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1 Introduction 

1.1 Arenaviridae 

1.1.1 Arenavirus molecular biology 

 

The arenaviruses are an enveloped virus family with a spherical to pleomorphic shape and a 

diameter of 50-300 nm [1, 2]. They have a simple structure composed of 4 viral proteins 

(Figure 1A). The viral glycoprotein GP is anchored in the lipid membrane on the outside of the 

virion where it can mediate attachment and virus uptake. It is the only viral protein that is 

synthesized as a precursor (GPC), with the processed mature GP complex consisting of a stable 

signal peptide (SSP) and the GP1 and GP2 subunits [3-5]. The zinc-finger matrix protein Z is 

located on the inside of the envelope and provides the principal force for budding and particle 

morphogenesis [6, 7]. The nucleoprotein NP is the most abundant protein in virus particles 

[8]. It assembles, together with the viral RNA-dependent RNA polymerase L, and the viral 

genome segments into ribonucleoprotein complexes (RNPs). These shield the viral RNA 

(vRNA) from recognition by host cell factors and serve as the templates for transcription and 

replication [9-12]. Further, arenavirus particles can also contain host ribosomes, whose 

function remains unknown, but which are responsible for their sandy appearance when 

observed by electron microscopy, giving arenaviruses their name (from latin arena = sand) 

[13, 14].  

Arenaviruses contain a single-stranded RNA (ssRNA) genome that is bi-segmented and 

comprises a large segment (L segment, ~7200 nucleotides) and a small segment (S segment, 

~3500 nucleotides) (Figure 1B). Each segment encodes the genes for two of the viral proteins 

in an ambisense coding arrangement [15]. The L segment encodes L and Z, while the S segment 

encodes NP and GPC [15, 16]. The two ORFs in opposite orientation are separated by a non-

coding intergenic region (IGR) that facilitates transcription termination by the formation of 

hairpins [17, 18]. The 5' and 3' untranslated terminal regions (UTRs) of each RNA segment are 

highly conserved and contain 19 complementary nucleotides that serve as critical regulatory 

elements important for RNA synthesis, and particularly interaction with the polymerase [19-

21]. 
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Figure 1: Arenavirus genome organization and particle structure. (A) Schematic illustration of an arenavirus 

particle. The virion shows the mature glycoprotein (GP), composed of its GP1 (dark blue) and GP2 (light blue) 

subunits, embedded in the envelope and the matrix protein (Z, yellow) located on the inner surface of the viral 

membrane. The viral genome segments are encapsidated by the nucleoprotein (NP, red) and their conserved 

terminal non-coding regions are bound by the viral polymerase (L, brown), which then together form the 

ribonucleoprotein complex. Host ribosomes are depicted in grey. (B) Genome arrangement. The arenavirus 

genome consists of two ambisense genome segments, the L segment and the S segment. NP and the GP precursor 

are encoded by the S segment, while L and Z are encoded by the L segment. Both segments contain a hairpin-

forming intergenic region (IGR) separating the two genes. 

 

1.1.1.1 The replication cycle 

 

At the start of a virus infection, the viral glycoprotein GP mediates host cell binding through 

its receptor, the identity of which varies depending on the virus in question (discussed in detail 

in section 1.1.3) (Figure 2, step A). This then triggers virus uptake by endocytosis [22, 23], 

followed by pH-dependent membrane fusion in the late endosome and the release of the 

arenaviral RNPs into the cytoplasm. [24] (Figure 2, step B). While the arenaviral genome 

exhibits an uncommon ambisense coding strategy (i.e. a mixture of positive and negative 

sense genes), unlike true positive RNA viruses, the positive-sense genes cannot be translated 

directly; rather transcription of the negative sense vRNA into positive sense mRNA is 

mandatory before translation of viral proteins is possible. Thus, upon release of the RNPs into 

the cytoplasm, NP and L first facilitate primary transcription of the NP and L genes (Figure 2, 

step C), followed by protein synthesis through the cellular translation machinery [25]. This 
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supports secondary transcription of these viral factors, as well as replication of an antigenomic 

complementary RNA (cRNA) [25, 26] (Figure 2, step D). Both secondary transcription and 

replication take place in virus-induced inclusion bodies formed by NP [27]. Accumulation of 

cRNA in the cell allows the transcription and translation of GPC and Z, which are now 

presented in negative sense. This strategy results in a temporal regulation of NP/L and GPC/Z 

expression [25]. GPC is processed in the endoplasmatic reticulum (ER) by the signal peptidase 

to yield the SSP [28], which remains noncovalently bound to GP, followed by further cleavage 

into the mature subunits GP1 and GP2 mediated by the subtilisin kexin isozyme 1/proprotein 

convertase site 1 protease (SKI-1/S1P) in the Golgi [4, 29] (Figure 2, step E). The mature 

SSP/GP1/GP2 complex is then transported to the cell surface. Accumulation of the matrix 

protein Z inhibits viral RNA synthesis, through its interaction with L, and promotes particle 

formation [30, 31]. This is mediated by the interaction of Z and NP and leads to the recruitment 

of viral genomes, packed as RNP complexes, to the plasma membrane. Here, Z drives the 

budding process via its late domains by interacting with the endosomal sorting complexes 

required for transport (ESCRT), resulting in the production of infectious virus particles [32, 33] 

(Figure 2, step F).  

 

Figure 2: Arenavirus replication cycle. Arenaviruses enter target cells through the attachment of GP to cellular 

receptors (A) leading to endocytosis and pH-dependent fusion in the late endosome (B). This releases the 

ribonucleoprotein (RNP) complexes into the cytoplasm where they engage in primary transcription (C). Here, 
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viral mRNA is transcribed from incoming RNPs for genes present in negative sense (i.e. NP and L) and further 

translated by host ribosomes. The resulting accumulation of NP leads to the formation of inclusion bodies, where 

secondary transcription and replication take place (D). Replication of complementary RNA (cRNA) provides the 

templates for transcription of GP and Z mRNAs. GP is processed from a precursor in the ER/Golgi network (E) 

where its signal peptide is first cleaved by signal peptidase followed by cleavage into the subunits GP1 and GP2 

by SKI-1/S1P. This mature glycoprotein complex is then transported to the cell surface. At the same time, 

accumulation of Z triggers arrest of viral RNA synthesis and mediates the transport of RNP complexes to the 

plasma membrane where it also promotes assembly and budding of virus particles (F). 

 

1.1.2 Taxonomy, epidemiology and pathogenesis  

 

Classification of the family Arenaviridae has been highly dynamic recently due to extensive 

efforts in virus discovery during the last years. It has recently been re-classified into the order 

Bunyavirales and is now divided into 4 genera: Mammarenavirus (mammal-associated 

viruses) as well as Reptarenavirus, Hartmanivirus and Antennavirus (snake-associated viruses) 

[34, 35]. Mammarenaviruses are further grouped into two serocomplexes - the Old World 

arenaviruses (OWAs) and New World arenaviruses (NWAs) (Figure 3A), a division that reflects 

their phylogeny, antigenic properties and geographical distribution [36, 37]. Accordingly, 

OWAs are mainly found in Africa – with some exceptions including the prototype Lymphocytic 

choriomeningitis virus (LCMV), which is found worldwide, most likely due to its wide-spread 

host Mus musculus [38, 39] (Figure 3B). In contrast, Lassa virus (LASV) and Lujo virus, both of 

which are highly pathogenic OWAs that can cause hemorrhagic fever (HF) in severe cases, are 

restricted to discrete areas of sub-Saharan Africa. LASV infection remains a significant public 

health problem in Africa, causing around 300,000 cases and 3,000 - 5,000 deaths annually [40-

42]. NWAs occur mainly in South America in geographically restricted regions defined by their 

rodent reservoir hosts [43] (Figure 3B). They are further divided based on phylogeny into four 

clades – A, B, C and recombinant A/B (i.e. with NP of clade A and GP of clade B), but only the 

aforementioned clade B contains human pathogenic viruses (Figure 3A). These include Junín 

virus (JUNV), Machupo virus (MACV), Guanarito virus (GTOV), Sabiá virus (SABV) and Chapare 

virus [16, 44], which all cause clinically similar severe HF diseases with high case fatality rates 

(up to 30%) [45, 46]. Intriguingly, the clade B also includes viruses which are closely related to 

these HF-causing family members, but show little or no virulence in humans, such as Cupixi 

virus, Amapari virus (AMAV) and Tacaribe virus [47, 48].  

 



1 Introduction 

 

5 
 

 

Figure 3: Phylogeny, geographical distribution and pathogenic potential of arenaviruses. (A) Phylogenetic 

analysis of OW and NW arenaviruses. Phylogenetic relationships are shown based on GP sequences. The OW 

lineage (red) and the NW clades A (green), B (blue), C (grey) and recombinant A/B (purple) are indicated. The red 

stars designate viruses that cause hemorrhagic fever. Modified from [48]1. (B) Geographic distribution of 

different arenavirus species and their associated pathogenic potential. Locations where apathogenic (green 

circles) and highly pathogenic (red circles) arenaviruses can be found are shown.  

 

1.1.2.1 Tacaribe virus 

 

Tacaribe virus (TCRV) is the prototype of the NWAs (eponymous for the whole NW 

serocomplex = Tacaribe serocomplex) and is closely related to the pathogenic clade B viruses 

JUNV and MACV [16, 48] (Figure 3A). In contrast to its relatives, TCRV is not known to cause 

human disease in a natural setting. However, it still appears to be able to infect humans to 

some degree, as shown by laboratory acquired infections, including one case exhibiting central 

nervous system and flu-like symptoms [49]. Given its low virulence in humans, TCRV can be 

handled under biosafety level-2 (BSL-2) conditions and is widely used as a model for research 

on NW arenavirus biology.  

TCRV was isolated for the first time incidentally from dead bats (Artibeus jamaicensis and 

Artibeus lituratus) collected in Trinidad as part of a Rabies surveillance program in 1956 [50]. 

                                                           
1 Reprinted from Zoonotic aspects of arenavirus infections, Vol. 140, R.N. Charrel, X. de Lamballerie, Pages No. 213-220, 

Copyright (2010), with permission from Elsevier. 
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Given that all Mammarenaviruses for which the reservoir is known are rodent-borne viruses, 

further isolation attempts focusing particularly on small rodents were also performed, but 

failed to provide evidence of TCRV infection. As such it has long been suggested that Artibeus 

bats are the natural reservoir for this virus [47, 50]. However, TCRV-infected A. jamaicensis 

develop severe disease when infected experimentally [51].  

While several isolates of TCRV were obtained from bats during the 1950s, only the strain TRVL-

11573 was preserved and has been disseminated to laboratories world-wide [50]. Given its 

importance for the field, coding-complete sequences for both the L and S segments of the 

TRVL-11573 strain were generated already in the late 1980s and were deposited in GenBank 

in 1993 [26, 52-54]. This sequence and isolate have formed the basis for all molecular research 

and functional studies on this virus. However, more recent molecular investigations on the 

TRVL-11573 strain have suggested that this sequence is of low quality and contains a number 

of significant errors [55, 56], in addition to being incomplete with respect to its genome 

termini. An additional strain was only isolated recently in 2012 from ticks (Amblyomma 

americanum) collected in a Florida state park. Interestingly, this TCRV-Florida isolate had an 

unexpectedly high sequence similarity to TRVL-11573, despite being isolated in a different 

country and over 50 years apart from the sequence of the original strain [57]. 

 

1.1.2.2 Junín virus 

 

Junín virus (JUNV) is by far the best-studied of the pathogenic NWAs, consistent with the fact 

that it is responsible for the majority of infections with severe outcomes among these viruses 

[45, 47, 58]. JUNV is endemic to agricultural regions of central Argentina and infection causes 

Argentine hemorrhagic fever (AHF). As a typical Mammarenavirus, JUNV circulates in its 

rodent host (Calomys musculinus), where infection appears to be largely benign, before being 

transmitted to humans [48, 59]. The exact mechanisms of transmission are unclear, but it is 

assumed that humans mainly become infected through direct contact with infected rodents 

or through inhalation of infectious material, e.g. aerosolized rodent excreta, and or exposure 

to contaminated crops [47, 48, 60]. Accordingly, infections occur predominantly during the 

seasonal corn harvest, and agricultural workers are at highest risk. There were approximately 

1000 cases per year until 1990, when a live attenuated vaccine was put into use, and while 
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this number has been significantly reduced, up to 100 cases each year are still being registered 

[45]. 

People infected with JUNV usually develop clinical signs after an incubation time of 6 to 14 

days and show three phases during illness: the prodromal, the neurological–hemorrhagic, and 

the convalescence phase [45]. The prodromal phase lasts for about 1 week and includes rather 

unspecific symptoms, such as malaise, anorexia, headache and moderate fever (38–39 °C). In 

the neurological–hemorrhagic phase (8-12 days after onset of symptoms), 30% of AHF 

patients develop severe hemorrhagic and/or neurologic manifestations and shock. 

Hemorrhagic signs can culminate in hematemesis, hemoptysis, epistaxis, hematomas and 

metrorrhagia, whereas the neurological manifestations include mental confusion, marked 

ataxia, increased irritability, generalized convulsions and coma that can lead to death. In 

addition, bacterial superinfection (i.e. pneumonia) can exacerbate the disease. Finally, 

convalescence is a protracted phase that lasts up to 3 months and is accompanied by 

weakness, irritability, memory changes and hair loss [45]. If untreated, infection is associated 

with high case fatality rates (15-30%) [45, 47, 61, 62], which contributes to JUNV been 

classified as a BSL-4 pathogen in most countries.  

 

1.1.2.2.1 Prevention and treatment of New World arenavirus infection 

 

A live attenuated JUNV vaccine (Candid#1) has been in wide-spread use since 1990, and is 

used for vaccination of high-risk populations [45]. This vaccine strain originated from a virulent 

human isolate that was then extensively passaged (two passages in guinea pigs, 43 passages 

in mouse brain and 12 passages on rhesus monkey lung cells) in order to obtain a strongly 

attenuated virus [63-65]. It has been shown to produce an effective and long-lasting immunity 

based on the development of neutralizing antibody (nAb) titres [60]. Unfortunately, to date 

no vaccines have been generated for other related HF-causing NWAs, such as MACV. 

Interestingly, however, various studies from animal models suggest a possible cross-

protection of Candid#1 against other NWAs [66-69], although they failed to observe specific 

cross-neutralization [66, 67], suggesting that any such cross-protection may be unrelated to 

the nAb response.   
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In addition to preventative vaccination, outcome in JUNV patients can be greatly improved 

with early diagnosis and nAb therapy [47, 70]. This is currently the only available treatment 

for AHF and involves transfusion of defined amounts of neutralizing immune plasma from 

convalescent patients. If treated within 8 days after onset of symptoms, this reduces lethality 

to 1-2%. However, treatment results in a late neurological syndrome in 10% of cases, the 

origins of which are unclear [45, 71-73]. In addition to this complication, there are also 

difficulties in maintaining adequate stocks of convalescent plasma due to declining patient 

numbers. It is presently unclear if treatment with convalescent plasma has a therapeutic 

benefit in the treatment of a heterologous infection (i.e. treatment of MACV patients with 

serum from JUNV survivors). These limitations highlight the need for the development of 

alternative treatments [45, 70], and in particular antibody-based resources with therapeutic 

potential against a broad range of arenaviruses. 

 

1.1.3 The role of host cell responses in arenavirus pathogenesis 

 

Virus-host interactions are both a prerequisite for successful infection, as well as a source of 

potentially detrimental responses that the virus needs to manage. As such they often 

contribute to the pathogenic potential of a virus. The first interaction of a virus with the host 

typically starts with attachment to cell surface receptors, which for arenaviruses is mediated 

by the virion envelope-anchored GP [3]. For successful receptor binding to occur, GP needs to 

remain unrecognized by the humoral immune response, otherwise nAbs can block receptor 

association and/or conformational changes in the structure needed for fusion [74]. Unlike 

NWAs, where neutralization is efficient and forms the basis for a highly effective immune 

therapy for JUNV (as discussed in section 1.1.2.2.1), there is a lack of effective humoral 

immunity in OW infections [75, 76]. This has recently been suggested to be due to enhanced 

glycosylation of OW arenavirus GPs, which functions as a shield to impair access of nAbs [56]. 

However, OW and NW arenaviruses not only differ in their ability to counteract virus 

neutralization, but also use distinct receptor molecules to enter cells, which particularly for 

NWAs, has been suggested to be a significant contributing factor to pathogenesis [77, 78]. 

Specifically, while α-dystroglycan (α-DG) appears to be the primary receptor for all OWAs, 

Clade B NWAs use transferrin receptor 1 (TfR1) [78, 79]. However, only pathogenic members 

can use the human variant of this receptor, while apathogenic viruses use other orthologues, 
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including from their respective host species [78, 80]. To date no clear explanation for the 

apparent correlation of human TfR1 usage with pathogenesis has been established, although 

recent work in JUNV-infected mice expressing hTfR1, suggests a link to the interferon response 

[81]. Nonetheless, apathogenic Clade B NWAs are still able to infect human cells. Similarly, 

human cells deficient in human TfR1 can also still be infected by pathogenic NWAs [82], again 

indicating that alternative receptors must also exist. In this context, the use of 

phospohatidylserine (PS)-receptors (i.e. members of the TIM and TAM protein families) as 

alternative receptors has recently been shown for at least some arenaviruses [83], suggesting 

a potential role of apoptotic mechanisms, which regulate PS-exposure in arenavirus infection. 

However, to date, most work on host cell responses to arenavirus infection has focused on 

the regulation of type I Interferon (IFN-I) production and how different arenaviruses can 

antagonize this important aspect of the innate immune response. Specifically, Z and NP of 

both OW and NW arenaviruses are known to have accessory functions that include inhibitory 

interactions with host components of the IFN production pathway (i.e. RIG-I, MAVS, IKK) [84, 

85] and have been shown to efficiently block IFN production in in vitro systems [55, 86-88]. 

However, the inhibition of innate immune responses in vivo appears to differ between OW 

and NW arenaviruses [89, 90]. For instance, LASV-infected patients generally show only low 

levels of IFN-I and pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-) or 

interleukin-8 (IL-8) [91-93]. This poor immune response is accompanied by high viral loads in 

patients [94]. In contrast, infection with the NWA JUNV results in relatively low viral loads, 

even during severe infection, but display extremely high levels if IFN- [95] that correlate with 

disease severity, as well as a strong pro-inflammatory response (i.e. cytokine storm) with 

greatly increased levels of e.g. TNF- and IL-6 [61, 96, 97]. A role of this massive IFN- 

response in severe disease is supported by work in animal models [81]. Further, it is worth 

mentioning that immune cells such as macrophages and dendritic cells (DCs), which are 

prominently involved in inflammatory cytokine responses, are also important target cells for 

arenavirus infection. However, infection with pathogenic viruses such as JUNV and LASV does 

not activate these cell types or induce high levels of cytokine production [98, 99]. In contrast, 

apathogenic NWAs such as TCRV or Candid#1 strongly induce pro-inflammatory cytokines (e.g. 

TNF-) during infection in macrophages and DCs [99, 100]. This suggests fundamental 

differences in the way signaling pathways governing cytokine responses are regulated on the 
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cellular level during infection with virulent and avirulent arenaviruses, as well as an important 

role for these responses in directing the outcome of infection.  

Further, differences in the regulation of cell death (i.e. apoptosis) between NWAs of differing 

pathogenic potential have also been recently identified (discussed in detail below in section 

1.3) [101-105], although also here, little is known about the mechanism(s) involved in the 

regulation of this process.    

Indeed, overall, the basis for the observed connections between pathogenesis and the abilities 

of different arenaviruses to interact with specific receptors, induce and/or evade IFN and 

cytokine responses, and regulate apoptosis remains unclear. Nonetheless, it remains likely 

that virulent and avirulent arenaviruses manipulate host cell responses differently, and that 

this contributes to the clinical outcome.  

 

1.2 Cell death and apoptosis 

 

Cell death occurs via distinct mechanisms and is essential in multicellular organisms as part of 

both embryonic development and the maintenance of tissue homeostasis. Numerous distinct 

cell death pathways have been described and the field continues to expand with the discovery 

of even more mechanisms that regulate cell fate. However, the longest known and best 

characterized of these cell death pathways are necrosis and apoptosis. While necrosis is 

regarded as rather uncontrolled, including disintegration of cell membranes and induction of 

inflammatory processes, apoptosis is a highly programmed non-inflammatory form of cell 

death responsible for the elimination of damaged or stressed cells by the activation of specific 

cysteine-aspartic proteases (caspases) [106, 107]. Caspases exist as inactive proenzymes and 

mediate proteolytic processing at conserved aspartic residues upon activation. Many different 

caspases have been described, but only a subset are associated with apoptosis including 

caspase 2, 8, 9, and 10, which function as initiator caspases to cleave and thereby activate 

downstream executioner caspases 3, 6 and 7 [108]. These executioner caspases are then 

responsible for the degradation of host cell components, for instance by the induction of DNA 

fragmentation through the activation of endonucleases [109, 110]. In contrast to the other 

cell death mechanisms, apoptosis does not primarily result in disintegration of cell 

membranes, but leads to cell shrinkage, membrane blebbing and the release of membrane-
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enclosed cell remnants called apoptotic bodies [109, 111]. Importantly, these apoptotic 

bodies show a loss of normal membrane asymmetry, which is maintained in healthy cells by 

“flippases” that specifically translocate PS to the inner membrane leaflet. These act in 

competition with “scramblases” that seek to balance PS distribution. Upon induction of 

apoptosis, caspases inactivate flippases and activate scramblases through proteolytic 

cleavage, which leads to exposure of PS on the outer leaflet of the cell membrane, making 

these dying cells and their remnants recognizable for clearance by phagocytic cells through a 

variety of PS-receptors [112]. 

 

1.2.1 Mechanisms underlying apoptotic cell death 

 

The cellular pathways capable of inducing caspase activation in response to apoptotic 

stressors are highly variable. The best described of these mechanisms are the extrinsic and 

intrinsic apoptotic pathways (Figure 4). The extrinsic pathway results in the activation of 

initiator caspases 8 and/or 10, followed by executioner caspases 3 and/or 7. It is stimulated in 

direct response to ligand binding by “death receptors” (e.g. TNF-R or Fas-R) and subsequent 

activation of the death-inducing signaling complex (DISC). In contrast, the intrinsic signaling 

pathway is initiated by a wide variety of intracellular stresses [113, 114]. These stress signals 

are frequently transmitted by cellular kinases, which can further interact with, and/or modify 

apoptosis-related regulators like promyelocytic leukemia protein (PML) or transcription 

factors like p53, in order to either enhance or weaken downstream apoptotic signaling [115-

117]. 

The critical step in intrinsic apoptosis is mitochondrial outer membrane permeabilization 

(MOMP), which has been identified as a “point of no return”. It is controlled by pro- and anti-

apoptotic members of the Bcl-2 protein family, which are the key players responsible for 

balancing mitochondrial permeability by their activation, inactivation or displacement [118].  
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Figure 4: Intrinsic and extrinsic 

pathways of apoptosis 

activation. Extrinsic apoptotic 

signaling proceeds via ligand 

binding to “death receptors” 

leading to formation of the 

death-inducing signaling 

complex (DISC) followed by 

activation of initiator caspases 

8/10 and executioner caspases 

3/7. Intrinsic apoptosis can be 

triggered by a variety of cellular 

stresses (e.g. DNA damage or ER 

stress) thereby activating 

cellular kinases such as JNK, 

p38, Akt or ERK1/2. These 

kinases then influence the 

regulation of pro-apoptotic 

BH3-only proteins directly or 

through “master regulators”, 

such as p53. Activated BH3-only proteins induce mitochondrial outer membrane permeabilization through the 

inhibition of anti-apoptotic Bcl-2 proteins and/or activation of Bax and/or Bak, leading to cytochrome c release 

and the formation of the apoptosome. This results in caspase 9 activation and subsequent caspase 3/7 activation. 

These executioner caspases are then responsible for degrading host cell components, including those that 

control PS exposure for the clearance of dying cells. Pro-apoptotic factors are framed by red boxes and anti-

apoptotic factors are framed by a green box. 

 

Particularly, the pro-apoptotic BH3-only proteins can be activated or inactivated by distinct 

mechanisms including upregulation of protein expression (e.g. Hrk, Noxa, Puma), 

sequestration (e.g. Bim, Bmf), cleavage (e.g. Bid) or phosphorylation (e.g. Bad, Bim, Bik, Hrk) 

[119]. Structurally, these proteins only possess a Bcl-2 homology (BH) domain 3, which not 

only gives them their name but distinguishes them functionally from their antagonists, the 

anti-apoptotic Bcl-2 proteins, which possess BH1, BH2, BH3 and BH4 domains [120]. In healthy 

cells, the anti-apoptotic Bcl-2 proteins (e.g. Bcl-2, Bcl-xL, Mcl-1) inhibit activation of the 

proteins that regulate MOMP, Bak and Bax, either by directly binding to them or by binding 

the aforementioned pro-apoptotic BH3-only factors, which would otherwise interact with and 
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activate Bak and Bax [119-121]. However, if activation of pro-apoptotic BH3-only sensors 

occurs, they can compete with these anti-apoptotic factors and the apoptotic balance is 

shifted towards cell death. In this case MOMP occurs through oligomerization of Bak and/or 

Bax which form pores in the mitochondrial membrane through which cytochrome c is 

released. Structural disorganization of the mitochondrial network and the loss of 

mitochondrial membrane potential occur as a result of MOMP [118, 122]. Released 

cytochrome c further interacts with APAF-1 to form the apoptosome, which is responsible for 

the activation of initiator caspase 9. Active caspase 9 in turn activates executioner caspases 

3/7 which are primarily responsible for the degradation of cellular protein targets leading to 

death [109, 123]. 

 

1.2.2 Experimental methods to detect apoptosis 

 

In studying apoptosis, it is important to distinguish between this and other cell death 

mechanisms based on their distinct cellular and biochemical parameters. And indeed it is 

important to analyse a number of parameters in order to confirm cell death is apoptotic, as 

some features can apply to other cell death mechanisms as well [107]. Fortunately, given its 

importance in diverse biological and pathophysiological processes, a great number of tools 

and approaches have been developed to specifically assess apoptotic processes [124].  

As explained above in section 1.2, late steps in apoptosis are characterized by morphological 

changes such as cell shrinkage, membrane blebbing and the production of apoptotic bodies. 

Chromatin condensation and nuclear fragmentation also occur during the terminal stages of 

apoptosis, and these events can be detected with fluorescent dyes that bind DNA (e.g. DAPI, 

Hoechst) followed by microscopic analysis [125]. In contrast to nuclei with a “normal” 

appearance, apoptotic cells show condensed nuclei with increased fluorescence intensity due 

to the presence of compacted chromatin. Other classical methods to detect and quantify DNA 

fragmentation, such as agarose gels and the TdT dUTP nick end labelling (TUNEL) technique 

are widely used and have been associated with apoptosis for decades. However, DNA damage 

is not unique to apoptosis and also occurs during necrosis, and thus these assays have to be 

interpreted carefully [126-128]. Another key hallmark of apoptosis is exposure of PS on the 

outer leaflet of the plasma membrane as a result of caspase cleavage of the factors regulating 
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this process. This can be specifically detected by the binding of the vascular protein Annexin 

V, which has a high affinity to PS. In such assays, Annexin V is commonly used in a 

fluorochrome-conjugated form to quantify loss of membrane asymmetry via flow cytometry 

[129, 130]. The application of Annexin V staining allows the discrimination of apoptotic and 

necrotic cells when used together with a membrane impermeable dye, such as propidium 

iodide (PI), that only enters cells with a damaged plasma membrane (which are characteristic 

for necrosis but not for early apoptosis) [131].  

In further discriminating between activation via the intrinsic or extrinsic activation pathway, 

cytochrome c release from the mitochondria serves as crucial marker. Techniques that allow 

the detection of cytochrome c localization in cells include fluorescence microscopy and 

Western blot [132]. For the microscopic approach, a number of plasmids are commercially 

available that contain the cytochrome c gene fused to various reporters, and these can be 

transfected to determine its localization in either live or fixed cells [133]. To investigate 

cytochrome c localization via Western blot, a subcellular fractionation approach is needed 

after which cytosolic and mitochondrial fractions can be probed with cytochrome c-specific 

antibodies as well as organelle-specific marker proteins [134]. MOMP is also accompanied by 

loss of the mitochondrial membrane potential and disorganization of the mitochondrial 

network, both of which can be visualized using a variety of dyes. Here, TMRE, JC-1 and 

Mitotracker dyes are frequently used in diverse applications like flow cytometry, 

spectrophotometry and live/fixed fluorescence microscopy [134]. Finally, the activation of 

specific caspases is associated with these different pathways, and is typically examined by 

directly assessing activating cleavage of the individual caspases in Western blot [124], but can 

also be measured based on the cleavage of downstream caspase substrates (e.g. using 

fluorogenic artificial caspase substrates). Western blot is also well suited to analyse protein 

expression/activation of other pro- and anti-apoptotic factors within the intrinsic and extrinsic 

pathways (section 1.2.1), due to the availability of many commercial antibodies, including 

those that detect not only total protein but also specific phosphorylation sites, oligomerization 

states or cleaved protein forms [124]. However, due to the variety of apoptotic regulators that 

can be involved, particularly for the intrinsic pathway, RT-qPCR can also be helpful in analyzing 

changes in mRNA levels, which can contribute to the activation of many BH3-only and Bcl-2 

proteins [135, 136]. For analysis of the performance of such assays the use of appropriate 

positive controls, such as chemical inducers (e.g. camptothecin [CPT], staurosporin [STS], 
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etoposide), as well as negative treatments (e.g. mock samples or treatment with UV 

inactivated-virus) are indispensable [137]. 

 

1.3 Regulation of apoptosis by arenaviruses 

 

Apoptosis is a complex process that is capable of sensing a wide variety of stimuli, including 

those generated by virus infection (section 1.2). As such many viruses have developed 

strategies to take advantage of the numerous potential points of attack within the apoptotic 

cascade in order to either evade this defensive mechanism, or to exploit its induction for their 

propagation [138, 139]. For arenaviruses, the regulation of apoptosis appears to differ widely 

in response to infection with different virus species, although the mechanistic details remain 

insufficiently understood in many respects. However, a number of recent studies have 

provided interesting insights into how apoptosis might be linked to arenavirus pathogenesis. 

Evidence of apoptotic processes during arenavirus infections is seen in both patient and 

animal pathology. For instance, the OWA LCMV displays apoptosis in neuroblasts and 

hepatocytes in infected mice, as indicated by TUNEL assay [140, 141]. Also with regard to 

NWAs, MACV-infected macaques have been reported to show foci of degeneration and 

necrosis/apoptosis in several organs [142], and signs of apoptosis have been detected in a 

guinea pig model for Pichinde virus (PICV) [143] and in a hamster model for Pirital virus 

infection [144] - again using a combination of histopathological analysis and TUNEL assay. 

However, it is important to note that the TUNEL technique is particularly challenging in vivo 

and can produce false-positive staining, which hampers the distinction between apoptosis and 

necrosis [126]. 

In addition to these in vivo data, an increasing number of molecular studies provide insights 

into the regulation of specific apoptotic mechanisms in response to arenavirus infections at 

the cellular level. Interestingly, in vitro OWAs are unable to induce apoptosis irrespective of 

virulence (i.e. for both LASV and LCMV) [98, 145]. Further, for LCMV it has been shown that 

infection does not prevent apoptosis induction in response to other apoptotic stimuli, so that 

this does not appear to be an active inhibitory process, but rather a lack of sensing of OW 

arenavirus infection [145]. As for the situation for these OW arenaviruses, also the highly 

pathogenic JUNV does not induce apoptosis during infections in vitro [104, 146], however, this 
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appears to be due to inhibition of apoptosis through the use of its highly abundant NP as an 

alternative substrate for activated caspases. In particular, JUNV NP was shown to appear in 

multiple truncated isoforms both during infection and following transfection-based 

overexpression, and these were confirmed to be generated by caspase activity at specific sites 

[104]. However, it remains unclear to what extent upstream apoptotic signaling is actually 

occurring during infection with JUNV. In contrast, the closely related TCRV does not exhibit NP 

cleavage and triggers robust caspase-dependent apoptosis in response to infection [104] 

(Figure 5). This involves activation of caspase 9 and caspase 3, which suggests that apoptosis 

induction likely proceeds over the intrinsic pathway [103, 105]. However, there is to date no 

information as to what specific factors are involved in the sensing and transmission of 

apoptotic signals during TCRV infection. However, a clear understanding of these events 

would be instrumental in helping us to better understand the apparent connection between 

apoptosis induction and pathogenesis among NWAs. In this regard it is intriguing that caspase 

3 activation has also recently been reported for cells infected with the attenuated vaccine 

strain Candid#1 [101-103]. However, in this case, apoptosis induction appears to involve ER 

stress and the activation of the unfolded protein response (UPR) due to the loss of a specific 

N-linked glycosylation in GP that results in increased ER retention [102, 147]. Nonetheless, this 

supports the existence of an intriguing link between apoptosis induction and a non-pathogenic 

phenotype for NW arenaviruses that remains to be explained mechanistically.  

 

Figure 5: Virulent and avirulent NW arenaviruses differ in 

their ability to induce apoptosis. The highly pathogenic 

JUNV shows no evidence of caspase 3 activation or signs of 

apoptotic cell death in response to infection. This appears 

to be due to the ability of JUNV NP to attenuate caspase 

activity by serving as an alternative substrate for cleavage. 

In contrast, the closely related but apathogenic TCRV, as 

well as the JUNV vaccine strain Candid#1 (Cd#1) both show 

a robust induction of caspase 3 cleavage as well as clear 

evidence of apoptotic cell death. The upstream signaling 

events that contribute to these outcomes remain 

unknown. 
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2 Objectives 

 

In order to achieve a better understanding of the mechanistic basis underlying the observed 

connection between apoptosis and pathogenesis among NW arenaviruses, the primary aim of 

this thesis was to characterize the interactions of TCRV and JUNV with factors involved in 

regulating the apoptosis pathway. This first required the establishment of a comprehensive 

set of assays, tools and methods designed to dissect the complex interplay between virus 

infection and the apoptotic machinery. Once available, these resources were then used to 

clarify which cellular pathways and factors contribute to apoptosis induction during TCRV 

infection - where it is clear that activation of the apoptotic cascade takes place. In particular, 

we sought to identify the pro- apoptotic (i.e. BH3-only factors) and anti-apoptotic (i.e. Bcl-2 

proteins) host cell factors responsible for regulating the induction of TCRV-induced apoptosis. 

Once identified, we compared the regulation of this subset of factors during infection with 

JUNV to validate the assumption that this virus, which does not trigger late steps in the 

apoptotic cascade due to inhibition of caspase activity by NP, still induces upstream apoptotic 

signaling events. 

In addition, the second aim of this thesis was to identify the viral factors that are responsible 

for apoptosis induction. As such, a molecular investigation of individual TCRV and JUNV 

proteins (i.e. NP, Z and GP) for their role in inducing apoptosis was also undertaken. However, 

given that recent evidence has suggested major issues with the reference sequence 

information that is currently available for TCRV through publically accessible databases, a 

prerequisite to this work was to first conduct full genome sequencing of TCRV in order to 

generate correct expression plasmids that exhibit authentic functionality.  

Taken together, the results of these experiments will help us understand how closely related 

avirulent and virulent arenaviruses, such as TCRV and JUNV, induce and regulate apoptotic 

mechanisms and will provide a solid basis for further work aimed at understanding how 

differences in these responses ultimately contribute to virus pathogenesis. 
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3.2.1 GenBank files 

 
LOCUS       MT081316                3422 bp    RNA     linear   VRL 03-JUN-2020 

DEFINITION  Tacaribe mammarenavirus strain TRVL-11573 segment S, complete 

            sequence. 

ACCESSION   MT081316 

VERSION     MT081316.1 

KEYWORDS    . 

SOURCE      Tacaribe mammarenavirus 

  ORGANISM  Tacaribe mammarenavirus 

            Viruses; Riboviria; Orthornavirae; Negarnaviricota; 

            Polyploviricotina; Ellioviricetes; Bunyavirales; Arenaviridae; 

            Mammarenavirus. 

REFERENCE   1  (bases 1 to 3422) 

  AUTHORS   Holzerland,J., Leske,A., Feneant,L., Garcin,D., Kolakofsky,D. and 

            Groseth,A. 

  TITLE     Complete genome sequence of Tacaribe virus 

  JOURNAL   Arch. Virol. (2020) In press 

REFERENCE   2  (bases 1 to 3422) 

  AUTHORS   Holzerland,J., Leske,A., Feneant,L., Garcin,D., Kolakofsky,D. and 

            Groseth,A. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (17-FEB-2020) NWG-Arenavirus Biologie, 

            Friedrich-Loeffler-Institut, Suedufer 10, Greifswald - Insel Riems, 

            MV 17493, Germany 

COMMENT     ##Assembly-Data-START## 

            Sequencing Technology :: Sanger dideoxy sequencing 

            ##Assembly-Data-END## 

FEATURES             Location/Qualifiers 

     source          1..3422 

                     /organism="Tacaribe mammarenavirus" 

                     /mol_type="genomic RNA" 

                     /strain="TRVL-11573" 

                     /host="Artibeus lituratus (great fruit-eating bat); adult 

                     male" 

                     /db_xref="taxon:11631" 

                     /segment="S" 

                     /country="Trinidad and Tobago: Port of Spain" 

                     /collection_date="1956-03-23" 

     CDS             69..1520 

                     /note="GPC" 

                     /codon_start=1 

                     /product="glycoprotein precursor" 

                     /protein_id="QKE59893.1" 

                     /translation="MGQFISFMQEIPIFLQEALNIALVAVSLICIVKGLVNLYRCGLF 

                     QLMVFLVLAGRSCSEETFKIGMHTQFQEVSLSLSALLTNQSHELPMLCLANKTHLYLK 

                     SGRSSFKINIDSVTVLTRSADVFVHSPKLGSCFESDEEWVVAWWIEAIGHRWDQDPGL 

                     LCRNKTKTEGKLIQINISRADGNVHYGWRLKNGLDHIYRGREEPCFEGEQCLIKIQPE 

                     DWPTDCKADHTNTFRFLSRSQKSIAVGRTLKAFFSWSLTDPLGNEAPGGYCLEKWMLV 

                     ASELKCFGNTAIAKCNQNHDSEFCDMLRLFDYNKNAIKTLNEETKTRVNVLSHTINAL 

                     ISDNLLMKNKIRELMSVPYCNYTRFWYVNHTLSGQHSLPRCWMIRNNSYLNSSEFRNE 

                     WILESDFLISEMLSKEYSERQGRTPITLVDICFWSTVFFTSTLFLHLIGFPTHRHIRG 

                     EGCPLPHRLNSMGGCRCGKYLPLKKPTIWHRRH" 

     CDS             complement(1633..3345) 

                     /note="NP" 

                     /codon_start=1 

                     /product="nucleoprotein" 

                     /protein_id="QKE59892.1" 

                     /translation="MAQSKEVPSFRWTQSLRKGLSQFTQTVKSDILKDAKLIADSIDF 

                     NQVAQVQRVLRKTKRTDDDLNKLRDLNMEVDRLMSMKSVQKNTIFKVGDLARDELMEL 

                     ASDLEKLKDKIKRTESNGTNAYMGNLSQSQLNRRSEILRTLGFAQQGGRPNGIVRVWD 

                     VKDSSKLNNQFGSMPALTIACMTVQGGETMNNVVQALTSLGLLYTVKYPNLSDLDKLI 

                     PNHECLQIITKEESSINISGYNLSLSAAVKAGASILDGGNMLETIRVTPDNFSSLIKN 

                     TLQVKRREGMFIDDRPGSRNPYENLLYKLCLSGDGWPYIGSRSQIMGRSWDNTSVDLT 

                     KKPDAVPEPGAAPRPAERKGQNLRLASLTEGQELIVRAAVSELDPSNTIWLDIEGPPT 

                     DPVELALYQPAKKQYIHCFRKPHDEKGFKNGSRHSHGILMKDIEDAVPGVLSYVIGLL 

                     PPNMVITTQGSDDIRKLLDIHGRKDLKLIDVKFTSDQARQFEHQVWDKFGHLCKQHNG 

                     VIISKKNKSKDSPPSPSPDEPHCALLDCIMFHSAMSGELPKEEPIPLLPKEFLFFPKT 
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                     AFAL" 

ORIGIN       

        1 cgcaccgggg atcctaggca tttcttgtcc atatttgcct aactgaacca ggtgaatcac 

       61 tcccaaccat ggggcaattc attagtttca tgcaggagat acctattttc ttgcaagaag 

      121 cactcaacat tgcattggtg gcagtcagcc tcatctgtat agtgaaaggc ttggtgaacc 

      181 tatacaggtg cggactgttt caattgatgg tcttccttgt gttggctggc agatcatgtt 

      241 cagaggaaac atttaagata ggtatgcaca cacaattcca agaggtgtcc ctctctttaa 

      301 gtgcactttt gaccaatcag tctcatgaac ttcctatgtt atgtttagcc aacaaaacac 

      361 atctttatct aaagagtggt agatccagtt tcaaaatcaa cattgatagt gtcactgtgt 

      421 taacaagatc cgccgatgtc tttgttcact ctcctaaact tggttcttgt tttgaaagtg 

      481 atgaggagtg ggttgttgct tggtggattg aagccatcgg tcacagatgg gaccaggacc 

      541 caggtcttct atgcaggaat aaaaccaaaa cagagggtaa actgatccag attaacattt 

      601 caagagctga tggcaatgtt cactatggat ggagattaaa aaatggactt gatcatattt 

      661 acagaggacg tgaagaaccc tgttttgagg gtgagcagtg tcttatcaaa attcaacctg 

      721 aagactggcc gactgactgt aaggctgacc acacaaacac attccgcttt ttatcaagga 

      781 gccaaaaaag catagctgta ggaaggactc tcaaggcatt tttctcctgg tcgcttactg 

      841 accctttagg gaacgaagcc cctgggggat actgtcttga aaagtggatg cttgttgcta 

      901 gcgaattaaa gtgttttggg aacactgcaa ttgccaagtg caaccaaaat cacgactcag 

      961 agttttgtga catgctaagg ctgtttgatt acaataaaaa tgctataaaa acactgaatg 

     1021 aggagactaa gacgagggtg aatgtcctga gccacactat caatgctctg atctcagaca 

     1081 accttctgat gaagaataag attcgagagc tgatgagtgt accttattgc aactacacac 

     1141 gattttggta tgtcaatcac acactttcag gacagcactc tcttccaaga tgctggatga 

     1201 taagaaacaa ttcttacctc aactcatctg aatttagaaa tgagtggatt cttgaaagtg 

     1261 atttcctcat ttctgagatg ctgagtaagg agtattcaga gagacagggg agaactccaa 

     1321 tcactttagt ggacatttgt ttttggagta cagtgttctt cactagcaca ctattcttgc 

     1381 acctcattgg tttcccaact catagacaca ttcgagggga aggttgccct ctcccccata 

     1441 gattgaacag catgggagga tgtaggtgtg ggaagtatct gcctctgaag aagccaacta 

     1501 tttggcatcg tagacattag gacagccatt tgcgctccca ccggcccggg ctttgcccgg 

     1561 gccggtgtgg ccccccgatc cgcggcgttg ccgcggatcg gggaggcacc tgtggtgcgg 

     1621 aagtcttaca gctcacagtg caaaagctgt tttgggaaag aaaaggaact ctttgggtag 

     1681 tagtggtatt ggttcctctt tgggtagttc tccactcatg gctgagtgga acattatgca 

     1741 gtccagcagt gcacagtgag gttcatcagg actggggctt ggtggagagt ctttgctctt 

     1801 attcttcttg ctaataatca ccccattatg ttgtttgcag aggtggccga atttatccca 

     1861 cacttggtgc tcgaattgtc ttgcttgatc tgaagtgaac ttaacatcaa ttaatttgag 

     1921 atctttcctt ccgtgaatat ctagaagctt tctgatgtca tcagatcctt gtgttgtaat 

     1981 caccatgttg ggaggtagta accctatgac ataactgagc acacctggca cagcatcctc 

     2041 aatgtccttc attagaatgc cgtgagaatg tctgctccca tttttaaatc ccttctcatc 

     2101 atgtggcttt ctgaagcagt ggatgtattg tttctttgca ggttgatata atgcaagctc 

     2161 tactgggtca gtaggaggtc cctcgatgtc caaccaaata gtgttggagg ggtcaagttc 

     2221 actaacagca gctctgacta ttagttcttg cccctctgtg aggcttgcca gtctcaaatt 

     2281 ttgccccttt ctttctgctg gccttggtgc tgctcctggt tctggcactg catccggctt 

     2341 cttggtcaga tctacgctcg tgttgtccca ggatcgcccc ataatttgcg atcgagagcc 

     2401 tatatagggc cagccatcac ctgacaaaca cagtttgtag agtaaatttt cgtaggggtt 

     2461 cctacttcca ggtctgtcgt caataaacat accctccctt ctcttgactt gtaaggtgtt 

     2521 tttgatcagg ctagagaagt tgtcgggagt cactctgatt gtctccaaca tgttaccacc 

     2581 atcaaggatg gaggctcctg cttttactgc tgccgacaga ctgaggttgt aacctgaaat 

     2641 gttaattgaa ctctcttctt tggttataat ttgcagacac tcatggtttg ggatgagctt 

     2701 gtcaagatca gaaagatttg ggtatttcac tgtataaaga aggcctaaag aggtcaatgc 

     2761 ttgaactaca ttgttcatag tctcccctcc ttggacagtc atacatgcaa ttgttaatgc 

     2821 aggcatggat ccaaattgat tattcagttt gctggaatct ttcacatccc aaactctaac 

     2881 aattccattg ggacgacctc cctgctgagc aaatccgagt gttctcaaaa tctcactcct 

     2941 cctgttgagt tgagattgtg acagatttcc catgtaagca ttggtaccat tgctctcagt 

     3001 tctttttatt ttgtctttta gcttttcaag atcggaggcc agttccatta gttcatccct 

     3061 tgccaggtca ccaactttga agattgtgtt cttctgaaca cttttcatag acatcagcct 

     3121 gtcgacctcc atattgagat ccctcaattt gttcaagtca tcatcggttc ttttggtctt 

     3181 tctaagcact cgttgaactt gagcaacctg gttgaagtca atgctgtcgg caatcagctt 

     3241 agcgtccttt aaaatatctg acttgactgt ttgggtgaat tgactcaatc cctttctaag 

     3301 agactgggtc catctgaagc ttggcacttc cttggattga gccattatgg cgatcaaagc 

     3361 aaggatttca aaaaaagagc tcagtgaaag agttagacaa tttgcctagg atccactgtg 

     3421 cg 

// 

 

 
LOCUS       MT081317                7103 bp    RNA     linear   VRL 03-JUN-2020 

DEFINITION  Tacaribe mammarenavirus strain TRVL-11573 segment L, complete 

            sequence. 

ACCESSION   MT081317 

VERSION     MT081317.1 

KEYWORDS    . 
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SOURCE      Tacaribe mammarenavirus 

  ORGANISM  Tacaribe mammarenavirus 

            Viruses; Riboviria; Orthornavirae; Negarnaviricota; 

            Polyploviricotina; Ellioviricetes; Bunyavirales; Arenaviridae; 

            Mammarenavirus. 

REFERENCE   1  (bases 1 to 7103) 

  AUTHORS   Holzerland,J., Leske,A., Feneant,L., Garcin,D., Kolakofsky,D. and 

            Groseth,A. 

  TITLE     Complete genome sequence of Tacaribe virus 

  JOURNAL   Arch. Virol. (2020) In press 

REFERENCE   2  (bases 1 to 7103) 

  AUTHORS   Holzerland,J., Leske,A., Feneant,L., Garcin,D., Kolakofsky,D. and 

            Groseth,A. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (17-FEB-2020) NWG-Arenavirus Biologie, 

            Friedrich-Loeffler-Institut, Suedufer 10, Greifswald - Insel Riems, 

            MV 17493, Germany 

COMMENT     ##Assembly-Data-START## 

            Sequencing Technology :: Sanger dideoxy sequencing 

            ##Assembly-Data-END## 

FEATURES             Location/Qualifiers 

     source          1..7103 

                     /organism="Tacaribe mammarenavirus" 

                     /mol_type="genomic RNA" 

                     /strain="TRVL-11573" 

                     /host="Artibeus lituratus (great fruit-eating bat); adult 

                     male" 

                     /db_xref="taxon:11631" 

                     /segment="L" 

                     /country="Trinidad and Tobago: Port of Spain" 

                     /collection_date="1956-03-23" 

     CDS             70..357 

                     /note="Z" 

                     /codon_start=1 

                     /product="matrix protein" 

                     /protein_id="QKE59894.1" 

                     /translation="MGNCNRTQKPSSSSNNLEKPPQAAEFRRTAEPSLYGRYNCKCCW 

                     FADKNLITCSDHYLCLRCHQIMLRNSELCNICWKPLPTSIRVPLEASAPDL" 

     CDS             complement(441..7073) 

                     /note="L" 

                     /codon_start=1 

                     /product="RNA-dependent RNA polymerase" 

                     /protein_id="QKE59895.1" 

                     /translation="MDETVSELKDLVRKHIPNRHEFAHQKDAFLSQCHSGSLLQEGFK 

                     LLSNLVELESCESHACHLNTCQKYVDVILSDHGIPCPTLPKVIPDGFKLTGKTLILLE 

                     TFVRVNPEEFERKWKSDMTKLLNLKQDLLRSGITLVPVVDGRTNYSNRFTPEWVVERI 

                     RWLLIEILRKSRSSAEIDIEDQEYQRLIHSLSNVRNQSLGFENIECLKRNLLEYDDRL 

                     AKSLFVGVKGDVRESVIREELMKLRLWYKKEVFDKNLGKFRITNRSELLNNLIRLGKH 

                     EDNTTSDCPFCVNKFMDIIYSLTFTALKRQDREKSNSELDQYVVCPHEKAYLGVLSIC 

                     NKIKGLKVFNTRRNTLLFLDLIMVNFLDDLFTAKPEALDSLRRSGLILGQMVTLVNDR 

                     ALDFLEAVKLIKKKIETNVKWVQNCSKILRRSQQDIWSQISVWARYPDLSKLISIAQT 

                     ISSDRPIMRYSAGGNFNTECKHKTFHMMSDAEQVEAFKILSSVSLSLINSMKTSFSSR 

                     LLINEKEYSRYFGNVRLRECYQQRFFLTDGLIVILFYQKTGERSRCYSIYTCEDGVLV 

                     EKGSFYCDPKRFFLPIFSQEVLVEMCDEMTTWLDFNSDLMVISKEKLRLLLLSILCAP 

                     SKRNQVFLQGLRYFLMAYSNQFHHVDLLSKLKVECMSGSEVIVQRLAVDLFQCLLGEG 

                     VDSDPYFARRFKYLLNVSYLCHLITKETPDRLTDQIKCFEKFIEPKIDFNCVIVNPSL 

                     NGQLTEAQEGMMLDGLDKFYSKTLKDCSDTKLPGVSNELLSYCISLFNKGKLKVTGEL 

                     KNDPFKPNITSTALDLSSNKSVVVPKLDELGNVLSVYDREKMISSCVSSMAERFKTKG 

                     RYNIDPSTLDYLILKNLTGLVSIGSKTQRDCEELSMMFEGLTEEQAEAFNDIKNSVQL 

                     AMVKMKDSKSGDVNLSPNQKEGRIKSSTGTLEELWGPFGIMREIKTEVSLHEVKDFDP 

                     DVLASDLYKELCDVVYYSSSKPEYFLERPLEVCPLGLLLKNLTTSAYFDEEYFECFKY 

                     LLIQGHYDQKLGSYEHRSRSRLGFTNEALRVKDEVRLSMRESNSEAIADKLDRSYFTN 

                     AALRNLCFYSDDSPTEFTSISSNNGNLKFGLSYKEQVGSNRELYVGDLNTKLITRLVE 

                     DFAEAVGSSMRYTCLNSEKEFDRAICDMKLAVNNGDLSCSLDHSKWGPTMSPALFLTF 

                     LQFLELRTPKERNIINLEPVLNVLRWHLHKVIEVPVNVAEAYCTGNLKRSLGLMGCGS 

                     SSVGEEFFHQFMQVQGEIPSHIMSVLDMGQGILHNMSDLYGLITEQFLNYVLDLLYDV 

                     IPTSYTSSDDQVTLIKLPCASDDNQVNDEWLEMLCFHEYLSSKLNKFVSPKSVAGTFV 

                     AEFKSRFFVMGEETPLLTKFVAAALHNVKCKTPTQLSETIDTICDQCVANGVSVQIVS 

                     KISQRVNQLIKYSGFKETPFGAVEKQDVKDWVDGTRGYRLQRKIESIFSDDEMTGFIR 



3 Publications 

 

93 
 

                     SCAKRVFNDIKRGKVFEENLISLIGRGGDDALVGFLRYSSCSEQDIMRALGFRWVNLS 

                     SFGDLRLVLRTKLMTSRRVLEREEVPTLIKTLQSRLSRNFTKGVKKILAESINKSAFQ 

                     SSVASGFIGFCKSMGSKCVRDGEGGFLYIKDIYTKVKPCLCEVCNMKRGVIYCRPSLE 

                     KIEKFSKPILWDYFSLVLTNACEIGEWVFSSVKEPQIPVVLSNRNLFWAVKPRIVRQL 

                     EDQLGMNHVLYSIRKNYPKLFDEHLSPFMSDLQVNRTLDGRKLKFLDVCIALDLMNEN 

                     LGIVSHLLKARDNSVYIVKQSDCAMAHVRQSDYVDKEVGLSPQQVCYNFMVQIILSSM 

                     VNPLVMSTSCLKSFFWFNEVLELEDDGQIELGELTDFTFLVRDQKISRAMFIEDIAMG 

                     YVISNLEDVRLYIDKITIGEQPLAPGRHINDLLDLLGNFDDHEDCDLRFLIQVEHSRT 

                     STKYRFKRKMTYSFSVTCVSKVIDLKEASVELQVVDVTQSVSGSGGSHLLLDGVSMIA 

                     GLPIFTGQGTFNMASLMMDADLVETNDNLILTDVRFSFGGFLSELSDKYAYTLNGPVD 

                     QGEPLVLRDGHFFMGTEKVSTYRVELTGDIIVKAIGALDDPEDVNALLNQLWPYLKST 

                     AQVMLFQQEDFVLVYDLHRSGLIRSLELIGDWVEFVNFKVAYSKSLKDLVVSDNQGSL 

                     RLRGIMCRPLARRNTVEDIE" 

ORIGIN       

        1 cgcaccgggg atcctaggcg ttacgtgcac tcttctttat tgggctggat tacacaaaac 

       61 ttttcaagca tgggcaactg caatcgaact cagaaaccca gttcgtcttc taacaacctc 

      121 gagaagccac cacaagctgc agaatttaga agaacggcag agcccagtct atatgggagg 

      181 tacaattgca aatgttgttg gtttgctgac aaaaacttaa tcacctgtag tgaccattat 

      241 ctttgtctaa gatgtcacca aatcatgctg agaaactcag agctgtgcaa catctgctgg 

      301 aagcccctgc caacatccat aagagtcccg ctagaggcaa gtgctccgga tctgtaacca 

      361 acgacaaaca aggtcgctga ccccccgggg ggcccccaag ggggcccccc gtgggggtgg 

      421 cccccggggg agtttgggtt ctactcaatg tcctccactg tgtttctcct agctagaggt 

      481 ctgcacataa tgcctctcaa cctcaaggac ccctggttgt cagatacaac aaggtctttc 

      541 agggacttac tgtatgcaac cttgaagttg acaaattcaa cccagtcccc gatcaactcc 

      601 agggacctga tcaagccaga tctatgtaaa tcatagacaa ggacaaagtc ttcttgttgg 

      661 aatagcatca cctgtgcagt tgattttaaa tagggccaga gttggttcaa caaagcattc 

      721 acatcttcag ggtcgtccag tgcgccaatt gccttcacta ttatatcacc agtcaactcc 

      781 actctgtaag tagaaacttt ctcagttccc ataaaaaagt ggccgtctct taacaccaac 

      841 ggctcccctt gatcgactgg cccattgagt gtataggcat acttgtcact caattcagat 

      901 aaaaatccac caaagctgaa tcttacatcc gtcagaatta ggttgtcatt tgtctccaca 

      961 agatctgcat ccatcatcag ggaagccata ttaaaagtgc cttgacctgt gaatatcgga 

     1021 agtcctgcaa tcatggaaac tccatccaac aagaggtgac ttccccccga ccctgacact 

     1081 gactgcgtca catccaccac ctgtaactct acgcttgctt ctttaagatc aatgacttta 

     1141 gaaacacatg taacactaaa tgagtaagtc attttcctct taaacctgta cttagttgat 

     1201 gttctagaat gctccacctg gatcaaaaac ctcaagtcac aatcctcatg gtcatcaaag 

     1261 ttcccaagaa gatccagcaa gtcattgatg tgtctccctg gagccagtgg ttgctctcca 

     1321 attgtgattt tgtcaatgta caatctaaca tcttcaagat ttgaaatcac ataacccatt 

     1381 gctatgtctt caataaacat cgctctactg atcttctgat ccctaactaa gaaggtgaaa 

     1441 tctgttaact cacccaattc aatctgacca tcatcttcca gctccaatac ttcattaaac 

     1501 caaaaaaacg attttaggca agaagttgac atcactaaag ggttcaccat cgatgatagg 

     1561 atgatttgaa ccatgaagtt gtaacaaacc tgttgaggac tcagtccaac ttccttatct 

     1621 acgtaatcag actgcctaac gtgtgccatg gcacagtcgc tctgtttgac tatgtagaca 

     1681 ctattgtctc tggctttcag taagtggctg acgattccta gattctcatt catcaaatcc 

     1741 aatgctatgc aaacatctaa gaacttcagc ttcctcccat ccagtgttct gttcacttgc 

     1801 aaatcgctca tgaagggaga caagtgctca tcaaataatt tcgggtaatt tttccgaatg 

     1861 gaatacaata catgattcat acccagttga tcttctaatt gacgaacaat tctaggctta 

     1921 acagcccaga acaaattcct gttgcttaac accactggaa tctgtggctc tttcacagat 

     1981 gagaataccc actcccctat ttcgcaggca ttggtcaaaa ctaaagaaaa gtaatcccaa 

     2041 agaataggtt tggaaaattt ttcaattttt tccagtgagg gtctgcaata aatcacacct 

     2101 cttttcatgt tgcacacctc acacagacag ggcttcacct ttgtataaat atctttaatg 

     2161 taaaggaaac cgccctcacc atctctgaca catttgctgc ccatactttt acaaaaacct 

     2221 ataaaaccag atgccactga agactggaat gcagatttgt ttatggactc cgctaagatc 

     2281 tttttaacac cctttgtgaa gttccttgac aacctggact gcaatgtctt aatcagtgtt 

     2341 ggcacctctt ctctctcaag aacccttctg ctcgtcatta acttggtcct caatactagt 

     2401 cttaggtcac caaaacttga caaattcacc catctaaagc ctaaggcacg cataatatct 

     2461 tgctctgagc aacttgaata acgcaagaac cccacaaggg cgtcatcacc acctctacca 

     2521 ataagactga tcaggttttc ctcaaaaact ttgcctcttt ttatatcatt aaaaaccctt 

     2581 ttagcacagc ttctaatgaa gcctgtcatc tcatcatcag aaaatattga ttcaatcttc 

     2641 ctctgcaatc gataacccct cgtcccatcc acccaatctt ttacatcttg tttctcaaca 

     2701 gcaccaaaag gggtttcctt gaagccggag tatttgatca gctggttcac cctttgagag 

     2761 atctttgaga caatttggac actaacacca tttgcgacac actggtcaca gattgtgtct 

     2821 attgtttctg acaactgtgt tggtgttttg catttcacat tgtgcaacgc tgcagcaaca 

     2881 aatttagtta atagcggggt ttcttccccc atcacaaaaa atcttgattt gaattcagct 

     2941 acaaaggtgc ccgctacact cttggggcta acaaatttgt tcaattttga ggagaggtac 

     3001 tcatgaaaac acaacatttc caaccactca tcattaactt gattatcatc tgaagcacaa 

     3061 ggcaatttga taagtgtgac ctggtcatcg ctagaagtgt aggaagttgg aatgacatca 

     3121 tatagtaaat ctagcacata atttaagaac tgttctgtta tcaatccata caaatcagac 

     3181 atgttatgca ggatgccttg gcccatatct agaacagaca ttatgtgact tggtatctct 

     3241 ccttggactt gcatgaattg gtggaagaat tcctctccca cgcttgagct accacaaccc 
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     3301 atcaacccta agcttctctt cagattgcca gtacagtaag cctcagcaac atttactgga 

     3361 acttctataa ctttatggag gtgccatctc agcacattta agactggttc aagattaata 

     3421 atgttccttt cttttggggt cctaagttcc aaaaattgga ggaatgtcaa gaaaagcgca 

     3481 ggactcatgg ttggtcccca tttagagtga tcaagagaac atgataggtc accattgttc 

     3541 actgctaact tcatgtcaca gatggctcta tcaaattctt tttctgaatt gagacatgta 

     3601 tatctcatgg aactgccaac tgcctctgca aagtcttcaa ctaaccttgt tatcagctta 

     3661 gtgttaagat ccccaacgta aagttcccta ttggaaccca cttgctcctt gtaacttaag 

     3721 ccaaacttta agttaccatt atttgaactg atactggtaa actcagtagg agaatcatca 

     3781 gagtaaaagc acaggttcct tagtgcagca ttggtaaaat aactcctatc caacttatct 

     3841 gctatagctt cagaattgct ctctctcatg ctaagtctta cttcatcttt cactctcagt 

     3901 gcttcattag tgaaaccaag ccttgatcta ctcctatgtt cataacttcc tagtttttga 

     3961 tcataatgac cttgtatcaa taagtatttg aagcactcaa aatactcttc atcaaaatat 

     4021 gcagaagtag tgagattttt caaaagcaat cctagaggac aaacttctaa aggtctctcc 

     4081 aagaaatact ctggtttgct tgaggagtaa tagaccacat cacatagttc tttatacaag 

     4141 tctgaagcga gtacatcagg atcaaagtct ttcacctcat gaagtgagac ctctgtctta 

     4201 atctctctca taatcccaaa gggaccccaa agttcctcaa gtgtacctgt gctgctttta 

     4261 atcctgcctt ccttttgatt cggacttaga ttgacatctc cagatttgga gtccttcatt 

     4321 ttgaccattg ctaattgcac ggaatttttt atatcattga aagcttctgc ttgctcttct 

     4381 gtcaaccctt caaacatcat tgacagctct tcacaatctc tctgggtttt agaaccaata 

     4441 ctaacaagcc cggttaagtt ttttagtatc aagtaatcta atgtacttgg atcaatgttg 

     4501 tatcttccct ttgttttgaa cctttccgcc atggaagaaa cacatgaaga aatcatcttc 

     4561 tctctatcat ataccgaaag aacattccca agttcatcta gttttggtac tactacgctc 

     4621 ttattgctag agaggtctaa agcagtgcta gtaatgtttg gcttgaatgg gtcgttctta 

     4681 agctcacctg tgacttttag ctttccttta ttaaataatg agatgcaata actcaacagt 

     4741 tcattgctga cccctggtaa tttggtgtca gaacagtctt tgagggtctt tgaataaaat 

     4801 ttatccagcc cgtccaacat cattccttct tgagcttctg tcagttgacc atttaaagat 

     4861 gggttgacta taacacagtt gaaatcaatt ttgggttcaa tgaatttctc aaaacatttg 

     4921 atttggtctg ttaatctgtc aggtgtttcc tttgttatta aatgacaaag gtaacttaca 

     4981 tttaagagat acttgaacct cctagcaaaa taggggtccg aatcaacacc ttcaccaaga 

     5041 aggcattgga aaaggtccac tgccagcctc tgaactatga cttcagagcc agacatacac 

     5101 tccactttta atttggacag tagatccacg tggtggaatt gatttgagta tgccatcaaa 

     5161 aaatacctta gcccttgcag aaatacctga tttcttttgg acggggcgca taaaatgctt 

     5221 aacaataaaa gtcttagttt ctctttggat atcaccataa gatcactgtt gaagtccagc 

     5281 caagttgtca tctcatcaca catctcaacc aacacctctt gtgaaaagat tggcagaaaa 

     5341 aatctcttcg ggtcacagta aaaagagccc ttctcgacaa gaacaccatc ttcacatgtg 

     5401 taaattgagt agcatcttga acgctcacct gtcttttgat aaaaaagaat aacaatcagt 

     5461 ccatcagtta aaaagaatct ctgttggtag cactccctta gtctcacatt gccaaaatac 

     5521 cttgagtatt ctttttcatt aataagcaac cttgaagaaa acgaggtttt catagagttt 

     5581 attaaggaaa gagacactga ggagagtatt ttgaaagcct caacctgttc agcatctgac 

     5641 atcatgtgaa atgtcttatg tttacattca gtgttaaagt tccccccagc agagtatctc 

     5701 ataatgggtc tatcagaaga tattgtctga gctatagata ttagcttgga taaatcagga 

     5761 tatcttgccc acaccgatat ttgtgaccag atatcttgtt gagacctcct caagatttta 

     5821 gagcaattct gcacccactt aacattcgtc tctattttct ttttaattaa tttcaccgcc 

     5881 tccaaaaaat ccaaggctct gtcattgact agtgtgacca tttgacccag gatgagacca 

     5941 gaccttctca aagagtccag tgcttcgggt ttggctgtaa ataggtcatc taaaaagttt 

     6001 accattatga gatctagaaa gagcaacgta tttcttcggg tgttaaaaac ttttaatccc 

     6061 ttaattttat tgcaaatcga caacacgcct aaataggcct tctcatgggg gcagacaaca 

     6121 tactgatcta attcagagtt tgatttctcc ctgtcctgcc tttttagtgc tgtgaaagtc 

     6181 aaactataga ttatgtccat gaatttgttg acacaaaagg gacaatctga ggtggtgtta 

     6241 tcctcatgtt tccctaacct aattaaattg ttcagaagct ctgatctatt agttatccta 

     6301 aacttcccca agtttttgtc aaaaacttcc tttttgtacc agagtcttaa tttcattaat 

     6361 tcttccctaa tcacagattc tcgaacatcg cctttgactc caacaaataa tgatttggcc 

     6421 agtctatcat catactccaa aagatttctt ttgagacact ctatattctc aaatcctaaa 

     6481 ctttgattac gaacgtttga aagactgtgt atcagacgtt gatactcttg atcctcaata 

     6541 tcaatctctg cggacgatcg ggatttccgc aaaatttcaa ttaacaacca tctgatcctc 

     6601 tccaccaccc attcaggagt gaacctatta gaataattag ttctaccgtc aacaacagga 

     6661 acaagtgtga tgcctgacct cagaaggtct tgtttgagat ttagtagttt tgtcatgtca 

     6721 ctcttccatt ttctctcaaa ttcttctgga ttgaccctca caaatgtttc caatagtatt 

     6781 aatgtttttc cagtgagttt gaatccatca ggtatcactt tagggagagt gggacatggg 

     6841 attccatgat cactgaggat cacatcaaca tatttttggc aggtgttcaa gtggcatgca 

     6901 tgagattcac aggactctaa ctccacaagg ttggagagaa gtttaaaacc ttcttgaagc 

     6961 agtgaccctg aatgacattg tgacaggaag gcatctttct ggtgggcaaa ctcatgccta 

     7021 tttggaatgt gttttctaac caagtctttg agttcagaca cagtttcatc catggtcaag 

     7081 tgccgcctag gatcctcggt gcg 
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5 Results & Discussion 

5.1 Identification of host cell factors responsible for the regulation of apoptosis during 

arenavirus infection  

 

Arenaviruses differ dramatically in their ability to cause human disease, and recent studies 

suggest that differences in the way they regulate apoptosis may play an important role in 

determining virulence [101-105, 148]. However, the mechanistic basis for such a relationship 

between apoptosis induction and pathogenicity remains elusive and detailed research into 

this area is hampered by our lack of knowledge regarding the cellular factors and events that 

regulate the induction of apoptosis in response to infection with some arenaviruses, but not 

others.  

 

5.1.1 Identification of pro- and anti-apoptotic factors that regulate the induction of 

apoptosis during TCRV infection (paper I) 

 

As a key step towards understanding the process by which the apoptotic response to 

arenavirus infection is regulated, the first objective of this thesis was to identify how individual 

pro- and anti-apoptotic factors are being regulated during infection with TCRV, and how this 

ultimately leads to the induction of apoptosis. To enable such an analysis, a variety of methods 

for the detection of both general hallmarks of apoptosis, as well as the regulation of individual 

factors, had to be established. These were then used to systematically address the activation 

of apoptosis during TCRV infection in the Vero76 cell line (paper I). While apoptosis has been 

demonstrated in response to TCRV infection in several cell lines, we first focused on Vero cells 

for our mechanistic studies, since these are a well-established model system for arenavirus 

infection in general and have also been confirmed to show differences in the regulation of 

apoptosis between JUNV and TCRV [104, 105]. Our approach initially included Western blots 

to detect the activation of various caspases and the assessment of PS flipping via FACS, as 

general markers for apoptosis. In these assays, we observed clear activation of initiator 

caspase 9 and executioner caspase 3, consistent with previous findings [105]. This effect 

increased over the course of infection (day 2 to 4 post infection [pi]) and was coincident with 

visible cell death in the form of CPE, as well as PS flipping, which in the context of apoptosis is 

primarily triggered in response to caspase activation. However, we did not see similar 
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responses with UV-inactivated virus, suggesting that productive viral infection (e.g. 

replication/transcription and/or the accumulation of viral RNA/proteins) is the likely trigger 

for this process. Interestingly, the comparatively late onset of apoptosis seen in our 

experiments correlates with observations from other apoptosis-inducing segmented RNA 

viruses, such as influenza A virus (IAV) [149, 150], Crimean-Congo hemorrhagic fever virus 

(CCHFV) [151-154] or Hantaan virus (HTNV) [155-157]. 

Caspase 9 activation is classically associated with formation of the apoptosome as a result of 

MOMP and cytochrome c release, and is therefore suggestive for the involvement of the 

mitochondrial-regulated intrinsic pathway [114, 123, 158]. Nonetheless, other non-classical 

alternative mechanisms of caspase 9 activation are also possible, for instance, mitochondria-

independent activation of caspase 9 associated with ER stress [159]. In this context, ER stress 

has been suggested to be relevant for apoptosis induction in response to Candid#1 [102], 

which was shown to activate caspase 9 to a similar extent than TCRV [103]. Therefore, we 

further validated whether apoptotic signaling in response to TCRV infection in fact requires 

classical involvement of the mitochondria. Indeed, staining of cytochrome c and the 

mitochondria clearly revealed that TCRV infected cells harbored disorganized and aggregated 

mitochondrial structures, indicative for dysregulation of the mitochondrial network, and 

showed a diffuse distribution of cytochrome c throughout the entire cell, which is a definitive 

hallmark for MOMP. This is similar to what has been reported for CCHFV, which has also been 

shown to disrupt mitochondrial membrane potential, leading to apoptotic cell death, in a 

process that appears to involve localization of the viral protein NSs to the mitochondria [160]. 

In contrast to the situation with CCHFV, in most other contexts, mitochondrial permeability is 

regulated by the activity and interaction of diverse pro- and anti-apoptotic sensors of the Bcl-

2 protein family [118-120]. Therefore, to gain an initial global view of the regulation of these 

factors during TCRV infection, we established an RT-qPCR-based assay suitable for 

determining mRNA expression levels for many of these genes. Wherever possible, these data 

were then validated on the protein level (by comparing mock or TCRV-infected cells) with the 

help of various commercially available antibodies. This analysis revealed that the levels of 

most of the pro- and anti-apoptotic regulators of mitochondrial permeability examined were 

only modestly up- or downregulated compared to mock-infected cells. However, two pro-

apoptotic BH3-only factors, Puma and Noxa, were significantly increased in their expression 
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at both the mRNA and protein levels. This is consistent with what is known from other studies, 

which indicate that increased activity of these factors is indeed primarily associated with 

changes in their abundance driven by transcriptional upregulation [161, 162]. Increased levels 

of these factors leads to increased binding and repression of anti-apoptotic Bcl-2 factors, thus 

promoting apoptosis induction, although in some cases Puma can also directly activate the 

factors responsible for regulating MOMP, i.e. Bak and Bax [121, 163]. As for TCRV, CCHFV 

infection also results in transcriptional upregulation of Puma, as well as another pro-apoptotic 

factor Hrk [154]. While we also saw evidence of transcriptional upregulation of Hrk, we could 

not detect endogenous protein levels for this factor in our system using the available 

commercial antibodies. As such, while activation of Hrk is also traditionally controlled at the 

level of transcriptional upregulation, whether changes in the protein level indeed occur 

remain to be validated in the context of TCRV infection. Nonetheless, there also appear to be 

at least some commonalities in the regulation of BH3-only factors between TCRV and CCHFV. 

The observed activation of Puma and Noxa in response to TCRV further suggested the likely 

involvement of their primary transcription factor p53 in this process. The functions of p53 

include the regulation of cell-cycle arrest activities and DNA repair, as well as its contribution 

to the apoptotic response as a transcriptional regulator of pro-apoptotic genes [164]. In 

healthy cells, p53 is continually degraded by the ubiquitin-proteasome pathway in a process 

mediated by binding to its regulator, MDM2. However, stress can induce a range of post-

translational modifications in p53, including phosphorylation at multiple residues, leading to 

reduced MDM2-binding, stabilization of p53 and its accumulation in the nucleus, where it 

upregulates target genes such as Noxa and Puma [161, 162, 165]. In TCRV-infected cells, p53 

showed no upregulation at the transcriptional level, but displayed strikingly increased total 

protein levels as well as translocation into the nucleus, consistent with an accumulation due 

to changes in its post-translational degradation rather than de novo synthesis.  

In particular, certain N-terminal positions in p53 (e.g. serine [Ser]15, 20 and 46) are known to 

be phosphorylated in response to stress and contribute to its transcriptional activity [165]. 

While we could not establish appropriate positive controls to validate detection of Ser20 or 

Ser46 in our experimental system, detection of Ser15 was observed in response to treatment 

with apoptosis inducing drugs (i.e. CPT). However, increased phosphorylation at Ser15 was 

not detected in response to TCRV infection. Rather, the C-terminal Ser392 showed 
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phosphorylation late in infection. Interestingly, however, modification at this position is not 

normally associated with strong nuclear accumulation of p53, but rather with translocation to 

the mitochondria [166]. This indicates that other modifications are likely involved in the 

accumulation and nuclear translocation of p53 during TCRV infection. However, the wide 

range of phosphorylation sites on p53 that are potentially involved in this process hampers an 

antibody-based investigation, and thus an alternative method is needed to address this 

question. For instance, mass spectrometry could be used to analyse post-translational 

modification of p53 more comprehensively, including all specifically phosphorylated peptides 

[167]. Interestingly, and although information regarding specific phosphorylation events is 

lacking, increased transcriptional activity was also shown for p53 during infection with 

different PICV strains, suggesting a potential role for p53 regulation during infection with this 

apathogenic arenavirus as well [168]. While another negative-sense RNA viruses, (HTNV), has 

also been shown to regulate p53 activity, unlike for TCRV infection, expression of the HTNV N 

protein results in destabilization of p53 via the above-mentioned ubiquitin-regulated pathway 

involving MDM2 in order to block apoptosis [169]. 

While these studies of regulation at the mRNA and protein levels already proved quite 

informative, BH3-only factors are not only regulated based on changes in their expression, but 

can also be regulated by other mechanisms, including proteolytic cleavage (i.e. Bid) or 

phosphorylation (i.e. Bad, Bim) [119]. Bid cleavage is primarily associated with activation of 

the extrinsic apoptotic cascade and thus was, unsurprisingly, not observed in our experimental 

system (unpublished data). Changes were also not detected in Bim phosphorylation during 

the course of infection (unpublished data). In contrast, while the total level of the pro-

apoptotic factor Bad did not change in comparison to mock cells over the course of infection, 

it accumulated in its inactive form, which is phosphorylated at Ser112 (paper I). This was first 

detected 2 dpi and increased over the course of infection, consistent with the kinetics of other 

hallmarks of apoptosis observed during TCRV infection (i.e. caspase activation, mitochondrial 

dysfunction, Puma/Noxa/p53 activation). This is consistent with the fact that post-

translational modification is the primary mechanism of Bad regulation, with phosphorylation 

leading to sequestration of Bad by the 14-3-3 protein, thereby preventing it from binding to 

anti-apoptotic sensors [170, 171]. Interestingly, this observed inactivation of Bad provides the 

first evidence for a counter-regulation to the pro-apoptotic activity of Puma and Noxa, which 

may help to delay cell death signaling in order to maintain cellular processes needed for viral 
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propagation. In this context, it is worth mentioning that IAV, which induces apoptotic signaling 

and mitochondrial dysregulation to promote viral replication, also induces phosphorylation of 

Bad at Ser112 [172]. Consequently, knockdown of Bad results in suppression of apoptotic 

responses with reduced viral replication, suggesting a pro-viral role for Bad in IAV infection. 

Importantly, the involvement of phosphorylation events (i.e. Bad, p53) in the regulation of 

TCRV-induced apoptosis suggests that specific upstream kinases are being activated in 

response to infection [173-177] (Figure 6), and thus may be playing a crucial role in directing 

the host cell responses – including the induction of apoptosis. In particular, phosphorylation 

of Bad at Ser112 is indicative for activation of the ERK1/2 signaling pathway, as the ERK-

dependent kinase p90-RSK is known to phosphorylate this specific site [175, 178]. In this 

context, it is interesting to note that ERK1/2 signaling has been reported for JUNV, TCRV and 

PICV, and was identified as being important for efficient viral replication, with inhibition of the 

upstream kinase MEK resulting in reduced viral titers, which are in turn increased by using ERK 

activators [179, 180]. Further, another important mitogen-activated protein kinase (MAPK), 

named p38, has been shown to be phosphorylated in response to PICV infection [181], and 

was inhibited in LCMV infected cells [182], indicating that at least some arenaviruses seem to 

interfere with this pathway as well. In addition to ERK and p38, another kinase named Akt was 

also shown to be important for the viral life cycle of JUNV [183, 184] and LCMV [185], possibly 

due to effects on budding and viral RNA synthesis. Taken together, this growing body of 

evidence indicating the regulation of kinase signaling pathways in response to different 

arenavirus infections, as well as our finding that Bad and p53 are phosphorylated in TCRV-

infected cells, clearly suggests a potential role for various kinases in the induction of apoptosis. 

This topic needs to be further investigated, particularly as their activation may also have other 

important effects on the biology of the host cell.  
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Figure 6: Activation of MAPK pathways potentially 

involved in the phosphorylation of p53 and Bad. 

Activation of MAP kinase signaling pathways can be 

triggered by a variety of environmental stresses 

including DNA damage, oxidative stress, cytokines, 

growth factors or the invasion of pathogens. 

Activated MAPKKKs and MAPKKs transduce these 

signals and ultimately phosphorylate target MAP 

kinases such as ERK, p38 or JNK, each of which has 

been shown to be capable of phosphorylating p53. 

Phosphorylation of p53 further results in its 

accumulation and translocation into the nucleus 

where it transcriptionally upregulates target genes, 

such as Puma and Noxa, which were shown to play a 

significant role in TCRV-induced apoptosis (paper I). 

Bad phosphorylation has also been observed in 

response to TCRV infection in paper I, suggesting 

possible the involvement of upstream kinases, such 

as p90-RSK and ERK1/2. 

 

TCRV has been previously shown to activate caspase cleavage in a variety of different cell types 

[105], and while the regulation of apoptotic pathways is highly conserved, the mechanisms 

involved in achieving immortalization in cell lines often lead to mutational events (e.g. 

mutations in oncogenic factors such as p53) that could affect cell death signaling [186, 187]. 

Further, Vero cells exhibit a deficiency in type I IFN production [188, 189], which could also 

contribute to the regulation of apoptotic mechanisms [190]. As such, having systematically 

defined the factors relevant for the induction of TCRV-induced apoptosis in the model Vero76 

cell line, it was important to further validate these findings in an additional, more biologically 

relevant cell type. Primary human monocytes, which are important target cells for arenavirus 

infection and have been shown to strongly undergo apoptosis in response to TCRV infection 

[105], were therefore also examined for the activation of the identified apoptosis-regulating 

factors (i.e. Bad, p53, Noxa and Puma, as well as caspase 9 and 3 cleavage). As expected, the 

activation of p53, Puma and Noxa, as well as both caspases, was comparable to that observed 

in Vero cells. However, subtle differences in the regulation of Bad were identified in these 

primary monocytes, which showed increased expression of pro-apoptotic Bad. This may serve 
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as an additional pro-apoptotic stimulus and help explain the heightened susceptibility of these 

cells to TCRV-induced apoptosis, compared to other cell types so far examined [105].  

Taken together, these data have allowed us to develop a working model (presented in paper 

I) of how TCRV induces apoptosis via the intrinsic pathway, as well as the role that activation 

and inactivation of specific pro-apoptotic BH3-only proteins play in regulating this process.  

 

5.1.2 Comparison of the regulation of BH3-only factors in response to JUNV infection 

(paper I) 

 

Unlike TCRV, where it is now clear that infection triggers activation of the identified BH3-only 

sensor proteins to trigger activation of downstream events like the caspase cleavage, it 

remains enigmatic how the highly pathogenic JUNV interferes with this process. As already 

discussed, there is an absence of caspase activity and cell death during JUNV infection, and 

this has been associated with the ability of JUNV NP to serve as a decoy substrate for caspase 

cleavage, suggesting active interference in the regulation of apoptosis late in the cascade 

[104]. However, in the absence of a clear understanding of how upstream processes in the 

apoptotic signaling cascade were being regulated, it was so far not possible to validate this 

assumption. 

Therefore, we sought to clarify whether JUNV is indeed also capable of inducing upstream 

apoptotic signaling events similar to those identified for TCRV. Indeed, when a detailed 

comparison was performed from day 1-4 pi, we saw that JUNV did not induce activation of 

the executioner caspase 3 or initiator caspase 9 (indicating that the pathway is already blocked 

at this stage). However, a comparison of the BH3-only factors revealed similar patterns of 

upregulation in both JUNV and TCRV. Specifically, JUNV also showed strikingly upregulated 

levels of p53 and Puma (and to a lesser extent also Noxa). However, phosphorylation of Bad 

in JUNV-infected cells appears not to be as prominent as for TCRV. As such, these data validate 

that pro-apoptotic signals at the level of BH3-only protein activation are still present during 

JUNV infection, even though these do not translate to downstream caspase activation. 

However, differences in Bad phosphorylation also highlight a possible distinct regulation of 

upstream signaling events (e.g. different kinases) between these viruses. Nonetheless, these 

results are indeed consistent with the current model suggesting that JUNV has evolved a 
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mechanism to evade caspase activation by using NP, which is highly abundant in infected cells, 

as an alternative substrate for caspase cleavage [104]. Intriguingly, a similar mechanism may 

be used by CCHFV, which also exhibits caspase-dependent cleavage of its viral N protein, 

allowing it to block apoptotic responses (i.e. cytochrome release) in response to Bax 

overexpression, although in this case caspase 3 cleavage still occurs late in infection [152, 153]. 

 

5.2 Identification of arenaviral factors associated with the regulation of apoptosis 

 

Previous work has indicated that the TCRV Z protein alone may be sufficient for the induction 

of apoptosis [105]. However, these studies have been very limited and do not address a 

number of important questions. In particular, there is no evidence whether JUNV Z can also 

induce apoptosis or whether the induction of apoptosis by Z is modified by interaction with 

other viral proteins (particularly NP). Further, the possible relevance of other mechanisms, 

such as activation of the UPR by GP, as recently shown for Candid#1 [102], have not been 

evaluated for TCRV. As such, the issue of whether this Z-induced apoptosis is likely to be 

relevant to apoptosis induction during arenavirus infection remains very much open. 

 

5.2.1 Full genome sequencing of TCRV (strain TRVL-11573) as a basis for molecular 

analyses of protein function (paper II) 

 

As the prototype of the whole NW serocomplex, TCRV has been extensively used for many 

years as a model to study arenavirus biology. Consequently, coding complete sequences for 

both genome segments have been available in GenBank for the TRVL-11573 strain for almost 

30 years. This strain is the only one remaining from the initial series of isolations in Trinidad 

during the 1950s, and has been disseminated to laboratories worldwide where it has formed 

the basis for all molecular, genetic and functional studies on this virus to date. However, more 

recently, partial sequence data obtained from various studies have suggested that the 

originally published reference sequences contain significant errors [55, 56, 86]. Further, these 

sequences contain incomplete genome ends, which hampers the development of molecular 

tools that are dependent on these sequences (e.g. reverse genetic systems). Therefore, in 

order to rectify these issues, and provide a solid basis for our own molecular work on the viral 

factors involved in apoptosis induction by this virus, we fully sequenced the TCRV genome 
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(strain TRVL-11573) (paper II and attached GenBank files) for comparison to the previously 

available reference data. 

A detailed comparison of our obtained sequences not only allowed us to complete the 5’ end 

of the S segment, but revealed discrepancies in the 3’ end of the L segment. Similar sequence 

deviations were recently identified in the sequences of both JUNV and MACV where they 

resulted in the failure of reverse genetic systems based on the reference sequences (e.g. the 

generation of recombinant viruses) due to the importance of these regions for viral RNA 

synthesis [191-193]. In addition, significant discrepancies were identified in the S segment IGR 

that would be expected to significantly impact its folding. As such, this could have a significant 

impact on transcription termination and/or packaging, both of which depend on this region 

[18, 194], although this remains to be experimentally shown.  

Of potential importance to our own planned studies, we also detected significant 

discrepancies in the ORFs of the S segment. The NP reference sequence demonstrated a 

frameshift mutation resulting in a 4 amino acid (aa) exchange (from GPPT to DLQL) flanking 

the exonuclease domain of NP. This supports the findings of another recent study that has 

also suggested this based on partial NP sequencing of TCRV isolates obtained from public 

repositories (i.e. ATCC and BEI). This observation is important as early studies showed that 

TCRV NP carrying this DLQL mutation lacks the IFN antagonistic activity common to all other 

arenaviruses [86]. However, when the GPPT sequence is restored, it rescues the inability of 

TCRV NP to block IFN production [55]. Furthermore, the comparison of the GP gene of our 

generated sequence revealed a 12 aa deletion, something that is also supported by a recently 

reported partial GP sequence of TRVL-11573 [56]. This deletion eliminates two putative N-

linked glycosylation sites that were present in the reference sequence. Given that an 

attenuation-relevant mutation in the Candid#1 GP involves the loss of a single N-linked 

glycosylation site, which leads to GP retention in the ER with resulting induction of the UPR 

pathway and caspase activation [102], this finding might be of importance for the biology of 

TCRV GP, particularly as it relates to the induction of apoptosis. In contrast, our sequence 

comparisons showed no obviously significant mutations in the ORFs for Z or L, and thus Z 

constructs used to study apoptosis induction in earlier studies [105] should not have been 

impacted by unexpected errors in the previously available reference sequences. 
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Interestingly, comparing the complete genome sequence from our study to the recently 

isolated TCRV Florida strain [57], showed an extremely high sequence similarity. Specifically, 

the Florida strain showed 99.7% identity with the S segment and 99.9% identity with the L 

segment of TRVL-11573. Further, comparison including all available TCRV strain TRVL-11573 

sequences showed that the Florida isolate has only a very small number of unique sites not 

found in available TRVL-11573 sequences. Given that this new strain was reportedly isolated 

in a different country and more than 60 years after the initial isolation, this level of homology 

considerably weakens claims that this is a novel isolate, but rather suggests a possible 

laboratory contamination. It also emphasizes the importance of having high quality sequences 

available for the sequence-based studies and the genetic identification of new viruses. 

However, most importantly in the context of our current studies, the availability of these 

corrected sequences allowed us to ensure that we have correct expression plasmids (i.e. with 

sequences that reflect those in our TCRV isolate) in order to assess the roles of the 

corresponding viral proteins (i.e. NP, GP and Z) in the regulation of apoptosis.  

 

5.2.2 Analysis of the functionality of TCRV GP based on processing, incorporation into 

particles and antibody neutralization (paper III) 

 

Importantly, while Z showed no changes compared to previously available sequences, and the 

function of NP with the correct GPPT sequence has been extensively characterized with 

respect to its biological functions [55, 195], information regarding the functionality of TCRV 

GP containing the identified 12 amino acid deletion was limited [56]. As such, we sought to 

obtain insights into its processing, incorporation into virions, functionality and antigenicity as 

part of a study focused on assessing the cross-neutralizing potential of anti-JUNV antibodies 

against other related arenavirus glycoproteins (paper III).  

In order to facilitate this study, a JUNV transcription and replication competent virus-like 

particle (trVLP) assay was used, which allows the generation of authentically structured virus-

like particles that contain all the viral proteins, but where the viral genome has been replaced 

by a reporter encoding genome analogue (minigenome). As such, the trVLPs produced in this 

assay can be used to investigate mechanisms of arenavirus entry under BSL-1 conditions [196]. 

Using this approach, JUNV trVLPs were then modified by exchanging the JUNV GP against that 
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of other JUNV strains or other arenaviruses, including TCRV. We observed that the TCRV GP 

cloned based on our experimentally determined sequence is expressed and also properly 

processed into the mature GP1 and GP2 subunits (paper III), which is necessary for the 

production of functional virions that are able to infect new target cells [23, 197, 198]. 

Consistent with this observation, TCRV GP used in this study was also able to generate 

functional trVLPs that could infect target cells. Unfortunately, while trVLPs containing GPs 

from a range of different JUNV strains were shown to be efficiently neutralized, JUNV-directed 

nAbs showed no capacity to cross-neutralize GPs of other arenavirus species – including TCRV. 

Nonetheless, these observations clearly demonstrated the biological functionality of our TCRV 

GP construct, allowing to move forward with the analysis of its role in apoptosis induction. 

 

5.2.3 Characterization of the role of the arenavirus Z, NP and GPC proteins in the induction 

and/or inhibition of apoptosis (unpublished data) 

 

Given their limited protein complement, individual arenavirus proteins often serve multiple 

functions, and in particular NP and Z possess accessory functions including the ability to inhibit 

the IFN response and NFκB signaling [85]. As such, it is also possible that these viral factors 

might similarly interact with apoptotic components such as those identified in paper I to 

contribute to cell death regulation. Further, it has been shown that GP of Candid#1 has a 

dramatic influence on apoptotic responses by inducing ER stress in infected cells, thereby 

triggering the UPR, which ultimately results in the activation of caspases [102, 147]. 

Thus, to examine the effect of each of these factors on the induction of apoptosis, expression 

plasmids for NP, GP and Z (based on our validated TCRV sequences in paper II) were used to 

transfect VeroE6 cells, followed by the investigation of apoptosis induction through the 

detection of caspase 3 cleavage (Figure 7). The efficient expression of each of the different 

viral factors could be confirmed with the help of a C-terminal Flag-tag. Supporting previously 

published observations [105], expression of TCRV Z alone strongly induced caspase 3 cleavage, 

whereas the expression of NP and GP did not result in such a response. This supports a model 

in which accumulation of Z late in infection drives the pro-apoptotic signaling events described 

in paper I, and resulting in apoptotic cell death.  
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Figure 7: Apoptosis induction in response to JUNV and TCRV protein expression. VeroE6 cells were transfected 

using TransIT-LT1 (Mirus) with pCAGGS constructs expressing NP, GP or Z from JUNV (strain Romero) or TCRV, as 

indicated. To maintain an equal plasmid mass between transfections, cells were either transfected with 500 ng 

of a single expression plasmid plus 500 ng of pCAGGS-mCherry, 500 ng each of NP and Z plasmids, or 1 µg 

pCAGGS-mCherry (Ctrl). After 48 h cell lysates were collected and analysed by Western blot using antibodies as 

described in paper I and paper III.  

 

Since we were also able to show in paper I that JUNV triggers similar pro-apoptotic signaling 

(i.e. upregulation of p53, Puma and to a lesser extent Noxa) during infection, it was then also 

of particular interest to investigate the effect of individual JUNV proteins on apoptosis 

induction. Interestingly, JUNV Z also appears to be able to strongly trigger apoptosis induction 

when expressed alone, while JUNV GP and NP alone do not (Figure 7). This is consistent with 

our observations in paper I that JUNV indeed induces pro-apoptotic signaling in a similar 

fashion to TCRV. It also presents an experimental system in which to further test the model 

that JUNV NP antagonizes caspase activation in response to these pro-apoptotic signals. 

Indeed, co-expression of JUNV NP and Z together completely abolished the ability of Z to 

induce caspase activation, while a simultaneous expression of TCRV NP and Z still results in 

detectable caspase 3 cleavage. Overall, these observations, together with the data from paper 

I, strongly support the current model in which JUNV NP, but not TCRV NP, serves as a decoy 

substrate for active caspases enabling JUNV to inhibit apoptosis induction at late stages of the 

signaling cascade [104]. 

As noted above, for Candid#1 but not virulent JUNV (e.g. strain Romero), GP has been shown 

to induce the UPR (i.e. via BiP and CHOP upregulation) and caspase 3 activity [102, 147]. 

However, it was so far not clear how broadly applicable this mechanism of apoptosis induction 

might be among other apathogenic NW arenavirus species. Consistent with these published 
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findings, GP of JUNV Romero did not induce caspase activation on our assays; however, we 

also did not see evidence of such an induction with TCRV GP (Figure 7). To explore this further, 

we also performed RT-qPCR for selected UPR-related genes (in a similar fashion as for the 

apoptotic genes examined in paper I) in order to assess a potential role for UPR-mediated 

apoptosis induction in the context of TCRV (Figure 8). mRNA expression levels of the UPR genes 

BiP and CHOP were strikingly upregulated in response to the ER stress inducing chemicals 

Tunicamycin and Thapsigargin, and modest upregulations were seen in several other genes as 

well (e.g. XBP1, ATF6, ATF4, GADD34 and GRP94). However, infection with TCRV did not affect 

mRNA levels of any of the factors examined (i.e. XBP1, PERK, IRE1, ATF6, ATF4, GADD34 and 

GRP94), and as such, it appears that TCRV may not be capable of triggering the UPR to induce 

apoptosis. However, given that UPR factors can also be activated by other mechanisms besides 

transcriptional upregulation (e.g. phosphorylation and cleavage) [199], further analysis of 

activation on the protein level is clearly still needed. 

 

Figure 8: Effect of TCRV infection on the regulation of selected UPR genes. Vero76 cells were infected with an 

MOI of 1 and samples harvested on day 2 pi for RNA extraction (black bars). Tunicamycin (10 μg/ml, red bars) or 

Thapsigargin (1 μM, green bars) served as positive controls and were incubated on the cells for 24 h. mRNA 

expression levels were determined by RT-qPCR using gene specific primers [200-202]. GAPDH was used for 

standardization and fold changes in mRNA levels were compared to mock-treated cells using the 2(-ΔΔCt) method. 

 

In contrast, and similar to Candid#1, CCHFV (which induces a strong apoptotic response to 

infection, as discussed in section 5.1.1 & 5.1.2) has also recently been shown to upregulate 
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CHOP expression [154], indicating crosstalk between apoptotic signaling and the UPR for 

another segmented negative-sense virus. 

Overall, our data suggest that the previously reported GP-driven activation of apoptosis 

through the UPR pathway [102] may be a unique mechanism associated specifically with 

Candid#1, but not other non-pathogenic arenaviruses. In contrast, Z plays a clear role in the 

activation of apoptotic signaling during both TCRV and JUNV infection that can be specifically 

inhibited by JUNV NP. However, the mechanism by which Z induces apoptosis remains elusive. 

Nonetheless, these data, coupled with our findings regarding the specific apoptotic signaling 

molecules involved in this process, now place us in a position to address these questions. In 

particular, it might be possible that Z is interacting with kinases involved in regulating the 

identified BH3-only factors (i.e. Bad, Puma and Noxa) and/or p53. 

 

5.3 Determining the biological role of apoptosis induction during TCRV infection (paper I 

and unpublished data) 

 

Based on previous studies, as well as the results of paper I, it is clear that pathogenic and 

apathogenic arenaviruses exhibit fundamental differences in their ability to induce apoptosis 

during infection; however, the mechanistic basis for a connection between apoptosis and 

pathogenesis remains elusive. While one possibility is differences in the regulation of the 

upstream kinase signaling events leading to induction of apoptosis-regulating factors, as 

discussed above, experimentally testing this hypothesis will require extensive further studies 

to clarify the pathways and specific kinases involved. Nonetheless, having identified the 

activation/inactivation of the BH3-only factors Bad, Puma and Noxa in response to TCRV 

infection already presented an experimental opportunity to address what biological impact 

apoptosis induction has on TCRV infection. 

For this purpose, we established CRISPR/Cas9 knockout (KO) cells that were deficient for each 

of these pro-apoptotic BH3-only factors. This allowed us, on the one hand, to directly validate 

the relevance of each of these factors for the induction of apoptosis in response to TCRV 

infection, and also to assess the impact of the resulting alterations in apoptosis induction on 

virus infection (paper I). Consistent with their expected mechanism of action, infection in 

Puma and Noxa KO cells led to a significant reduction of caspase activation, identifying these 
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factors as key players in promoting TCRV-induced apoptosis. In contrast, infected Bad KO cells 

showed the opposite effect, with increased caspase activation, suggesting that regulation of 

Bad plays an important role in counteracting Puma and Noxa-driven apoptosis during TCRV 

infection. While it is surprising that the absence of a pro-apoptotic factor, even if it 

accumulates in its inactive phosphorylated form (Bad-P) during TCRV infection, would result in 

increased apoptosis induction, this might be explained by increased availability of the cellular 

protein 14-3-3, which otherwise sequesters Bad-P [170, 203]. Specifically, since Bad is 

completely lacking in these KO cells, in both its active as well as in its inactive forms, more free 

14-3-3 would be available for other interactions, including those that support pro-apoptotic 

mechanisms, such as the enhancement of the stability of p53 through binding of 14-3-3 to its 

negative regulator MDMX [204].  

In addition to confirming the roles of the identified BH3-only factors in TCRV-induced 

apoptosis, these KO cells also gave us an experimental system to assess the impact apoptosis 

induction has on viral replication. Importantly in this context, although programmed cell death 

is primarily a host defense mechanism to restrict viral replication, and many viruses have 

developed strategies to evade or block this process to maintain cellular functions critical for 

their replication cycle, some viruses actively exploit the induction of apoptosis for their 

propagation [138, 139].  

Despite profound differences observed in the levels of apoptosis induced in the KO cells, in the 

context of TCRV infection this had little influence on virus growth. This demonstrates that the 

regulation of apoptosis has no direct pro- or anti-viral influence on virus infection/replication 

in Vero cells and suggests a more complex basis for the observed association between 

apoptosis and pathogenesis. For instance, as mentioned above, upstream kinases (e.g. those 

involved in phosphorylating p53 and Bad) and the resulting signaling events may be of 

relevance either to support key viral processes or to shape the host cell response to infection, 

rather than being important for the induction of apoptosis directly. Alternatively, it is also 

possible that the involvement of apoptosis in virus growth is specific to certain cell types, such 

as monocytes and macrophages, which are primary target cells for arenaviruses, where pro-

apoptotic signaling has also now been validated in response to TCRV infection by our work.  
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While not mutually exclusive, another possible explanation is offered by PS exposure on the 

surface of apoptotic cells, which is one of the other classical hallmarks of apoptosis and was 

observed in paper I for TCRV-infected Vero cells. PS flipping in the context of apoptosis occurs 

mainly as a result of caspase activation, which regulates the activity of the proteins responsible 

for regulating membrane asymmetry (i.e. flippases and scramblases). This results in PS being 

exposed on the outside of the apoptotic cell surface where it serves as an “eat-me signal” for 

phagocytes (e.g. macrophages, DCs). These cells are able to bind to exposed PS on apoptotic 

material via specific PS-receptors and ingest this material for clearance [112, 114]. 

Importantly, this process can also be associated with anti-inflammatory signaling events, 

which are needed to suppress inappropriate responses to apoptotic debris [205, 206]. In 

recent years this mechanism has been shown to be frequently exploited by a variety of viruses 

that seek to incorporate PS into their envelope during the budding process in order to be taken 

up through PS-receptors on target cells [83], a phenomenon known as apoptotic mimicry. This 

has been proposed to play a role in uptake of a number of viruses, including Ebola virus [207-

209], Dengue virus [210-213] and Zika virus [214-217]. It has also been suggested to be used 

by several arenaviruses, such as LASV [218], LCMV [219], PICV [220], AMAV and TCRV [212]. 

In the case of TCRV, the use of such PS receptors (i.e. members of the TIM and TAM protein 

families) promotes binding to target cells and increases infection efficiency [212]. While for 

viruses such as LASV and LCMV that do not activate apoptosis it remains to be clarified how 

PS is acquired, for TCRV the direct activation of caspases in association with apoptosis would 

be expected to play a significant role in this process. Therefore, given that neither the 

inhibition (i.e. by Puma and Noxa KO) nor the exacerbation of apoptosis induction (i.e. by Bad 

KO) influenced viral replication directly in infected Vero cells, we further explored whether 

the extent of apoptosis in TCRV infected cells affects the ability of progeny particles to infect 

new cells – potentially through the use of apoptotic mimicry. This was accomplished through 

the production of virus stocks in Puma, Noxa and Bad KO cell lines (or control cells) with the 

expectation that these would contain different amounts of PS in their envelope, depending 

on the different levels of apoptosis being induced in these cells. These viruses were then used 

to infect wildtype Vero cells or primary human macrophages, which are particularly known to 

be involved in the clearance of apoptotic bodies due to PS-receptor binding [112, 206, 221]. 

Interestingly, while infection of Vero cells resulted in comparable viral titres, growth in human 

macrophages was dramatically affected - with viruses produced in Bad KO cells (expected to 
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contain increased amount of PS in the outer leaflet of the envelope) growing to higher titres 

compared to viruses produced in Puma and Noxa KO cells (expected to contain less PS in the 

outer leaflet of the envelope) (Figure 9A). This suggests a possible role for PS-receptor 

mediated entry and successful virus infection that is specific to professional phagocytic cells.  

 

Figure 9: The impact of apoptosis induction on TCRV infectivity and apoptotic signaling in target cells. (A) TCRV 

produced in hyper-apoptotic cells shows increased growth in primary human macrophages, but not in Vero 

cells. TCRV was grown in unmodified Vero76 cells (Ctrl) as well as in Puma, Noxa and Bad KO cells and harvested 

5 dpi. The obtained viruses were used to infected new Vero76 cells or primary human macrophages (M) with 

an MOI of 0.01, as indicated. The supernatants were sampled each day from both cell types for quantification by 

plaque assay. (B) TCRV produced in hyper-apoptotic or hypo-apoptotic cells triggers distinct apoptotic 

responses. Virus preparations obtained from the Puma, Noxa and Bad KO cells were used to infected new Vero76 

cells and primary human monocytes with an MOI of 0.01. Cell lysates were harvested 4 dpi and subjected to 

Western blot for pro-caspase 3 (Casp3) and cleaved caspase 3 (cCasp3). Vinculin served as a loading control and 

NP was used as a control for infection. 

 

Interestingly, apoptosis induction in these newly infected cells also seems to differ 

dramatically between these cell types in response to infection with viruses generated in our 

different KO cell lines (Figure 9B). While in the Vero cells there was little direct influence on 

virus growth, the levels of induced apoptotic signaling (as shown by caspase 3 cleavage) were 

markedly decreased for infections with stock preparations from Puma and Noxa KO cells. In 
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contrast, increased viral titers observed in macrophages for viruses originating from Bad cells 

correlated with reduced apoptotic signaling in primary monocytes. This may suggest that 

binding and/or entry via PS receptors itself plays an important cell-type dependent role in 

regulating apoptotic signaling (e.g. through the activation of as yet unknown kinases that are 

then involved in the induction of apoptosis).  

In this context, it is significant that PS-receptors not only facilitate binding of PS-containing 

ligands, but that this binding can lead to a variety of intracellular signaling events depending 

on the specific PS receptor involved [221, 222], which might also impact the induction of 

apoptosis. This observation is also particularly interesting given that JUNV and TCRV not only 

differ in their ability to trigger apoptotic responses, but also show significant differences in the 

cytokine responses elicited during infection of monocytes. Specifically, TCRV infection is 

associated with strong activation of the pro-inflammatory cytokines TNF-α and IL-6, as well as 

anti-inflammatory IL-10, which impair its growth in these cells, whereas the highly pathogenic 

JUNV largely evades such responses [99]. It is, therefore, intriguing to note that there are 

several kinase pathways whose members could be involved in both cytokine production [223, 

224] and the induction of the apoptotic events we observed during TCRV infection (e.g. MK2, 

p38, JNK and ERK1/2) [225-229]. However, it is currently an extremely important caveat to 

these experiments that PS incorporation levels in virus particles produced in hyper- and hypo-

apoptotic cells still needs to be directly examined. Nonetheless, these data already give the 

first evidence that TCRV is using apoptosis (or associated cell events such as PS exposure) to 

facilitate viral entry into macrophages. 
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6 Summary & Outlook 

 

While arenaviruses that cause severe disease in humans, such as hemorrhagic fever and/or 

neurological symptoms, are a significant threat to public health, not all arenaviruses are 

virulent in humans. The basis for these differences in pathogenicity are not well understood, 

although an increasing number of recent studies suggest the involvement of host cell 

responses, including cell death regulation, which differs between some closely related 

pathogenic and apathogenic arenaviruses.  

In order to better understand the connection between apoptosis (i.e. the non-inflammatory 

programmed form of cell death) and pathogenesis, we sought to unravel the regulation of pro- 

and anti-apoptotic signaling in response to arenavirus infection in this thesis using the 

avirulent Tacaribe virus (TCRV) and the highly virulent Junín virus (JUNV). In paper I, we 

demonstrated that apoptosis induced by TCRV proceeds over the mitochondrial-regulated 

pathway (intrinsic activation), and involves upregulation of p53, activation of the pro-apoptotic 

BH3-only factors Puma and Noxa, as well as inactivation of another pro-apoptotic factor called 

Bad. The regulation of these factors in response to TCRV infection is accompanied by other 

classical hallmarks of apoptosis, such as disorganization of the mitochondrial network, 

cytochrome c release, PS flipping, caspase activation and nuclear condensation. The 

involvement of the BH3-only factors as key players in regulating TCRV-induced apoptosis could 

also be validated in knockout cells that showed either suppressed or increased apoptosis 

depending on the respective activation (i.e. Puma and Noxa) or inactivation (Bad) status of the 

individual proteins. Interestingly, while JUNV does not trigger late stages of apoptosis 

induction (i.e. caspase activation, nuclear condensation and cell death), we show in paper I 

that it activates similar upstream pro-apoptotic signaling events including activation of p53, 

Puma and to a lesser extent also Noxa. These findings support the current model, which 

suggests activation of the upstream part of the intrinsic pathway (which we now confirm). The 

intrinsic activation is then suppressed at the level of caspase activation by JUNV NP, which 

serves as an alternative substrate for caspase cleavage. 

The other major question addressed in this work was focused on identifying viral factors 

associated with the induction of apoptosis. Due to substantial errors reported in existing 

sequences for TCRV, full genome sequencing of TCRV (paper II) was a prerequisite for this 

work.  
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This helped us to validate and clone correct expression plasmids containing the individual 

genes for NP, GP and Z in order to assess their potential role in the regulation of apoptosis. In 

particular, GP showed a substantial deletion of 12 amino acids compared to the previous 

reference sequence (but consistent with other more recent partial sequences from other 

researchers) (paper II), which might have affected protein function. As such, we further 

confirmed that TCRV GP is properly processed and incorporated into virus-like particles where 

it is functional and mediates infection. This was done as part of a study aiming at examining 

antibody cross-neutralization between different arenaviruses in paper III. Expression of these 

different viral proteins identified both TCRV and JUNV Z as triggers for apoptosis induction 

(unpublished data), which further supports our finding in paper I that JUNV induces activation 

of pro-apoptotic factors. Further, again consistent with a model where JUNV subsequently 

blocks caspase activation, co-expression of JUNV Z and NP abrogated caspase activation, while 

simultaneous expression of TCRV NP and Z still resulted in cell death (unpublished data). 

Further, while the vaccine strain of JUNV (Candid#1) has been shown to trigger apoptosis 

through activation of the unfolded protein response (UPR) pathway, TCRV infection did not 

result in upregulation of UPR genes, suggesting that this might be a unique mechanism 

associated with the attenuation process of Candid#1 (unpublished data).  

Finally, identifying the specific apoptotic factors involved in regulating TCRV-induced apoptosis 

(i.e. Bad, Puma and Noxa) allowed the generation of knockout cell lines. These were then used 

to address what influence apoptosis induction has on viral replication. As we showed in paper 

I, changing the levels of apoptosis had no direct influence on virus growth in Vero cells or the 

ability of the resulting virus particles to infect new Vero cells. However, infecting primary 

human monocytes and macrophages with these viruses, which would be expected to contain 

different amounts of PS in their envelope, affected both virus growth and apoptotic signaling 

dramatically (unpublished data). This then suggests a role for PS-receptor usage in entry 

and/or PS-receptor signaling through downstream kinases as contributing to successful 

infection in professional phagocytic cells like monocytes and macrophages. Interestingly, this 

specific cell type also plays a fundamental role in the regulation of cytokine responses, which 

have been shown to dramatically differ in response to JUNV and TCRV infection, and as such 

this represents an extremely interesting basis for a possible connection between apoptotic 

responses, the regulation of inflammatory responses, and pathogenesis. 
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Indeed, future work now needs to focus on elucidating the mechanistic connection(s) between 

the apoptotic responses revealed in this thesis and other cellular events such as upstream 

kinase signaling, PS-receptor mediated infection of immunologically-relevant cell types and 

the induction of cytokine responses, in order to define their respective contributions to 

pathogenesis. However, the work presented in this thesis now represents a huge step towards 

better understanding this complex interplay by identifying specific factors involved in 

apoptosis induction. This then not only provides a critical experimental starting point, but 

suggests avenues of future study. One obvious next step includes further investigation of 

upstream signaling pathways that have been demonstrated to interact with and regulate p53 

and/or Bad phosphorylation (i.e. Akt, JNK, ERK and p38 pathways). Further, some of these 

kinases also play an important role in immune functions, and thus need to be considered as a 

potential driving force behind differences in the expression of the cytokines identified during 

TCRV and JUNV infection in monocytes/macrophages. At the same time, PS-receptor binding 

can also influence cytokine regulation, and the relevance of this also needs to be taken into 

account. Further, the results of our studies have provided much needed direct experimental 

support for the molecular mechanism by which JUNV circumvents apoptosis. However, this 

remains to be definitively confirmed by the generation of caspase cleavage-deficient JUNV 

mutants, which could then be used in the context of existing animal models to directly confirm 

the proposed link between apoptosis induction and pathogenesis. Thus, while much work 

remains to be done on this topic, the obtained insights have not only provided us with a 

mechanistic understanding of arenavirus-mediated induction of apoptosis, but will now help 

to better understand how this process influences the virus’ interactions with other pathways 

and how this then ultimately contributes to arenavirus pathogenicity. 
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8 List of Abbreviations 

 

aa amino acid 

AHF Argentine hemorrhagic fever  

Akt AKR mouse thymoma kinase/Protein kinase B 

AMAV Amapari virus 

APAF-1 Apoptotic peptidase activating factor 1 

ATCC American Type Culture Collection 

ATF4 Activating transcription factor 4 

ATF6 Activating transcription factor 6 

Bad Bcl-2 associated agonist of cell death 

Bad-P Phosphorylated Bad 

Bak Bcl-2 antagonist/killer 

Bax Bcl-2-associated X protein 

Bcl-2 B-cell lymphoma 2 

Bcl-xL B-cell lymphoma xL 

BH Bcl-2 homology 

Bid BH3 interacting domain death agonist 

Bik Bcl-2 interacting killer 

Bim Bcl-2-like protein 11 

BiP Binding immunoglobulin protein 

Bmf Bcl-2-modifying factor 

BSL Biosafety level 

Cas9 CRISPR-associated protein 9 

Caspase Cysteine aspartic protease 

CCHFV Crimean-Congo hemorrhagic fever virus  

Cd#1 Candid#1 

CHOP C/EBP homologous protein 

CPE Cytopathic effect 

CPT Camptothecin 

CRISPR Clustered regularly interspaced short palindromic repeats 

cRNA complementary RNA 

Ctrl Control 

DAPI 4′,6-diamidino-2-phenylindole 

DCs Dendritic cells 

DG Dystroglycan 

DISC Death-inducing signaling complex 

DNA deoxyribonucleic acid 

dUTP Deoxyuridine-5'-triphosphate 
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ER Endoplasmic reticulum 

ERK1/2 Extracellular signal-regulated kinase 1/2 

ESCRT Endosomal sorting complexes required for transport 

FACS Fluorescence-activated cell sorting 

Fas Fas cell surface death receptor 

Fas-R Fas receptor 

FITC Fluorescein isothiocyanate 

GADD34 Growth arrest and DNA damage-inducible protein 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GFP Green fluorescent protein 

GP Glycoprotein 

GPC Glycoprotein precursor 

gRNA Guide RNA 

GRP94 Heat shock protein 90kDa beta member 1 (HSP90B1) 

GTOV Guanarito virus 

HF Hemorrhagic fever 

Hrk Activator of apoptosis harakiri 

hTfR1 Human transferrin receptor 1 

HTNV Hantaan virus 

IAV Influenza A virus  

IFN Interferon 

IGR Intergenic region  

IKKε I-kappa-B kinase epsilon 

IL-6 Interleukin 6 

IL-8 Interleukin 8 

IRE1 Inositol-requiring enzyme 1 

JC-1 tetraethylbenzimidazolylcarbocyanine iodide 

JNK c-Jun N-terminal kinase 

JUNV Junín virus 

kB kilo bases 

KO Knockout 

L RNA-dependent RNA polymerase 

L segment Large segment 

LASV Lassa virus  

LCMV Lymphocytic choriomeningitis virus  

MACV Machupo virus 

MAPK Mitogen-activated protein kinase 

MAPKK Mitogen-activated protein kinase kinase 
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MAPKKK Mitogen-activated protein kinase kinase kinase 

MAVS Mitochondrial antiviral-signaling protein 

Mcl-1 Myeloid leukemia cell differentiation protein 

MDM Mouse double minute homolog 

MEK MAPKK 

MK2 MAP kinase-activated protein kinase 2 

MKK MAPKK 

MOMP Mitochondrial outer membrane permeabilization 

mRNA messenger RNA 

MФ Macrophages 

nAbs Neutralizing antibodies 

NFκB Nuclear factor-κB 

Noxa Phorbol-12-myristate-13-acetate-induced protein 1 

NP Nucleoprotein 

N-terminal Amino-terminal 

NW New World 

NWAs New World arenaviruses 

ORF Open reading frame 

OW Old World 

OWAs Old World arenaviruses 

p38 Protein 38 

p53 Protein 53 

p90-RSK  Protein 90 ribosomal S6 kinase 

PERK Protein kinase RNA-like endoplasmic reticulum kinase 

pfu Plaque-forming unit 

pi Post infection 

PI Propidium iodide 

PI3K Phosphoinositide 3-kinase 

PICV Pichinde virus  

PML Promyelocytic leukemia protein 

PS Phosphatidylserine 

Puma p53 upregulated modulator of apoptosis 

RIG-I Retinoic acid inducible gene I 

RNA Ribonucleic acid 

RNPs Ribonucleoprotein complexes  

RT-qPCR Real-time quantitative polymerase chain reaction 

S segment Small segment 

S1P Proprotein convertase site 1 protease 
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SABV Sabiá virus 

Ser Serine 

SKI-1 Subtilisin kexin isozyme 1 

SSP Stable signal peptide  

ssRNA single-stranded RNA 

STS Staurosporine 

TAM Tyro3, Axl and MerTK 

TCRV Tacaribe virus 

TdT Terminal deoxynucleotidyl transferase 

TIM T cell/transmembrane, Ig and mucin 

TMRE Tetramethyl rhodamine ethyl ester 

TNF-R Tumor Necrosis Factor receptor 

TNF-α Tumor Necrosis Factor alpha 

TRVL Trinidad Regional Virus Laboratory  

trVLP Transcription and replication competent virus-like particle 

TUNEL TdT dUTP nick end labelling  

UPR Unfolded protein response 

UTRs Untranslated terminal regions  

UV Ultraviolet 

vRNA viral RNA 

XBP1 X-box binding protein 1 

Z Zinc-finger matrix protein  

α Alpha 

β Beta 

∆ Delta 

 Epsilon 

κ Kappa 
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