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1. Introduction

1.1Diverse origins of excephalitisand meningitis

Meningitisandencephalitisare thanflammation of the meninges and subarachnoid sanck,

of the brain tissue itselfespectively. Mningoencephalitiss the combination ofmeningitis

and encephalitisThese neurological conditions are typicadigvereand sometimes lethal.

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

as a rare complication. In 2019, there was a globally estimated 1.4 million encephalitis cases
and 90 thousand related deaths (Wang et al. 20@2kermany, 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. 208, Schibler et al. 2019%0r example, atudy 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 Europesth CNS infections may be caused by a variety of
members of DNA and RNA virus families, includingerpesviridae, Picornaviridae,
Flaviviridae, Paramyxoviridag Orthomyxoviridae Reoviridae Rhabdoviridae and
Arenavridae, while the most common bacterial causes of CNS infections include
Streptococcus pneumonjddaemophilus influenzaéleisseria meningitidjdeptospiraspp.,
Staphylococcuspp.,Mycobacterium tuberculosi8orrelia spp.,Listeria monocytogeneand
Rickettsiaspp.(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 encephalitiigmians
(Hoffmann et al. 2015Rubbenstrotlet al. 20.9). Additionally, agents such as rustrela virus, a
recently discovered relative tobella viruscancause meningoencephalitis in animals, but have

unknown zoonotic pential (Bennett et al. 2020).

1.2 Family Arenaviridae Taxonomy, structure and genome organization

The family Arenaviridaeincludes five genera, each found in different h¢E&ble 1), with the
exception oaninnmovirus the only knowmnrepresentative of this genwshich wasdescribed

from RNA detectedhroughhigh-throughput sequencing (HTS) of river sediment (Radoshitzky

et al . 2023). The fisandyo appearance of arer



name is derive@_.atin: arenosud o r i sisadonedtoythie ingcorporation of host ribosomes in
virus particles during budding (Farber and Rawls 1975, Murphy and Whitfield 1975, Meyer et

al. 2002).

First identified in captive snakesthe viruses within the genera Hartmanivirus and
Reptarenavirusare thecaustive agentof 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 $of wild and farmed salmorQOncorhynchus nerka
andOncorhynchus tshawytschandfrogfish (Antennarius striatus(Shi et & 2018 Mordecai

et al. 2019. Along with the only described innmovirus, antennaviruses are trisegmented and
lack the coding sequence for gobtein(ZP), a viral matrix protein involved in virus budding

(Ly 2023). Additionally, although not yet formally recognized, novel arenavirus strains have
been detected in anolieards (Anolis allogu3 from Cuba (Harding et al. 2022) arivalve

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

Table 1 Genome organization ehembers othearenavirus genera

Genus Hostk Number of| Number of| Segment | ORF length (nt)
recognized genone length (nt)
species segments
Antennavirus Fish 3 3 S:~2100; | NP: ~1850; GR:~2200;
M:~3300; | LP:~6250
L:~6500
Innmovirus Unknown | 1 3 S:~2800; | NP:~2250; GR:~2100;
M:~3500; | LP:~7150
L:~7400
Hartmanivirus Snakes |8 2 S:~3400; NP:~1800; GRZ:~1500;
L:~6000 LP:~5900
Reptarenavirus | Snakes |5 2 S:~3500; NP:~1800; GPC~1300;
L:~6900 LP:~6200; ZP~350
Mammarenavirug Mammals| 52 2 S:~340Q NP:~1700; GPC~1500;
L:~7200 | LP:~6700; ZP~200

Dataextracted fronRadoshitzkyet al. (2023)ORF= open reading frame; stnucleotides; S

= small segment M = mediumsegment L = large segment NP = nucleoprotein; GPG

glycoprotein precursor;R.= L-protein; Z° = Z-protein




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).ZD@3 genus
Mammarenaviruscan 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 antigepmigperties (Rowe et al. 197Bpwen et al. 1996,
Clegg 2002, Cajimat and Fulhorst 2004, Radoshitzky et al. 2015). Virion particles of
mammarenaviruses are 3800 nm in diameter and enveloped witdi@ nmlong tetrameric

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

Arenaviruses are enveloped viruses with sigglanded RNA genomesf usually two
segmentsvith ambisense codingjrategy (Meyer et al. 2002, Emonet et al. 20B6)antenna

and innmoviruseshree genome segments were identifiédlle 1). The genone segments,
namedsmall (S) andlarge (L), encodehe structural proteins, nucleoproteinRN-560amino

acids ag and glycoprotein precursor R&, ~500 aa)andthe RNAdirectedRNA polymerase
(L-protein,LP, ~2200 aa) and the zinc finger proteirP(Z90 aa)respectively(Figure 1A;

Emonet et al. 2006 The protein coding regions are separated by an intergenic r@GBi),

which typically form hairpin structures that are essentiac@orect transcription termination
(Pinschewer et al. 2005, Lépez and FraReenandez 2007). Additionallyntranslated regions
(UTRs) at the ends of both genome segments mediate RNA synthesis through mediating the
interaction of the viral genome with the viral polymerdSgure 1B; Perez and La Torre 2003).

At the extreme termini of these genesegments, highly conserved regiordq nucleotides,

nt) are complementary, allowing these segis@éa form panhandiéke 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 endosoBerits and Buchmeier 199Urata and

Yasuda 2012). The main receptor protein for OW mammarenavjtuses fdgy s r ogl ycan
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. 202hdcluster of differentiation (CD) 164,

an endelysosomal factor (Bakkers et al. 202&)ay support virus infection.
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Figure 1: The mammarenavirus virion structu#) and replication and transcription strategy
(B). The mammarenavirus genome is sirgfi@nded, bsegmentedRNA with ambisense
coding strategy The Ssegment encodes the glycoprotein precursor (GPC) thed
nucleoprotein (NP). The -segment encodes thepfotein (2) and RNA-directed RNA
polymerasel(-protein,L P). Protein coding regions are separated bintrgenic region (IGR).

The NP and PmRNAsare transcribed from the genomic segment before translation. The GPC
and 22 mRNAsare transcribed from the antigenomic segment before translation. The GPC is

posttranslationally 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
mammalianhosts (SalazaBravo et al. 2002). Théistribution of their reservoir hostlso
typically defines thegeographical distribution ofhe associateanammarenaviruspecies
(SalazaiBravo et al. 2002). Lymphocytic choriomeningitis virus (LCMV species
Mammarenavirus choriomeningitidiss the onlyglobally distributed OW mammarenavirus

because of the ubiquitous naturdtefreservoir host, thBouse nouse (Mus musculus Based
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on phylogenetic analysis, LCMV sequences can be divided into four linéagesge | and Il
viruses or viral RNA, have been found in humanSyrian goldenrhamstergMesocricetus
auratug, house mice, ticks andifferent NW primates (family Callitrichidaeworldwide
(Al bari o et aletal 20211 Dineagd-1b comfrisek @ single strain from a
human patient in the USA (Bullock and Meier 1984heage 1\, from which only Ssegment
sequencebave been identifiedhas onlybeen found in wood micé&podemus sylvaticugrom
Spain (Ledesma et al. 2009).

1.3.2 Disease caused by LCMV

In humans, postnatal LCMV infection can cause symptoms rangingamoomspecific self

limiting flu-like illnesspresentingwith fever, headache, sore throat and coughing, nausea and
vomiting, malaise, myalgiaphotophobia (Strausbaugh et al. 2Q0t) encephalitis and
meningitis (Ackermann et al. 1972), with symptoms appeari®f @lays post exposure
(Lukashevich 2016). Around 35% of cases exhibit symptoms of CNS infection, and 1% of cases
are fatal (Garcidvloncé 2014)

LCMV is a noncytopathic virus and damage is caused by the induymecharily T celt
mediatedimmune responsi humans (Kang and McGavern 2008). LCMV infection may be
particularly lethal for immunocompromised persons, includingan transplantrecipients
(Palacios et al. 2008, MacNeil et al. 2012) and those living with human immunodeficiency virus
(HIV) infection (Dyal et al. 2023)0rgan tansplantecipientdnfected with LCMV consistently
demonstrate severe disease that closely resemédesolrhagicfever (Palacios et al. 2008,
MacNeil et al. 2012)Prenatal infections also particularly severe awmdn lead tasignificant

birth defects such as hydrocephaly, microcephaly, epilepsy, hearing impaantermtinal
damage resulting iblindness (Ackermann et al. 19Btrausbaugh et al. 200Bonthius et al.

2007, Goldwater 2021, Bonthius 2024)

LCMV has also been recognized as the etiologieakeof 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. 1988jthough NW primates from the family
Callitrichidae appear to be particularly susceptible to MNCimifection, OW primates such as
Rhesus macaqueBlécaca mulattaare also known to be susceptibbeexperimental LCMV
infection (Lukashevich et al. 200Rukashevich et al. 200Zapata et al. 2011)



The majority ofdisease modeksre based oNorway or browrrats(Rattusnorvegicu$, house

mice and guinea pig&avia porcelluy. In particular, rat pups are an effective model for the
study of congenital LCMV infection in humans because they recapitulate the neuropathology
observed in humaimfections (Bonthius 2024).CMV infection in guinea pigs mayresent

with pneumonia or paralyzing meningoencephalitis (Rigby 1976)

1.3.3 Reservoirs,ransmission andpidemiologyof LCMV

Humars typically acquire LCMMthrough the inhalation of aerosolised particles or the ingestion

of foods contaminated witkxcreta ofnfectedrodents (Lukashevich 2016). Horizontal human
to-human transmission has not yet been shown for LCMV, except in the cases of solid organ
transplant recipientsThe most common origin of human LCMV infection seems to be pet
Syrian golden hamsters and pet house mice. In the USA, an LCMV outbreak 19873
resulted in 181 human infections across 12 states (Gregg 1975), with an estimated 4000
potental unreported infections (Biggar et al. 1975). These infections were all traced back to a
single hamster breeder in Alabama (Gregg 197%)riher2012 investigation in Indiana, USA,
linked two humanmeningitis 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. 2Dé&dpite the
severe consequences for organ transplant patients @flatNl. 2012), screening for LCMV

is not routine because of the rarity of infect{®ischer et al. 2006)

LCMV transmission to NW primatés often via the oral and gastrointestinalite (Rai et al.

1997) during consumption of infected wild or feeder mice (Scanga et al. ASp8r et al.
2001,Ludlage and Mansfield 2003, Leong et al. 2004, Silva et al. 2@i8preaks of CH are

also common in zoological gardens and research facilities with primates in the UK and USA
(Phillips 1981, Vanda anéllison 1982 Montali et al. 1989, Ramsay etal. 1989 | n t he 19 ¢
at least 12 outbreaks occurred in zoological gardens in the USA, with infections in multiple

NW primate speciesT@ble 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 afxcreta andecretion®f infectedmice (Skinner and Knight 1973)

and results in either host death or viral clearance and subsequent immunity (Salvato and
Lukashevich 1998). Occasiongliyice may persistently shed the virus for a significant period

of time before clearancé€Salvato and Lukashevich 1998). Infected pregnant mice may also



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).1f the embryo is not aborted or resorbed, it will become immune tolerant, leading to a

persistent

asymptomati c i

nfecti

on andfeconti

(Traub 1960, Bonthius and Perlman 200Zpnsequently, LCMV infection can become

increasingly prevalent aal surviving offspring froman infected female will be persistently

infected (Skinner and Knight 1973Flosecontact 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 angnight 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 (Shaughnessyl Zichis 194Q0)

Table 2 New World primates in whicballitrichid hepatitis has beerported (Data taken from
(Phillips 1981, Vanda and Alison 198@ontali et al. 1989, Ramsay et al. 1989, Asper et al.

2001).
Common name Species Countries with detection
Goel di 6 s mo n | Callimico goeldii USA, UK
golden lion tamarin Leontopithecus rosalia Germany, USA
emperor tamarin Saguinus imperator USA
golderrheaded lion tamarin| Leontopithecus chrysomelag USA
common marmoset Callithrix jacchus USA
cottontop tamarin Saguinusedipus USA, UK
white-fronted tamarin Saguinus nigricollis USA
saddleback tamarin Saguinus fuscicollis USA
Silvery marmoset Mico argentatus(previously| UK
Callithrix argentata
melanurg
pygmy marmoset Cebuella pygmae Germany

r



1.4 LCMV in Germany and the Netherlands

As reviewed inChapter 3.1 Raper 1), Germany and North Rhin&Vestphalia(NRW) in
particular,has a long historgf LCMV detectionsn humans and reservojnsith reports going
back t o tlseolodical&t0dy :1.1962964 looking at LCMV-reactive antibody
prevalence irhealthy individuals acrossesternGermany found a seroprevalencéen times
greaterin people living in regions where LCMV was previously detected in wild mice (North
RhineWestphalia and Lower Saxongbmpared to regions where LCMV had not yet been
reported(Bavaria, Saarland, Bad&Nuerttemberg, RhinelarBalatinate, Schleswigolstein)
(Blumenthal et al. 1970NRW was also the site of the first Gtdsesn Germany, with pygmy
marmosets@ebuella pygmaga and a Go eQalimicé goeldi dromkaezgtogital
garderbeing infectedvith LCMV (Asper et al. 2001)Vild housemice were implicated in the
transmission of LCMV lineage | to thes@imals (Asper et al. 2001pet rodents weralso
implicated in no less than 56 infections between 1968 and 1996, including a petaskep
(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 conductdmusemice

from westrn Germany in1964 (Ackermann et al. 1964jere are large gaps in ther@ant
knowledgeof the distribution host associatioand genetisignatureof LCMV in Germany
Furthermore, only a single study from the Netherlands reported evidence of (EINBSs et

al. 1999).Despite the severe symptoms associated with LCMV infection, and the long history
of sporadic infectiogin 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 updatuthent status of LCMV in small
mammals in Germangnd the Netherland$Stemming from the remergence of LCMV ira

captive NW primate, epidemiological investigasavereinitiated to determine the souraad

time pointof virus incursion to the zoological gardétereto, wild rodents from theodogical
gardenwere screened for LCMV RNA and reactive antibodie®sseveral yearslo estimate

the time of virus incursion, complete coding sequenédke virusesvere used to determine
phylogenetic relatioships 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 approaeiasused tacharacterize the genetic maip of the

virus strains andasses possible genom reassortmentsAdditionally, to assess the virus



prevalence and genetic diversity of LCMV in Germamd the Netherland$ CMV RNA
screening was expanded to include othgd and captivesmall mammal species acrdssth
counties. Novel sequences were assessed using phylogenetic reconstruction. Published historic
data on LCMV occurrence in Germawgs compiled, along with novel findings, to summarise

the current status of LCMWccurrence and sequence evolutm@ermanyand the Netherlands

and to identify gaps thecorrespondindknowledge.
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Summary Lymphocytic choriomeningitis virus (LCMV, species
Mammarenavirus choriomeningitidis) is a globally distributed
zoonotic pathogen transmitted by house mice (Mus musculus).
In humans, LCMV infection is often asymptomatic or associated
with self-limited febrile disease, but in severe cases it can cause
meningitis and encephalitis. Prenatal infection with LCMV is also
of particular concern as it can result in severe birth defects and/
or fetal death. In New World primates, LCMV infection also
causes severe disease in the form of lethal callitrichid hepatitis.
Despite growing appreciation for the relevance of LCMV in both
human and animal disease, infections remain underreported
around the world. This review focuses on the transmission and
health consequences of LCMV, as well as its global distribution,
and particularly the history of LCMV infections and disease
outbreaks in Germany. Recent findings of novel LCMV lineages
in additional host species are also discussed with respect to
their implications for virus ecology. Taken together, the evidence
suggests that LCMV occurs in localised populations with high
local prevalence and continued positivity over time. Further, the
recent detection of novel LCMV lineages in wood mice (Apode-
mus sylvaticus) and the presence of reactive antibodies in a
variety of animals suggest that additional reservoirs of LCMV
may also exist. This, combined with the high genetic diversity
and global distribution of LCMV, highlights the need for
increased screening efforts in both humans and animals to
more fully understand the ecology of LCMV and the risk for
future transmission and outbreak events in humans and
susceptible animal species.

Keywords LCMV, reservoir, emergence, epidemiology, genetic
diversity

Lymphozytéres Choriomeningitisvirus in
Deutschland - ein vernachlassigter
Zoonoseerreger

Zusammenfassung Das lymphozytédre Choriomeningitis-Virus
(LCMV, Spezies Mammarenavirus choriomeningitidis) ist ein
weltweit verbreiteter Zoonoseerreger, der durch Hausmause (Mus
musculus) Ubertragen wird. Beim Menschen verlauft eine LCMV-
Infektion oft asymptomatisch oder als selbst limitierte fieberhafte
Erkrankung; in schweren Féllen kann die Infektion jedoch eine
Meningitis und Enzephalitis verursachen. Eine pranatale Infektion
mit LCMV ist ebenfalls von groRer Bedeutung, da sie zu schweren
Geburtsfehlern und/oder zum Tod des Fotus fiihren kann. Bei
Neuwelt-Primaten fihrt eine LCMV-Infektion auch zu einer
schweren Erkrankung in Form einer todlichen Callitrichiden-Hepati-
tis. Obwohl die Bedeutung von LCMV fiir Erkrankungen bei Mensch
und Tier zunehmend erkannt wird, werden Infektionen weltweit
bisher nur selten gemeldet. Diese Ubersichtsarbeit befasst sich mit
der Ubertragung und den gesundheitlichen Folgen von LCMV sowie
der weltweiten Verbreitung und insbesondere mit der Geschichte
von LCMV-Infektionen und Krankheitsausbriichen in Deutschland.
Jiingste Entdeckungen neuer LCMV-Linien in zusatzlichen Wirts-
arten werden ebenfalls im Hinblick auf ihre Auswirkungen auf die
Virustkologie diskutiert. Insgesamt deuten die Erkenntnisse darauf
hin, dass LCMV in lokal begrenzten Populationen mit lokal hoher
und Uber die Zeit anhaltender Pravalenz auftritt. Dariiber hinaus
deuten der kirzliche Nachweis neuer LCMV-Linien bei Waldmausen
(Apodemus sylvaticus) und das Vorhandensein reaktiver Antikérper
bei einer Vielzahl von Tierarten darauf hin, dass es auch zusétzli-
che LCMV-Reservoire geben konnte. In Verbindung mit der hohen
genetischen Vielfalt und der weltweiten Verbreitung von LCMV
verdeutlicht das, dass verstarkte Screening-MalRnahmen sowohl
bei Mensch als auch Tieren erforderlich sind, um die Okologie von
LCMV und das Risiko kiinftiger Ubertragungen und Ausbriiche beim
Menschen und empfénglichen Tierarten besser zu verstehen.

Schliisselworter: LCMV, Reservoir, Emergence, Epidemiologie,
genetische Diversitat

1 Berliner und Minchener Tierarztliche Wochenschrift 137, Seiten 1-14
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Introduction

Arenaviruses (family Arenaviridae) are the causative
agents of numerous zoonotic infections with signifi-
cant public health impact. The first of these to be
discovered was lymphocytic choriomeningitis virus
(LCMV, species Mammarenavirus choriomeningitidis)
which was isolated from the cerebrospinal fluid of
a meningoencephalitis patient from St. Louis, USA,
in 1933 (Armstrong and Lillie 1934, Muckenfuss et al.
1934). However, despite more than 90 years of research
on this virus, surprisingly little information on funda-
mental aspects of its biology, such as the transmission,
presence and health consequences of LCMV, its genetic
variability and evolution, host specificity and the viral
and cellular factors involved, as well as its global dis-
tribution, and particularly the history of LCMV infec-
tions and disease outbreaks in Germany, is available.
In this review, we summarise relevant information on
the transmission and risks of LCMV infection, and the
history and occurrence of LCMV in Germany.

Virus biology

Arenaviruses are characterised by their single-
stranded bisegmented RNA genome with an ambsense
coding strategy (reviewed in Oldstone 2002), as
well as by their characteristic “sandy” appearance
in electron microscopy (Latin: arena, sand), which
is due to the incorporation of host ribosomes in
virus particles during budding (Farber and Rawls
1975, Murphy and Whitfield 1975, reviewed in Meyer
et al. 2022). The larger L segment (~7200 nucleo-

tides, nt) encodes the Z protein (Z, ~90 amino
acids, aa) and the L protein, which exhibits RNA-
dependent RNA polymerase activity (L, ~2200 aa),
while the smaller S segment (~3400 nt) encodes the
nucleoprotein (NP, ~560 aa) and the glycoprotein pre-
cursor (GPC, ~500 aa) (Fig. 1) (Emonet et al. 2006,
Albarino et al. 2010). On both segments, the protein
coding regions are separated by an intergenic region
that forms hairpin structures that are important for
the correct termination of transcription (Pinschewer
et al. 2005, Lopez and Franze-Fernandez 2007). Further,
untranslated regions (UTRs) at the end of the genome
mediate interaction of the viral genome with the viral
polymerase to mediate viral RNA synthesis (Perez
and La Torre 2003). The genomic S segment RNA is
typically more abundant than the genomic L segment
RNA in arenavirus RNA preparations (Romanowski
and Bishop 1983, Southern et al. 1987, Iapalucci et al.
1994). Following infection, the NP and L mRNAs are
transcribed directly from the genomic RNA and then
translated into the viral proteins (Meyer and Southern
1993). Later in infection, full-length complementary
S and L segments are synthesised from the genomic
RNA (i.e. antigenomic RNAs), from which the GPC and
Z mRNAs are then transcribed and translated (Meyer
and Southern 1993). This approach leads to the tem-
poral segregation of gene expression of the products
associated with viral RNA synthesis (i.e. NP and L) and
particle morphogenesis (Z and GPC) (King et al. 2018).

The L protein is responsible for viral RNA synthesis
(both transcription and replication). It is found in the
interior of viral particles as part of the ribonucleopro-
tein (RNP) complexes, together with the NP-encapsi-
dated viral RNA (Fuller-Pace and Southern 1989, Lee et
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FIG. 1: The structure of the mammarenavirus (A) genome and (B) particle. The genome is bisegmented (large and small segments) with

an ambisense coding strategy. The L segment (~7200 nt) encodes the Z protein and the L protein. The S segment (~3400 nt) encodes the
nucleoprotein and the glycoprotein precursor. On both segments, the two coding regions are separated by an intergenic region. Both seg-
ments also contain highly conserved, untranslated regions at both ends. The L protein is an RNA-dependent RNA polymerase responsible
for RNA synthesis. Together with the NP-encapsidated viral RNA, it forms the ribonucleoprotein (RNP) complex. The matrix protein Z is
found beneath the virus membrane and is involved in viral assembly and budding. The GPC is post-translationally cleaved into GP1 and
GP2, and the mature glycoprotein complex is embedded in the viral membrane. Virions also incorporate host ribosomes during budding. UTR
= untranslated region, IGR = intergenic region, GPC = glycoprotein precursor, GP1 = peripheral membrane glycoprotein subunit, GP2 =
integral membrane glycoprotein subunit, NP = nucleoprotein, Z = matrix protein, L = RNA-dependent RNA polymerase, nt = nucleotides,
aa = amino acids.
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al. 2002). The viral matrix protein Z is found beneath
the virus membrane, consistent with its involvement
in viral assembly and budding. However, it also medi-
ates concentration-dependent inhibition of RNA syn-
thesis (reviewed in Fehling et al. 2012). Further, both
NP and Z have been shown to have accessory func-
tions in interferon antagonism (reviewed in Fehling
et al. 2012, Meyer and Ly 2016). The GPC is post-
translationally cleaved by subtilisin/kexin-isozyme
1/site-1 protease (SKI-1/S1P) into the mature proteins
GP], a peripheral membrane protein, and GP2, an inte-
gral membrane protein (Burns and Buchmeier 1991,
Emonet et al. 2006). Unusually, the 58 aa long signal
peptide (stable signal peptide, SPP) remains associ-
ated with the mature GP complex and is important for
its correct maturation and trafficking (Agnihothram
et al. 2006, Bederka et al. 2014). The mature GP com-
plex is found on the surface of the virion, where GP1
mediates the binding of the host cell receptor, while
GP2 mediates fusion of the viral envelope with the
host endosome (Burns and Buchmeier 1991, Urata and
Yasuda 2012). The primary cellular receptor protein
for all Old World (OW) mammarenaviruses is highly
glycosylated a-dystroglycan (a-DG) (Cao et al. 1998);
however, other cell surface molecules, including phos-
phatidylserine receptors, lectins and heparan sulfate
(Shimojima and Kawaoka 2012, Volland et al. 2021), as
well as the endo-lysosomal factor CD164 (Bakkers et
al. 2022), also appear to support virus infection.

Clinical disease

In humans, postnatal LCMV infection is mostly
asymptomatic, but can also cause symptoms rang-
ing from a non-specific self-limiting flu-like illness to
encephalitis and meningitis (Ackermann et al. 1972).
LCMV infection is particularly problematic for immu-
nocompromised persons, including those living with
human immunodeficiency virus (HIV) infection (Dyal
et al. 2023) and transplant patients (Palacios et al.
2008, MacNeil et al. 2012). Indeed, transplant patients
consistently demonstrate very severe disease that
closely resembles hemorrhagic fever (Palacios et al.
2008, MacNeil et al. 2012). Horizontal transmission
in humans has not been observed outside of trans-
plant patients (MacNeil et al. 2012); however, vertical
transmission is a significant risk and LCMV has sig-
nificant teratogenic effects (reviewed in Barton et al.
1995). Specifically, prenatal infection can lead to fetal
death or severe birth defects, which include hydro-
cephaly, microcephaly, encephalomalacia, cerebellar
hypoplasia, periventricular and porencephalic cysts,
quadriparesis, epilepsy, hearing impairment, retinal
damage resulting in blindness, and possibly sudden
infant death syndrome (SIDS) (Ackermann et al. 1974,
Bonthius et al. 2007b, Goldwater 2021, Bonthius 2024).
LCMV infection has also been suggested as a possible
trigger for multiple sclerosis (Hogeboom 2023).

In New World (NW) primates, LCMV infection
causes sporadic epizootics of Callitrichid Hepatitis
(CH), which is highly lethal and presents with lesions
in the liver, brain and lymphoid tissue (Asper et al.
2001). Other symptoms may include jaundice, dysp-
nea, weakness, intramuscular and subcutaneous
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hemorrhages and pleuropericardial effusion, with the
infected animal typically succumbing within 7-12
days after the onset of symptoms (Ramsay et al. 1989,
Matz-Rensing and Bleyer 2019).

Reservoirs and transmission

In humans, horizontal transmission of LCMV has only
been documented in solid organ transplant patients
(Palacios et al. 2008, MacNeil et al. 2012), however,
despite the lethal complications associated with
LCMV infection in transplant patients, donors are not
typically screened for LCMV. For humans, vertical
transmission of LCMV is significantly more important
due to the severe teratogenic effects associated with
infection (Barton et al. 1995), as mentioned above.
Nonetheless, the most common route of transmis-
sion to humans is through contact with the excreta
and secreta of infected house mice (Mus musculus)
or Syrian golden hamsters (Mesocricetus auratus)
(Childs et al. 2019), typically through the inhalation
of aerosolised particles (Rajini et al. 2010). As shown
in experimental mouse infections, the virus infects
the pulmonary epithelial cells of the lung where it
may enter the circulatory system and spread to other
organs (Rajini et al. 2010).

In house mice, the natural reservoir host, postnatal
horizontal transmission results in either host death
or viral clearance and subsequent immunity, and
occasionally in persistent shedding for a significant
period (Delves 1998). Transmission between mice can
occur through contact with the urine or saliva of
infected mice (Skinner and Knight 1973). Experimental
infections show that the virus likely enters through
mucosal tissues, such as the gastrointestinal (Yin et
al. 1998) or respiratory tracts (Rajini et al. 2010). The
likelihood of transmission is significantly increased
with close-contact behavior such as coitus and fight-
ing (Skinner and Knight 1973). Rat pups are an effective
animal model for the study of LCMV-induced human
congenital infection, recapitulating the neuropatho-
logical effects observed in humans (Bonthius 2024).
Using these animal models, it has been shown that the
postnatal age at the time of infection has a significant
impact on the cellular targets of infection, immune
response, infection severity, location of neuropathol-
ogy and the infection outcome (Bonthius et al. 2007a).

Infected pregnant mice may also transmit the virus
to their embryos, resulting in either the death of the
embryo or immune tolerance, leading to persistent
asymptomatic infection and continued virus shedding
throughout the animal’s life (Traub 1960, Bonthius and
Perlman 2007). Consequently, based on experimental
infections of captive mice, 100% of the viable offspring
from an infected female will be persistently infected
(Skinner and Knight 1973). When pregnant mice are
intravenously inoculated with LCMV, the virus first
infects the placenta and then the embryo (Mims 1969).
In fetuses, LCMV can grow to higher titers if infection
takes place during pregnancy, compared to an infec-
tion before pregnancy; however, in both cases fetal
death and resorption is common (Mims 1969). In adult
male mice, LCMV infection may significantly reduce
the expression of scent proteins (i.e. major urinary
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proteins, MUPS), providing an indication of their infec-
tion status and ability to clear the virus (Oldstone et
al. 2021). Because LCMV infection may significantly
influence the survival rate of embryos and lead to
life-long infection, female mice may detect changes
in these MUPs and avoid contact with infected males
(Cldstone et al. 2021).

Although house mice are generally accepted
as the reservoir host of LCMV (Albarifio et al. 2010,
Forntiskova et al. 2021), pet Syrian golden hamsters
are also frequently implicated in the transmission of
the virus to humans (Ackermann et al. 1972, Acker-
mann 1977). Additionally, arthropod vectors such as
mosquitoes and ticks have been shown to be com-
petent vectors of LCMV in experimental infections,
although the feasibility and relevance of transmission
via this route in nature remains unclear (Coggeshall
1939, Shaughnessy and Milzer 1939, Glushchenko et al.
1957, Zhang et al. 2018, Liu et al. 2023).

In primates, LCMV is often acquired via the oral
and intragastric route (Rai et al. 1997) through the
consumption of infected wild or feeder mice (Leong
et al. 2004). Infection through this route results in
initial virus replication in the gastric mucosa (Rai et
al. 1997), followed by spreading of the virus through-
out the host via the lymphatic system, first to the
liver and spleen, then the ileum, and eventually to
the lungs, oesophagus, kidneys and brain (Rai et al.
1997). Serological investigations of captive and wild
primates found no LCMV-reactive antibodies in wild
animals, suggesting that the infection is primarily
found in captive animals (Scanga et al. 1993). Further,
this study also suggests that some zoological gardens
and parks are affected by the continued presence of
LCMV, with almost all serologically positive captive
primates being transferred from locations where
LCMV outbreaks had previously occurred (Scanga
et al. 1993). During outbreaks of CH, animal keepers
who are in close contact with infected animals may
also show seroconversion, though the infection is

usually asymptomatic (Montali et al. 1993, Scanga et
al. 1993).

Geographical distribution of LCMV

Mammarenaviruses are maintained in nature by per-
sistent infection of their rodent hosts, whose geo-
graphical distribution then defines the endemic
regions of the corresponding virus (Salazar-Bravo et
al. 2002). Unlike other arenaviruses, for which infec-
tion is restricted to relatively discrete regions, LCMV
circulates globally (Fig. 24, B) due to the widespread
distribution of its host, the house mouse.

Despite the ubiquitous nature of house mice, and
LCMV-reactive antibodies being found in a wide vari-
ety of mammals around the world (Fig. 2B), LCMV is
typically found at low prevalence and exhibits a local-
ised distribution. To date, LCMV-reactive antibodies
have been detected not only in humans (Rousseau et
al. 1997) and house mice (Castellar et al. 2017) but also
many other species (Tab. 1). However, most serological
studies use assays targeting the viral NB, which while
showing better sensitivity can also exhibit cross-reac-
tivity with other arenavirus species (e.g. Wenzhou
virus [Guo et al. 2020), Lassa virus [LASV] and Junin
virus [JUNV] [Saijo et al. 2007]). Therefore, serological
studies of LCMV-reactive antibodies may rather be
detecting antibodies against related co-occurring are-
naviruses, affecting the accuracy of distribution and
prevalence data for LCMV.

Although LCMV RNA or virus particles have only
been detected in samples from a few countries
(Fig. 2A), LCMV-reactive antibodies have been more
broadly detected in Europe, Asia and the Americas
(Fig. 2B, Tab. S1). A recent study on suspected tick-borne
encephalitis patients in Finland found no LCMV RNA,
but specific antibodies in 4.5% of patients (Alburkat et
al. 2024). Between 2017 and 2023, Hungary reported
23 human LCMV infections, including two congenital
infections (Koroknai et al. 2024). In urban house mice, a

TABLE 1: Detection of Lymphocytic choriomeningitis virus-reactive antibodies in non-reservoir hosts

Common name Species

Reference

Wood mouse* Apodemus sylvaticus

(Ledesma et al. 2009,

Algerian mouse Mus spretus

Schmidt et al. 2014)

Norway rat Rattus norvegicus

Short-tailed field vole Microtus agrestis

(Laakkonen et al. 2007, Forbes et al. 2014)

Yellow-necked field mouse Apodemus flavicollis

(Laakkonen et al. 2007)

Common vole Microtus arvalis

(Lledd et al. 2020, Herrero-Cofreces et al.

Red fox Vulpes vulpes

2022)

Bank vole

Myodes glareolus, syn.
Clethrionomys glareolus

(Kallio-Kokko et al. 2006)

Striped-field mouse Apodemus agrarius

(Laakkonen et al. 2006a)

Eurasian harvest mouse Micromys minutus

Montane water vole Arvicola scherman

(Charbonnel et al. 2008)

Eurasian red squirrel Sciurus vulgaris

(Blasdell et al. 2008)

Black-tailed prairie dog
Eastern broad-toothed field mouse

Cynomys ludovicianus

Apodemus mystacinus

(Laakkonen et al. 2006b)

East European vole

Microtus rossiaemeridionalis,
syn. Microtus levis, syn. Microtus mystacinus

Robert’s snow vole Microtus roberti

Syrian golden hamster** Mesocricetus auratus

(Sato and Miyata 1986)

African pygmy mice Mus minutoides

(Ushijima et al. 2021)

Misonne's soft-furred mouse Praomys missonei

Goliath shrew Crocidura goliath

*Putative reservoir of lineages IV and V of LCMV
**Pet hamsters are involved in transmission
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serological study in 1984-1989 in Baltimore, USA, found
antibodies in 9% of tested animals (Childs et al. 1992). A
similar seroprevalence was found in wild urban house
mice in Argentina from 1998-2003 (Riera et al. 2005).

Disease outbreaks

In many studies on LCMV, virus prevalence is localised
and outbreaks can often be traced back to a single
source. One common source of infection is accidental
exposure in research facilities where employees work
with laboratory mice or hamsters (Hinman et al. 1975,
Dykewicz et al. 1992). Between 1971 and 1973, 48 LCMV
infections at the University of Rochester Medical
School were associated with hamsters experimentally
inoculated with infected tumour cells (Gregg 1975). The
same cell lines were implicated in seven additional
infections in 1974 (Gregg 1975). As recently as 2023,
accidental infections have been reported in research
facilities working on LCMV (Caron et al. 2023).
However, the literature shows a significantly greater
role of pet hamsters and mice in the transmission
of LCMV. In Germany, pet mice and Syrian golden

Photo: Calvin Mehl

FIG. 2: Map of the reported global detection of lymphocytic
choriomeningitis (A) virus and (B) LCMV-reactive antibodies.

hamsters were implicated in 56 infections between
1968 and 1996, including a patient who worked at a
pet shop that sold hamsters and house mice (Acker-
mann et al. 1972, Ackermann et al. 1974, Ackermann
et al. 1975, Enders et al. 1999). In 1973-1974 at least
181 human LCMV infections were detected in twelve
states within the USA (Gregg 1975). New York state
alone experienced 57 infections, with an estimated

“Virus"” detection includes methods such as reverse transcription-
PCR, sequencing, transmission of infectious particles, virus isolation
and electron microscopy. “Antibody” detection includes methods
such as enzyme-linked immunosorbent assay and immunofluore-
scence assays. Colors indicate the organism(s) in which LCMV was
detected. For details see Table S1. The map was created using QGIS
3.32.0 (QGIS Geographic Information System, Open Source Geo-
spatial Foundation Project, http://qgis.org). Data were obtained from

4,000 potential unreported infections (Biggar et al.
1975). This outbreak was traced back to a single ham-
ster breeder in Alabama (Gregg 1975). A 2012 investiga-
tion of three rodent breeding facilities in Indiana, USA
revealed a link to two human meningitis cases (Knust
et al. 2014). From these three facilities, between 8% and
47% of workers were seropositive (Knust et al. 2014).
Additionally, of the screened mice from these facili-
ties, up to 38% were seropositive and up to 4% were
RNA positive (Knust et al. 2014).

The risk of LCMV infections associated with solid
organ transplants is also a cause for concern, and
indeed several recognised transmission clusters
have been reported in the USA (Fischer et al. 2006,
Amman et al. 2007, Palacios et al. 2008, MacNeil et al.
2012, Kilduff et al. 2024) and Australia (Albarifio et al.
2010). Despite transplant patients typically being in
an immunocompromised state (MacNeil et al. 2012),
screening for LCMV is not routine (Fischer et al. 2006)
because of the rarity of the infection.

In 2021, eight human LCMV infections were reported
in Australia, with all patients reporting close contact
with mice (Aaron et al. 2022). Because infected female
mice can produce persistently infected offspring, large
population outbreaks, such as the so-called "mouse
plagues” in Australia, ie. periodic events covering
thousands of kilometres, sometimes reaching popula-
tion densities of more than 800 individuals per hec-
tare, may significantly increase the risk of zoonotic
transmission in these regions (Singleton et al. 2005).

In 1981, outbreaks of CH killed multiple golden lion
tamarins (Leontopithecus rosalia) and common mar-
mosets (Callithrix jacchus) in zoos in the USA and the

OpenStreetMap (https://www.openstreetmap.org).

UK (Phillips 1981, Vanda and Alison 1982, Montali et
al. 1989). In 1984 and 1986, further CH outbreaks were
detected in seven golden lion tamarins and three
emperor tamarins (Saguinus imperator) in a zoo in the
USA (Ramsay et al. 1989). A retrospective study found a
further 12 outbreaks from ten zoos in the USA, affecting
multiple species: Goeldi's monkeys (Callimico goeldi),
golden lion tamarins, emperor tamarins, golden-
headed lion tamarins (Leontopithecus chrysomelas),
common marmosets, cotton-top tamarins (Saguinus
Oedipus), white-fronted tamarins(Saguinus nigricollis)
and saddleback tamarins (Saguinus fuscicollis) (Ram-
say et al. 1989). LCMV was later recognised as the
etiological source of the disease (Montali et al. 1989).

Host relationships and genetic
diversity

LCMV is part of the genus Mammarenavirus, which
currently includes 52 recognised species (Fig. 3A—C).
To designate an arenavirus as a new species, several
criteria must be satisfied: presence in a defined geo-
graphic area; association with a specific host spe-
cies or group of host species; association (or not)
with disease in humans; at least 12% NP amino acid
sequence divergence from other species; and at least
20% and 24% nucleotide sequence divergence in the
small (S) and large (L) segments with other viruses,
respectively (Radoshitzky et al. 2015). These mam-
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malian arenaviruses can be further grouped into OW
and NW arenaviruses based on their geographic dis-
tribution (i.e. Europe/Asia/Africa and the Americas,
respectively), as well as their genetic and antigenic
properties (Rowe et al. 1970, Bowen et al. 1996, Old-
stone 2002, Cajimat and Fulhorst 2004, Radoshitzky
et al. 2015). As the first virus from this group to be
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discovered, LCMV is considered the prototype among
the OW arenaviruses.

Currently, five phylogenetic lineages of LCMV have
been described, numbered I-V (Fig. 4A-C). Lineages
I and II are the most commonly detected worldwide
and have been found in humans, hamsters, house
mice, ticks and NW primates (family Callitrichidae)
(Albarifio et al. 2010, Fornuskova et al. 2021). Lineage
IIl comprises a single strain from a human patient in
the USA (Bullock and Meier 1984). Lineage 1V, from
which only S segment sequences were determined,
has thus far been found solely in wood mice (Apode-
mus sylvaticus) from Spain (Ledesma et al. 2009).
Most recently, a virus belonging to a novel lineage V
was discovered in wood mice from southern Germany
(Mehl et al. 2024a). These wood mice belonged to the
same phylogenetic clade as those from Spain where
lineage IV was detected (Mehl et al. 2024a).

Recently, focus has been placed on mice along the
house mouse hybridization zone (HMHZ), a region
in Europe where two subspecies of house mice that
diverged some 50,000 years ago meet and hybridise.
Here, two house mouse subspecies, Mus musculus mus-
culus (Mmm) to the East and Mus musculus domesti-
cus (Mmd) to the West, meet along the ~2,500km HMHZ
from Scandinavia to the Black sea region (reviewed in
Boursot et al. 1993, Wasimuddin et al. 2016). This zone
acts as a strong barrier to gene flow in house mice and
is recapitulated in the endoparasites found in these
subspecies (Wasimuddin et al. 2016). A recent study
along the HMHZ proposed a host specificity of LCMV
lineage I with Mmd, and LCMV lineage II with Mmm
(Forntiskova et al. 2021). However, the recent discovery
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FIG. 3: Phylogenetic reconstruction of the (A) nucleoprotein, (B) glycoprotein, and (C) L protein encoding regions of representative Old
World and New World members of the genus Mammarenavirus. The best-fit nucleotide substitution nodel (general time reversal substitu-
tion model with gamma distribution and a proportion of invariable sites) was determined using [ModelTest2 (Guindon and Gascuel 2003,
Darriba et al. 2012) and the tree was constructed using MrBayes v.3.2.7 (Ronquist et al. 2012) using twenty million generations with the
first 25% being discarded as burn-in. Sample names are composed of the GenBank accession number and species name. Snake arenaviruses
were used as outgroups.
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of both lineages I and Il in Mmd from a zoo in Germany
(Mehl et al. 2023) indicates the susceptibility of the
local house mouse population to both LCMV lineages.
Nonetheless, the distribution of these lineages may
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still be linked to the historic distribution of these house
mouse subspecies, with some anthropogenic-related
incursions (Mehl et al. 2024b). This would then be simi-
lar to the situation involving the co-occurrence of two
evolutionary lineages of bank voles (Myodes glareolus),
which allows the (spill over) transmission of Puumala
hantavirus from the Western to the Carpathian or East-
ern lineage (Drewes et al. 2017).

Arenavirus evolutionary processes

A phylogenetic analysis of the more distantly related
NW arenaviruses and their rodent hosts showed no
codivergent patterns and suggested the capacity for
opportunistic host switching as well as a role for this
process in virus evolution (Irwin et al. 2012). Host
switching has also been suggested to play a role in OW
arenavirus evolution (Lukashevich 2016).

At a molecular level, arenavirus evolution is likely
driven by a combination of evolutionary mechanisms:
inter- or intra-segmental reassortment or recombina-
tion; and the accumulation of point mutations due to
the lack of proof-reading activity of the viral polyme-
rase (Leitner 2002) which may have a significant
influence on arenavirus epidemiology, pathogenic-
ity and emergence (reviewed in Simon-Loriere and
Holmes 2011). Beneficial mutations may then become
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FIG. 4: Phylogenctic reconstruction of the (A) nucleoprotein, (B) glycoprotein and (C) L protein encoding regions of lymphocytic chori-
omeningitis virus lineages. The best-fit nucleotide substitution model (general tine reversal substitution model with gamma distribution

and a proportion of invariable sites) was determined using J[ModelTest2 (Guindon and Gascuel 2003, Darriba et al. 2012) and the tree was
constructed using MrBayes v.3.2.7 (Ronquist et al. 2012) using twenty million generations with the first 25% being discarded as burn-in.
Sample names are composed of GenBank accession number, strain name, host species, and country of origin (if known). Roman numerals

I-V indicate the different virus lineages. Lunk virus was used as an outgroup. Scale bar indicates nucleotide substitutions per site. AUT =
Austria, AUS = Australia; BGR = Bulgaria; CHN = China; CZE = Czech Republic; DEU = Germany; ESP = Spain; FRA = France; GAB =
Gabon; GUF = French Guiana; [PN/JP = Japan; SVK = Slovakia; USA = United States of America; YUG = former Yugoslavia. Asyl, Apode-
mus sylvaticus; Mm, Mus musculus; Mmd, M. musculus domesticus; Mmm, M. musculus musculus; Mmin = Mus minutoides.
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fixed. For reassortment and recombination to play a
role in arenavirus evolution, a single host, and sin-
gle cell, must be co-infected with different viruses.
Although arenavirus co-infections are known to com-
monly occur in snakes (Hepojoki et al. 2015), this was
only recently shown in mammals, with a wild single-
striped grass mouse (Lemniscomys rosalia) from Tan-
zania, which was found to be co-infected with two
strains of Mafiga virus (Cuypers et al. 2022). Because
co-infection is essential for viral reassortment, this is
a significant step toward understanding arenavirus
evolution and the emergence of novel strains. Co-
infections in Vero cells with distinct OW arenavirus
species, i.e. LASV and Mopeia virus (MOPV), are also
possible and have been used to produce reassortant
viruses (Lukashevich 1992). Interestingly, these reas-
sortants, when injected into mice, were able to protect
the mice against the subsequent lethal challenge with
LASV (Lukashevich 1992). Genome segment exchanges
resulted in reassortants that are both potentially viable
(i.e. the replication machinery from different viruses
can work together) and can alter the antigenic identity
of the resulting virus, i.e. by changing the major anti-
body determinants in NP and GP (Kerber et al. 2011).

LCMV in Germany

The most comprehensive study of LCMV distribution
in Germany was published in 1964 (Ackermann et

al. 1964). This study screened wild house mice from
across, what was then, Western Germany using a
virusisolation approach, and revealed a broad LCMV
distribution, with the highest prevalence in North
Rhine-Westphalia (Ackermann et al. 1964) (Fig. 5A).
A broad serological study of humans from 1962—
1964 found no significant difference in antibody
prevalence between men and women, or between
farmers and those with other professions (Blumen-
thal et al. 1970). However, this study also found
a ten-fold higher antibody prevalence in humans
from regions where LCMV was previously detected
in wild house mice (i.e. North Rhine-Westphalia and
Lower Saxony) than in regions where LCMV was not
yet detected in mice (i.e. Bavaria, Saarland, Baden-
Wuerttemberg, Rhineland-Palatinate, Schleswig-
Holstein) (Blumenthal et al. 1970, Fig. 5B). Follow-
ing a human LCMV infection in 1965 near Aachen,
North Rhine-Westphalia, an epidemiological study
found LCMV in half of the wild house mice from
the region, as well as one wood mouse (Apodemus
sylvaticus) (Blumenthal et al. 1968). Between 1968—
1971, 47 human LCMV infections were reported in
Germany, and for all of which Syrian golden ham-
sters were implicated in the transmission (Ack-
ermann et al. 1972). Syrian golden hamsters were
again implicated in the transmission of LCMV that
resulted in two babies being born with severe birth
defects in 1971 (Ackermann et al. 1974) and a mis-

&B
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FIG. 5: Map of lymphocytic choriomeningitis virus occurrence in Germany. A) Detection of LCMV in wild house mice. In addition, the
coordinates where LCMV lineage V was detected in wood mice (Apodemus sylvaticus) and the locations of the two known outbreaks of
Callitrichid Hepatitis in Germany are also indicated. B) Detection of known LCMV infections in humans who reported contact or no contact
with pet rodents. Data taken from (Ackermann et al. 1964, Blumenthal et al. 1970, Ackermann et al. 1972, Ackermann 1977, Asper et al.
2001, Mehl et al. 2023, Mehl et al. 2024a). The map was created using ArcGIS (ESRI).
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