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Two Old World rodents, house mice (Mus musculus) and Norway rats (Rattus

norvegicus), were introduced into and established populations on every continent, save

Antarctica. With their travels, they concomitantly introduced several zoonotic agents

capable of causing human diseases. Two viruses—Lymphocytic choriomeningitis virus

(LCMV; genus Arenavirus with mice) and Seoul virus (SEOV; genus Hantavirus with

rats)—can cause chronic infections within their respective rodent hosts, resulting in

persistent or life-long sporadic shedding of virus through secreta and excreta. Although

the prevalence of infection within their wild rodent hosts can exceed 25% among

mice infected with LCMV and 50% among rats infected with SEOV, acute human

disease resulting from direct transmission from wild rodents is rarely reported even

though both species live in close coexistence with humans. The usual “classic” zoonotic

cycle of transmission from wild rodent reservoirs to humans now includes multiple

unusual/unexpected routes. The largest described outbreaks of human disease caused

by these viruses are linked to pet rodents. A novel reservoir host, the golden hamster, has

supplanted house mice as the major source of LCMV infection, and SEOV outbreaks are

linked to fancy rats kept as pets. Following LCMV, and to a lesser extent SEOV, outbreaks

or infections associated with lab animals and/or cultured tissues derived from mice and

hamsters have led to hundreds of cases of LCMV among laboratory workers, and SEOV

has been detected among cell-cultured tissues. Additionally, LCMV is now a recognized

source of severe congenital disease and is the unexpected source of severe and often

fatal disease among solid organ recipients. Although the extensive usual and unusual

routes of LCMV infection are exceptional there are many parallels with SEOV emergence.

Keywords: lymphocytic choriomeningitis virus, Seoul virus, Rattus norvegicus, Mus musculus, zoonotic disease

INTRODUCTION

The critical role of zoonoses in the emergence of new infectious diseases impacting humans and/or
domestic animals has reached a level of near doctrine. Associated with this perspective has been an
in-depth effort to study the dynamics of pathogens in reservoir populations with less focus on the
significant role of the dynamics of the target (human or domestic animal) population in changing
patterns of transmission. Previously, one of the authors emphasized the roles of adaptation and
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changes in social/behavioral activities that could qualitatively
change risk patterns (Childs, 2004). However, relatively little
focus continues to be paid to these factors.

As an example of what we believe is a critically understudied
aspect of emerging diseases, we review the evolution of risk
patterns from two viral rodent-borne zoonoses during the past 80
years. These agents, lymphocytic choriomeningitis virus (LCMV)
and Seoul virus (SEOV), are among the earliest and best studied
agents. Historically, the house mouse (Mus musculus) and the
Norway rat (Rattus norvegicus) have been recognized as their
reservoirs. Close contact with wild populations of these rodents
has been viewed as the major risk factor for humans. During the
past several decades, however, as research has progressed, a more
nuanced understanding of how human activities have altered
human risk has developed.

In this paper we outline the history of the discoveries
of these agents, the diseases they cause, why they persist
in their reservoir populations and how human activities
and unforeseen events widened our understanding of the
epidemiology of these viruses and the spectrum of people at risk
for infection.

HISTORY OF LYMPHOCYTIC
CHORIOMENINGITIS (LCM) AND LCM
VIRUS (LCMV)

Lymphocytic choriomeningitis (LCM) was first described as a
cause of aseptic meningitis among hospitalized patients in St.
Louis, Missouri, USA, in the early 1930s (Armstrong and Lillie,
1934; Rivers and Scott, 1935). Although rarely reported as of
2018, LCMV was once a significant cause of aseptic meningitis.
Hospital-based studies conducted from 1953 to 1958 identified
LCM among 8% of cases of encephalitis among 713 hospitalized
patients (Meyer et al., 1960). Infection, however does not always
cause disease among humans, and clinical cases appear rare
among the general population.

Lymphocytic choriomeningitis virus (LCMV) is a bi-
segmented, negative sense RNA virus (Bishop and Auperin,
1987). The two gene segments are labeled L (7.5 kb) and S
(3.5 kb). LCMV is the type species of the family Arenaviridae
which includes Lassa, Junin, Machupo, and Sabia—the latter
four viruses are closely related arenaviruses causing hemorrhagic
disease among humans. Over the years, significant genetic
heterogeneity and phenotype of clinical course have been shown
to vary with different LCMV isolates. However, numerous LCMV
variants can cause severe disease among humans (Amman et al.,
2007; Emonet et al., 2007; Palacios et al., 2008) and significant
genetic variation occurs among isolates (Albariño et al., 2010).
LCMV has served as a model system for understanding the
immunobiology of virus infections (Zhou et al., 2012), and
in 1996 Nobel prizes were awarded to two individuals (Peter
Doherty and Rolf Zinkernagel) who used LCMV as a model
to enumerate the immunobiology of virus persistence and
differential immune responses based on modes of transmission.

In humans acute disease is marked by fever, headache, myalgia
and other non-specific signs and symptoms typical of many viral

infections (Farmer and Janeway, 1942; Biggar et al., 1975a,b;
Folk et al., 2011). LCM presents without the lymphopenia and
thrombocytopenia characteristic of severe disease caused by
closely related arenaviruses associated with hemorrhagic fever.
In LCM cerebral fluid pleocytosis, choriomeningitis and other
neurological signs and symptoms develop among some patients
after an apparent remission of acute symptoms.

Acute LCM is not a mandated reportable disease and few cases
are identified as of 2018. Without any doubt this infection and
disease is significantly underestimated, in part because of limited
facilities offering diagnostic testing (Barton et al., 1995; Barton
and Hyndman, 2000).

DIAGNOSIS OF LCM

The most commonly used tests for identifying LCMV infections
among humans and animals are serological assays that detect
antibodies to the virus in serum and cerebral spinal fluid. The
ELISA (enzyme-linked immunosorbent antibody test) is cheap
to perform, and may be followed by a confirmatory immuno-
fluorescent antibody test (IFA) or plaque reduction neutralization
assay (PRNT), which is the gold standard of serological tests
that distinguishes among different arenaviruses (Armstrong and
Lillie, 1934; Rivers and Scott, 1935; Traub, 1936a; Wooley et al.,
1939; Fischer et al., 2006; Becker et al., 2007; Takimoto et al., 2008;
Knust et al., 2011). Currently, RT-PCR detection is available at
specialty labs.

Antibody assays can detect both IgM (recent or ongoing
infection) and IgG (infection at some time); a four-fold increase
in IgG antibody titer between two sampling dates is diagnostic
of recent infection. However, serum and intrathecal levels
(measured in cerebral spinal fluid—CSF) of LCMV antibody are
always low but in suspected cases, even a low titer of LCMV
antibody aids the diagnosis (Sukthana, 2006). The neutralization
test requires live virus and is available only in specialty labs
because of the obvious risk of human exposure and infection
among unsuitably protected lab personnel.

The incidence of infection among humans is unknown
(Centers for Disease Control and Prevention, 2006). On-
site diagnostic testing for LCMV infection is limited among
laboratories serving acute care hospitals, as exemplified by
a survey in which none of 30 such facilities contacted
in Connecticut, United States, had the in-house means of
testing. In the same survey most infectious disease doctors
(28 responses out of 35 sent) would consider LCM in a
differential diagnosis if there was a history of contact with
wild mice or a healthy or sick pet rodent; only six would
consider LCMV as a potential cause of unexplained fever
in immunocompromised patients without an exposure history
(Centers for Disease Control and Prevention, 2006).

EPIDEMIOLOGY OF LCM

The routes of LMCV transmission to humans are believed
to include fine particle aerosols arising from infected secreta
and excreta (saliva and urine most commonly), droplets,
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fomites (e.g., contaminated bedding of laboratory, commercial
colonies or pet rodents), bites and contact with rodent blood.
Exact routes of transmission of LCMV from mice to humans
have not been evaluated—in part because large house mouse-
associated outbreaks do not occur—but aerosol transmission is
most probable.

LCMV infection acquired from pet rodents, notably the Syrian
golden hamster (see sections below), provide significant evidence
of aerosol, droplet, or fomite transmission of LCMV. In some
of these occurrences multiple family members have become
infected, some of whom reported no physical contact with the
animal (Biggar et al., 1975a,b, 1977). Many laboratory infections
of humans appear to be airborne (Armstrong et al., 1969; Vanzee
et al., 1975; Hotchin et al., 1977). Sentinel guinea pigs housed
in the same room but separated from infected mice show a
high susceptibility to airborne infection and experimental studies
have demonstrated high susceptibility of mice and guinea pigs to
airborne exposure with LCMV (Benda, 1964).

LCMV presents little risk of infection to general populations.
Various serologic tests indicate a prevalence of antibody of 1–
5% of persons (Childs et al., 1991; Stephensen, 1992; Childs
and Wilson, 1994; Knust et al., 2011), although it is unclear
how many of these persons suffered from acute disease. It
is likely that the prevalence of antibody would be greater
among certain populations if surveyed. In some locations severe
mouse infestations, and many LCMV-infected mice, are present
in low-socioeconomic status (SES) urban locations containing
substandard housing with inadequate sanitation and waste
removal. The same features provide an excellent habitat for
brown rats (R. norvegicus see sections on Seoul virus below:
Figure 1A) (Childs et al., 1991, 1992). Early studies linking house
mice to LCM often described heavy mouse infestations.

Immunocompromised individuals or children born with an in
utero infection acquired from an acutely infected mother are at
the highest risk of developing severe and fatal disease (see below).

ENTER THE HOUSE MOUSE
(MUS MUSCULUS)

Shortly after the discovery of the disease, evidence rapidly
accumulated implicating the house mouse as the reservoir
host of LCMV transmitted to humans (Armstrong and Sweet,
1939) (see Figures 2A,B for an abbreviated timeline of some
significant observations marking the history of LCMV). A year
prior to the discovery of LCMV in wild house mice, laboratory
colonies of albino mice were found infected. Additional
research on these colonies elucidated the different phenology
of vertically acquired (in utero) and horizontal intra-specific
infection with regard to immunity, duration of virus persistence
and shedding, and the pathological consequences of infection
(the significance of vertical transmission is discussed below)
(Traub, 1936a, 1938, 1939).

The widespread introduction and global colonization by
the house mice (Long, 2003) suggest that LCMV could enjoy
a cosmopolitan distribution, and some authors suggest this
(Charrel and de Lamballerie, 2010). However, most studies

indicate that the distribution of infected mice is patchy and tends
to cluster as discussed below. There are four subspecies of the
genusMus but herein we refer to them collectively as house mice
orM. musculus.

Most available LCMV isolates come from the United States
and West-Central Europe (Albariño et al., 2010), but reports of
infection and isolation of LCMV are confirmed from Argentina
(Sabattini et al., 1970, 1974), Japan (Morita et al., 1991), and
variants of LCMV based on RNA sequencing have been reported
from Australia (Dandenong virus) and Africa (Kudoko virus)
(Lecompte et al., 2007; Palacios et al., 2008). As of 2009,
no clinical cases of LCM had been described from Southeast
Asia (Kim et al., 2009).

Describing/discovering a zoonotic reservoir for agents
pathogenic to humans and transmitted by inter-species contact is
old. The association between rabies, dog bite, and human disease
dates to at least the year 500 B.C. (Steele et al., 1991). However,
the observation that laboratory mice, in addition to wild mice,
were infected with LCMV was significant as disease outbreaks
occurred among research personnel working or in contact with
lab mice (Figure 2A). Additionally, these findings necessitated
reconsideration of published scientific reports based on mouse
models (potentially contaminated by LCMV) and raised serious
concerns over the health and sanitation of lab mouse colonies
and the risk of infection for research staff and suppliers. Even
short periods, such as 30min, of contact between infected and
susceptible mice kept within the same cage was sufficient for
transmission to occur (Skinner and Knight, 1973). The “natural”
history of LCMV maintenance and transmission to humans
included only the normal suspects, albino, and wild house mice
at this juncture in what developed into a far more complicated
and unusual history (Figure 2A).

OF MICE AND MONKEYS

Humans are not the only primates in which mice derived
from breeding stock of commercial vendors were the source of
infection and severe disease. In 1981, two outbreaks of infectious
hepatitis of unknown origin were reported from zoos in the
United Kingdom and United States affecting marmosets and
tamarins (Family: Callithricidae)—NewWorld primates of which
several of the affected spp. are considered endangered (Montali
et al., 1989). Between 1981 and 1989, 12 outbreaks were reported
from different zoos in the USA and this new, unique and fatal
disease was named Callithrichid hepatitis (Montali et al., 1989).

Follow-up studies showed that inoculations of liver
homogenates from an ill monkey into three common marmosets
produced severe disease within 10 days; all monkeys either
required euthanasia or died from infection. Known viruses
capable of causing hepatitis in non-human primates were ruled
out and the etiologic agent was unidentified (Montali et al.,
1989). In 1991, the causative agent was identified as LCMV
(Stephensen et al., 1991) and one outbreak was linked to a point
source involving perinatal mice (“pinkies”) fed to these monkeys
as a supplemental source of animal protein (Montali et al., 1993).
In the same study, two veterinarians who autopsied infected
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FIGURE 1 | (A) Multiple scenes from alleys in Baltimore, MD, from which rats were captured to elucidate the natural history of SEOV (dark arrows indicate sites of

extensive rat burrows). House mice were captured from row houses fronting on the alleys to study the epidemiology of LCMV. Mice were never captured in alleys and

few rats were captured within residences. (B) Map on left shows the layout of one square block of row houses surrounding an alley shown in (A). The shading

indicates mouse-trap success, an index of population density, obtained over a three-year period. The table to the left shows the prevalence of antibodies to LCMV

among house mice captured among several study sites, indicating clustering of infection within blocks. (C) The prevalence of antibodies among individuals visiting an

STD clinic in Baltimore, of which many resided in low-SES neighborhoods likely to harbor extensive Norway rat populations. The prevalence of LCMV antibodies

increases with age, but the lack of sufficient data on SEOV precluded any similar conclusions. (D) Endpoint titers of antibody-positive sera to LCMV or SEOV.

monkeys and one individual bitten by an infected monkey had
seroconverted to LCMV.

EPIDEMIOLOGY OF LCMV AMONG
HOUSE MICE

The prevalence of LCMV infection among wild mouse
populations has been reported to range from 0 to 25%
(Figures 1C,D) (Stephensen, 1992; Childs and Peters, 1993;
Childs and Wilson, 1994; Becker et al., 2007; Knust et al.,
2011; Williams et al., 2018). LCMV infection of house mice
can be highly focal at both large and small scales (see Childs
and Peters, 1993). In Baltimore, Maryland, United States, house
mouse densities and LCMV infection varied extensively among
connected row houses studied in a two-block area (Figure 1B).

Prevalence of LCMV infection varied between 50 and ∼100%
among mice in some houses while neighboring residences had
few or no infected mice—observations also obtained from other
studies (Childs et al., 1992; Emonet et al., 2007). There was
a significant association between mouse density (trap success)
and prevalence of LCMV at different sampling sites, which
could reflect density-dependent horizontal transmission or
clustering of chronically infected mice and vertical transmission
(Figure 1B) (Childs et al., 1992).

At regional scales the distribution of LCMV is patchy. From
1960 to 1962, in possibly the most intensive effort to map
LCMV distribution among wild house mice, 1795 house mice
were collected from 376 evenly spaced trapping sites in the
Federal Republic of Germany. Although the overall prevalence of
infection was 3%, all 65 LCMV-positive mice came from a subset
of 44 trapping sites (Ackermann et al., 1964).
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FIGURE 2 | Timelines documenting the history of major events in our understanding of the epidemiology maintenance and transmission of LCMV to humans; (A) from

the discovery of LCMV (1930s) and its association with wild house mice through the discovery of human-to-human transmission causing severe congenital disease;

(B) details of the emergence of a transcendent host for LCMV, the golden hamster, through the recognition of LCMV among recipients of solid organ transplants.

These figures illustrate the development of both usual and unusual sources of LCMV infection among humans as discussed in detail in the text.

Due to this patchiness of LCMV infections among house
mice, negative findings are important and further illuminate
the spotty distribution of this virus. In New York City, New
York, United States, highly sensitive genetic methods failed to
identify any LCMV among 395 mice captured from several sites
(Williams et al., 2018). However, human LCM occurs within the
city (Asnis et al., 2010).

The focality of LCMV infections among mice in some settings
may be due to the combination of congenital transmission
LCMV among mice (Lehmann-Grube, 1963, 1971) and the
demic structure of house mouse populations (e.g., Petras,
1967; Singleton, 1983). Urban mice have an extremely limited
dispersal distance when occupying human structures, such as
row houses (Baltimore) and apartments (New York) (it is
greater among mice inhabiting agricultural settings) (Pocock
et al., 2005). Genetic studies of house mice populations found
that mice inhabiting adjacent houses were closely related but

mice sampled from houses on different blocks were genetically
distinguishable (Murphy et al., 2005).

Persistent chronic infection of mice results in in utero vertical
transmission of LCMV to fetuses and surviving offspring so that
infected mice never clear the virus. Infection prevalence among
such progeny can approach 100% (Traub, 1936c; Lehmann-
Grube, 1963, 1971). Most importantly for virus transmission
to humans, persistently infected mice shed LCMV in their
saliva and urine throughout their lives (Traub, 1936a,b; Barber
et al., 2006), generating material that can lead to aerosol
infection within infested households. Infected laboratory mice
appear to suffer no ill effects from their infection. However,
tolerance of persistent LCMV infection is not absolute as
deposits of antibody-virus complexes in the kidneys of older lab
mice can lead to severe glomerulonephritis as antigen-antibody
complexes accumulate in kidneys (see Buchmeier et al., 1980).
This occurrence has not been shown among wild house mice,
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which probably do not live long enough to suffer from this
late-onset complication.

House mice born from an uninfected dam can be infected
later in life by horizontal transmission routes. These individuals
develop antibodies, clear their infections and are believed not to
become chronic shedders of LCMV, although demonstration of
this phenomenon has not been confirmed by longitudinal study
of wild mice.

Although viruses have evolved multiple mechanisms to escape
the host immune system, of relevance to this review are the
mechanisms viruses use to suppress antiviral defenses. The
most well-established model system is LCMV infection of house
mice. The Armstrong strain of LCMV is readily cleared from
immunocompetent adult mice; conversely, LCMV Clone 13
differs from Armstrong (i.e., the parental strain) by 2 amino acid
positions and causes persistent infection in adult mice (Salvato
et al., 1988, 1991; Ahmed et al., 1991). Persistence of LCMV
Clone 13 is associated with functional impairment (often referred
to as “exhaustion”) and deletion of virus-specific CD8+ T cells,
increased production of IL-10, and induction of programmed
death (PD)-1 activity (Moskophidis et al., 1993; Barber et al.,
2006; Ejrnaes et al., 2006). Blocking the IL-10R or PD-1/PD-L1
pathways promotes LCMV clearance (Barber et al., 2006; Brooks
et al., 2006; Ejrnaes et al., 2006; Maris et al., 2007). The exhaustion
phenotype of CD8+ T cells during persistent LCMV infection is
mediated by Treg cells because depletion of Treg cells increases
the expansion of LCMV-specific CD8+ T cells, but has no effect
on virus persistence (Penaloza-MacMaster et al., 2014).

OTHER WILD RODENT HOSTS

Other sylvatic rodents have been shown to be infected with
LCMV. Species of Apodemus infected with LCMV in Europe
were identified as early as the 1950s and continue to be found
to the present (Figure 2A; for descriptions of early findings
see (Lehmann-Grube, 1971, 1984). Exposure to Apodemus
mice and cases of LCM among humans have not been
conclusively identified.

BACK TO THE RESEARCH LABORATORY

The next chapter in the unusual history of LVMC began in
the 1940s−1950s, when scientific investigators identified LCMV
among transplantable mouse tumors and laboratory cell lines—
including a line used for growing rabies virus for vaccines
(Figure 2A: see Hotchin, 1971; Hotchin et al., 1977 for review).
Clearly this unanticipated route of human exposure was not
one of the usual routes of transmission thought previously
to be restricted to contact with living rodents (Figure 1A).
Additionally, in 1992 LCMV laboratory personnel working
with nude mice were shown to be LCMV-positive by serology
(Dykewicz et al., 1992).

Within a year, other observations indicated that infected
and infectious cell cultures derived from an additional species,
the Syrian or golden hamster (Mesocricetus auratus), were
responsible for human laboratory infections (Figure 2A)

(Lewis et al., 1965; Hotchin, 1971). But not only cell cultures
were incriminated, as over the course of 2 years, 1971–1973, 48
staff members of the University of Rochester Medical Center
were sickened by LCM acquired by working directly with
hamsters (Figure 2A, unusual because the first infections arising
from hamsters came from cultured bits rather than the whole
animal (Vanzee et al., 1975; Hotchin et al., 1977).

These findings were alarming enough but the public health
problem was quickly shown to extend beyond sporadic reports
of infection/disease in laboratorians. Reports of pet hamster-
associated LCM were identified in the early 1970s when 47
cases from pet hamsters were reported over 2 years in Germany
(Figure 2B) (Ackermann et al., 1972). Within 3 years, 1973–
1975, serological and clinical studies identified pet hamster-
associated LCM among 181 persons living in 12 states in the
United States. Many of these cases were identified through a
national alert issued by the CDC after investigating an initial
cluster of cases among pet owners (summarized within Gregg,
1975). Other reports continued to surface over years from a
number of countries.

These findings heralded in the highly unusual emergence of
a secondary host for LCMV that was associated closely with
humans as a laboratory animal and household pet (Skinner et al.,
1976). Most significantly, the size of outbreaks associated with
hamsters dwarfs outbreaks and sporadic occurrences of LCM
associated with mice by many fold. A novel reservoir host had
supplanted the natural house mouse reservoir as the major link
to human infection and disease, transforming itself from its status
of “not the usual suspect” to one of “the usual suspects.”

A BRIEF NATURAL HISTORY
OF HAMSTERS

Hamsters are native to much of Europe and Asia (Wilson and
Reeder, 2005). Of the over 20 spp. of hamsters, only five are kept
as pets with the most popular being the golden hamster. As with
the house mouse they are introduced species to the New World,
although their introduction was intentional.

The first lab colony of golden hamsters was derived
from wild-caught animals in ∼1930 and housed at Hebrew
University, Jerusalem. From this initial colony these readily
domesticated animals made their way into many research
settings, including the United States, after the first established
commercial breeding facilities appeared in the 1940s (Adler,
1948). Almost simultaneously, hamsters were marketed as
adorable household pets. Based on a survey conducted by
the American Veterinary Association in 2012, the number
of households in the United States owning a pet hamster
was estimated at 877,000, with 1,146,000 individuals owned
(American Veterinary Medical Association, 2012).

ENTER HUMAN-TO-HUMAN
TRANSMISSION

Of major significance to human health are two other twists
in LCMV’s mechanisms of transmission to humans associated
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with severe and fatal disease. Unlike many of the arenaviruses
causing hemorrhagic fevers, LCMV had not been shown to be
transmitted from human to human. Acquired LCMV infection
from contact with a reservoir, including cultured cells, rarely
causes human severe disease or fatalities; however, the discovery
of in utero infection of the fetus from Europe beginning
in 1974 changed this perception (Figure 2B) (Ackermann
et al., 1972). This was a clear and unusual departure from
previously described transmission routes (Figure 2A). When
acute infection of pregnancy occurs during the first trimester
of pregnancy, symptomatic in utero and/or perinatal infection
results in significant neurological disease, such as hydrocephalus,
microcephaly, hydrops fetalis, and choriomeningitis. Surviving
young suffer from permanent sequelae. This significant
development in the changing epidemiology of LCM was not
described until almost 20 years later in 1990s in the United States
(van den Pol, 2006; Bonthius and Perlman, 2007; Kang and
McGavern, 2008; Meritet et al., 2009).

Pregnant women rarely show any indication of acute LCM.
Presumably, their immunosuppressed state predisposes them
to acute infection which can then be transmitted to the fetus.
Support for this observation comes from reports of infection and
severe and often fatal disease among other immunosuppressed
persons, such as organ recipients (see below) (Table 1). That this
virus is an important, but underestimated, cause of fetal infection
is likely accurate as diagnostic testing is restricted. However, only
58+ incidents of congenital LCM have been reported up to 2010,
and the TORCH agents are ascribed to most cases.

Many authors now refer to LCM as an “emerging disease” or
“re-emerging disease” (Armstrong and Sweet, 1939; Barton et al.,
2002; Fischer et al., 2006; Jamieson et al., 2006; Asnis et al., 2010;
Barton, 2010). In the case of LCMV, most of the emerging was
due to recognition of congenital disease rather than an increase
in infection/disease among the general public.

ANOTHER NOVEL AND
DISTURBING DEVELOPMENT

In 2003 and again in 2005, the medical community was taken by
surprise by the identification of severe and most often fatal LCM
among transplant patients (Table 1; Figure 1B) [see Perspective
(Peters, 2006) for additional comments about the evolution of
LCMV transmission to humans]. Not only was this heretofore
undiscovered transmission route of epidemiologic importance, it
was a clear demonstration that LCM goes undiagnosed in acute
disease or infection and is certainly significantly underestimated.
Donors had to be acutely infected as, unlike in mice, the
virus does not persist. Thus, the organ donor became a new
transmission source and a very unusual suspect.

In total, five clusters of LCM derived from donors in the
United States have resulted in recipients with 21 cases and
15 deaths (Table 1). One survivor suffered severe neurological
sequelae (Mathur et al., 2017). An additional cluster of donor-
derived LCM was discovered in Australia in 2008 when three
solid organ recipients died of LCM (Table 1). The LCMV
typed by genetic analyses in Australia was a variant previously

undocumented. Australia had been reported clear of LCMV
up until this discovery (Palacios et al., 2008). How most
organ donors acquired their LCMV infection is undetermined.
However, in 2005, LCM in four recipients (two died) was traced
to transmission from an organ donor who kept golden hamsters
as pets. These animals were purchased from a major supplier of
hamsters. Traceback studies identified infected hamsters within
the store from which the animal originated as well as the
distribution and commercial breeding location.

HOW RARE IS ORGAN
TRANSPLANT-ASSOCIATED LCM?

In 2017 there were 19,484 kidney, 8,082 liver, and 2,449
lung transplants performed in the USA—the solid organs
responsible for LCMV infections resulting from infected donors
(Table 1) (https://www.organdonor.gov/statistics-stories/
statistics.html).

Risk of LCMV among organ recipients is low. As individual
hospitals and organizations procure and provide donor organs,
there are an unstandardized variety of tests performed on
tissues. Recommendations for live donor pathogen screening by
the Organ Procurement and Transplantation Network do not
include testing for LCMV (Rosen and Ison, 2017).

These alarming occurrences further confirm that the once
usual and originally described source of LCMV transmission
to humans through contact with the introduced house mouse
has been supplanted by contact with another non-native rodent
species, the hamster.

CONTROL OF LCMV AND PREVENTION
OF LCM

Against the usual suspect, the house mouse, the most effective
methods to reduce the risk of human infection with LCMV are
to employ traditional and, less rarely implemented but most
effective, integrated pest management, to control and prevent
transmission from the usual suspects. These combine rodent
elimination through trapping and poisoning, sound construction
procedures or remediation as needed, and reduced access to
human-generated food resources through sanitary efforts (Childs
and Wilson, 1994; Centers for Disease Control and Prevention,
2005), and are essentially the same measures for reducing SEOV
exposure and disease (see sections below).

Controlling exposure to LCMV from laboratory animals and
derived cell cultures requires barrier breeding, periodic testing of
rodent colonies and cultures of derived tissues, prevention of wild
mouse ingression and culling of any colony shown to be infected,
as the role of wild mice in infecting laboratory colonies has been
well-established for decades (Figure 2B) (see Skinner et al., 1977
for review) (https://www.criver.com/sites/default/files/resources/
LymphocyticChoriomeningitisVirusTechnicalSheet.pdf).

In addition to testing samples derived from colonies of mice,
sampling of rodent bedding has been suggested as a means of
surveillance. However, in one significant case, testing of material
failed to identify LCMV contamination of lab mice, which was
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TABLE 1 | Six clusters of solid organ-associated LCMV infection; five from the United States and one from Australia.

Date/location/reference Donor condition Organ transplanted Recipient outcome

(time to death days)

2003/USA/(Fischer et al., 2006) Apparent head trauma Kidney Died (53)

Kidney Died (76)

Liver Died (17)

Lung Died (9)

2005/USA/ No reported disease Kidney Died (23)

Liver Died (26)

Lung Died (23)

Kidney Survived*

2008/Australia/(Palacios et al.,

2008)

Cerebral

Hemorrhage

Kidney Died (36)

Liver Died (30)

Kidney Died (29)

2008/USA/(Centers for Disease

Control and Prevention, 2008)

Cardiac Arrest −2
◦

to

encephalitis

Kidney Died (∼28)

Kidney Died (∼70)

2011/USA/(MacNeil et al., 2012) Cerebral edema Kidney Died (30)

Kidney Survived**

Liver Survived***

Lung Died (20)

2013/USA/(Centers for Disease

Control and Prevention, 2014)

Cerebral

Hemorrhage

Liver Survived/Critically ill****

Kidney Died (20)****

Kidney Survived****

Cornea Survived/Asymptomatic****

Details of the time of occurrence, evidence of donor illness, tissue transplanted, and outcome of recipients of organs are summarized.

*Ribavirin administered day 26 after LCMV discovered as cause.

**Treated with IV acyclovir (2X) and oral valacyclovir.

***No antivirals administered.

****Immunosuppression was promptly reduced and ribavirin and/or intravenous immunoglobulin therapy were initiated.

revealed only after embryo transplants, which also demonstrated
a failure of caesarian delivery to control spread (Ike et al., 2007).

Control of LCMV among hamsters requires radically
different approaches when animals are destined for the pet
trade. Studies have shown control to be problematic even
when recommendations (sealing buildings from wild mice
entry, regular veterinary inspections, monitoring for zoonotic
infections, culling of animals, etc.) to reduce infection among
breeding and distribution centers exist—although they are not
always strictly adhered to or followed (Amman et al., 2007). As
of 2018, the risk of human infection with LCMV among persons
working in breeder facilities is still substantial. In one study, 32%
(N = 97) of workers had antibodies to LCMV and LCM was
diagnosed among four persons (Knust et al., 2014). Of over 1,800
mice tested, the prevalence of LCMV infection was >20% and
RT-PCR identified currently infected mice. Complete culling of
colonies was implemented.

Although a rare phenomenon, the problems associated with
preventing LCMV transmission through solid organ transplant
are formidable. The organizations providing organs have
different operational standards for screening donors and none
screen for LCMV infection (MacNeil et al., 2012). Additionally,
screening is unlikely as it is not considered cost effective. New

occurrences of transplant-associated LCMwill continue to occur,
although rarely (this also applies to other viruses shown to cause
solid organ transplant-associated encephalitis, including West
Nile virus and rabies virus).

Some suggestions for screening donors for history of contact
with wild or pet rodents have beenmade, but given the backlog of
waiting recipients and pressure to obtain organs, the effectiveness
of such efforts will be difficult to assess (MacNeil et al., 2012).
Screening of possibly rejected donors for LCMV infection would
be a necessary component to such a measure, and in past
investigations (Fischer et al., 2006; Fischer, 2008) most donors
showed no evidence of acute LCMV infection and were only
demonstrated to be infected after the fact.

LCM CONCLUSIONS

The original concept of the zoonotic cycle leading to human
LCM was through contact with wild mice and inhalation of
their aerosolized excreta/secreta. From the 1930s onward, it was
well-recognized that LCMV was maintained among mice by
vertical and horizontal transmission among mouse populations
(Figure 2A). The first twist in this traditional cycle was when
LCM outbreaks were linked to lab colonies of mice maintained
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in research institutes. Almost concurrently, it was shown that the
whole mouse was not required for the maintenance of LCMV, but
contact with cell cultures—particularly those of transplantable
tumors—was sufficient to result in substantial outbreaks among
scientists and other personnel working in research settings.

Within a few years, LCMV infection derived from lab and
pet hamsters dwarfed the number of traditional recognized
infections acquired from wild mice. The hamster, once not
a usual suspect, supplanted the mouse as the major link to
human infection and disease—transforming itself into “the usual
suspect.” Through natural maintenance among wild mice, the
ongoing risk of laboratory infections, LCMV’s association with
hamsters—laboratory and pet—and the ongoing phenomenon of
human-to-human transmission, the public health significance of
LCM has an assured future.

SEOUL VIRUS (SEOV) IN
RATTUS NORVEGICUS

There are numerous parallels in the history of Seoul virus (SEOV)
recognition and discovery of host and disease consequences
with that described for LCMV. The disease caused by SEOV
is similar to, but less severe than and more rarely identified
as, that caused by other members of the genus Hantavirus.
The characterization of hantaviral disease as a unique clinical
syndrome across Eurasia preceded the identification and culture
of the agent by several decades.

The earliest modern clinical descriptions of hantaviral disease
were from the undeclared Soviet-Japanese border conflict
(Battles of Khalkhyn Gol) in 1939 (Ishii, 1942; Kitano, 1944a,b;
Smorodintsev et al., 1944, 1959) (Figure 3). Epidemiologic
investigations of outbreaks among combatants led both sides to
conclude that a zoonotic virus was responsible. Although neither
group isolated the agent, the Soviets identified the likely reservoir
as a species of the genus Myodes, while the Japanese indicated
that Apodemus was the likely source (Smorodintsev et al., 1959;
Traub and Wisseman, 1978). The “rediscovery” of the syndrome
occurred during the United Nations action in Korea during the
early 1950s, when a disease with a matching presentation was
reported among several thousand troops (Traub and Wisseman,
1978). As in prior studies, epidemiologic investigations suggested
a rodent-borne zoonotic virus as the likely cause of what
was referred to as “Korean hemorrhagic fever” (KHF). The
means of virus transmission were not known at this time
and some investigations centered around identifying a possible
arthropod vector.

Roughly two decades later, Lee and colleagues (Lee et al.,
1978) demonstrated viral antigen in the lungs of Apodemus
agrarius using convalescent-stage human sera in an indirect
immunofluorescent antibody assay (IFA). The subsequently
isolated virus was named Hantaan virus after a river in South
Korea, in keeping with place designations for proximate locations
where zoonotic and arboviruses are first isolated.

Shortly after Lee’s development of serological tests he
identified a case of disease in an urban maintenance worker
whose history was notable for having killed a rat (genus Rattus).

Apodemus spp. are largely absent from most city environments
and Lee, and colleagues focused on R. norvegicus and the black
rat (Rattus rattus) and isolated a second Hantavirus, SEOV,
from these species (Lee et al., 1982). This led to international
concern that SEOVmight have become or would become globally
disseminated along with the introduced and cosmopolitan
synanthropic Rattus spp. Studies to address these possibilities
revealed the worst-case scenario; Norway rats infected with
SEOV were found on nearly every continent (LeDuc et al., 1986).
Spillover infections to other rodents were not observed and the
genus Rattus was presumed to be the reservoir host (Korch et al.,
1989). Hereafter we mainly focus on the Norway rat’s role in the
maintenance and transmission of SEOV.

CHARACTERISTICS OF HANTAVIRUSES

SEOV is a negative-sense single-stranded RNA virus that is
tri-segmented (McAllister and Jonsson, 2014). The three gene
segments are identified as L, M, and S. The S segment
codes for the nucleocapsid protein, while the M segment
codes for two glycoproteins (Gn and Gc). The L segment
encodes the RNA-dependent RNA polymerase (McAllister and
Jonsson, 2014). Hantaan virus represents the type species of
the family Bunyaviridae while SEOV is likely among the most
widely distributed member of the group. For an extended
period of time, hantaviruses were presumed restricted to three
major rodent groups. The exception was the description of
amplification of Thottapalayam virus using RT-PCR against a
targeted region in the S-segment of other hantaviruses (Arthur
et al., 1992). The virus was isolated from the Asian house shrew
(Suncus murinus)—an insectivore. More recently, identification
of other hantaviruses from additional insectivore species and bats
suggests a more complex and diverse characterization of this
group (Klempa, 2018).

HUMAN INFECTION AND DISEASE

SEOV infection in humans presents as hemorrhagic nephroso-
nephritis or hemorrhagic fever with renal syndrome (HFRS;
Smorodintsev et al., 1944). As with the other Old World
hantaviruses, the name emphasized the hemorrhagic and renal
aspects of infection, rather than the cardiac and pulmonary
components of New World viruses, described in the early
1990s with the discovery of Sin Nombre virus (SNV) in the
Southwestern United States (Nichol et al., 1993).

The course of severe HFRS has been divided into four stages;
a prodromal with non-specific characteristics of fever, aches,
chills, and often accompanied by headache; a hypotensive phase
marked by thrombocytopenia and hypoxemia occurring 3–7 days
after initial onset; a hypertensive stage with renal dysregulation
and pronounced oliguria or anuria; and a convalescence phase
with spontaneous return of renal function, often associated
with polyuria and hypotension. Survivors often experience a
protracted convalescence of weeks/months. Most deaths occur
during phase three (Smadel, 1953; Traub and Wisseman, 1978).
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FIGURE 3 | (A) Time lines documenting the history of major events in our understanding of Old World hantaviruses causing HFRS, focusing on SEOV isolated from

Rattus spp.; from the discovery of a new clinical entity (HFRS) to the identification of virus maintenance among rodents and the taxonomic designation of hantaviruses

with the family Bunyaviridae; (B) details of our understanding of the epidemiology, maintenance, immunobiology, and transmission of SEOV to humans and the

increase in recognized SEOV cases associated with ownership of pet rats.

DIAGNOSIS OF SEOV

Human immune responses to infection are marked (as with rats)
with IgM and IgG antibody responses usually beginning 1–2
weeks after infection (Lee and Johnson, 1982). The presence of
both IgM and IgG antibodies or a four-fold rise in IgG antibody
titers are considered diagnostic of acute infection (LeDuc et al.,
1990; Mattar et al., 2015). Detectable IgG persists for extended
times (Mattar et al., 2015) so that IgG in the absence of IgM is
considered evidence of previous infection.

Many of the early efforts for discovery and diagnosis of
hantaviral infections used thin sections of fixed infected tissues
(often lung) obtained from naturally infected wild rodents
or from intentionally infected lab animals as the antigen for
screening sera for antibodies. Application of a fluorescent-
tagged secondary antibody resulted in a highly specific and
sensitive test—the indirect immunofluorescent antibody assay,
or IFA. These methods were used to diagnose human infections
and to document seroconversion and antibody dynamics in

experimentally infected rats and other species (Lee et al., 1978,
1982). With the successful isolation of Hantaan virus and its
adaptation to tissue culture, infected Vero E-6 cells fixed to
slides became the standard substrate for IFA tests (Lee et al.,
1978). Later enzyme-linked immunosorbent assays (ELISA) and
Western blots (and variants) were developed and used for
screening and identifying important immunologically active
proteins (Schmaljohn et al., 1990).

However, plaque reduction neutralization tests (PRNT) are
considered the gold standard of serological tests as they measure
the function rather than simply the binding of antibodies. PRNT
also allows differentiation of various hantaviruses potentially
causing the infection through comparison of end-point titers.

In the 1990s, reverse transcriptase polymerase chain reaction
(RT-PCR) was first applied to the S segment of hantaviruses
and demonstrated the utility of the technique for virus detection
and differentiation by amplicon size (Arthur et al., 1992). This
development allowed direct identification of SEOV and other
hantaviral RNA in tissues. With the advent of sequencing
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technology with RT-PCR, it was demonstrated that amplicon
sequences varied sufficiently among humans and rodent reservoir
hosts that fine scale heterogeneities could be used to determine
geographic sites of infection. This ability was dramatically
highlighted by studies elucidating the cause and epidemiology of
hantavirus pulmonary syndrome (HPS) caused by Peromyscus-
associated SNV in the Southwestern United States in 1993
(Nichol et al., 1993).

EPIDEMIOLOGY OF SEOV ASSOCIATED
WITH WILD RATS

In humans, infection with SEOV reflects the extent to which
individuals contact infectious rats, although transmission from
wild rats is rare. This includes urban locations where high-density
populations of humans living in low SES neighborhoods, lacking
amenities such as routine garbage removal (Figures 1A,C,D), are
frequently exposed to rats and the prevalence of SEOV infection
among adult animals often exceeds 50% (see section below). As
with other hantaviruses, risk of exposure and infection is defined
by the characteristics of the human population, the environment
features conducive to supporting rat populations and interactions
capturing them in time and space. The usual route of SEOV
transmission from wild rats to humans is presumed by aerosols
of dried excreta/secreta.

Researchers speculate on drivers contributing to the rarity of
diagnosed cases, but few studies have attempted to untangle the
many possible factors. Although biological and/or environmental
barriers presumably preclude ready transmission and infection
of humans with SEOV, physician awareness of this rare disease
is negligible and public health surveillance nonexistent. Acute
illness caused by SEOV, like LCMV, does not have a unique
presentation and signs and symptoms are consistent with a
wide range of diseases (Glass et al., 1994). As with LCM,
specialized testing laboratories are unavailable at most point-of-
entry hospitals and ascribing etiologic cause to agents like these
is a rarity.

The rarity of infection is exemplified by a serosurvey of
more than 1,100 individuals visiting a STD clinic in inner city
Baltimore, Maryland, United States, where only four individuals
had antibodies to SEOV (diagnosed by IFA and confirmed by
PRNT; Figure 1D; Childs and Glass, 1988; Childs et al., 1988a,
1991). During interviews, all four individuals (prior to knowing
their exposure status) volunteered that part of their daily home
maintenance was to sweep rat feces from the paved areas of
their properties. Cleaning activities involving sweeping up rodent
feces are a common risk factor for acquiring hantaviral infection,
presumably due to large or small particle aerosols.

When focusing longitudinal serosurveys of special
populations exhibiting signs suggestive of possible current
or past SEOV infection (e.g., renal dysfunction measured by high
levels of proteinuria or requiring dialysis), three acutely infected
individuals were identified based on a four-fold rise in PRNT
titers. Two of the three had primary symptoms consistent with
HFRS, including striking renal insufficiency and shock (Glass
et al., 1994). This suggests there is some background level of

ongoing transmission by the usual routes to human populations
from wild rats even in the absence of recognized threat.

SEOV PREVALENCE, MAINTENANCE, AND
TRANSMISSION AMONG NORWAY RATS

Surveys for evidence of SEOV in wild Norway rats show
substantial variation in prevalence. Even in the earliest studies
(LeDuc et al., 1986), there was striking geographic variation.
These surveys showed prevalence ranging from single digits, in
various African cities, to 20–40% in Asian and Australian cities.
In North America, most urban areas showed prevalence between
these ranges, except for cities in California (United States), where
infection was not reported, and Baltimore, where it reached the
global extreme. This led to a series of studies in that city to better
characterize the maintenance of the virus in the rodent host and
suggested additional reasons why prevalence could appear to vary
widely in wild rat populations.

One of the first observations was the non-monotonic change
in antibody prevalence with age (size) in the rats. An initially
high, but rapidly decreasing, prevalence of anti-SEOV antibody
among the smallest wild-caught Norway rats was identified
as due to maternal antibody (Figure 4). As maternally-derived
antibodies waned, reaching a nadir just prior to the onset of
sexual maturity, juvenile and sub-adult rats (based on sexual
maturity and body mass determinations) were infected by
SEOV through horizontal transmission routes (detailed below),
producing a characteristic “J-shaped” distribution from cross-
sectional sampling (Figure 3; Childs et al., 1987a, 1988b).

This phenomenon of maternal antibody-derived protection
of neonates challenged with SEOV is reproducible in lab-
reared rats, where immunity lasts for 4–6 weeks (Zhang et al.,
1988). An additional finding corroborating the protective effects
of maternally-derived IgG is the near absence of viral RNA
detected by RT-PCR in rats (Figure 4). In larger/older rats, the
prevalence of infection, as measured both by viral RNA detected
by RT-PCR and serology, can increase until most rats show
evidence of infection—∼80% in Baltimore, which appears to be
a hyper-endemic area (LeDuc et al., 1986; Childs et al., 1987b;
Glass et al., 1988).

SEOV infection in rats results in persistent infection, even in
the presence of high levels of IFA and neutralizing antibodies.
Initial isolation efforts are most often successful by targeting
individuals with high antibody titers (Childs et al., 1987b)
as opposed to LCMV, where horizontally infected mice clear
the virus and seroconvert (see LCMV sections above). SEOV
infection among wild rats causes no obvious overt disease and
survivorship, fecundity, and fertility are unaffected among wild
R. norvegicus (Lee et al., 1986; Childs et al., 1989).

In experimental systems, however, neonates born to
uninfected dams and then infected with SEOV prior to
seven days of age develop a progressive severe clinical course
characterized by weight loss, ruffled fur, ataxia, limb paralysis,
convulsions, and death, most often within 35 days (Zhang
et al., 1988). These observations stand in stark contrast to the
protective effect of maternal antibody in protecting neonates
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FIGURE 4 | Cross-sectional patterns of antibody and RT-PCR prevalence to SEOV among 485 wild Norway rats sampled from Baltimore, MD. The prevalence of

antibody titers and RT-PCR prevalence decline among juvenile rats before rising steadily among adult rats (details are discussed in the text).

from pathogenic effects (Zhang et al., 1988; Dohmae and
Nishimune, 1995).

IMMUNOBIOLOGY OF SEOV
PERSISTENCE IN NORWAY RATS

The existing dogma states that hantaviral infection alone did not
cause overt disease in rats (or other reservoir hosts for different
hantaviruses) except under experimental conditions described
above (Yanagihara et al., 1985; Lee et al., 1986; Hutchinson
et al., 1998; Botten et al., 2000; Wahl-Jensen et al., 2007;
Eyzaguirre et al., 2008). How rats and other rodents infected with
hantaviruses avoid the deleterious effects are not well understood.
Recently, advances have been made in elucidating the basis for
the persistence of SEOV within rats in the face of robust humoral
immune responses.

Persistence is driven by the upregulation of regulatory
responses and downregulation of proinflammatory responses.
SEOV preferentially replicates in rat lungs (Khaiboullina and
St. Jeor, 2002), where the virus is found both in alveolar
macrophages (AMs) and endothelial cells. This may polarize
CD4+ T cell differentiation toward a regulatory T (Treg) cell
phenotype. In vitro, viral infection increases immunological
tolerance by promoting transforming growth factor beta (Tgfβ)
mRNA in AMs and programmed cell death 1 ligand 1 (PD-
L1) in lung microvascular endothelial cells (LMVECs). SEOV-
infected LMVECs, but not AMs, induce increased expression of

Foxp3 expression (the transcriptional factor in Treg cells) and
Treg cell frequency in allogeneic CD4+ T cells (Li and Klein,
2012). In vivo, elevated regulatory responses include TGF-β1 and
numbers of CD4+CD25+FoxP3+ Treg cells in the lungs. This
is associated with persistence of SEOV (Easterbrook et al., 2007a;
Schountz et al., 2007; Easterbrook and Klein, 2008a).

In addition to the regulatory responses, activity along the type
I interferon (IFN) pathway and proinflammatory cytokines (e.g.,
IL-1β, IL-6, TNF-α, and IFN-γ) remain at or below baseline
throughout SEOV infection in the lungs of male, but not female,
Norway rats (Klein et al., 2004a; Easterbrook and Klein, 2008a;
Hannah et al., 2008). Conversely, in the spleen, proinflammatory,
and antiviral responses are elevated during acute SEOV infection
in both sexes (Easterbrook and Klein, 2008a). Infection of bone
marrow-derived macrophages (BMDMs) with SEOV suppresses
NF-κB-mediated inflammatory responses, including TNF-α, IL-
6, and IL-10, and surface marker expression (i.e., MHCII, CD80,
and CD86), suggesting SEOV infection suppresses the innate
immune response in antigen-presenting cells (Au et al., 2010).

These pathways suggest a reason for the observed sex
difference in infection prevalence, with males having a higher
likelihood of infection than females (Glass et al., 1998;
Bernshtein et al., 1999; Hinson et al., 2004; Klein et al., 2004b);
(Douglass et al., 2007). Males have more SEOV RNA and antigen
in target organs and saliva (i.e., vehicle for virus shedding) than
do females (Klein et al., 2001; Hannah et al., 2008). In the
laboratory, removal of the testes in males to reduce androgen
levels also reduces SEOV loads, whereas removal of the ovaries
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in females increases SEOV RNA loads (Hannah et al., 2008). The
expression of innate antiviral (e.g., Tlr7, Myd88, Rig-I, Visa, Ifnβ ,
and Mx2) and proinflammatory (e.g., Tnfα and Ccl5) factors is
higher in the lungs of gonad intact females rats than in males
(Klein et al., 2002, 2004a; Easterbrook and Klein, 2008b; Hannah
et al., 2008), suggesting that this contributes to reduced viral loads
in females compared to males. Conversely, the expression and
production of regulatory factors, including Foxp3 and TGF-β, are
elevated in the lungs of males compared to females (Easterbrook
and Klein, 2008b). This suggests that sex differences in immune
responses during hantavirus infection may be driven by estradiol
in females and testosterone in males, as gonadectomy reverses
these differences (Klein et al., 2004a; Hannah et al., 2008). It
is plausible that reduced innate and proinflammatory defenses
and elevated regulatory responses combined with an increased
propensity to engage in aggression may contribute to increased
maintenance and transmission of hantaviruses among male as
opposed to among female rodents.

THE USUAL AND UNUSUAL ROUTES OF
HUMAN EXPOSURE TO SEOV

Human exposure to SEOV requires contact with infectious
materials from R. norvegicus. As the virus is excreted in feces,
urine and secreted in saliva (Klein et al., 2000), direct contact
with the animal itself is not needed. The first documentation
of hantavirus transmission by the indirect aerosol route was
described among Soviet laboratory workers, facility cleaners and
secretaries who were infected, often without any near contact
with a colony of A. agrarius (Nuzum et al., 1988).

The low prevalence of antibodies among urban residents
with putatively high levels of exposure to infected rats indicates
there is a significant barrier to cross-species transmission.
Whether this barrier(s) is driven by cultural, social, biological, or
environmental factors (or more likely a combination of these) is
not known.

ENTER LABORATORY AND PET RATS

A twist in the risk of SEOV exposure involved a category of
interactions with R. norvegicus where the intent of humans is
to interact with the animals themselves (Figure 3B). As with
LCMV, these at-risk groups are exposed to potentially infectious
animals through occupation (research settings) or avocation (pet
owners). These interactions with rats are outside the realm of
usual interactions with wild Norway rats.

The risk of human exposure and infection among laboratory
researchers and individuals working in breeding facilities with
Norway rats was foreshadowed by the outbreaks among research
labs housing Apodemus spp. (detailed above). HFRS outbreaks
associated with SEOV first occurred among personnel working
with lab rats in Korea and Japan (of note, these occurrences
also provided some additional evidence that an arthropod vector
was not necessary for SEOV transmission) (Umenai et al., 1979;
Lee and Johnson, 1982; Kawamata et al., 1987). Subsequent
outbreaks of SEOV-associated disease among laboratory staff in

Europe (Desmyter et al., 1983; Lloyd et al., 1984) confirmed that
unapparent infections among laboratory stocks of Rattus were
not isolated events and posed a significant health threat, and
remedial actions were instituted. One important step to prevent
maintenance of SEOV in the laboratory was to adopt caesarian
delivery and cross-fostering of pups to known uninfected dams
(Figure 3B) (McKenna et al., 1992).

In parallel with the unfolding history of LCMV, SEOV
was also identified in hybridomas of rat tissues in research
laboratories (Figures 2A, 3A). Once again, it became apparent
that the intact reservoir rodent was not required for viral
persistence. Upon retrospective analyses, cell lines were shown
to remain persistently infected in excess of 8–10 years, indicating
the past and ongoing health risk to laboratory personnel
and the specter of contamination of other cell lines, as
occurred when LCMV was present in cell cultures producing
rabies vaccine (see LCMV sections above) (Lloyd and Jones,
1986). Once serological diagnostic tests became commonplace,
extensive infection among cell lines was eliminated by destroying
contaminated cell lines and culling infected rats in research and
commercial settings to reduce recurrent reinfection.

Although contamination and productive infection by SEOV,
LCMV and other zoonotic viruses (e.g., SV40) is now a well
characterized and largely controllable phenomenon among lab
animals and cell lines, the next twist to SEOV transmission
to humans was unanticipated and posed new challenges to
control. The first reports that owners and breeders of fancy
rats were infected were published in 2013 from Europe
and several localized outbreaks were identified (Figure 3B)
(Jameson et al., 2013; Lundkvist et al., 2013; McElhinney et al.,
2017; Reynes et al., 2017). Similar findings from the USA
followed (Figure 3B).

The association between pet rats and human SEOV was only
recognized by the occurrence of HFRS in humans rather than by
any screening of rats destined for the pet trade. Serological and
virological surveys during investigations of human cases found
levels of SEOV to be between 80 and 100% among breeding
colonies—a figure higher than the prevalence found among wild
rat populations! As these colonies were identified after the human
cases this does not, presumably, reflect the typical prevalence
among breeding colonies more generally. However, the extent of
human infection dwarfed the previous number of acute SEOV
cases resulting from exposures to wild or laboratory animals.
Surveys of more than 800 people involved in Rattus work,
either professionally or for avocation, found evidence of SEOV
infection in more than a third of this population (Duggan et al.,
2017). The highest prevalence was among persons maintaining
rats as pets, with substantially lower rates in those involved
with professional activities in laboratories. Considering that the
prevalence of SEOV antibodies is <0.5% among populations of
urban residents living in conditions where dense populations
of Norway rats exist and where a large proportion are infected
by SEOV (Figures 1C,D), the results reported from surveys of
rat owners were staggering. When it was considered as dogma
to accept that SEOV transmission to humans was rare, these
results indicated that in the right settings, transmission was
actually common.
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Most recently, a sizable outbreak of SEOV was identified
among pet rat owners in North America (Kerins et al., 2018). The
disease was identified in two individuals and follow-up studies
showed that more than 10% of people tested were antibody-
positive to SEOV. Investigations of more than 100 facilities found
evidence of infection either in people or Rattus at more than 30%
of sites. These findings—shifting attention from the usual (albeit
rare) epidemiologic cycle of SEOV transmission from wild rat to
human, or from the more unusual laboratory rat or cell line to
human—demonstrated that ownership and interactions with pet
rats changed our whole notion about risks for infection.

Two major findings emerged from these outbreaks among
pet owners. Of public health concern was the number of
SEOV cases and severity of disease among rat owners. The
numbers of humans involved eclipsed the few sporadic cases of
disease/infection reported among the general public interacting
with the wild reservoir of SEOV—an eerie parallel to the
emergence of LCMV among owners of hamsters. Secondly,
the introduction of SEOV into rat breeding colonies, aimed
for the fancy rat admirer or simply persons wanting a plain
rat pet, was geographically extensive and was likely to be
found beyond Europe and North America. An immediate
consequence of these reports was that no adequate surveillance
and control policies were in place to protect the public,
as breeding of rats destined for the pet trade does not
require a dedicated facility but can be a household or cottage
industry; control will be challenging and incomplete at best.
This represents déjà vu for persons previously following
LCMV’s peregrinations.

The likely reason for these high rates of infection among rat
fanciers has been explored in Europe (Robin et al., 2017). In
semi-structured surveys it was concluded that owners re-framed
the perception of their rats to “pets” away from the perspective
of synanthropic wild animals, so that the fancy rat became
qualitatively distinct and was presumed “clean”—in essence a
“new” species divorced from pestilential baggage carried by the
wild ancestor. In the absence of overt clinical disease in the
pet rat and lack of awareness of how persistent SEOV infection
can perpetuate infection from generation to generation, there
was simply a misperception among owners of the potential risk
of rat-to-human transmission. This was one proposed reason
for why levels of SEOV infection among owners of fancy rats
were elevated nearly 20-fold above that of commercial breeders
(Duggan et al., 2017).

CONTROLLING SEOV TRANSMISSION

The traditional approach to reduce SEOV exposure and
transmission from wild Norway rats involves rat population
control in urban areas. Population reduction is achievable but
eradication of rats even from intensely targeted locations is rarely
achieved, and populations typically rebound over months even
when reductions may exceed 50% (Gardner-Santana et al., 2009;
Glass et al., 2016). Control efforts have typically relied heavily on
the application of rodenticide, and still do in most urban settings,
but the implementation of integrative pest management (IPM)

has achieved longer dampening of populations as they can alter
the carrying capacity of targeted locations (Keiner, 2005).

Early attempts to mitigate populations through IPM involved
both ecological and environmental interventions to reduce
carrying capacity by reducing food and shelter resources, with
complementary population reduction by trapping or chemical
means (see Davis, 1953). The IPM approach was embraced by
CDC initiatives in the 1970s directed at improving conditions
to reduce rat infestation levels through a block-by-block
intervention protocol carried out within targeted cities (including
Baltimore), which was effective but not sustainable (Centers for
Disease Control and Prevention, 1981, 1982a,b).

As a rare case in point, Baltimore reinstated these protocols
in the mid-1990s in response to rat infestations in several city
locations that proved resistant to rodenticide applications. A
combination of targeted rodenticide-baiting, trash collection,
public education, reduction in nesting sites and other
habitat modifications were applied in two neighborhoods
of ∼1,700 households (Lambpropolous et al., 1999). One of
the neighborhoods was heavily infested (21% households with
rats in adjoining alleys or within homes), while in the other
rat infestation was only 4%. After a 3-month intervention,
infestations had been reduced to 8 and 0.3%, respectively.
At 6 months post-intervention, infestation levels in the heavily
infested neighborhood had returned to 20%while rat populations
were undetectable in the less intensively infested area. Based
on the limited sample size, the conclusion was that there may
be some level of infestation above which ongoing IPM control
efforts will fail to solve effectively in the long term.

The cause of this IPM failure was the basis for further studies.
As observed repeatedly (Abelkrim et al., 2005; Gardner-Santana
et al., 2009; Combs et al., 2018), Norway rats show highly
structured populations with substantial population/genetic
isolation by distance over hundreds of meters. Examination of
maternity/paternity dyads in wild rats showed, however, distinct
mate-seeking behavior compared to normal movements. While
most non-sexual activities among individual rats occur within
100m (Glass et al., 1989, 2016), mates often came from more
distant alleys (likely beyond the geographic range of the IPM
studies), essentially expanding the potential pool of mates and
buffering local populations from perturbations.

Consequently, new strategies are needed to target
interconnected populations. Population genetic studies that
trace and link rat-infested locations by determining levels of
gene flow should help to inform intervention efforts by defining
and targeting an Eradication Unit rather than relying on block-
by-block or simple community-based control (Robertson and
Gemmell, 2004).

Although the outcomes of single or limited interventions
to control targeted rat populations may be unconvincing,
the conclusion that sustained IPM strategies are critical
is unchanged. We have no other actionable options that
simultaneously address human and rat behavior at the
community level, mitigate environmental conditions
that provide key resources for rat populations and
improve sanitation (garbage and major refuse removal)
measures provided by local government agencies.
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However, examples of long-term community and political
commitment to sustain efforts are few and rarely achieved
(Childs and Glass, 1988; Lambpropolous et al., 1999).

Reduction of SEOV infection of lab colonies of rats has been
achieved in part by placing the burden of screening and culling
on commercial operations maintaining breeding stock. However,
ongoing surveillance of such colonies is required as ongoing
reintroduction of SEOV (and other pathogens) from wild rats
remains a threat (Easterbrook et al., 2007b; Reynes et al., 2017).

Individuals who place themselves at risk of SEOV infection
by intentionally adopting rats as pets pose a unique and
challenging group for intervention. As noted by Robin et al.
(2017), this group has a perception that their domesticated
rats pose little or no risk. Prevention for this group is more
direct but has practical challenges influenced by the rat–virus
interactions that produce persistent, unapparent infections in the
reservoir. Historically, most pest control strategies focused on
the inadvertent exposure population rather than this group. In
the absence of routinely scheduled diagnostic testing of breeding
colonies, which range from commercial enterprises to cottage
industries, the lack of apparent disease among pet rats will
permit persistent infection among closely housed individuals and
across generations.

SUMMARY AND CONCLUSIONS

LCMV and SEOV are rodent-borne zoonotic pathogens that
enjoy a global or near global distribution. The murid rodents,
M. musculus and R. norvegicus, were introduced with ship-borne
commerce and colonization and are the primary reservoir hosts
for LCMV and SEOV, respectively.

The original concept of the zoonotic cycle linking
transmission of LCMV and SEOV to humans through contact
with their wild rodent hosts was established within a year after
the discovery of LCMV as a cause of aseptic meningitis but
required several decades to definitively link wild rodents as the
source of viruses causing HFRS among humans (Figures 2, 3).
A few years after the isolation of HTNV, the closely related
SEOV was isolated from urban Rattus spp. and was shown
to be responsible for HFRS among residents of Seoul, Korea.
In this way, the natural or usual zoonotic transmission cycle
was established linking human disease to wild rodent contact
or proximity.

Within years, subsequent reports of laboratory-acquired
infections caused by both viruses indicated that breeding stocks
of rodents were contaminated. Patterns of infection and disease
implicated aerosol transmission of LCMV and SEOV shed within
rodent secreta/excreta, indicating that physical contact with the
reservoir host was not required, adding an important element
into the simple zoonotic cycle. It was also the first indication that
simple zoonoses of wild animals had slipped unrecognized into
human enterprises on a broader scale than had been previously
appreciated. The realization that breeding stocks of rodents were
infected with both LCMV and SEOV and were the source of
human disease was not anticipated and raised questions about
health security among lab personnel, commercial breeders and,

importantly, the reliability of scientific studies using potentially
infected rodents as the basis for experimental outcomes.

Almost concurrently it was shown that the whole mouse or rat
was not required for the maintenance and transmission of LCMV
or SEOV, but contact with virus-contaminated cell cultures,
particularly those of transplantable tumors or hybridomas, was
sufficient to produce substantial outbreaks among scientists and
other personnel working in research settings. The usual and
traditional zoonotic cycle of virus maintenance among wild
rodents and transmission to humans via aerosolization of, or
contact with, infectious secreta/excreta was far too simple. The
transmission from inadvertently infected conspecific laboratory
animals was deemed unusual but understandable, but infection
from cell cultures, often repeatedly passed, was out of the
ordinary and an unusual twist to be added within the expanding
concept of the zoonotic cycle. Of particular note, outbreaks of
LCMV- and SEOV-related infection/disease were more extensive
than reported in natural settings, where only the simplest
cycle existed.

Within years of the discovery of lab mice and mouse-derived
cell cultures as the source of human disease, a nearly identical
pattern of discoveries unfolded—but in these instances the source
of LCMV was from hamsters (most notably the golden hamster),
a different rodent species in a taxonomically removed family.
In short order, infections were being diagnosed within research
settings and among residents keeping golden hamsters as pets.
Outbreaks caused by LCMV among hamster owners exceeded
by several orders of magnitude the total number of acute cases
ascribed to contact with wild house mice—the original and only
species in the initial scheme of the zoonotic cycle. Not only
had a distantly related rodent become involved in what had
become the most “routine” transmission of LCMV to humans,
its public health significance as the most important intermediary
in the zoonotic cycle of transmission to humans established
this species as the new reigning reservoir host. This unusual
twist completely rearranged our thinking on zoonotic cycling
of LCMV.

In a manner that partially mirrors events driving our new
understanding of LCMV epidemiology, with SEOV, which
rarely causes clinically diagnosed infection among the general
population that has high levels of exposures to infected wild
Norway rat populations, there has emerged disease outbreaks
among persons owning fancy rats as pets. Like owning
pet hamsters, these are inadvertent but intentional induced
exposures from animals assumed to be virus free. Controlling
these unusual routes of transmission are daunting and requires
efforts entirely different from routine IPM measures aimed at
controlling wild rodent populations. In both LCMV and SEOV,
the immunobiology of rodent–virus interactions produces occult
infections that require substantial diagnostic efforts to eliminate
the threat.

At this juncture, the different, unusual, and unpredicted
routes of LCMV transmission diverge from that of SEOV.
Beginning with the demonstration that human-to-human
transmission from acutely infected women during pregnancy
resulted in severe, often fatal consequences to the fetus and
permanent sequelae among surviving offspring (Figure 2B),
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a new twist, again unanticipated, was identified. Human-
to-human transmission of LCMV to solid organ recipients
caused severe, and most often fatal, disease (Table 1). In some
cases, infection among donors was linked to ownership of
pet hamsters while in most cases the source of infection
remained undetermined. Traceback studies showed that infected
breeding stocks distributed to wholesale suppliers were the source
of infection to pet owners. Of note, these rare occurrences
highlighted how often LCMV infection goes unsuspected
and undiagnosed.

The evolution of transmission routes for human infection by
LCMV and SEOV have unfolded the highly complex interactions,
deviating dramatically from the usual or classically defined
zoonotic cycle of one reservoir species transmitting these viruses
directly or indirectly to humans. A bewildering transmission
web has evolved, linking the interaction of multiple variables to
human infection, as humans have found new ways to interact
with these rodents.

One fact is the maintenance of both viruses within wild
rodents will continue to provide renewed sources for virus
spillover to other rodent hosts owned as pets. These viruses
have surprised us on numerous occasions, and whether no new
string will be added to the complex web of transmission is

uncertain. However, the epidemiology of these viruses’ urban
infections promotes that possibility. The global percentage of
humans living in cities has surpassed 50% and continues to
grow. Inevitably, many residents of burgeoning cities will live
in conditions highly conducive to significant human–rodent
interactions and these will be locations for examining increased
incidence/prevalence of human infection and disease. Whatever
twists remain, these viruses are here to stay and their significance
in causing substantial public health challenges, perhaps limited
today, is likely to increase.
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