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Summary 35 

 36 

The Arenaviridae is a diverse and growing family of viruses that already includes more than 25 37 

distinct species. While some of these viruses have a significant impact on public health, others 38 

appear to be non-pathogenic. At present little is known about the host cell responses to infection 39 

with different arenaviruses, particularly those found in the New World, however, apoptosis is 40 

known to play an important role in controlling infection of many viruses. Here we show that 41 

infection with Tacaribe virus (TCRV), which is widely considered the prototype for non-42 

pathogenic arenaviruses, leads to stronger induction of apoptosis than does infection with its 43 

human pathogenic relative Junín virus (JUNV). TCRV-induced apoptosis occurred in several cell 44 

types during late stages of infection and was shown to be caspase-dependent, involving the 45 

activation of caspases 3, 7, 8, and 9. Further, UV-inactivated TCRV did not induce apoptosis, 46 

indicating that the activation of this process is dependent on active viral replication/transcription. 47 

Interestingly, when apoptosis was inhibited, growth of TCRV was not enhanced, indicating that 48 

apoptosis does not have a direct negative effect on TCRV infection in vitro. Taken together, our 49 

data identify and characterize an important virus-host cell interaction of the prototypic, non-50 

pathogenic arenavirus TCRV, which provides important insight into the growing field of 51 

arenavirus research aimed at better understanding the diversity in responses to different 52 

arenavirus infections and their functional consequences. 53 

  54 
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Introduction 55 

 56 

The Arenaviridae is a diverse and growing family of viruses including more than 25 distinct 57 

species that are characterized by their bi-segmented, single-stranded RNA genome, which 58 

employs an ambisense coding strategy on both segments. The smaller S segment (~3.5 kb) 59 

contains genes encoding the nucleoprotein (NP) and the glycoprotein precursor (GPC), while the 60 

larger L segment (~7.5 kb) encodes the RNA-dependent RNA polymerase (L) and the RING 61 

finger motif-containing matrix protein (Z). The proteins assemble to produce enveloped particles 62 

that are spherical and highly pleomorphic, with a diameter of 50 to 300 nm. Despite their similar 63 

attributes with respect to virion architecture and genome arrangement, the members of 64 

arenaviruses can be further divided into the Old World and New World arenaviruses, reflecting 65 

differences in their genetic and antigenic relationships as well as their geographic distribution 66 

(Briese et al., 2009; King, 2009). 67 

 68 

Several New World arenaviruses, which are also known as Tacaribe serocomplex viruses, 69 

including Junín (JUNV), Machupo, Chapare, Guanarito, and Sabiá viruses, cause distinct 70 

hemorrhagic fever diseases that are collectively referred to as South American Hemorrhagic 71 

Fevers. However, a number of New World arenaviruses have also been identified that are non-72 

pathogenic for humans. A prime example is the prototype of this group, Tacaribe virus (TCRV), 73 

which is closely related to both JUNV and Machupo virus, but for which only a single case of 74 

laboratory-acquired febrile disease has been reported since its detection in 1956 (Carballal et 75 

al., 1987; Peters, 1996; Weissenbacher et al., 1975). So far, the basis for the observed 76 

differences in virulence remains unclear, and indeed little is known about the host cell responses 77 

to infection with these viruses. 78 

 79 

Due to their close phylogenetic relationship, despite strong phenotypic difference, virus pairs like 80 

JUNV and TCRV provide an excellent opportunity to identify arenavirus pathogenicity factors. 81 

Using this approach, we have previously identified differences in the induction of cytokine 82 

responses to infection with TCRV or JUNV in macrophages, as well as differences in their 83 

influence on host cell apoptosis (Groseth et al., 2010a; Wolff et al., 2013a). Other known 84 

differences that also might play a role for the virulence include receptor usage (Abraham et al., 85 

2009), as well as the ability to engage in interferon (IFN) antagonism (Xing et al., 2015). 86 

Previous studies have shown that TCRV lacks a novel NP-mediated anti-apoptotic function that 87 

was described for JUNV (Wolff et al., 2013a), and together with the observation that TCRV 88 

infection also induces severe cytopathic effects (CPE) during infection in cell culture (Groseth et 89 



 4 

al., 2010a), this suggests that cell death might be due at least in part to apoptotic responses. 90 

However, the extent to which apoptosis is in fact being induced during infection, as well as the 91 

biological role and significance of any induction of apoptotic pathways during TCRV infection, 92 

remained unclear. 93 

 94 

Apoptosis is the process of programmed cell death and plays an important role in the host 95 

response to virus infection (Thompson et al., 2011). Apoptosis can be initiated via the extrinsic 96 

pathway, mediated by death receptors of the TNF-family on the cell surface (Ashkenazi & Dixit, 97 

1998), as well as the intrinsic pathway, triggered by the release of cytochrome c from the inner 98 

mitochondrial membrane into the cytosol (Granville & Gottlieb, 2002). Virus-induced apoptosis 99 

can be mediated via the extrinsic as well as the intrinsic signalling pathways and is most often 100 

initiated by viral replication/transcription and the accumulation of viral RNA and proteins in the 101 

cytoplasm of the host cell, as demonstrated for infections with West Nile virus, Newcastle 102 

Disease virus, Oropouche virus and Enterovirus (Acrani et al., 2009; Kleinschmidt et al., 2007; 103 

Ravindra et al., 2008; Shih et al., 2008). Both signalling pathways converge to proteolytically 104 

activate a cascade of cysteine-dependent aspartate-specific proteases (caspases) that are 105 

present as inactive pro-caspases in all cells. Initiator caspases (caspases 2, 8, 9, and 10) 106 

become activated by cleavage in the early apoptotic phase and are responsible for the cleavage 107 

of effector caspases (caspases 3, 6, and 7), which in turn cleave target host proteins to induce 108 

further steps of the cell’s degradation (Ho & Hawkins, 2005; Kumar, 2007; Nunez et al., 1998; 109 

Timmer & Salvesen, 2007). Furthermore, apoptosis can be mediated by caspase-independent 110 

pathways (Borner & Monney, 1999; Cande et al., 2002; Daugas et al., 2000; Green & Kroemer, 111 

1998). Prominent hallmarks of apoptotic signalling include caspase and PARP (poly (ADP-112 

ribose) polymerase) cleavage, and these signals culminate in classical morphological changes 113 

such as cell shrinking and chromatin condensation (Fischer et al., 2003; Ivana Scovassi & 114 

Diederich, 2004). 115 

 116 

Viruses have developed different mechanisms to modulate apoptotic processes in infected cells 117 

in order to induce optimal conditions for viral replication (Hay & Kannourakis, 2002; Richard & 118 

Tulasne, 2012; Roulston et al., 1999). On the one hand, inhibition of apoptosis serves to extend 119 

the cell life-span and viruses are considered to benefit from the resulting continued availability of 120 

the cellular machinery needed for efficient virus replication. In contrast, some viruses benefit 121 

from cellular apoptosis (Hay & Kannourakis, 2002; Richard & Tulasne, 2012; Roulston et al., 122 

1999; Teodoro & Branton, 1997). For instance, influenza virus, astroviruses and Aleutian mink 123 
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disease virus all require infection-induced apoptosis for efficient viral replication and release 124 

(Best et al., 2003; Mendez et al., 2004; Olsen et al., 1996; Wurzer et al., 2003).  125 

 126 

In this study, we show that infection with non-pathogenic TCRV leads to a much stronger 127 

induction of apoptosis than does infection with its human pathogenic relative JUNV. TCRV-128 

induced apoptosis occurred in a variety of mammalian cell types during the late stages of 129 

infection. Further, we could show that TCRV-induced apoptosis is caspase-dependent and 130 

triggered by active viral replication/transcription, as seems to be linked to expression of the Z 131 

protein. Interestingly, TCRV replication was not diminished by enhanced caspase activity, 132 

suggesting that TCRV growth is not directly hindered by the induction of apoptosis in infected 133 

cells. Based on the close phylogenetic relationship between TCRV and other pathogenic 134 

members of the New World arenaviruses, a better understanding of host responses to TCRV 135 

infection is an important step in identifying factors associated with arenavirus virulence, and may 136 

ultimately help us to better predict the risk posed by newly emerging arenavirus species in 137 

future.  138 

  139 
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Results 140 

 141 

Several lines of evidence had suggested that TCRV might be impaired in its ability to suppress 142 

apoptosis induction compared to JUNV (Groseth et al., 2010a; Wolff et al., 2013a), leading us to 143 

investigate whether TCRV infection indeed induces appreciable levels of apoptosis in infected 144 

cells, and if so, by what mechanisms. VeroE6 cells, which represent a highly permissive system 145 

for arenavirus infection and are defective in IFN secretion, were inoculated with TCRV at an MOI 146 

of 1 pfu/cell. Infection with Sendai virus (SeV, 20 HA/ml), which is known to be a potent inducer 147 

of apoptosis, served as a positive control (Gadaleta et al., 2002). The formation of CPE in 148 

infected cells, as well as known hallmarks of apoptosis, including caspase 3 cleavage and 149 

chromatin condensation, were monitored. SeV infection resulted in caspase 3 cleavage which 150 

was already detectable at day 1 post-infection (p.i.), while TCRV infected cells showed caspase 151 

3 cleavage starting at 2 days p.i. (Fig. 1a). These results were also consistent with the 152 

phenotype of the infected cells, which showed pronounced CPE formation and prominent 153 

chromatin condensation (Fig. 1b) 72 h after TCRV infection. To confirm these results, a 154 

Caspase-Glo 3/7 Assay was performed, showing that activity of the effector caspases 3 and 7 in 155 

VeroE6 cells was clearly enhanced on day 2 after TCRV infection (Fig. 1c). Chemical induction 156 

of apoptosis using camptothecin (CPT) served as positive control. Taken together, these data 157 

clearly indicate that TCRV infection of VeroE6 cells indeed induces apoptosis and that this 158 

induction occurs at later times p.i.. 159 

 160 

As apoptotic signalling was only induced by TCRV later in the infection, we presumed that, 161 

rather than virus binding, which is an extremely early event, active virus replication and/or 162 

accumulation of the products of virus infection might be necessary for apoptosis induction. To 163 

test this hypothesis, VeroE6 cells were infected either with viable TCRV at an MOI 1 or with the 164 

same quantity of UV-inactivated TCRV and analysed for the induction of apoptosis. While CPE 165 

formation was clearly detectable in TCRV infected VeroE6 cells, infection with UV-inactivated 166 

TCRV did not show any CPE compared to mock (Fig. 2a, middle panels). Microscopic analysis 167 

of DAPI stained cells also showed that apoptotic nuclei, while clearly observed for TCRV 168 

infected cells, were absent in the case of UV-inactivated virus (Fig. 2a, lower panel), confirming 169 

that apoptosis was not induced in these samples. For further characterization and quantification, 170 

Western blot analysis and a Caspase-Glo 3/7 Assay were performed. VeroE6 cells were infected 171 

with TCRV at an MOI of 1, as well as with the same quantity of UV-inactivated virus and 172 

analysed at the indicated time points. Infection of the cells with JUNV, which is known to show 173 

neither strong CPE formation nor chromatin condensation up to day 6 p.i. (MOI 1 and 3) (Wolff 174 
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et al., 2013a), served as additional control. In contrast to infection with JUNV, evidence of 175 

apoptotic signalling was clearly detectable in TCRV infected VeroE6 cells, as cleavage of 176 

caspase 3 and PARP, another marker of apoptosis, were observed (Fig. 2b). However, even six 177 

days after infection with UV-inactivated TCRV neither caspase 3 nor PARP cleavage were 178 

detectable (Fig. 2b). In addition, UV-inactivated TCRV did not significantly enhance caspase 3/7 179 

activity (Fig. 2c). Interestingly, JUNV infected cells showed slight caspase 3/7 activity, too, but 180 

apoptotic signalling was much weaker than in TCRV infected cells under these conditions (Fig. 181 

2c). Thus, these data clearly indicate that TCRV-induced apoptosis depends predominantly on 182 

active virus replication/transcription.  183 

To investigate if TCRV-induced apoptosis is the result of the accumulation of viral proteins 184 

following virus replication in the infected cell, individual viral proteins were over-expressed and 185 

CPE formation as well as chromatin condensation was examined. Microscopic analysis at 48 h 186 

post-transfection (p.t.) revealed no CPE formation in samples expressing NP and only slight 187 

CPE formation in GPC-expressing VeroE6 cells (Fig. 2d, arrows). However, expression of TCRV 188 

Z induced a prominent CPE in conjunction with the accumulation of apoptotic nuclei, as well as 189 

caspase 3 cleavage, suggesting that the accumulation of Z during infection is a major factor 190 

contributing to the induction of apoptosis in TCRV infected VeroE6 cells (Figs. 2d, 2e). 191 

 192 

We next sought to determine the caspase pathways activated in TCRV infected cells. Western 193 

blot analysis of TCRV infected cell lysates (MOI 1) showed that at day 3 p.i. cleavage of both 194 

initiator caspases 8 and 9 was detectable, with cleavage of caspase 9 being much more 195 

prominent (Fig. 3a). Infection with SeV (20 HA/ml), which is known to induce cleavage of both 196 

caspases 8 and 9 during infection, served as a positive control, with cleavage of both proteins 197 

being clearly detectable (Bitzer et al., 2002; Bitzer et al., 1999). As expected, infection with UV-198 

inactivated TCRV did not induce cleavage of either caspase 8 or 9. Additional analysis of TCRV 199 

infected VeroE6 cells using Caspase-Glo Assays showed a clear and prominent activation of 200 

caspase 9 (Fig. 3b). However, while caspase 9 activity in TCRV infected cells was increased 201 

about 3-fold, in comparison to cells treated with UV-inactivated TCRV, caspase 8 activation 202 

remained low (<1.3-fold increase). Taken together, these data indicate that TCRV infection 203 

induces the activation of the effector caspases 3 and 7, via signalling pathways involving the 204 

initiator caspase 9, and to a much lesser extent caspase 8. This predominant activation of 205 

caspase 9 indicates that the induction of apoptosis by TCRV infection is occurring primarily via 206 

the intrinsic activation pathway. 207 

 208 
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To investigate whether TCRV-induced apoptosis is specific to VeroE6 cells, HuH7 cells and 209 

primary human macrophages, which are important primary target cells for arenaviruses, were 210 

additionally analysed. Cells were infected with TCRV (MOI 3) and at 72 h p.i. monitored for CPE 211 

formation, as well as for the expression of NP, to demonstrate the cells’ susceptibility to TCRV 212 

infection (Fig. 4a). A Caspase-Glo 3/7 Assay showed in TCRV infected HuH7 cells, VeroE6 cells 213 

and primary human macrophages clear evidence of caspase activation (Fig. 4b). In comparison 214 

to VeroE6 cells, which showed an enhancement of caspase activity of around 2.5-fold, caspase 215 

activation in HuH7 cells was lower (1.5-fold increase) which corresponded to a lesser 216 

susceptibility of HuH7 cells to the chemical induction of apoptosis using CPT. The caspase 217 

activity in TCRV infected primary human macrophages on the other hand was notably higher 218 

than in VeroE6 cells (6-fold induction, Fig. 4b). Taken together, these data indicate that TCRV 219 

infection induces apoptotic signalling in a variety of mammalian cell types, including 220 

macrophages, and the degree of caspase activation seems to be cell type-dependent. 221 

 222 

Interestingly, our previous findings showed that JUNV NP, but not TCRV NP, serves as a decoy 223 

substrate to diminish apoptosis during infection (Wolff et al., 2013a), furthermore TCRV and 224 

JUNV infected VeroE6 cells differed in the induction of apoptosis and its associated signalling 225 

cascades (Fig. 2). While no apoptotic signalling was observed in JUNV infected cells by Western 226 

blot (Fig. 2b, caspase 3 and PARP cleavage), which is consistent with the lack of evidence for 227 

morphological changes, i.e. nuclear condensation and cell death, during JUNV infection (Wolff et 228 

al., 2013a), the more sensitive Caspase-Glo Assay reveals that JUNV-induced caspase 229 

activation does take place, but at a very low level (Fig. 2c). Based on the findings that TCRV and 230 

JUNV, which differ in pathogenicity, also show obvious differences in apoptosis induction in 231 

VeroE6 cells, it was of strong interest to analyse this feature in primary human macrophages. 232 

Therefore, macrophages from two different donors were isolated and infected with TCRV and 233 

JUNV at an MOI of 1, as well as with the same amount of UV-inactivated viruses. At 72 h p.i., 234 

cells were monitored for CPE formation, as well as the expression of NP, to demonstrate 235 

infection (Fig. 5a), and analysed for caspase activity (Fig. 5b). As expected, TCRV infection of 236 

macrophages induced activity of all three caspases tested. Interestingly, upon JUNV infection, 237 

macrophages also reacted with a small but significant increase in caspase activity, which was 238 

more prominent than in VeroE6 cells. However, while TCRV infected human macrophages 239 

showed a 4-fold enhancement of caspase 3/7 activity, the enhancement of caspase activity was 240 

only 1.6-fold in the case of JUNV infection (Fig. 5b). Similar results could be observed for 241 

caspase 8 and 9 activity, which also showed a much more prominent increase during TCRV 242 

infection (2.1-fold, 3.1-fold) than during JUNV infection (1.3-fold, 1.25-fold) (Fig. 5b). Confirming 243 
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the results with VeroE6 cells, caspase 9 activation is also more prominent than is activation of 244 

caspase 8 in TCRV infected macrophages (Fig. 5b). These results indicate that TCRV infection 245 

induced apoptotic signalling in primary human macrophages mainly via caspase 9 as in VeroE6 246 

cells, and confirmed that JUNV infection is only a weak inducer of caspase activation. 247 

 248 

While the regulation of apoptosis during infection often represents an important factor for host 249 

survival and clearance of viral infections, this is not always the case. Indeed there are a number 250 

of well characterized examples of virus systems that specifically exploit these pathways to 251 

complete the viral life cycle. It was therefore of interest whether the induction of apoptotic 252 

responses indeed had a direct effect on TCRV infection. To accomplish this, VeroE6 cells were 253 

infected with TCRV (MOI 0.1) and growth kinetics were analysed in the presence and absence 254 

of the caspase inhibitor Z-VAD-FMK. While the inhibition of apoptosis using Z-VAD-FMK indeed 255 

resulted in reduced CPE formation in TCRV infected cells (Fig. 6a), virus titres in the 256 

supernatants of infected cells, as determined via plaque assay, showed a slight reduction in viral 257 

growth of about 0.5 log (Fig. 6a, graph). Based on this observation, growth kinetics were also 258 

performed in the presence of the apoptosis inducer CPT (0.5 µM and 1 µM), in order to 259 

determine if enhanced activation of caspases would have a corresponding positive influence on 260 

TCRV growth. As a control, the cells were treated with DMSO or Z-VAD-FMK. Indeed, despite 261 

lower cell numbers due to apoptosis induction, the viral titres on day 1 p.i. showed that additional 262 

activation of caspases by CPT slightly enhanced virus growth, again by 0.5 log (Fig. 6b, graph). 263 

As treatment with CPT led to significant cell death after day 2 p.i. (Fig. 6b), growth kinetics were 264 

only performed up to day 3 p.i.. For comparison of TCRV titres between CPT- or Z-VAD-FMK-265 

treated cells, one-way ANOVA tests were used for statistical analysis at single time points. 266 

Overall these data suggest that during infection TCRV growth is not impaired by the 267 

enhancement of caspase activity. 268 

 269 
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Discussion 270 

 271 

Apoptosis is widely recognized as an important factor in the antiviral host response. However, 272 

some viruses can also actively exploit this process to facilitate their replication cycle. In order to 273 

better understand the role of apoptosis induction, and particularly caspase activation during 274 

arenavirus infection, the mechanism and biological relevance of apoptosis induction were 275 

examined during infection with TCRV, the prototype of non-pathogenic New World arenaviruses.   276 

 277 

TCRV infected cells showed significant hallmarks of apoptosis, i.e. cleavage and activation of 278 

different caspases, followed by PARP cleavage, as well as chromatin condensation, and the 279 

formation of apoptotic bodies. The induction of apoptosis was not induced by virus binding to the 280 

host cells but detected late during TCRV infection, starting at 48 to 72 h p.i.. These time points 281 

correlate with high levels of progeny virus production and release from the host cells. Apoptosis-282 

inducing viruses of the family Bunyaviridae like Oropouche virus, Crimean-Congo hemorrhagic 283 

fever virus or Hantavirus show comparable time courses for the induction of apoptosis (Acrani et 284 

al., 2009; Karlberg et al., 2010), and for these viruses it was shown that apoptosis of the host 285 

cell was not induced by binding or entry of the virus but by viral replication (Acrani et al., 2009; Li 286 

et al., 2004; Rodrigues et al., 2013). Similarly, experiments with UV-inactivated viruses such as 287 

West Nile virus, Newcastle Disease Virus, Oropouche virus and Enterovirus have also identified 288 

a dependence on viral replication as the major apoptosis-inducing factor (Acrani et al., 2009; 289 

Kleinschmidt et al., 2007; Ravindra et al., 2008; Shih et al., 2008). The late onset of TCRV-290 

induced apoptosis indicated that down-stream steps in virus replication (e.g. viral 291 

replication/transcription and/or the accumulation of viral RNA/proteins in the cytoplasm) were 292 

most likely responsible for the activation of apoptosis. Interestingly, the TCRV Z protein was 293 

shown to induce caspase 3 cleavage and chromatin condensation, suggesting that the 294 

accumulation of Z during infection might be a major factor contributing to the induction of 295 

apoptosis.  296 

 297 

Further, we observed that, while TCRV infection induces cleavage of both caspases 8 and 9, the 298 

vast majority of signalling was via the intrinsic pathway (caspase 9). For many viruses like SeV, 299 

West Nile virus, Crimean-Congo hemorrhagic fever virus, Simian varicella virus, transmissible 300 

gastroenteritis virus or human astrovirus, it has been demonstrated that infection of the host cell 301 

can lead to activation of both caspases 8 and 9 and their associated signal transduction 302 

pathways (Banos-Lara Mdel & Mendez, 2010; Bitzer et al., 2002; Bitzer et al., 1999; Eleouet et 303 

al., 1998; Kleinschmidt et al., 2007; Pugazhenthi et al., 2009; Rodrigues et al., 2013). The exact 304 
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mechanism(s) by which these signalling pathways are activated during TCRV infection, and 305 

which cellular factors are involved, remains to be analysed. Most often PKR activation takes 306 

place during viral infection, activating apoptosis via the extrinsic (caspase 8) and the intrinsic 307 

(caspase 9) pathway. The activation of caspase 8 is, in this case, independent from death 308 

receptors on the cell surface (Balachandran et al., 1998; Gil & Esteban, 2000; Iordanov et al., 309 

2005). Kolokoltsova and colleagues showed JUNV-induced apoptosis in HuH7 and A549 cells, 310 

which was RIG-I-dependent and IFN-I independent (Kolokoltsova et al., 2014), an observation 311 

that is consistent with the finding that some RNA viruses can trigger mitochondrial apoptosis via 312 

a RIG-I/MAVS-dependent pathway involving IRF3 (Chattopadhyay et al., 2010; Chattopadhyay 313 

et al., 2011), and indeed this might also be the case for TCRV. However, whether apoptosis in 314 

TCRV infected cells is mediated by PKR, RIG-I/MAVS, other apoptotic sensors or additional 315 

caspase-independent signalling pathways, remains to be further determined.  316 

 317 

TCRV-induced caspase activation could be observed in infected primary human macrophages, 318 

in HuH7 cells, and in IFN-defective VeroE6 cells (Desmyter et al., 1968). Interestingly, the 319 

different cell types not only showed different susceptibility to TCRV infection, but also different 320 

degrees of sensitivity to apoptosis induction after either CPT-treatment or TCRV infection. 321 

TCRV-induced apoptotic signalling was particularly strong in primary human macrophages, 322 

which underlines the biological relevance of our findings, as these cells are important primary 323 

targets for arenavirus infection. Taken together, these data show that TCRV-induced apoptotic 324 

signalling can be observed in a variety of different mammalian cell types and does not seem to 325 

be dependent on the IFN competence of the cells. Based on recent findings, which suggest that 326 

the natural reservoir hosts of TCRV are ticks and bats (Downs et al., 1963; Sayler et al., 2014), it 327 

is necessary to extend the present analyses of primate cells to cells from the natural hosts. This 328 

will give valuable insights into how the host switch of TCRV changed the response of the 329 

infected cell in view of regulation of apoptosis. 330 

 331 

Interestingly, the new data presented here, indicate that the closely related arenavirus species 332 

JUNV and TCRV use different strategies to modulate apoptosis in the infected host cell. In our 333 

previous work we could demonstrate an anti-apoptotic effect mediated by the highly pathogenic 334 

JUNV, which was based on a decoy function in which NP is cleaved by active caspases. 335 

However, while JUNV and TCRV NP show 78% identity at the amino acid level, further 336 

characterisation of JUNV and TCRV NP function has revealed that NP of the non-pathogenic 337 

TCRV showed neither a comparable specific pattern of NP cleavage, nor an apoptosis-338 

suppressing influence. Consistent with these observations, TCRV induced significant hallmarks 339 
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of apoptosis during infection, while induction of apoptotic signalling by JUNV seems to be much 340 

weaker. Unlike for TCRV, we were unable to detect apoptosis induction by JUNV with IFA and 341 

Western blot analyses of infected VeroE6 cells. Only the more sensitive Caspase-Glo Assay 342 

revealed caspase activation in VeroE6 cells, as well as in primary human macrophages, during 343 

JUNV infection, and again caspase activation was much weaker in comparison to TCRV infected 344 

cells. Kolokoltsova et al. could further show JUNV-induced DNA fragmentation via ELISA, 345 

indicating that JUNV infection is also inducing apoptotic cell death. Interestingly, the degree of 346 

apoptosis also differed between JUNV Romero and Candid#1 in different cell lines (Kolokoltsova 347 

et al., 2014). Clearly, further analyses, comparing apoptosis mechanisms between New World 348 

and Old World arenaviruses, as well as studies aimed at identifying the sensors involved in 349 

triggering apoptosis are needed, and would be of strong interest for the field. 350 

 351 

Despite such an obvious difference with respect to the extent of apoptosis induction and the 352 

availability of inhibition mechanisms, in many cases TCRV and JUNV both show similar growth 353 

kinetics and comparable virus titres, indicating that apoptosis induction imparts no significant 354 

disadvantage for TCRV growth in vitro. This was confirmed by the observation that inhibition of 355 

caspases using Z-VAD-FMK did not have a positive effect on TCRV virus titres, while in contrast 356 

caspase activation seemed to contribute slightly to efficient viral growth. Thus, it remains unclear 357 

whether the absence of NP-cleavage, and its corresponding anti-apoptotic effect, presents a 358 

disadvantage for TCRV during infection. Whether TCRV actively exploits the apoptotic 359 

processes to support efficient virus replication and/or release and, if so, by which mechanism, 360 

also still needs to be determined. A positive influence of apoptosis induction in promoting viral 361 

growth or viral replication has been observed for many other viruses (Best et al., 2003; Mendez 362 

et al., 2004; Olsen et al., 1996; Wurzer et al., 2003). In those cases apoptotic processes help to 363 

overcome the host’s immune response or facilitate viral entry or release (Amara & Mercer, 2015; 364 

Best et al., 2003; Gliedman et al., 1975; Jeurissen et al., 1992; Teodoro & Branton, 1997). It is 365 

therefore tempting to speculate that the need for apoptosis induction during TCRV infection, but 366 

not JUNV infection, may be related to previously reported differences in the budding of these two 367 

viruses (Groseth et al., 2010b; Wolff et al., 2013b), and particularly the proline-rich domain-368 

independent nature of TCRV budding (Urata et al., 2009). While budding of viral particles is 369 

mediated by JUNV Z via its proline-rich late domains, TCRV Z is lacking any proline-rich late 370 

domain and only has a low budding activity when single expressed (Groseth et al., 2010b). 371 

However, TCRV budding has been shown to be enhanced by the expression of additional viral 372 

proteins (i.e. NP), and the same may well be true for as yet unidentified cellular factors. Further, 373 

while virus-induced apoptosis does not play a role in the control of TCRV infection in vitro, 374 
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apoptotic processes might well be important at an organismal level for instance via immune-375 

mediated mechanisms. Thus, the extent to which these two viruses are able to induce apoptosis 376 

during infection may still help in future to explain why JUNV and TCRV differ so dramatically in 377 

their pathogenicity, as well as to help predict the virulence of newly emerging arenavirus 378 

species. 379 

 380 
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Materials and Methods 381 

 382 

Viruses and cell lines 383 

TCRV (TRVL 11573) was kindly provided by Dan Kolakofsky (University of Geneva) and JUNV 384 

(Romero) was kindly provided by the Public Health Agency of Canada. Arenavirus stocks were 385 

prepared as previously described (Groseth et al., 2010b). SeV was kindly provided by Marianne 386 

Nain (Philipps-University Marburg) and vesicular stomatitis virus (VSV, Indiana) was kindly 387 

provided by Friedemann Weber (Philipps-University Marburg). The experiments including JUNV 388 

were carried out in the biosafety level 4 (BSL-4) laboratory at the Philipps-University Marburg. 389 

HuH7 (human hepatoma) and VeroE6 (African green monkey kidney) cells were cultured as 390 

previously described (Wolff et al., 2013a). For isolation of primary human macrophages, 391 

leucocyte-enriched buffy coats from healthy anonymous donors were obtained from the blood 392 

bank of the Marburg-Gießen University Hospital. Samples were layered onto 13 ml of 393 

Lymphocyte Separation Medium (Pancoll density 1.077 g/ml, PAN Biotech) in a 50 ml tube. The 394 

blood was centrifuged at 670 x g for 30 min at room temperature (RT) with no brake. The layer 395 

formed by the mononuclear cells was carefully removed and washed twice with 50 ml of ice-cold 396 

PBS (-Mg/-Ca). After each washing step the cells were spun down at 350 x g for 10 min at 4°C 397 

with no brake. After the second centrifugation, the cells were resuspended in 20 ml RPMI-1640 398 

media (Life Technologies). Monocytes were separated from the cell suspension by elutriation 399 

and resuspended in RPMI-1640 media with 5% human AB serum (Sigma) and seeded into 400 

Primaria 24-well (7.5x105 cells) or 96-well (1.5x105 cells) plates (BD Biosciences) and incubated 401 

at 37°C and 5% CO2. After 1 h, the medium was removed and the cells were thoroughly washed 402 

twice with PBS (+Mg/+Ca) to remove non-attached cells. Then RPMI-1640 with 2% human AB 403 

serum was added to the cells, and they were incubated for differentiation into macrophages for 7 404 

days at 37°C and 5% CO2 before use. 405 

 406 

Virus infection for apoptosis induction  407 

Cell monolayers with a confluence of 60-80% were infected in 12-, 24- or 96-well plates 408 

(Greiner) with TCRV, JUNV (at an MOI of 1 or 3), SeV (20 HA /ml) or VSV (MOI 0.01) in serum-409 

free DMEM at 37°C. After 1 h the inoculum was removed and the cells were placed in fresh 410 

DMEM containing 2% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. 411 

For macrophages fresh RPMI-1640 with 2% human AB serum was used instead. At the 412 

indicated time points p.i. cells were collected for further analysis. 413 

 414 

Growth kinetics of TCRV in VeroE6 cells 415 
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VeroE6 cell monolayers at 80-90% confluence were infected with TCRV in 12-well plates (MOI 416 

0.1) in 500 µl of serum-free DMEM for 1 h at 37°C in a 5% CO2 atmosphere. Following 417 

absorption, the inoculum was removed and the cells were placed in fresh DMEM containing 2% 418 

FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin and incubated for 6 419 

days. Samples were collected every 24 h for analysis of progeny virus release by plaque assay 420 

as previously described (Wolff et al., 2013a). 421 

 422 

Treatment of cells for caspase inhibition or activa tion 423 

For caspase inhibition the inhibitor Z-VAD-FMK (Promega) was added to the media to a final 424 

concentration of 50 µM. In addition, fresh Z-VAD-FMK in DMSO was added daily (20 µM). As a 425 

control, cells were treated with the same amount of DMSO. For caspase activation, CPT was 426 

used at final concentrations of 0.5 µM to 10 µM, as indicated. Except for growth kinetics, where 427 

supernatant was collected up to day 3 p.i., CPT-treated cells were analysed 24 h after treatment. 428 

 429 

Inactivation of arenaviruses by UV irradiation 430 

Stock preparations of TCRV with a titre of 1.5x106 pfu/ml were inactivated as previously 431 

described (Carter et al., 1973; Elliott et al., 1982; Groseth et al., 2010a) by irradiation at 254 nm 432 

using a UV Lamp (CAMAG) for 1 h. Inactivated samples were analysed by plaque assay as 433 

described previously (Wolff et al., 2013a), to ensure complete inactivation (data not shown). 434 

 435 

Western blot analysis 436 

Western blot analysis was performed as previously described (Wolff et al., 2013a). For 437 

detection, TCRV NP and JUNV NP specific antibodies (guinea pig) at a dilution of 1:500, and a 438 

secondary rabbit anti-guinea pig antibody conjugated to horseradish peroxidase (Dako, 1:30,000 439 

dilution) were used. Tubulin and vinculin were detected using mouse monoclonal antibodies 440 

(Sigma-Aldrich, 1:5,000 dilution) and a secondary goat anti-mouse antibody conjugated to 441 

horseradish peroxidase (Dako, 1:30,000 dilution). For detection of caspases and PARP, a rabbit 442 

anti-caspase 3 antibody, a mouse anti-caspase 8 antibody, a mouse anti-caspase 9 antibody 443 

and a rabbit anti-PARP antibody (all from Cell Signalling) were used at a dilution of 1:1,000 and 444 

a secondary swine anti-rabbit antibody or a goat anti-mouse antibody conjugated to horseradish 445 

peroxidase (Dako, 1:30,000 dilution) were used for detection. For detection of Flag-tagged 446 

constructs, a monoclonal M2 mouse anti-Flag antibody (Sigma-Aldrich, 1:1,000 dilution) and a 447 

goat anti-mouse antibody conjugated to horseradish peroxidase (Dako, 1:30,000 dilution) were 448 

used. Signals were detected and quantified using the Chemi Doc XRS+ System (Bio-Rad) with 449 

the Image Lab software (Version 4.0).  450 
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 451 

Microscopic and immunofluorescence analysis 452 

Immunofluorescence analysis was performed as previously described (Wolff et al., 2013a) at the 453 

indicated time points. For staining of the nuclei, cells were incubated for 1 h with DAPI (Sigma-454 

Aldrich, 1:20,000 dilution). For detection of TCRV NP, a TCRV NP specific antibody (guinea pig) 455 

at a dilution of 1:100 and a secondary Alexa488 coupled goat anti-guinea pig antibody 456 

(Molecular Probes, dilution of 1:500) were used.  457 

 458 

Caspase-Glo Assays 459 

For the Caspase-Glo 3/7, 8, and 9 Assays (Promega) cell monolayers with a confluence of 30% 460 

were seeded in a 96-well plate format and infected with TCRV, JUNV (at an MOI of 1 or 3), VSV 461 

(at an MOI 0.01) or SeV (final concentration 20 HA/ml) for 1 h at 37°C in a 5% CO2 atmosphere 462 

in serum-free DMEM. Following absorption, the inoculum was removed and the cells were 463 

placed in 100 µl fresh DMEM containing 3% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 464 

100 µg/ml streptomycin. At the indicated time points samples were processed according to the 465 

manufacturer’s instructions. Briefly, a single Caspase-Glo® Reagent, containing a 466 

proluminescent substrate for caspase 3/7, 8 or 9, was added, resulting in cell lysis, substrate 467 

cleavage by activated caspases and the release of aminoluciferin, a substrate of luciferase used 468 

in light production. The luminescent signal was measured using a Luminometer Centro LB 960. 469 

 470 

Transfection of virus proteins 471 

For expression of the TCRV proteins, transfection into VeroE6 cells (60% confluent) was carried 472 

out using TransIT-LT1 (Mirus) according to the manufacturer’s instructions using 3 µl TransIT 473 

per µg DNA. Here 1 µg per well (6-well, Greiner) of each plasmid was used. Cell lysates were 474 

harvested for Western blot analysis at 48 h p.t.. 475 

 476 

Statistical analysis 477 

The presented data for most experiments, as indicated, represent the mean value and standard 478 

deviation of at least three independent experiments. The statistical significance was determined 479 

using one-way ANOVA tests (Microsoft Excel, XL toolbar), as indicated. Asterisks indicate 480 

statistically significant differences (*p<0.05, **p<0.01, ***p<0.001).  481 

 482 
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Figure Legends 658 

 659 

Fig. 1: TCRV infection induces apoptosis in VeroE6 cells. 660 

(a) Caspase 3 cleavage during TCRV infection. VeroE6 cells were infected with TCRV at an MOI 661 

of 1 or with SeV (20 HA/ml) as a positive control for apoptosis induction. The cell lysates were 662 

collected and analysed by SDS-PAGE and Western blot at the indicated time points. Samples 663 

were probed for TCRV NP expression, as well as caspase 3 and its cleavage product. Tubulin 664 

levels served as a loading control. (b) CPE formation and chromatin condensation during TCRV 665 

infection. VeroE6 cells were infected as described in (a). The CPE was monitored daily (shown 666 

here for days 1 to 3 p.i.). Afterwards the cells were fixed and the nuclei were stained with DAPI 667 

to visualize chromatin condensation (indicated by white arrows). The presented IFA and CPE 668 

images were taken using the same samples but are not of the same field. (c) Caspase 3/7 669 

activation during TCRV infection. VeroE6 cells were infected with TCRV at an MOI of 1. The 670 

activity of caspases 3/7 was measured at the indicated time points using a Caspase-Glo 3/7 671 

Assay. CPT-treated cells (10 µM) served as a control for the activation of apoptosis. Data 672 

represent the mean values and standard deviations of three independent replicates 673 

representative of three independent experiments. The statistical significance was determined 674 

using one-way ANOVA. Asterisks indicate statistically significant differences (*p<0.05, **p<0.01) 675 

in comparison to mock infected cells. 676 

 677 

Fig. 2: TCRV-induced apoptosis depends on intracell ular virus processes.  678 

(a) CPE formation and chromatin condensation during infection with infectious and UV-679 

inactivated TCRV. VeroE6 cells were infected with TCRV at an MOI of 1 and the same amount 680 

of UV-inactivated TCRV. CPE formation was monitored and the cells were fixed and nuclei were 681 

stained with DAPI to visualize chromatin condensation (shown here for day 3 and/or 6 p.i., as 682 

indicated). The confluent cell layer was further incubated with antibodies against TCRV NP for 683 

detection of viral antigen. The presented IFA and CPE images were taken using the same 684 

sample but are not of the same field. (b) Caspase 3 and PARP cleavage during infection with 685 

infectious or UV-inactivated TCRV and JUNV. VeroE6 cells were infected as described in (a). 686 

JUNV infection (MOI 3) served as additional control. The cell lysates were collected and 687 

analysed by SDS-PAGE and Western blot at the indicated time points. Samples were probed for 688 

TCRV NP and JUNV NP expression, as well as PARP and caspase 3 and their respective 689 

cleavage products. Tubulin levels served as a loading control. (c) Caspase 3/7 activation during 690 

infection with infectious and UV-inactivated TCRV and JUNV. VeroE6 cells were infected with 691 

TCRV or JUNV at an MOI of 1 and the same amount of UV-inactivated virus. CPT-treatment (10 692 
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µM) and VSV infection (MOI 0.01) served as additional controls. The activity of caspases 3/7 693 

was measured at day 3 p.i. using a Caspase-Glo 3/7 Assay. Data represent the mean values 694 

and standard deviations of three independent replicates representative of three independent 695 

experiments. The statistical significance was determined using one-way ANOVA. Asterisks 696 

indicate statistically significant differences (*p<0.05, **p<0.01). (d) VeroE6 cells were transfected 697 

with constructs for expression of single TCRV proteins. CPE was monitored 48 h p.t. and the 698 

cells were fixed and stained with DAPI to visualize chromatin condensation (indicated by white 699 

arrows). The presented IFA and CPE images were taken using the same samples but are not of 700 

the same field. (e) VeroE6 cells were transfected as described in (d) and 48 h p.t. cell lysates 701 

were collected and analysed by SDS-PAGE and Western blot. Samples were probed for TCRV 702 

protein expression, as well as caspase 3 and the respective cleavage product. CPT-treated cells 703 

(5 µM) served as control. 704 

 705 

Fig. 3: TCRV infection activates caspases of the ex trinsic and the intrinsic pathway.  706 

(a) Caspase 8 and 9 cleavage during TCRV infection. VeroE6 cells were infected with TCRV at 707 

an MOI of 1 or treated with the same amount of UV-inactivated TCRV. Infection with SeV (20 708 

HA/ml) served as positive control for the induction of both caspases 8 and 9. The cell lysates 709 

were collected and analysed by SDS-PAGE and Western blot at the indicated time points. 710 

Samples were probed for TCRV NP expression, as well as caspase 8 and 9 and their respective 711 

cleavage products. (b) Caspase 8 and 9 activation during infection with infectious and UV-712 

inactivated TCRV. VeroE6 cells were infected with TCRV, UV-inactivated TCRV and SeV as 713 

described in (a). The activity of caspases 8 and 9 was measured at day 3 p.i. (SeV day 1 p.i.) 714 

using a Caspase-Glo Assay. Data represent the mean values and standard deviations of three 715 

independent replicates representative of three independent experiments. The statistical 716 

significance was determined using one-way ANOVA. Asterisks indicate statistically significant 717 

differences (*p<0.05, **p<0.01, ***p<0.001). 718 

 719 

Fig. 4: TCRV-induced caspase activation in differen t cell types.  720 

(a) TCRV infection of HuH7, VeroE6 cells and primary human macrophages. The indicated cell 721 

types were infected with TCRV at an MOI of 3. The CPE was monitored on day 3 p.i. and the 722 

cell lysates were collected and analysed by SDS-PAGE and Western blot. Samples were probed 723 

for expression of TCRV NP and vinculin as a loading control. (b) Caspase 3/7 activation in 724 

TCRV infected HuH7, VeroE6 cells and primary human macrophages. The indicated cell types 725 

were infected with TCRV with either an MOI of 1 or 3, as indicated, and analysed on day 3 p.i. 726 

with a Caspase-Glo 3/7 Assay. CPT-treated cells served as a positive control for apoptosis 727 



 24

induction. For statistical analysis one-way ANOVA was used to analyse TCRV-dependent 728 

apoptosis induction within each cell line. Asterisks indicate statistically significant differences 729 

(*p<0.05, **p<0.01) in comparison to mock infected cells. 730 

 731 

Fig. 5: Caspase activation in TCRV and JUNV infecte d primary human macrophages.  732 

(a) JUNV and TCRV infection of primary human macrophages. Primary human macrophages 733 

from two different donors were infected with TCRV and JUNV at an MOI of 1. At 72 h p.i. CPE 734 

formation and NP-expression, to demonstrate the cells’ susceptibility to arenavirus infection, 735 

were analysed. (b) Caspase activation in TCRV and JUNV infected primary human 736 

macrophages. Primary human macrophages from two different donors were infected with TCRV 737 

and JUNV at an MOI of 1 or the same amount of UV-inactivated virus as a control. The activity 738 

of caspases 3/7, 8, and 9 was measured on day 3 p.i. using separate Caspase-Glo Assays. 739 

CPT-treated (5 µM) macrophages were analysed after 24 h incubation with the Caspase-Glo 3/7 740 

Assay and served as a control for the activation of apoptosis. 741 

 742 

Fig. 6: TCRV growth is slightly affected by caspase  activity in VeroE6 cells.  743 

(a) TCRV infection in the presence of the caspase inhibitor Z-VAD-FMK. VeroE6 cells were 744 

infected with TCRV at an MOI of 0.1 and growth kinetics were performed from day 1 to day 6 745 

p.i.. To analyse the effect of caspase activity on viral growth, cells were treated after infection 746 

with the caspase inhibitor Z-VAD-FMK (50 µM) or with DMSO as a control. To ensure stability of 747 

the inhibitor, Z-VAD-FMK (20 µM) or DMSO were added daily. CPE was monitored daily and 748 

supernatants were collected for titre determination via plaque assay. Data represent the mean 749 

values and standard deviations of three independent replicates representative of three 750 

independent experiments. (b) TCRV infection in the presence of the apoptosis inducer CPT. 751 

VeroE6 cells were infected as described in (a). To analyse the effect of enhanced caspase 752 

activity on viral growth, cells were additionally treated once with CPT (0.5 µM, 1 µM) after 753 

infection. The CPE was monitored daily (shown here for day 2 p.i.) and supernatants were 754 

collected every day for titre determination via plaque assay. Due to decreased cell viability, 755 

growth kinetics were only conducted up to day 3 p.i.. For comparison of TCRV titres at single 756 

time points, one-way ANOVA was used for statistical analysis. Asterisks indicate statistically 757 

significant differences (*p<0.05, **p<0.01).  758 
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