in a conformation with a higher free-energy
than its native conformation is considered to be misfolded, which is typically due to
exposed hydrophobic regions on the surface of the protein. These hydrophobic regions
have a high affinity for the chaperones within the ER. Affinity binding assays have
demonstrated that BiP preferentially binds short hydrophobic chains in an ATP-dependent
mechanism. BiP cycles between a monomeric and oligomeric state, and only monomeric
BiP will associate with misfolded proteins. An increase in misfolded proteins in the ER
increases the monomeric pool of BiP, suggesting that oligomeric BiP serves as a storage
pool from which monomeric BiP is recruited in the presence of misfolded proteins (Freiden
et al., 1992; Gething, 1999).

Three different transmembrane proteins are responsible for the transduction of the
UPR across the ER membrane: the kinase/endonuclease inositol-requiring protein 1

(IRE1), the PKR-like ER kinase (PERK), and the activating transcription factor 6 (ATF6).
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In normal conditions, BiP binds to each of these proteins to maintain their inactive states.
The presence of misfolded proteins triggers the release of BiP from the luminal domains
of the transmembrane proteins, activating the UPR pathways (Schroder, 2008). The
activated PERK phosphorylates eukaryotic translation initiation factor 2o (e[F2a), which
inhibits the assembly of ribosomes and prevents cap-dependent translation of mRNA. This
prevents further accumulation of proteins in the ER lumen. The phosphorylation of elF2a
also upregulates the expression of genes such as ATF4, which can lead to apoptosis in
cases through the activity of the pro-apoptotic transcription factor CHOP when the ER
stress cannot be resolved (Ohoka et al., 2005; Yamaguchi and Wang, 2004). In the case of
IREL1, the release of BiP triggers the dimerization and autophosphorylation of the protein.
Phosphorylation activates the endoribonuclease activity of IRE1, which allows for the
removal of a 26 nucleotide intron from mRNA encoding X-box-binding protein 1 (XBP1).
The spliced mRNA encodes a transcription factor that upregulates the expression of several
UPR-related genes (Schroder, 2008). The release of BiP from ATF6 allows for its
translocation of the protein to translocate to the Golgi apparatus where it is processed by
SKI-1/S1P on the luminal side of the membrane and then cleaved again by metalloprotease
site 2 protease (S2P) on the cytoplasmic side of the membrane. This process releases the
N-terminal fragment of ATF6 (ATF6 p50) into the cytosol, and ATF6 p50 translocates into
the nucleus to stimulate the expression of UPR-related genes, including both BiP and
CHOP (Schroder, 2008; Zhang and Kaufman, 2006). It is noteworthy that in the case of
LCMV, the ATF6-controlled branch of the UPR pathway remains active during acute
infection, whereas all three pathways are silent during persistent infection. The ATF6
pathway is required for optimal production of LCMV particles during the acute infection

(Pasqual et al., 2011).
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MANIPULATION OF THE ARENAVIRUS GENOME

Segment Reassortment

The bi-segmented genome of arenaviruses allows for reassortment of the genome
segments, and co-infection of cells with viruses from two separate arenavirus species can
lead to the production of chimeric virions. This strategy has been utilized to create
reassortant viruses between different strains of the same virus, PICV and LCMV, and two
closely related viruses from different species, LASV and MOPV (Kirk et al., 1980;
Lukashevich, 1992; Riviere et al., 1985). Laboratory reassortment has been utilized to
determine the function of arenavirus proteins in pathogenesis (Riviere et al., 1986) and
arenavirus-induced immunosuppression (Matloubian et al., 1993; Matloubian et al., 1990),
as well as to generate live-attenuated vaccine candidates (Lukashevich et al., 2008;
Lukashevich et al., 2005). While reassortants are useful to study certain aspects of
arenavirus pathogenesis, the system is limited in that specific mutations cannot be studied
within the context of infection. In addition, the procedures utilized to generate the

reassortant viruses is associated with poor stability and purity (Lukashevich, 1992).

Minigenome Systems

The first arenavirus-based minigenome (MG) system was developed using the OW
arenavirus LCMV genome (Lee et al., 2000). MG systems were later developed for LASV,
TCRV, and JUNV (Albarino et al., 2009; Hass et al., 2004; Lopez et al., 2001). Arenavirus
MG systems were developed for the purpose of studying the cis- and trans-acting factors
involved in genome replication and gene transcription. The development of MG systems
led to the identification of LP and NP as the minimal trans-acting factors that are required

to carry out replication and transcription. These systems allow for the reverse genetics-
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based study of critical amino acids in LP and NP that are involved in replication and
transcription (Lee et al., 2000; Ortiz-Riano et al., 2011, 2012a, b). Additional results from
MG system studies revealed that the IGR serves as a transcription termination signal
(Pinschewer et al., 2005), and that the Z protein inhibits LP activity in a dose-dependent
manner (Kranzusch and Whelan, 2011). Outside of reverse genetics-based studies, MG
systems have been used to evaluate the efficacy of siRNAs that target viral mRNAs that
encode LP or NP (Sanchez et al., 2005), as well as the evaluation of anti-arenaviral drugs

that target replication and transcription (Mendenhall et al., 2011; Ortiz-Riano et al., 2014).

Recombinant Arenaviruses

Reverse genetics-based rescue systems to generate recombinant virus clones from
cDNA have been developed for LCMV (Flatz et al., 2006), PICV (Lan et al., 2009), LASV
(Albarino et al., 2011b), and JUNV (Albarino et al., 2009). The two systems utilized to
rescue recombinant arenaviruses are the T7-based systems which contain either the T7
bacteriophage RNA polymerase (T7RP) promoter, or the pol-I/II system which utilizes the
RNA polymerase I (pol-I) and the RNA polymerase II (pol-II) promoters.

The T7-based systems do not require co-expression of the trans-acting factors LP
and NP since the system generates sufficient genomic RNA and mRNA for rescue
(Albarino et al., 2009; Albarino et al., 2011b). However, either co-transfection of a T7RP
expression plasmid or transfection into a cell line that expresses T7RP is required to
generate the required genomic RNA and mRNA. In order to create the functional 19-
nucleotide 3’ termini of the L and S segments, the hepatitis delta virus (HDV) ribozyme is
required prior to the termination sequence (Sanchez and de la Torre, 2006). Since any
alterations to this 19-nucleotide promoter can have a detrimental effect to its activity, the
T7 system can be problematic due to the variability of the HDV ribozyme cleavage

efficiency. The replication with the T7RP system also allows for the detection of the 5’
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phosphate of viral RNA by cellular RIG-I and can negatively affect the efficiency of rescue
(Emonet et al., 2011; Habjan et al., 2008).

The pol-I/II rescue system utilizes the pol-I to express the arenavirus genome. Pol-
I is responsible for the expression of ribosomal RNA, and carries out transcription within
the nucleus before the viral RNA is exported to the cytoplasm (Pinschewer et al., 2003).
Although the pol-I promoter is species specific, the HDV ribozyme is not required due to
the precise termination of transcription by pol-I at the nucleotide preceding the terminator.
Co-transfection with pol-II-based expression plasmids for the trans-acting factors LP and

NP are required to achieve rescue (Emonet et al., 2011).

PROJECT AIMS

The development of the live-attenuated Can strain of JUNV is approved for use in
AHF-endemic regions and has proven successful in limiting the incidence of JUNV-
associated disease. Despite the success of the vaccine, the mechanism of protection is still
largely unknown. Identification of the specific mechanisms that contribute to the
attenuation and immunogenicity of the Can strain would significantly improve our
knowledge of AHF pathogenesis as well as our ability to rationally design novel, safe, and

effective vaccines to protect against other arenavirus-associated diseases.

Specific Aim 1 (Chapter 3): Determine the contribution of the GPC amino acid
substitution T168A to its altered processing.
1a: Evaluate the ability of GPC expressing the T168A substitution to reach
the cell surface in comparison to the wild-type Rom GPC.
1b: Determine the mechanism of degradation for improperly processed

JUNV GPC.
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The GPC of Can has previously been identified as the primary attenuating gene of
the Can strain (Seregin et al., 2015). Therefore, individual substitutions between Rom and
Can were evaluated for a potential impact on protein production and trafficking within the
cell. The T168A substitution had the greatest impact on GPC processing and surface
expression in preliminary studies and its effects on GPC’s pathway through the cell were

studied in vitro.

Specific Aim 2 (Chapter 4): Evaluate the effects of the Z protein amino acid
substitutions V18A and V64G on the efficiency of infectious particle production.
2a: Determine the impact of the V64G substitution in the ability of Z to
interact with other virus proteins.
2b: Determine the impact of the VI8A substitution in the ability of Z to
interact with other virus proteins.

A chimeric Rom virus expressing the Can Z protein generated significantly fewer
infectious particles in vitro despite slightly higher levels of viral RNA and protein within
infected cells (unpublished data). The pol-I/II-based rescue system was utilized to evaluate
the effects of the VISA and V64G substitutions on the ability of the virus to produce

infectious progeny.

Specific Aim 3 (Chapter 5): Evaluate the ability of Can Z protein to inhibit the

replication activity of the JUNV LP, and the ability of the Can LP to be inhibited

by JUNV Z.

Chimeric JUNVs containing either the Can LP or Z generate more viral RNA and
protein than the wild-type Rom strain in vitro (unpublished data). A luciferase-based MG
system was utilized to study the sensitivity of Can LP to JUNV Z protein, and the inhibitory
effect of Can Z protein on JUNV LP.
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Chapter 2: Materials and Methods

CELLS, VIRUSES, AND BIOSAFETY

Baby hamster kidney suspension (BHK-21S) cells, Vero cells (American Tissue
Culture Collection), human embryonic kidney (HEK293) cells, and adenocarcinomic
human aveolar basal epithelial (A549) cells were all maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 5% fetal bovine serum and L-glutamine.
All DMEM was also treated with 1% penicillin/streptomycin. The original wild-type
Romero strain (GenBank accession no. AY619640 and AY 619641) was provided by Dr.
Thomas G. Ksiazek (University of Texas Medical Branch [UTMB]). All wild-type and
recombinant viruses were propagated by infecting Vero cells (multiplicity of infection
[MOI] 0.01) and collecting the supernatants at 72 hours post-infection. Cell debris was
eliminated by passing the supernatant through a 0.45 um filter. All worked performed with
infectious JUNV strains was performed in the UTMB biosafety level 4 (BSL-4) facility in

accordance with institutional safety and health guidelines.

REscuE oF RECOMBINANT JUNYV CLONES

All cloning for the Pol-I/II rescue system was performed previously by Emonet et
al. The Rom and Can NP open reading frame (ORF) was PCR amplified with primers
flamking the 5 and 3” ends of the ORF and cloned into the pCAGGS vector to yield the
Rom and Can pC-NP (pC-RomNP and pC-CanNP) plasmids. The process was repeated
for the LP ORF, and the gene was PCR amplified and inserted into the pCAGGS vector
piece-wise in three separate steps to generate pC-RomLP and pC-CanLP. To generate the
murine pol-I-S (mPol-I-Sag) and murine pol-I-L (mPol-I-Lag) plasmids for Rom and Can,
the L and S segments were amplified piece-wise in three and two pieces, respectively. The

genes were inserted into the pRF42 vector in anti-genomic orientation and flanked by the
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murine pol-I promoter and terminator sequences (Emonet et al., 2011). BHK-21S cells
were seeded into 12-well culture plates at a volume of 6x10* cells/well 24 hours prior to
transfection. Each well of cells was transfected with mPol-I-Lag, mPol-I-Sag, pC-NP, and
pC-LP at equal copy numbers with the total DNA totaling 2 pg/well. Transfections were
performed with the XtremeGENE 9 transfection reagent (Roche) following the
manufacturer’s protocol. At 24 hours post-transfection, the cells were trypsinized and re-
seeded into T75 flasks. The supernatant was harvested 72 hours after transfer to yield
passage 0 (P0). To generate a working stock (P1), PO virus was used to infect Vero cells

at MOI 0.01, and the supernatant was harvested at 96 hours post-infection.

GROWTH KINETICS AND TITRATION

Titration of all virus samples was performed by plaque assay. Vero cells were
seeded into 6-well plates at 3x10° cells/well and used for titration 24 hours after seeding.
Six 10-fold serial dilutions of the virus samples were performed and used to infect each of
the six wells (200 pL diluent/well) for 1h at 37°C. The cell monolayers were then overlaid
with a minimum essential medium (MEM) containing 5% fetal bovine serum, 1%
penicillin/streptomycin solution, and 0.5% agarose. Plates were incubated for 5 days at
37°C and then fixed with formaldehyde for 30 minutes. The agarose layer was removed
and the fixed cells were stained with crystal violet to reveal the plaques. Growth kinetics
of virus clones were determined by infecting Vero cells at MOI 0.01 and collecting the

supernatant at the specified times.

GENERATION OF EXPRESSION PLASMIDS FOR GPC

The Rom and Can GPC ORFs were PCR amplified from the Rom and Can mPol-

I-Sag plasmids using primers designed to bind the 5’ and 3’ ends of the ORFs. The 3’
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primer (N-terminal) was given an overhang containing a restriction site specific to Rsrll,
and the 5” primer (C-terminal) was given an overhang containing a restriction site specific
to Xmal. The amplified ORFs were digested with Rsrll and Xmal (Thermo Scientific) and
inserted into the pC-NP plasmid after removing the NP ORF with Rsrll and Xmal to
generate pC-RomGPC and pC-CanGPC. In order to generate the plasmids to express XJ13
and XJ44, the pC-CanGPC plasmid was digested with Rsrll and EcoRI and inserted into
the pC-RomGPC plasmid after digestion with the same enzymes to provide Rom GPC with
the M109Q and E116A substitution mutations. Site-directed mutagenesis was performed
on the resulting plasmid to introduce the R484G substitution mutation into the plasmid,
yielding the pC-XJ13GPC plasmid. To generate the XJ44 GPC expression plasmid, site-
directed mutagenesis was performed on the pC-XJ13GPC plasmid to create the TI68A

mutation within G1 and create the pC-XJ44GPC plasmid.

MINIGENOME ASSAY FOR RoM AND CAN

Both Rom and Can Z ORFs were PCR amplified using the same strategy as
discussed for GPC and inserted into the pC-NP backbone after digestion to remove the NP
OREF, yielding pC-RomZ and pC-CanZ. The mPol-I-Sag plasmids for both Rom and Can
were used to create reporter plasmids by substituting the green fluorescent protein (GFP)
OREF in place of NP and the firefly luciferase (FFL) ORF in place of GPC for each plasmid.
This was achieved by PCR amplifying the ORFs for GFP and FFL with primers at the 5’
and 3’ ends that contained overhangs specific to the noncoding regions of the Rom and
Can S segment that flank the NP and GPC, respectively. The resulting halves of the S
segments were inserted piece-wise into the pRF42 backbone to generate the mPol-I-S-
GFP/FFL plasmids for both Rom and Can. BHK-21S cells were seeded into 12-well plates
at 1x10° cells/well and transfected with equal copy numbers of pC-NP, pC-LP, pC-Z, and

mPol-I-S-GFP/FFL at a total mass of 2 pug of DNA per well. The transfection was
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performed using the XtremeGENE 9 transfection reagent (Roche) following the
manufacturer’s protocol, and the transfected cells were incubated at 37°C for 48 hours. The
cells were lysed and prepared using the Dual-Glo Luciferase Assay System (Promega), and
luminescence was measured with a GloMax Multi luminometer (Promega). All FFL

measurements were normalized to Gaussia luciferase luminescence provided in the Dual-

Glo kit.

WESTERN BLOTTING

Both A549 and Vero cells were cultured in 12-well plates and seeded at a density
of 1x10° cells/well. After 24 hours, cells were infected with rtTUNV clones at MOI 5 and
incubated for 1h at 37°C in 100 pL of DMEM. Another 900 uL of DMEM (5% fetal bovine
serum) was added after the incubation, and the cells were incubated for the specified time
at 37°C. To collect cell lysates, the supernatant was removed and the monolayer was rinsed
with phosphate buffered saline (PBS). The monolayers were then treated with 250 uL of
1x Laemmli buffer (Bio-Rad) and incubated at 95°C for 10 minutes. Prior to loading on a
10% acrylamide gel, each sample was treated with -mercaptoethanol (BME) equal to 10%
of the total sample volume. The gels were transferred onto a PVDF membrane using a
TransBlot Turbo transfer system (Bio-Rad) and incubated at room temperature for 1h in
5% milk/PBS solution. A monoclonal rabbit anti-G2 primary antibody (ProSci) was added
at 1:1000 to the 5%milk solution and incubated overnight at 4°C. The membrane was
rinsed 3 times in PBS before being incubated for 1h at room temperature in 5%milk/PBS
containing an HRP-conjugated goat anti-rabbit secondary antibody (Cell Signaling). The
membrane was rinsed 3 times in PBS and treated with Amersham ECL detection reagent
(GE) prior to exposure. Peptide-N-glycosidase F (PNGase F) was used to remove the N-
linked glycans from the JUNV GPC in certain blots. The PNGase F enzyme (New England

Biolabs) was added to the cell lysates after dilution in ultra-pure water. The cells were
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incubated in the provided buffer and run on a polyacrylamide gel following the

manufacturer’s protocol.

VIRUS GENOME SEQUENCING AND QUANTITATIVE PCR

Infected cell lysates were mixed into a solution with TriZol. RNA was isolated
using the Direct-Zol RNA Isolation kit (Zymo Research) and sequenced using primers
complimentary to the 3’ and 5 conserved 19 nucleotides of the S and L segments. One
additional primer pair within the intergenic region was created. While this was sufficient
to sequence the entire S segment, the L segment required another 2 primer pairs
complementary to two regions within the LP ORF that split the genome into three equal-
length segments. The L and S segments of each virus were amplified in 3 and 2 PCR
reactions, respectively. The PCR fragments were run on an agarose gel and extracted using
the Zymoclean Gel DNA Recovery kit (Zymo Research) and directly sequenced to obtain
the consensus sequences for the recombinant viruses. For qPCR, the same RNA
purification methods as above were used to obtain purified RNA. Primer pairs within the
GPC, Z, and NP genes were designed using primer3 software, and each primer pair spanned
~250 nucleotides. Reactions were prepared using the iTaq Universal gPCR SYBR green
kit (Bio-Rad), and the reactions were run on a CFX96 Touch Real-Time PCR detection
system (Bio-Rad). Each reaction was normalized to a standard curve created by in vitro
transcribed purified RNA, and a melt curve analysis was run for each sample to ensure one
product. The data was analyzed using the software provided by the CFX96 Touch

detection system.

CONFOCAL MICROSCOPY
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HEK293 cells were seeded into 24-well plates at 1x10* cells/well onto poly-D-
lysine treated coverslips (12mm, 1.5 thickness). After 24 hours, the cells were transfected
with the pC-GPC expression plasmids at a total amount of 2 pg of DNA/well using
XtremeGENE 9 transfection reagent following the manufacturer’s protocol. The cells were
incubated at 37°C for 36 hours, then fixed with 4% paraformaldehyde for 10 minutes at
room temperature. The cells were treated with 0.1% Triton-X100 in PBS to allow
membrane permability. The cells were treated with CytoPainter Red ER stain (Abcam)
and Hoescht 33342 nuclear stain following the manufacturer’s protocol. The cells were
then treated with mouse anti-JUNV GPC primary antibody (BE08, BEI Resources) for 1
hour at room temperature, then incubated with goat anti-mouse secondary antibody
conjugated with an AlexaFluor 488 green fluorophore (Life Technologies) for 30 minutes
at room temperature. The coverslips were mounted onto glass slides using MOWIOL

mounting media. A Zeiss LSM 510 confocal microscope was used to capture all images.

FLow CYTOMETRY

HEK293 cells were seeded into 12-well plates at 1x10° cells/well and allowed to
incubate at 37°C for 24 hours. The cells were then treated with each of our pC-GPC
plasmids at 2 pg of DNA/well using XtremeGENE 9 transfection reagent following the
manufacturer’s protocol. After 36 hours of incubation at 37°C, the cells were briefly treated
with 0.25% trypsin to suspend the cells. Suspended cells were fixed with 4%
paraformaldehyde for 10 minutes at room temperature and permeabilized with 0.1%
Triton-X100 when specified in the results. The cells were then stained with mouse anti-
JUNV GPC primary antibody (BEOS, BEI Resources) for 1 hour at room temperature, then
incubated with goat anti-mouse secondary antibody conjugated with APC for 30 minutes
at room temperature. Cells were sorted and analyzed based on fluorescence intensity using

a BD Fortessa cell analyzer.
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Chapter 3: Differential Processing and Trafficking of the GPCs of Rom

and Can Strains

INTRODUCTION

The NW arenavirus JUNV is the causative agent of AHF, a severe disease that is
endemic to the pampas region of Argentina. Infection typically occurs through mucosal
exposure to the virus or direct contact of the virus with abraded skin. The disease presents
with flu-like symptoms, and can progress into a hemorrhagic-neurologic phase with a case
fatality rate as high as 30% (Weissenbacher et al., 1987). Due to the high stability of the
virus particle, high rates of morbidity and mortality, and its ability to be easily spread by
aerosol, the virus presents a threat of potential use as a biological weapon. The
development of countermeasures for AHF is a top priority for the Implementation Plan of
the HHS Public Health Emergency Medical Countermeasures Enterprise. Treatment
options are currently limited. While treatment of infected patients with immune plasma
does decrease the mortality, 10% of the patients who receive the treatment will still develop
a LNS (Enria and Barrera Oro, 2002). Immune plasma is also in short supply, and presents
a risk of transmitting other blood-borne pathogens (Enria et al., 2008). The efficacy of
ribavirin as a treatment option has been evaluated, and the drug has been shown to be only
partially effective when administered at early time points during infection. There are also
side effects associated with the drug, including anemia and congenital disorders (Enria et
al., 1987; Enria et al., 2008). The limitations of the current treatment options highlights
the need for further development of safe and effective anti-arenaviral drugs. However, the
live attenuated Can strain of JUNV has been a safe and effective vaccine in endemic
regions among agricultural workers since its development and release (Maiztegui et al.,
1998). The vaccine remains classified as an investigational new drug in the United States

since long-term safety and immunity studies have not been conducted. The availability of
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the vaccine master seed virus is unknown, and re-importation of the vaccine into the United
States would be difficult due to the potential lack of FDA-compliant documentation. A
TCS83 replicon-based vaccine candidate had been developed and shown to induce an
immune response in guinea pigs that protects against the Rom strain of JUNV (Seregin et
al., 2010), but more testing is required before the candidate would be eligible for clinical
trials. In order to achieve FDA approval, the vaccine candidates would need to come from
a genetically well-characterized master seed stock from a safe source, and presented with
a clear understanding of the mechanisms underlying disease pathogenesis and protection.

The rescue of both the Rom and Can strains from cloned cDNA using a pol-I/II-
based rescue system has recently been described (Emonet et al., 2011). The Rom strain
was isolated from an AHF patient and has not been subjected to multiple passages in tissue
culture or animals, and is therefore expected to be representative of a true human pathogen
(Yun et al., 2008). Both the Rom and Can strains have been well-characterized in a guinea
pig model of AHF that accurately mimic human disease, and both recombinant viruses
exhibit the same characteristics as their wild-type counterparts in the guinea pig model.
Additionally, studies performed with chimeric Rom-Can JUNV clones reveal that the
primary attenuating gene in Can is the GPC gene. Replacement of the Rom GPC with the
Can GPC in the rRom virus changes the phenotype from uniformly lethal to completely
attenuated, with no animals developing febrile illness (Seregin et al., 2015).

Each segment of the bi-segmented arenavirus genome is organized in ambisense,
allowing the virus to express different proteins at key points during the virus life cycle.
These genes are separated by a noncoding region that forms a secondary structure, which
provides a transcription termination signal for the RdARp (Meyer and Southern, 1993, 1994;
Wilson and Clegg, 1991). Both the L (~7kb) and S (~3.4kb) segments are organized in a
way that allows the transcription and translation of LP and NP to promote genome
replication early during the life cycle. Each segment then expresses the Z and GPC proteins

late in the life cycle to promote budding. The Z protein has multiple functions in the virus
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life cycle, including suppression of replication, protein-protein interaction, and budding
(Fehling et al., 2012). The GPC undergoes a series of processing steps in the ER and is
trafficked to the cell surface where it is recruited into budding particles by Z (Burri et al.,
2012a; Burri et al., 2012b; Capul et al., 2007). During the budding phase of the life cycle,
GPC must reach the cell surface efficiently to be included into the virus particles. This
process is dependent on the ability of the GPC to fold within the ER, export to the Golgi,
and undergo cleavage prior to reaching the cell surface.

In this chapter, I describe the use of both GPC expression and in vitro infection to
illustrate the inability of Can GPC to efficiently traffic from the ER to the cell surface. The
Can GPC displayed a glycosylation profile that is notably different from the pathogenic
Rom GPC and a lower percentage of cleaved GPC than Rom. Additionally, Can GPC
appeared to be retained in the ER and up-regulated several genes involved in the UPR,
indicating that the Can GPC is triggering ER stress. This ultimately led to evidence of

aggregation and degradation of the Can GPC through autophagy.

RESULTS

Preliminary Data: The glycoprotein of the JUNV Can strain is less efficiently
cleaved into G1 and G2 than the glycoprotein of the Rom strain

Using our pol-I/II reverse genetics-based rescue system, our lab has previously
demonstrated that the GPC is the primary gene responsible for the attenuation of the Can

strain (Seregin et al., 2015). Further examination of the in vitro characteristics of the virus
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Figure 3.1: GPC Processing Phenotypes in HEK293 Cells. A) Schematic
representation of amino acid substitutions present in Can GPC with reference to Rom
GPC. Substitutions are organized based on accumulated mutations from key viruses in
the passage history, with blue representing changes from Rom to XJ13, yellow
representing changes from XJ13 to XJ44, and red representing changes from XJ44 to
Can. B) Representation of GPC sequences cloned into our pC-GPC expression
plasmids and subsequently transfected into HEK293 cells. C) HEK393 cells were
transfected with expression plasmids encoding the GPC proteins from (B). The cells
were incubated for 24 hours and the lysates were subjected to Western Blot analysis.
In addition, samples were also treated with PNGase F and compared to untreated blots.
Lysates were also probed for B-actin as a loading control.

revealed that the recombinant viruses that express Can GPC produce markedly increased
levels of RNA and protein despite maintaining similar growth kinetics. Additionally,
Western blot analysis of Can GPC revealed additional bands of intermediate size between
the full-length GPC and G2 bands that are not present in cells expressing Rom GPC. The
cells expressing Can GPC contained significantly more full-length GPC than cells
expressing Rom GPC (Seregin and Manning et al., in review). We therefore decided to
investigate the specific differences in Rom and Can GPC that contribute to the different
Western blot phenotype between the two GPCs. Using our CMV-driven pC-GPC

expression plasmid, we introduced amino acid substitutions representative of GPCs from
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key passages in the history of Can creation, XJ13 and XJ44 (Fig. 3.1). We then transfected
HEK293 cells with pC-RomGPC, pC-XJ13GPC, pC-XJ44GPC, and pC-CanGPC and
incubated the transfected cells at 37°C for 24 hours. Western blot analysis of each GPC
revealed that the amino acid substitutions between Rom and XJ13 caused a decrease in the
cleavage efficiency of GPC into G1 and G2. This cleavage issue was compounded with
the amino acid substitution T168A in G1 between XJ13 and XJ44, resulting in an almost
undetectable level of cleaved G2 in cell lysates. Interestingly, the cleaved G2 levels were
restored to a small degree with the substitutions between XJ44 and Can (Fig. 3.1).

Upon examining the migration of each full-length GPC, we observed a small shift
in migration between XJ13 and XJ44, and the downward shift also occurs in Can. The
T168A glycosylation motif is part of an N-linked glycosylation motif, so we hypothesized
that this amino acid change would alter the glycosylation profile of the protein. We treated
the lysates with PNGase F, which removes all N-linked glycans from glycoproteins.
Removal of the N-linked glycans resulted in equal migration of each GPC, and the
intermediate bands present in XJ44 and Can collapsed down into one band (Figure 3.1).
This data supports the hypothesis that an N-linked glycan present at N166 in Rom and
XJ13 G1 is absent in XJ44 and Can G1. Additionally, the presence of intermediate bands
of multiple lengths in XJ44 and Can GPC-transfected cell lysates, and the resolution of
these bands with PNGase F, indicates that the GPCs may be failing to pass processing

checkpoints within the ER.

The T168A substitution in G1 is the primary contributor to the decrease in cleaved
GPC

Deletion of N-linked glycosylation motifs in both LASV and LCMV GPC has been

shown to inhibit the cleavage of the full-length protein into G1 and G2 (Bonhomme et al.,
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Figure 3.2: Effect of T168A Substitution on the Cleavage of GPC. A) Schematic
representation of amino acid substitutions present in GPC expression plasmids with
respect to Rom. Specific list of mutations located in Fig. 3.1A. B) Western blot
analysis of each GPC was performed by transfecting HEK293 cells with expression
plasmids pC-RomGPC, pC-XJ13GPC, pC-XJ44GPC, pC-CanGPC, pC-T168AGPC,
and pC-A168TGPC for 36 hours at 37°C, and probing for G2 within cell lysates using
an anti-G2 monoclonal antibody. B-actin was included as a loading control. C) mRNA
from HEK?293 cell lysates was harvested at 36 hours post-transfection. Quantitative
real-time PCR was performed using primers that were normalized to in vitro transcribed
GPC RNA, and quantified using a standard curve. Melt curve analysis was performed
for each sample to insure a single amplification product.
2011; Eichler et al., 2006). Since the introduction of the T168A substitution in Gl
correlates with a decrease in GPC cleavage, I decided to investigate the role of the single
amino acid substitution in GPC cleavage. I introduced the single substitution into the pC-
RomGPC plasmid through site-directed mutagenesis, and reverted the site to restore
glycosylation in the pC-CanGPC plasmid. Irepeated the transfection of HEK293 cells and
Western blot analysis of cell lysates at 36 hours post-transfection. The Rom, XJ13, XJ44,
and Can GPCs exhibited identical phenotypes to the preliminary data (Fig. 3.1). The
T168A substitution alone in Rom GPC was sufficient to reproduce the XJ44-like

phenotype in which cleaved G2 was detected only at low amounts within the cell lysates.
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While reversion of the glycosylation motif to wild-type (A168T) in Can GPC did restore
the amounts of cleaved G2 in cell lysates, the lowest intermediate band remained present.
While the data indicates that the primary contributor to the decrease in GPC cleavage is
the T168A substitution, both the Rom-XJ13 substitutions and the XJ44-Can substitutions
contribute to the G1/G2 cleavage and the presence of the intermediate bands, respectively.
It is noteworthy that a decrease in total protein exists among GPCs that contain the T168A
substitution despite the mRNA levels remaining constant among cells transfected with each

of the expression plasmids.

Absence of glycosylation at N166 results in the ER retention of GPC

During the passage history for XJ13 to XJ44, the ratio of cleaved to full-length GPC
shifts, and is predominantly full-length in XJ44 due to the TI68A substitution. However,
the cleavage is partially rescued between XJ44 and Can (Fig. 3.2). The decrease in cleaved
GPC in XJ13, XJ44, and Can GPC indicates a failure of SKI-1/S1P to recruit to the G1/G2
cleavage site, however the cause of the decrease in cleavage was unclear from the results.
The SKI-1/S1P subtilase cleaves the JUNV GPC in the late Golgi, near the cell surface
(Pasquato et al., 2011), suggesting that a trafficking issue could be preventing G1/G2
cleavage. Inaccessibility of the cleavage site due to misfolding could also be contributing
to the reduction in cleavage. In order to test the hypothesis that XJ13, XJ44, and Can GPC
are not trafficked correctly, we utilized confocal microscopy to visualize the distribution
of GPC throughout the cell.

I transfected BHK-21S cells with each of our GPC expression plasmids to observe
the trafficking of each GPC outside of the influence of other viral proteins. By staining the
ER along with the GPC, I was able to better determine the localization of the GPCs within
the cell. Additionally, ER localization can be indicative of improper processing in the

event that the JUNV GPCs are co-localizing with the ER. The transfected cells were fixed
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Figure 3.3: The effect of the N166 glycan on the efficiency of GPC trafficking.
BHK-21S cells were seeded onto glass coverslips in 24-well plates and transfected 24
hours later with Rom, XJ13, XJ44, Can, Rom-T168A, and Can-A168T GPC expression
plasmids. After incubation at 37°C for 36 hours, the cells were fixed in 4%
paraformaldehyde and stained using CytoPainter ER dye (red) and anti-JUNV GPC
primary antibody along with AlexaFluor 488-conjugated secondary antibody (green).
Nuclei were stained with Hoescht 33342 stain (blue). Two-dimensional images (left)
and three-dimensional Z-stacks (right) were generated using a Zeiss LSM 510 confocal
microscope.

after incubating at 37°C for 36 hours on glass coverslips and stained using CytoPainter ER
dye (Abcam) and an anti-JUNV GPC primary antibody (BEI Resources) in conjunction
with a fluorophore-conjugated secondary antibody (Life Technologies). After staining and
mounting the cells, I generated both cross-sectional images and 3-dimensional Z-stacks of

cells transfected with each of the GPCs. Rom GPC appeared to traffic correctly to the cell
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Figure 3.4: AmIno acia airrerences petween KoM ana xJ1s arrect trafficking of
the protein through the Golgi. BHK-21S cells were seeded onto glass coverslips in
24-well plates and transfected 24 hours later with Rom, XJ13, XJ44, Can, Rom-T168A,
and Can-A168T GPC expression plasmids. After incubation at 37°C for 36 hours, the
cells were fixed in 4% paraformaldehyde and stained using CytoPainter Golgi dye
(green) and anti-JUNV GPC primary antibody along with AlexaFluor 488-conjugated
secondary antibody (red). Nuclei were stained with Hoescht 33342 stain (blue). Two-
dimensional images were generated using a Zeiss LSM 510 confocal microscope.

surface with large concentrations of GPC on or near the cell membrane and very little GPC



in the ER. A fraction of XJ13 GPC co-localizes in the ER, but a significant portion reaches
the cell surface. Interestingly, a fraction also co-localized with small vesicles between the
ER and cell surface. The XJ44, Can, and Rom-T168A GPCs all co-localized
predominantly with the ER, and were nearly undetectable at or near the cell surface. By
reverting Can to T168 and restoring the N-linked glycosylation motif, a larger percentage
of the GPC reached the cell surface although a portion of the GPC was still retained in the
ER (Figure 3.3). These results indicate that the N-linked glycan at N166 is critical for
efficient trafficking from the ER to the Golgi and cell surface. However, the amino acid
substitutions that exist between Rom and XJ13 GPC also contribute to the ability of GPC
to efficiently reach the cell surface to a lesser degree.

In order to investigate whether the small concentrations of XJ13 GPC between the
ER and cell surface were Golgi vesicles, I again transfected BHK-21S cells with each of
the GPC expression plasmids and fixed the cells on glass coverslips at 36 hours post-
transfection. The cells were stained in the same manner as before, this time using the
Cytopainter Golgi dye (Abcam). The distribution of each GPC was similar to the previous
experiment in which the ER was stained rather than the Golgi. However, it was evident
that a small fraction of the XJ13 GPC was accumulating within the Golgi, and this
observation was unique to only the XJ13 and Can-A168T GPCs (Fig. 3.4). This
phenomenon cannot be observed in GPCs lacking the N166 glycan, likely due to the effect
that the absence of the glycan has on the inability to exit the ER. This data supports the
hypothesis that the full-length GPC observed in the Western blots fails to undergo cleavage
due to ER retention rather than failure due to a folding issue. However, the presence of

misfolded GPC near the cell surface cannot be ruled out.

The T168A substitution in G1 limits the amount of GPC present on the cell surface
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Figure 3.5: Surface expression of GPC compared to total cellular GPC. HEK293
cells were transfected with either Rom, XJ13, XJ44, Can, Rom-T168A, or Can-A168T
GPC expression plasmids and incubated at 37°C for 36 hours. The cells were suspended
and fixed in 4% paraformaldehyde, and then incubated in anti-JUNV GPC primary
antibody and APC-conjugated secondary antibody. The cells were analyzed
individually via flow cytometry for fluorescence intensity. A) Cells were sorted based
on fluorescence intensity to analyze surface expression (top) and total protein (bottom)
for each cell. B) Average total protein for each GPC was quantified (grey) alongside
the average surface expression for each GPC (black). C) The ration of total to surface
protein was expressed as a percentage for each GPC.

Images from confocal microscopy led me to investigate the percentage of GPC
reaching the cell surface when the N-linked glycosylation motif is mutated at T168 to
prevent glycosylation. I have previously shown that mRNA expression is similar among
all six GPC plasmids, suggesting that relatively equal amounts of protein should be
produced due to identical untranslated regions among all of the plasmids. The
accumulation of GPC in the ER whenever the N-linked glycan is missing led to the
hypothesis that a lower percentage of GPC is reaching the cell surface in the presence of

the T168A substitution. In order to test this hypothesis, I transfected HEK293 cells with

each of the six GPC expression plasmids due to the high transfection efficiency of HEK293
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cells. The cells were incubated at 37°C for 24 hours prior to transfection and incubated for
another 36 hours in the same conditions. After 36 hours, the cells were suspended and
fixed in 4% paraformaldehyde. The membranes were made permeable using 0.1% Triton-
X100 where indicated. The cells were incubated with anti-JUNV GPC primary antibody
(BEI Resources) followed by APC-conjugated secondary antibody. The cells were then
subjected to flow cytometry to quantify fluorescence intensity for each cell.

The mean fluorescence intensity for impermeable cells that express Rom GPC was
only 25 percent less than the total protein, indicating that around 75 percent of the Rom
GPC is expressed on the cell surface. This percentage decreased to only 50 percent surface
expression for XJ13, while XJ44 and Can GPC only expressed 30-35 percent of the total
GPC on the cell surface. By reverting the A168 residue back to the Rom genotype in Can
to restore the N-linked glycosylation motif, the surface expression increased back to 55-60
percent. By mutating Rom to remove the same motif, the surface expression was reduced
from 75 percent to around 50-55 percent surface expression relative to the total amount of
protein in the cell (Fig. 3.5C). Interestingly, the total protein is also reduced in the XJ13,
XJ44, Can, and Rom-T168A samples (Fig 3.5B). This is in agreement with my
observations in Western blots, where these same plasmids appear to express less overall
protein in cells (Fig. 3.2). Together, the data indicates that the glycan at position N166 is
critical for the GPC to reach the cell surface efficiently. Also, the amino acid changes

between Rom and XJ13 GPC appear to play a minor role in the trafficking as well.

The T168A substitution causes lysosomal degradation of GPC

The notable decrease in total GPC in samples expressing the T168A substitution
exists despite equal mRNA expression in all samples. When the data is taken along with
the observed ER retention in the same conditions, I hypothesized that the GPC was being

degraded through either the proteasome or through autophagy in lysosomes. To determine
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Figure 3.6: The T168A substitution causes lysosomal degradation of GPC. A)
HEK293 cells were transfected with Rom, Can, Rom-T168A, or Can-A168T GPC
expression plasmids in equal concentrations and incubated at 37°C. At 12 hours post-
transfection, the cells were treated with either MG-132 at a final concentration of 10uM,
or Pepstatin-A/E64d at a final concentration of 10ug/mL at 12 hours post-transfection.
The cells were lysed in Laemmli buffer at 36 hours post-transfection, and then treated
with BME prior to Western blot analysis. B) HEK293 cells were seeded onto glass
coverslips in 24-well plates and incubated for 24 hours at 37°C, and then transfected
with Rom or Can GPC expression plasmids in equal concentrations and incubated for
36 hours at 37°C. The cells were then fixed by treatment with 4% paraformaldehyde
for 10 minutes at room temperature. The cell membranes were made permeable by
treatment with 0.1% Triton-X100, and stained with anti-JUNV GPC and anti-LAMP-1
primary antibodies. The cells were then stained with AlexaFluor-conjugated secondary
antibodies for GPC (red) and LAMP-1 (green) to determine co-localization of GPC with
the lysosome. Prior to mounting onto slides, the cells were stained with Hoescht 33342
nuclear stain.

the pathway through which GPC was being degraded, I inhibited both the proteasomal and
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lysosomal degradation pathways of HEK293 cells through treatment with either MG-132
or Pepstatin-A/E64d.

HEK?293 cells were seeded into 12-well plates and incubated for 24 hours at 37°C,
and then transfected with Rom, Can, Rom-T168A, and Can-A168T GPC expression
plasmids. The cells were incubated for 36 hours at 37°C, and treated with MG-132 or
Pepstatin-A/E64d at 12 hours post-transfection at concentrations of 10uM and 10pg/mL,
respectively. The samples were lysed in 1x Laemmli buffer and treated with BME prior to
Western blot analysis. The results indicate that no significant increase in relative protein
quantity exists between untreated and treated Rom samples. However, a noteworthy
increase in G2 occurs in Can, Rom-T168A, and Can-A168T samples when treated with
Pepstatin-A/E64d to inhibit the protease activity in the lysosome. No change in total
protein occurred between untreated and MG-132 treated samples for any GPC, indicating
that the proteasome is not heavily involved in the degradation of JUNV GPCs expressing
the T168 A susbstitution.

To confirm that the lysosome is responsible for the degradation of GPC, I utilized
confocal microscopy to confirm co-localization of GPC with lysosomal compartments
within BHK-21S cells. In order to stain lysosomes, I stained the lysosome using an anti-
lysosome associated membrane protein-1 (LAMP-1) antibody. Confocal micrographs
displayed co-localization of concentrated GPC with patches of concentrated LAMP-1,
suggesting that Can GPC is being transported from the ER to the lysosome for degradation
(Fig 3.6B, white arrow). This result contrasts with Rom GPC, where the majority of the
protein is detected at or near the cell surface and LAMP-1 is relatively undetectable. Taken
together, the data indicates that the absence of the N166 glycan results in large quantities
of GPC being targeted to the lysosome for degradation. The rapid degradation of the GPC
in bulk would likely account for the decrease in protein observed in cells expressing XJ44,

Can, and Rom-T168A GPC.
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Growth kinetics and plaque morphology of recombinant JUNVs expressing GPCs
with or without the T168A substitution are similar in cell culture

After determining the effect of the T168A substitution on intracellular trafficking
of the GPC in vitro, I introduced each GPC into the rRom virus to determine the effect of
each GPC on the virus life cycle. The kinetics of viral protein expression within the context
of infection is significantly different than the plasmid-based overexpression system, and
would be more representative of GPC processing in vivo. The expression of GPC is
delayed, and tightly regulated by Rom Z expression, and could potentially create a further
discrepancy between the processing of Rom GPC and the other GPCs.

The XJ13, XJ44, Can, and Rom-T168A GPCs were introduced into the rRom
backbone to create chimeric rRom JUNVSs expressing each of the listed GPCs. The viruses
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Figure 3.7: Growth kinetics and plaque phenotype of rRom viruses expressing
various GPC proteins. A) Rom Pol-I expression plasmids were modified to express
each of the GPCs schematically represented within the GPC ORF, and the plasmids
were used to transfect BHK-21S cells to create rRom viruses expressing each GPC. B)
Growth kinetics in Vero cells were determined for each virus in triplicate. Values
represent the average number of infectious particles represented by plaques at each time
point. C) Plaque phenotype in Vero cells. Viruses were allowed to incubate in Vero
cells overlayed with 1% agarose in MEM. Cell cultures were formalin-fixed at 5 days
post-infection and stained with crystal violet.
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were rescued by transfecting and culturing BHK-21s cells for 96 hours at 37°C to create
PO, and P1 was generated by infecting Vero cells with the PO supernatant under the same
conditions. The viruses all produced similar PO titers in Vero cells, and the growth kinetics
of each virus at a low MOI (MOI = 0.1) produced very similar titers across all time points
through 96 hours in Vero cells (Fig. 3.7). The differences existed in the plaque
morphologies of each virus. The Rom strain exhibited large plaques in Vero cells, but the
plaque phenotype was transformed into small plaques upon the introduction of the two G1
substitutions and single cytoplasmic domain substitutions that are XJ13-specific. The
plaque phenotype remained small for XJ44 and Can, but the plaque phenotype remained
large upon the introduction of only the T168A substitution into rRom (Fig. 3.7). This data
indicates that one or more of the XJ13-specific substitutions are responsible for the small
plaque phenotype. However, it is interesting that none of the viruses display differences
in infectious particle production. There were differences in RNA and protein levels for
rRom expressing Can GPC in our previous data (unpublished data), indicating that the
difference may exist in the ability of the viruses to assemble into infectious particles,

making higher levels of replication necessary to maintain similar growth kinetics.

Viruses expressing the T168A substitution in G1 induce ER stress during infection

Although the growth kinetics of each virus was similar across all time points,
previous data indicated that protein expression and is markedly different between rRom
and rRom expressing Can GPC. The virus exhibits an increase in NP, an absence of Z, and
an increase in total GPC, suggesting that the presence of Can GPC in the Rom virus has a
significant effect on the protein expression of JUNV (unpublished data). Overexpression
of GPCs with the T168A substitution results in ER retention, UPR activation, and ER
stress. Therefore, it is likely that GPC aggregates would be detectable. If GPS is being

degraded in the lysosome, autophagy of the ER would be the most likely mechanism of
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Figure 3.8: Viral protein expression profiles in Vero cells. A) Western blot analysis
of GPC, UPR (BiP), and autophagy-related (LC3 I) proteins in reducing and non-
reducing conditions. Infected Vero cells (MOl = 5) were lysed at 36 hours post-
infection in 1x Laemmli buffer. The samples in reducing conditions were treated with
[-mercaptoethanol prior to electrophoresis. The samples were stained with an anti-G2
primary antibody (ProSci) or anti-p-actin antibody (Cell Signaling) followed by an
HRP-conjugated secondary antibody (Cell Signaling). B) The same samples listed in
(A) were additionally stained with anti-NP and anti-Z primary antibodies (ProSci), as
well as anti-BiP, anti-LC3 | primary antibodies (Cell Signaling). Detection was
achieved with HRP-conjugated secondary antibodies (Cell Signaling).

degradation. During autophagy, the larger LC3A/B-I proteins are processed into slightly
smaller proteins, LC3A/B-II. A decrease in LC3-I (A or B) is indicative of autophagy, and
is further confirmed by a decrease in total LC3 since the protein is degraded in the lysosome
along with the targeted organelle.

In order to investigate the differences in protein expression between each
rRom/GPC variant, I infected Vero cells with each GPC variant and allowed the cells to
incubate for 48 hours at 37°C before lysing the cells in Laemmli buffer for Western blot
analysis. The GPC expression was compared in both reducing and non-reducing conditions
to test for differences in disulfide bond formation. The results indicate that aggregation is
in fact present in all viruses other than rRom (Fig. 3.8). It is noteworthy that rRom/GPC-

XJ13 contains primarily dimer and trimers, whereas rRom/GPC-XJ44 forms higher-order
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multimers. Both the rRom/GPC-Can and rRom/GPC-T168A exhibit a high number of
aggregates of all sizes. The data suggests that these aggregates do not typically form in the
wild-type virus where the replication and protein expression is properly regulated by Z,
preventing the accumulation of GPC in the ER due to efficient folding and export.
However, the presence of processing issues in GPC lead to the inevitable accumulation of
these GPC proteins in the ER. The rRom virus also has the highest detectable amount of
Z in the lysate as well as the lowest amount of NP (Fig. 3.8), supporting the evidence that
the Z protein tightly regulates the protein expression through inhibition of replication. The
Z protein remained detectable for the rRom viruses expressing each of the other GPC
variants, but the amount of detectable Z was markedly lower. The decrease in Z was
associated with an increase in NP. The samples in which aggregates were present also
showed a significant upregulation of BiP, indicative of UPR activation. Additionally,
autophagy was much more active in Vero cells infected with either rRom/GPC-Can or
rRom/GPC-T168A (Fig. 3.8). Remarkably, the rRom/GPC-T168A virus exhibited the
highest amount of GPC aggregation and the highest amount of NP, which is also associated
with the most significant BiP upregulation and most active autophagy of any of the rRom
strains expressing any of the GPC variants. Together, the data suggests that the TI68A
substitution causes aggregation of GPC in the ER, leading to activation of the UPR and the
eventual degradation of the protein through autophagy during infection. Additionally, this
process contributes to a decrease in Z and a decrease in the ability of the virus to regulate

its own protein expression.

DISCUSSION

The mechanisms that are responsible for the attenuation of the JUNV Can strain,
which is currently approved for use as a live-attenuated vaccine in AHF-endemic regions

(Ambrosio etal., 2011), remains largely unknown. Previous studies have identified regions
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within genes that are involved in the attenuation of the Can strain, but the mechanisms
through which these regions serve to attenuate the Can strain remain incomplete. One
previous study demonstrated that a single substitution (F4271I) within the transmembrane
region of G2 in the Can strain attenuates the neurovirulence of JUNV in the mouse model
of infection (Albarino et al., 2011a). A separate study indicated that this substitution
destabilizes the metastable conformation of the GPC, resulting in a conformational change
to the fusogenic state at neutral pH (Droniou-Bonzom et al., 2011). Despite these findings,
intraperitoneal inoculation of a rRom virus that expresses the F4271 substitution in G2
results in a self-limiting acute disease in guinea pigs (Seregin et al., 2015). This suggests
that the F4271 substitution is only partially responsible for the attenuation of the Can strain.
It is noteworthy that this amino acid substitution was introduced during cell culture
passages in FRhL-2 cells, which took place after the virus had already achieved attenuation
in both guinea pigs and nonhuman primates (Ambrosio et al., 2011). A more recent study
has demonstrated that the GPC is the primary attenuating gene in the Can vaccine strain.
Among the four genes of the Can strain, only a rRom virus expressing the full-length Can
GPC was completely attenuated in guinea pigs (Seregin et al., 2015). Therefore, the role
of the additional amino acid differences between Rom and Can GPC in the attenuation of
the virus prompt further investigation. Among these differences is a single amino acid
substitution (T168A) that was introduced between XJ13 and XJ44, which eliminates an N-
linked glycosylation motif in G1 (Albarino et al., 2009).

As the GPC progressed through the mouse brain passages, mutations accumulated
that affected the ability of the GPC to be processed by SKI-1/S1P. There is a noticeable
shift in the amounts of full-length GPC and cleaved G2 in Western blot analysis of the
GPC, with the amount of cleaved G2 decreasing gradually. The largest shift in cleaved G2
1s observed between XJ13 and XJ44, where cleaved G2 becomes almost undetectable. This
change coincides with a single amino acid substitution (T168A) which eliminates an N-

linked glycosylation motif from G1. Interestingly, the full-length GPC band also
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undergoes increased migration between XJ13 and XJ44 without any shift in cleaved G2.
This is strongly indicative of a missing glycan at N166. By treating the Western blot
samples with PNGase-F, the full-length GPC bands all migrated the same distance in the
gel, demonstrating that the difference in migration observed for XJ44 and Can was due to
a difference in N-linked glycosylation. The modification of the glycosylation profile of
LASYV has previously been shown to alter the ability of the protein to be successfully
cleaved (Eichler et al., 2006). The data suggests that mutation of the N-linked
glycosylation motif from N166-T168 in the Gl protein of Rom has a similar effect.
Interestingly, mice with genetically decreased SIP activity (MbipsI"'™) are resistant to
persistent LCMV Clone 13 infection, and are capable of clearing the virus despite their
lymphocyte immunodeficiency. The growth of LCMV Clone 13 was severely reduced in
Mbtps ™" bone marrow dendritic cells (bmDCs), and the growth was restored by mutating
the RRLA cleavage motif into RRRR. This allows for cleavage by the Furin protease in
the MbtpsI™" mice, which allowed the virus to re-establish a productive infection in
bmDCs (Popkin et al., 2011). While this observation is cell type-specific, it raises the
possibility that a decrease in G1/G2 cleavage efficiency and sub-optimal ER processing of
the GPC affects the ability of JUNV to establish a productive infection in dendritic cells, a
primary target cell of JUNV in vivo. Providing support to this possibility is the observation
that the Rom strain can productively infect THP cells that were induced into macrophages
in vitro while the Can strain cannot establish a productive infection in the same cells
(unpublished data).

Retention of Can GPC within the ER is the result of a processing issue due to the
absence of the glycan at N166. However, the mechanism through which the GPC is marked
for retention remains unclear. It is possible that the absence of the glycan results in the
protein folding into an incorrect low-energy state, triggering recognition by resident
chaperones within the ER and subsequent refolding of the protein. Removal of key N-

linked glycans in the human protein tripeptidyl-peptidase I (TPP I) results in the protein
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reaching the incorrect conformation. Removal of the glycan at N286 results in a fraction
of the misfolded protein being retained in the ER, whereas the predominant pathway for
the misfolded protein is the secretory pathway. The misfolded protein forms inter-chain
disulfide bridges similar to the aggregates formed by Can GPC. Only a small amount of
the protein reaches its target in the lysosome, where it is processed and becomes active
(Wujek et al., 2004). The removal of the N-linked glycosylation motif between N166 and
T168 results in predominantly ER retention of the protein, where it forms inter-chain
disulfide bridges. Only a small fraction of the protein reaches its target and is processed
into functional glycoprotein complexes, sharing a parallel to TPP 1. It is likely that the
absence of the glycan at N166 does not directly alter the secondary structure of the domain,
but rather impacts the folding kinetics of the protein. The N-linked glycans present on the
hemagglutinin (HA) protein of influenza are positioned optimally for the recruitment of
the lectin chaperones calnexin and calreticulin. These chaperones serve to separate the
domains from one another to slow the folding process and allow the correct disulfide
bridges to form. The proximity of cysteine residues to glycans allows for calnexin and
calreticulin to block improper Cys-Cys interactions and promote the correct folding of the
protein (Daniels et al., 2003). The crowded environment within the ER could contribute
to incorrect disulfide bridge formation in the absence of the N166 glycan in JUNV G1,
which would be in agreement with the observed aggregation of JUNV GPCs expressing
the T168A substitution.

The reduced surface expression of XJ44, Can, and Rom-T168A GPC would be
expected to have an impact on infectious particle assembly. Interestingly, the decrease in
surface expression did not impact the titers in Vero and A549 cells. While attenuation of
a virus can be linked with attenuated growth in vitro, certain arenavirus strains such as the
genetically altered LCMV Clone 13"URIN strain are attenuated in mice despite similar
growth properties in vitro (Popkin et al., 2011). It is possible that the JUNV Can strain

does not require concentrated GPC on the surface of the virion to infect target cells,
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whereas the virus requires highly concentrated GPC to maintain infectivity in vivo. It is
also noteworthy that the total viral protein in cells infected with XJ44, Can, and Rom-
T168A is significantly greater than the total viral protein in Rom-infected cells (Fig. 3.8).
Therefore, the Can strain could have developed more active replication machinery to
overcome inefficient assembly in order to maintain its titer in vitro.

The upregulation of BiP and decrease in LC3-I, together with ER and LAMP-1 co-

localization with GPCs expressing the TI168A substitution, strongly suggest the activation
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Figure 3.9: Differential intracellular processing of Rom and Can GPC. Schematic
representation of my proposed model for Can GPC processing. The standard pathway
for the wild type virus (green arrows) involves the efficient folding of the protein due
to proper post-translational modifications in the ER. The protein is transported to the
Golgi, where the predominant form that arrives in the cell surface is cleaved. GPC is
included into budding particles at a high concentration. The incorrect pathway (black
arrows) is the predominant pathway for the Can GPC, resulting in the aggregation and
degradation of the protein in the lysosome. | hypothesize that this process will increase
antigen presentation of GPC epitopes (red arrows).
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of the UPR and unsuccessful resolution of the protein accumulation. The activation of the
UPR and degradation of the viral GPC would potentially make viral peptides more
accessible for antigen presentation through major histocompatibility complex class II
(MHC-II) binding in lysosomes and autophagosomes. DCs are primary targets of JUNV
during early infection, and are capable of presenting antigens from a number of sources,
including autophagosomes (ten Broeke et al., 2013). The Can strain of JUNV has also
been shown to activate the type I IFN response through RIG-I, and has even been described
to induce apoptosis in infected cells (Huang et al., 2012; Kolokoltsova et al., 2014). These
factors may all play a role in the ability of the host to elicit a strong immune response
against the Can strain early in infection.

The analysis of the data from expression plasmid transfection and in vitro infection
of cell cultures has provided a potential mechanism of differential GPC processing between
the Rom and Can strains (Fig. 3.9). The Rom GPC contains the necessary primary
sequence information to efficiently reach the correct conformation in the ER, and is
expressed on the cell surface at a high concentration. The Can GPC is missing a key N-
linked glycan that is required to reach the correct conformation in a timely manner, forcing
the ER to retain the protein for refolding. The accumulation of the protein activates the
UPR and eventually results in the degradation of GPC in bulk within the lysosome. Only
a small percentage of the GPC passes through the Golgi successfully, where it is cleaved
and expressed on the cell surface in low concentrations. Together, the data provides
valuable insight into the attenuation mechanisms of the Can strain, and could provide a
more universal application to vaccine design due to the somewhat conserved pathways of

viral glycoprotein maturation.
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Chapter 4: Effects of the N-terminal and RING Domain Substitutions in

Can Z on Protein-Protein Interactions

INTRODUCTION

Arenaviruses possess a relatively small genome size, expressing only four genes
during the life cycle. This strategy requires proteins to carry out multiple functions during
replication and budding. The smallest gene, which encodes the Z protein, is central to the
regulation of RNA replication and drives the budding of infectious virions from the cell
surface. Evidence also indicates that the Z protein plays a role in interferon antagonism
(Fehling et al., 2012). In the late stages of replication, the Z protein binds to the LP to
inhibit replication and promote budding. During the budding stage, the Z protein binds to
the GPC and is responsible for the recruitment of the RNP into the virion. The Z protein
accomplishes the necessary protein-protein interactions with other viral proteins through
its central RING domain and its myristoylated N-terminal domain.

The exact domains and amino acids involved in specific protein-protein interactions
have not been described, but evidence in confocal microscopy and electron microscopy
demonstrates that the Z protein does associate closely with GPC at the cell surface during
budding (Schlie et al., 2010). The GPC-Z interaction occurs despite nonfunctional RING
or C-terminal domains within the Z protein (Capul et al., 2007). However, the N-terminal
myristoylation of Z is critical to its ability to interact with the GPC. Suppression of Z
myristoylation affects the subcellular localization of Z, thereby preventing its association
with GPC (Strecker et al., 2006). The interaction could primarily be through association
with the SSP, since the Z protein has been shown to interact with SSP outside of the context
of the other subunits of GPC (Capul et al., 2007). GPC-Z interaction also drives budding

from the apical surface of epithelial cells. Outside of the interaction with GPC, the Z
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protein buds nonspecifically from the apical and basolateral surfaces of the cell (Schlie et
al., 2010).

Z interaction with LP and NP serves to inhibit replication as well as to recruit RNP
into the budding virions. However, the specific mechanisms through which JUNV Z
protein binds the polymerase and incorporates the RNP into budding particles has not been
elucidated. Z-binding to LP has been mapped to the RING domain and the adjacent amino
acids of the C-terminal region of the TCRV Z protein (Jacamo et al., 2003). Specific amino
acids within domain III of the TCRV LP (H1189 and D1329) have also been described to
be important in Z-LP binding (Wilda et al., 2008). The JUNV Z protein recruits NP into
budding VLPs when the two proteins are co-expressed, suggesting that Z-NP interaction is
likely involved in the recruitment of RNP into infectious particles. Residue L79 in the
RING domain of Z has been demonstrated to be critical to this protein-protein interaction
(Casabona et al., 2009). The corresponding residue, L71, has been shown to be important
in Z-NP interaction in LASV. Both mutations significantly reduced the infectivity of
virions (Capul et al., 2011). Direct Z-NP interaction has also been confirmed for TCRV
and MOPV (Shtanko et al., 2011), and TCRV Z-NP interaction enhances the budding
activity of Z (Groseth et al., 2010). Additionally, self-interaction of Z protein and self-
budding independent of other viral proteins has been described for LASV and LCMV
(Perez et al., 2003; Strecker et al., 2003). Although interactions between Z and LP/NP
have been described, it is unclear which interactions are important for RNP incorporation
into the virion.

Previously, our lab has demonstrated that the Candid GPC is the primary gene
responsible for attenuation of the Can strain. However, the Can Z protein was partially
attenuating when expressed in place of the Rom Z in our rRom virus (Seregin et al., 2015).
This particular virus yields fewer infectious particles in cell culture despite high levels of
RNA replication, suggesting that the assembly of virions is affected by the amino acid

changes in the Z protein between Rom and Can.
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In this chapter, I utilize our reverse genetics-based rescue system to investigate the
effects of specific amino acid substitutions between Rom and Can Z on infectious particle
production. The RING domain substitution V64G affected the infectious particle
production significantly for the Rom strain, and this effect was rescued by providing Rom
with the Candid LP. Additionally, the presence of the same RING domain substitution in
Rom Z further reduced infectious particle production to almost undetectable levels when
combined with the Can GPC. This effect was rescued by including the Can-like V18A
substitution in the N-terminal region of Z, indicating that the Can GPC has a reduced
affinity for the Rom Z N-terminal domain. The V18A substitution appeared to restore the

affinity between the two proteins.

RESULTS

Preliminary data: rRom expressing the Can Z protein exhibits a decrease in
infectious particle production

The slight decrease in virulence of rRom expressing Can Z in our guinea pig model
of infection (Seregin et al., 2015) prompted our lab to investigate differences in the virus
life cycle in vitro. We felt it necessary to compare the growth kinetics of this virus to our
other inter- and intra-segment chimeric viruses, as well as to rRom and rCan virus. We
infected Vero cells (MOI =0.01) with each of our inter- and intra-segment chimeric viruses
(rRom-CanLP/NP/GPC/Z) and compared their infectious particle production to rRom and
rCan at the selected time points. All chimeric strains maintained equal infectious particle

production to rRom and rCan across all time points with the exception of rRom/CanZ. The
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Figure 4.1: Can Z reduces infectious particle production in rRom. A) Schematic
representation of the recombinant viruses rescued. B) Plague phenotypes in Vero cells.
Cells were infected and incubated with a 1% agarose overlay for 5 days. Cells were
fixed with formalin and stained with crystal violet. C) Comparison of P1 titers in Vero
cells, measured at 4 days post-infection. D) Growth kinetics of each recombinant virus
in Vero cells (MOI =0.01). E) Graphical comparison of P1 titers.

expression of Can Z decreased the infectious particle production of the Rom virus by
roughly 100-fold. Interestingly, the plaque phenotype of rRom/CanZ is distinctly smaller
than the plaques generated by the other viruses (Fig. 4.1). Despite the decrease in infectious
particles, the virus produced more RNA and protein than the rRom virus (Seregin and
Manning et al., in review), suggesting that the decrease in infectious particles is due to the

efficiency of particle assembly as opposed to a decrease in replication.

The RING domain substitution in Z is responsible for the decrease in infectious
particle production

The Can Z protein contains two amino acid changes with respect to the Rom GPC.
One change lies within the N-terminal domain (V18A), while the other change is located
within the highly conserved RING domain (V64G). These changes are both present as

early as XJ13, and no GenBank sequences of wild-type JUNV strains contain either of

81



rRom/CanZ

1 [5G PC ) 1] e NP

GPC NP

rRom/Z-V18A rRom/Z-V64G

z | LP
1] GPC o i [ NP 1

Passage 1 Titer at 4dpi, Log10 (PFU/mL)
rRom rRom/Z/V18A rRom/Z/V64G rRom/CanZ
6.72 7.1 5.6 5.13

Figure 4.2: The V64G substitution decreases the titer and reduces plaque size. A)
Schematic representation of the Z-mutant viruses rescued. Plaques were obtained by
infecting Vero cells and incubating for 5 days with a 1% agarose overlay. The cells
were fixed in formalin and stained with crystal violet. B) Comparison of P1 titers
between each of the rescued viruses from (A).

these two Z substitutions. Although the original XJ sequence is not available on GenBank,
it 1s likely that the XJ sequence was more similar to the Rom sequence based on this
information. In order to investigate the contributions of each of these amino acid
substitutions on the infectious particle production of the Rom strain, I utilized site-directed
mutagenesis to introduce each of the two substitutions into the Z ORF of the Rom mPol-I-
Lag plasmid independently of one another (Fig. 4.2). This allowed for the rescue of rRom
viruses expressing each of the two substitutions, VI8A (rRom/Z-V18A) and V64G
(rRom/Z-V64G). The V18A substitution lies within the N-terminal region, which is

proposed to interact with the GPC during budding. The V64G mutation is located within
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Figure 4.3: The V64G substitution decreases the infectious particle production of
rRom. rRom viruses expressing either Can Z, the V18A substitution, or the V64G
substitution were used to infect Vero cells (MOI = 0.01) and were incubated at 37°C
for 4 days, collecting the supernatant every 24 hours. The titers of the supernatant
samples were measured using plaque assay on Vero cell monolayers overlaid in 1%
agarose. The cells were fixed with formalin at 5 days post-infection and stained with
crystal violet.

the highly conserved RING domain of the Z protein, and has been shown to interact with
both the viral NP and LP (Fehling et al., 2012). Both mutations could have an effect on
particle assembly due to interruption of specific protein-protein interactions.

Both rRom/Z-V18A and rRom/Z-V64G were both rescued simultaneously with
rRom and rCan in BHK-21S cells to create PO, which for which the titer was determined
by plaque assay in Vero cells. I generated a P1 in Vero cells for each virus, using an equal
amount of seed virus (MOI = 0.01) for each P1 stock. I then generated a titer for each P1
virus in Vero cells at day 4 post-infection and compared the plaque phenotypes for each
virus to one another (Fig.4.2). The substitution directly involved in the reduction of titer,
plaque size, and particle production over time is the V64G mutation that lies within the
RING domain. Interestingly, the V18A substitution does not appear to have any effect on

the infectious particle production in the context of rRom genes and proteins (Fig. 4.2, Fig

83



4.3). Based on the proposed protein-protein interacting domains between Z and the other

viral proteins, it is likely that the Z protein is failing to interact with either the LP or NP.

The V64G substitution in Z decreases interaction with the LP

Previous data describing regions involved in Z interaction with other viral proteins
suggests that a mutation in the RING domain would most likely affect the interaction
between the Z protein and either NP or LP. However, effects on the Z-GPC interaction
cannot be ruled out. The RING domain of the TCRV Z protein has been proposed to bind
to both domains I and III of the TCRV LP (Jacamo et al., 2003; Wilda et al., 2008).
However, the domain-specific Z-LP interactions have not been confirmed for JUNV. The
specific RING domain amino acids required for interaction of Z with NP have been
described in part for JUNV (Capul et al., 2011), but the specific amino acids of NP required
for this interaction also remain unknown. In order to determine which protein-protein
interaction is affected by the V64G substitution, I rescued rRom viruses containing either
Can LP, NP, or GPC as well as the V64G mutation in Rom Z. Since the Can titer is similar
to the Rom titer in vitro, it is likely that pairing the correct Can protein with the V64G
substitution will restore the titer to normal values.

Each of the required plasmids were transfected into BHK-21S cells to rescue each
of the viruses, and the PO supernatant was collected at 4 days post-transfection. After
titration in Vero cells, equal amounts of virus were used (MOI = 0.01) to infect Vero cells
in order to generate P1. The P1 supernatant was collected at 4 days post-infection for each
of the viruses, and the virus titer was determined by plaque assay in Vero cells. A strong
correlation exists between the P1 titer and the growth kinetics over time for each of the
viruses rescued in previous experiments (Fig. 3.7, Fig. 4.3). Therefore, 1 felt that the P1
titer of each virus would be representative of the overall growth kinetics for each of the

viruses. The P1 titers reveal that the protein responsible for restoring the infectious particle

84



production to wild-type amounts is the LP protein, indicating that the Z-LP interaction is
affected by the V64G substitution in Rom Z. The plaque phenotype is also partially
restored in this virus (Fig. 4.4). The pairing of the Can NP with the V64G Z substitution
did not have any effect on the PI titer or the plaque phenotype, indicating that the
substitution likely does not affect the Z-NP interaction. However, it is noteworthy that the
titer was significantly decreased to almost undetectable levels when the V64G substitution
was paired with the Can GPC, and the plaque phenotype remained small (Fig. 4.3). This
data suggests that while the V18A substitution in Z has no effect on the infectious particle
production in vitro when paired with other Rom proteins, it may play a role in maintaining
“the interaction with Can GPC. The Rom GPC appears to be tolerate either V or A at amino

acid position 18, however the Can GPC contains an R484G substitution in the cytoplasmic
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Figure 4.4: The V64G substitution reduces the affinity of Z for LP. A)
Recombinant Rom viruses were given the V64G substitution along with either Can LP,
NP, or GPC and rescued by transfecting GHK-21S cells with the required plasmids to
yield infectious virus. The PO virus was collected and used to infect VVero cells at MOI
= 0.01. The Vero cells were incubated at 37°C for 4 days, then the supernatants were
collected and titration was performed by plaque assay. The plaques were stained using
crystal violet. B) The titrations for each virus are listed.
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tail of G2. It is possible that this substitution in GPC requires the V18A substitution to

maintain Z-GPC interaction.

The V18A substitution is required to maintain Z interaction with Can GPC

The decrease in particle production in the rRom virus containing both the V64G
substitution in Z and the Can GPC is intriguing considering that the Rom GPC is tolerant
of either A or V at position 18 in Z, and rRom/CanGPC maintains similar titers to rRom.
Evidence suggests that the cytoplasmic tail of G2 and the SSP are both involved in
interaction with the Z protein. The N-terminal domain of the Z protein also plays a
significant role in this interaction due to the presence of the myristoylation at amino acid
position 2 of the protein (Capul et al., 2007). However, the exact mechanism of the
recruitment of GPC into budding virions and the specific amino acid interactions have not
been described. In order to determine the effect that the V18A substitution has on Z-GPC
interaction, | rescued a rRom virus that expresses both Can GPC and Can Z. This
combination added just the V18A substitution into the rRom/Z-V64G + Can GPC virus
that produces only 200 infectious particles per mL. Using the same procedure described
in the previous section, the mPol-I/I rescue system was used to generate the rRom virus
containing both Can Z and GPC. As expected, the titer of the P1 virus in Vero cells was
restored to values similar to the observed titer for rRom/CanZ. Combining the Can GPC
with the V18A substitution in Z appears to restore the interaction of the two proteins with

one another.
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Since the titer suggests that the V18 A substitution improves Z interaction with Can
GPC, I aimed to confirm the enhanced Z-GPC interaction through Western blot analysis
using CMV-driven expression plasmids. I transfected HEK293 cells with plasmids
expressing either Rom or Can GPC, and Rom or Can Z in combination with one-another.
The cells were allowed to incubate for 48 hours at 37°C before lysing the cells in Laemmli
buffer. The data supports that the Rom GPC/Rom Z combination provides the strongest
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Figure 4.5: The Can GPC-Z interaction is enhanced with both the Z-V18A and
GPC-R484G substitutions. A and B) Using our mPol-I/11 rescue system, | rescued a
rRom virus that substitutes the Can GPC and Can Z for the wild-type proteins. |
compared this virus to the rRom/Z-V64G + Can GPC virus that was rescued in the
previous experiment through both plaque phenotype (A) and P1 titer (B). The virus was
rescued using the previously described conditions (Fig. 4.4) and P1 was generated in
Vero cells. Titration was performed on Vero cell monolayers for each virus with a 1%
agarose overlay. C and D) HEK293 cells were transfected with either pC-RomGPC,
pC-Can GPC, or pC-RomGPC-R484G in combination with either pC-RomZ or pC-
CanZ. After transfection with XtremeGENE-9 (Roche) transfection reagent, the cells
were incubated for 48 hours at 37°C and lysed with Laemmli buffer. Each blot was
stained with anti-JUNV GPC and Z rabbit monoclonal antibodies (ProSci) and HRP-
conjugated anti-rabbis secondary antibodies (Cell Signaling).
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expression and retention of both intracellular GPC and Z. Expression of Rom GPC with
Can Z results in a slight loss of intracellular retention for both proteins. It is interesting to
note that the expression of Can GPC decreases the intracellular levels of both Z proteins,
and the least cellular retention is observed when the Can GPC and Can Z are expressed in
combination (Fig. 4.5). This is more likely due to the fact that only a small percentage of
GPC reaches the cell surface where the GPC-Z interaction takes place. It is also noteworthy
that Rom Z remains detectable inside cells when expressed independently, but Can Z
appears to leave the cell more readily (Fig. 4.5). Evidence of independent Z budding has
been described (Casabona et al., 2009), so it is likely that the Can Z is more prone to bud
independently than Rom Z. The data suggests that fundamental differences in both Z and
GPC are contributing partially to interaction and retention. While Can Z appears to more
readily bud from the cell, Can GPC affects the interaction as well. Since the Can GPC
interaction with Z is enhanced with the V18A substitution present, there is most likely a
contributing factor in GPC that enhances this interaction.

The only change in the cytoplasmic regions of GPC between Rom and Can is the
R484G substitution in the cytoplasmic domain of G2. To investigate the importance of
this substitution in Z interaction, I introduced this substitution into Rom GPC and repeated
the Western blot. As observed previously, the Rom Z is retained and detectable
intracellularly when expressed in combination with either Rom or Can GPC. However,
the intracellular levels of Z decrease when expressed in combination with Rom GPC-
R484G relative to Rom Z/Rom GPC expression levels. Intracellular Can Z levels decrease
relative to Rom Z levels in the presence of either Rom or Can GPC. However, the
intracellular retention of Can Z does increase substantially when paired with Rom GPC-
R484G (Fig. 4.5). Collectively, the results indicate that while Can Z disappears from the
cell more readily than Rom Z, the R484G substitution in G2 helps to reduce the exit of Can
Z from the cell. However, the availability of GPC near the cell surface affects this

interaction as well.
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DiscussiON

The mechanism of attenuation of the JUNV Can strain still remains to be
confirmed. While the GPC is the primary attenuating gene and the processing of Can is
affected by a missing N-linked glycan in G1, the amino acid differences in Can Z have a
clear effect on the virulence of the Rom strain. The Can Z protein has two amino acid
differences with respect to the Rom Z: the V18A substitution located in the N-terminal
domain and a V64G substitution within the highly conserved central RING domain. The
N-terminal domain is myristoylated at amino acid G2 (Urata and Yasuda, 2012), and the
myristoylation site is critical for GPC-Z interaction (Casabona et al., 2009). The
mechanism through which the interaction occurs between GPC and Z is currently
unknown. The RING domain is a motif that is highly conserved within both arenaviruses
and eukaryotic cells, and this Zinc-binding domain is responsible for orchestrating protein-
protein interactions. The RING domain has been shown to be involved in interaction with
NP and LP (Kranzusch et al., 2010), and self-interaction has even been observed through
RING domain binding (Fehling et al., 2012; Kentsis et al., 2002). The Z protein drives
arenavirus budding, and is responsible for the recruitment of the GPC and RNP into the
virion.

The two substitutions in Can Z are already present in XJ13. Since no data on the
sequence of the original XJ strain is readily available through GenBank, I questioned
whether the can Z sequence remained unchanged from the pathogenic XJ strain. I checked
each of the available JUNV sequences entered into GenBank, and found that V18 and V64
were conserved among all strains listed. It is therefore unlikely that A18 and G64 were
present in XJ, and more likely that these changes occurred during early passages in mouse
brain tissue. These changes partially attenuate the rRom virus in the guinea pig model, and

could be a significant contributor to the partial attenuation of XJ13, which was reported to
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be 70% lethal in 14 day old mice (Albarino et al., 2011a). There are a number of amino
acid differences between Rom and XJ13 in each of the four proteins, which all could
contribute to the complete attenuation when compared to the uniformly lethal Rom
(Seregin et al., 2015). However, rRom/CanZ is only 20% lethal in the guinea pig model
of disease. The decreased growth in vitro combined with the high levels of intracellular
RNA in this virus suggested that the virion assembly is affected by the V18A and V64G
substitutions. The V64G substitution was determined to be responsible for this decrease
in viral titer, and pairing the G64 amino acid within the RING domain with the LP restored
the titer to wild-type levels. The most reasonable assumption would be that the V64G
substitution affects the ability of Z to interact with LP during budding. A decrease in Z-
LP interaction could decrease the number of particles through failure to recruit either the
RNP or just the polymerase into the budding particles. The Can Z more readily buds from
infected cells, supported by the Western blot data from transfected cells (Fig. 4.5). This
hyperactive budding would decrease the regulation of the LP, allowing replication of the
genome to continue without inhibition. This is supported by the increase in intracellular
RNA in infected cells.

The combination of the V64G substitution in Z and the Can GPC in rRom decreased
the titer of the virus to nearly undetectable levels. Providing the V18A substitution restored
the titer to levels comparable to the rRom/CanZ virus, suggesting that a Z-GPC interaction
was restored. The myristoylation site at position G2 is critical to the interaction (Capul et
al., 2007), but the specific amino acid residues in Z that are involved in the recognition of
GPC have not been described. It is reasonable to assume that the of the N-terminal region
of Z is heavily involved in GPC interaction due to both its proximity to the myristoylation
site and the supporting evidence that a functional RING domain and C-terminal domain
are dispensable for Z-GPC interaction (Capul et al., 2007). However, this data provides
the first evidence of involvement of the N-terminal region of Z in GPC interaction outside

of the myristoylation site.
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The SSP has been observed to interact with Z outside of the context of the other
subunits of GPC, suggesting that the peptide is involved in GPC-Z interaction (Capul et
al., 2007). However, the R484G substitution within the cytoplasmic domain of G2 has a
noticeable effect on GPC-Z interaction in co-transfection experiments. This particular
substitution is present in G2 prior to XJ13, suggesting its co-evolution with the V18A
substitution in mouse brains. This is supported by the observation that the R484G
substitution is detrimental to Rom Z retention, but assists Can Z retention (Fig. 4.5). It is
noteworthy that Rom Z appears partially unaffected by Can GPC since Can G2 contains
the R484G substitution, and Can Z continues to bud from the cell at a high rate in the
presence of Can GPC. This is likely due to the inability of Can GPC to reach the cell
surface where the GPC-Z interaction takes place. The deletion of the C-terminal RRK in
LCMV G2 has been shown to inhibit the cleavage and maturation of GPC while leaving
the transport to the cell surface unaffected (Kunz et al., 2003). While this could affect the
infectious particle production during infection, it is unlikely that G1/G2 cleavage would
inhibit GPC-Z interaction of the transport to the cell surface remains unaffected. It is
therefore more likely that the R484G mutation was an adaptation to the V18A mutation, or
vice-versa. Additionally, the cleavage pattern of the Rom GPC appears unaffected in the
presence of the R484G substitution in Western blots (Fig. 4.5).

It is intriguing that the Can Z is less detectable in cell lysates than Rom Z, even
outside of the context of infection. The budding activity of the Z protein has been linked
to the cellular ESCRT machinery, and budding of LASV and LCMYV particles is enhanced
through interaction with Tsgl01 (Perez et al., 2003; Urata and Yasuda, 2012). The
interaction with the ESCRT machinery is mediated through the C-terminal domain, which
is identical in Rom and Can Z. The involvement of both V18A and V64G in the enhanced

budding activity of Can Z must be investigated in more detail.
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Chapter 5: The Can Polymerase Exhibits a Decreased Sensitivity to Z-

mediated Inhibition

INTRODUCTION

After release of the RNP into the cytoplasm during the initial stages of infection,
the LP begins replication of the arenavirus genome. The initial rounds of replication result
in the production of both L and S anti-genomic RNA and mRNA that encodes the NP and
LP ORFs. The secondary structures of the L and S IGR promote dissociation of the LP
from the RNA initially due to the low concentration of NP, resulting in an excess of mRNA
and accumulation of both NP and LP. As the two proteins accumulate, the production of
anti-genomic RNA becomes more favored. The shift from mRNA production to anti-
genomic RNA production is possibly due to the NP binding the IGR and removing the
secondary structure, allowing the LP to read through the IGR and continue RNA synthesis
(Tortorici et al., 2001). The entire process repeats for the accumulating anti-genomic
copies, resulting in the production of mRNA encoding the GPC and Z ORFs and the
eventual production of genomic RNA copies for packaging into virions (Kranzusch et al.,
2010).

The Z protein plays multiple roles in the arenavirus life cycle, including the
regulation of RNA synthesis. During the budding phase of the life cycle, the Z protein
both inhibits the activity of the polymerase to slow RNA synthesis and recruits the
polymerase and RNP into budding particles. It is currently unclear whether these events
are controlled by the same mechanism or both occur as independent processes. Although
initial evidence suggested that the Z protein of TCRV was required for genome replication
and mRNA transcription, a growing body of evidence suggests that the effect of Z on RNA
synthesis is inhibitory. The Z protein has been shown in several more recent studies to

inhibit the polymerase in a dose-dependent manner, and is not a requirement for the
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synthesis of RNA by the LP (Cornu and de la Torre, 2001; Cornu et al., 2004). The TCRV
Z protein has been observed to lock the LP in its promoter-bound state, preventing the
elongation step of RNA synthesis (Kranzusch and Whelan, 2011), but this mechanism of
inhibition has not been described for other arenaviruses. Although the Z protein has been
observed in oligomeric form, the Z protein appears to exert its inhibitory effect in
monomeric form. Z-LP exists primarily as a heterodimer in vitro, and Z proteins that are
unable to oligomerize show no decrease in their ability to inhibit LP (Kranzusch and
Whelan, 2011). The inhibitory effect of Z on LCMYV replication is significant enough that
cells expressing the LCMV Z protein prior to infection are resistant to LCMV infection
(Cornu et al., 2004). While the exact mechanism of inhibition remains unknown, data has
provided insight into the process. Of the four proposed domains of the arenavirus LP, two
domains have been observed to bind the Z protein. One of these sites has been mapped to
domain I, at the N-terminus of the protein. The binding site lies between amino acid
residues 156 and 192. A second binding site was mapped to domain II of the LP, which
conducts RNA synthesis (Wilda et al., 2008). The Z protein requires a functional RING
domain in order to inhibit the LP, particularly the Zinc-binding residues (Cornu and de la
Torre, 2002). Since the LP retains its ability to bind to RNA in its Z-bound state, it is
possible that RNP packaging involves Z-LP interaction. Furthermore, the experiments in
Chapter 4 provide evidence that the Z-LP interaction is involved in packaging.

In this chapter, I investigate the inhibitory effect of Rom and Can Z on Rom and
Can LP in a minigenome system. The Rom LP was only slightly more active in RNA
synthesis than the Can LP in cell culture in the absence of Z. Providing either Rom or Can
Z in Rom LP-expressing cells had a strong inhibitory effect on viral RNA synthesis in the
cells. However, the Can LP was significantly less sensitive to both Rom and Can Z. The
data indicates that the increase in viral replication observed in Can LP-expressing chimeric

viruses is partially due to the decreased sensitivity of the LP to Z inhibition.
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RESULTS

Preliminary Data: rRom that expresses CanLP more actively synthesizes RNA than

the wild-type virus

After evaluating our chimeric rRom viruses that substituted individual Can genes

for attenuation in our guinea pig model of AHF, we examined both the RNA and protein

expression for each of the viruses in vitro. Since the Can GPC was determined to be the

primary attenuating gene and the Can Z was determined to be partially attenuating (Seregin

et al., 2015), we aimed to determine whether the viruses exhibited differences in either

RNA synthesis or protein expression despite similar growth kinetics. Both rRom and rCan,
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Figure 5.1: rRom viruses expressing
the Can LP synthesize more RNA than
viruses expressing Rom LP. Each
virus was used to infect Vero cells at an
MOI of 1. The cells were lysed in a
Trizol solution at the specified time point
and the RNA was purified using an
RNeasy extraction kit (Zymo Research).
The samples were analyzed by Northern
blot and hybridized to RNA probes
complementary to a region in the NP
gene. The loading control (18SrRNA)
was visualized using EtBr stain.

as well as rRom/CanNP, rRom/CanLP,
rRom/CanGPC, rRom/CanZ, rRomL/CanS,
and rCanLL/RomS were used to infect Vero

cells and collect cell lysates in Laemmli

buffer and Trizol to compare protein

expression and RNA synthesis,
respectively.
While comparing RNA levels

through Northern blot analysis at 24 and 48
hours-post infection, we noticed that the
RNA synthesis varied among specific
strains. Viruses that express either the Can
LP or the Can GPC synthesize significantly
more anti-genomic RNA than viruses
expressing Rom LP and GPC at 24 hours

post-infection. Interestingly, the
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rRom/CanLP virus synthesizes significantly more anti-genomic RNA than all other
chimeric viruses tested at 48 hours post-infection. Although the Can GPC has an effect on
the RNA levels at 24 hours post infection, the difference is not as significant compared to
rRom by 48 hours post-transfection. rRom/CanLP maintains significantly more anti-
genomic RNA through 48 hours post-infection compared to rRom. This suggests that the
Can LP is more active than the Rom LP during infection. The increased activity was due
to either a more active enzymatic site in domain III or a desensitization to inhibition by the

Z protein, and prompted further investigation.

The Rom polymerase synthesizes RNA at a more rapid rate than the Can
polymerase

The relative activity of the Can LP is significantly higher than that of the Rom LP
in a rRom virus in which all other genes are of Rom origin. The cause could be either
increased activity of the catalytic site within domain III of the polymerase or decreased
sensitivity to the inhibitory effect of the Z protein. In order to determine the cause, I began
by investigating the relative activity of each polymerase within a minigenome system. The
minigenome system utilizes CMV-driven expression plasmids to express the LP, Z, and
NP (pC-LP, pC-NP, pC-Z) as well as a mPol-I-Sg expression plasmid that substitutes GFP
for NP and firefly luciferase (FFL) for GPC. Transfection of each of the plasmids into a
murine cell line allows for the production of FFL through transcription of mRNA generated
from the S segment by the LP (Fig. 5.1).

I began by expressing only the necessary elements required for viral RNA synthesis
and excluded the Z protein to provide BHK-21S cells with a basic JUNV minigenome.
This strategy allows for a direct comparison of Rom and Can LP activity without inhibition.
There are several nucleotide differences within the noncoding regions of the Rom S and

Can S genome segments, so it was necessary to rule out any contributions that noncoding
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Figure 5.2: The Rom LP is more active than the Can LP in a minigenome system.
A) Schematic representation of the minigenome system utilized to study relative LP
activity and inhibition by Z. CMV-driven expression plasmids provide the necessary
trans-acting elements for viral RNA synthesis, while a modified mPol-I-Sg plasmid
expressing both GFP and FFL is expressed to provide a means to quantify the activity
of the LP. B) BHK-21S cells were transfected with each of the plasmids with the
exception of the pC-Z plasmid. Both the Rom LP and Can LP were provided with
either the Rom S + Rom NP plasmids or the Can S + Can NP plasmids and the BHK
cells were allowed to incubate at 37°C for 36 hours post-transfection. The cells were
then lysed and treated with FFL substrate using the DualGlo luciferase assay kit
(Promega) and the relative luminescence was quantified for each sample and
normalized to a Gaussia luciferase control.

regions of the genome segment may have on the efficiency of RNA synthesis and protein
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expression. To accomplish this, I utilized a second mPol-I-Sg plasmid that expresses the
Can S segment with GPF and FFL replacing both NP and GPC, respectively. I transfected
BHK-21S cells with either Rom or Can LP (pC-LP), and provided either the Rom S + Rom
NP or the Can S + Can NP (mPol-I-Sg and pC-NP) plasmids together with the pC-LP
plasmids. The BHK-21S cells were transfected with equal copy numbers of each plasmid
using X-tremeGENE 9 transfection reagent following the manufacturer’s protocol. The
cells were allowed to incubate for 36 hours post-transfection before the relative FFL
luminescence was measured. The samples were lysed and treated with FFL substrate using
the DualGlo luciferase assay kit (Promega) following the manufacturer’s protocol. The
relative luminescence was measured using a Glomax luminometer (Promega), and the
relative luminescence was normalized to Gaussia luciferase. Control samples were
subjected to fluorescence microscopy rather than lysed and treated with FFL substrate. The
samples were compared for each control sample to ensure similar transfection efficiency
by comparing the number of GFP-positive cells.

The nucleotide differences that exist between the Rom and Can noncoding regions
of the S segment do not appear to play any role in the efficiency of RNA synthesis in vitro.
Additionally, the amino acid differences in the Rom and Can NP do not appear to affect
the rate of RNA synthesis for either protein. It is interesting that the Rom LP exhibited a
marginally higher activity than the Can LP in vitro. While the difference was small, the
result was unexpected considering that the Can LP produces more RNA during infection.
Collectively, the results indicate that the increase in Can LP activity during infection is not
due to a more active domain III or differences in the noncoding region of Can S. This

difference is likely due to a decreased sensitivity to inhibition by the Z protein.

The Can LP is less sensitive to inhibition by either Rom or Can Z
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When the LP of Can is inserted into rRom in place of the Rom LP, the virus
produces significantly more RNA during infection at both 24 and 48 hours post-infection.
After testing both polymerases in a minigenome system, the Rom polymerase was
marginally more active than the Can polymerase. This effect was similar regardless of the
template used for transcription. The luciferase expression by each polymerase was similar
whether the Rom or Can S template was used. Since the increase in viral RNA in
rRom/CanLP is not due to differences in the LPs themselves, I decided to investigate
whether differences exist in the sensitivity to Z inhibition. Using a similar strategy as
before with the minigenome system, I transfected BHK-21S cells with pC-NP, pC-LP, pC-
Z, and a mPol-I-Sag plasmid expressing GFP and FFL. I paired the Rom LP with the Rom
NP and Rom S for both Z proteins, and paired the Can LP with both Can NP and Can S for
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Figure 5.3: Rom LP is more sensitive to inhibition by Z than Can LP. A) BHK-
21S cells were seeded into 12-well plates and incubated for 24 hours at 37°C. The cells
were then transfected with pC-LP, pC-NP, pC-Z, and mPol-I-Sg (GFP/FFL) of either
Rom or Can origin. The Rom LP was paired with both the Rom NP and Rom S (black)
while the Can LP was paired with the Can NP and Can S (grey). After transfection
with X-tremeGENE 9, the transfected cells were incubated for 36 hours at 37°C. The
cells were lysed and treated with FFL luciferase using the DualGlo luciferase assay kit
(Promega) and analyzed using a Glomax luminometer. B) Graph representing the fold-
inhibition of each Z for each polymerase, obtained by dividing the average
luminescence of uninhibited samples by the average luminescence of Z-inhibited
samples.
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both Z proteins. The cells were transfected using XtremeGENE-9 following the
manufacturer’s protocol using equal copy numbers of each plasmid. After incubation for
36 hours at 37°C, I lysed the BHK-21S cells and treated the lysates with FFL substrate
using the Dual-Glo luciferase assay. The samples were each normalized to the Gaussia
luciferase. Control samples were fixed in formalin and visualized using fluorescence
microscopy. The percentages of GFP-positive cells were compared between control
samples to ensure similar transfection efficiencies among samples.

Again, the Rom LP exhibited marginally more activity than the Can LP in terms of

FFL expression. However, inhibition of the Rom LP by either Z was potent, while the
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Figure 5.4: Can LP is less sensitive to Z inhibition regardless of the NP or RNA
template. A) BHK-12S cells were prepared and transfected in the same manner as
described previously (Fig. 5.3). The cells were transfected with pC-LP, pC-NP, pC-Z,
and mPol-1-Sg (GFP/FFL) of either Rom or Can origin, and the Rom and Can LPs were
provided with both Rom and Can NP paired with Rom and Can S in order to investigate
whether the Z protein exerted any additional inhibitory effect due to the source of NP.
At 36 hours post-transfection, the cells were lysed and treated with FFL substrate. The
cells were analyzed with a Glomax luminometer and the results were normalized to
Gaussia luciferase. B) Fold-inhibition was calculated by dividing the average
uninhibited activity of each polymerase with each template (measured by
luminescence) by the luminescence of the Z-inhibited samples.
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inhibition of Can LP by Z was significantly less so. Additionally, Rom LP was similarly
inhibited by both Rom and Can Z. The slight increase in inhibition by Can Z could possibly
be due to the hyperactive budding of Can Z, which could package and remove components
of the minigenome segment from cells. The switch from Rom LP to Can LP in the
minigenome system resulted in a change in fold-inhibition from 15-20 to less than 5.
Again, the fold-inhibition of Can LP transcription and protein expression was similar for
both Rom and Can Z (Fig. 5.3). Therefore, the Can LP is less sensitive to inhibition by Z
than Rom LP despite the base activity being slightly lower. Over time, this would likely
lead to the accumulation of RNA and protein. The data from virus infection reflects this,
with the most significant increase in RNA synthesis over Rom levels occurring at later time
points between 24 and 48 hours post-infection.

The evidence that the Can LP is less inhibited by Z protein in the minigenome
system is clear based on the data. However, there is a significant body of data that describes
Z-NP interaction and inclusion of NP into VLPs, and the source of the NP could have an
effect on the inhibition of RNA synthesis. In order to investigate whether the source of NP
causes any difference in the fold-inhibition of the polymerase, I repeated the previous
experiment using both the Rom and Can NP + S segment to test each Z-LP combination.
The results provide strong evidence that neither the source of the template nor the source
of the NP plays a significant role in affecting the fold-inhibition of LP by the Z protein.
The results for each Z-LP combination remained similar despite the change in the source
of NP and the S segment. The results further support the data that the Can LP has lost its

sensitivity to the Z protein.

DISCUSSION

In the previous chapter, I described a loss of affinity for LP by the Z protein due to

a V64G amino acid substitution within the RING domain. This substitution decreased the
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production of infectious particles, likely through the inability to incorporate the LP into the
budding particle. Upon noticing that the Can strain produced more RNA than the wild-
type virus, I suspected that the interaction with Z and the LP was involved. However, the
rRom/CanLP also produced significantly more RNA than rRom. I therefore suspected that
the Can LP was simply more active than the Rom LP. It is interesting that the Can LP was
slightly less active in the minigenome system than the Rom LP. The early appearance of
the V64G substitution in the Z protein during XJ passaging affected the infectious particle
production. The majority of the amino acid substitutions between Rom and Can LP were
also present prior to XJ13 (Stephan et al., 2013). This raises the question as to which
changes drove the others. Based on the decreased activity of the Can LP in the minigenome
system, it is possible that the amino acids changes driving the decrease in activity occurred
first. This would create a need to evade Z inhibition and create a more active Z protein in
terms of budding.

There are 10 amino acid substitutions that exist between Rom and Can within the
proposed domain III, which lies between amino acids 1000-1800 based on comparison of
the JUNV LP to the predicted structure of LASV LP. The predicted structure for LASV
LP suggests that the domain III lies between amino acids 1000-1500, and this domain
shares homology with other polymerase active sites (Brunotte et al., 2011; Vieth et al.,
2004). The changes between Rom and Can LP within this region include K1059R,
R1156K, C1344F, K1506R, R1542Q, K1582R, E1652G, K1656R, Q168K, and V17001.
The decrease in overall activity of Can LP is likely attributed to one or more of these
substitutions. However, the specific amino acids contributing to this change in activity
remain unknown. Further analysis using site-directed mutagenesis could provide further
insight into the phenotypic differences between Rom and Can LP.

The differences in the noncoding regions of the S segment had no contribution to
the differences in polymerase activity. The Rom and Can S 5> UTR contains 7 nucleotide

substitutions and one deletion between the two sequences, and all of the changes lie outside
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of the 19-nucleotide promoter. The 3° UTR contains three substitutions, and the IGR
contains thee substitutions. The change in 5 UTR length was particularly intriguing
considering the evidence that differences in the variable region of the Tick-borne
encephalitis virus UTR affect the virulence (Sakai et al., 2015). However, in this specific
instance, the UTR length had no effect on the activity of the polymerase. The differences
in virulence observed by the deletions in the UTR could be attributed to a number of factors
other than polymerase activity, so the result is not surprising in the case of our minigenome
system.

It is interesting that the source of the Z protein had no effect on the inhibition of
either polymerase, especially considering the effect of the V64G substitution on the
intracellular retention of the Z protein. The data suggests that the effect is due completely
to changes in the Can polymerase itself. However, it cannot be ruled out that the decrease
in Rom Z/Can LP affinity created by the V64G substitution in Z may play a role in the
process of inhibition. While the Rom Z could carry out a more direct role of LP inhibition
through direct binding and locking of the polymerase onto the promoter similar to the
mechanism described for TCRV (Kranzusch and Whelan, 2011), the Can Z could simply
bud from the cell and recruit the LP into the budding particles, providing indirect inhibition
of replication by removing the replication machinery from the cell. This is supported by
the fact that the compatibility of the LP and Z of Rom and Can are strain-specific, with
neither RING domain of Z maintaining compatibility with the opposite LP. However, the
Can Z is unable to inhibit Can LP in an overexpression system whereas the Rom Z is still
capable of strongly inhibiting the Rom LP (Fig. 5.3).

While the lack of inhibition of Can LP appears directly linked to changes within
the LP, I felt it necessary to rule out any LP-NP interactions that may contribute to
decreases activity due to differences in the Rom and Can NP. The LP-NP interaction has
been recently shown to be important in RNA synthesis, and is dependent on virus-specific

RNA sequences in the UTR (Iwasaki et al., 2015). There are a number of amino acid
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changes in both functional domains of Rom and Can NP, and was is possible that these
changes could have affected the required LP and NP interaction to carry out RNA
synthesis. The levels of RNA synthesis and relative inhibition by Z remained unchanged
regardless of the NP, ruling out any possible contributions by NP to the decreased activity
or decreased sensitivity to Z.

The apparent differences in the Rom and Can LP could significantly alter the
kinetics of RNA synthesis and protein expression in the virus life cycle. The high activity
and sensitivity to Rom Z would make the Rom strain highly adaptable to the conditions in
the cell. The virus would be able to establish a quick infection, and then regulate protein
expression over time to prevent excessive activation of the cellular immune response. The

slower initial replication in Can would ramp up over time as copies of LP accumulated,
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Figure 5.5: Can life cycle. Decreases in Z-LP interaction lead to an increase in RNA
and protein synthesis, further compounding ER stress from inefficient GPC processing.
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and the lack of sensitivity to the Z protein would prevent the virus from properly regulating
its protein production. This would lead to greater accumulation of protein within the cell
at later time points, which is observable in Western blots (Fig. 3.8).

When combined with the information from the previous chapters, the mechanisms
of attenuation are becoming clearer. The LP of Can would in theory ramp up protein
production over time, and the polymerase continues this protein production due to a
decreased sensitivity to the inhibitory effect provided by a functional Z. Regardless, the Z
protein appears to readily bud from the cell independently (Fig. 3.8), creating non-
infectious particles. The primary attenuating factor is the GPC, which accumulates in the
ER due to a missing N-linked glycan, triggering the UPR and activating cell stress-related
genes. This process is likely more detrimental to the cell during Can infection, where the
polymerase does not slow its production of GPC as the late proteins (GPC and Z)
accumulate within the cell (Fig. 5.5). This would further increase the ER stress, providing
more epitopes for the cell to present to the immune system and eventually leading to
apoptosis of the infected cell. The observation of apoptosis in Can-infected cells supports
this model of the Can life cycle (Kolokoltsova et al., 2014). Although the mechanism of
Can attenuation is not completely understood at this point, the results presented here
provide clear evidence of mechanisms that likely play a crucial role in the attenuation of
the virus.

The data presented in this dissertation provides a mechanistic understanding of the
genetic factors that contribute to the attenuation of the JUNV Can strain. The life cycle of
the virus is affected at multiple stages by non-wild-type amino acids within the GPC, Z,
and LP proteins to create de-optimized regulation of RNA and protein synthesis, inefficient
GPC processing and surface expression, and inefficient assembly of infectious particles.
In the future, it is necessary to confirm that the T168A substitution in GPC is sufficient to
attenuate the Rom strain in Hartley guinea pigs. This substitution is central to the

processing issues in Can GPC and has the greatest impact on GPC trafficking in vitro.
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Additionally, it would be useful to investigate whether the Can GPC is more immunogenic
in vivo due to the degradation of the protein. The virus targets monocytes during infection
(Gonzalez et al., 1980), which actively sample and prevent epitopes via MHC. The
degradation of Can GPC could lead to rapid detection of the virus and a robust adaptive
immune response. The Can virus has already been shown to induce more robust RIG-I
signaling in infected cells, although this is likely due to the increased LP activity (Huang
et al., 2012). Gaining a more complete understanding of the mechanisms underlying the
attenuation of the Can strain will provide valuable insight into the strategies for the rational
design of recombinant attenuated vaccine candidates for other pathogenic arenaviruses.
Both the N-linked glycosylation patterns of GPC and the RING domain structure of Z are
highly conserved among arenaviruses, making strategies to target these proteins feasible

for attenuation.
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