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1. Introduction  

1.1 Diverse origins of encephalitis and meningitis 

Meningitis and encephalitis are the inflammation of the meninges and subarachnoid space, and 

of the brain tissue itself, respectively. Meningoencephalitis is the combination of meningitis 

and encephalitis. These neurological conditions are typically severe and sometimes lethal. 

While some pathogens target the central nervous system (CNS), others cause inflammation only 

as a rare complication. In 2019, there was a globally estimated 1.4 million encephalitis cases 

and 90 thousand related deaths (Wang et al. 2022). In Germany, viral CNS infections are 

estimated to occur at a frequency of 2.18 per 100,000 inhabitants (reviewed in Donoso Mantke 

et al. 2008). In more than half of encephalitis cases, the responsible aetiological agent is not 

identified (Brown et al. 2018, Schibler et al. 2019). For example, a study of encephalitis patients 

in the USA found that viral agents were responsible for 9% of infections, bacterial agents 

responsible for 3% of cases, while the source of infection could not be identified in 62% of 

cases (Glaser et al. 2003). In Europe these CNS infections may be caused by a variety of 

members of DNA and RNA virus families, including Herpesviridae, Picornaviridae, 

Flaviviridae, Paramyxoviridae, Orthomyxoviridae, Reoviridae, Rhabdoviridae and 

Arenaviridae, while the most common bacterial causes of CNS infections include 

Streptococcus pneumoniae, Haemophilus influenzae, Neisseria meningitidis, Leptospira spp., 

Staphylococcus spp., Mycobacterium tuberculosis, Borrelia spp., Listeria monocytogenes and 

Rickettsia spp. (reviewed in Donoso Mantke et al. 2008 and van de Beek et al. 2016). However, 

the zoonotic potential of other pathogens, such as Borna disease virus 1 and Variegated squirrel 

bornavirus 1 have only recently been identified in rare cases of encephalitis in humans 

(Hoffmann et al. 2015, Rubbenstroth et al. 2019). Additionally, agents such as rustrela virus, a 

recently discovered relative to rubella virus, can cause meningoencephalitis in animals, but have 

unknown zoonotic potential (Bennett et al. 2020). 

 

1.2 Family Arenaviridae: Taxonomy, structure and genome organization 

The family Arenaviridae includes five genera, each found in different hosts (Table 1), with the 

exception of an innmovirus, the only known representative of this genus, which was described 

from RNA detected through high-throughput sequencing (HTS) of river sediment (Radoshitzky 

et al. 2023). The ñsandyò appearance of arenaviruses in electron microscopy, from which the 
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name is derived (Latin: arenosus for ñsandyò), is due to the incorporation of host ribosomes in 

virus particles during budding (Farber and Rawls 1975, Murphy and Whitfield 1975, Meyer et 

al. 2002). 

First identified in captive snakes, the viruses within the genera Hartmanivirus and 

Reptarenavirus are the causative agents of boid inclusion body disease (Radoshitzky et al. 

2023), a lethal infection presenting with abnormalities of the CNS, regurgitation and 

intracellular cytoplasmic inclusion bodies (Bodewes et al. 2013, Hepojoki et al. 2018). 

Antennaviruses were first detected by HTS of wild and farmed salmon (Oncorhynchus nerka 

and Oncorhynchus tshawytscha) and frogfish (Antennarius striatus) (Shi et al. 2018, Mordecai 

et al. 2019). Along with the only described innmovirus, antennaviruses are trisegmented and 

lack the coding sequence for a Z-protein (ZP), a viral matrix protein involved in virus budding 

(Ly 2023). Additionally, although not yet formally recognized, novel arenavirus strains have 

been detected in anole lizards (Anolis allogus) from Cuba (Harding et al. 2022) and bivalve 

molluscs (Hyriopsis cumingii) in China (Zhong et al. 2016).  

Table 1: Genome organization of members of the arenavirus genera 

Genus Hosts Number of 

recognized 

species  

Number of 

genome 

segments 

Segment 

length (nt) 

ORF length (nt) 

Antennavirus Fish 3 3 S:~2100; 

M:~3300; 

L:~6500 

NP: ~1850; GPC:~2200; 

LP:~6250 

Innmovirus Unknown 1 3 S:~2800; 

M:~3500; 

L:~7400 

NP:~2250; GPC:~2100; 

LP:~7150 

Hartmanivirus Snakes 8 2 S:~3400; 

L:~6000 

NP:~1800; GPC:~1500; 

LP:~5900 

Reptarenavirus Snakes 5 2 S:~3500; 

L:~6900 

NP:~1800; GPC:~1300; 

LP:~6200; ZP:~350 

Mammarenavirus Mammals 52 2 S:~3400; 

L:~7200 

NP:~1700; GPC:~1500; 

LP:~6700; ZP:~200 

Data extracted from Radoshitzky et al. (2023). ORF = open reading frame; nt = nucleotides; S 

= small segment; M = medium segment; L = large segment; NP = nucleoprotein; GPC = 

glycoprotein precursor; LP = L-protein; ZP = Z-protein. 
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Mammarenaviruses are zoonotic agents responsible for significant public health concern 

around the world. The distribution and evolution of mammarenaviruses are closely linked to 

their mammalian reservoir hosts, typically muroid rodents (Charrel et al. 2003). The genus 

Mammarenavirus can be further divided into Old World (OW) and New World (NW) 

arenaviruses based on their geographic distribution (Europe/Asia/Africa and the Americas, 

respectively) and their genetic and antigenic properties (Rowe et al. 1970, Bowen et al. 1996, 

Clegg 2002, Cajimat and Fulhorst 2004, Radoshitzky et al. 2015). Virion particles of 

mammarenaviruses are 300-400 nm in diameter and enveloped with 7-10 nm-long tetrameric 

glycoprotein spikes (Neuman et al. 2005, Barthold and Smith 2007). 

Arenaviruses are enveloped viruses with single-stranded RNA genomes of usually two 

segments with ambisense coding strategy (Meyer et al. 2002, Emonet et al. 2006). For antenna- 

and innmoviruses three genome segments were identified (Table 1). The genome segments, 

named small (S) and large (L), encode the structural proteins, nucleoprotein (NP, ~560 amino 

acids, aa) and glycoprotein precursor (GPC, ~500 aa), and the RNA-directed RNA polymerase 

(L-protein, LP, ~2200 aa) and the zinc finger protein (ZP, ~90 aa), respectively (Figure 1A; 

Emonet et al. 2006). The protein coding regions are separated by an intergenic region (IGR), 

which typically form hairpin structures that are essential for correct transcription termination 

(Pinschewer et al. 2005, López and Franze-Fernández 2007). Additionally, untranslated regions 

(UTRs) at the ends of both genome segments mediate RNA synthesis through mediating the 

interaction of the viral genome with the viral polymerase (Figure 1B; Perez and La Torre 2003). 

At the extreme termini of these genome segments, highly conserved regions (~19 nucleotides, 

nt) are complementary, allowing these segments to form panhandle-like genomic structures 

(Lukashevich 2016). The GPC is post translationally cleaved into GP1, a virus surface protein 

responsible for binding host cell receptors (Urata and Yasuda 2012), and GP2 which mediates 

fusion of the viral envelope with the host endosome (Burns and Buchmeier 1991, Urata and 

Yasuda 2012). The main receptor protein for OW mammarenaviruses, being Ŭ-dystroglycan (Ŭ-

DG), was experimentally identified in mouse embryonic stem cells (Cao et al. 1998), though 

other cell surface molecules, such as phosphatidylserine receptors, lectins and heparan sulfate 

(Shimojima and Kawaoka 2012, Volland et al. 2021), and cluster of differentiation (CD) 164, 

an endo-lysosomal factor (Bakkers et al. 2022), may support virus infection.  
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Figure 1: The mammarenavirus virion structure (A) and replication and transcription strategy 

(B). The mammarenavirus genome is single-stranded, bi-segmented RNA with ambisense 

coding strategy. The S-segment encodes the glycoprotein precursor (GPC) and the 

nucleoprotein (NP). The L-segment encodes the Z-protein (ZP) and RNA-directed RNA 

polymerase (L-protein, LP). Protein coding regions are separated by an intergenic region (IGR). 

The NP and LP mRNAs are transcribed from the genomic segment before translation. The GPC 

and ZP mRNAs are transcribed from the antigenomic segment before translation. The GPC is 

post-translationally cleaved into GP1 and GP2.  

 

1.3  Lymphocytic choriomeningitis virus 

1.3.1 General features 

Mammarenaviruses are maintained in nature through the persistent infection of their 

mammalian hosts (Salazar-Bravo et al. 2002). The distribution of their reservoir host also 

typically defines the geographical distribution of the associated mammarenavirus species 

(Salazar-Bravo et al. 2002). Lymphocytic choriomeningitis virus (LCMV, species 

Mammarenavirus choriomeningitidis) is the only globally distributed OW mammarenavirus 

because of the ubiquitous nature of its reservoir host, the house mouse (Mus musculus). Based 
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on phylogenetic analysis, LCMV sequences can be divided into four lineages. Lineage I and II 

viruses, or viral RNA, have been found in humans, Syrian golden hamsters (Mesocricetus 

auratus), house mice, ticks and different NW primates (family Callitrichidae) worldwide 

(Albari¶o et al. 2010, FornŢskov§ et al. 2021). Lineage III comprises a single strain from a 

human patient in the USA (Bullock and Meier 1984). Lineage IV, from which only S-segment 

sequences have been identified, has only been found in wood mice (Apodemus sylvaticus) from 

Spain (Ledesma et al. 2009).  

1.3.2 Disease caused by LCMV 

In humans, postnatal LCMV infection can cause symptoms ranging from a non-specific self-

limiting flu-like illness presenting with fever, headache, sore throat and coughing, nausea and 

vomiting, malaise, myalgia, photophobia (Strausbaugh et al. 2001), to encephalitis and 

meningitis (Ackermann et al. 1972), with symptoms appearing 6-20 days post exposure 

(Lukashevich 2016). Around 35% of cases exhibit symptoms of CNS infection, and 1% of cases 

are fatal (García-Moncó 2014).  

LCMV is a non-cytopathic virus and damage is caused by the induced, primarily T cell-

mediated, immune response in humans (Kang and McGavern 2008). LCMV infection may be 

particularly lethal for immunocompromised persons, including organ transplant recipients 

(Palacios et al. 2008, MacNeil et al. 2012) and those living with human immunodeficiency virus 

(HIV) infection (Dyal et al. 2023). Organ transplant recipients infected with LCMV consistently 

demonstrate severe disease that closely resembles haemorrhagic fever (Palacios et al. 2008, 

MacNeil et al. 2012). Prenatal infection is also particularly severe and can lead to significant 

birth defects such as hydrocephaly, microcephaly, epilepsy, hearing impairment and retinal 

damage resulting in blindness (Ackermann et al. 1974, Strausbaugh et al. 2001, Bonthius et al. 

2007, Goldwater 2021, Bonthius 2024).  

LCMV has also been recognized as the etiological cause of callitrichid hepatitis (CH), a lethal 

infection in NW primates (Montali et al. 1989). Sporadic epizootics of CH in captive NW 

primates present with lesions in the liver, brain and lymphoid tissue (Asper et al. 2001). Though 

other symptoms may include jaundice, intramuscular and subcutaneous haemorrhages and 

pleuropericardial effusion (Ramsay et al. 1989). Although NW primates from the family 

Callitrichidae appear to be particularly susceptible to LCMV infection, OW primates such as 

Rhesus macaques (Macaca mulatta) are also known to be susceptible to experimental LCMV 

infection (Lukashevich et al. 2002, Lukashevich et al. 2003, Zapata et al. 2011). 
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The majority of disease models are based on Norway or brown rats (Rattus norvegicus), house 

mice and guinea pigs (Cavia porcellus). In particular, rat pups are an effective model for the 

study of congenital LCMV infection in humans because they recapitulate the neuropathology 

observed in human infections (Bonthius 2024). LCMV infection in guinea pigs may present 

with pneumonia or paralyzing meningoencephalitis (Rigby 1976). 

1.3.3 Reservoirs, transmission and epidemiology of LCMV 

Humans typically acquire LCMV through the inhalation of aerosolised particles or the ingestion 

of foods contaminated with excreta of infected rodents (Lukashevich 2016). Horizontal human-

to-human transmission has not yet been shown for LCMV, except in the cases of solid organ 

transplant recipients. The most common origin of human LCMV infection seems to be pet 

Syrian golden hamsters and pet house mice. In the USA, an LCMV outbreak in 1973-1974 

resulted in 181 human infections across 12 states (Gregg 1975), with an estimated 4000 

potential unreported infections (Biggar et al. 1975). These infections were all traced back to a 

single hamster breeder in Alabama (Gregg 1975). A further 2012 investigation in Indiana, USA, 

linked two human meningitis cases to three rodent breeding facilities (Knust et al. 2014). 

Between 8% and 47% of the workers from these facilities were seropositive, while up to 38% 

of mice were seropositive and up to 4% were RNA positive (Knust et al. 2014). Despite the 

severe consequences for organ transplant patients (MacNeil et al. 2012), screening for LCMV 

is not routine because of the rarity of infection (Fischer et al. 2006). 

LCMV transmission to NW primates is often via the oral and gastrointestinal route (Rai et al. 

1997) during consumption of infected wild or feeder mice (Scanga et al. 1993, Asper et al. 

2001, Ludlage and Mansfield 2003, Leong et al. 2004, Silva et al. 2008). Outbreaks of CH are 

also common in zoological gardens and research facilities with primates in the UK and USA 

(Phillips 1981, Vanda and Alison 1982, Montali et al. 1989, Ramsay et al. 1989). In the 1980ôs, 

at least 12 outbreaks occurred in zoological gardens in the USA, with infections in multiple 

NW primate species (Table 2; Montali et al. 1989, Ramsay et al. 1989). These infections were 

likely due to the consumption of infected wild or feeder house mice. 

In house mice, the natural reservoir host, postnatal horizontal transmission can occur through 

contact with or ingestion of excreta and secretions of infected mice (Skinner and Knight 1973) 

and results in either host death or viral clearance and subsequent immunity (Salvato and 

Lukashevich 1998). Occasionally, mice may persistently shed the virus for a significant period 

of time before clearance (Salvato and Lukashevich 1998). Infected pregnant mice may also 
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transmit the virus vertically to the embryos, even prior to the ova being implanted, with almost 

every embryo cell being infected within the first two weeks of gestation (Barthold and Smith 

2007). If the embryo is not aborted or resorbed, it will become immune tolerant, leading to a 

persistent asymptomatic infection and continued virus shedding throughout the animalôs life 

(Traub 1960, Bonthius and Perlman 2007). Consequently, LCMV infection can become 

increasingly prevalent as all surviving offspring from an infected female will be persistently 

infected (Skinner and Knight 1973). Close-contact behavior, such as coitus and fighting, 

increase the likelihood of horizontal transmission (Skinner and Knight 1973). This may 

disproportionately influence the males due to their higher likelihood to engage in aggressive 

behaviour (Skinner and Knight 1973). Infection experiments in guinea pigs have also shown 

that the virus may enter the host through mucous membranes, but also through normal, 

undamaged skin (Shaughnessy and Zichis 1940). 

Table 2: New World primates in which callitrichid hepatitis has been reported (Data taken from 

(Phillips 1981, Vanda and Alison 1982, Montali et al. 1989, Ramsay et al. 1989, Asper et al. 

2001). 

Common name Species Countries with detection 

Goeldiôs monkey Callimico goeldii USA, UK 

golden lion tamarin Leontopithecus rosalia Germany, USA 

emperor tamarin Saguinus imperator USA 

golden-headed lion tamarin Leontopithecus chrysomelas USA 

common marmoset Callithrix jacchus USA 

cotton-top tamarin Saguinus oedipus USA, UK 

white-fronted tamarin Saguinus nigricollis USA 

saddleback tamarin Saguinus fuscicollis USA 

Silvery marmoset Mico argentatus (previously 

Callithrix argentata 

melanura) 

UK 

pygmy marmoset Cebuella pygmae Germany 
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1.4  LCMV in Germany  and the Netherlands 

As reviewed in Chapter 3.1 (Paper I), Germany, and North Rhine-Westphalia (NRW) in 

particular, has a long history of LCMV detections in humans and reservoirs, with reports going 

back to the 1960ôs. A serological study in 1962-1964, looking at LCMV-reactive antibody 

prevalence in healthy individuals across western Germany, found a seroprevalence ten times 

greater in people living in regions where LCMV was previously detected in wild mice (North 

Rhine-Westphalia and Lower Saxony) compared to regions where LCMV had not yet been 

reported (Bavaria, Saarland, Baden-Wuerttemberg, Rhineland-Palatinate, Schleswig-Holstein) 

(Blumenthal et al. 1970). NRW was also the site of the first CH cases in Germany, with pygmy 

marmosets (Cebuella pygmaea) and a Goeldiôs monkey (Callimico goeldii) from a zoological 

garden being infected with LCMV (Asper et al. 2001). Wild house mice were implicated in the 

transmission of LCMV lineage I to these animals (Asper et al. 2001). Pet rodents were also 

implicated in no less than 56 infections between 1968 and 1996, including a pet shop worker 

(Ackermann et al. 1972, Ackermann et al. 1974, Ackermann et al. 1975, Enders et al. 1999). 

With the most comprehensive study of LCMV in Germany being conducted on house mice 

from western Germany in 1964 (Ackermann et al. 1964), there are large gaps in the current 

knowledge of the distribution, host association and genetic signature of LCMV in Germany. 

Furthermore, only a single study from the Netherlands reported evidence of LCMV (Elbers et 

al. 1999). Despite the severe symptoms associated with LCMV infection, and the long history 

of sporadic infections in Germany, LCMV is not a notifiable disease and screening of aseptic 

meningitis patients, pregnant mothers and organ donors is rare.  

2 Objectives 

This body of work aims to assess, describe and update the current status of LCMV in small 

mammals in Germany and the Netherlands. Stemming from the re-emergence of LCMV in a 

captive NW primate, epidemiological investigations were initiated to determine the source and 

time point of virus incursion to the zoological garden. Hereto, wild rodents from the zoological 

garden were screened for LCMV RNA and reactive antibodies across several years. To estimate 

the time of virus incursion, complete coding sequences of the viruses were used to determine 

phylogenetic relationships and calculate the point of sequence divergence. Because two distinct 

phylogenetic lineages of the virus were detected in the same reservoir population, virus isolation 

combined with a limiting dilution approach was used to characterize the genetic make-up of the 

virus strains and assess possible genome reassortments. Additionally, to assess the virus 
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prevalence and genetic diversity of LCMV in Germany and the Netherlands, LCMV RNA 

screening was expanded to include other wild and captive small mammal species across both 

countries. Novel sequences were assessed using phylogenetic reconstruction. Published historic 

data on LCMV occurrence in Germany was compiled, along with novel findings, to summarise 

the current status of LCMV occurrence and sequence evolution in Germany and the Netherlands 

and to identify gaps in the corresponding knowledge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

10 

 

3 Publications 

3.1  Paper I 

Mehl, C., L. Oestereich, A. Groseth, and Ulrich, R.G., 2024. Lymphocytic choriomeningitis 

virus in Germany ï a neglected zoonotic pathogen, Berl Munch Tierarztl Wochenschr (137):1ï
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