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Abstract

There are around 70 segmented RNA viruses contained within the Arenaviridae

family, and multiple members are associated with fatal haemorrhagic fevers,

including Lassa and Junín viruses. Established LCMV strains are biosafety level

(BSL) 2 pathogens, and can model for these serious pathogens since fatality is

only common within immunocompromised populations. Here, the project details

three aims which collectively investigate the later stages of arenavirus multiplication.

Firstly, an siRNA library, which targeted cellular trafficking components, identified

coat protein 1 (COPI) coatomer and adapter protein 4 (AP-4) complexes as

important during LCMV infection. Immunofluorescence (IF) was performed for

cells infected with an infectious recombinant LCMV harbouring a FLAG tag within

GP-1, which identified close co-localisation of COPA, AP4E1 and viral proteins.

Additionally, the inhibitor Brefeldin A (BFA) was applied to LCMV infection, which

suggests that COPI and AP-4 complexes are critical for efficient virion production.

Secondly, it was noted during live-cell imaging that cells initially infected with

LCMV result in infection of neighbouring cells, with discrete foci formed. IF analysis

revealed LCMV structural proteins co-localise within cell-cell connections resembling

tunnelling nanotubes (TNT-like). Fluorescent in situ hybridisation was applied and

identified that TNT-like connections also contain genomic sense RNA. Strikingly,

blocking the extracellular route of infection (post initial entry) through application

of a potent neutralising antibody did not abolish progression of LCMV infection,

and thus implied intracellular connections could account for around half of infection

events.

Finally, we investigated the phosphorylation of LCMV NP during infection.

We noted that CK-869 caused an increased post-translational modification of NP.

Through investigations, we reveal that S343 is phosphorylated, and we established

infectious NP phospho-ablantant (S343A) and phospho-mimetic (S343E) mutants.

Here, we identified that S343 phosphorylation of NP is not a viral-dependent process,

and acts in an anti-viral manner within the mouse macrophage RAW264.7 cell

line. Mechanistically, we suggest that phosphorylation of NP may trigger lysosomal

degradation, reporting co-localisation of NP and LAMP-1 during S343E infected

cultures. Additionally, we reveal that S343 NP phosphorylation is LCMV strain

xiii



specific, which may contribute to difference in pathogenicity.

Taken together, these results increase our knowledge surrounding the later

stages of arenavirus multiplication, which may contribute to the development of

effective preventatives or therapeutics.

xiv



Chapter 1

Introduction

A virus is defined as an infectious agent that requires a host organism to replicate

and multiply [1]. In fact, all living organisms discovered to date can be infected by

at least one virus [2]. The first virus to be discovered was Tobacco mosaic virus

(TMV), which was isolated by Dimitri Ivanovski and Martinus Beijerinck in the

1890s. Within these studies, it was shown that a distinct pathogen exists which was

filterable through Chamberland filter-candle, unlike bacteria [3]. However, it was

not until 1931, when Ernst Ruska developed the electron microscope (EM), that

visualising viruses became possible. Between the 1930s and 1990s, many viruses

were visualised by EM, presenting large variety in shape and size, which was the

original basis for classification.

1.1 Arenavirus Introduction

1.1.1 Arenavirus discovery

This thesis will focus on the Arenaviridae family, specifically the assembly and egress

stages of infection. Regarding arenavirus discovery, in 1933 the first arenavirus was

isolated, arising from a patient with a suspected case of St. Louis encephalitis.

However, it was determined through the inoculation of mice and monkeys that

the causative agent in this instance was a novel virus termed Lymphocytic

choriomeningitis virus (LCMV), given the presence of infiltrating lymphocytes in the

choroid plexus [4]. The first strain of the virus was isolated by Charles Armstrong

in 1933, and subsequently termed LCMV Armstrong (LCMV-Arm) strain, however

two other LCMV strains were later isolated [4]. Erich Traub in 1935 isolated a

virus from persistently infected mice, with symptoms described strikingly similar to

those reported by Armstrong [5]. Later the virus isolated by Traub was confirmed

1



CHAPTER 1. INTRODUCTION

as LCMV (Traub strain), and the ability to persistently infect the common house

mouse (Mus musculus) was described [6]. In 1935, a third strain was isolated from

a human patient suffering from aseptic meningitis, termed LCMV-WE stain [7].

The subsequent arenavirus species to be identified were not isolated until the

late 1950s. For example, Tacaribe virus (TCRV) was isolated from Artibeus fruit

bats during rabies virus surveillance in Trinidad [8]. Within this study, investigations

to isolate TCRV from a rodent host were unsuccessful, leading to the proposal that

Jamaican fruit bats may act as a reservoir for arenaviruses [8]; however, later work

has disputed this, since TCRV infection was found to cause fatality of Jamaican

fruit bats, and bat-bat transmission was not observed despite close contact for a

45-day period [9]. TCRV has also been isolated from mosquitos and ticks, thus the

natural host for TCRV remains to be elucidated. In terms of pathogenicity, unlike

LCMV, TCRV does not naturally cause human infection.

The ability of arenaviruses to cause serious human pathogenicity was not

recognised until 1958, with the isolation of Junín virus (JUNV) [10]. Initially, clinical

symptoms remain typical to viral infection including fever, chills, headache, and

anorexia. JUNV infection then progresses to Argentine haemorrhagic fever (HF),

symptoms of which, in severe cases can include bleeding under the skin, internal

organs, or from mouth, eyes, or ears. The mortality rate of untreated individuals of

JUNV is around 15-30%. Since its discovery, JUNV has been determined to cause

annual outbreaks of HF, with between 300 and 1,000 cases each year [11, 12].

In 1959, the first case of Bolivian HF was described, with the causative agent

Machupo virus (MACV), another arenavirus, isolated in 1963 [13]. Between 1962

and 1964, there were significant MACV outbreaks, with over 1000 infected patients,

of which 180 deaths were recorded (case-fatality rate of 20%). Of most significance,

the next arenavirus to be discovered was Lassa virus (LASV), in 1969. It was

determined that LASV was the causative agent of a Lassa HF (now commonly

known as Lassa fever), which had been prominent in Nigeria since the 1950s [14].

Today, LASV possess the biggest threat of all arenavirus species, with nearly 60

million people word-wide at risk of infection and around 3 million cases annually,

which result in an estimated 67,000 deaths [14].

Subsequent to the identification of LASV, there have been numerous novel
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arenaviruses discovered as the cause of localised HF outbreaks in South America.

Guanarito virus (GTOV) was isolated in 1989 and identified as the cause of

Venezuelan HF. Between 1989-91 only 15 cases were confirmed, however to date

there has now been nearly 800 total suspected cases, with a mortality rate of

26% [15]. Sabiá virus (SABV) was identified in 1990, and results in Brazilian HF.

Only 5 cases of SABV have been reported so far, three naturally-acquired and two

laboratory-acquired, with a mortality of 60% [16–20]. Since there is no routine

reverse transcription polymerase chain reaction (RT-PCR) diagnostic testing for

SABV, including the area in which SABV cases were recorded, it is likely that

infected individuals go unnoticed, and thus the danger of SABV to human health

remains unknown. Subsequently, between 2003 to 2004 there was an isolated case

with only one individual infected with the arenavirus Chapare virus (CHAPV) [21].

However, a second outbreak occurred between 2019 and 2020 with a further 9 cases

[21, 22]. Overall, the mortality rate for the cases of CHAPV is 50%, highlighting

the potential virulence.

Finally, Lujo virus (LUJV) was discovered in 2008 following five cases of infected

individuals from Lusaka (Zambia) and Johannesburg (South Africa) suffering from

HF. All cases of LUJV all began from an index case which transmitted the virus to

health care workers during hospitalisation [23, 24]. Overall, the mortality rate for

these cases was 80% [23–26]. Again, the true global threat of LUJV is unknown,

mainly since routine diagnostics are not available [25].

Collectively, the discovery of new arenaviruses is continuous, with new species

being isolated have potential to cause serious human disease. The current recognised

arenavirus that poses the biggest threat to global health is LASV, and thus this

species is listed as a ‘priority pathogen’ by the WHO; this is defined as a disease

with epidemic potential and/or with no or insufficient countermeasures [27].

1.1.2 Classification

The taxonomy of viruses was updated by the ICTV in 2023, with major changes for

bunyavirus species classification. Previously, all families containing bunyaviruses,

including Arenaviridae, were classified within the Bunyavirales order. The recent

reorganisation created the Bunyaviricetes class, dividing species into two new orders,
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namely Elliovirales and Hareavirales (Figure 1.1).

The Elliovirales and Hareavirales orders were created to split the previous

order Bunyavirales into two, based on the RNA-dependent RNA polymerase

(RdRp), which exists for each species as part of two distinguishable clades (ICTV,

2023). There are now 592 species classified within the Bunyaviricetes class, with

5 families able to cause serious human disease, namely Hantaviridae, including

Sin Nombre virus (SNV), Peribunyaviridae, including La Crosse virus (LACV),

Arenaviridae, including Lassa virus (LASV), Nairoviridae, including Crimean-Congo

Haemorrhagic fever virus (CCHFV) and Phenuiviridae, including Rift Valley Fever

virus (RVFV).

1.1.3 Arenaviridae family classification

Species within the Arenaviridae family are sub-divided into five genera based

on the sequence similarity of the RdRp and nucleoproteins (NP); Antennavirus,

Hartmanivirus, Innmovirus, Mammarenavirus, Reptarenavirus. The host

range differs between each genera, including fish (Antennavirus), mammals

(Mammarenavirus) and reptiles (Reptarenavirus and Hartmanivirus). The host

range for Innmovirus species is yet to be determined, since the only virus species,

Hailar virus (HLRV), was identified through high-throughput sequencing of river

sediment samples in China. Collectively, the Arenaviridae family currently contains

69 species, all of which are described in Table 1.1.
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Table 1.1: ICTV-Accepted Taxonomic Organisation of the Arenaviridae Family.

Genus Species Viruses Abbr.

Antennavirus Antennavirus hirsutum Wēnľıng frogfish arenavirus 2 WlFAV-2

Antennavirus salmonis Salmon pescarenavirus 1 SPAV1

Antennavirus salmonis Salmon pescarenavirus 2 SPAV2

Antennavirus striale Wēnľıng frogfish arenavirus 1 WlFAV-1

Hartmanivirus Hartmanivirus brazilense SetPatVet virus 1 SPVV1

Hartmanivirus haartmani Haartman Institute snake virus 1 HISV1

Hartmanivirus haartmani Haartman Institute snake virus 2 HISV2

Hartmanivirus helvetiae Dante Muikkunen virus 1 DaMV1

Hartmanivirus patriae Andere Heimat virus 1 aHeV1

Hartmanivirus quadrati Big electron-dense squares virus 1 BESV1

Hartmanivirus scholae Old schoolhouse virus 1 OScV1

Hartmanivirus scholae Old schoolhouse virus 2 OScV2

Hartmanivirus turici Veterinary pathology Zurich virus 1 VPZV1

Hartmanivirus turici Veterinary pathology Zurich virus 2 VPZV2

Hartmanivirus unni Universidad Nacional virus 1 UnNV1

Inmmovirus Innmovirus hailarense Hailar virus HLRV

Mammarenavirus Mammarenavirus abaense Abà-Miányáng virus AMYV

Mammarenavirus alashanense Alxa virus ALXV

Mammarenavirus allpahuayoense Allpahuayo virus ALLV

Mammarenavirus amapariense Amaparí virus AMAV

Mammarenavirus aporeense Aporé virus APOV

Mammarenavirus batangense Batáng virus BTTV

Mammarenavirus bearense Bear Canyon virus BCNV

Mammarenavirus beregaense Berega virus BEGV

Mammarenavirus bituense Bitu virus BITV

Mammarenavirus brazilense Sabiá virus SBAV

Mammarenavirus caliense Pichindé virus PICHV

Mammarenavirus cameroonense Souris virus SOUV

Mammarenavirus chapareense Chapare virus CHAPV

Mammarenavirus choriomeningitidis Lymphocytic choriomeningitis virus LCMV

Mammarenavirus choriomeningitidis Dandenong virus DANV

Mammarenavirus cupixiense Cupixi virus CUPXV

Mammarenavirus dhati-welelense Dhati Welel virus DHWV

Mammarenavirus flexalense Flexal virus FLEV

Mammarenavirus gairoense Gairo virus GAIV

Mammarenavirus ganziense Ganzi virus GNZV

Mammarenavirus guanaritoense Guanarito virus GTOV

Mammarenavirus ippyense Ippy virus IPPYV

Mammarenavirus juninense Junín virus JUNV

Mammarenavirus kitaleense Kitale virus KTLV

Mammarenavirus kwanzaense Kwanza virus KWAV

Mammarenavirus lassaense Lassa virus LASV

Mammarenavirus latinum Latino virus LATV

Mammarenavirus lijiangense Lìjiāng virus LIJV

Mammarenavirus loeiense Loei River virus LORV

Mammarenavirus lujoense Lujo virus LUJV

Mammarenavirus lunaense Luna virus LUAV

Mammarenavirus lunaense Luli virus LULV
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Continuation of Table 1.1

Genus Species Viruses Abbr.

Mammarenavirus lunkense Lunk virus LNKV

Mammarenavirus machupoense Machupo virus MACV

Mammarenavirus mafigaense Mafiga virus MAFV

Mammarenavirus marientalense Mariental virus MRLV

Mammarenavirus mecsekense Mecsek Mountains virus MEMV

Mammarenavirus merinoense Merino Walk virus MRWV

Mammarenavirus mopeiaense Mopeia virus MOPV

Mammarenavirus mopeiaense Morogoro virus MORV

Mammarenavirus ngerengerense Ngerengere virus NGEV

Mammarenavirus okahandjaense Okahandja virus OKAV

Mammarenavirus oliverosense Oliveros virus OLVV

Mammarenavirus paranaense Paraná virus PRAV

Mammarenavirus piritalense Pirital virus PIRV

Mammarenavirus praomyidis Mobala virus MOBV

Mammarenavirus ryukyuense Ryukyu virus RYKV

Mammarenavirus solweziense Solwezi virus SOLV

Mammarenavirus songeaense Songea virus SOGV

Mammarenavirus tacaribeense Tacaribe virus TCRV

Mammarenavirus tamiamiense Tamiami virus TMMV

Mammarenavirus tietense Tietê virus TIEV

Mammarenavirus wenzhouense Wēnzhōu virus WENV

Mammarenavirus whitewaterense Whitewater Arroyo virus WWAV

Mammarenavirus whitewaterense Big Brushy Tank virus BBRTV

Mammarenavirus whitewaterense Catarina virus CTNV

Mammarenavirus whitewaterense Skinner Tank virus SKTV

Mammarenavirus whitewaterense Big Tonto Creek virus TTCV

Mammarenavirus xapuriense Xapuri virus XAPV

Reptarenavirus Reptarenavirus aurei Golden Gate virus GOGV

Reptarenavirus californiae CAS virus CASV

Reptarenavirus commune Tavallinen suomalainen mies virus 2 TSMV2

Reptarenavirus giessenae University of Giessen virus 1 UGV1

Reptarenavirus giessenae University of Giessen virus 2 UGV2

Reptarenavirus giessenae University of Giessen virus 3 UGV3

Reptarenavirus rotterdamense ROUT virus ROUTV

Reptarenavirus rotterdamense University of Helsinki virus 1 UHV1
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1.1.4 Epidemiology and geographical distribution

The Mammarenavirus family contains members that can be described as either

Old World (OW) or New World (NW) arenaviruses. Mammarenaviruses were

initially assigned as OW or NW based on the geographical origin and serological

classification, but have now been shown to exhibit distinction at the phylogenetic

level [28] (Figure 1.2). Except for LCMV (which is distributed worldwide), OW

mammarenaviruses are distributed throughout Africa within populations of rodents

from the Muridae family [39–41], but also rodent or shew species throughout Asia

[42]. There is no further distinct classification of the OW arenaviruses, and only

three viruses are known to cause human infection: LCMV, LASV, and LUJV. NW

mammarenaviruses are located throughout America, with the natural host being

the Cricetidae family, Sigmodontinae subfamily, of Muridae family mice, except for

TCRV and Ocozocoautla de Espinosa virus (OCEV), whereby the viruses have been

isolated from Artibeus bats (TCRV), Amblyomma americanum ticks (TCRV) and

Peromyscus mexicanus mice (OCEV) [43–46].

Figure 1.2: Geographical representation of countries where mammarenavirus
species are endemic. Old World mammarenavirus (purple) species are located mainly
within sub-Saharan Africa, with a select range of species also present in China, Thailand,
Laos and Cambodia. New World mammarenavirus (blue) species are widespread within
South America, with most South American countries and three states of the United states
of America (California, New Mexico and Florida) possessing mammaarenavirus species. It
is likely that other countries possess undetected mammarenavirus species. Figure created
using mapchart.net and information from the literature [29–38].
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Since NW viruses are more genetically diverse, they are divided into four

separate lineages: clades A, B, C and D (A/Rec). Clade B contains the NW

mammarenaviruses which possess the biggest threat to humans, with five members

able to cause haemorrhagic fever: JUNV, MACV, GTOV, SABV and CHAPV. Since

TCRV is a clade B virus, yet does not cause human disease, this virus remains a

useful model for the highly pathogenic related species (Figure 1.3).

1.1.5 Virus emergence

Emerging and re-emerging infectious diseases present a serious threat to public

health, and human factors contribute to the increase in incidence. In relation

to arenaviruses, agricultural practices from increased farming demands have

contributed significantly to increasing arenavirus zoonotic events. Human infection

of arenaviruses with the ability to cause HF, occurs via zoonosis, routinely from

rodent-human transmission. The viruses JUNV, MACV and LASV have all emerged

due to increased agriculture [12, 48, 49]. For JUNV, the removal of pampas grass for

planting of maize allowed the natural rodent host of JUNV, Calomys musculinus,

to thrive; since JUNV can be transmitted via inhalation of aerosols produced from

rodent excreta, the increased incidence of Argentine HF began, particularly affected

farmers [50]. Although JUNV remains restricted to Argentina, populations of C.

musculinus now cover 150,000 km2, an area conferring that over 5 million individuals

are now at risk [51, 52]. Through comparable practices, due to increased contact

with Calomys callosus and Mastomys natalensis, the emergence of MACV and LASV

has also occurred [53–55].

As evidenced, the emergence of mammarenaviruses frequently correlates to

the increased geographical distribution of the natural reservoir. LCMV is a

demonstration of this; the isolation of LCMV worldwide is due to the presence of

the common house mouse (Mus musculus) on every continent apart from Antarctica

[56]. Serological studies indicate that LCMV infections occur frequently, and the

pathogen goes underrecognised. In the US, serology studies have demonstrated that

5% of American adults have antibodies against LCMV, implying prior exposure [57,

58]. In Finland, two human serological studies corroborate this, also indicating an

LCMV seroprevalence for adults of approximately 5% [59, 60].
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Figure 1.3: Phylogenetic tree of the Arenaviridae family. The sequence
of L protein was utilized for grouping. Clustering of OW (green) and NW (pink)
mammarenaviruses is shown, alongside divergence nodes with likely common ancestors.
For NW mammarenaviruses, species belonging to each clade are highlighted. To
highlight the likelihood of divergence, representative species from Hartmaniviridae (teal),
Antennaviridae (orange) and Reptarenaviridae (purple) genera are included. This figure
was taken from [47].
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1.1.6 Pathogenicity and disease

Haemorrhagic fever (OW arenaviruses)

As mentioned above, specific arenaviruses species can cause serious human disease

and fatality. The OW arenavirus LASV is of particular concern since it causes 10,000

deaths annually in West Africa [61]. However, symptoms from LASV infection can

range from fever, cough, sore throat, malaise and gastrointestinal upset to more

severe presentation such as pleural effusion, irreversible hearing loss, neurological

sequelae, mucosal bleeding, hepatitis, pulmonary oedema, respiratory distress and

shock [62–64]. The irreversible hearing loss as a result of LASV infections affects

30% of infected individuals, and is currently a leading cause of morbidity throughout

west Africa [65]. LUJV is the only other OW arenavirus species able to cause HF.

Generally, the symptoms of LASV and LUJV are identical, yet LUJV results in

additional clinical presentations including rash, chest pain, myalgia and increased

liver aminotransferases [66].

LCMV pathogenicity

Although LCMV does not cause HF, it can cause serious complications for infected

individuals, and is regarded as an underrecognised source of meningitis and

meningoencephalitis [56]. Infection occurs through inhalation of infected rodent

saliva, urine, faeces or nasal secretions [67]. The stability of the virus outside of

the natural reservoir has not been examined but is regarded to be short-term [4].

Upon inhalation, LCMV replication first proceeds in the lung tissues, and then

disseminates by the bloodstream to other organs, resulting in a systemic infection

[68]. Subsequent to systemic infection, LCMV infects the meninges, choroid plexus

and ventricular ependymal linings. The disease resulting from LCMV infection

typically persists for 1-3 weeks, yet in severe cases this may extend for several

months [69]. The initial LCMV symptoms are non-specific and include fever,

headache, malaise, myalgia, anorexia and gastrointestinal upset [56]. Later stages

of LCMV infection result in more severe neurological presentations associated with

aseptic meningitis and meningoencephalitis including photophobia, fever and nuchal

rigidity [70–72]. These resulting symptoms and neurological characteristic of the
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meningitis determine the viruses name [56, 73]. LCMV remains unacknowledged

since the overall mortality of acquired infections is less than 1%. However, given

the seroprevalence of 5%, LCMV still represents a significant threat, particularly if

spontaneous mutations or recombination events increase pathogenicity [57–60].

Since LCMV is underrecognised, one serious complication of LCMV is

transmission through transplantation of infected tissues [74, 75]. Since organ

transplantation requires immunosuppressive therapy to ensure organ rejection does

not occur, the immune system is compromised at clearing LCMV infection. Thus,

in the fourteen reported cases, eleven of the organ recipients died [74–76]. In a

clustering of cases in 2008, the LCMV-infected donor did exhibit symptoms including

fever and cerebrospinal fluid (CSF) lymphocytosis, but serology was negative for the

viruses routinely tested, allowing the organ donations. To date, LCMV screening is

still not performed during organ donation, and there is no specific Food and Drug

Administration (FDA)-approved test for donor screening [75].

In addition to the discussed acquired LCMV infections, the virus may also be

transmitted congenitally. Here, the foetus acquires LCMV transplacentally or in

rare instances through maternal vaginal secretions or blood [56]. LCMV infects the

brain of the developing foetus, resulting in significant neurological changes including

microencephaly, periventricular calcifications, hydrocephalus, cerebellar hypoplasia,

focal cerebral destruction, and gyral dysplasia [56]. Unlike acquired infection,

congenital infection often causes severe outcomes [56]. Overall, the mortality rate of

infants that contract prenatal LCMV infection is estimated to be between 30 – 35%

[56, 77]. Additionally, all survivors have neurological morbidities including vision

impairment, mental retardation, spastic quadriparesis, ataxia and epilepsy [78]. The

difference in outcome for infection has been related to the age of the developing host

at the time of infection since the brain morphology rapidly changes during this time

[79].

Haemorrhagic fever (NW arenaviruses)

To date, five NW arenaviruses that cause HF have been identified: JUNV, MACV,

GTOV, SABV and CHAPV. In general, the mild symptoms of NW HF are

similar to LASV and LUJV, but can also include mild hypotension, conjunctivitis,
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petechial haemorrhage of the soft tissues, lethargy, and irritability [80]. OW and

NW arenaviruses that cause HF also share many of the same severe symptoms.

However, one key difference is that LASV infection often results in patients suffering

from hepatitis, yet hepatitis is a rare outcome in cases of NW HF arenaviruses.

Another difference is that JUNV, GTOV or MACV infection often confers a higher

probability that patients will suffer from neurological symptoms, haemorrhaging,

leukopenia, and thrombocytopenia compared to LASV [81].

1.1.7 Diagnostics

Regarding mammarenaviruses that cause HF, epidemiology and clinical

manifestations are often used for diagnosis rather than laboratory testing. There

are currently no commercially available tests for mammarenaviruses, thus patient

sampling is not routinely performed. If required, large public health laboratories

can perform RT-PCR or serology testing to confirm some specific mammarenavirus

infections [82]. Specifically, LASV infection can be confirmed utilising RT-PCR of

patient serum, but the high level of genetic variability means this can be challenging,

and certain strains may be reported as a false negative [83]. Serological diagnostic via

enzyme-linked immunosorbent assay (ELISA) is more commonly utilised; detection

of mammarenavirus-reactive IgG antibodies or sandwich-capture methods whereby

novel monoclonal antibodies can detect specific NP of mammarenaviruses [82]. Since

testing of patients is only requested in severe cases, it remains challenging to estimate

the exact number of cases for each mammarenavirus species, and thus the overall

threat posed.

1.1.8 Treatments

Currently, there are no specific FDA-approved inhibitors against

mammarenaviruses. However, ribavirin, a synthetic guanosine nucleoside, has

been used in some cases. Experimentally, in human cases, ribavirin has been

shown to be advantageous for MACV and JUNV infections if administered early

[84, 85]. Additionally, a study concluded that the use of ribavirin for LASV

infection decreased mortality [86]. However, a recent subsequent analysis of the

same data provided contradictory conclusions and suggests that in certain groups
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the mortality rate for LASV patients was increased when treated with ribavirin

[87, 88]. Investigations have shown that there are significant harmful side effects

of ribavirin treatment, with 61% of patients treated for severe acute respiratory

syndrome secondary to coronavirus infection exhibiting hemolytic anemia [89].

Additionally, hypocalcemia and hypomagnesmia were reported in 58% and 46%

of patients, respectively. Thus, these side effects, combined with the lack of

substantial evidence of ribavirin efficacy, reveal that there is a need for specific

mammarenavirus treatments [89].

Direct acting antivirals (DAAs)

Direct acting antivirals (DAAs) offer an efficient way to tackle viral infections.

However, since DAAs apply a selection pressure, viral mutations may arise, resulting

in treatment resistance. When used in combination, multiple DAAs may restrict

the ability of resistance mutations. The successful use of DAAs for treatment of

human immunodeficiency virus 1 (HIV-1) highlight the importance of understanding

the host cell requirements of viruses. Currently, with early diagnosis and DAAs

which target multiple different stages of infection, HIV-1 may be suppressed

to undetectable levels, with no HIV-1 related symptoms, and an estimated life

expectancy comparable to the general population [90].

In relation to mammarenaviruses, important gaps in our knowledge

surrounding the stages of virus multiplication remain, particularly the later stages

including assembly, egress and budding; thus, this limits the ability for the

development of specific DAAs and effective therapeutics. However, since more

information is available regarding arenavirus entry, some potential mammarenavirus

inhibitors have been identified targeting glycoprotein-mediated receptor binding,

internalisation, endocytosis or membrane fusion [91].

Repurposing of FDA-approved compounds

Recently, a potential avenue for future treatment of arenaviruses was published

[92]. Here, broad-spectrum potassium ion channel inhibitors were used during

in vitro LCMV infection and revealed that K+ ions were required during LCMV

entry [92]. Using biochemical approaches in tissue culture, it was shown that K+
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ions were not required for GP-1-mediated receptor binding or fusion, and thus

suggested that K+ ions were required during arenavirus uncoating to mediate viral

ribonucleoproteins (vRNPs) release [92]. Interestingly, within this study, quinine,

quinidine and 4-Aminopyridine (4-AP) were shown to be effective against LCMV,

and all of these compounds are already FDA-approved for other conditions. Quinine

has approved use in the treatment of malaria, whilst quinidine (NUEDEXTA)

may be used for treatment of Pseudobulbar Affect and 4-AP is used in treatment

of walking-related motor issues in multiple sclerosis. It remains undetermined

if these inhibitors are broad-spectrum arenavirus antivirals, or if at the current

FDA-approved concentrations the compounds have efficacy, yet this should be

further examined with animal models [92]. Other FDA-approved compounds that

target voltage-gated calcium channels have been shown to effectively inhibit JUNV

[93]. Here, gabapentin, used in the treatment of epilepsy, inhibited JUNV virus-cell

fusion blocking entry, and when applied to a mouse model prevented JUNV infection

[93]. Additionally, verapamil, utilised to prevent chest pain, also inhibited JUNV

infection, alongside reducing infection of LCMV and LASV pseudoviruses [93,

94]. Collectively, these results highlight how existing FDA-approved compounds

could potentially be applied to arenavirus treatments, but further clinical trials are

required to ensure their efficacy.

Naturally isolated compounds

A promising alternative for arenavirus therapies is the use of naturally-isolated

compounds that exhibit anti-viral properties. A botanical screen comprised of 1058

naturally-occurring compounds, discovered that casticin and bergamottin inhibit

LASV pseudoviruses [95]. Casticin was established to inhibit GP-2-mediated fusion,

and this mechanism of inhibition was retained for several pseudotyped NW and

OW arenaviruses [95]. Bergamottin was shown to have potency due to disrupting

the endocytic trafficking of LASV, with the compound also having efficacy against

LCMV [95]. Beside these, other compounds including capsaicin and tangeretin have

also been shown to inhibit arenavirus entry stages [96, 97]. Since all of the naturally

derived compounds discussed were established utilising arenaviruses pseudoviruses,

and thus assess only entry stages, it is plausible that a large number of unidentified

compounds also exist that target the later stages of arenaviruses multiplication.
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Immune serum

One mode of therapy that been historically utilised in cases of Argentine HF

(AHF) is the transfer of immune serum to infected patients. Initially, serum

was administered due to being advantageous in treatment of other viral infections

including hepatitis, rubella, poliomyelitis, mumps and measles; yet it was not until

the 1970s that efficacy for this specific treatment of JUNV was examined [11].

Between 1974 and 1978, 188 JUNV patients entered a double-blind trial whereby

one group received normal plasma, and the other group received immune plasma.

The case fatality for the patients that received the normal plasma was 16.5%,

yet this was only 1.1% in those that received the immune plasma [98]. In this

study, 500 mL of immune serum was administered to JUNV patients within the

first 8-days of symptoms onset, thus the effectiveness of late-administration was

unknown. The advantageous benefit to immune serum was thought to be based

on specific neutralising antibodies against JUNV, since viremia was shown to be

reduced for patients subsequent to immune serum transfusion [99]. Following the

publishing of this study, in JUNV endemic regions, the early use of immune plasma

was endorsed by doctors and nurses.

Vaccines

Alongside the lack of specific FDA-approved therapeutics, there are also currently

no FDA-approved licenced vaccines for mammarenaviruses. Despite not being

FDA-approved, a live-attenuated JUNV vaccine (Candid #1) is used in endemic

regions, and has had significant impact on reducing the number of AHF cases [100].

Candid #1 is a strain of JUNV that was serially passaged between non-host animals

and cultured cells, which can provide protection against lethal JUNV infection [100,

101]. In model systems the vaccine was shown to have an estimated effectiveness of

98.1% [100, 102]. In 1992, the vaccine became available, but only in Argentina,

and has been continued to be administered seasonally to at-risk agricultural

workers. Since the vaccination scheme began, nearly 250,000 vaccinations have been

administered, and the number of AHF cases has decreased [11]. However, despite

limiting JUNV infection and AHF, Candid #1 is unlikely to become FDA-approved

or licenced for global use, since Candid #1 is a live-attenuated JUNV vaccine with
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the potential for reversion, which has been shown to be possible in a cell culture

system [103]. A non-revertant Candid #1 modified by reverse genetics (K33S Candid

#1) has been proposed in an animal model system, but this is yet to be translated

to large-scale use [104].

Besides Candid #1, many other potential vaccine candidates are under

development, but the vast majority of these are in preclinical stage, with only a

small proportion currently in phase I trials [105]. One vaccine candidate already in

phase I trials is the DNA vaccine candidate INO-4500. This vaccine expresses LASV

glycoprotein precursor (GPC), which induces a strong immune response, and confers

100% lethal LASV protection for cynomolgus non-human primates [106]. Another

promising avenue is the use of recombinant vesicular stomatitis virus (rVSV) within

vaccines, which provide long-term immunity. [104, 105]. This system has been

utilised for LASV (rVSV∆G-LASV-GPC), and the vaccine candidate is currently in

phase I trials. The rVSV∆G-LASV-GPC vaccine has already been shown to protect

non-human primates and guinea pigs against lethal LASV, through generation of

neutralising antibodies against the LASV GPC, and an immune response driven

by T-cell activation [107–110]. One particular challenge for any mammarenavirus

vaccine is the high genetic variability, even for a single species. In the case of

LASV, seven different linages exist, and these are antigenically distinct; neutralising

antibodies generated against LASV lineage IV do not protect against linage I [111].

Thus, ensuring any mammarenavirus vaccine can protect against all variants of the

desired species could limit progression of vaccine candidates.

1.2 Molecular biology of arenaviruses

1.2.1 Arenavirus virion architecture

Arenavirus virions visualised via cryo-electron microscopy do not conform to defined

shapes, and depending on species can be spherical, oval or pleomorphic. In general,

the diameter of virions ranges between 40 to 200 nm [112]. The viral particles

are enveloped, with a cell-derived membrane that are coated by randomly arranged

glycoproteins [113, 114]. Underneath the viral membrane, the matrix protein (Z)

forms an additional layer [113, 115, 116] connecting with the vRNPs, which are
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made of vRNA coated with NPs, and interacting with the L (Figure 1.4). The name

arenavirus originates since the particles were visualised with a “sandy” (Latin, arena)

interior, due to the reported presence of ribosomes [117]. However, verification for

functional cellular ribosomes packaged within particles is limited and requires further

clarification.

Figure 1.4: Schematic of arenavirus virion. (A) The S and L vRNAs are wrapped by
NP (red), and together with L (pink) form vRNPs, which packages vRNA into infectious
progeny virions. The Z protein (yellow) forms a layer between the viral membrane and
vRNPs. The viral spike protrusions are trimers of SSP/GP-1/GP-2 and decorate the
surface of virions. (B) Cryo-tomographic slices of purified LCMV virions. Scale bar, 50
nm (A. Shaw, unpublished).
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1.2.2 Arenavirus genome

The arenaviruses genome consists of distinct ambi-sense RNA segments, with

mammarenaviruses possessing small (S) and large (L) segments. Utilising the

ambi-sense strategy, the S and L segments have two non-overlapping open reading

frames (ORF) of opposite polarity, which are separated by an intergenic region

(IGR) (Figure 1.5).

Figure 1.5: Schematic of arenavirus ambi-sense genome and the coding
strategy (A) The S vRNA is responsible for encoding NP (red) and GPC (blue) mRNA,
with each gene separated by an intergenic region (IGR). The L vRNA encodes mRNA for
the L (yellow) and Z (green) viral proteins. (B) Input S and L vRNA (3’ – 5’) can directly
produce positive-sense mRNA for NP and L but requires the synthesis of complimentary
agRNAs to encode L and Z mRNA (ambi-sense strategy), respectively. Figures created
with BioRender.
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In terms of gene expression, the 3’ ORFs of input S and L vRNAs act as

templates for the transcription of the NP and L mRNAs, respectively. Replication

of the S and L vRNAs allows for the generation of antigenomic strands (agRNA),

which are full length complementary RNA molecules; these S and L agRNAs then

act as templates during transcription of the GPC and Z mRNAs, respectively.

Intergenic region (IGR)

The IGR regions of arenaviruses RNA is predicted to form stem loops, which

provide a termination signal during L-dependent transcription of viral mRNAs

[118]. The sequence homology of IGRs between arenaviruses species varies, even

for closely related species such as LASV and LCMV [119]. However, despite this,

structurally the IGRs of LCMV and LASV are predicted to be similar, suggesting

that the stem loops structures formed are essential for L termination, rather than

consensus sequences [119]. Interestingly, studies have also shown that switching of

the IGR regions, such as replacing the LCMV L segment IGR for the S segment

IGR, can result in viral attenuation in vivo [119, 120]. Thus, the RNA stem loop

structures formed are specific to each arenavirus species, but also between S and

L segments. For the production of agRNA from vRNAs, the termination signals

within the IGRs are bypassed by L. The mechanism for how this bypassing occurs is

currently unknown, however it has been proposed that the RdRp termination signals

may be blocked via accumulation of NP following initial mRNA transcription and

translation [121]. Interestingly, a recent study has identified a subpopulation of

genomes within native LCMV infection that contain a common specific deletion

within the S segment IGR. It was established that the accumulation of these S IGR

deleted genomes contributes to viral interference, through decreased production of

glycoprotein production [122].

Untranslated regions (UTRs)

At the 5’ and 3’ ends of both the S and L vRNAs are untranslated regions (UTRs).

The highly conserved 19 nucleotide (nt) region of the 3’-terminal of the UTRs has

been identified as an essential viral promoter [123, 124]. The 3’ and 5’ ends of each

RNA segment are almost entirely complementary, with 13 to 19 nt being important
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for base pairing allowing for promoter function [124]. The base pairing of this

region is predicted to form a thermodynamically stable panhandle structure, which

controls RNA synthesis [123]. The first 12 nt have been implicated for base-specific

interactions with the replication complex [124]. Additional base-pairing within the

S segment UTRs has recently been identified; abrogation of the 20-40 nt of the 5’

termini and the 20-38 nt of the 3’ termini pairing greatly affected viral propagation

[125].

1.2.3 The nucleocapsid protein (NP)

Since arenaviruses have an extremely limited protein encoding capacity, with only

four viral proteins expressed (NP, GPC, L and Z), NP has evolved to be a

multifunctional protein during arenavirus infection. The NP of arenavirus species

is the most abundant viral protein expressed within infected cells, and aside from

encapsidating the vRNA, it has multiple different roles including viral transcription

and genome replication [121], immune modulation [126–128] and formation of

replication transcription complexes (RTCs) [129].

Nucleopcapsid structure

NP is formed by two separate protein domains: an amino terminal domain

(N-terminal) and a carboxy terminal domain (C-terminal) [130]. Connecting

the N- and C-terminal domains is a 30 aa linker sequence, which structurally

remains unresolved due to its high flexibility (Figure 1.6). For LCMV NP-NP

multimerisation, the N-terminal regions 1-50 aa and 308-358 aa have been shown

to be essential, however these regions are not involved in virion production [131].

The N-terminal domain of LASV NP contains an RNA-binding site, as shown

by X-ray crystallography of LASV NP in complex with ssRNA (expression host

derived) [132]. Within this work, it was suggested that the NP-RNA interaction

is controlled through a gating mechanism, which is a result of conformational

changes in the N-terminal domain [132]. The C-terminal domain of NP contains

a 3’-5’ exonuclease (ExoN) domain with specific activity against dsRNA, to prevent

downstream interferon-I (IFN-I) activation. The ExoN belongs to the DEDDh

family of 3’-5’ exonucleases, consisting of two β-sheets and eight α-helices [133].
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Finally, a linker sequence is encoded at the C-terminus of NP, following the ExoN

domain [117].

Figure 1.6: Schematic depicting arenavirus NP domains and structure. (A)
NP has two domains, the N-terminal core domain and the C-terminal ExoN domain.
NP also encodes for two highly flexible linker regions; the first linker separates the core
and ExoN domains, and the other is at the C-terminus of the protein. Different regions
of the NP core domain have been identified to be important for a range of functions
including NP-NP multimerisation (green), RNA binding (blue) and RNA gating (light
pink). Figure created with BioRender, using information from [130]. (B) Structure of
full-length NP (PDB 3MWP) represented in ribbon. The NP-core domain (pink), ExoN
domain (orange), the proposed multimerisation region within the NP-core (green) and
flexible linkers (grey) are represented. Figure was made using Chimera X.

Nucleocapsid function

Formation of vRNPs

The viral mRNA first transcribed from the input S vRNA encodes for NP

(LCMV; 63 kDa), while input L vRNA first encodes for the L protein mRNA

(LCMV; 200 kDa). Once translated, NP encapsidates newly synthesised genomic
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vRNA, and associates with the L protein, to form vRNP complexes. Importantly,

vRNPs alone can facilitate viral persistence whereby cells remain infectious despite

the lack of production of virions or defective interfering particles (DIs) [134]. The

precise orientation and number of NP monomers within vRNP complexes remains

to be elucidated. For Pichinde Virus (PICV), a dataset of vRNPs from purified

virions has been examined via negative staining EM, showing a flexible filament

composed of NP monomers of 4 to 5 nm diameter that constitute filamentous

vRNPs of 12 to 15 nm in diameter; these vRNPs appeared to exhibit helical

arrangement [135]. Recently, vRNP-like structures for MOPV were also visualised

via negative staining EM [136]. Here, MOPV NP was bacterially expressed and

purified and subsequently co-eluted alongside bacterial RNA [136]. The observed

vRNP-like structures had a diameter of 15 ± 1 nm, formed by circular NP ‘rings’

(heptamers) [136]. Finally, MACV vRNPs from a mini-genome (MG) system were

visualised, and this dataset highlighted the diversity and flexibility of arenavirus

vRNPs (Figure 1.7) [137].

Figure 1.7: MACV vRNPs are highly flexible. MACV vRNPs were isolated from
MG expressing cells and visualised via negative-stain EM. Three classes of vRNPs were
reported: rings (top), circular (bottom left) and open (bottom right). Purification of
vRNPs was performed alongside L, and L is likely represented by the larger globular
particles (white arrowheads). Figure taken from [137].

These MACV vRNPs likely adopt the authentic organisation since NP and L

were included alongside the MG plasmid, which retained the 3’ and 5’ UTRs [137].

However, high-resolution imaging of these vRNPs was not performed, and further

investigations are required to elucidate the native arrangement of arenavirus vRNPs.
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Formation of RTCs

A further function of arenavirus NP is for the formation of RTCs, which are

discrete cytosolic puncta whereby RNA synthesis occurs [129]. Within this study, it

was determined that JUNV (Candid #1 strain) and TCRV RTCs were associated

with cellular membranes and contain full-length vRNA and agRNA [129]. In relative

amounts, mRNA was found to be modest, thus suggesting that the function of RTCs

is primarily for RNA synthesis, and mRNA is rapidly distributed elsewhere for

translation by cellular ribosomes [129]. The RTCs of NW arenaviruses are distinct

in comparison to positive sense-RNA viruses, which form large multivesicular

structures. The NP of JUNV was suggested to assist in formation of RTC since

transfection of JUNV NP alone was sufficient for formation of puncta which were

consistent with the previously observed RTCs [129].

The evidence for RTC reliance during OW arenavirus infection is more limited,

but evidence suggests RTCs are formed within LCMV infection [138]. Intriguingly,

it was shown that eukaryotic initiation factor 4E (eIF4E) co-localises with RTCs

of LCMV, suggesting that initial translation of arenavirus mRNAs may commence

within the RTCs [138]. An interesting finding from these investigations was the

proposal that LCMV RTC formation was dependent on phosphorylation of NP at

T206, since RTCs were not observed after transfection of a phospho-ablatant NP

mutant (substituting threonine to alanine; T206A) (Figure 1.8) [138]. Furthermore,

within this study, MG analysis indicated that T206A NP was functional for MG

transcription and replication, corroborating the role of NP phosphorylation at

residue T206 for RTC establishment [138]. It is important to note, throughout these

findings, T206 remained a predicted site of phosphorylation, and mass spectrometry

analysis attempting to identify the phosphorylation during native LCMV infection

was unsuccessful. Thus, addition of a phosphate group on NP may be a dynamic

process, with on-off switching regulating different stages of LCMV multiplication

[138]. The host cell kinase responsible for NP T206 phosphorylation was not

identified.

Immune modulation

The differing pathogenicity of OW and NW arenavirus species often relates to

the ability of NP to interfere with immune signalling pathways [139]. One conserved
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Figure 1.8: Phosphorylation of residue T206 is involved in LCMV RTC
formation. IF was performed on BHK-21 cells transfected with WT NP (A) and T206A
NP (B; phospho-ablatant), staining for NP (green) and DAPI (blue). This figure was
taken from [138].

feature, for pathogenic and non-pathogenic arenaviruses, is IFN-I inhibition and

dsRNA degradation [140]. The previously discussed ExoN C-terminal region of

NP is responsible for binding to dsRNA, preventing IFN-I activation. Based on

alanine substitutions, the highly conserved D382 and G385 residues within the

ExoN of NP (amino acid numbering based on LCMV) were highlighted as being

critical for prevention of IFN-I induction [141]. Additionally, the NP ExoN catalytic

residues were identified and examined, whereby mutagenesis experiments utilising

PICV revealed a decrease in IFN-I activation [142, 143]. Whilst this ability appears

to be highly conserved, the pathogenic NW species MACV and JUNV retain the

ExoN motifs but lack the ability to degrade dsRNA [144]. Interestingly, LASV

NP can degrade the dsRNA accumulated during JUNV infection, however this is

dependent on L; thus, this implies the ExoN domain of NP is not sufficient for dsRNA

degradation [144]. In addition to the ExoN activity, NP is also able to directly

bind to innate immunity signalling pathways members retinoic acid-inducible gene

I (RIG-I) and melanoma differentiation-associated protein 5 (MDA-5), preventing

the translocation of interferon regulatory factor 3 (IRF3) to the nucleus, and thus

reducing downstream IFN-β production [127, 139, 145]. Additionally, the NP of
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LCMV, LASV, WWAV, LATV and JUNV have all been shown to interact with IκB

kinase (IKK)-related kinase IKKϵ, which is proposed to sequester the ability of the

IKKϵ to phosphorylate IRF3 [146]. The C-terminal ExoN region of NP was shown

to bind to the kinase domain of IKKϵ, which was shown in vitro to be sufficient at

preventing phosphorylation of IRF3 [146].

For JUNV and MACV, the NP ExoN domain is unable to degrade dsRNA,

resulting in activation of the host dsRNA sensor Protein kinase R (PKR). In an

alternative mechanism to control this pathway, JUNV NP has been shown to directly

bind to PKR preventing the phosphorylation of eukaryotic translation initiation

factor 2a (eIF2a) [147]. Silencing of PKR did not influence viral propagation,

suggesting the role of the JUNV NP-PKR interaction may be solely to prevent

activation of antiviral pathways [147]. Interestingly, the NP-PKR interaction

was shown to be specific to JUNV NP, since LCMV NP did not prevent eIF2a

phosphorylation [147]. LCMV NP has also been shown to interact with DDX3,

a DEAD (Asp-Glu-Ala-Asp)-box ATP-dependent RNA helicase [148]. Intriguingly,

DDX3 has previously been reported to cause activation of IFN-I [149, 150], however,

in the context of LCMV infection, DDX3 was shown to suppress IFN-I, alongside

having a pro-viral impact on LCMV and LASV RNA synthesis [148]. The binding

of DDX3 was also shown to be conserved between OW and NW arenaviruses, since

JUNV NP was also identified as a DDX3 binding partner [148].

In relation to immune modulation, but also persistence, NW arenavirus NPs

have also been shown to subvert the apoptosis mechanisms of infected cells [151–154].

For JUNV NP, it has been shown that cleavage at DVKD and QEHD motifs

within NP, by cellular caspases, results in two truncated forms of NP [154]. It

was established, that mutation of the caspase motifs with JUNV NP was sufficient

to enhance apoptosis; it was proposed that the cleavage events of viral NP could

act as a decoy, meaning that the caspases no longer cleave their native cellular

targets, consequently inhibiting apoptosis [151, 154]. Recently, this work has been

extended to show that another isoform of JUNV NP is expressed from alternative

translation of NP mRNA (in-frame M80 ATG) [155], and all three NP isoforms

were found to contribute at preventing apoptosis [155]. Within the first study, the

non-pathogenic NW arenavirus TCRV was also examined, which was observed to

exhibit increased levels of apoptosis [154]. Interestingly, TCRV did not generate
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the same truncated NP products despite the caspase cleavage motif DVKD being

conserved. The reasons for this remain unknown, but it suggests that other viral or

cellular components are required. Taken together, this suggests that the capacity

of NW arenaviruses NP to sequester cellular caspases for cleavage may impact the

inhibition of apoptosis, potentially impacting pathogenicity [154]. The apoptosis

subversion of OW arenaviruses is less defined, yet both LCMV and LASV infection

seemingly does not result in the induction of apoptosis in cell culture [156, 157].

1.2.4 The L protein (L)

Research surrounding arenavirus L protein primarily focuses on the RdRp domain,

and its requirement for transcription and replication of vRNA and agRNA.

Nevertheless, the L protein does have other functions including; binding of the Z

protein (discussed in Z function section) [158–160], endonuclease activity [161] and

interacting with a range of host cell proteins [162].

L protein structure

The L mRNA encodes for the 250 kDa L protein, the largest of any arenavirus

protein, and is composed of approximately 2200 aa residues. The L protein contains

three domains which have been named based on the similarities with influenza A

virus (IAV) RdRp [163]; the N-terminal PA-like domain (JUNV L numbering; 1-709

aa), the RdRp domain (709-1608 aa) in the middle and the C-terminal PB2-like

domain (1608-2210 aa) [158] (Figure 1.9). X-ray crystallography for the full-length

of any arenavirus L protein is not determined, yet JUNV L has been solved with only

400 aa of the C-terminal PB2-like domain absent [158]. The analysis showed that

the RdRp domain is located at the core of the structure, with the N-terminal PA-like

and C-terminal PB2-like domains tightly interacting with the RdRp thumb domain

[158]. The endonuclease region was also reported to bind to the finger domain and

the α-ribbon domain of the RdRp [158].
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Figure 1.9: Schematic and structure of JUNV L protein, which is divided
into three functional domains.(A) Domain I; PA-like region, Domain II; RdRp region,
Domain III; PB2-like region. Each feature within the domains is colour-coded, with the
C-terminal (unsolved) region represented by dotted lines. (B, C) Cartoon depiction of
the solved JUNV L-Z complex. The structures are colour-coded according to (A), with
unsolved regions connected via dashed lines. (C) is identical to (B), but with rotation
along the vertical axis by 180°. This figure was taken from [158].

L protein function

vRNA transcription and genome replication

The L protein of arenaviruses is first responsible for input vRNA transcription.

Subsequent to this, L performs genome replication, generating full-length agRNAs,

which act as templates for transcription of GPC and Z mRNA. Conserved regions

within the 3’ and 5’ of vRNA act as promoters to allow binding of L and initiation

of RNA synthesis [164]. For MACV L, the promoter ssRNA motif was identified

as 3’ N1-2HKUG 5’ which was critical for recognition of L [165]. In the case of

LASV, a separate study found the first 1-12 nucleotides of S vRNA are required for

L interaction, while residues 13-19 are important for 3’-5’ base pairing required for

efficient promoter function [124]. Specifically for genome replication, it is proposed

that initiation occurs in a prime-and-realign mechanism [166]. A detailed account of
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this mechanism of RNA synthesis is beyond the scope of this thesis, but briefly, an

incoming GTP molecule is added to the template strand at position +2 (opposite

to a C base), which extends to form a GC dinucleotide. Realignment subsequently

occurs, with the latter moved on the template to positions -1 and +1, and the

synthesised RNA then acts as a primer for elongation [166]. In support of this

model, the product of MACV replication was determined to be a single nucleotide

longer than the template, and thus only L drives attachment of the nontemplated G

[166, 167]. Although the mechanism has not been fully understood, manganese ions

rather than magnesium ions have also been shown to increase the speed at which

the RNA is synthesised by LASV L [166].

Endonuclease and cap-snatching activity

A short 196 aa region (NL1) with the N-terminal PA-like domain of LCMV L

has been reported by X-ray crystallography [161]. Within this study, it was identified

that despite no clear sequence homology, LCMV NL1 and IAV PAN are structurally

related [161]. The IAV PAN is well-established to have endonuclease activity and

closely resembles resolvases and type II restriction endonucleases [168–170]. It

has also been suggested that IAV PAN is the endonuclease that is responsible for

cap-snatching by cleavage of host mRNA [170]. It is assumed that the L protein of

arenaviruses contains an endonuclease that can also perform host cell cap-snatching,

given the structural similarities between NL1 and PAN [171]. However, whilst there

is no direct evidence of this, functional analysis has implied the C-terminus domain

of LASV L could play a role in cap-snatching [172]. Conversely, structural and

co-IP analysis of the C-terminal region of CASV L protein, a reptarenavirus, has

suggested, biochemically and structurally, that the proposed cap-binding site within

the C-terminus is not functional [171]. This work also demonstrated that LASV L

C-terminus was unable to bind m7GTP or capped RNA, thus suggesting the inability

to cap-snatch within this region is conserved [171].

Host protein interactions

Several host cell proteins have also been identified to interact with LCMV L,

through the application of co-IP and proteomics [162]. Globally, these host cell

proteins were consistent with routine function of L during arenavirus infection

and involved RNA-biology associated proteins i.e., ribosomal and RNA-binding
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proteins, ribonucleoprotein, and splicing [162]. However, interactions of L with other

proteins involved in different cellular pathways were identified, namely DDX3X,

IGF2BP1, NKRF and TRIM21 [162]. Within this study, DDX3X, NKRF and

TRIM21 knockout (KO) cell lines were generated, and when infected with LCMV

had differing responses. In the case of NKRF and TRIM21 KO cells, LCMV could

replicate to higher titres compared to WT, yet DDX3X KO resulted in a decrease

in titre [162]. The pro-viral effect of DDX3X KO is consistent given NP-DDX3 is

involved in suppressing the IFN-I response (see above) [148]. The anti-viral effect

of TRIM21 was assessed via mouse investigations, infecting Trim21-/- and WT mice

with LCMV [156], with higher viral titres of LCMV (clone 13) found in the spleen,

liver and kidney of Trim21-/- mice when compared to WT [162].

1.2.5 The glycoprotein (GP)

The GPC mRNA is expressed from the S agRNA, requiring replication in order

to be generated. The GPC polypeptide generated contains a N-terminal stable

signal peptide (SSP) upon translation. GPC ( 75 kDa) is further cleaved by

cellular subtilisin kexin isozyme-1/site-1 (SKI-1/S1P) generating sub-units GP-1

( 44 kDa) and GP-2 ( 35 kDa) but retaining the associated SSP [173, 174] (Figure

1.10). LASV GPC SKI-1/S1P-mediated cleavage was reported to occur within the

endoplasmic reticulum (ER) [173], yet LCMV GPC cleavage occurs either in the

Golgi or post-Golgi compartments [176]. Thus, it is essential for infectious arenavirus

virion production that SKI-1/S1P mediated GPC cleavage occurs, yet where this

occurs within the secretory pathway may differ between species [176, 177].

Glycoprotein structure

GPC cleavage products SSP/GP-1/GP-2 remain associated on the viral membrane

surface as a tripartite complex [178]. The LCMV surface glycoprotein in the

pre-fusion conformation has been solved via crystallography [179], with the in situ

LCMV organisation recently reported [175]. The native pre-fusion conformation of

LASV glycoprotein for Josiah (lineage IV) has also been solved independently [180],

and in complex with antibodies [181–183].
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Figure 1.10: Schematic and structure of LCMV glycoprotein. (A) Representation
of LCMV GPC, which is cleaved into subunits SSP (6 kDa), GP-1 (44 kDa) and GP-2 (35
kDa). The SKI-I/S1P cleavage site between GP-1 and GP-2 (RRLL) is highlighted. The
transmembrane domain (TM) within GP-2 is shown (B). Structure of LCMV GP-1/GP-2
(PDB 8DMI) represented in ribbon. GP-1 (light blue) and GP-2 (dark blue) are
represented alongside the cleavage site (red) (C) Cryo-electron tomography was performed
on LCMV virions, and sub-tomogram averaging (STA) resulted in an in situ LCMV
glycoprotein volume (pink). A known crystal structure of LCMV glycoprotein was fitted
(8DMI) into the volume. Side, top and bottom views are depicted, with LCMV GP-1
(grey), GP-2 (green) and SSP (orange) shown. (C) was taken from [175].
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SSP structure

It was established through mutagenesis of the cleavage site that GPC cleavage at

the N-termini (position 59) results in a peptide of 58 aa, which showed characteristics

consistent with a signal peptidase [184–186]. Since SSP is highly flexible, structural

analysis of arenavirus SSP has been inconclusive. However, it is recognised that SSP

contains two hydrophobic regions. A study on JUNV SSP topology revealed that

SSP spans the membrane twice, with both the N- and C- termini located towards

the cytosol [186].

GP-1 structure

GP-1 contains an N-terminal β-strand, with a β-sheet and a helix-loop [179].

The region of GP-1 that interacts with GP-2 is the N-terminal β-strand (β1), which

together with two strands of GP-2 form a three-stranded anti-parallel β-sheet [179].

Interestingly, the GP-1 core of LCMV and MACV are structurally similar, as well as

the core of JUNV GP-1 [179, 187]. However, LCMV and LASV GP-1 structurally

have major differences, which is thought-provoking considering they are closely

related [179, 188]. For example, the N- and C- termini of LCMV GP-1 are oriented

towards the GP1-GP2 interface, yet the opposite occurs for the termini of LASV

GP-1 [179]. Additionally, there are significant disparities in the “helix-loop” lower

faces, with the LASV GP-1 helices of this region being oriented almost perpendicular

to LCMV GP-1 [179].

GP-2 structure

The fusion domains of arenaviruses are within GP-2, and the related amino

acids (W264, G277, Y278 and L280) are highly conserved [179, 189]. Arenaviruses

contain two fusogenic regions within GP-2; an N-terminal fusion peptide (LCMV

numbering; 266-272 aa), which is characteristic to class I viral fusion peptides [190],

and also an internal fusion loop (289-300 aa) [189]. Thus, the GP-2 of arenaviruses

is similar to the glycoprotein of Ebola virus (EBOV), with both being characterised

as class I fusion proteins since they form alpha helix-rich trimers in their post-fusion

states [191]. Nevertheless, both possess internal fusion loops which are typically

associated with class II or III fusion peptides [190, 192, 193]. Within the solved

crystal structures (pre-fusion), the fusion peptide is ‘shielded’ via hydrophobic and

hydrophilic inter-protomer contacts of a loop of GP-1 [179].
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Glycoprotein function

SSP function

As aforementioned, SSP is a signal peptidase. However, there are key differences

in the arenavirus SSP that make them distinct from cellular signal peptidases.

Firstly, the typical length for a signal peptidase is between 18-30 aa, thus the 58

aa arenavirus SSP is significantly larger [194]. Secondly, cellular signal peptidases

contain a single hydrophobic region [195], yet the SSP of arenaviruses contains two

discrete hydrophobic domains [196]. Finally, the half-live of SSP was shown to be

6 hours in cells, which is remarkably stable [196]. SSP has been shown to have

two main roles during arenavirus infection: involvement in cellular-viral membrane

fusion and maturation of the SSP/GP-1/GP-2 tripartite complex.

Whilst the exact mechanism is disputed, it is well established that the

SSP of arenavirus GPC is required for glycoprotein maturation [184, 185, 197].

One proposed theory is that SSP ensures correct folding of GPC, which ensures

recognition of S1P/SKI-1 for cleavage [184, 197]. An alternative supported

hypothesis is that the SSP allows trafficking of GPC to Golgi compartments whereby

the S1P/SKI-1 cleavage occurs [185]. Both of these models would result in the

formation of the SSP/GP-1/GP-2 tripartite complex. Concurrently, it is possible

that SSP may function somewhat differently between arenavirus species, since the

first hypothesis was predominately based on LASV, whereby the second was based on

JUNV; as mentioned above, S1P/SKI-1 mediated GPC cleavage occurs in differing

locations for LASV and LCMV, thus this could justify the apparent disparities for

the SSP function [176, 177]. Mutational analysis utilising JUNV SSP highlighted

that residue C57 (introduced mutations; C57A and C57S) is essential for SSP to

associate with the GPC complex [198]. Interestingly, this requirement represents

a likely conserved feature of arenaviruses SSP, since residue C57 is present in

all NW and OW SSP sequences [198]. Further investigations have revealed that

the cytoplasmic domain of GP-2 is essential for the incorporation of SSP within

SSP/GP-1/GP-2 tripartite complexes, and three residues (His-459, Cys-467, and

Cys-469) may interact with SSP C57 to form an intersubunit zinc-binding center

[199].

Intriguingly, JUNV SSP has also been implicated in pH-dependent membrane
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fusion [200]. Again, mutagenesis studies on JUNV SSP established that although

the SSP mutant K33A (lysine to alanine substitution) was proficient during

the processes of GPC transcription, translation, cleavage, assembly, and plasma

membrane trafficking, it was non-functional during pH-dependent membrane fusion

[200]. Alterations to SSP residue K33 resulted in changes to the optimal pH

which was required to trigger membrane fusion, since K33Q (lysine to glutamine)

had an optimal pH of 4.5 compared to pH 5.0 - 5.5 for K33 (WT) [200]. Thus,

although further mechanistic investigations are required, it is proposed that SSP

contributes to pH sensing and the activation of membrane fusion [194, 200].

Additionally, myristylation at the N-terminal glycine of SSP has been shown, by

alanine substitution (G2A), to be required for efficient membrane fusion activity

[201].

GP-1 function

The arenavirus GP-1 is involved in host cell receptor binding [202, 203]. The

target receptor for LCMV (immunosuppressive strains), LASV and NW clade

C viruses is α-dystroglycan (α-DG), which is utilised as the major receptor for

GP-1-mediated attachment to cells [204, 205]. The mechanistic binding of GP-1

to α-DG is conserved between LASV and LCMV since both require the same

regions of the N-terminal globular and central mucin-type domains of α-DG [206,

207]. The conservation of high-affinity binding of α-DG between arenaviruses has

been mapped via sequence comparison to a leucine or isoleucine at position 260,

alongside an adjacent bulky amino acid with an aromatic ring at position 259

[205]. The amino acid at position 260 for GP-1 of LCMV has been linked to

receptor switching or affinity, with evidence from over 35 strains, implying that this

directly causes differences in LCMV pathogenicity and immune response generated

as a consequence of infection [208]. However, not all strains of LCMV enter cells

through binding of α-DG; one strain was shown to retain a high-affinity for α-DG,

but cells that were absent of this receptor were still permissible to infection [209].

Additionally, there are multiple LCMV strains (non-immunosuppressive) that have

low or no affinity to α-DG, and thus must enter cells via alternative mechanisms

[209]. Other receptors have also been shown to be involved in OW arenavirus entry.

For example, the tyrosine kinases (Axl and HGFR) have been implicated in LASV

macropinocytosis-related entry, suggesting an additional functional entry pathway
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during OW arenavirus infection [210]. OW arenaviruses also require GP-1 to switch

receptors in the late endosomes in order to mediate membrane fusion (discussed in

fusion of 1.2.7 section).

For NW arenaviruses within clade A and B, with different alternative entry

mechanisms, transferrin receptor 1 (TfR1) was suggested as an alternative receptor

[211]. However, further studies have highlighted that while the pathogenic NW

arenaviruses JUNV, MACV and GTOV rely heavily on TfR1, alternative unknown

pathways could exist since non-pathogenic TCRV and Amapari virus (AMAV) do

not require TfR1 for entry [212]. Taken together, multiple receptors have been

identified in which GP-1 binds with high-affinity to mediate entry for differing

arenavirus species, however these often represent the main mode of attachment

and it is typical for there to be alternative mechanisms.

GP-2 function

The arenavirus GP-2 undergoes significant irreversible conformational changes

subsequent to environmental cues such as pH, which drives the fusion of viral and

host membranes [190, 191, 213]. As mentioned above, the post-fusion conformation

of LCMV and CASV GP-2 have been solved, resembling that of class I fusion

proteins [190, 191, 214]. The structure of class I proteins is beyond the scope of

the current work, but briefly, energy released through the conformational change

allows the merging of the viral and host membranes to mix, allowing a pore to

be formed. Progressive widening of this pore eventually allows the release of viral

genetic material resulting in cell infection [215].

Glycosylation

The first indication that glycosylation may play an important role in arenavirus

GPC processing was through the use of tunicamycin, a glycosylation inhibitor, which

prevents cleavage of LCMV GPC into the required respective subunits [216]. It was

later identified that GP-1 and GP-2 are glycosylated, with 11 conserved (at least

50%) N-glycosylation sites [217]. Interestingly, mutagenesis investigations found

that sites T87 and S97 are essential, with alanine substitutions in cDNA rendering

recovery of rLCMV impossible [217]. This was corroborated by in vitro findings

showing that when GP-1 with T87 and S97 mutations was transfected into cells,
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expression levels were diminished and mutated GPC could not be cleaved, and thus

was non-functional during fusion [218]. It was proposed that these glycans may

be required to solubilise the glycoprotein [217, 218]. Where glycosylation mutants

were successfully recovered, upon passaging, three reverted to WT (S116, T234

and S373) [218]. The S116 mutant was particularly unstable, and reverted to WT

within 24 hpi, suggesting another essential role of glycans at this residue during

infection [218]. Collectively, all glycosylation mutations introduced, other than

T126A and T173A, had diminished viral fitness. Thus, while further work is required

to understand the mechanistic function for each site, this highlights overall the

importance of glycosylation of arenavirus GP-1 and GP-2 [217]. Similar mutagenesis

experiments were performed with LASV, showing that certain glycosylation sites

were important for SKI-1/S1P mediated GPC cleavage [219]. The glycosylation of

MACV GP-1 has recently been investigated, and interestingly, it was identified that

native infection results in additional glycans at N83 and N166, which confer higher

resistance to neutralising antibodies and virulence in animals [220]. Disruption

of these sites resulted in attenuation of MACV in animals, without significant

disruption to GPC expression, cleavage, or viral fitness in cell culture [220]. Thus,

it was suggested that pathogenicity as a result of the glycans may be a consequence

of neutralising antibodies against GPC, since the generated mutants were more

sensitive to neutralising antibodies. Additionally, infection with the glycosylated

mutants also elicited a higher neutralising antibody response [220].

1.2.6 The matrix protein (Z)

The mammarenavirus L agRNA acts as a transcript for the mRNA encoding for

a small zinc finger protein known as the viral matrix protein (Z). The arenavirus

Z is 90 aa ( 15 kDa), yet despite this has multiple functions including forming

a structural layer within virions [116, 221], inhibiting viral replication (binding of

L) [167, 222], budding [115, 223], binding host cell proteins [224–227] and immune

modulation [228, 229].
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Z structure

A partial structure of JUNV Z has been solved, in complex with L (Figure 1.11)

[158]. The Z protein can be divided into three discrete domains, the N-terminal

regions, the middle really interesting new gene (RING) domain and a C-terminal

region [158, 230]. The structure of Z is two anti-parallel β-strands and one α-helix,

which form one or two zinc fingers depending on species [158, 227].

Figure 1.11: Schematic and structure (in complex with L) of JUNV Z. (A)
Schematic representation of Z, which is divided in three regions: the N-terminal region,
the RING (really interesting new gene) domain and the C-terminal region. Only the RING
domain was fully resolved (blue) with the majority of both the N- and C-terminus yet to
be elucidated (grey dotted lines). (B) Cartoon highlighting the identified JUNV Z (blue)
and L (grey) interaction, alongside a zoomed image (right). (C) Magnified view of the
JUNV Z-L interfaces, with residue numbers involved in this interaction shown. These
figures were taken from [158].
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Z function

Incorporation within virions

Through immunological and biochemical studies, it was identified that Z is

packaged within LCMV virions, and associates closely with NP [116]. Since then, it

is assumed that Z forms a small dense layer between NP and the viral lipid bilayer

[221]. However, the resolution was limited within those images, thus the exact

native orientations and abundances of Z and NP remain to be determined. During

virion incorporation, Z was revealed to interact with the SSP of the glycoprotein

[231]. Interestingly, the Z-SSP interaction was dependent on myristylation, a lipid

modification, of Z. Mutational studies of Z (G2A) using both IF and co-IP indicated

that abolishment of the Z myristylation site disrupts the Z-GPC interaction [231,

232]. It was proposed that the myristylation of Z allows the protein to localise to the

inner lipid leaflet of the plasma membrane, in close contact with SSP/GP-1/GP-2

[231]. It has been shown by co-IP and IF for some arenavirus species that Z may also

bind to NP, and thus potentially regulates vRNP incorporation into virions [223,

225, 228, 233, 234]. Taken together, these Z-NP and Z-GPC interactions imply that

the critical role of Z during arenavirus infection is as a key viral factor for assembly,

allowing all viral proteins to locate to the same sub-cellular locations prior to egress.

Inhibition of viral replication

Interestingly, mini-genome studies have shown that co-transfection of arenavirus

Z inhibits viral replication and RNA synthesis [222]. Subsequent findings have

clarified the mechanism for how Z is able to inhibit viral replication and RNA

synthesis [167]. It was established that MACV Z forms a complex with L, which

locks the polymerase in a catalytic inactive state [167]. The investigations revealed

that L binds to the viral RNA promoter, but the interaction with Z prevents RNA

synthesis [167]. It was proposed that the L-Z interaction may act as a mechanism

to ensure that L is packaged into infectious progeny virions, which then allows the

polymerase to reinitiate RNA synthesis following the release of vRNPs into the

cytosol of newly infected cells [167]. Intriguingly, it was established that JUNV Z,

but not LCMV Z, was able to inhibit RNA synthesis when applied to the MACV

replicon-based system [167].
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Z-mediated budding

Virus-like particle (VLP) studies have been applied to arenaviruses, suggesting

Z is involved in budding [223, 235]. Mutational analysis of the PPPY motif of LCMV

Z highlighted that whilst this region is not involved in transcription or replication,

it is important for VLP production [223]. These hypotheses have recently been

clarified, revealing that the PPXY domains play a role in budding, but mainly

in context of defective interfering (DI) particle production, rather than for the

generation of infectious particles [236]. It was proposed that the PPXY motif may

mediate DI production which instead function for LCMV persistence, allowing the

evasion from the immune response [236]. A follow-up study established that the

Nedd4 family ubiquitin ligases directly interact with LCMV Z, and are responsible

for Z ubiquitination at K10 and K77 [226]. In corroboration, the ubiquitination of

Z was not essential for infectious virion production, but instead played a role in

DI particle production [226]. This finding is likely to be conserved since the same

Nedd4 family ubiquitin ligases were shown to interact with LASV and MOPV Z

[237].

Binding host cell proteins

The ability of arenavirus Z protein to bind Nedd4 ubiquitin ligases [226]

has been discussed above, however Z also interacts with several other cellular

proteins. The first host cell protein shown to directly interact with any arenavirus

protein was the promyelocytic leukemia protein (PML), which was shown to bind

LCMV/LASV Z [238]. When examined via IF, the arenavirus Z protein causes a

nucleus-to-cytoplasmic redistribution of PML [224, 238]. It was later established

that Z/PML negatively regulates mRNA translation, by interacting with and

repressing eIF4E [224, 239]. It was proposed that Z may sequester PML for viral

replication. Additionally, the interaction between LCMV Z and eIF4E may inhibit

the production of cyclin D1; this in turn may justify in the observed slower growth

of infected cells, which allows the progression of chronic infection [239].

Immune modulation

How NP modulates the immune system has been explained above, but for

GTOV, JUNV, MACV and SABV Z has also been shown to modulate the immune

system during arenavirus infection [229]. It was first identified that Z of NW
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arenaviruses, but not OW, independently lead to decreased production of IFN-β

mRNA [229]. Mechanistically, it was established that JUNV Z binds RIG-I,

which prevented downstream immune activation by inhibiting the formation of

RIG-I/Mitochondrial antiviral signalling protein (MAVS) complexes [229]. JUNV

Z was also recognised for its role in preventing NF-κB activation, and for blocking

nuclear translocation of IRF-3 [229]. Collectively, these Z interactions confer a

decreased production of IFN-β induction, contributing to the mechanisms for how

JUNV evades the host innate immune response.

Arenaviruses lacking Z

Interestingly, arenavirus species that belong to the Antennavirus, Hartmanivirus

and Innmovirus genera do not encode a Z protein [240]. It is intriguing

to speculate how these viruses ensure that all proteins are incorporated into

virions, given the discussed established roles of Z. It is plausible that species

of these genera do not perform assembly and egress in the same manner as

mammarenaviruses/reptarenaviruses. One possible explanation for these arenavirus

species could be that budding potentially occurs at the Golgi, as for other

bunyaviruses such as Bunyamwera virus (BUNV) [241–243], and thus Z is not

required to recruit the other viral proteins at the plasma membrane. Additionally,

species of the Antennavirus and Innmovirus genera code for proteins of unknown

function [244–246]. It could be hypothesised that the uncharacterised proteins retain

some of the established Z functions, but this remains to be determined.

1.2.7 Arenavirus replication cycle

The arenavirus replication cycle can be broadly divided into discrete

stages; entry (encompassing receptor-mediated binding and initial endocytosis),

fusion, uncoating, replication (encompassing vRNA transcription and agRNA

synthesis/transcription), virion assembly and egress/budding (Figure 1.12).

Particular stages of the arenavirus multiplication including entry, fusion and

replication are well characterised, yet many questions remain for other stages

particularly uncoating, assembly and egress. Here provided are the details

surrounding each stage, alongside current gaps in knowledge.
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OW and NW attachment

The GP-1 from the glycoprotein trimer on the viral membrane is responsible for

the initial attachment of viruses to their respective receptors for entry [202, 203].

As previously discussed, α-DG has been identified as the receptor utilised for

entry of LASV, LCMV (certain strains), MOPV, MOBV and other Clade C NW

arenaviruses [204, 205] (Figure 1.13). Although closely related to LASV, LUJV

utilises a different entry mechanism, likely due to the evolution of GP-1 [26, 247].

Further investigations characterised the cell surface receptor as neuropilin (NRP)-2,

which GP-1 binds with high affinity to the N-terminal domain [248]. Thus, LUJV

is evidence that the cell surface receptor utilised by arenaviruses is not a restricting

factor of evolution and may in turn act as an evolutionary pressure.

Figure 1.13: Schematic illustrating the differing entry mechanisms
between OW and NW mammarenaviruses. OW mammarenavirus species
binding requires cellular receptors α-dystroglycan (α-DG) or neurophilin (NRP)-2,
while the majority of NW mammarenaviruses require human transferrin receptor 1
(hTrf1). OW mammarenavirus entry is clathrin- and caveolin-independent, whilst NW
mammarenaviruses utilise clathrin-mediated endocytosis. NW mammarenaviruses then
follow the endosomal pathway. Although not well defined, OW mammarenaviruses have
been shown to utilise multi vesicular bodies, which in turn traffic to late endosomes. Upon
environmental cues such as decreasing pH, viral-cellular membrane fusion occurs in the
late endosome, and subsequent uncoating allows the release of vRNPs into the cytoplasm.
This figure was taken from [139].
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Broadly, for Clade A and B NW arenaviruses the cellular receptor TfR1 has

been implicated as a required cellular receptor [211]. However, the non-pathogenic

TCRV, which is phylogenetically closely related to JUNV and MACV, and the

non-pathogenic AMAV, which is closely related to GTOV, do not require TfR1

for entry [212]. TCRV and AMAV have been shown to be dependent on T-cell

immunoglobulin and mucin domain 1 (TIM1) as an entry factor [249]. Interestingly,

it was established that non-pathogenicity of humans for both TCRV and AMAV

relates to the inability of the viruses to recognise and attach to the human TfR1

orthologue, despite retaining the ability to bind the rodent host TfR1 [250, 251]. For

AMAV, it has been uncovered that a single residue mutation would permit binding

of the human TfR1, thus highlighting a selection pressure which could permit AMAV

human infections [250, 252]. Collectively, this highlights the species specificity of

TfR1, and how this influences the host range of each virus. In corroboration, the

rodent hosts utilised by JUNV, MACV and GTOV differ, and this is dependent on

the ability of each virus to specifically bind the different murine TfR1 orthologues

[253]. Furthermore, for JUNV, MACV and GTOV only six amino acids are required

for binding of murine TfR1. Therefore, selection pressure could result in mutations

which would allow JUNV, MACV or GTOV to infect a wider range of rodent species,

thus increasing the potential for the incidence of rodent-human transmission [253].

Taken together, the range of cellular receptors utilised by mammarenaviruses

are well established. However, it could be important to fill current gaps in

our knowledge by identifying the receptors for species of other genera including

Antennavirus, Hartmanivirus, Innmovirus and Reptarenavirus. For example, the

glycoproteins of Reptarenavirus are distinct from other arenaviruses, and instead

they share similarity to the glycoproteins of filoviruses and retroviruses [254].

However, the receptor for any Reptarenavirus species is unknown. Alongside this, it

has been established that pseudotyped reptarenaviruses can infect mammalian cell

lines [255]. By understanding the different range of receptors for these genera, it

may be possible to uncover the reasons for each host range restriction, which may

uncover the likelihood of human spillover.
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OW endocytosis

Following receptor-mediated attachment, virions undergo internalisation via the

endocytic network [256]. The endocytic pathways utilised by OW and NW

arenaviruses differs, consistent with the use of different receptors [257]. The

exact mechanism utilised by OW arenaviruses for endocytosis is unclear, with

contradictory evidence, but it is agreed that OW arenaviruses utilise an unusual

pathway, since the typical mechanisms of endocytosis, clathrin and caveolin, are not

utilised by LCMV during internalisation [257–259]. Within these investigations it

was also proposed that LCMV-endocytosis does not require of dynamin, ARF6,

flotillin or actin [257–259]. Recently, targeted siRNA and use of the inhibitor

Na(+)/H(+) exchanger (NHE), ethyl-isopropyl amiloride have provided evidence

that LCMV internalisation is dependent on NHE, actin and Pak1, proposing that

macropinocytosis could be utilised as a route of entry [260]. Additionally, it has been

shown that LCMV passes through Rab7-containing endosome [92]. Here, IF analysis

performed after treatment with potassium ion channel inhibitors, which prevented

virion uncoating, showed NP/Z representing trapped incoming virions co-localised

with Rab7 [92]. Taken together, this highlights the current disparities regarding how

OW arenavirus endocytosis occurs, and further clarification is required to pinpoint

the exact mechanism.

NW endocytosis

The evidence surrounding endocytosis of NW arenaviruses is very limited, since

only JUNV has been examined [257, 261]. JUNV was revealed to utilise

clathrin-mediated endocytosis [257, 261]; alongside the use of specific inhibitors [261]

and double-negative clathrin-related proteins [257], JUNV particles were visualised

via EM within vesicles resembling clathrin-coated vesicles [261].

Fusion

To release vRNPs into the cytosol to initiate infection, arenaviruses undergo GP-2

mediated viral-cellular membrane fusion. Fusogenic conformational changes of GP-2

are triggered by low endosomal pH and interactions with endocytic co-receptors.

For LASV, a pH-dependent receptor switch from α-DG to LAMP1 (also known
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as CD107a) occurs, which promotes membrane fusion [262, 263]. Since LAMP1

subcellular localisation is restricted to the late endosomes and lysosomes, this also

provides evidence for which endocytic compartments LASV fusion occurs [264, 265].

Interestingly, despite being closely related, both LCMV and LUJV do not require

LAMP1 for fusion. Instead, CD164 and CD63 have been identified as the required

secondary co-receptors required to promote fusion for LCMV and LUJV, respectively

[248, 262, 266, 267]. No secondary receptor for any NW arenavirus has been

identified so far, and this might suggest that receptor switching to mediate fusion

could be specific to OW arenavirus entry. Since neutralising antibodies that target

the receptor switching stage of fusion could be utilised for an effective therapeutic

strategy [268], understanding the remains gaps in our knowledge on arenavirus entry

could be important for development of novel treatment approaches.

Uncoating

For most bunyaviruses, fusion of the viral-cellular membranes permits the release

of vRNA into the cytosol, initiating the downstream processes of infection.

Interestingly, arenaviruses are unique in that an additional step termed uncoating

is required to mediate the process of vRNP release. Recently, it has been shown

that arenaviruses viral membrane becomes permeable during fusion, by using a

system that detects quenching of an intraviral pH-sensor in acidic endosomes prior

to virus fusion [269]. Separate work has shown that LAMP1 causes dilations of

the LASV GPC-mediated fusion pores [270, 271]. Collectively, these investigations

propose that fusion pores and membrane permeability may play a role in uncoating

by ensuring the acidification of interior of virions subsequent to fusion [269–271].

Foundation for this is reasonable, since the M2 viroporin of IAV has ion channel

activity and is important for uncoating of the matrix and nucleoprotein [272, 273].

In addition to this, it was recently shown that K+ ions are essential for early

LCMV infection, being required between 0 - 3 hpi [92]. It was established that

K+ ions are not required for receptor attachment, endocytosis, binding of CD164

or GPC-mediated fusion [92]. However, in the presence of potassium channel

inhibitors, incoming LCMV virions became trapped within Rab7/CD164-positive

late endosome, with inhibition of subsequent NP translation [92]. Thus, a model

was proposed whereby K+ ions are required for arenavirus uncoating, being required
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for dissociation of Z and NP during fusion or post-fusion stages, which allows

infection to progress through the release of vRNPs into the cytosol (Figure 1.14)

[92]. Collectively, investigations surrounding uncoating have primarily focused on

OW arenaviruses, with the assumption that the mechanism of uncoating for NW

arenaviruses is similar. However, since NW arenaviruses utilise a different entry

mechanism, and seemingly do no require secondary receptors, investigations should

corroborate whether the uncoating requirements are conserved between OW and

NW arenaviruses.

Figure 1.14: Schematic depicting the proposed role of potassium ions during
uncoating. Under normal physiological conditions, hydrogen and potassium ions present
at the late endosome ensure that fusion and uncoating occur, respectively, resulting in the
release of vRNPs into the cytoplasm to initiate infection. However, in conditions whereby
potassium ions are depleted, fusion can still occur but uncoating is inhibited. This figure
was taken from [92].
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Replication – Transcription and agRNA synthesis

Since input vRNA are ambi-sense polarity, the initial process inside the cytosol

is transcription of input negative-sense ORFs of vRNA S and L, resulting in

postive-sense NP and L mRNAs, respectively. However, in order for transcription to

occur, a process term ‘cap-snatching’ whereby the cap structures of cellular mRNAs

are cleaved (possibly by the endonuclease activity of L) and utilised as primers for

viral mRNA synthesis is required [274–276]. While the cap-snatching mechanism of

arenaviruses is poorly characterised, it may have similarities to the cap-snatching

mechanism of IAV, which is more established. Briefly, the RdRp of IAV has two

important regions for cap-snatching: the cap-binding of PB2 and the endonuclease

of PA [277]. Within the nucleus, the endonuclease domain of IAV cleaves the caps

of cellular mRNA. The capped RNA primer is then added to the vRNA to allow

initiation of transcription. The length of cap-snatched primers is between 10 and

13 nucleotides and is determined by cleavage consensus sequences [278, 279]. For

IAV, the process of cap-snatching has also been shown to be reliant on the cellular

DNA-dependent RNAPII, with pharmalogical inhibition of RNAPII preventing IAV

primary transcription [280]. Overall, whilst it is expected arenaviruses cap-snatching

may share some characteristics with IAV, major differences exist meaning this

requires specific investigations. Firstly, the cap-snatching for arenaviruses must

occur in the cytoplasm rather than the nucleus. Secondly, the capped cap-snatched

primer of arenaviruses is significantly shorter than IAV, being only 4 – 5 nt [281, 282].

Finally, RNAPII is active within discrete puncta localised to the nucleoplasm, thus it

is unlikely that arenaviruses would require this cellular polymerase for cap-snatching

[283]. Overall, the process of cap-snatching for arenaviruses is not well defined, and

further investigations are required to establish the precise mechanisms.

Additionally, the arenavirus GPC and Z mRNAs cannot be transcribed from

initial vRNAs since these genes are positive polarity. Following the production of

NP and L mRNA, agRNAs are synthesised, which subsequently act as templates for

GPC and Z mRNA transcription. The characteristics of agRNA are not well defined

and the abundance of agRNA during arenavirus infection unknown. Additionally,

it has not been clearly examined whether the agRNA are packaged into infectious

or DI particles.
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Assembly - Viral protein trafficking

Arenavirus mRNA is translated in the cytosol utilising host ribosomes, with

eukaryotic translation initiation factors (eIF) 4A and 4GI shown to be required

for translation of JUNV mRNA [284]. Interestingly, for LCMV, Z has been shown

to bind ribosomal proteins and eIF-4E [285]. It was established through IF and co-IP

that Z can modulate cell translation, repressing host cell protein production in an

eIF-4E-dependent mechanism [285]. This could provide a way in which arenaviruses

manipulate the host cell to drive translation of viral mRNAs specifically. Once

translated, the viral proteins are processed within the cell to allow assembly and

egress to occur. As discussed, GPC is initially processed in the ER, before being

trafficked to the Golgi, and then subsequently trafficked to the plasma membrane.

For NP, which alongside L forms part of the newly synthesised vRNP, trafficking

from the cytosol to the site of RNA synthesis occurs. Since Z-NP interactions are well

defined [223, 225, 228, 233, 234], it has been proposed that vRNP-Z complexes may

traffic together to the plasma membrane. However, arenavirus protein trafficking

within the cells needs further characterisation and could prove new avenues for the

development of effective therapeutics. Many key questions remain; firstly, what

are the cellular vesicles or components responsible for trafficking of GPC from the

ER to the Golgi? Secondly, how do the SSP/GP-1/GP-2 trimers traffic between the

cis-Golgi to trans-Golgi network? In addition, how are the glycoprotein trimers then

transported from the trans-Golgi network to the plasma membrane? And during

this process, what allows SSP/GP-1/GP-2 to be embedded in the cell membrane

correctly? Finally, how do newly formed vRNPs traffic from the cytoplasm to the

site of assembly, and what cellular components are involved?

Egress

It is widely accepted that budding and egress of infectious arenavirus virions occurs

at the plasma membrane. Polarisation of cells has also been shown to be important

for virus budding, with JUNV revealed to produce 100-fold higher progeny virus

from apical membranes of polarised epithelial cells when compared to the basolateral

[286]. This was corroborated with LASV, showing that GP of LASV preferentially

localises to the apical membranes of polarised membranes, with a 200-fold increase
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in virion production compared to the basolateral membranes [287]. It is generally

accepted that the Z-NP and Z-SSP interactions ensure that vRNPs are packaged into

infectious progeny during the budding process [223, 225, 228, 231–234], although the

succession of this is yet to be established. In any case, Z is regarded as important

during the budding process. However, given budding has contradictory evidence

surround the requirement of the PPXY domain of Z and ESCRT components, further

investigations are required to understand the exact mechanisms of egress [223, 226,

228, 236, 288].
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1.4 Project Aims

The presented work of this thesis aimed to investigate the later stages of arenavirus

infection. The thesis utilised LCMV as a biosafety level (BSL) 2 model pathogen,

with the extrapolation to the more harmful BSL 4 arenaviruses. By understanding

the requirements for later stages of arenavirus infection, specific therapeutic could

be developed which may lessen pandemic potenital. Three main objectives were

established for this project:

1. Investigating the role of cellular COPI and AP-4 complexes in
Lymphocytic choriomeningitis arenavirus infection. Cellular COPI

and AP-4 vesicle components were identified via an siRNA trafficking screen as

important during LCMV infection. The aim was to investigate the which stages of

infection required COPI and AP-4 complexes.

2. Exploring the requirement of cell-cell connections within
Lymphocytic choriomeningitis arenavirus infection. Using live

cell imaging alongside rLCMV-EGFP, an unusual spread of LCMV throughout an

infected culture was observed. Interestingly, cells adjacent to infected cells would

often become infected, despite the lack of a semi-solid overlay. This allowed the

hypothesis that LCMV may utilise cell-cell modes of transmission. The aim was to

investigate the reliance on cell-cell connections during infection.

3. Investigating phosphorylation of Lymphocytic choriomeningitis
arenavirus nucleoprotein during infection. This objective was conceived

due to the finding of a post-translational modification of LCMV NP. Through mass

spectrometry analysis, it was identified that LCMV NP is phosphorylated. The

aim was to investigate the role of this modification during LCMV infection.

In summary, the focus of this project was on clarifying the viral and host

requirements during the later stages of LCMV infection. Alongside these aims,

rLCMV tools have been developed, such as the GP1-FLAG and L-cMYC tags,

which assisted in these objectives, but can be applied to future investigations.
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2.1 Abstract

Lymphocytic choriomeningitis virus (LCMV) is a bisegmented negative-sense RNA

virus classified within the Arenaviridae family of the Bunyavirales order. LCMV

is associated with fatal disease in immunocompromized populations, and as the

prototypical arenavirus, acts as a model for the many serious human pathogens

within this group. Here, we examined the dependence of LCMV multiplication

on cellular trafficking components using a recombinant LCMV expressing enhanced

green fluorescent protein in conjunction with a curated siRNA library. The screen

revealed a requirement for subunits of both the coat protein 1 (COPI) coatomer and

adapter protein 4 (AP-4) complexes. By rescuing a recombinant LCMV harboring

a FLAG-tagged glycoprotein (GP-1) envelope spike (rLCMV-GP1-FLAG), we

showed infection resulted in marked co-localization of individual COPI and AP-4

components with both LCMV nucleoprotein (NP) and GP-1, consistent with their

involvement in viral processes. To further investigate the role of both COPI and

AP-4 complexes during LCMV infection, we utilized the ARF-I inhibitor brefeldin

A (BFA) that prevents complex formation. Within a single 12-h cycle of virus

multiplication, BFA pre-treatment caused no significant change in LCMV-specific

RNA synthesis, alongside no significant change in LCMV NP expression, as

measured by BFA time-of-addition experiments. In contrast, BFA addition resulted

in a significant drop in released virus titers, approaching 50-fold over the same 12-h

period, rising to over 600-fold over 24 h. Taken together, these findings suggest COPI

and AP-4 complexes are important host cell factors required for the formation and

release of infectious LCMV.

2.2 Importance

Arenaviruses are rodent-borne, segmented, negative-sense RNA viruses, with

several members responsible for fatal human disease, with the prototypic member

lymphocytic choriomeningitis virus (LCMV) being under-recognised as a pathogen

capable of inflicting neurological infections with fatal outcome. A detailed

understanding of how arenaviruses subvert host cell processes to complete their

multiplication cycle is incomplete. Here, using a combination of gene ablation and
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pharmacological inhibition techniques, we showed that host cellular COPI and

AP-4 complexes, with native roles in cellular vesicular transport, were required

for efficient LCMV growth. We further showed these complexes acted on late

stages of the multiplication cycle, post-gene expression, with a significant impact

on infectious virus egress. Collectively, our findings improve the understanding

of arenaviruses host-pathogen interactions and reveal critical cellular trafficking

pathways required during infection.

Keywords: AP-4; COPI; LCMV; arenavirus.

2.3 Chapter Introduction

The Arenaviridae family within the Bunyavirales order of segmented negative

sense RNA viruses currently compromises 56 species, which are sub-divided into

four genera: Antennavirus, Hartmanivirus, Mammarenavirus and Reptarenavirus.

Members of the Mammarenavirus genus can infect mammals [1–3] and notable

species include Lassa virus (LASV) and Junín virus (JUNV), for which infections

can result in haemorrhagic fever and subsequent fatality in approximately 1-2 % and

30 % of human cases, respectively [4, 5]. Currently, no specific antiviral therapeutics

or FDA-approved vaccines exist to target any member of the Arenaviridae family

[6]. Combined, these factors contribute to the classification of LASV, JUNV and

several other arenaviruses as hazard group 4 pathogens, requiring the highest BSL

4 containment for their study, which has hindered research progress.

Lymphocytic choriomeningitis virus (LCMV) is classified within the

Mammarenavirus genus and causes a persistent infection within the common

house mouse, Mus musculus, which acts as the primary host. Rodent-to-human

transmission frequently occurs but rarely results in severe disease [7]. LCMV

exhibits tropism for non-differentiated neuroblasts and in some populations,

including immunocompromised patients or neonates, can lead to aseptic meningitis

[8, 9]. Specifically, the LCMV Armstrong strain acts as an effective research

model for more pathogenic mammarenaviruses due to shared structural and

functional characteristics, and requirement for more amenable BSL-2 containment

facilities for its study. The LCMV genome comprises small (S) and large (L)
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segments and encodes four structural proteins using an ambi-sense transcription

strategy. Following entry, the input virion-associated (vRNA) S and L segments

are transcribed by the viral RNA-dependent RNA polymerase (RdRp) to generate

mRNAs encoding nucleocapsid protein (NP) and RdRp, respectively. Subsequent

vRNA replication yields S and L anti-genome (ag) RNAs, which act as templates for

the transcription of mRNAs encoding a glycoprotein precursor (GPC) and matrix

protein (Z) [10, 11]. Post-translational cleavage of GPC results in the production

of N-terminal glycoprotein-1 (GP-1), C-terminal glycoprotein-2 (GP-2) and stable

signal peptide (SSP), that remain associated as trimers [12–15].

Although LCMV has been studied heavily from an immunological perspective,

many molecular details underpinning its multiplication are yet to be determined. It

is thought that LCMV first attaches to the cell at the plasma membrane (PM) by

binding to cellular receptor α-dystroglycan, although members of the Tyro3, Axl,

and Mer (TAM) family and C-type lectins have also been implicated [16, 17]. LCMV

is internalised, potentially via macropinocytosis due to the requirement of actin

remodelling and Pak1 [18], after which virions are trafficked via multivesicular bodies

(MVBs) to late endosomes. Here, following interaction with secondary receptor

CD164, GP-2 mediates endosomal fusion and subsequent release of the vRNAs

into the cytosol [19, 20]. The site of arenavirus RNA synthesis is unclear, with

reports of newly made mRNAs located within processing bodies [21] and agRNA

and vRNAs compartmentalised within specialised NP-induced organelles known as

replication-transcription complexes [22]. Following translation, GPC is glycosylated

within the endoplasmic reticulum (ER) then post-translationally cleaved by the

resident ER signal peptidase to release the SSP, which remains associated with the

GPC whilst it is trafficked to, and throughout, the Golgi [23]. Here, GPC is further

cleaved by subtilisin kexin isozyme-1/site-1 protease (SKI-1/S1P) to release GP-1

and GP-2, which associate alongside SSP as trimers [24–26]. While the site of viral

budding is unclear, virion assembly requires Z-mediated recruitment of endosomal

sorting complex required for transport (ESCRT) components; Z is proposed to

recruit RNPs via interaction with NP, and myristylation of Z is required for virion

incorporation of glycoprotein trimers [27, 28].

Here, using a curated siRNA library targeting the expression of cellular proteins

involved in vesicular trafficking we showed the efficient LCMV multiplication in

86



CHAPTER 2. LCMV ASSEMBLY AND EGRESS REQUIRES COPI AND AP-4

the neuronal cell line SH-SY5Y required components of the coat protein I (COPI)

and adaptor protein 4 (AP-4) complexes. Disrupting the formation of these

complexes using brefeldin A (BFA) resulted in redistribution of LCMV GP-1 and NP,

corroborating a role for AP-4 and COPI components in LCMV protein trafficking.

Quantification of LCMV-specific vRNA, protein expression and viral titres during

single-step growth, alongside BFA time-of-addition assays, indicated COPI and

AP-4 complexes are not required for efficient gene expression, but are important

for LCMV assembly and egress. Overall, this study improves our understanding

of arenavirus-host interactions, which may aid in the identification of targets for

effective anti-arenaviral therapies.

2.4 Results

Identification of the trafficking components required during LCMV

multiplication

The role of host cell trafficking components in LCMV multiplication and egress

was assessed using a focused siRNA library comprising three different siRNAs

specific for each of 87 host trafficking genes. To facilitate the screen, a recombinant

LCMV expressing eGFP (rLCMV-eGFP) using a P2A-linked [29–32] eGFP open

reading frame (ORF) appended to the NP ORF (Figure 2.1A) was used, rescued as

previously described [32]. Using this virus, measurement of total integrated intensity

of eGFP expression (TIIE) represented a surrogate for LCMV multiplication and

infection progression (Figure 2.1B). Following reverse transfection of each individual

siRNA, human-origin neuronal SH-SY5Y cells were infected with rLCMV-eGFP at a

multiplicity of infection (MOI) of 0.2 and live-cell images were acquired to measure

TIIE at 24 hpi (Figure 2.1C). At this time point, rLCMV-eGFP has undergone

multiple infection cycles in these cells [32] thus, a significant reduction in TIIE

relative to the positive control (virus plus transfection reagent only) could represent

inhibition of any stage of the LCMV replication cycle encompassing binding, entry,

replication, assembly or egress.
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Figure 2.1: Rescue of a recombinant LCMV expressing eGFP used to
perform an siRNA screen to identify cellular factors involved in LCMV
multiplication.(A) Schematic of rLCMV segments, showing the location of the eGFP
open reading frame within the S segment. (B) Live cell images of A549 cells infected with
LCMV-eGFP showing eGFP fluorescence at 24 hpi. (C) Schematic of the siRNA screen
protocol.

The impact of each individual siRNA on overall multiplication and infectious

virion production was tested four times (supplementary data set S1) and the 30

genes with the greatest mean TIIE reduction across all three individual siRNAs are

listed in Figure 2.2, alongside appropriate controls.

AP-4 and COPI vesicle components are required for productive LCMV

infection.

rLCMV-eGFP-mediated TIIE in siRNA transfected cells was most-reduced following

knockdown of AP-4 component AP4M1, with a mean TIIE level at 24 hpi of 44%

compared to scrambled (Figure 2.2; siRNA 1 = 0.5771 [P = 0.0091]; siRNA 2 =

0.2412 [P = 0.0041]; siRNA 3 = 0.4935 [P=0.0013]). In addition, knockdown of

a second AP-4 component, AP4B1, resulted in a mean TIIE level of 64%. The

second most-reduced TIIE level was for COPI vesicle component COPA, with 45%
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TIIE compared to scrambled (Figure 2.2; siRNA 1 = 0.5335 [P = 0.0006]; siRNA

2 = 0.2524 [P = 0.0013]; siRNA 3 = 0.5664 [P = 0.0029]), with these siRNAs

proving effective for knockdown of the corresponding COPA target and also infection

of the related Hazara nairovirus [33]. In addition, knockdown of a second COPI

component, COPB1, resulted in 53% TIIE.

Interestingly siRNA knockdown of other components required indirectly to

form both AP-4 and COPI vesicles, namely the small GTP-binding protein

ADP-ribosylation factor 1 (ARF-1) and Golgi BFA-resistant guanine nucleotide

exchange factor 1 (GBF-1) (30), also resulted in significantly reduced TIIE levels

(Figure 2.2; ARF-1; siRNA 1 = 0.6543 [P = 0.0185]; siRNA 2 = 0.7418 [P =

0.0600]; siRNA 3 = 0.5500 [P = 0.0002] GBF-1; siRNA 1 = 0.7750 [P = 0.1478];

siRNA 2 = 0.3474 [P = 0.0001]; siRNA 3 = 0.77 [P = 0.0100]). GBF-1 is a guanine

exchange factor (GEF) responsible for activation of ARF-1, which then binds GTP

to allow recruitment of intact COPI heptameric complexes and their subsequent

anchoring within membranes [34]. The recruitment of AP-4 vesicles to the TGN is

also regulated by ARF-1, a process mediated by direct interaction between AP4M1

and ARF-1, following its activation [35]. Taken together, these findings suggested

important roles for both AP-4 and COPI complexes in the LCMV multiplication

cycle.
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Figure 2.2: Top 30 gene targets impacting rLCMV-eGFP growth, identified
using an siRNA screen of cellular factors involved in vesicle trafficking. Viral
growth was measured by total integrated intensity of eGFP expression (TIIE) relative to
virus plus transfection reagent control, following siRNA knockdown at 24 hpi. Percentage
TIIE values are shown for three individual siRNAs against a single gene target. Each
percentage value represents the mean of four experimental repeats, and the colours indicate
the levels of reduction in TIIE from red (most reduction) to white (least reduction).
Genes highlighted in boldface represent those associated with COPI and AP-4 vesicles.
All transfections included scrambled (scr), mock infected and infected plus transfection
reagent controls, from four repeats, tabulated below.
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Generation of a recombinant infectious LCMV bearing a FLAG tagged

GP-1.

AP-4 and COPI complexes localise within the Golgi [35–38] and given that LCMV

GPC is known to be proteolytically-cleaved and post-translationally modified within

this compartment [26], we wished to develop a tool to simultaneously assess GP

distribution alongside NP during virus infection.

Figure 2.3: Generation of a recombinant LCMV expressing a FLAG-tagged
GP-1. (A) Alignment of partial GP-1 sequence of selected Old-World arenaviruses
identifying a region of low conservation as a potential FLAG tag insertion site (green). (B)
Western blot analysis of transfected BSR-T7 and infected BHK-21 cell cultures confirming
LCMV-GP1-FLAG rescue, using antisera specific for LCMV NP and GAPDH as loading
control. (C) Immunofluorescence focus forming assay for rLCMV-GP1-FLAG showing foci
by staining at 3 dpi for LCMV NP, GP-1 (FLAG) alongside merged channels.
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To achieve this, we generated rLCMV with a FLAG epitope tag inserted

within GP-1 (rLCMV-GP1-FLAG). The site for FLAG insertion was rationally

selected by identification of regions of high sequence variation between various

OW arenavirus members (Figure 2.3A) and a SWISS-MODEL prediction of the

GP-1 structure, which revealed the selected site was within a flexible and surface

exposed region, thus a suitable candidate for detection by immunofluorescence

(IF). Subsequent virus rescue was confirmed by western blotting (Figure 2.3B) and

using an immunofluorescent focus forming assay (FFA) utilising NP and FLAG

(GP-1) antibody staining, which revealed the resulting virus rLCMV-GP1-FLAG

was infectious, the FLAG epitope was confirmed as accessible to antibody detection

and yielded viral titres of around 105 pfu/mL (Figure 2.3C).

Analysis of LCMV NP and GP-1 localization.

IF analysis of rLCMV-GP1-FLAG infected A549 cells at 24 hpi using NP and

FLAG antisera revealed NP and GP-1 distribution was distinct; while NP was

distributed widely in perinuclear regions with occasional dense puncta, GP-1 was

mostly localised on one side of the nucleus, reminiscent of Golgi distribution (Figure

2.4A). To confirm Golgi localisation of GP-1, we performed IF using antisera

specific for both FLAG and the cis-Golgi marker GM130, for which many peak

intensities spatially corresponded, quantified by line scan analysis across a distance

of approximately 20 µm (Figure 2.4B). This confirmed previous localization studies

that used transient LCMV GPC expression [39], although here, we report for the

first time the cellular location of GP-1 expressed from an infectious LCMV.
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Figure 2.4: LCMV GP-1 co-localises with Golgi marker GM130 in
rLCMV-GP1-FLAG infected cells. (A) Confocal microscopy of uninfected and
rLCMV-GP1-FLAG infected cells at an MOI of 0.1 at 24 hpi. A549 cells were stained
with antisera specific for GM130 (magenta), GP-1 (cyan), and NP (red) alongside DAPI.
A zoomed image for both uninfected and infected (white boxes) for all channels is shown,
alongside merged channels. (B) Line scan for the region highlighted in the zoomed merged
image in panel A (scan line represented by a white arrow), showing intensities of channels
corresponding to NP, GP-1 and GM130 across a 20 µm distance.

rLCMV infection results in redistribution of COPI complex

components.

Using rLCMV-GP1-FLAG, we next examined the spatial proximity of NP and GP-1

alongside components of the COPI complex.

As expected, native COPA staining within uninfected cells presented as discrete

puncta with characteristic ER/Golgi distribution (Figure 2.5A-B). In contrast,

within rLCMV-GP1-FLAG infected cells, a portion of COPA staining exhibited

this same native ER/Golgi localisation, but in these infected cells COPA staining

was also detected outside perinuclear regions, extending throughout the cytoplasm.
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Figure 2.5: LCMV NP and the COPA component of COPI complexes
co-localize in LCMV infected A549 cells. (A) Confocal microscopy of uninfected
and rLCMV-GP1-FLAG infected cells at 15 hpi, MOI of 0.1. A549 cells were stained
with antisera specific for COPA (green), GP-1 (cyan), and NP (red) alongside DAPI.
(B) A zoomed image for both uninfected and infected (white boxes) for all channels is
shown, alongside merged channels. (C) Line scan for the region highlighted in the zoomed
image in panel B (scan line represented by a white arrow), showing intensities of channels
corresponding to NP, GP-1 and COPA across a 10 µm distance.
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This redistributed COPA staining closely corresponded with that of NP, which

is represented in the merged image and associated line scan (Figure 2.5C). To

examine whether COPA and NP interacted directly, we immunoprecipitated LCMV

NP from infected cells and performed mass spectrometry analysis of the eluate,

however COPA was not identified, suggesting any interaction between NP and

COPA was indirect (data not shown).

Co-staining with FLAG antisera revealed GP-1 occupied a restricted area within

that occupied by COPA, with many of the peak intensities of GP-1 and COPA

being closely aligned, as shown by line scan analysis (Figure 2.5C). This GP-1

and COPA colocalization was consistently imaged across all infected cells analysed

(Supplementary figure 6.1A). As with our previous observations, described above

(Figure 2.4A and B), NP and GP-1 occupied distinct regions, and the positions of

their peak intensities or general abundance did not precisely correspond.

Taken together, these findings suggest a close association between COPA and

NP, as well as between COPA and GP-1, consistent with a role for COPI in LCMV

NP and GPC functions.

rLCMV infection results in redistribution of AP-4 complex components.

As with components of the COPI complex described above, rLCMV-GP1-FLAG

allowed examination of the spatial proximity of NP and GP-1 alongside components

of the AP-4 complex. Staining uninfected cells with antisera for AP-4 subunit

AP4E1 (Figure 2.6A-B) revealed its location within the trans-Golgi network,

consistent with previous reports [37, 38]. In contrast, within rLCMV-GP1-FLAG

infected cells, the majority of AP4E1 was located diffusely throughout the

cytoplasm, suggestive of re-distribution.

Staining of rLCMV-GP1-FLAG infected cells with NP antisera revealed close

co-localisation with AP4E1, suggesting NP was responsible for the observed AP4E1

redistribution (Figure 2.6C). In contrast, while GP-1 staining occupied a portion

of that occupied by AP4E1/NP, its distribution was less extensive and more

reminiscent of Golgi, as described above. To gain a better overall representation

of GP-1, NP and AP4E1 distribution, colocalization of all these components was

imaged in multiple different rLCMV-GP1-FLAG infected cells
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Figure 2.6: LCMV NP and the AP4E1 component of AP-4 complexes
co-localize in rLCMV-GP1-FLAG infected A549 cells. (A) Confocal microscopy
of uninfected and rLCMV-GP1-FLAG infected cells at 15 hpi, MOI of 0.1. A549 cells
were stained with AP4E1 (white), GP-1 (cyan), and NP (red) and DAPI. (B) A zoomed
image for regions of both uninfected and infected cells (white boxes) for all channels is
shown, alongside merged channels. (C) Line scan analysis for the region highlighted in the
merged zoomed image shown in panel B (scan line represented by a white arrow) showing
intensities of channels corresponding to NP, GP-1 and AP4E1 across a 17 µm distance.
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(Supplementary figure 6.1B), which revealed a consistent outcome.

Taken together, these findings suggest AP4E1 is redistributed during LCMV

infection adopting a localization that closely matches that of NP, consistent with a

role for AP-4 complexes during the viral multiplication cycle.

BFA treatment of LCMV infected cells during single-step growth does

not significantly affect gene expression or genome RNA replication.

To further investigate the role of COPA and AP-4 complexes in the LCMV

replication cycle, we used brefeldin-A (BFA), which inhibits ARF-1 activation,

blocking formation of COPI and AP-4 complexes (Supplementary figure 6.2) [40,

41]. We determined that BFA was non-toxic for human-origin A549 cells in

concentrations up to 5000 ng/mL (Supplementary figure 6.3A), at which NP and

eGFP expression were impacted during multi-step growth measured at 24 hpi

(Supplementary figure 6.3B-D). As a positive control, we showed BFA efficacy

against influenza A virus (IAV) gene expression, measured by expression of IAV

NP and eGFP expression, previously shown to be diminished by BFA treatment

[33, 42].

We confirmed BFA resulted in the expected cellular changes by staining

BFA-treated cells with antisera specific for COPA and AP4E1 components.

Under normal cellular conditions, both COPA and AP4E1 localised in discrete

perinuclear regions, consistent with Golgi/TGN localisation (Supplementary figure

6.4). However, upon addition of 5000 ng/mL BFA for 1 hour, both COPA and

AP4E1 staining became diffusely distributed throughout the cytoplasm.

We next examined the effect of BFA on LCMV gene expression over a single

cycle of LCMV infection, which we have previously determined to take 10-12 hours,

when infectious virions are first released [32]. A549 cells were pre-treated for 45 min

with BFA at 5000 ng/mL prior rLCMV-eGFP infection at an MOI of 5, chosen to

facilitate detection of viral activities at early time points. To measure rLCMV-eGFP

gene expression, TIIE was measured hourly, with BFA addition initially showing no

significant impact on eGFP expression at times up to 7 hpi, and causing a small but

significant drop in eGFP expression between 8-12 hpi of around 0.25 fold (Figure

2.7A).
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Figure 2.7: Temporal analysis of LCMV gene expression and vRNA synthesis
suggests BFA treatment has little impact of LCMV gene expression. (A) A549
cells were pre-treated with BFA (5000 ng/mL) and then infected with rLCMV-eGFP at an
MOI of 5. At hourly intervals, TIIE was quantified, normalised for confluency over three
experimental repeats, with error bars showing deviation from the mean. (B) A549 cells
were pre-treated with BFA (5000 ng/mL) and then infected with rLCMV-eGFP at an MOI
of 5. At the indicated timepoints, cells were harvested for RNA extraction and RT-qPCR
used to quantify S segment vRNA at each timepoint, normalised to the respective 1 hpi
control. Four experimental repeats were performed, with error bars showing deviation from
the mean. (C) For time of addition assays, A549 cells were infected with rLCMV-eGFP
at an MOI of 5, with BFA added at bi-hourly intervals and remaining present for the
duration of a single-round of infection. eGFP cell count was quantified, normalised to the
untreated control, with three experimental repeats represented, with error bars showing
deviation from the mean. (D) Live-cell fluorescence images of with mock, untreated, BFA
added at 0 hpi and 10 hpi shown as examples. (E) Alongside, cell lysates were probed
using antisera for LCMV NP and GAPDH as a loading control with band intensities
quantified using densitometry and plotted showing relative fold-change of NP expression
over three experimental repeats with error bars showing deviation from the mean, with a
representative western blot shown in (F).
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Next, to determine whether BFA treatment impaired LCMV RNA synthesis,

we quantified S segment vRNA abundance during a single-round of infection, as

above, achieved by limiting the time frame of analysis up to 12 hpi. rLCMV-eGFP

infected cells were harvested for RNA extraction at 1, 6 and 12 hpi, with S segment

vRNA abundance determined by qRT-PCR analysis, with the 1 hpi timepoint

used to normalise variation in input vRNA quantity. This analysis revealed no

significant difference in S segment vRNA abundance for any timepoint analysed

between BFA treated and untreated samples (S vRNA; 6 hpi [P = 0.104729]; 12 hpi

[P = 0.061214]) (Figure 2.7B). Thus, we conclude that BFA has no detectable effect

on vRNA production within a single-round of infection.

Time-of-addition experiments suggest BFA treatment has no significant

impact on LCMV NP production.

To corroborate our finding that BFA treatment had little or no impact on either

LCMV gene expression or RNA synthesis, we performed time-of-addition (TOA)

experiments, with BFA added to cultures at various times post infection. Cells

were infected with LCMV-eGFP with an MOI of 5, then treated with BFA at time

points of 0, 2, 4, 6 and 10 hpi, with sampling restricted to a 12 hpi window, chosen

to span a single LCMV multiplication cycle [32], as above (Figure 2.7A and B).

Impact of BFA treatment was first assessed by determining the eGFP cell count

within infected cultures, measured by live cell fluorescence imaging and normalised

for confluency over three independent experimental repeats (Figure 2.7C and D),

with BFA treatment causing no significant decrease in eGFP expression.

As an orthogonal approach, we also assessed NP expression from TOA cultures

(MOI of 5), with all lysates harvested at 12 hpi regardless of BFA-treatment

times and analysed by Western blotting using NP antisera. Quantification of

three independent experimental repeats (Figure 2.7E and F) revealed that LCMV

NP expression was not significantly diminished by BFA treatment at any of the

timepoints, even when BFA was present from the entire experimental period, from

0 hpi (Figure 2.7E; compare untreated and 0 hpi data points). Thus, the addition

of BFA at temporally distinct phases of a single LCMV infection cycle had no

significant impact on gene expression.
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BFA treatment inhibits infectious virus assembly and release.

The results presented above showed BFA treatment of rLCMV-eGFP infected cells

resulted in no significant change in LCMV NP expression (Figure 2.7E and F).

Next, the affects of BFA treatment on infectious virus release were assessed. As for

the previous experiments where gene expression was examined, we wanted to assess

virus release during a single round of infection only. To achieve this, we performed a

classical virus growth experiment with A549 cultures infected with LCMV-eGFP at

an MOI of 5, with or without BFA pre-treatment, with supernatants harvested at 12

hpi when infectious virus is first released [32]. Supernatants were also harvested at

additional 16, 20 and 24 hpi timepoints for completeness, and viral titres calculated

by FFA represented relative to the untreated 24 hpi sample (Figure 2.8A), with

the actual titres tabulated alongside (Figure 2.8B). In BFA treated cultures (Figure

2.8A; red data points) the titres at all timepoints were consistently less than 1%

of the untreated control (Figure 2.8A; blue data points) (BFA viral titres; 12 hpi

0.62% [P = 0.000006872]; 16 hpi 0.49% [P = 0.000004219]; 20 hpi 0.26% [P =

0.000000364]; 24 hpi 0.21% [P = 0.000000316]) thus showing BFA treatment exerts

major influence on virion production, with mean titres reduced by over 46-fold at

the 12 hpi time point increasing to over 646-fold at 24 hpi (Figure 2.8B), with

representative FFAs shown in Figure 2.8C.

Taken together, these data suggested that LCMV gene expression and vRNA

production were not significantly affected by BFA treatment. In contrast, BFA

treatment exerted major influence the production of infectious virus, suggesting an

important role for COPI and AP-4 complexes in this process.
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Figure 2.8: BFA-treatment has a major impact on LCMV growth. (A) A549
cells were either untreated or pre-treated with BFA (5000 ng/mL) and then infected with
rLCMV-eGFP at an MOI of 5. At the indicated times post infection, viral supernatants
were collected and subjected to titration via FFA, with titres from three experimental
repeats plotted alongside the indicated timepoint, normalised to the 24 hpi untreated
control, with error bars showing deviation from the mean. (B) Tabulated mean viral
titres (ffu/mL) for three independent experimental repeats for supernatants harvested at
12, 16, 20 and 24 hpi, for both untreated (blue) and BFA-treated (red) conditions, with
the mean fold-change ratio of untreated/BFA-treated, also shown. (C) Representative
images of FFA wells, for both untreated and BFA-treated cultures, at dilutions of neat,
and 10-1
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2.5 Discussion

Here, we used rLCMV-eGFP for identification of host cell trafficking factors required

for LCMV multiplication, with measurement of virus-specific eGFP expression

allowing high-throughput screening of siRNA-mediated gene knock down of host

cellular genes on various stages of the LCMV multiplication cycle.

The siRNA screen comprised 261 siRNAs, specific for 87 target genes, and

revealed an important role for multiple cellular factors, of which multiple components

of AP-4 and COPI coatomer complexes were highly ranked, judged by the

impact of expression knock down on virus-specific eGFP expression (Figure 2.1).

Corroborating the importance of COPI and AP-4 components, ARF-1, and GBF-1,

required by both AP-4 and COPI complexes for anchorage to Golgi membranes [43],

were also high-ranking in terms of LCMV gene expression knock down. AP4M1 is

one of four components of the AP4 complex that perform native cellular roles in

trafficking of cargo proteins from the TGN to the plasma membrane [38], whereas

COPA is one of seven components of the COPI complex, with well-characterised

involvement in Golgi-ER retrograde transport and intra-Golgi trafficking, but

also expression of cell surface receptors and maturation of early endosome to

autophagic vacuoles [44]. To gain a better understanding of AP-4 and COPI

involvement in the LCMV multiplication cycle, we generated a recombinant LCMV

mutant rLCMV-GP1-FLAG containing a FLAG-tagged epitope within GP-1, which

alongside our existing NP antisera allowed the spatial cellular distribution of

these viral components to be examined alongside AP-4 and COPI complexes

within virus-infected cells. First, using this virus we showed LCMV GP-1 was

predominantly located within the Golgi compartment. This was distinct from NP

staining, which was dispersed more widely throughout the cytoplasm, while also

sharing some Golgi localization.

Next, we examined the cellular localisation of AP4E1, NP and GP-1, which

showed virus infection led to redistribution of AP4E1 away from its characteristic

trans-Golgi location, to occupy regions of the cell where GP-1 and in particular NP

was most abundant, suggestive of a close interaction between these components.

Selection of AP-4 cargo is known to be mediated through binding of a YXXØ or

dileucine based motifs [(D/E)XXXL(L/I) and (LL/LI)] within the cytoplasmic tail
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of cargo proteins to the AP4M1 subunit [38, 45]. LCMV NP has three YXXØ

and eleven LCMV dileucine based motifs; GPC has six YXXØ and ten dileucine

based motifs, although none lie within the predicted cytoplasmic tails, despite these

tail domains being crucial in GP-1/GP-2 trafficking to the plasma membrane [46].

One possibility is that NP-mediated redistribution of AP-4 could be mediated by

components of the GPC, for instance during transport of partially assembled RNPs

in association with GPC components to a plasma membrane assembly site.

Currently there are many reports of viral subversion of members of the adapter

protein complexes (AP1-5), although with few reports of viral roles specifically for

the AP-4 complex [39, 47]. In the case of Hepatitis C virus (HCV), mutational

studies showed that the HCV NS2 protein binds to the AP4M1 subunit via its

dileucine motifs. When these motifs were mutated, HCV RNA replication was

not impaired, yet extracellular viral titres were reduced [45]. This study also

implicated AP-4 in promoting direct cell-to-cell spread [45]. Another example of

viral AP-4 subversion is for Epstein-Barr virus (EBV) of the Herpesviridae family,

which encodes a transmembrane glycoprotein BMRF-2 that has previously been

shown to interact with the µsubunit of AP-4, permitting BMRF-2 trafficking from

the TGN to the basolateral plasma membrane and thus EBV egress [48].

This study also focussed on the COPI coatomer complex, with knock down of

two of its substituent components, COPA and COPB1, resulting in an approximately

50% reduction in LCMV-mediated eGFP expression within the siRNA screen

protocol. Although components of COPI complexes have previously been described

as important for the LCMV replication [49], this is the first report of COPI

component involvement in a neuronal cell line that is relevant to the LCMV

replication cycle. As described above for AP-4, using rLCMV-GP1-FLAG allowed

examination of GP-1 and NP localization in relation to COPI components. This

analysis revealed a high degree of colocation between COPA and NP in both

dense puncta and also a more dispersed cytoplasmic distribution, as well as close

co-localization between GP-1 and COPA, although within a more restricted region,

characteristic of the Golgi. Taken together these findings are entirely consistent

with COPI components playing important roles in virion assembly and egress,

corroborating the results of the siRNA knock down analysis.

Also supportive of a role for COPI in LCMV multiplication was the finding that
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BFA pre-treatment of infected cells resulted in no significant reduction in LCMV

NP expression, within a single infectious cycle (Figure 2.7E) but almost 50-fold

reduction in infectious virion production over the same period (Figure 2.8A and B),

indicating a role for COPI and AP-4 complexes in the release of infectious virus. It

is well-established that LCMV GPC is cleaved to GP-1/GP-2/SSP trimers by host

cell protease SKI-1/S1P within the Golgi [26] and so one possibility is that canonical

COPI complexes are utilised for intra-Golgi and retrograde Golgi-ER trafficking [50]

that may be required for efficient GPC proteolytic processing.

The use of siRNA mediated depletion or BFA treatment has provided many

examples where COPI components are required for efficient virus multiplication

[44], with many examples from within the Bunyavirales order. We have previously

reported a reliance on COPI complexes and ARF-1 involvement for the bunyavirus

Hazara virus (HAZV), which is a species within the Nairoviridae family [33], a

group that share many genetic and functional characteristics with the arenaviruses

[51]. We showed HAZV requires COPI complexes in both ARF-I dependent and

ARF-I independent processes, at early and late stages of the multiplication cycle

[33], respectively. Particularly prominent was an influence of BFA on infectious

virus production, similar to our current findings for LCMV. In addition to this,

and likely related to COPI complex involvement, Uukuneimi virus, a member of

the Phenuiviridae family within the Bunyavirales order, has been shown to require

GBF-1 activation, and thus ARF-1 activation, for viral replication and particle

assembly [52]. It is therefore possible that COPI complex involvement is a common

requirement for all bunyaviruses. Whether this relates to a critical reliance on

entirely functioning Golgi compartment for formation of the bunyaviral factory, or a

more general requirement for the formation of other lipid-based compartments that

depend on COPI complex activity is an interesting topic for future research [53, 54].

Collectively, our findings improve the understanding of arenaviruses

host-pathogen interactions and reveal the involvement of important cellular

trafficking pathways required during infection. Moreover, this study may lead to

the discovery of novel therapeutic targets for arenaviruses to prevent serious human

disease.
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2.6 Materials and Methods

2.6.1 Plasmid design

Plasmids for rLCMV-WT and rLCMV-eGFP viral rescue were previously generated

and described [32]. rLCMV-GP1-FLAG plasmid was generated by first performing

sequence alignment of GP-1 alongside closely related OW arenaviruses to select

a location for FLAG tag insertion. The predicated structure of GP-1 for

rLCMV-GP1-FLAG was investigated using SWISS-MODEL and mapped alongside

the solved LCMV GP-1 structure, which showed the FLAG insertion site to be

within an unsolved flexible loop of GP-1, likely accessible for antibody recognition.

rLCMV-GP1-FLAG was generated by insertion PCR utilising Q5 site-directed

mutagenesis kit (New England BioLabs) and FLAG primers, according to the

manufacturer’s instructions. Positive colonies were verified via colony PCR and

DNA sequencing (Genewiz).

2.6.2 Recovery of rLCMV-WT, rLCMV-eGFP and

rLCMV-GP1-FLAG

Recovery of infectious variants of LCMV has previously been described [32], based

on the work of the de la Torre group [55]. In brief, six-well plates were seeded with 2

x 105 BSR-T7/well 1 day prior to transfection in 2 mL of Dulbecco modified Eagle

medium (DMEM) supplemented with 2.5% fetal bovine serum (FBS), 100 U/mL

penicillin and 100 µg/mL streptomycin (2.5% DMEM). After 24 h, the cells were

transfected with 1.6 µg pUC57-S-WT, 1.6 µg pUC57-NP (+), 2.8 µg pUC57-L, 2.0 µg

pUC57-L (+) and 0.6 µg pCAG-T7pol, combined with 2.5µL of Mirus TransIT-LT1

transfection reagent (Mirus Bio) per µg of DNA, in 200µL of Opti-MEM. For

rLCMV-eGFP recovery, the WT plasmid was replaced with pUC57-S-eGFP. A

control sample, in which pUC57-L and pUC57-L (+) was omitted, was included

for each virus recovery experiment. At 24 hours post transfection (hpt), media

containing the transfection mix was removed and replaced with fresh 2.5% DMEM.

Reinfection of fresh monolayers was carried out in six-well plates seeded with 2×105

BHK cells/well 1 day prior to infection in 2 mL of DMEM supplemented with
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2.5% FBS, 100 U/mL penicillin and 100µg/mL streptomycin. Fresh BHK cells were

washed with phosphate-buffered saline (PBS) twice prior to infection. Supernatants

from transfected BSR-T7 cells were collected at 120 hpt, centrifuged at 4000 x g for

15 min and 1 mL used to infect fresh BHK cells in a 6-well plate in DMEM with

2.5% FBS. Cell supernatant from infected BHK cells was collected at 72 hours post

infection (hpi), centrifuged at 4000 x g for 15 min and viral stocks were stored as

aliquots at -80°C. This protocol was followed for successful recovery of the newly

developed mutant rLCMV-GP1-FLAG, with the S plasmid of LCMV being replaced

with the recently generated pUC57-RQ-S-FLAG. The viral supernatant gained from

successful infection following transfection was centrifuged at 4000 x g, aliquoted (80

µL) and frozen for subsequent viral titration and bulking.

2.6.3 Virus infections

For the generation of a bulk stock of rLCMV-GP1-FLAG, a T175 flask was seeded

with 5 x 106 BHK-21 cells one day prior to infection at an MOI 0.001. At 3 days post

infection, viral supernatant was harvested and centrifuged at 4000 x g to remove

cell debris, aliquoted (80 µL) and frozen for subsequent viral titration. For viral

infections, cell monolayers were infected with LCMV at the specified MOI in either

serum-free (SFM), 2.5% or 10% FBS DMEM, depending on cellular requirements, at

37°C. After 1 h, the inoculum was removed and SFM, fresh 2.5% or 10% DMEM was

then applied for the duration of the infection. For synchronised infections, LCMV

incubated on ice for 1 h to facilitate adsorption. Subsequently, the inoculum was

removed, monolayers washed three times with PBS and SFM, fresh 2.5% or 10%

DMEM was then applied for the duration of the infection.

2.6.4 Virus titration

Virus titres were determined by focus forming assays. Viral stocks requiring titration

were serially diluted in SFM to infect fresh monolayers of BHK cells seeded at 1 x 105

in a 24 well-plate and incubated at 37°C for 1 h. After infection, medium containing

virus was removed and 2 mL of overlay containing 10% FBS DMEM and 1.6%

methylcellulose at a 1:1 ratio was reapplied to cells, then incubated for a further 3

days at 37°C. For rLCMV-eGFP titration, whole-well images were taken using an
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Incucyte S3 live cell imaging system (Sartorius) and rLCMV-eGFP foci were then

counted and virus titres were determined as focus forming units/mL (FFU/mL).

For rLCMV-WT titration, cells were fixed using 4% (vol/vol) paraformaldehyde

(PFA) for 15 min and washed three times with PBS. Cells were then incubated

with permeabilisation buffer (0.1% [vol/vol] Triton X-100, 2% [wt/vol] FBS in 1 x

PBS) for a further 15 min and washed three times with PBS. After permeabilisation,

cells were incubated with 1 mL blocking buffer (2% [wt/vol] FBS in PBS) for 1 h,

then incubated for 1 h with 150 µL/well LCMV NP primary antibody (in-house,

1:1000 in blocking buffer), and washed three times with PBS. Following this, cells

were incubated for 1 h with 594 Alexa Fluor secondary antibody (Life Technologies;

1:500 in blocking buffer) and washed four times with PBS. The Incucyte S3 live

cell imaging system (Sartorius) was then used to image whole wells of the plate to

detect red rLCMV-WT foci, which were counted, and virus titres determined. For

rLCMV-FLAG titration, cells were also stained with 150 µL/well FLAG (Sigma,

1:500 in blocking buffer) primary antibody and 488 (FLAG) Alexa Fluor secondary

antibody (Life Technologies; 1:500 in blocking buffer), then washed and imaged as

described above.

2.6.5 Reverse transfection of siRNA library

Trypsinised SH-SY5Y cells in 10% FBS DMEM were counted using a

haemocytometer and used to make a cell suspension containing 1 x 105 cells/mL.

A master mix was made resulting in 0.3 µL of Lipofectamine RNAiMAX reagent

(Invitrogen) and 16.7 µL of Opti-MEM per well and 17 µL of this master mix was

pipetted into each well of a 96-well plate. All siRNAs were taken from the ‘silencer’

human membrane trafficking siRNA library (thermo). A 3 µL volume of working

stock siRNA (1 µM) was pipetted into the transfection master mix and mixed,

resulting in a final concentration of 3 pmol of siRNA per well. Transfection master

mix and siRNA were incubated for 20 min, following which 1 × 105 cells in 10%

DMEM (100 µL total volume) was then applied per well. Cells were incubated

with the transfection and siRNA mix for 24 h at 37°C, following which 60 µL of

the medium was removed and replaced with 200 µL of fresh 10% FBS DMEM to

dilute out any potential toxic effects of the siRNAs or transfection reagent. At 6

h post dilution, the medium was removed, and cells were washed in PBS prior to
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infection with rLCMV-eGFP at an MOI of 0.2 in 100 µL of 10% FBS DMEM for 1

h. Following infection, virus was removed, and cells were washed twice with PBS to

remove any unbound virus, then supplemented with 200 µL 10% FBS DMEM. At

24 hpi, eGFP fluorescence intensity was determined using the Incucyte S3 live cell

imaging software as a measure of virus multiplication. The total integrated intensity

of eGFP (TIIE; green count units [GCU] × µm2/image) was first normalised to

confluency per well and then analysed as a percentage of the total green integrated

intensity in positive control wells containing virus and lipofectamine but omitting

siRNA. Normalised values were averaged between four experimental repeats.

2.6.6 Immunofluorescence (confocal microscopy)

Trypsinised A549 cells were seeded onto a 19-mm round glass coverslip (VWR) in

a 12-well plate at 1 x 105 cells/well, followed by incubation at 37°C. After 14 h,

BFA was added to cells (5000 ng/mL) for 1 h prior to fixation. For IF (omitting

AP4E1, see below), cells were washed twice in PBS prior to fixation in 4% (vol/vol)

paraformaldehyde in PBS for 15 min at room temperature. After fixation, the

cells were washed three times in PBS and then incubated in permeabilisation buffer

(0.1% [vol/vol] Triton X-100, 1% [wt/vol] bovine serum albumin [BSA] in PBS)

for 15 min at room temperature. Following permeabilisation, the monolayers were

washed three times with PBS and incubated with blocking buffer (1% [wt/vol] BSA

in PBS) for 1 h. Subsequently, primary antibody was diluted in BSA blocking

buffer as follows: NP (1:500, in house [sheep]), FLAG (Sigma; 1:250 [mouse]) and

COPA primary antibody (GeneTex; 1:100 [rabbit]) and incubated for 1 h at room

temperature. The cells were then washed three times with PBS and incubated with

corresponding Alexa Fluor 488, 594 and 647 secondary antibodies (Life Technologies;

1:500 in BSA blocking buffer) for 1 h at room temperature in a light protected

vessel. Cell monolayers were then washed three times with PBS and mounted onto

glass coverslips with the addition of Prolong Gold Antifade reagent with DAPI

(Thermo Fisher Scientific), cured, sealed and stored at 4°C. Images were then taken

on an LSM 880 confocal microscope (Zeiss) and processed using Zen (Blue Edition)

software and Fiji (Image J). Line scan analysis was performed utilising Zen (Blue

Edition).
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For AP4E1 IF, cells were washed twice with PBS and fixed with 100% methanol

for 5 min on ice. After fixation, the cells were washed three times in PBS and then

incubated with blocking buffer (0.1% [wt/vol] Saponin, 1% [wt/vol] BSA in PBS) for

30 min. Subsequently, primary antibodies diluted in saponin/BSA blocking buffer

containing NP (1:500, in house [sheep]), FLAG (Sigma; 1:250 [rabbit]) and AP4E1

primary antibody (BD Biosciences; 1:75 [mouse]) was incubated for 1 h at room

temperature. The cells were then washed three times with PBS and incubated with

corresponding Alexa Fluor 488, 594 and 647 secondary antibodies (Life Technologies;

1:500 in saponin/BSA blocking buffer) for 1 h at room temperature in a light

protected vessel. Cell monolayers were then washed three times with PBS and

mounted onto glass coverslips with the addition of Prolong Gold Antifade reagent

with DAPI (Thermo Fisher Scientific), cured, sealed and stored at 4°C. Images were

then taken on an LSM 880 confocal microscope and processed as described above.

2.6.7 Inhibition of retrograde transport

Trypsinised A549 cells were seeded into 24-well plates at 1 x 105 cells/well and

incubated at 37°C. After 16 to 24 h, the cells were pre-treated with BFA at the

indicated concentration for 45 min in SFM. Following this, rLCMV, rLCMV-eGFP,

A/WSN/33 H1N1 (denoted as rIAV herein) and rIAV-eGFP was added directly to

each well at an MOI of 0.1. For WT viruses, 24 hpi cells were lysed for analysis via

western blotting. Densitometry was performed using Fiji software and NP expression

normalised to confluency per well, then analysed as a percentage of virus only DMSO

control. Normalised values were averaged between three biological repeats for WT

viruses (n=3). For eGFP viruses, at 24 hpi the Incucyte S3 live cell imaging system

(Sartorius) was utilised to measure eGFP fluorescence. The total integrated intensity

of eGFP (TIIE; green count units [GCU] × µm2/image) was first normalized to

confluency per well and then analysed as a percentage of the total green integrated

intensity in virus only DMSO control. Normalized values were averaged between

three biological repeats for eGFP mutant virus (n=3). For titration following BFA

treatment, viral supernatant was collected for mock, virus, 50, 500 and 5000 ng/mL.

Focus forming assays were performed for each BFA condition as previously described

for LCMV-eGFP (n=3).
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2.6.8 Temporal kinetic analysis of inhibition of retrograde

transport

For gene expression analysis, trypsinised A549 cells were seeded into 12-well plates at

1 x 105 cells/well and incubated at 37°C. After 16 to 24 h, the cells were pre-treated

with BFA at 5000 ng/mL for 45 min. Following this, rLCMV-eGFP was added

directly to each well at an MOI of 1 and 5. Incucyte S3 live cell imaging system

(Sartorius) was utilised to measure eGFP fluorescence at hourly intervals. The total

integrated intensity of eGFP (TIIE; green count units [GCU] × µm2/image) was

first normalized to confluency per well and then analysed as a percentage of the

total green integrated intensity for untreated 24 hpi control. Normalized values

were averaged between three biological repeats (n=3).

For qPCR analysis, A549 cells were seeded into a 12-well plate at 1.5 x 105

cells/well. Following 16-24 h cells were pre-treated with BFA at 5000 ng/mL for

45 min. Subsequently, drug media was collected, and cells were infected at an MOI

of 5 with rLCMV-WT in minimum volume 10% FBS DMEM media (250 µL) for 1

h. Following this, infection media was removed, and monolayers washed four times

with 1 x PBS, and drug media replaced. At each indicated timepoint, cells lysates

were washed with 1 x PBS, trypsinised and pelleted (500 x g) for 5 mins. RNA

extraction was performed following the manufacturer’s instructions for Monarch

Total RNA Miniprep Kit (New England BioLabs). Two step qPCR was carried

out firstly by converting RNA into cDNA following the manufacturer’s instruction

for LunaScript RT SuperMix Kit (New England BioLabs). Subsequently, qPCR

was performed using the cDNA following the manufacturer’s instructions for Luna

Universal qPCR Master Mix. Analysis of S segment vRNA expression via qPCR for

mock and virus (MOI 5) in untreated and BFA-treated conditions was performed,

alongside GAPDH as the house keeping control. The primer sequences used were

as follows: S vRNA (5’ - CAG CCA ACA ACT CCC ACC AT - 3’ and 5’ - GAA

GGC AGA GGT CAG ATT GCA - 3’) and GAPDH (5’ - TCA CCA CCA TGG

AGA AGG CT – 3’ and 5’ - GCC ATC CAC AGT CTT CTG GG – 3’). vRNA

levels, for each timepoint, in untreated and BFA treated were normalised for their

respective input (1 hpi). Normalised values were averaged between four experiment

repeats.
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For viral titration, A549 cells were seeded into a 12-well plate at 1 x 105

cells/well. Following 16-24 h cells were pre-treated with BFA at 5000 ng/mL for 45

min. Subsequently, drug media was collected, and cells were infected at an MOI of

5 with rLCMV-eGFP in minimum volume 10% FBS DMEM media (250 µL) for 1 h.

Following this, infection media was removed, and monolayers washed four times with

1 x PBS, and drug media replaced. At each indicated timepoint, viral supernatants

were collected and titre via FFA for each untreated and BFA-treated sample, as

previously described for LCMV-eGFP (n=3). Each sample was normalised against

untreated 24 hpi titre and averaged between three biological repeats.

2.6.9 Time-of-addition addition experiments

Trypsinised A549 cells were seeded into 12-well plates at 1 x 105 cells/well and

incubated at 37°C. Following 16-24 h, for the 0 hpi timepoint, cells were pre-treated

with 500 µL BFA at 5000 ng/mL for 45 min. Subsequently, cells were infected with

rLCMV-eGFP at an MOI of 5 in 500 µL in 10% FBS DMEM media. Of note, for

the 0 hpi timepoint, the 500 µL virus infection media was made in 5000 ng/mL BFA

media. For each timepoint, 500 µL of BFA at 10000 ng/mL was added to each well

(1:1) to give a final concentration of 5000 ng/mL. At 12 hpi, for eGFP fluorescence

was imaged, cell lysates harvested, and viral supernatants collected.

The eGFP was determined using the Incucyte S3 live cell imaging software.

Total green cell count was recorded, normalised to confluency per well and then

analysed as a percentage of untreated control. Normalised values were averaged

between three biological repeats (n=3). Cells were lysed for analysis via western

blotting. Densitometry was performed using Fiji software and NP expression

normalised to confluency per well, then analysed as a percentage of untreated

control. Normalised values were averaged between three biological repeats (n=3).

Titre was calculated via FFA for each BFA time-of-addition, as previously described

for LCMV-eGFP. Each sample was normalised against the untreated control, and

averaged between three biological repeats (n=3).
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3.1 Abstract

The Arenaviridae family of segmented RNA viruses contains nearly 70 species

with several associated with fatal haemorrhagic fevers, including Lassa, Lujo and

Junin viruses. Lymphocytic choriomeningitis arenavirus (LCMV) is associated

with fatal neurologic disease in humans and additionally represents a tractable

model for studying arenavirus biology. Within cultured cells, a high proportion of

LCMV spread is between directly neighbouring cells, suggesting infectivity may

pass through intercellular connections, bypassing the canonical extracellular route

involving egress from the plasma membrane. Consistent with this, we visualized

abundant actin- and tubulin-rich connections conjoining LCMV-infected and

uninfected cells within cultures, resembling tunnelling nanotubes (TNTs). Within

these TNT-like connections, confocal and STED microscopy identified puncta

containing the major structural components of LCMV virions alongside genomic

RNA, consistent with intercellular transit of assembled virions or ribonucleoprotein

genome segments. Blocking the extracellular route of infection by adding potent

LCMV neutralising antibody M28 to supernatants during infection revealed around

50% of LCMV transmission was via intercellular connections. These results show

arenaviruses transmission is more complex than previously thought involving both

extracellular and intercellular routes.

Keywords: Arenavirus; Intercellular transmission; LCMV; Tunnelling nanotubes.
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3.2 Chapter Introduction

The Bunyaviricetes class of segmented RNA viruses comprises over 500 named

viruses divided into 15 families, of which the Arenaviridae family currently contains

69 species subdivided into five genera: Antennavirus, Hartmanivirus, Innmovirus,

Mammarenavirus and Reptarenavirus [1]. Mammarenaviruses are designated as Old

World (OW) or New World (NW) viruses based on geographical location of their

isolation and prevalence, which also correlates with distinctive genetic lineage [2].

Several mammarenaviruses cause serious human disease, such as the OW Lassa

virus (LASV) and NW Junín virus (JUNV) [1, 2], both notable for their association

with fatal haemorrhagic fevers [3]. Currently, no specific antiviral therapeutics or

FDA-approved vaccines exist to target any member of the Arenaviridae family [4].

Together, these factors have contributed to LASV, JUNV and other arenaviruses

being defined as hazard group 4 pathogens, requiring the highest biosafety level

(BSL) 4 containment.

The prototypic species within the Mammarenavirus genus is the OW

lymphocytic choriomeningitis virus (LCMV; and formally, Mammarenavirus

choriomeningitidis) for which rodents are the main vector, with the common

house mouse Mus musculus acting as primary host [2]. Rodent-to-human LCMV

transmission frequently occurs, yet severe disease only arises in rare cases. This is

most often in immunocompromised patients or neonates, where infection can result

in aseptic meningitis [5, 6], with LCMV described as an under-recognised agent of

neurological disease [6]. Specifically, the LCMV Armstrong strain is a hazard group

2 virus, requiring only BSL-2 containment, thus acting as a relevant research model

for the more pathogenic species of the Mammarenavirus genus, due to similarities

in structure and function.

Within mature virions, the viral-associated RNA (vRNA) is coated by the viral

nucleoprotein (NP) and interacts with the viral RNA-dependent RNA polymerase

(RdRp, L protein) to form the viral ribonucleoproteins (RNPs). These are

surrounded by a lipid bilayer, which is lined by the viral matrix (Z) protein and

contains protruding viral spikes. All species within the Mammarenavirus genus

have genomes consisting of two segments, small (S) and large (L), which together

encode four structural proteins. All species of this genus express their genes using
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an ambi-sense strategy; initially, input viral RNA (vRNA) S and L segments are

transcribed by the viral RdRp, following entry and uncoating, to generate mRNAs

that encode the NP and RdRp, respectively. Subsequently, replication of the

full-length S and L vRNAs produces S and L anti-genome RNAs (agRNA), which

act as templates for synthesis of mRNAs encoding glycoprotein precursor (GPC)

and Z proteins [7, 8]. The GPC is post-translationally cleaved to form a trimeric

assembly of structural proteins glycoprotein-1 (GP-1), glycoprotein-2 (GP-2) and a

stable signal peptide (SSP) [9].

Although LCMV has been intensively studied from an immunological

perspective, many molecular aspects of its replication cycle remain poorly

understood. One such area is the dependence of viral multiplication on host cell

components. While the catalogue of critical cellular factors is increasing, with recent

additions to the list including components of the coat protein complex I (COPI)

and adaptor protein complex 4 (AP-4) [10], the chaperonin TCP-1 Ring Complex

TRiC/CCT [11] and sialomucin core protein 24 (CD164) as a secondary receptor

for entry [12], many gaps in our knowledge remain.

Here, we investigated the ability of LCMV to infect cells via intercellular

connections rather than the canonical extracellular infection route that involves

egress into the extracellular space and subsequent entry. Many viruses, including

coronaviruses [13], retroviruses [14–17], alphaviruses [18] and orthomyxoviruses [19],

have all been shown to utilise intercellular connections as a method of cell-to-cell

spread. Possibly this mechanism represents an efficient means of transmission that

does not require intact virion formation and allowing evasion of the host immune

response [20]. One such class of connections are tunnelling nanotubes (TNTs), which

are membranous tubular structures possessing a backbone rich in filamentous-actin

(F-actin) that vary in diameter between 50 to 200 nm and can extend for distances

of up to 100 µm [21]. TNT connecting A549 cells have previously been described

in the literature, which contain both actin and tubulin, and require HGF/c-Met/

β1-integrin signalling for cell-cell formation [22]. TNTs allow cellular connectivity

and have been shown to permit the transfer of varied components between distant

cells, including organelles, vesicles, signalling molecules, and ions [17].

Using recombinant LCMV variants with engineered epitope tags, we showed

the three major LCMV structural proteins, NP, GP-1 and Z, all colocalised within
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TNT-like structures during infection. Furthermore, fluorescent in situ hybridisation

(FISH) showed these connections also contained LCMV genomic sense RNA.

Taken together, these observations suggest LCMV may utilize such connections

to allow intact virions or RNPs to pass between cells. Blocking the extracellular

route of infection by adding the potent LCMV neutralising antibody M28 to

supernatants during infection revealed almost half of all LCMV transmission events

were by intercellular connections. Consistent with this, by blocking extracellular

transmission using M28 alongside simultaneous disruption of TNT formation using

pharmacological inhibition, LCMV transmission was reduced to background levels.

This is the first report of cell-to-cell infection via TNT-like connections for

any species within the Bunyaviricetes class, which reveals arenavirus transmission

is more complex than originally thought. This study furthers our understanding of

how arenaviruses manipulate the host to establish infection, which may aid in the

development of effective antiviral therapies.

3.3 Results

Observation of rLCMV-eGFP infection of cultured cells suggests

transmission may involve direct cell-to-cell connectivity.

During routine LCMV infection of cultured cells, when omitting semi-solid media

overlay, we noted that infected cells formed discrete foci rather than being widely

dispersed throughout the culture. To further examine LCMV spread, cells were

seeded and infected with previously described recombinant LCMV expressing eGFP

(rLCMV-eGFP) [23] at MOI 0.001, without semi-solid media overlay. Whole well

live-cell fluorescent microscopy analysis was then used to continuously monitor

infected cell clusters every 6 hours post infection (hpi) (Figure 3.1A). At 6 hpi,

eGFP expression was first visualised within a single infected cell (Figure 3.1A; white

arrow). As infection progressed with time, an increasing number of neighbouring

cells became infected, culminating at 42 hpi when a discrete fluorescent focus was

visualised, with few cells outside of this showing evidence of infection. This finding

suggested that LCMV spread within a culture may involve transmission via direct

cell-to-cell contact.
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Figure 3.1: LCMV transmission within a culture involves cell-to-cell spread
and is blocked by inhibitors of actin and tubulin cytoskeleton formation.
(A) A549 cells were seeded and simultaneously infected with rLCMV-eGFP at a 0.001
multiplicity of infection (MOI). Phase and eGFP whole well images were taken every
6 hours, and subsets cells monitored until 42 hpi. A single infected cell (white arrow)
was monitored for the duration of the experiment. (B) A549 cells were infected with
rLCMV-eGFP at an MOI of 0.01. At 3 hpi, 30 µM nocodazole or CK-869 was added to
infected culturescultures and present for the duration of time analysed. Infected cells were
counted at both 18 and 24 hpi and represented as single cells or multicellular foci. The
average of three independent experimental repeats is shown (n=3). Statistical analysis
(T test) was performed for each inhibitor condition against the respective DMSO control.
(C) Representative single image for untreated, nocodazole and CK-869-treated cultures,
at both 18 and 24 hpi.
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Disruption of cellular connections significantly attenuates LCMV

cell-to-cell transmission.

Previous studies have shown that transmission of the related influenza virus can

occur via intercellular connections built around a rearranged cytoskeletal scaffold,

and pharmacological disruption of these structures inhibits infectivity [19]. To test

for the possible involvement of such structures in LCMV cell-to-cell transmission,

A549 cells were [24, 25] infected with rLCMV-eGFP at an MOI of 0.01, after

which non-toxic concentrations of both microtubule inhibitor nocodazole and F-actin

polymerization inhibitor CK-869 [24, 25] were added at 3 hpi (Supplementary

figure 7.1A), when internalization is known to be complete [23]. Transmission

was assessed using live cell fluorescence microscopy to count multicellular foci,

indicative of intercellular transmission, or single infected cells, indicative of spread

involving extracellular egress (Figure 3.1B and C). Visualization of DMSO-treated

control cultures at 24 hpi revealed a high relative abundance of multi-cellular foci

compared to single cells suggesting direct transmission between adjacent cells was

a frequent event. In cells treated with either CK-869 or nocodazole, foci formation

was significantly impaired at 24 hpi, with the most abundant infected cells detected

as single entities, with few multicellular foci. The fold change reduction in foci

formation was 14.5 for nocodazole and 36.5 for CK-869 treated cultures. To ensure

this reduction in foci formation related to a block in cell-to-cell connectivity rather

than overall virion production, we tested the extracellular titre from a single-round

of infection in the presence of nocodazole and CK-869, and the observed effect was

modest (Supplementary figure 7.1B). Taken together, these data suggest that LCMV

cell-to-cell transmission, and foci formation depend on a functional cytoskeletal

network, consistent with the involvement of intercellular connections.

Cell-to-cell connections contain both actin and tubulin.

To further investigate the role of cell-to-cell contacts in LCMV spread, we first

needed to visualize such connections, and confirm that viral components could be

detected within. To do this, A549 cells were infected with our previously described

rLCMV-GP1-FLAG [10] expressing a FLAG tagged GP-1 and fixed at 24 hpi with

staining to detect the cellular distribution of the LCMV GP-1 spike (cyan) alongside
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the cytoskeletal components F-actin (red) and β-tubulin (green), visualised using

indirect immunofluorescence (IF) confocal microscopy. For clarity, two successive

magnifications of intercellular connections are shown; zoom-1 (Figure 3.2; middle

row) and zoom-2 (Figure 3.2; bottom row).

Figure 3.2: Intercellular connections between LCMV-GP-1-FLAG infected
cells contain both F-actin and tubulin, as well as virion component GP-1
A549 cells were infected with rLCMV-GP1-FLAG at an MOI of 0.2. At 24 hpi, cells
were fixed and then stained with DAPI and phalloidin (actin) alongside antisera specific
for GP-1 (cyan) and a β-tubulin-specific Affimer (green), and then visualized by confocal
microscopy. A magnified region of interest (white box in the central row) is shown on the
middle row, zoom-1, where multiple cell-cell connections are visualized by staining with
both tubulin and F-actin, shown further magnified in the bottom row, zoom-2. Additional
points of interest are indicated by arrows to highlight punctate regions of LCMV GP-1
present in uninfected neighbouring cells, extending beyond F-actin and β-tubulin staining.

At 24 hpi, GP-1 was predominantly localised within perinuclear regions,

but also within puncta throughout the cytosol and proximal to the plasma

membrane (Figure 3.2; zoom-1). As expected, inspection of the intercellular

spaces revealed GP-1 was also present within filamentous projections that extended

between adjacent cells (Figure 3.2; zoom-1 and zoom-2). In addition, IF analysis

revealed that both F-actin and β-tubulin were present within the tubular cell-to-cell

connections. These cell-to-cell connections varied in size but often appeared to

connect an infected cell containing abundant GP-1 to cells devoid of GP-1, likely

uninfected. To view these connections more clearly, we routinely used phase-contrast
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imaging alongside IF confocal microscopy to reveal the boundary of the TNT-like

structures, with further representative cell images shown in Supplementary figure

7.2A. In many cases, multiple GP-1 puncta were observed extending beyond

cell-to-cell connections into the cytosol of the uninfected cell (Figure 3.2; zoom-1

white arrows), consistent with the connections being open-ended. As these

intercellular connections share some of, but not all, the distinguishing characteristics

of TNTs, namely rich in F-actin and open-endedness, hereafter we refer to these

connections as ‘TNT-like’.

To understand if LCMV induced the formation of TNT-like connections, we

quantified the total number of connections between 50 cell pairs for both uninfected

and infected cultures (MOI 0.5), which revealed no significant difference in the total

numbers in response to infection (Supplementary figure 7.2B). These results suggest

that LCMV infection does not induce the formation of TNT-like connections, but

instead LCMV likely subverts existing connections for transmission.

Visualization of intercellular connections within LCMV-infected

cultures using stimulated emission depletion (STED) microscopy.

To view intercellular connections with greater detail, we next observed A549 cells

infected with rLCMV-GP1-FLAG using stimulated emission depletion (STED)

microscopy, with staining for F-actin alongside LCMV spike component GP-1.

This analysis revealed intercellular connections between cells to comprise a complex

F-actin architecture, typically with multiple F-actin bundles running parallel with

the long axis of the tubes, both bordering the tube as well as forming an internal

central core.

In the image shown, one prominent F-actin filament emanated from within the

cell on the right of the image and extend through the connection (Figure 3.3A,

bottom row arrows). The staining of GP-1 within the two interconnected cells

was different; in the right-hand cell, GP-1 was widely-distributed with abundant

intense signal suggestive of a late-stage infection, whereas in the left–hand cell, the

GP-1 signal was of low intensity, suggestive of an early-stage infection. Within the

cell-to-cell connection, the GP-1 signal exhibited a gradient of abundance, which

decreased with distance away from the late-stage infected cell. The majority of
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Figure 3.3: Stimulated emission depletion microscopy reveals the structural
organisation of cell-to-cell connections between A549 cells infected with
rLCMV-GP1-FLAG. (A) A549 cells were infected with rLCMV-GP1-FLAG at an MOI
of 0.2. and at 24 hpi, cells were fixed, stained for GP-1-FLAG (cyan) and F-actin (red),
then visualized by stimulated emission depletion microscopy (STED). An infected cell
(left) and a zoom (right) region of interest (white box) are shown. Points of interest are
indicated (arrows) to highlight punctate regions of LCMV GP-1 that exist along an F-actin
branch. The bottom right panel is a magnified version of the region within the white box
from the bottom left panel. (B) Line scan analysis of the region of interest in the zoomed
merged image (white box), showing GP-1 peak intensities do not closely correspond to
those of F-actin at this resolution.
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GP-1 was located proximal to, but not coincident with, the central F-actin fibres

(Figure 3.3A, arrows). This observation was corroborated with line scan analysis

(Figure 3.3B; corresponding to dotted line in panel A [start 1, end 2]), which showed

the peak signals corresponding to F-actin did not precisely overlap with GP-1, but

instead were separated by approximately 90 nm. Interestingly, super resolution

measurement of regions within the cell-to-cell connection confirmed GP-1 puncta

were of a size (100-150 nm) expected for intact virions, but we cannot rule out the

possibility that these objects are composed of GP-1 only. Taken together, these

findings suggest that intercellular connections may act as conduits for the transport

of LCMV components, or even intact virions, between neighbouring cells.

Rescue of a recombinant LCMV variant with GP-1 FLAG-tag alongside

Z HA-tag (rLCMV-GP1-FLAG-Z-HA).

The results of the previous section showed that viral component GP-1 can

travel through TNT-like connections. To investigate whether other viral

components could similarly pass within TNT-like connections, we combined

segments from two previously described infectious rLCMV variants, namely

rLCMV-Z-HA [23] and rLCMV-GP1-FLAG [10], generating the rLCMV reassortant

rLCMV-GP1-FLAG-Z-HA (Figure 3.4A). For this virus, the S segment expressed

FLAG-tagged GP-1 and the L segment expressed a C-terminally HA-tagged Z,

allowing simultaneous detection of LCMV NP (using NP antisera), Z and GP-1, the

three major structural components of the virion, within infected cells (Figure 3.4B).

Western blot analysis confirmed successful rescue of rLCMV-GP1-FLAG-Z-HA

(Figure 3.4C and supplementary figure 7.3), with the presence of LCMV NP at 5

days post transfection indicating successful recovery of rLCMV-GP1-FLAG-Z-HA.

Subsequently, supernatants were transferred to fresh BHK cells and harvested at

2 days post infection (dpi). Western blot analysis revealed successful recovery of

rLCMV-GP1-FLAG-Z-HA, and the relative NP abundance for all mutants recovered

were comparable to WT (Figure 3.4C). Subsequently, rLCMV-GP1-FLAG-Z-HA

stocks were amplified and titrated in BHK cells, reaching a titre of 5 x 105.
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Figure 3.4: Rescue of a recombinant LCMV variant with GP-1 FLAG tag
alongside Z HA tag (rLCMV-GP1-FLAG-Z-HA). (A) Schematic of LCMV S and
L segments with respective tag insertions. (B) BSR-T7 cells were transfected with cDNAs
expressing a LCMV S segment encoding a FLAG tagged GP-1 (S-FLAG segment), an
L segment encoding a HA tagged Z (L-HA segment), as well as NP and L open reading
frames (support plasmids, L+ and NP+) and a plasmid expressing T7 RNA polymerase.
At 5 days post transfection (5 dpt), cellular supernatants were transferred to BHK cells,
and at 3 days post infection (3 dpi), cell lysates were analysed by western blotting using NP
antisera, with viral supernatants harvested and subject to focus forming assays (FFA). (C)
Western blot analysis of transfected BSR-T7 and infected BHK-21 cell cultures confirmed
rLCMV-GP1-FLAG-Z-HA rescue (alongside all other mutants), using antisera specific for
LCMV NP and GAPDH as loading control.

LCMV GP-1, NP and Z puncta co-localise within TNTs during

infection.

Next, rLCMV-GP1-FLAG-Z-HA was used to assess the presence of NP, Z and

GP-1 within infected cells and TNT-like connections. A549 cells were infected with

rLCMV-GP1-FLAG-Z-HA at a MOI of 0.25, and at 24 hpi cells were fixed and

the cellular localisation of NP (red), GP-1 (cyan) and Z (green) was assessed using

specific antisera via confocal IF microscopy (Figure 3.5).

At 24 hpi the distribution of each of NP, GP-1 and Z was distinctive. In

agreement with our previous findings, LCMV NP formed discrete perinuclear

puncta, as well as being widespread throughout the cytoplasm [23].
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Figure 3.5: GP-1, NP and Z puncta co-localise within TNT-like connections
during rLCMV-GP1-FLAG-Z-HA infection. (A) At 24 hpi A549 cells infected
with rLCMV-GP1-FLAG-Z-HA at an MOI of 0.25 were fixed, stained for GP-1 (cyan),
NP (red) and Z (green) and visualized by confocal microscopy, also imaged using phase
contrast, shown in (B) alongside. (C) A TNT-like connection between an infected and
uninfected cell is boxed in both confocal and phase images, shown magnified as separate
channels with the same zoomed image shown with channels merged in (D). (E) Line scan
analysis of the region of interest in the zoomed merged image showing alignment the
intensity peaks for NP, GP-1 and Z.
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LCMV GP-1 localisation differed to that of NP, being predominantly punctate and

perinuclear as well as being abundantly distributed along the plasma membrane.

Interestingly, Z showed a similar cellular distribution to GP-1, with clear and

abundant Z/GP-1 co-localisation in perinuclear regions, and co-localization at

discrete locations proximal to the plasma membrane, possibly representing virus

assembly sites.

In addition, multiple puncta were observed within TNT-like connections

between LCMV infected and uninfected cells (Figure 3.5A; white boxes in top row)

containing NP, GP-1 and Z. Line scan analysis across two discrete puncta (Figure

3.5D; white boxes in bottom row) showed the peak intensities for NP, GP-1 and Z

viral components were spatially closely aligned (Figure 3.5E) although interestingly,

the relative composition of these three proteins within the puncta was not consistent.

Taken together, these observations show that in addition to the GP-1 envelope spike

protein, internal virion components NP and Z are also able to pass through TNT-like

connections as discrete punctate objects. These observations raise the interesting

possibility that assemblies of multiple viral proteins, or even intact virions, may pass

between cells through intercellular connections.

LCMV NP and viral genomes co-localize within TNT-like connections.

For infectivity to transmit between cells via intercellular connections, we reasoned

these connections must contain, at minimum, the LCMV genome enwrapped in

NP to form the RNP. To test this, we performed fluorescent in situ hybridisation

(FISH) using probes designed to detect negative sense LCMV vRNA genomes, which

represents the LCMV genetic material found within infecting virions.

To achieve this, we generated a set of fluorescently labelled probes specific for

the NP coding region of the negative sense rLCMV S RNA segment (list of probes;

table 7.1), with which we performed FISH on A549 cells infected with rLCMV at an

MOI of 1.0 at 24 hpi using wide-field microscopy. To specifically detect assembled

LCMV RNPs, which represent the form in which vRNAs are packaged within virions,

cells were also co-stained with antisera specific for LCMV NP.
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Figure 3.6: LCMV vRNA is present alongside NP in TNT-like connections.
(A) At 24 hpi rLCMV infected A549 cells at an MOI of 1 were fixed and then stained
for NP (red). Subsequently, coverslips were hybridised overnight with 48 specific FISH
probes designed to hybridize with LCMV S vRNA (green). Widefield microscopy was then
utilised to visualise NP and S vRNA within TNT-cell connections. Cell nuclei were DAPI
stained. Uninfected cells and infected cells are shown. A zoomed-in region of interest
(white box in the central row) is shown on the bottom row. (B) Line scan analysis of the
region of interest in the zoomed merged image (dashed line in the bottom right panel of A)
revealed peaks in intensity of NP and S vRNA were similar. (C) Co-occurrence analysis
using the Manders coefficient method was performed for 10 TNT-like connections. The
percentage of LCMV NP to S vRNA (Red) and S vRNA to LCMV NP (green) is shown,
and individual images plotted.
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As anticipated for an MOI of 1.0 at this time point, most cells appeared infected

as evidenced by staining by FISH and NP (Figure 3.6A, middle row). Within cells,

NP distribution was consistent with previous findings, and FISH analysis revealed

close co-localisation of NP and LCMV S segment vRNA at several locations within

the infected cells (Figure 3.6A, middle bottom rows; zoom) sometimes in perinuclear

locations, but also as dense puncta throughout the cytosol. Within TNT-like

connections, signals corresponding to NP and S segment vRNA were visualised

(Figure 3.6A, white boxes in middle and bottom rows) as discrete puncta, within

which NP and RNA signals appeared to closely co-localize. This was corroborated

using line scan analysis, which revealed peaks corresponding to both NP and S vRNA

were closely coincident (Figure 3.6B; corresponding to the dotted line in panel A,

bottom row; start 1, end 2). Such punctate objects were common within TNT-like

structures and further representatives are shown, along with corresponding line

scans, in supplementary figure 7.4. The proximity of the LCMV NP and S segment

vRNA signals was consistent with their location within the assembled RNP, with the

small offset in peak spatial intensity likely a reflection of the differing approaches

used for target detection; the FISH probes bind directly to the S vRNA target

and emit signal from fluorogenic probe-bound dyes. In contrast, the NP signal

results from binding of primary and fluorescent secondary antibodies, thus some

spatial separation between target and fluorophore was expected.To quantify the

extent of S vRNA and LCMV NP co-localisation within connections, we performed

co-occurrence analysis of 10 different TNT-like tubes (Figure 3.6C), which revealed

an RNA/NP mean co-occurrence of 97%, consistent with the presence of RNPs. In

contrast, mean co-occurrence of NP/RNA was 52%, suggesting some NP may also

be trafficked through connections in an RNA-free state.

Taken together, the results of this analysis are consistent with a scenario in

which LCMV RNP components, namely vRNA and NP, can travel within TNT-like

connections between cells. These RNPs likely have the capacity to initiate infection,

as has recently been shown for the related segmented negative sense RNA virus,

influenza A virus (IAV) [19].
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Figure 3.7: LCMV can efficiently spread through a culture despite blocking
extracellular transmission using a potent neutralising antibody. (A) Schematic
representation of the model for intercellular LCMV transmission in the presence of
potent neutralizing antibody M28 that targets GP-2. Virus released via the canonical
plasma membrane egress mechanism are rendered non-infectious through M28 binding
the GP-2 portion of the spike complex. Only virions or RNPs that pass-through TNT-like
connections can transmit infectivity to new cells. Image created with Biorender. (B)
A549 cells were infected with rLCMV-eGFP at an MOI of 0.1 that was either pre-treated
with antibody M28 (blue plotted points; 5 µg/mL antibody for 1 h) or virus only (in the
absence of antibody; purple plotted points). For virus + antibody (green plotted points),
5 µg/mL antibody was added to cultures at 3 hpi, following LCMV entry and uncoating,
which remained for the duration of infection. The total green count (number of green
cells) was measured every 6 h and normalised against virus only (purple) cultures at 36
hpi. The average of three independent experimental repeats is shown (n=3), with error
bars showing standard deviation at each time point. Statistical analysis (T test) was
performed for each condition against the respective virus only control timepoint.
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Blocking extracellular LCMV transmission with a potent neutralising

antibody reveals that LCMV utilises cell-to-cell spread during infection.

To confirm that LCMV infectivity can pass between cells via TNT-like connections,

we made use of a recently described LCMV neutralising antibody (M28) that targets

GP-2 [26]. We reasoned that when added to infected cell supernatants, this antibody

would block LCMV infection via the extracellular route but would not hinder

cell-to-cell transmission via intercellular connections (Figure 3.7A).

First, to confirm the potency of this neutralising antibody under the selected

experimental conditions, M28 at 5 µg/mL was pre-incubated with rLCMV-eGFP

prior to infection of A549 cultures. To measure virus transmission throughout

the culture the total green cell count (TGC) was determined at successive 6 hpi

time points up to 36 hpi, at which time a TCG value of just 3% was recorded

(Figure 3.7B; blue plotted points) and normalized to that of the virus only (in

the absence of antibody) control (Figure 3.7B; purple plotted points). This was

statistically indistinguishable from the TCG of mock infected cultures (Figure

3.7B; red plotted points) and thus confirmed that the antibody effectively blocked

extracellular transmission in the culture to background levels of detection.

Next, to investigate whether rLCMV-eGFP could spread within the

culture when extracellular transmission was blocked, cultures were infected with

rLCMV-eGFP at an MOI of 0.1, with M28 added at 3 hpi, at which time virus

entry is complete but virion assembly has not yet commenced [23]. This protocol

would allow virus to enter these initial cells, but the presence of antibody in the

media thereafter would block any subsequent transmission by the extracellular

route. To further demonstrate that M28 was able to neutralize any viruses that

might be released, supernatants of rLCMV-eGFP infected cells were collected at

18 hpi, treated with 5 µg/mL antibody and titrated via focus forming assays

(Supplementary figure 7.5), which revealed no infectivity.

Blocking extracellular transmission using these experimental conditions resulted

in a TCG value of 47% at 36 hpi (Figure 3.7B; green plotted points) when

normalized to the virus only control. This showed that significant transmission

had occurred throughout the culture despite the continued presence of potent

neutralizing antibody.
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Taken together, these results show that a major fraction of LCMV transmission

within a culture occurs without involvement of the extracellular space, and

the detection of LCMV components NP, Z, GP-1 and vRNA within TNT-like

connections, strongly suggests these structures represent effective conduits of

infectivity.

3.4 Discussion

Curious as to why LCMV spread throughout cultured cells appeared to be spatially

restrained thus forming infected cell foci, we reasoned that infectivity may pass

between cells by TNT-like intercellular connections. To investigate this, we first

used epitope tagged LCMV variants rLCMV-GP1 and rLCMV-GP1-FLAG-Z-HA to

confirm that viral proteins GP-1, Z and NP were present within these connections,

colocalized within discrete punctate objects. Furthermore, FISH analysis showed

these TNT-like connections also contained LCMV S genomic vRNA in close

proximity to NP, indicative of RNP structures that would be expected to be

found within infectious virions, or that could themselves represent the infecting

entity. Although LCMV NP alone has previously been detected between cells

[27], our current study is the first to reveal the co-localization of all major LCMV

structural components namely NP, genomic RNA, Z and GP1 as discrete puncta

within intercellular connections. Furthermore, we showed LCMV could transmit

within a culture in the presence of a potent neutralising antibody, which effectively

blocked extracellular transmission. This revealed that LCMV transmission could

occur without involvement of the extracellular space and that cell-to-cell LCMV

transmission may represent up to around 50% of total spread during infection. Taken

together, our data suggests that LCMV infectivity can traffic between cells through

intercellular connections, and this mode of virus spread represents a significant

proportion of total virus transmission during infection.

This work is the first report describing cell-to-cell transmission via TNT-like

connections for any species of the Bunyaviricetes class. Nevertheless, many other

viruses have been revealed to rely on TNT or TNT-like structures during infection

including species of retroviruses, herpesviruses, alphaviruses, pneumoviruses,

orthomyxoviruses, paramyxoviruses, flaviviruses and picornaviruses [28].
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Within the Coronaviridae family, SARS-CoV-2 virions have recently been

visualised to ‘surf’ on the outside of TNTs, connecting cells during infection,

along with evidence to suggest mature virions are also present within the interior

of the same structures [13]. Furthermore, this study demonstrated transmission

of SARS-CoV-2 between permissive and non-permissive neuronal cells via TNT

connections. Thus, TNT connections could potentially act as a mechanism for

widespread dissemination of viruses within a host, circumventing different cellular or

tissue-type restrictions, such as the requirement for specific entry receptors, allowing

spread to tissues and organs distinct from the initially infected target cells.

The reliance of SARS-CoV-2 on TNTs was further investigated with the use of

neutralising antibody to block extracellular transmission of a pseudotyped lentivirus,

resulting in no significant decrease in cell-cell spread [29]. Thus, it was proposed

that cell-to-cell TNT connections may represent an efficient mode of transmission,

allowing evasion of host immune cell responses. It will be interesting to test whether

LCMV also exploits TNT-like structures during infection of target host tissues, and

also, whether this mode of transmission occurs during infection of intact organisms.

Since LCMV has been extensively studied from the perspective of immune evasion

and the balance between chronic or acute infections [30] it would be interesting

to investigate whether cell-to-cell transmission plays a significant role in these

processes. In addition, a greater understanding of how LCMV propagates in the

natural host, where multiple cell types are susceptible to infection, may help explain

how LCMV is able to grow to high titres in suspension cultures [31] which likely

preclude the formation of interconnected cells.

Interestingly, IAV, which like LCMV is an enveloped negative-sense segmented

RNA virus, has been shown to utilise TNT connections for spread during infection.

However, for IAV the infectious entity is not proposed to be a fully assembled mature

virion, but instead is believed to comprise solely the RNP, devoid of both matrix

and the spike-embedded envelope [19, 32]. Rab11a is known to be involved in

transport of RNPs to assembly sites at the plasma membrane for subsequent budding

and transmission involving extracellular release, and Rab11 was also shown to play

a role in movement of IAV vRNPs across TNT connections [19]. Interestingly,

analysis of IAV infection outcome revealed the movement of IAV segments through

TNT connections acted to facilitate genome reassortment during co-infections, with
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important consequences for virus evolution and possible emergence of pathogenic

variants [19].

For LCMV, we are interested in determining the composition of the intercellular

infecting entity. While our data shows that the internal RNP as well as Z and

GPC components are colocalised within TNT-like connections, we are unable to

determine whether the RNP alone, or the RNP in combination with one or more

of the matrix or envelope components are required to transmit infectivity. What is

probable, and consistent with our data, is that both intact virions and non-enveloped

RNPs can traffic through TNT-like connections. Further investigations are required

to understand if only one or both options results in productive infection within

subsequent cells, but clearly, the distinction between these two possibilities has

implications for infection of the connected cell. If the transmitting object is an

RNP, then presumably this would be able to initiate infection in the same way as

if just released from an endocytic vesicle. In contrast, if the transmitting object is

an intact enveloped virion, it must follow an infection pathway in the new cells that

allows virion disassembly and RNP release by interaction with its secondary receptor

CD164, that is specifically located within late-endosomal compartments, and how

this could be achieved is unclear. It is interesting to note that as arenaviruses

assemble at the plasma membrane, non-enveloped RNPs must necessarily transit

across the cytosol from their replication site, as occurs for IAV, where they

acquire their envelope, matrix and spike complex. This allows the possibility that

non-enveloped RNPs may be substrates for cytoskeletal trafficking pathways that

lead to the plasma membrane, but alternatively, these cytoskeletal pathways may

also lead through intercellular connections delivering RNPs to new cells. If intact

virions are indeed capable of passing through cell-to-cell connections, it is intriguing

to speculate how such particles can be generated, given the plasma membrane site

of virion assembly. One possibility is that some cell-to-cell connections are not

open-ended tubes, but instead possess membranous structures at one or both ends

that could potentially allow formation and subsequent passage of an enveloped virion

into the interior of the connecting structure. Such closed tubes have been described

alongside open-ended tubes [33].

Further investigations are required to understand if the movement of virus

components within TNT-like connections is an active or passive process, or if there
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is a reliance on host cell components for this transport, such as Rab11, as described

for IAV, above [19] . Interestingly, STED analysis of rLCMV infected cells stained

for GP-1 and F-actin (Figure 3.2B) showed the corresponding signals were proximal

but not coincident. This observation raises the possibility that F-actin associated

proteins such as the resident myosin motors may play a role. The host cell motor

protein myosin II has been implicated in ‘viral surfing’ for several viruses including

murine leukaemia virus, avian sarcoma leukosis virus and vesicular stomatitis virus

[34]. In the context of HIV infection, host cell motor protein non-muscle myosin II

(NMMII), has been implicated in the movement of Gag and Env through cell-cell

TNTs during infection [16]. It is unclear if LCMV requires the involvement of any

cellular motors, or if an association with growing F-actin fibres is sufficient for TNT

trafficking, and experiments to investigate this are underway. Developing a clear

understanding of transmission routes is important in order to formulate antiviral

strategies. The role of cell-cell transmission of hepatitis C virus (HCV) for evasion

of neutralising antibodies is well understood [35]. Direct acting antivirals (DAAs)

are effective therapeutics for HCV, yet resistance can occur. In a recent study,

cell-cell transmission was shown to be the primary route of HCV DAA-resistance,

leading to infection persistence. By targeting cell-cell transmission alongside DAA

treatment, resistance was overcome, and HCV was again eliminated in a cell culture

model [35].

Overall, this study reveals that a major fraction of LCMV transmission within

cultured cells occurs via intercellular transmission, without involvement of the

extracellular space. It will be interesting to examine whether other arenaviruses from

both OW and NW clades utilise TNT-like connections as transmission conduits, and

also to test whether these connections are formed in the context of intact tissues

with an infected host.

3.5 Materials and Methods

3.5.1 Plasmid design and virus rescue.

Construction of plasmids expressing S and L segments for rescue of rLCMV-WT,

rLCMV-eGFP, LCMV-Z-HA [23] and LCMV-GP1-FLAG [10] have been
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previously described, along with corresponding rescue protocols. Rescue of

rLCMV-GP1-FLAG-Z-HA was achieved using these same protocols, by transfection

of BSR-T7 cells with cDNAs expressing the S segment of rLCMV-GP1-FLAG

along with the L segment of rLCMV-Z-HA (Figure 3.4). Also transfected were

supporting plasmids expressing the ORFs of LCMV NP and LCMV L proteins,

as well as bacteriophage T7 RNA polymerase. At 5 days post transfection (dpt),

cell supernatants were transferred to BHK cells allowing amplification of any rescued

viruses. At 2 days post infection (dpi), viral supernatants were collected and subject

to focus forming assays (FFA). Titred viral stocks gained were utilised for bulking

in BHK cells at an MOI of 0.001, and subsequently harvested at 3 dpi.

3.5.2 Virus infections.

To generate virus stocks, T175 flasks of BHK cells seeded at 5x106 the day prior

were infected at an MOI 0.001. At 3 days post infection, viral supernatant was

harvested and centrifuged to remove cell debris (x4000 g), aliquoted (80 µL) and

frozen for subsequent viral titration. For all other viral infections, cell monolayers

were infected with LCMV at the specified MOI in either serum-free (SFM), 2.5%

or 10% FBS DMEM, depending on cellular requirements, at 37 °C. After 1 h, the

inoculum was removed and SFM, fresh 2.5% or 10% DMEM was then applied for

the duration of the infection. For synchronised infections, LCMV was bound on ice

to cells for 1 h. Subsequently, the inoculum was removed, monolayers washed x3

with PBS and SFM, fresh 2.5% or 10% DMEM was then applied for the duration

of the infection.

3.5.3 Viral titration.

Determination of virus titres was achieved through focus forming assays (FFA).Viral

stocks requiring titration were serially diluted in SFM to infect fresh monolayers of

BHK cells seeded at 1 x 105 in a 24 well-plate. After infection, medium containing

virus was removed and 1 mL 1:1 ratio of 10% FBS DMEM to 1.6% methylcellulose

was reapplied, and the cells incubated for a further 3 days. For rLCMV-eGFP

titration, the Incucyte Zoom S3 live cell imaging system (Sartorius) was used

to image whole wells and detect fluorescent rLCMV-eGFP foci, which were then
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counted for titre determination. For rLCMV-WT titration, cells are fixed using 4%

(vol/vol) paraformaldehyde (PFA) for 15 mins and washed three times with PBS.

Cells were then incubated with permeabilisation buffer (0.3% [vol/vol] Triton X-100,

2% [wt/vol] FBS in 1 x PBS) for a further 10 mins, and then washed three times with

PBS. Following this, cells were incubated with 1 mL blocking buffer (1% [wt/vol]

BSA in PBS) for 1 h. The cells were then incubated for 1 h with 150 µL/well

LCMV NP primary antibody (generated in-house, 1:1000 in blocking buffer), and

washed three times with PBS. Following this, cells were incubated for 1 h with 594

Alexa Fluor secondary antibody (Life Technologies; 1:500 in blocking buffer), and

subsequently washed four times with PBS. The Incucyte Zoom S3 live cell imaging

system was then used to image whole wells of the plate to detect red rLCMV-WT

focus forming plaques. Plaques were quantified, and virus titres determined. For

rLCMV-FLAG titration, the protocol for rLCMV-WT was followed, yet cells were

incubated for 1 h with 150 µL/well LCMV NP (in-house, 1:1000 in blocking buffer)

and FLAG (Sigma, 1:500 in blocking buffer) primary antibodies. Following this,

cells were incubated for 1 h with 488 (FLAG) and 594 (LCMV NP) Alexa Fluor

antibodies (Life Technologies; 1:500 in blocking buffer), then washed four times with

PBS.

3.5.4 Analysis of LCMV infection progression

Trypsinised A549 cells were seeded in a 12-well plate at 1 x 105 cells/well in 1 mL

10% FBS DMEM; simultaneously, cells were infected with rLCMV-eGFP, at an MOI

of 0.001. To investigate spread throughout a culture, whole well images were taken

at 6 h intervals using an Incucyte Zoom S3 live cell imaging system (Sartorius).

3.5.5 Immunofluorescence (widefield and confocal

microscopy)

Trypsinised A549 cells were seeded onto a 19-mm round glass coverslips (VWR)

in a 12-well plate at 1 x 105 cells/well, followed by incubation at 37 °C. At 24

hpi, 1 mL 4% (vol/vol) paraformaldehyde in PBS was added directly on top of

the 1 mL infection media for 20 mins at room temperature. After fixation, the

cells were washed three times in PBS and then incubated in permeabilisation buffer
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(0.3% [vol/vol] Triton X-100, 1% [wt/vol] bovine serum albumin [BSA] in PBS) for

10 mins at room temperature. Following permeabilisation, the monolayers were

washed three times with PBS and incubated with blocking buffer (1% [wt/vol]

BSA in PBS) for 1 h. Subsequently, primary antibody made in the BSA blocking

buffer containing NP (1:500, in house [sheep]), FLAG (1:100 [mouse/rabbit]) and HA

(1:500 [mouse/rabbit]) was incubated for 1 h at room temperature. The cells were

then washed three times with PBS and incubated with corresponding Alexa Fluor

488, 594 and 647 secondary antibodies (Life Technologies; 1:500 in BSA blocking

buffer) for 1 h at room temperature in a light protected vessel. Cell monolayers were

then washed four times with PBS before addition of appropriate stain/dye; F-actin

(Phalloidins, Texas Red, 5 µL/well in 500 µL blocking buffer) and β-tubulin (affimer;

1:200; A gift from Professor Michelle Peckham, University of Leeds, UK), for 1 h in

a light protected vessel. Cell monolayers were then washed four times with PBS and

mounted onto glass coverslips with the addition of Prolong Gold Antifade reagent

with DAPI (Thermo Fisher Scientific), cured, sealed, and stored at 4 °C. Images

were then taken on either Zeiss LSM 880 confocal microscopy or Olympus Widefield

Deconvolution Microscope and processed using Zen (Blue Edition) software and Fiji

(Image J). Line scan analysis was performed utilising Zen (Blue Edition).

3.5.6 TNT-like connection inhibition utilising nocodazole

and CK-869.

Trypsinised A549 cells were seeded in a 12-well plate at 1 x 105 cells/well in 1 mL

10% FBS DMEM and incubated for 16- to 24- h. Cells were subsequently infected

with 500 µL rLCMV-eGFP at an MOI of 0.01, and at 3 hpi 500 µL of nocodazole

(60 µM) or CK-869 (60 µM) was added to give a 30 µM final concentration. To

investigate spread throughout a culture, 16-images were taken for each condition

at 18- and 24- hpi using an Incucyte Zoom S3 live cell imaging system (Sartorius).

For each condition, at both 18- and 24 hpi, infected cells were manually counted

and represented as single or foci (defined as a minimum of two infected adjacent

cells). The average of three independent experimental repeats is shown, with error

bars showing standard deviation at each time point (n = 3). To ensure nocodazole

and CK-869 major effect is on cell-cell connections, viral egress was analysed after
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a single round of infection. A549 cells were infected at an MOI of 1 and infection

incubated for 1 h at 37 °C. Subsequently, infection medium was removed and cells

washed with 1 x PBS four times prior to replacement with 1 mL 10 % FBS DMEM.

At 3 hpi, nocodazole or CK-869 (30 µM) was added to the cultures. At 12 hpi,

viral supernatants were collected and subject to focus forming assay analysis, and

results expressed as normalised untreated titres. The average of three independent

experimental repeats is shown, with error bars showing standard deviation at each

time point (n = 3).

3.5.7 Immunofluorescence (FISH)

FISH probes used were identical to a set previously described [36] and synthesised

by Stellaris. The protocol was followed according to manufacturer’s instructions,

with probes hybridized overnight at 37 °C. As recommended by the manufacturer,

FISH probes were visualized using widefield microscopy.

3.5.8 Immunofluorescence (STED)

Trypsinised A549 cells were seeded onto a 19-mm round glass coverslip (VWR) in

a 12-well plate at 1 x 105 cells/well, followed by incubation at 37 °C. At 24 hpi,

1 mL 4% (vol/vol) paraformaldehyde in PBS was added directly on top of the 1

mL infection media for 20 mins at room temperature. After fixation, the cells

were washed three times in PBS and the incubated in permeabilisation buffer (0.3%

[vol/vol] Triton X-100, 1% [wt/vol] bovine serum albumin [BSA] in PBS) for 10

mins at room temperature. Following permeabilisation, the monolayers were washed

three times with PBS and incubated with blocking buffer (1% [wt/vol] BSA in PBS)

for 1 h. Subsequently, primary antibody in BSA blocking buffer containing FLAG,

(1:100 [rabbit/mouse]) and HA (1:500 [rabbit/mouse]) was incubated for 1 h at room

temperature. The cells were then washed three times with PBS and incubated with

Fluro 647 secondary antibodies (Abberior STAR red; 1:500 in BSA blocking buffer)

for 1 h at room temperature in a light protected vessel. Cell monolayers were then

washed four times with PBS before addition of F-actin stain (Phalloidins, Texas

Red, 5 µL/well in 500 µL blocking buffer) for 1 h in a light protected vessel. Cell

monolayers were then washed four times with PBS and mounted onto glass coverslips
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with the addition of Prolong Gold Antifade reagent (Thermo Fisher Scientific),

cured, sealed, and stored at 4 °C.

3.5.9 Neutralising antibody assay

Trypsinised A549 cells were seeded in a 12-well plate at 1 x 105 cells/well, followed

by incubation at 37 °C for 16-24 h. For pre-treated condition, rLCMV-eGFP (MOI

of 0.2) was incubated with 1 mL neutralising antibody (5µg/mL; made in 10%

FBS DMEM) for 1 h. Remaining conditions (mock, virus only, virus + antibody

[added at 3 hpi]) were subject to incubation with 1 mL 10% FBS DMEM for 1 h.

Subsequently, the total 1 mL for each condition was added to A549s, and infection

allowed to progress. At 3hpi, 5µg/mL neutralising antibody was added inhibiting

extracellular viral spread. Total green cell count was measured every 6 h using an

Incucyte Zoom S3 live cell imaging system (Sartorius) and normalised for confluency

variation. The average of three independent experimental repeats is shown, with

error bars showing standard deviation at each time point (n = 3). To confirm

the effectiveness of antibody M28 in neutralization of any newly released viruses,

supernatants were collected for 18 hpi, and then subject to treatment with 5µg/mL

neutralising antibody for 1 h. Subsequently, virus with and without neutralising

antibody were subject to focus forming assays and titres expressed as normalised

virus titres. The average of three independent experimental repeats is shown, with

error bars showing standard deviation at each time point (n = 3).
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4.1 Abstract

The newly formed Bunyaviricetes class of segmented negative-sense RNA viruses

contains the Arenaviridae family, for which the prototypic species is lymphocytic

choriomeningitis virus (LCMV), a recognised model for members able to cause

fatal haemorrhagic fevers such as Lassa and Junín viruses. Here, we examine the

phosphorylation of LCMV nucleoprotein (NP) with particular focus on the S343

residue. Through mass spectrometry, we detected phosphorylation at 6 NP residues,

with modification at S343 identified as most abundant. To test the consequence of

charge acquisition at S343, infectious LCMV bearing NP with phospho-ablantant

(S343A) and phospho-mimetic (S343E) substitutions were generated, and analysis

of their growth kinetics during infection of BHK, A549, SH-SY5Y and NIH3T3

cell lines, revealed no significant differences in virus fitness. In contrast, infection

of the mouse macrophage cell line RAW264.7 with rLCMV-S343E resulted in

a significantly diminished titre and NP expression compared to rLCMV-WT.

Interestingly, LCMV-WE (pathogenic) NP is unable to be phosphorylated at S343,

thus this modification is specific to LCMV-Arm (non-pathogenic), which may

contribute to the differences in pathogenicity. Taken together, these findings shown

that LCMV NP can be phosphorylated, and residue S343 phosphorylation acts as

an antiviral response.

4.2 Importance

Arenavirus species can cause human fatality and currently there are no specific

preventatives or treatments available. Here, we utilise LCMV and provide evidence

that the NP is phosphorylated. We further examined the role of NP residue S343,

revealing that NP S343 phosphorylation is not required for any viral-dependent stage

of LCMV infection, but instead acts in an antiviral manner. Our data suggests that

S343 phosphorylation of NP is LCMV strain specific, which may contribute to the

differing pathogenicity.

Keywords: Arenavirus; LCMV; nucleoprotein, phosphorylation, antiviral.
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4.3 Chapter Introduction

The Arenaviridae family within the Bunyaviricetes class of segmented negative-sense

RNA viruses presently contains 69 species grouped into five genera; Antennavirus,

Hartmanivirus, Innmovirus, Mammarenavirus and Reptarenavirus [1]. Species of

the Mammarenavirus genus typically establish latent infections within rodents, but

can spill-over into humans resulting in severe disease. In some cases, infection can

result in haemorrhagic fever with potentially fatal outcomes, most notably for Lassa

virus (LASV) and Junín virus (JUNV) [2, 3]. To date, there are no FDA-approved

vaccines or antiviral therapies to prevent or mitigate infection by any member of

the Arenaviridae family. Consequently, several arenaviruses are classified as hazard

group 4 pathogens, requiring biosafety level (BSL) 4 containment for handling, which

has hindered research advancements.

Lymphocytic choriomeningitis virus (LCMV), the prototypic species of the

Mammarenavirus genus, acts as a research model for highly pathogenic arenaviruses,

with the Armstrong strain requiring only BSL-2 containment for study. The common

host mouse Mus musculus is the primary host for LCMV, with rodent-human

transmission frequently occurring [4]. Multiple serology studies conducted within

urbanised areas have reported a prevalence of LCMV antibodies within the human

population as 2-9% [5–7]. Although LCMV infection is considered as less pathogenic,

severe disease can arise within immunocompromised patients or neonates [8, 9]. In

these cases, patients often present with aseptic meningitis, and as such LCMV has

been identified as an underrecognised agent of neurological disease [9].

All species within the Mammarenavirus genus possess bi-segmented genomes

comprising small (S) and large (L) segments, which collectively encode four

structural proteins. S encodes the nucleoprotein (NP) and glycoprotein precursor

(GPC), whereas L encodes the viral RNA-dependent RNA polymerase (RdRp,

L protein) and matrix protein (Z). Nascent virion-associated RNAs (vRNA) are

coated by NP, and together associate with L to form viral ribonucleoprotein

(vRNPs). Within mature virions, vRNPs are enclosed within a cell-derived lipid

bilayer; Z coats the interior, with viral spikes protruding from the surface. In

relation to gene expression, entry and uncoating releases input S and L vRNAs

into the cytoplasm, which are transcribed to yield mRNAs encoding for NP and L,
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respectively. Succeeding this, replication of full-length S and L vRNAs generates S

and L anti-genome RNAs (agRNA), and using an ambi-sense coding strategy, these

S and L agRNAs act as templates for transcription of mRNAs encoding GPC and

Z, respectively.

The interplay between virus infection and both the innate and adaptive immune

system has been well studies for arenaviruses, with LCMV being used extensively

as a model system, in particular for understanding the establishment latent or

persistent infections at the organismal level, using the natural rodent host. In

addition, many arenaviruses express a potent immune modulatory factor in the

form of the NP. The LASV NP been shown possess an exonuclease activity specific

for dsRNA that acts to restrict translocation of IFN regulatory factor 3 (IRF3) and

block activation of innate immune responses [10]. The exonuclease domain (ExoN)

of NP belongs to the DEDDh family of 3’-5’ exonucleases and functional residues

D382 and G385 are highly conserved between arenavirus species [11, 12]. The ExoN

regions of NP has also been shown to bind directly to Inhibitor Of Nuclear Factor

Kappa B Kinase Subunit Epsilon (IKKϵ) [13]. Sequestering of IKKϵ was shown in

vitro to prevent IRF3 phosphorylation, and thus blocks IRF3 activation [13]. The

NP-IKKϵ interaction is retained for both Old and New World arenavirus species

including LCMV, LASV, WWAV, LATV and JUNV, indicating this mechanism of

immune inhibition may be conserved [13].

Proteomic analysis of NP binding partners has identified multiple other cellular

interacting proteins involved in immune signalling including Retinoic acid-inducible

gene I (RIG-I), melanoma differentiation-associated protein 5 (MDA-5) and

DEAD-Box Helicase 3 (DDX3) [14–17]. Investigation for RIG-I and MDA-5

highlighted how NP may prevent nuclear translocation of IRF3, ultimately

preventing IFN-β production [14–16]. Intriguingly, DDX3 has previously been

described as antiviral, by causing activation of IFN-I [18, 19]. However, for LCMV,

the NP-DDX3 interaction was shown to be pro-viral supressing IFN-I [20].

Interestingly, despite retaining this exonuclease domain, JUNV NP is unable

to degrade dsRNA [21]. Thus, JUNV employs a different strategy to modulate

induction of apoptosis and interferon expression. Firstly, within native JUNV

infection, NP cleavage and alternative translation of NP mRNA results in three

additional NP isoforms, and these products act as a caspase decoys for modulating
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the induction of apoptosis and interferon expression [22, 23]. Additionally, to control

immune activation via the protein kinase R (PKR) signalling pathway, which is

activated by increased levels of dsRNA, JUNV NP binds directly to PKR preventing

phosphorylation of eIF2a [24]. Taken together, this highlights how arenavirus NP

has multifunctional roles for immune modulation during infection.

Phosphorylation of LCMV NP during native infection has been reported

previously, [25]. Within this work, five NP phosphorylation sites were identified

through mass spectrometry of purified LCMV virions: S116, S122, Y125, S343, and

T330 [25]. Alongside these identified sites, phosphorylation algorithms highlighted

four other residues as predicted site: S9, S82, T206, and S233 [25]. The

investigations primarily focused on phosphorylation of T206, and the requirement

of this modification for the formation of punctate replication and transcription

complexes (RTCs) during LCMV infection [25].

Here, we sought to further investigate LCMV NP phosphorylation. Using

LC-MS we identified novel phosphorylation sites at residues S2, T73, T76, S138

and S263, alongside the previously reported S343, which became the focus of our

study due to its relative abundance and its location within a potential region of

disorder separating the N- and C-terminal domains. To test the importance of

S343 phosphorylation on virus fitness, infectious phospho-ablatant (rLCMV-S343A)

and phospho-mimetic (rLCMV-S343E) LCMV variants were generated, revealing

rLCMV-S343E possessed a significant growth deficiency in the mouse macrophage

cell line RAW264.7, establishing the acquisition of charge at residue S343 by

phosphorylation as a possible antiviral determinant. Interestingly, while residue

S343 is conserved in the pathogenic LCMV strain WE (LCMV-WE), we showed it

cannot be phosphorylated, thus opening the interesting possibility that acquisition

of charge at S343 may represent a previously unrecognised determinant of LCMV

pathogenicity.

Overall, this study improves our understanding of arenavirus NP

post-translational modifications and highlights how phosphorylation of viral proteins

may act as a host counter-defence.
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4.4 Results

Phosphorylation of LCMV NP

Previous mass spectrometric analysis of purified LCMV showed NP was

phosphorylated at residues S116, S122, Y125, S343, and T330 [25], with residues

S9, S82, T206, and S233 predicted to be phosphorylated, despite not being detected

[25]. The phenotypic consequences of phosphorylation at only T206 were examined

further, with this residue shown to be essential for virus rescue.

To investigate LCMV NP phosphorylation further, we adopted a virus-like

particle (VLP) approach, chosen to allow the detection of NP phosphorylation

events independent of virus multiplication. As such, we transfected HEK293T

cells with plasmids expressing NP and Z proteins, with subsequently generated

virus-like particles (VLPs) harvested and purified, then subject to liquid

chromatography-tandem mass spectrometry analysis (LC-MS). Tryptic and

chymotryptic digests of NP resulted in peptides that were independently examined

for the presence of phosphorylation, with 6 residues identified, namely S2, T73,

T76, S138, S263 and S343. Of these, S2, T73, T76, S138 and S263 are novel

phosphorylation sites, with only S343 being previously identified [25] (Figure

4.1A; Mass spectra; Supplementary figure 8.1). While S2, T73, T76, S138, S263

were detected as phosphorylated with a single peptide, phosphorylation at S343

was identified through multiple peptides. Interestingly, all the newly identified

phosphorylated residues were located within the NP-core domain, with the exception

of S343, which was located within the accessible flexible linker region connecting the

NP-core and ExoN domains (Figure 4.1B).
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Figure 4.1: LCMV NP phosphorylated residues. (A) Peptide map of LCMV
NP-flag. Sequence regions matching identified unique peptides and phosphosite positions
are shown with blue lines and red boxes, respectively. The proteomics experiment resulted
in a total coverage of 96.6%. (B) Schematic depicting the NP domains and flexible linkers,
alongside the positions of identified phosphorylated residues (red circles).

F-actin disruption via CK-869 causes phosphorylation of LCMV NP at

S343.

When performing western blot analysis of NP from rLCMV-infected A549 cells using

NP antisera, we routinely detect a doublet comprising a major NP species in addition

to a minor species of reduced mobility (Supplemental Figure 8.2), potentially

representing NP with a post-translational modification. Interestingly, during recent

work where we intentionally disrupted actin or tubulin cytoskeleton integrity using

CK-869 or nocodazole, we noticed an increased abundance of an equivalent slower

migrating species (Figure 4.2A-B). We postulated that cytoskeletal disruption,

and the subsequent induction of cellular kinase activity that this brings [26, 27]

may promote NP phosphorylation. Consistent with this hypothesis, virus-induced

remodelling of the actin cytoskeleton is known to alter the activity of the PP1-R12C
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Figure 4.2: CK-869 causes an increased post-translational modification of
LCMV NP. (A) A549 cells were pre-treated with 20- and 40 µM CK-869 and then
infected with LCMV at an multiplicity of infection (MOI) of 0.2. Lysates were collected
at 24 hpi, and subject to western blot analysis using anti-sera specific for LCMV NP
and GAPDH as loading control. (B) Analysis of CK-869 toxicity in A549 at 20- and 40
µM as measured by MTT assay, normalised to mock untreated cells. (C) Representative
western blot from time-of-lysis analysis. A549 cells were infected with LCMV at an MOI
of 0.2, with CK-869 (20 µM) added at 3 hpi. Subsequently, lysates were collected at
hourly intervals (8-14 hpi), alongside input (3 hpi) and known (24 hpi) controls, which
were then subject to western blot analysis. (D and E) Densitometry histograms of the NP
proportion representing the lower (D) and higher (E) molecular weight. The proportion
was quantified for three independent experimental repeats, with error bars representing
deviation from the mean.
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phosphatase complex, which primes and activates the RIG-I-like receptor,

mediating an increased antiviral IFN response [28]. An increased antiviral IFN

response could confer increased NP phosphorylation as a consequence of cellular

kinases, relating to antiviral signalling pathways such as STAT1/3, IRF3/7 and

MAVS [29–31].

To investigate the origin of this reduced mobility NP species, we wanted to

understand the kinetics of its induction, and to this end we performed a time-of-lysis

experiment. Cells were infected with rLCMV-WT at an MOI of 0.2, and at 3 hpi,

20 µM CK-869 was added, with cell lysates harvested hourly from 8 to 24 hpi

and subjected to western blotting (Figure 4.2C). LCMV NP was first detectable at

3 hpi and with increasing abundance thereafter, as quantified by densitometry of

three western blots (Figure 4.2D). In contrast, the reduced mobility band was first

detected at around 9 hpi, subsequently increasing in both abundance and relative

proportion until reaching approximately 40% abundance at 24 hpi (Figure 4.2D).

This temporal appearance of the minor reduced mobility species was consistent with

kinase induction.

To identify the modification responsible for the appearance of the reduced

mobility species in CK-869 treated cells, we performed LC-MS analysis of

chymotrypsin-digested NP co-immunoprecipitated (co-IP) from LCMV infected

cell lysates (Figure 4.3A). This analysis identified residue S343 to be the sole

phosphorylation site within NP, with a certainty of over 97% (Figure 4.3B).

Interestingly, in untreated conditions, we were unable to detect phosphorylation

at S343, likely a result of low abundance of the corresponding peptide following

NP pull-down. No other modifications were detected in these samples, leading

us to conclude that the reduced mobility NP species detected by western blotting

corresponded in major part to NP phosphorylated at residue S343.
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Figure 4.3: NP is phosphorylated with S343 representing the likely residue.
(A) Co-Immunoprecipitation was performed from infected LCMV untreated and CK-869
cultures, lysates and pull-down products were then subject to western blot analysis.
(B) Liquid chromatography–mass spectrometry (LC-MS) analysis was performed on
chemotryptic digested untreated and CK-869 treated pull-down samples. The highlighted
peptides was identified as phosphorylated in CK-869 treated cultures, with the probability
for each residue shown.

Recovery of recombinant LCMV expressing NP with S343

phospho-ablatant and phospho-mimetic mutations.

The results of the previous sections identified residue S343 as a consistently

phosphorylated site within NP, either in native conditions, or following cytoskeletal

disruption. These observations, combined with the location of S343 within the

inter-domain unstructured region, prompted us to investigate the consequences of

S343 phosphorylation, and subsequent acquisition of negative charge, in LCMV

multiplication.

To do this, we attempted to recover infectious recombinant LCMV bearing

phospho-ablatant (S343A) and phospho-mimetic (S343E) substitutions [32, 33]

(Figure 4.4A), intended to mimic the constitutive loss or gain of negative charge

that phosphorylation at S343 would impart, respectively [34].

Recovery of both rLCMV-S343A and rLCMV-S343E was successful, evidenced

by the detection of NP following subsequent infection in BHK cells (Figure 4.4B

and Supplimentary figure 8.3), with both viruses reaching titres of around 107 focus

forming units/mL (FFU/mL) in subsequently amplified stocks.
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Figure 4.4: Recovery of LCMV NP phospho-ablatant (S343A) and
phospho-mimetic (S343E) mutants. (A) Schematic highlighting rescue of
recombinant LCMV harbouring NP S343A/E mutations within the S segment. (B)
Western blot analysis of transfected BSR-T7 alongside infected BHK-21 cell cultures
confirmed rLCMV-S343A/E (alongside rLCMV-WT rescue). (C) Validation of S343 as
the site of phosphorylation. A549 cells were infected with rLCMV-WT, rLCMV-S343A
and rLCMV-S343E, with CK-869 (20 µM) or nocodazole (20 µM) added at 3 hpi. Lysates
were harvested at 24 hpi and subjected to western blot analysis.

Next, to test whether the specified mutations were stably retained,

rLCMV-S343A and rLCMV-S343E infected cells were treated with CK-869 and

nocodazole. As expected, NP generated in rLCMV-S343A infected cells migrated as

a single major species with equivalent mobility to that of WT NP, indicating it had

lost the capacity to acquire phosphorylation, and thus charge (Figure 4.4C). Also

in line with expectations, NP generated in rLCMV-S343E infected cells migrated

as a single species, but with a reduced mobility corresponding to that of NP

phosphorylated at S343, consistent with acquisition of negative charge through the
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S343E substitution. Taken together, the mobility of NP expressed in rLCMV-S343A

and rLCMV-S343E infected cells was consistent with their respective loss or gain

of negative charge and further confirmed that residue S343 was the target of

modification by a phosphorylation event.

Phosphorylation of LCMV NP at S343 is not required for viral

propagation.

To elucidate the role of S343 phosphorylation during LCMV infection, we

investigated the propagation of rLCMV-WT, rLCMV-S343A and rLCMV-S343E

in multiple cell lines including BHK, SH-SY5Y, NIH3T3, A549 and the LCMV

permissible mouse macrophage cell line RAW264.7, which exhibit fundamental

macrophage-like immune related functions such as phagocytosis and pinocytosis.

Cells were infected with each virus with an MOI of 0.2. and viral supernatants were

collected at 48 hpi, which were then subject to titration via focus forming assay. The

mean titre for rLCMV-WT, rLCMV-S343A and rLCMV-S343E for each cell line is

shown, alongside standard deviation of the three independent experimental repeats

(Figure 4.5 and 4.6A). Consistent with previous virus rescue experiments, when

propagated in BHK-21 cells (red) there was no significant difference between the

growth of rLCMV-WT, rLCMV-S343A or rLCMV-S343E, with all capable of virus

propagation to around 107 FFU/mL. The lack of difference in propagation between

rLCMV-WT, rLCMV-S343A and rLCMV-S343E was also conserved for SH-SY5Y

(blue), NIH3T3 (purple) and A549 (green) cells (Figure 4.5).
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Figure 4.5: LCMV growth is not dependent on NP S343 phosphorylation. BHK
(red), SH-SY5Y (blue), NIH3T3 (purple) or A549 (green) cells were infected with either
rLCMV-WT, rLCMV-S343A or rLCMV-S343E at an MOI of 0.2, viral supernatants were
then collected at 48 hpi. Three independent experimental repeats were performed with
the mean represented, and error bars representing deviation.

Next, we examined LCMV and the two variant viruses following infection of the

mouse macrophage cell line RAW264.7, utilised for investigating LCMV persistence

and immune evasion. Here, rLCMV-S343A and LCMV-WT showed no significant

difference in mean viral titre (Figure 4.6A), rLCMV-S343E had a significantly

reduced (10-fold) mean titre compared to rLCMV-WT (Figure 4.6A). This reduced

titre was also mirrored in reduced expression of LCMV NP, with quantification of

three independent experimental repeats (Figure 4.6B and C) revealing NP expression

levels 19.9% that of LCMV-WT (Figure 4.6B). Taken together, these data show

the acquisition of negative change at 343 correlates with the reduced fitness of

rLCMV-S343E, which is consistent with phosphorylation at this site being an

antiviral outcome, The fact that this phenotype was only identified in RAW264.7

cells suggests it is related to the innate immune competency of these cells.
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Figure 4.6: Analysis of S343A and S343E within the mouse macrophage cell
line RAW264.7. (A) RAW264.7 cells (orange) were infected with either rLCMV-WT,
rLCMV-S343A or rLCMV-S343E at an MOI of 0.2, viral supernatants were then collected
at 48 hpi. Three independent experimental repeats were performed with the mean
represented, and error bars representing deviation. (B and C) Lysates from (A) were
collected and subject to western blot analysis (represented in C). Densitometry was plotted
showing relative fold-change of NP expression, normalised to rLCMV-WT, over three
experimental repeats with error bars showing deviation from the mean.

Co-localisation of LCMV-S343E NP and lysosomes.

LCMV NP was shown to have similar diffuse cytoplasmic localisation within

RAW264.7 cultures for LCMV-WT, LCMV-S343A and LCMV-S343E, despite

a reduction in NP expression and titre following LCMV-S343E infection. We

hypothesised that NP may be expressed and distributed similar initially in all

cultures, yet phosphorylation targets NP for lysosomal degradation [35]. To

investigate this, we performed IF to examine the spatial proximity of NP and

LAMP-1, a lysosomal cell marker, for RAW264.7 cultures infected with LCMV-WT,

LCMV-S343A and LCMV-S343E (Figure 4.7).
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Figure 4.7: LCMV NP and LAMP-1 (lysosomes) co-localise in rLCMV-S343E
infected RAW264.7 cells. Confocal microscopy of rLCMV-WT, rLCMV-S343A and
rLCMV-S343E RAW264.7 infected cells at 48 hpi, MOI of 0.2. RAW264.7 cells were
stained with NP (red), LAMP-1 (green) and DAPI (blue), scale bar 20 µm. A zoomed
image for rLCMV-S343 NP/LAMP co-localisation (white boxes) is shown, scale bar 5 µm.

Consistent with the previous IF analysis, for RAW264.7 cells infected with

LCMV-WT, LCMV-S343A or LCMV-S343E, the distribution of NP (red) alone

was comparable. Infected cells showed diffuse cytoplasmic NP distribution, with
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specific regions that had increased intensity. Interestingly, the LAMP-1 (lysosomal)

localisation and distribution differed between LCMV-WT, LCMV-S343A and

LCMV-S343E. For the RAW264.7 culture infected with LCMV-WT, LAMP-1

(green) was mainly distributed within infrequent small puncta throughout the

cytoplasm (Figure 4.7). Within this culture, no clear co-localisation between

LCMV NP and LAMP-1 was evident. For the LCMV-S343A infected culture,

LAMP-1 showed localisation within discrete cytosolic regions, which were of higher

intensity compared to LCMV-WT. However, comparable to LCMV-WT, NP from

LCMV-S343A cultures had little evidence of co-localisation with LAMP-1. Of

emphasis, the LCMV-S343E infected culture showed major differences compared

to both LCMV-WT and LCMV-S343A. Firstly, the LAMP-1 localisation differed,

showing diffuse cytoplasmic distribution alongside regions with clusters of discrete

puncta (Figure 4.7). Secondly, within S343E infected cultures, the LAMP-1 regions

of increased intensity revealed close co-localisation with LCMV NP (Figure 4.7;

zoom).

Taken together, these findings suggest a close association between NP and

LAMP-1 within RAW264.7 cells infected with LCMV-S343E, which is not evident in

LCMV-WT or LCMV-S343A cultures. Thus, this is consistent with phosphorylation

of NP performing in an antiviral manner, through the targeting of NP for

degradation via lysosomes.

NP phosphorylation is strain specific.

The previous findings were all performed using the apathogenic LCMV-Arm strain.

Recent work has revelated that infection with LCMV-Arm strain or LCMV-WE

strain corresponds to differing immune responses, giving possible explanation for

the difference in respective apathogenic or pathogenic outcomes [36]. Given that

NP is well established to interfere with innate immune signalling by virtue of its

ExoN activity, alongside our finding that S343 phosphorylation of NP may be a

host antiviral response, we wished to examine whether NP from both LCMV-Arm

and LCMV-WE strains can be phosphorylated. First, sequence alignment confirmed

residue S343 was conserved in both strains despite differences in the surrounding

residues (Figure 4.8A).
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To investigate the ability of NP from rLCMV-Arm and rLCMV-WE to be

phosphorylated, A549 cells were infected with either strain, and at 3 hpi, 20

µM CK-869 was added to the cultures, with cellular lysates harvested at 24 hpi

and subjected to western blotting using NP antisera (Figure 4.8B). As shown

above (Figure 4.2), NP from rLCMV-Arm can be phosphorylated, resulting in

detection of NP with reduced mobility by western blotting in both untreated

and CK-869 treated conditions (Figure 4.8B). Interestingly, when examining

NP from LCMV-WE infected lysates, there was no such NP doublet, showing

phosphorylation at S343 was not possible, despite this residue being conserved.

Figure 4.8: LCMV NP S343 phosphorylation is strain specific. (A) Sequence
alignment of apathogenic (Arm/Cl-13) and pathogenic (WE) LCMV strains and LASV
was performed, with S343 shown (red arrow). (B) A549 cells were infected with
LCMV-Arm and LCMV-WE at an MOI of 0.2, with CK-869 (20 µM) was added to
cultures at 3 hpi. Lysates were harvested at 24 hpi and subject to western blot analysis.

Taken together, these findings show phosphorylation of LCMV NP at S343 is a

strain specific outcome, likely dictated by local sequences surrounding this residue

and raises the interesting possibility that phosphorylation at this residue may have

consequences for LCMV pathogenicity.
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4.5 Discussion

Here, we investigated the impact of S343 phosphorylation of LCMV NP. Through

VLP data and LC-MS of CK-869-treated cultures, it was identified that LCMV

NP can be phosphorylated at residue S343. To investigate this further, infectious

recombinant LCMV was recovered with S343 phospho-ablatant (S343A) and

phosphor-mimetic (S343E) NPs. Intriguingly, initial investigations revealed that

S343 phosphorylation of NP is not a viral-dependent process, with similar growth

kinetics of rLCMV-S343A/E compared with rLCMV-WT in multiple different cell

lines. Consequently, we investigated whether NP phosphorylation is a host defence

mechanism; thus, immune competent RAW264.7 (mouse macrophage) cells were

infected with rLCMV-WT, rLCMV-S343A and rLCMV-S343E, and growth kinetics

monitored. Interestingly, rLCMV-S343E had significantly diminished titres (10-fold)

and NP expression (19.9%) compared to rLCMV-WT, with no significant differences

observed for rLCMV-S343A. This revealed that S343 phosphorylation of LCMV

NP is an antiviral response, being detrimental for LCMV growth. Mechanistically,

IF analysis suggests that phosphorylation may target NP for degradation by

lysosomes, since there was increased co-localisation between NP and LAMP-1 within

rLCMV-S343E infected cultures (Figure 4.7).

This work is the first report describing phosphorylation of LCMV NP from

infected cultures, and the only report that phosphorylation of NP is detrimental

to LCMV propagation in vitro. Nevertheless, may viral proteins have been

shown to be phosphorylated during viral infection for species of orthomyxoviruses

[37–44], alphaviruses [45–47], retroviruses [48–51], filoviruses [52–54], coronaviruses

[55–57] and flaviviruses [58–61]. Generally, many instances involve phosphorylation

of a viral protein subsequently ensures the protein becomes “active”, allowing

for specific functions within distinct stages of the viruses replication cycle

including transcription, replication, viral-host protein interactions, viral protein

multimerisation, assembly, budding, apoptosis [62].

However, for Hepatitis C virus (HCV), phosphorylation of nonstructural 2

(NS2) protein has been shown to target the protein for degradation [63]. Here, the

residue S168 was identified as being critical for NS2 for proteasomal degradation

[63]. A host cell kinase, casein kinase 2 (CK2), was recognised for its potential
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to phosphorylate NS2, with inhibitors against CK2 increasing NS2 stability [63].

Furthermore, the consensus S/TXXE motif, which enables recognition by CK2,

was identified as highly conserved between all HCV genotypes [63]. Subsequent

mutagenesis studies have revealed that S168 (S168A/G) of NS2 is important for

infectious HCV virion production [64]. In the context of our findings, we propose

that S343 phosphorylation targets NP for degradation via lysosomes. Additionally,

we did not observe any viral process dependent on phosphorylation of S343 in vitro,

but we cannot rule out if this post-translational modification may be required for

dissemination of LCMV into differing host tissues, resulting in efficient spread in

vivo.

Host cell kinases phosphorylate proteins using consensus motifs, whereby amino

acids surrounding the phosphorylation site enable kinase recognition [65]. We

utilised kinase prediction algorithms to predict the host cell kinase responsible for

S343 phosphorylation (data not shown). The most prominent members belonged to

the CMGC family of kinases, yet this encompasses a vast number of kinases including

cyclin-dependent kinases (CDKs), mitogen-activated protein kinases (MAPKs),

glycogen synthase kinases (GSKs), and CDC-like kinases (CLKs) [66]. As such,

any attempts to utilise kinase inhibitors alongside CK-869 treatment during LCMV

infection (to investigate the restoration of a single band due to the lack of

phosphorylation) were unsuccessful, and we were unable to identify the specific

kinases involved in S343 phosphorylation.

Intriguingly, we reveal that phosphorylation of NP is LCMV strain specific,

with LCMV-Arm being capable of modification, yet LCMV-WE is not (Figure

4.8). Given that LCMV-WE has been established to be more pathogenic compared

to LCMV-Arm, it is interesting to consider whether S343 phosphorylation of NP

contributes to this difference in pathogenicity [36, 67–69]. Of note, in the case

of guinea pigs, LCMV-Arm is non-lethal even at doses of greater than 10,000

PFU, yet LCMV-WE caused 100% mortality with a dose of less than 10 PFU [70].

Recently, the innate immune activation pathways of LCMV-Arm and LCMV-WE

were examined [71]. One particular finding was that LCMV-Arm has stronger

activation of NF-κB signalling compared to LCMV-WE [71]. In the context of

our findings, this could be justified since phosphorylated NP (S343E), specific to

LCMV-Arm, co-localises with lysosomes. When lysosomal degradation is impaired,
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NF-κB may become activated through persistent toll-like receptors (TLR) activation

[72]. Interestingly, TLR-2 was identified as being critical for NF-κB activation

during LCMV-Arm infection [71]. In normal squamous esophagus cells, long-term

activation of TLR-2 has been shown to increase the abundance and size of lysosomes,

alongside increased LAMP-1 expression [73]. Thus, the increased requirement

for lysosomes to degrade phosphorylated NP, in specifically LCMV-Arm infection,

could confer increased activation of TLR-2, and consequently NF-κB. Since strain

LCMV-Arm is apathogenic yet LCMV-WE is pathogenic [71], it is also plausible

that LCMV NP degradation could contribute to the decreased pathogenicity of

LCMV-Arm by limiting the spread of the virus in vivo, and this should be further

examined.

The antiviral phenotype observed only during infection of the macrophage

(RAW264.7) cell line with rLCMV-S343E is thought-provoking, given macrophages

are a key target cells of LCMV for persistence and immune suppression [74]. CD169+

macrophages have been shown to be important for determining LCMV clearance

vs persistence [75]. Here, the investigations suggests that CD169+ macrophages

release a secondary wave of IFN-I, which functions for the induction of inflammatory

macrophages, effector CD8+ T cells generation and viral clearance [75]. The

antiviral nature of S343 phosphorylated NP, which only observed in the macrophage

cell lines, points towards the requirement of specific immune pathways. Whether

the subsequent degradation of NP has implications for persistence and immune

suppression should be further investigated.

Overall, this study highlights that NP can be phosphorylated, with particular

focus on residue S343 which is revealed to act in an antiviral manner. It will

be interesting to examine whether NPs of other OW and NW arenaviruses also

can be phosphorylated and determine if these act in a pro- or antiviral manner.

The described ability of macrophage cells to degrade NP during LCMV infection

improves our understanding of host-defences against arenavirus infection, which may

improve antiviral therapies for effective treatments.
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4.6 Future directions

To further understand the role of LCMV NP phosphorylation additional experiments

could be performed. One such experiment could be to investigate S343A/E

co-localisation with LAMP1 within infected A549 cells, since this cell line did

not show any significant differences for NP S343A/E when compared to WT.

Additionally, it may be important to understand whether the observed phenotype

in RAW264.7 cells relates to LCMV cell-cell spread. To investigate this, foci

forming assays could be performed using RAW264.7 cells, to assess for any changes

between WT, S343A and S343E NP. Current investigations to identify the host

cell kinase(s) responsible for S343 NP phosphorylation were unsuccessful (data not

presented); thus, additional experiments are also required to understand the cellular

machinery responsible for this post-translational modification. Finally, since NP

S343 phosphorylation was not observed within infected cellular lysates, it could be

important to examine whether this modification is present within infected rodent

tissues.

4.7 Materials and Methods

4.7.1 Plasmid design and virus rescue.

Throughout rLCMV-WT was utilised in all experiments described, and rescue

protocols have previously been described [33]. The phospho-ablatant (S343A) and

phospho-mimetic (S343E) recombinant viruses were achieved utilising the same

protocol. Briefly, BSR-T7 cells were transfected with the appropriate cDNA (Figure

4.4A), with the Opti-MEM transfection medium being replaced for 2.5% DMEM

at 24 hours post transfection (hpt). At 5 days post transfection (dpt), viral

supernatants BHKs were infected with transfection viral supernatant for virus

propagation. At 2 days post infection (dpi), viral supernatants were harvested,

clarified (4000 x g for 30 mins) and subjected to focus forming assay (FFA). Lysates

were also collected from both transfection and infection, and subject to western

blotting. In order to gain a bulk stock BHK cells were infected at an MOI of 0.001,

and subsequently harvested at 3 dpi.
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4.7.2 Virus infections and titration.

For virus stock generation, BHKs were seeded in a T175 at 5 x 106 in 10% FBS

DMEM media, and simultaneously infected in suspension at an MOI of 0.001. Viral

supernatants were harvested at 3 dpi, clarified and aliquoted prior to freezing. For

general infections the inoculum containing viruses for the desired MOI was added to

cell monolayers in either serum-free media (SFM), 2.5 % FSB or 10 % FBS depending

on cellular requirement. For titration of virus, previously detailed methods were

utilised [32, 33].

4.7.3 VLP production.

HEK293T cells were transfected with 1000 µg of a pCAGGS expression plasmid

containing the Z or NP ORF of LCMV (strain Armstrong). VLPs were harvested

after 72 h and transferred to a 50 mL tube and kept on ice. Cells were centrifuged

at 1200 x g for 20 min at 4°C to remove cell debris. Supernatants were collected and

layered onto a 3 ml 20% sucrose/HM cushion in an SW32ti ultracentrifugation tube

(Beckmann Polyallomer Centrifuge tubes 25x89 mm, Cat. No.: 32623), followed

by ultracentrifugation at 170000 x g for 3 h at 4°C using a Beckmann Coulter

Optima LE-80K ultracentrifuge. Pellets were resuspended in 500 µL Tris-buffered

saline (TBS) overnight at 4°C. The next day a 5-20% iodixanol gradient (OptiPrep,

Stemcell Technologies) was prepared by diluting a commercial OptiPrep stock

solution of 50% iodixanol in 1x TBS (prepared by diluting 5 volumes of the

60% commercial OptiPrep solution with 6x TBS, in which all components were

used in a 6x concentration except NaCl, which is 1x concentrated to maintain

iso-osmotic conditions). The diluted OptiPrep solutions were then placed in SW

40 ti ultracentrifugation tubes (Seton Scientific; 14x95 mm; Cat. 7031). These

solutions were filtered through a 22 µm filter (Merck Millipore) after which the

two solutions were overlaid, and the gradient was prepared with a gradient maker

(Gradient Master108, BioLabs). The resuspended VLP pellets were carefully placed

on top of the gradient and ultracentrifuged at 200000 x g for 1.5 h at 4°C. Fractions

containing the highest concentration of viral particles (4 of 13) were pooled and

placed on a 3 ml 20% sucrose/HM cushion in an SW 32 ti ultracentrifugation tube.

Ultracentrifugation was then performed at 170000 x g for 3 h at 4°C. The resulting
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pellet was resuspended overnight in 80 µl 2% SDC lysis buffer at 4°C. Protein content

was determined by BCA.

4.7.4 VLP proteomics sample preparation.

10 µg of LCMV VLP lysate was digested using a modified in-solution digestion

protocol [76, 77]. Reduction and alkylation were performed by addition of

1:10 reduction/alkylation solution (100 mM TCEP, 400 mM CAM) and 10 min

incubation at 45°C with 800 rpm shaking. Digestion was performed by addition

of either 1:50 trypsin (Promega, V5111), 1:50 GluC (Promega, V1651), or 1:20

chymotrypsin (Promega, V1061) and incubated at 37°C over night. SDC was

precipitated by addition of 1:10 10% TFA and removed by 10 min centrifugation

at 14000 x g. Peptides were subjected to Stage tip clean-up according to [78] with

in-house prepared C18 Stage tips (EmporeTM SPE discs, 66883-U). Eluted peptides

were dried in a vacuum centrifuge and reconstituted in 8 µL 0.1% FA, before being

subjected to LC-MS measurement.

4.7.5 VLP LC-MS measurements.

Peptides were separated on a NanoELute 2 (Bruker Daltonics, Germany) using a 30

min gradient (4-25% solvent B (0-27 min), 25-32% B (27-30 min), 32%-95% B (30-31

min), and 95% B (31-35 min)) on a Bruker PepSep Max column (10 cm, ID 150 µm,

1.5 µm C18) (Bruker Daltonics, Germany) at a 0.5 µL min-1 flow rate using 0.1%

FA in water and 0.1% FA in ACN as solvent A and B, respectively. Column was

operated at 40°C. Mass spectrometry measurements were performed on a TimsTOF

HT (Bruker Daltonics, Germany) using the standard Parallel Accumulation and

Serial Fragmentation (PASEF) method with a 1.1 s cycle time.

4.7.6 VLP Data analysis.

Raw data were analysed with MaxQuant v2.4.2.0 [79] using a sequence database

assembled from the proteome of the transfected cells (Homo sapiens, UniProt ID:

UP000005640), as well as LCMV NP (GeneBank: AAX49342.1) and Z (GeneBank:

AAX49343.1) sequences, including their C-terminal flag tag. The search was FDR
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controlled (1%) and performed using the Andromeda search engine. 3 and 5 missed

cleavages were allowed for trypsin and the other proteases (GluC, Chymotrypsin),

respectively. Carbamidomethylation of cysteine was set as fixed modification, and

methionine oxidation, protein N-term acetylation, as well as phosphorylation of

serine, threonine and tyrosine was chosen as variable modifications with a maximum

of 5 modifications per peptide.

4.7.7 Analysis of CK-869 pre-treatment.

A549 cells were trypsinised and seeded into a 12-well plate at 1 x 105 cells/well, and

then incubated at 37 °C overnight. Cells were then infected pre-treated with 500 µL

20- or 40- µM CK-869 for 45 mins, and then infected with rLCMV-WT (made in 500

µL drug media) at an MOI of 0.2. At 24 hpi, cell lysates were collected and subject to

western blotting utilising an in-house LCMV NP anti-sera for detection (1:1000). To

assess cell viability following CK-869 treatment, an MTS assay (Promega CellTiter

96® AQueous One Solution Cell Proliferation Assay) was performed following the

manufacturer’s instructions.

4.7.8 CK-869 time-of-lysis experiment.

A549 cells were trypsinised and seeded into a 12-well plate at 1 x 105 cells/well, and

then incubated at 37 °C overnight. Cells were the infected with rLCMV-WT at an

MOI of 5 in 500 µL inoculum. At 3 hpi, 500 µL of 40 µM CK-869 was added to the

500 µL virus inoculum to give a final concentration of 20 µM for the duration of the

experiment. Subsequently, cells were lysed at 3 hpi as a control for input LCMV NP

to allow the visualisation of newly synthesised NP. Subsequent to 8 hpi, cells were

then lysed at hourly intervals (8-14 hpi) alongside a 24 hpi control. Densitometry

was performed using Fiji software and abundance of low/high molecular weight NP

expressed as a percentage of total NP for each individual timepoint. Normalised

values were averaged between three biological repeats (n = 3).

174



CHAPTER 4. LCMV NP PHOSPHORYLATION ACTS AS AN ANTIVIRAL

4.7.9 Co-immunoprecipitation and LC-MS.

Trypsinised A549 cells were seeded into a T175 flask at 1.15 x 107 cells/well, and then

incubated at 37 °C overnight. Subsequently, cells were infected with rLCMV-WT at

an MOI of 0.2. At 24 hpi, cells were lysed (1.5 mL RIPA buffer) for 30 mins on ice,

scraped and collected. For successful IP, Invitrogen TM DynabeadTM Protein G were

utilised. Per reaction, 200 µL of the resuspended magnetic beads were placed in a

tube and separated from suspension buffer using a magnet. The remaining beads

were resuspended in 800 µL PBS-T (0.02%), and 20 µL of LCMV-NP anti-sera

(in-house). The bead/antibody solution was then incubated with rotation for 2 hrs

at room temperature. Subsequently, the antibody solution was removed from the

beads, which were then washed three times with 800 µL PBS-T (0.02%). Next, the

appropriate lysates were incubated with the beads at 4 °C overnight with rotation.

Following this, the sample was removed, and the bead mixture then washed four

times with 800 µL PBS-T (0.02%). In the final wash buffer, beads were transferred

to a separate tube, to ensure specificity of the assay. Subsequently, the magnetic

beads were then resuspended in 50 µL PBS-T (0.02%) and stored at -80 °C prior to

LC-MS sampling. LC-MS analysis was then performed by the University of Bristol,

whereby a chymotryptic digest isolate a peptide of appropriate length for subsequent

analysis.

4.7.10 Phospho-ablatant and Phospho-mimetic, alongside

CK-869 and nocodazole treatment.

Recovery of rLCMV-WT, rLCMV-S343A and rLCMV-S343E was performed as

aforementioned, and three independent recoveries performed for completeness (n

= 3). To investigate the presence of a ‘doublet’ LCMV NP band alongside these

viruses, CK-869 and nocodazole treatment was utilised. Trypsinised A594 cells

were seeded into a 12-well plate at 1.5 x 105 cells/well and incubated at 37 °C

overnight. Subsequently, cells were then infected with rLCMV-WT, rLCMV-S343A

or rLCMV-S343E at an MOI of 0.2 in 500 µL inoculum. At 3 hpi, 500 µL 40 µM

of CK-869 or nocodazole (MTS previously performed [80]) was added to the virus

inoculum to give a final concentration of 20 µM. Lysates were collected at 24 hpi and

subject to western blotting with NP anti-sera utilised for detection. For titration of
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these virus, focus forming assays were performed as previously described.

4.7.11 LCMV-S343A/E propagation in varying cell lines.

Trypsinised BHKs, SH-SY5Ys, NIH3T3s, A549s and RAW264.7 cells were seeded

into a 12-well plate at 1.5 x 105 cells/well and then incubated at 37 °C

overnight. Subsequently, cells were then infected with rLCMV-WT, rLCMV-S343A

or rLCMV-S343E at an MOI of 0.2 in 1 mL inoculum. At 48 hpi, viral supernatants

were collected and subject to FFA utilising an in-house NP antisera and appropriate

fluorescent secondary antibody. The mean titre for each virus, and cell line, is shown

alongside the standard deviation for the three individual experimental repeats (n =

3). For RAW264.7 cells, lysates were collected and subject to Western blot analysis,

utilising the NP antisera. Densitometry was performed using Fiji software and NP

abundance expressed as a percentage normalised to LCMV-WT. Normalised values

were averaged between three biological repeats (n = 3).

4.7.12 RAW264.7 immunofluorescence.

Trypsinised RAW264.7 cells were seeded onto 19-mm round glass coverslip (VWR) in

a 12-well plate at 1.5 x 105 cells/well and then incubated at 37 °C. Subsequently, cells

were then infected with rLCMV-WT, rLCMV-S343A or rLCMV-S343E at an MOI of

0.2 in 1 mL inoculum. At 48 hpi, cells were fixed with 8% (vol/vol) paraformaldehyde

in PBS for 15 min at room temperature. Following fixative, cells were washed with

PBS three times and then incubated with permeabilisation buffer (0.1% [vol/vol]

Triton X-100, 1% [wt/vol] bovine serum albumin [BSA] in PBS) for 10 min at

room temperature. After permeabilisation, cells were washed twice with PBS and

incubated with blocking buffer [1% (wt/vol) BSA in PBS] for 1 h. Primary antibody

containing LCMV NP [1:500, in house (sheep)] and/or LAMP-1 [Cell Signalling

Technology; 1:100 (mouse)] were diluted with BSA blocking buffer and incubated

with cells for 1 h at room temperature. Coverslips were then washed with PBS

for 5 minutes, repeated three times. Secondary antibodies were diluted in BSA

blocking buffer [Life Technologies; 1:500 (alexafluor 488 and 594)] and then added

to coverslips for 1 h at room temperature protected from light. Cell monolayers were

then washed four times with PBS prior to mounting with Prolong Gold Antifade
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reagent with DAPI (Thermo Fisher Scientific). Slides were cured overnight at 4 °C,

prior to being imaged the following day. Images were acquired using an LSM 880

confocal microscope (Zeiss), with subsequent processing via Fiji (ImageJ).

4.7.13 Analysis of phosphorylation of NP from differing

LCMV strains.

A549 cells were trypsinised and seeded into a 12-well plate at 1 x 105 cells/well,

and then incubated at 37 °C overnight. Cells were the infected with LCMV-Arm

or LCMV-WE at an MOI of 0.2 in 500 µL inoculum. At 3 hpi, 500 µL of 40 µM

CK-869 was added to the 500 µL virus inoculum to give a final concentration of 20

µM for the duration of the experiment. Subsequently, cells were lysed at 24 hpi, with

cell lysates harvested prior to Western blot analysis utilising an in-house LCMV NP

anti-sera for detection (1:1000).
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Chapter 5

Concluding remarks

The main goal of this project was to investigate the assembly and egress of

arenaviruses, utilising LCMV as the prototypic mammarenavirus. Three different

aims, previously detailed in section 1.2 were established for this purpose. Each aim

was addressed and fulfilled during the project, as briefly outlined below.

Aim 1: Lymphocytic choriomeningitis arenavirus requires cellular COPI

and AP-4 complexes for efficient virion production.

The later stages of mammarenavirus multiplication are not well defined, with

key pieces of information lacking. The sub-cellular or virus-induced compartments

utilised for processing each viral protein is known, but it is unclear how these proteins

are trafficked between the compartments prior to assembly. Chapter 2 ‘Lymphocytic

choriomeningitis arenavirus requires cellular COPI and AP-4 complexes for efficient

virion production’ provides evidence for the cellular trafficking vesicles required

during LCMV infection. Within this study, an siRNA screen was performed

to investigate silencing of a range of host cell trafficking components, and this

revealed that members of the COPI and AP-4 complexes are required. Detailed

investigations revealed that entry, replication, and protein expression remained

unaffected following COPI and AP-4 complex disruption, suggesting a role for these

complexes in viral protein trafficking.

IF analysis utilising a novel infectious recombinant LCMV variant harbouring

a FLAG-tag within GP-1 corroborates the Golgi localisation of GP-1 from native

infection rather than transient expression. Since the availability of arenavirus

glycoprotein antibodies is limited, beyond this study, the rLCMV-GP1-FLAG

variant may aid in further understanding the processing of glycoproteins prior

to assembly and the required interacting partners. Utilising this virus alongside

staining for the COPI (COPA) and AP-4 (AP4E1) complexes, co-localisation of
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both NP and GP-1 was identified, confirming a role for these during multiplication.

However, co-IP of the LCMV NP (Figure 5.1), did not isolate any COPI or AP-4

complexes interacting partners. Thus, this suggests that either the interaction

with NP is either indirect, or that COPI and AP-4 complexes may be required for

trafficking of GPC or Z. Whilst further experiments are required to corroborate the

exact mechanisms, utilising information regarding the native function of COPI and

AP-4 complexes, it is reasonable to propose that COPI complexes may be required

for intra-Golgi trafficking of SSP/GP-1/GP-2 trimers, and that AP-4 complexes

subsequently transport these viral glycoprotein trimers to the PM. To investigate

this, co-IP could be performed alongside the GP1-FLAG tagged protein, which

would determined whether LCMV glycoproteins interact with any COPI/AP-4

complex components. Our data is consistent with this hypothesis, since disruption

of these complexes has no impact on entry or gene expression, but significantly

impairs virus release. Here, experiments show evidence for the requirement of

COPI complexes during LCMV infection, but HAZV, UUKV, IAV and VSV have

also all been shown to require these complexes, thus suggesting that they may be

required in a wide-range of negative-sense RNA viruses, and could potentially be a

pan-bunyavirus requirement [1–5].

This work firstly identified the COPI and AP-4 complexes as required during

the LCMV multiplication cycle. Further investigations were able to pinpoint

required stage of multiplication to specifically assembly and egress. There are some

questions which remain, and answering these would elucidate the exact requirement

of COPI and AP-4 during mammarenavirus infection, potentially allowing the

development of an effective therapeutic. Further work should be perform to identify

which viral protein(s) are trafficked within these two complexes, and subsequently

determine whether any interactions are direct or indirect. If the binding is direct, it

would also be interesting to find which motifs within the viral proteins regulate this.

Furthermore, it would be beneficial to extend these studies to in vivo models, to

investigate whether persistent LCMV infection occurs within COPA-/- or AP4M1-/-

knockout mice. Finally, the requirement of COPI and AP-4 complexes should be

studied within LASV and NW mammarenavirus infections, to determine whether

these complexes are required across the entire family.
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Aim 2: Lymphocytic choriomeningitis arenavirus utilises intercellular

connections for cell to cell spread.

Chapter 3 ‘Lymphocytic choriomeningitis arenavirus utilises intercellular

connections for cell to cell spread’ highlights an alternative transmission mode of

arenaviruses through intercellular connections. It has been established previously

that vRNPs alone are sufficient in arenavirus infection to establish viral persistence

[6]. Here, this objective reports that this may be possible since vRNPs can

be trafficked through TNT-like structures, which likely establishes infection of

neighbouring uninfected cells. However, LCMV structural proteins NP, GP-1 and Z

co-localise within TNT-like structures, raising the possibility that intact virions may

also be trafficked across these intercellular connections. Nevertheless, application

of a potent neutralising antibody (M28) revealed a significant proportion of LCMV

transmission utilises cell-cell transmission. One possibility for transmission discussed

was the initiation of infection via active transport of the vRNPs across TNT-like

connections by cytoskeletal proteins. In order to investigate this further, co-IP was

performed of LCMV NP from infected A549 cell lysates (Figure 5.1).

Figure 5.1: co-IP of LCMV NP co-IP of LCMV NP from cell lysates was performed
alongside a mock sample. Mock and infected samples were then subject to LC-MS and
peptides reported. Any peptides present from mock sample were excluded, and proteins
ranked based on total peptides, but also considering PSMs and unique peptides.

Interestingly, the identified NP interacting partner with the most abundant

peptides was unconventional myosin-VI (MYO6), with myosin regulatory light

chain 12B (MYL12B) also appearing in the top 5. The motor protein myosin has

been implicated in HIV-1 infection for movement of viral proteins through cell-cell

connections [7]. Whether the interaction with NP-MYO6/MYL12B interaction is

responsible for the active movement of vRNPs across TNT-like connections for
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LCMV, and thus other potential arenaviruses, should be investigated.

Additionally, although the L protein would be presumed to be alongside NP and

vRNA, forming vRNPs, there was no direct evidence that L was present within the

TNT-like connections. In order to investigate this, a recombinant version of LCMV

which harbours a c-Myc-tag within L was developed. LASV L has a described

L-HA-TurboID tag, which was shown to have 70 % functional polymerase activity

[8]. Sequence alignment was performed to highlight the residues within LCMV that

correspond to this same LASV L tag insertion, and thus c-Myc was inserted between

residues V404 and S405.

Figure 5.2: Rescue of rLCMV-L-cMyc (A) Recovery of a variety of rLCMV
varients habouring epitope tags. Western blot analysis of transfected BSR-T7 and
infected BHK-21 cell cultures confirmed rLCMV-L-cMyc, rLCMV-L-cMyc-Z-HA and
rLCMV-L-cMyc-Z-HA-GP1-FLAG rescue (alongside rLCMV-WT), using antisera specific
for LCMV NP and GAPDH as loading control. (B) At 24 hpi A549 cells infected with
rLCMV-L-cMyc at an MOI of 0.2 were fixed, stained for NP (red) and L (green) and
visualised by confocal microscopy.
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Rescue of recombinant LCMV was then performed, in isolation and

alongside other previously described tags Z-HA and GP-1-FLAG. Western

blot analysis revealed recovery of all three mutants (Figure 5.2A), with similar

NP expression for rLCMV-WT, rLCMV-L-cMyc and rLCMV-L-cMyc-Z-HA,

but rLCMV-L-cMyc-Z-HA-GP1-FLAG appears moderately attenuated.

This was reflected in titres following FFA, with the rLCMV-L-cMyc and

rLCMV-L-cMyc-Z-HA reaching 107 FFU/mL, but only 104 FFU/mL for

rLCMV-L-cMyc-Z-HA-GP1-FLAG. IF analysis of rLCMV-L-cMyc showed

consistent NP (red) staining, with dense perinuclear regions but also widespread

diffuse cytoplasmic localisation (Figure 5.2B).

Figure 5.3: IF of rLCMV-L-cMyc-Z-HA At 24 hpi A549 cells infected with
rLCMV-L-cMyc-Z-HA at an MOI of 0.2 were fixed, stained for NP (red), L (green) and Z
(white) and visualised by confocal microscopy.
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As expected, L (green) showed close co-localisation with NP, with the vast

majority of NP always occupying the same sub-cellular space as L. Use of the

Z/GP-1 mutants revealed that both Z (white; (Figure 5.3) and GP-1 (cyan; (Figure

5.4) broadly occupy the same regions as NP/L, but also extend towards the

plasma membrane of cells. Overall, these findings display how the newly-described

recombinant L mutants could be useful for investigating functional vRNP movement

throughout TNT-like connections, alongside other LCMV structural proteins.

Figure 5.4: IF of rLCMV-L-cMyc-GP1-FLAG At 24 hpi A549 cells infected with
rLCMV-L-cMyc-GP1-FLAG at an MOI of 0.2 were fixed, stained for NP (red), L (green)
and GP-1 (cyan) and visualised by confocal microscopy.
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Taken together, numerous findings surrounding the cell-cell spread of

arenaviruses were addressed within this study. Further investigations into whether

the movement of viral proteins through TNT-like connections is either an active

or passive process, involving cytoskeletal proteins, are currently underway. It will

also be important to investigate whether the use of TNT-like connections is a

conserved feature of mammarenavirus infection. Inhibition of TNT-like connections

with compounds such as nocodazole could also be applied to mouse models, which

would allow us to understand how the cell-cell spread of LCMV occurs in vivo.

Additionally, cryo-electron tomography could be utilised, as has been applied to

other viruses, to investigate the content of TNT-like connections during infection.

Here, high-resolution images would allow the visualisation of vRNP and/or intact

virions within the intercellular connections, which may uncover the predominant

mechanism of cell-cell infection.

Aim 3: Lymphocytic choriomeningitis arenavirus nucleoprotein

phosphorylation is an antiviral response.

Within Chapter 4 ‘Lymphocytic choriomeningitis arenavirus nucleoprotein

phosphorylation is an antiviral response’ it was revealed that NP can be

phosphorylated, but phosphorylation at residue S343 is detrimental to LCMV

growth. It has previously been reported that phosphorylation of LCMV NP occurs;

however, only residue T206 was investigated for its role in LCMV RTC formation

[9]. Here, the aim was to investigate phosphorylation of LCMV NP and define the

role of this post-translational modification at residue S343 during LCMV infection.

Initially, a ‘doublet’ NP band was identified following CK-869 treatment, and

subsequent MS analysis highlighted additional phosphorylation, with S343 being

the likely residue. Through the generation of rLCMV-S343A and rLCMV-S343E,

it was determined that phosphorylation of S343 is not required for any stage of

LCMV multiplication. However, infection of RAW264.7 cells (mouse macrophage)

with rLCMV-S343E resulted in diminished NP expression and viral titre compared

to rLCMV-WT and rLCMV-S343A, implying an immune related antiviral role of

phosphorylation. Interestingly, IF analysis of RAW264.7 cells showed that NP of

rLCMV-S343E co-localises with LAMP-1, suggesting that NP S343 phosphorylation

acts to target NP for degradation via lysosomes. Interestingly, the ability of NP to
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be phosphorylated at residue S343 was identified as LCMV strain specific; only the

NP of LCMV-Arm/Cl-13 can be phosphorylated, not LCMV-WE. It is intriguing

to speculate whether this has any impact on the different disease outcomes between

LCMV-Arm and LCMV-WE, and this could be investigated by introducing the

S343 A/E mutations into the LCMV-WE strain and determining disease outcome

of LCMV-WE mutants in vivo.

Overall, the results presented improve our understanding of arenavirus NP

post-translational modifications and provide evidence that phosphorylation of

LCMV NP may be an anti-viral response. Since IKKϵ has already been identified

as a binding partner of NP, it would be interesting to investigate whether this

kinase is responsible for S343 phosphorylation [10]. It will be important to consider

whether the NP of more pathogenic mammarenaviruses can also be phosphorylated,

or whether the inability of NP to be phosphorylated contributes to their increased

pathogenicity.

In conclusion, the results presented in this project represent a step forward in

understanding the later stages of arenaviruses infection. With this gained knowledge

and by filling some of the gaps in the multiplication cycle, these objectives may

assist in the development of effective mammarenavirus specific therapeutics. The

discoveries made within this project could be translated to those emerging or novel

mammarenaviruses which possess pandemic potential and may contribute to the

prevention of future outbreaks.

References

[1] Sun E, He J, Zhuang X. Dissecting the role of COPI complexes in influenza virus

infection. Journal of virology. 2013;87(5):2673–85. doi:10.1128/JVI.02277-12

[2] Byford O, Shaw AB, Tse HN, Todd EJAA, Álvarez-Rodríguez B, Hewson R,

Fontana J, Barr JN. Lymphocytic choriomeningitis arenavirus requires cellular

COPI and AP-4 complexes for efficient virion production. Journal of Virology.

2024 Feb 9. doi:10.1128/jvi.02006-23

[3] Fuller J, Álvarez-Rodríguez B, Todd EJAA, Mankouri J, Hewson R, Barr

JN. Hazara Nairovirus Requires COPI Components in both Arf1-Dependent and

Arf1-Independent Stages of Its Replication Cycle. Journal of Virology. 2020;94(17).

195



CHAPTER 5. CONCLUDING REMARKS

doi:10.1128/JVI.00766-20

[4] Uckeley ZM, Moeller R, Kühn LI, Nilsson E, Robens C, Lasswitz L,

Lindqvist R, Lenman A, Passos V, Voss Y, et al. Quantitative Proteomics of

Uukuniemi Virus-host Cell Interactions Reveals GBF1 as Proviral Host Factor

for Phleboviruses. Molecular & cellular proteomics: MCP. 2019;18(12):2401–2417.

doi:10.1074/mcp.RA119.001631

[5] Cureton DK, Burdeinick-Kerr R, Whelan SPJ. Genetic Inactivation of

COPI Coatomer Separately Inhibits Vesicular Stomatitis Virus Entry and Gene

Expression. Journal of Virology. 2012;86(2):655–666. doi:10.1128/JVI.05810-11

[6] van der Zeijst BA, Noyes BE, Mirault ME, Parker B, Osterhaus AD, Swyryd EA,

Bleumink N, Horzinek MC, Stark GR. Persistent infection of some standard cell lines

by lymphocytic choriomeningitis virus: transmission of infection by an intracellular

agent. Journal of Virology. 1983;48(1):249–261. doi:10.1128/jvi.48.1.249-261.1983

[7] Kadiu I, Gendelman HE. Human Immunodeficiency Virus type 1 Endocytic

Trafficking Through Macrophage Bridging Conduits Facilitates Spread of

Infection. Journal of Neuroimmune Pharmacology. 2011;6(4):658–675.

doi:10.1007/s11481-011-9298-z

[8] Fang J, Pietzsch C, Witwit H, Tsaprailis G, Crynen G, Cho KF, Ting AY,

Bukreyev A, Saphire EO, de la Torre JC. Proximity interactome analysis of

Lassa polymerase reveals eRF3a/GSPT1 as a druggable target for host-directed

antivirals. Proceedings of the National Academy of Sciences. 2022;119(30).

doi:10.1073/pnas.2201208119

[9] Knopp KA, Ngo T, Gershon PD, Buchmeier MJ. Single Nucleoprotein

Residue Modulates Arenavirus Replication Complex Formation. mBio. 2015;6(3).

doi:10.1128/mBio.00524-15

[10] Pythoud C, Rodrigo WWSI, Pasqual G, Rothenberger S, Martínez-Sobrido L,

de la Torre JC, Kunz S. Arenavirus Nucleoprotein Targets Interferon Regulatory

Factor-Activating Kinase IKKϵ. Journal of Virology. 2012;86(15):7728–7738.

doi:10.1128/JVI.00187-12

196





CHAPTER 5. CONCLUDING REMARKS

I’m just tough
Jessica Pegula
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Chapter 6

Appendix A

Supplementary data set 1 avaliable at:

https://journals.asm.org/doi/10.1128/jvi.02006-23

Figure 6.1: Co-localization of LCMV components with COPA and AP4E1. (A)
Confocal microscopy of four different A549 cells infected with rLCMV-eGFP and stained at
24 hpi with COPA (green), GP-1 (cyan), and NP (red) and DAPI. (B) Confocal microscopy
of four different A549 cells infected with rLCMV-eGFP and stained at 24 hpi stained with
AP4E1 (white), GP-1 (cyan), and NP (red) and DAPI.
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Figure 6.2: COPI and AP-4 pathways, including BFA mode of action. COPI
complexes mediate transport of cellular components in a cis-Golgi to ER retrograde
manner, and are also utilised for intra-Golgi trafficking. AP-4 complexes transport cellular
components from the trans-Golgi network to the plasma membrane, and to sorting and
recycling endosomes. Both AP-4 and COPI complex formation requires ARF1, which is
disrupted by BFA through the inhibition of GBF1.
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Figure 6.3: Treatment of LCMV infected cells with BFA inhibits viral
processes during multistep growth. (A) Analysis of BFA toxicity in A549 and
SH-SY5Y cells at various concentrations as measured by MTT assay, normalized to mock
untreated cells. (B) Representative western blot analysis of A549 cells pre-treated with
BFA 45 minutes prior to WT LCMV and IAV infection at an MOI of 0.1, with lysates
harvested at 24 hpi. Samples were probed against antisera for their respective NPs
(LCMV NP, IAV NP) and GAPDH as a loading control. (C) Densitometry histograms of
the relative fold change in NP expression for LCMV (blue) and IAV (green) of cultures
shown in panel A. Expression was quantified for three independent experimental repeats,
with error bars representing deviation from the mean. (D) Representative fluorescent
microscopy images of A549 cells pre-treated with BFA at indicated concentrations (0,
5, 50, 500 and 5000 ng/mL) and infected with rLCMV-eGFP at an MOI of 0.1 or
uninfected (mock). (E) Histogram of the relative fold change in normalized TIIE in
A549 cells pre-treated with BFA, and then infected with rLCMV-eGFP (blue) and
rIAV-eGFP (green) at an MOI of 0.1. TIIE expression was quantified for three independent
experimental repeats, with error bars representing deviation from the mean.
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Figure 6.4: Addition of BFA at late stages of rLCMV-GP1-FLAG infection
results in changes in the cellular distribution of COPA and AP4E1. Confocal
microscopy images of untreated and BFA-treated A549 cells (5000 ng/mL) infected with
rLCMV-GP1-FLAG at an MOI of 0.1, at 24 hpi. The infected cells were stained with
DAPI and using antisera specific for either COPA (green; top panels) or AP4E1 (white,
bottom panels). A zoomed image for both untreated and BFA-treated cells is shown
corresponding to the white boxed area.

203



Chapter 7
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Figure 7.1: Cell viability of A549 cells with TNT-like connection inhibitors.
Analysis of 30 µM nocodazole (blue) and 30 µM CK-869 (red) toxicity in A594 cells.
We performed MTT assay, normalised to mock untreated cells; the average of three
independent experiments is represented (n=3), with error bars showing standard deviation.
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Figure 7.2: Phase-contrast microscopy of TNT-like connections during LCMV
infection. (A) A549 cells were infected with rLCMV-GP1-FLAG at an MOI of 0.2. At
24 hpi, cells were fixed and then stained for GP-1 (cyan) and F-actin (red). Confocal
microscopy was then utilised to visualise GP-1 and F-actin for TNT-like structures
connecting cells. To better visualise the cell membrane of such structures (black arrows),
phase-contrast microscopy was utilised. An overlay of GP-1, F-actin and phase-contrast
is provided within merged panels. (B) TNT-like connections between 50 cell pairs were
counted in both LCMV and mock infected cultures, with no statistical significance between
resulting numbers.
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Figure 7.3: Uncropped Western blots of those shown in Figure 4C.
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Table 7.1: FISH probes

Target Probe Sequence Probe Name Fluorophore

LCMV S Genome tttagaggcccaaatgttgt LCMV_S_Genome_1 Quasar 670

LCMV S Genome gctcccagatctgaaaactg LCMV_S_Genome_2 Quasar 670

LCMV S Genome cactcatggactgcatcatt LCMV_S_Genome_3 Quasar 670

LCMV S Genome tcgatgttgaaatgaccagg LCMV_S_Genome_4 Quasar 670

LCMV S Genome ggactcacagaataggaagg LCMV_S_Genome_5 Quasar 670

LCMV S Genome ccgatgacatcagaaagctt LCMV_S_Genome_6 Quasar 670

LCMV S Genome atggttctaagctgtcaagg LCMV_S_Genome_7 Quasar 670

LCMV S Genome tcgtcagttataggtgctct LCMV_S_Genome_8 Quasar 670

LCMV S Genome gatcttgccgacctcttcaa LCMV_S_Genome_9 Quasar 670

LCMV S Genome gattccaagtactcacacgg LCMV_S_Genome_10 Quasar 670

LCMV S Genome ggaacccgttgatcaaaaac LCMV_S_Genome_11 Quasar 670

LCMV S Genome cgggcagttcatacactttt LCMV_S_Genome_12 Quasar 670

LCMV S Genome tgatccagtggaaatagcaa LCMV_S_Genome_13 Quasar 670

LCMV S Genome caacgctcctacatggattg LCMV_S_Genome_14 Quasar 670

LCMV S Genome tacagccagacaatgctttt LCMV_S_Genome_15 Quasar 670

LCMV S Genome agaaacctgcagtcaattca LCMV_S_Genome_16 Quasar 670

LCMV S Genome gcatgggaaaacacaacaat LCMV_S_Genome_17 Quasar 670

LCMV S Genome gatggccatacatagcttgt LCMV_S_Genome_18 Quasar 670

LCMV S Genome aaagtttgcctttcaggtga LCMV_S_Genome_19 Quasar 670

LCMV S Genome caggaacccttatgaaaaca LCMV_S_Genome_20 Quasar 670

LCMV S Genome ttgtttcagaccaagttggg LCMV_S_Genome_21 Quasar 670

LCMV S Genome ggccaagagaaaactcaaca LCMV_S_Genome_22 Quasar 670

LCMV S Genome gacctcttgaaggcagttct LCMV_S_Genome_23 Quasar 670

LCMV S Genome ttttgatcaagccaagcaac LCMV_S_Genome_24 Quasar 670

LCMV S Genome aactttagtcttggtgctgc LCMV_S_Genome_25 Quasar 670

LCMV S Genome gtcatcactgaacagcagtc LCMV_S_Genome_26 Quasar 670

LCMV S Genome tcttgaaaggctgaaagaca LCMV_S_Genome_27 Quasar 670

LCMV S Genome ggcttgctttacacagtcaa LCMV_S_Genome_28 Quasar 670

LCMV S Genome tcaatgacgttgtacaagcg LCMV_S_Genome_29 Quasar 670

LCMV S Genome ctatggcttgtatggccaaa LCMV_S_Genome_30 Quasar 670

LCMV S Genome aatcaatttggcacaatgcc LCMV_S_Genome_31 Quasar 670

LCMV S Genome gggatgtgaaagactcatca LCMV_S_Genome_32 Quasar 670

LCMV S Genome ttgggatgagaaagcctcag LCMV_S_Genome_33 Quasar 670

LCMV S Genome gaccaaagatctcagatcct LCMV_S_Genome_34 Quasar 670

LCMV S Genome gggaacttaacaacacagca LCMV_S_Genome_35 Quasar 670

LCMV S Genome ccaggcttcaggggtatata LCMV_S_Genome_36 Quasar 670

LCMV S Genome ccaagatcatgaggtctgaa LCMV_S_Genome_37 Quasar 670

LCMV S Genome gctgaccttgagaagctgaa LCMV_S_Genome_38 Quasar 670

LCMV S Genome cagtgcagaagaactgatgt LCMV_S_Genome_39 Quasar 670

LCMV S Genome actgtacattctcttgtgga LCMV_S_Genome_40 Quasar 670

LCMV S Genome gagactcagaagtctcaacc LCMV_S_Genome_41 Quasar 670

LCMV S Genome aagagagatgacaaagacct LCMV_S_Genome_42 Quasar 670

LCMV S Genome cttctctgaggtcagcaatg LCMV_S_Genome_43 Quasar 670

LCMV S Genome ccaaccttctgaatgggttg LCMV_S_Genome_44 Quasar 670

LCMV S Genome ggctgctgtcattaaggatg LCMV_S_Genome_45 Quasar 670

LCMV S Genome gcagagcttcacatcagatg LCMV_S_Genome_46 Quasar 670

LCMV S Genome cgcaagcattgagaagagaa LCMV_S_Genome_47 Quasar 670

LCMV S Genome aggaagttaagagcttccaa LCMV_S_Genome_48 Quasar 670
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Figure 7.4: Representative TNT-like structures visualized within
rLCMV-infected A549 cells, revealing co-localisation of LCMV NP (red) and
S vRNA (green) as detected by FISH analysis . Line scan analysis was performed
within the zoomed images represented by the dashed boxes, with the end points marked
with the beginning (1) and end (2) of the scan line that correspond to the numbered
peaks on the scan plot. Colours of the scan lines correspond to those in the cell images.

Figure 7.5: Analysis of neutralising antibodies affect on extracellular viruses.
(A) To examine the neutralising antibody effectiveness in neutralising virus released
within Figure 7 experiment, viral supernatants at 18 hpi for virus only were collected.
Subsequently, 5 µg/mL antibody was incubated with samples for 1 h and focus forming
assays performed. The normalised viral titre is represented for virus with and without
antibody, and the average of three independent experimental repeats is shown (n=3),
with error bars showing standard deviation. (B) Representative images for virus and
virus with antibody for the neat, 10-1 and 10-2 dilutions.
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Figure 8.1: Mass spectra of LCMV NP S343 phosphorylated
peptides. (A) Showing the detected y- and b-fragmentation series
of the tryptic AWENTTIDLTSEKPAVNSPO4PR peptide. (B) Showing
the detected y- and b-fragmentation series of the chymotryptic
ENTTIDLTSEKPAVNSPO4PRPAPGAAGPPQVGL peptide. Phosphorylation site
localization probability scores of the S343 and the mass error of the observed precursor
mass are given in the upper left of the spectra.
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Figure 8.2: Minor ’doublet’ LCMV band from native infection. A549 cells were
infected with rLCMV-WT at an MOI of 0.2, and lysates gathered at 24 hpi prior to western
blot analysis.
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Figure 8.3: Additional rLCMV-S343A/E rescues (alongside rLCMV-WT). For
completeness, three independent experimental recoveries of rLCMV-WT, rLCMV-S343A
and rLCMV-S343E were performed identical to Figure 4.4B.
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