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Arenaviruses can cause fatal human haemorrhagic fever (HF) diseases for which vaccines and
therapies are extremely limited. Both the New World (NW) and Old World (OW) groups of
arenaviruses contain HF-causing pathogens. Although these two groups share many similarities,
important differences with regard to pathogenicity and molecular mechanisms of virus infection
exist. These closely related pathogens share many characteristics, including genome structure,
viral assembly, natural host selection and the ability to interfere with innate immune signalling.
However, members of the NW and OW viruses appear to use different receptors for cellular entry,
as well as different mechanisms of virus internalization. General differences in disease signs and
symptoms and pathological lesions in patients infected with either NW or OW arenaviruses are
also noted and discussed herein. Whilst both the OW Lassa virus (LASV) and the NW Junin virus
(JUNV) can cause disruption of the vascular endothelium, which is an important pathological
feature of HF, the immune responses to these related pathogens seem to be quite distinct.
Whereas LASV infection results in an overall generalized immune suppression, patients infected
with JUNV seem to develop a cytokine storm. Additionally, the type of immune response required
for recovery and clearance of the virus is different between NW and OW infections. These
differences may be important to allow the viruses to evade host immune detection. Understanding
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these differences will aid the development of new vaccines and treatment strategies against

Introduction

Arenaviruses cause deadly haemorrhagic fever (HF) infec-
tions that are often neglected tropical diseases. Some
reports indicate that Lassa virus (LASV) infects up to
300 000 people leading to 5000 deaths each year (Giinther
& Lenz, 2004; McCormick et al., 1987a), whilst other
reports indicate as many 2 million infected individuals
resulting in 5000-10000 deaths annually (McCormick,
1999). Although most individuals exposed to LASV are
able to mount an appropriate immune response that is
capable of clearing the virus, those individuals who are
unable to do so experience severe disease that often
culminates in death. At present, no vaccine is available for
the prevention of Lassa HF, and treatment options are
extremely limited. The only antiviral used to combat
arenavirus infection is ribavirin, which is effective only
when given early during the course of infection and has
significant toxic side effects (Giinther & Lenz, 2004). Junin
virus (JUNV), the causative agent of Argentine haemor-
rhagic fever (AHF), is also a pathogen of significant
concern for humans. The Candid #1 vaccine is effec-
tive in protecting against AHF and may also provide

cross-protection against Machupo virus (MACV) infec-
tion, although it is currently only licensed for use in
Argentina (Jahrling et al., 1988). Although this vaccine is
available for the prevention of AHF, safety concerns exist.
Therefore, development of better treatment methods for
arenavirus-induced HFs is still needed. Several animal
models exist for characterizing arenavirus-induced disease
pathogenesis. Some of these include non-human primates,
inbred and outbred guinea pigs and Syrian golden
hamsters, as well as various immunodeficient strains of
mice. For recent review articles detailing these model
systems, see Lukashevich (2013) and Vela (2012).

Arenaviruses are bi-segmented ambisense RNA viruses
(Fig. 1). The large (L) RNA segment encodes the L RNA-
dependent RNA polymerase (RdRp) in a negative-sense
orientation. The L polymerase is responsible for transcrib-
ing viral mRNAs as well as replicating the genome. This is
an extremely large protein (~250 kDa) and contains four
conserved domains (Brunotte et al, 2011). Domain I
contains endonuclease activity, which is thought to be
involved in cleaving 5" caps from cellular mRNAs in the
process known as cap snatching for the purpose of priming
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Fig. 1. Arenavirus genome structure. Arenaviruses are bi-
segmented, ambisense RNA viruses. The genomic large (L)
segment encodes the Z matrix protein in the positive-sense
orientation and the L polymerase in the negative-sense orientation.
The two genes are separated by an intergenic region (IGR) with
secondary structure. The genomic small (S) segment contains the
glycoprotein (GPC) gene in the positive-sense orientation and the
nucleoprotein (NP) gene in the negative-sense orientation. Both
segments have 5’ and 3’ untranslated regions (UTRs) with
complementarity, allowing the genome segments to circularize
into a panhandle structure.

viral mRNA transcription (Morin et al, 2010; Raju et al.,
1990). Domain III of the L polymerase contains the RdRp
domain (Vieth et al., 2004). The potential functional roles
of the conserved domains II and IV are currently unknown.
The Z matrix protein is also encoded on the L genomic
segment but in a positive-sense orientation. The L and Z
genes are separated by an intergenic region with stable
secondary structure that is thought to be involved in
transcriptional termination and stability of arenavirus
mRNAs, which are not polyadenylated (Pinschewer et al.,
2005). The small (S) genomic segment encodes the
nucleoprotein (NP) gene in the negative-sense orientation
and the glycoprotein (GP) precursor (GPC) in the positive-
sense orientation, separated by an intergenic region. The
GPC protein must be proteolytically processed into three
fragments: the stable signal peptide (SSP), globular head
(GP1), and transmembrane domain (GP2). The SSP is
cleaved in the endoplasmic reticulum by signal peptidase,
whilst GP1 and GP2 are cleaved by the cellular protease
subtilisin kexin isozyme-1(SKI-1)/site 1 protease (SIP)
(Beyer et al., 2003; Eichler et al., 2003a, b; York & Nunberg,
2007). The SSP remains associated with GP2, and these
structures trimerize to form a functional glycoprotein
(York et al., 2004). The 5" and 3’ untranslated regions of
each of the viral genomic segments are complementary to
each other, and their base pairing allows the genome
segments to circularize, thus forming panhandle structures
(Perez & de la Torre, 2003).

Despite the fact that arenavirus infections in humans share
many characteristics in terms of disease manifestation,
pathology and viral biology, differences in other aspects of
virus infection also exist. In the following sections, we aim to
provide a comprehensive analysis of current knowledge about
New World (NW) and Old World (OW) arenavirus-induced

HFs and to outline some of the significant differences between
the major viruses (e.g. LASV and JUNV) that are responsible
for severe HF diseases in humans. Understanding the
similarities and differences between different arenavirus
infections is important for the development of new methods
of treatment and for vaccines against these deadly viral
pathogens.

Phylogenetic and epidemiological differences
between NW and OW arenaviruses

The family Arenaviridae is classified into two groups: the
NW and the OW arenaviruses (Table 1). This distinction is
based on geographical distribution and serological related-
ness, as well as phylogeny (Fig. 2). Here, we will focus on
the arenaviruses that have pathogenic potential for
humans. The OW arenaviruses that have potential to cause
human diseases include LASV, lymphocytic choriomenin-
gitis virus (LCMV) and Lujo virus (LUJV). The reservoir
species for nearly all arenaviruses capable of causing
diseases in humans are various members of the rodent
order (Table 1). These natural hosts maintain high viral
loads, despite the lack of any inherent disease (Buchmeier
et al., 2001). The viruses can be maintained in the rodent
hosts via either vertical or horizontal transmission, or by
both mechanisms. Female rodents infected with JUNV or
MACYV demonstrate reduced fertility, thereby necessitating
horizontal transmission in the host population. In contrast,
LCMYV does not cause infertility in its host species, and can
be maintained solely through vertical transmission (Childs
& Peters, 1993; Webb et al., 1975; Zapata & Salvato, 2013).
LASV is carried by Mastomys natalensis, a multimammate
rat common in West Africa where LASV infection is
endemic and enzootic. The host range for LCMV is much
broader, as its host, Mus musculus (the common mouse),
has a worldwide distribution and thus LCMV does as well.

The South American arenaviruses that cause diseases in
humans are JUNV, Guanarito virus (GTOV), MACV, Sabia
virus (SABV) and Chapare virus (CHPV). These NW
viruses are responsible for causing human HF in Argentina,
Venezuela, Bolivia, Brazil and Bolivia, respectively. Only
one naturally occurring case each has been reported for
SABV and CHPV infections. All of the NW arenaviruses
that cause human diseases belong to NW clade B. The fact
that non-pathogenic viruses are also found in this clade
suggests that phylogenetic relatedness is not a good
indicator of pathogenicity for arenaviruses. The reservoir
species for the NW arenaviruses that cause human diseases
are also rodents: JUNV is found in Calomys musculinus
(drylands vesper mouse) (Mills et al, 1991), GTOV has
been shown to be carried by Zygodontomys brevicauda
(common cane mouse) (Fulhorst et al, 1997) and the
natural reservoir for MACV is Calomys callosus (large
vesper mouse) (Johnson et al., 1966). The natural range of
the host species for each respective virus is the determining
factor for the endemicity of human disease. Consumption
of food contaminated with urine or faeces from infected
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Table 1. Arenavirus distribution, host species and disease incidence in humans

References: Aguilar et al. (2009); Ambrosio et al. (2011); Charrel & de Lamballerie (2003); Delgado et al. (2008); Enria et al. (2008); Fulhorst et al.
(2008); Harrison et al. (1999); Coimbra et al. (1994); McCormick (1999); Paweska et al. (2009).

Lassa virus

Virus Geographical Natural host species Incidence of disease
location
Old World
LCMV Worldwide ~ Mus musculus (common mouse) Over 5% of people show evidence of previous

West Africa  Mastomys natalensis (multimammate rat)

Lujo virus South Africa  Unknown

New World

Junin virus Argentina Calomys musculinus (drylands vesper mouse)

Machupo virus Bolivia Calomys callosus (large vesper mouse)

Sabia virus Brazil Unknown

Guanarito virus Venezuela Zygodontomys brevicauda (common cane mouse) 618 cases, 23 % fatal
Chapare virus Bolivia Unknown

exposure, <1 % mortality

Approximately 2 million infections annually and
between 5000—10 000 deaths

Five identified cases, four fatal

300-1000 cases yeaf1 before vaccine, 30-50
cases yeaf1 after introduction of vaccine, 15-30 %
mortality

1962-1964 :1000 cases; 1990s: 19 cases; 2007—2008:
>200 cases; ~20 % mortality

One naturally occurring case, fatal

One confirmed case, fatal

rodents is a common route of infection. Infection may also
occur via inhalation of aerosolized particles or through
contaminated medical equipment.

The incidence of disease varies for each of these
arenaviruses. Although LCMV has the largest worldwide
distribution, and therefore the potential to infect larger
numbers of people, the incidence of disease caused by this
virus is low. Acquired LCMYV infection is not a significant
cause for concern in adult populations. Whereas more than
5% of humans show evidence of previous exposure to
LCMYV, the disease has a mortality rate of less than 1%
(Peters, 2006). In contrast, congenital LCMV infection can
be quite serious, and may even result in spontaneous
abortion or fetal death. However, the number of congenital
infections is unknown, as only severe cases are reported.
Therefore, we cannot objectively estimate the disease
incidence for congenital LCMV infection (Bonthius,
2012). Recently, LCMV has proven to be an important
pathogen in immunocompromised individuals. Fourteen
cases have been reported of LCMV infection resulting from
organ transplant, and 11 of these cases proved fatal (CDC,
2008; Fischer et al., 2006; MacNeil et al, 2012). Whilst
LCMV infection is serious for immunocompromised
individuals, this virus does not pose a significant threat
to healthy adults. In contrast, LASV infection can be quite
serious and annually infects a significant portion of the
human population. In some areas, as much as 55 % of the
population shows evidence of previous exposure to LASV
infection, underscoring the importance of this pathogen as
a risk to endemic populations (Lukashevich et al., 1993).
LUJV infection has been identified in only five individuals
to date. However, four of these cases proved fatal,

highlighting the pathogenic potential for this newly
discovered OW arenavirus (Paweska et al., 2009).

Although the numbers of NW arenavirus infections are not
as impressive as the number of LASV infections, these
viruses still cause significant human disease. Of these viruses,
JUNV is responsible for the highest levels of morbidity and
mortality, resulting in approximately 300-1000 cases
diagnosed per year before the development of the Candid
#1 vaccine. Since the implementation of Candid #1
vaccination, the infection rate has decreased to 30-50 cases
annually (Ambrosio et al., 2011; Enria et al., 2008; Harrison
et al., 1999). The mortality rate for untreated cases of JUNV
infection is high, at 15-30 % (Harrison et al, 1999). MACV
infection is also a significant cause for concern. However,
unlike JUNV infection, which maintains a constant presence
in endemic regions, MACV infections have surfaced
sporadically in the form of outbreaks. From 1962 to 1964,
there were 1000 reported cases. In the 1990s, 19 cases were
reported. Over 200 cases of MACV infection were reported
in 2007-2008. Even though this virus only seems to emerge
sporadically, the mortality rate is high at 20 %, and warrants
the development of vaccines and therapies for those afflicted
with the disease (Aguilar et al, 2009; Charrel & de
Lamballerie, 2003). To date, 618 cases of GTOV infection
have been reported, with 23 % of these cases resulting in
death (Fulhorst et al., 2008). Whilst GTOV infection is not
common, the mortality rate is high, giving cause for
concern. Only one naturally occurring case has been
reported each for CHPV and SABV infections, but in both
cases the disease resulted in death, underscoring the
seriousness of the disease caused by arenavirus-induced
HFs. Additionally, there was a case of laboratory-acquired
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Fig. 2. Arenavirus phylogenetic tree. Multiple sequence alignment of the complete GPC protein sequences from different
arenaviruses by CLUSTAL w analysis. A phylogenetic tree was generated using the unweighted pair group method with arithmetic
mean, using MacVector 12.6.0. Horizontal distances represent protein differences: bar, 0.05 amino acid changes per site.
Arenavirus GPCs included are: Oliveros virus (OLVV) (GenBank accession no. YP_001649210), Latino virus (LATV)
(Q8B121), Flexal virus (FLEV) virus (YP_001936019), Pichinde virus (PICV) (ABU39904), Pirital virus (PIRV) (YP025080),
White Water Arroyo virus (WWAV) (Q911P0), Tamiami virus (TAMV) (Q8AYY5), Bear Canyon virus (BCNV) (AOPJ25),
Tacaribe virus (TCRV) (P18141), Machupo virus (MACV) (NP899212), Junin virus (JUNV) (P26313), Sabia virus (SABV)
(Q90037), Chapare virus (CHPV) (B2C4J0), Cupixi virus (CPXV) (Q8B115), Guanarito virus (GTOV) (Q8AYW 1), Amapari
virus (AMAV) (YP_001649208), Lujo virus (YP 002929490), lymphocytic choriomeningitis virus (LCMV) (AAX49341),
Dandenon virus (ABY20729), lppy virus (Q27YE4), Lassa virus (LASV) (P08669), Mopeia virus (MOPV) (P19240) and Mobala
virus (MBLV) (Q2A069). OW, Old World arenaviruses. New World arenaviruses are divided into clades A, B and C, as well as

the A/rec recombinant lineage. Pathogenic arenaviruses are indicated by an asterisk.

SABV infection that was not fatal (Coimbra et al., 1994;
Delgado et al., 2008).

Similarities and differences in disease
manifestations caused by NW and OW
arenaviruses

Arenavirus HFs vary widely in their disease manifestations
(Table 2). Some of the signs and symptoms that seem to be
shared among patients with severe arenavirus infections are

fever, leukopenia, oedema, shock, petechiae, elevated liver
transaminases, myalgia and vomiting. Interestingly, even
individuals infected with the same virus can show a wide
variety of signs and symptoms, which can make diagnosis
difficult. This is very common with patients infected with
LASV, and individuals infected with LASV are frequently
misdiagnosed. Currently, the only treatment of Lassa HF is
the nucleoside analogue ribavirin. However, this treatment
is only effective if given early on during the course of infec-
tion. Therefore, misdiagnosis can have serious consequences.

4
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Table 2. Disease signs and symptoms of arenavirus HFs

References: Aguilar et al. (2009); Delgado et al. (2008); Enria et al. (2008); Harrison et al. (1999); Kilgore et al. (1997); Coimbra et al. (1994);
Maiztegui et al. (1979); de Manzione et al. (1998); Moraz & Kunz (2011); Paweska et al. (2009); Salas et al. (1991); Vainrub & Salas (1994).

Sign/symptom Old World New World
LASV LUJV JUNV MACV GTOV SABV CHPV

Haemorrhage Mild Yes Infrequent Infrequent Yes Yes Yes
Fever Yes Yes Yes Yes Yes Yes Yes
Leukopenia Yes Yes Yes Yes Yes Yes -
Thrombocytopenia infrequent Yes Yes Yes Yes - -
Oedema Yes Yes Yes Yes Yes Yes -
Shock Yes - Yes Yes Yes Yes -
Petechiae Yes Yes Yes Yes Yes Yes -
Elevated AST/ALT* Yes Yes Yes Yes Yes Yes -
Late neurological syndrome No - Yes - - - -
Seizure Yes - Yes Yes Yes Yes -
Respiratory distress Yes Yes - - - - -
Myalgia Yes Yes Yes Yes Yes Yes Yes
Vomiting Yes Yes Yes Yes Yes Yes Yes
Arthralgia Yes - Yes Yes Yes - Yes
Sensorineural deafness Yes - No No No - -
Hypotension Yes - Yes Yes - - -
Vascular lesions No - No No - - -
Elevated cytokines No - Yes Yes - - -

*AST, aspartate aminotransferase; ALT, alanine aminotransferase.

In addition to the general signs and symptoms of severe
arenavirus infections described above, Lassa fever infections
can also result in pharyngitis, retrosternal pain, proteinuria,
sore throat, mucosal bleeding, deafness, pleural effusion,
pericardial effusion, malaise, headache, nausea, diarrhoea
and thrombocytopenia (McCormick et al, 1987b; Moraz &
Kunz, 2011). Lassa cases which typically result in death may
also exhibit mucosal bleeding, pulmonary oedema, respi-
ratory distress, shock, encephalopathy, seizures, and coma
(Moraz & Kunz, 2011). Approximately 15 % of Lassa patients
suffer from sensorineural deafness (Cummins et al., 1990a).
With such a wide range of signs and symptoms, which may
range from asymptomatic to multi-systemic failure and
death, Lassa fever has proven difficult to diagnose. The wide
variety of symptoms in combination with the fact that early
signs and symptoms are common to many virus infections
result in the infection sometimes being mistaken for malaria,
typhoid fever or influenza, among other febrile illnesses
(Monath & Casals, 1975).

Whilst LUJV has only recently been discovered and only
five cases identified, this virus elicits many shared
symptoms as those displayed during LASV infection.
Patients suffering from LUJV infection are reported to
experience diarrhoea, vomiting, fever, chest pain, sore
throat, rash, myalgia, facial swelling, respiratory distress,
cerebral oedema, thrombocytopenia, elevated liver transa-
minases, fever and leukopenia. Mild bleeding was observed
in three of the five patients (Paweska et al., 2009). Although

only five cases have been identified, four of these resulted
in death, underscoring the seriousness of the disease.

Among the NW arenaviruses, CHPV and SABV infections
have only been identified as single incidents, whilst JUNV,
MACYV and GTOV have infected many people. The disease
manifestations caused by infection with these viruses
display many of the same symptoms observed with OW
arenavirus-induced HFs. Additional symptoms produc-
ed by JUNV infection, the most serious of the NW
arenaviruses in terms of human infections, include mild
hypotension and conjunctivitis. Neurological symptoms
such as irritability, lethargy and hyporeflexia have also been
observed. Severe cases may exhibit haemorrhagic manifes-
tations, leukopenia, thrombocytopenia, shock and seizures
(Harrison et al, 1999). Similarly, patients infected with
MACYV may exhibit gingival haemorrhage, nausea, gastro-
intestinal haemorrhage, thrombocytopenia, haematuria,
tremor, anorexia and respiratory distress (Aguilar et al.,
2009), as well as some of the symptoms listed above as
common to arenavirus HFs. Additional signs and symp-
toms reported for individuals infected with GTOV include
malaise, headache, sore throat, abdominal pain, diarrhoea,
convulsions, thrombocytopenia and various haemorrhagic
manifestations (de Manzione et al., 1998). Whereas there is
variation among the disease manifestations, many of these
arenavirus infections display shared symptoms. It is
important to note that, whilst disease manifestation can
vary based on the infecting virus, a wide range of
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symptoms may be exhibited by individuals infected even
with the same arenavirus, in which some patients may
experience very mild disease, whereas others present with
severe HF.

Pathological analyses of patients infected with JUNV
(NW) or LASV (OW)

Although diagnosis of arenaviral HF presents challenges
because of the wide spectrum of symptoms displayed by
infected patients, determination of the cause of death
has proven even more challenging. The cause of death
from arenaviral HF is not well understood. Recent studies
are making progress in understanding the pathology of
the disease. Although similarities are seen between the
pathologies of HF induced by OW versus NW viruses,
many differences also exist.

One consistent predictor of disease outcome in cases of
LASV HF is the level of viraemia. Those individuals with
high viral loads display more exacerbated disease and are
given a poor prognosis (Johnson et al, 1987). Patients with
viral loads higher than 8.5 log;, p.fu. ml™' typically
succumb to the disease (Oldstone & Campbell, 2011). In
contrast, individuals with lower initial viral loads typically
are capable of clearing the infection and survive (Johnson
et al., 1987). Whilst LASV infects many vital organs and cell
types and replicates to high titres, the resulting histological
damage in any of these organs and tissues alone is not
severe enough to account for the cause of death in these
patients. High viral titres can be found in the blood, liver,
spleen, lung and adrenal gland. The most consistent
histopathological lesions are found in the liver, lung and
adrenal gland, with the most severe pathology being found
in the liver. Hepatocellular necrosis, mononuclear pha-
gocytic reaction and focal hepatocellular cytoplasmic
degeneration are the most common liver pathologies but
with little recruitment of inflammatory cells into this
organ. However, none of the pathological lesions found are
severe enough to account for the cause of death (Walker
et al., 1982a).

Whereas the level of viraemia is a good indicator of disease
prognosis for individuals infected with LASV, endogenous
levels of IFN-o are indicative of disease outcome in JUNV-
infected patients. During the second week of disease, the
IFN-o levels are extremely high in cases that result in
fatality (Levis et al., 1985). Haemorrhage, neurological
changes, leukopenia and thrombocytopenia are much
more common in AHF patients than in LASV-infected
patients (Pfau, 1996). Although viral hepatitis is common
in LASV-infected patients, it is uncommon or mild in
individuals infected with JUNV (Pfau, 1996). Renal papillary
necrosis is also noted in JUNV infection, and these necrotic
sites coincide with the presence of viral antigen production
(Elsner et al., 1973; Maiztegui et al., 1975). Myocarditis and
secondary bacterial infection in the lungs are also observed
in fatal cases (Elsner et al, 1973). Cases of GTOV and
MACV infection resemble JUNV-mediated pathology,

which is not unexpected given the phylogenetic relatedness
of these viral pathogens (de Manzione et al., 1998; Johnson
et al., 1967; Stinebaugh et al., 1966; Tesh et al., 1994).

Differences in coagulopathies caused by JUNV (NW)
and LASV (OW) infections

Although arenaviruses can cause HF in humans, the
capacity for different arenaviruses to result in haemorrhage
or coagulopathy differs among viruses. LASV is atypical, in
the sense that haemorrhage is not common in infected
individuals. Only a small percentage of patients develop
haemorrhage, and this haemorrhage is limited primarily
to mucosal surfaces (McCormick & Fisher-Hoch, 2002).
Additionally, the amount of blood loss and pathological
lesions are not sufficient to account for the terminal shock
and death that follows in lethal cases (Walker et al., 1982b).
In the relatively few cases where bleeding does occur, it is
typically associated with coagulopathy including thrombo-
cytopenia and platelet dysfunction (Cummins et al., 1989;
Fisher-Hoch ef al., 1988). The platelet malfunction has
been attributed to a plasma inhibitor of platelet aggrega-
tion, which has yet to be identified (Cummins et al., 1989).

LASV has a non-lytic cell cycle and does not cause any
evident cellular damage in infected monocytes, macro-
phages or endothelial cells (Lukashevich et al., 1999). The
virus is able to efficiently infect the vascular endothelium,
and infection of these cells yields high viral titres without
causing cell death (Lukashevich et al., 1999). Infection of
these cells is crucial to the pathology of the virus, as in both
experimentally infected non-human primates as well as
human patients disruption of the function of the vascular
endothelium is closely followed by shock and death
(Walker et al., 1982b). Oedema is closely associated with
death in infected patients, and this is most likely due
to increased vascular permeability. Whilst autopsies on
LASV-infected patients and experimentally infected non-
human primates fail to reveal vascular lesions, which
correlates with the absence of cytopathic effect observed for
this virus, vascular permeability is affected in the course of
this disease. The mechanism for increased permeability of
the vascular endothelium has yet to be determined but is
most likely due to virus infection of this tissue causing
cellular changes that allow increased fluid flow, which
results in the oedema observed in severe disease. This, in
combination with thrombocytopenia and platelet dysfunc-
tion, may be the cause of shock, leading ultimately to
death. In other viral HFs, such as dengue and Ebola, a
cytokine storm interferes with the integrity of the vascular
endothelium (Paessler & Walker, 2013). However, this does
not appear to be the case for LASV infection (Mahanty
et al, 2001). Infected macrophages are not activated,
and pro-inflammatory cytokines are not released (Baize
et al, 2004; Mahanty et al, 2003). Increased levels of
pro-inflammatory cytokines are also not detected in LASV-
infected patients (Mahanty et al., 2001). Additionally, LASV-
infected human umbilical vein endothelial (HUVEC) cells
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have been shown to produce relatively low levels of IL-8, as
opposed to those that are infected with the apathogenic
Mopeia arenavirus (MOPV) (Lukashevich et al, 1999).
These relatively low levels of IL-8 are also observed in LASV-
infected patients (Mahanty ef al., 2001). Although the release
of inflammatory mediators does not appear to be the cause
of increased vascular permeability, LASV infection may be
influencing cellular integrity by some other mechanism(s).

Despite the fact that haemorrhage is not a common feature
of LASV-infected patients, for those suffering from AHF
due to JUNV infection, haemorrhage is much more common.
Even though an increase in the occurrence of haemorrhage is
observed in JUNV infection, vascular damage is limited, as
seen with LASV infection (Weissenbacher et al., 1987). The
receptor for JUNV, transferrin receptor 1 (TfR1), is highly
expressed on vascular endothelial cells, and these cells support
the high levels of virus replication as observed in vitro
(Andrews et al., 1978; Radoshitzky et al., 2007). As this virus is
not cytopathic, vascular lesions are not observed in vivo
(Gomez et al., 2003; Weissenbacher et al., 1987). Experimen-
tally infected endothelial cells show an increase in nitric oxide
and prostaglandin PGI, production (Gomez et al., 2003). The
release of these vasoactive mediators may be the cause of the
increased vascular permeability upon JUNV infection of
endothelial cells, and may contribute to the subsequent shock
seen in patients. Experimentally infected cells also show an
increase in the cellular adhesion molecules ICAM-1 and
VCAM-1 (Gomez et al., 2003). Interestingly, whereas JUNV-
infected HUVEC cells show reduced levels of the coagulation
von Willebrand factor (VWF), patients infected with JUNV
display increased levels of VWF in serum samples (Gomez et
al., 2003; Molinas et al., 1989). This discrepancy suggests that
VWF is originating from some other source rather than
endothelial cells. Additionally, an as-yet-unknown inhibitor
of platelet aggregation exists in plasma, as evidenced by
the ability of AHF patient plasma to inhibit aggregation
of normal platelets in vitro, a characteristic also found in
LASV-infected patients (Cummins et al., 1990b). Infected
individuals also exhibit thrombocytopenia and reduced
complement activity (de Bracco et al., 1978). The coagulation
activity of blood in infected patients is also low (Heller et al.,
1995). All of these factors may contribute to the coagulopathy
and oedema observed in AHF.

NW and OW arenaviruses trigger different immune
responses

The outcome of arenavirus HF is heavily dependent on an
effective immune response. However, differences in
immune responses are noted between NW and OW
arenavirus infections that play a critical role in clearance
of the virus. In the case of LASV infection, an effective T-
cell-mediated response appears to be critical for recovery
from infection. In experimentally infected macaques,
animals that survive infection have activated T-cells in
circulation, but fatally infected animals display low and
delayed T-cell activation. The surviving animals are also

able to control virus replication, whereas those that
succumb to the disease exhibit high viral loads (Baize
et al., 2009). In hospitalized patients, high IgG and IgM
titres are not associated with the outcome of the disease;
however, high viral titres are associated with a poor
outcome, indicating that the antibody response is not
effective in controlling virus replication and the resulting
pathology (Johnson et al., 1987).

In order to generate an adaptive response, a virus must first
be recognized by antigen-presenting cells (APCs), which
initiate the production of an appropriate immune
response. APCs, such as dendritic cells (DCs) and
macrophages, are early targets of arenavirus infection.
Although both macrophages and DCs are targeted by LASV
infection, DCs seem to be a more important target, as they
produce much more virus than macrophages upon LASV
infection (Baize et al., 2004). Whilst macrophages and DCs
are readily infected with LASV, they fail to become
activated upon infection (Baize et al., 2004). No increase
is observed in the levels of activating markers, such as
CD80, CD86, CD40, CD54 and HLAs, or of cytokines, such
as TNF-o, IL-1p, IL-6 and IL-12. In addition, infected DCs
fail to mature, as evidenced by the absence of increased
levels of phagocytic activity. The failure of APCs to become
activated upon virus infection is consistent with the
generalized immune suppression that is one of the
hallmarks of LASV infection.

A closely related virus, MOPV, is apathogenic in humans
and can actually provide protection against LASV infec-
tion in non-human primates (Fisher-Hoch et al., 2000).
Interestingly, MOPV infection also fails to activate DCs
(Pannetier et al., 2004). Similar to LASV infection, MOPV
primarily targets DCs and macrophages. Upon infection
with MOPV, DCs fail to upregulate expression of pro-
inflammatory cytokines and of CD80, CD86, CD54, CD40
and HLA-abc. However, MOPYV infection of macrophages
increases the transcription of messages encoding IFN-g,
IEN-f, TNF and IL-6 (Pannetier et al., 2004). Therefore,
whilst MOPV fails to activate DCs, macrophages are
capable of becoming activated upon virus infection.
However, in a DC and T-cell co-culture model, DCs were
shown to be capable of activation in response to MOPV
infection. This has been speculated to be the effect of cross-
talk with T-cells (Fig. 3). These activated DCs were capable
of inducing strong T-cell responses, whereas DCs infected
with LASV using the same co-culture model remained
inactive (Pannetier et al., 2011). The activation of the APCs
is critical for generating an effective T-cell response, which
is required for clearance of the virus and patient recovery
(Fig. 3).

Whilst the hallmark of LASV infection is a generalized
immune suppression, JUNV-infected patients display
elevated cytokine levels. Infected patients show increases
in levels of TNF-o, IFN-o, IL-6 and IL-10 (Heller et al.,
1992; Levis et al., 1985; Marta et al., 1999). Patients with
exacerbated disease and fatal cases consistently show
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Fig. 3. Activation of DCs and T-cells in the presence of MOPV infection versus LASV infection. (a) Response of DCs to
infection by MOPV in the absence of T-cells. (b) Response of DCs to infection by MOPV in the presence of a T-cell co-culture
results in early and strong activation of DCs and activation of T-cells, suggesting cross-talk between the cell types, possibly
involving bystander activation of T-cells. (c) LASV infection of DCs in a T-cell co-culture model does not result in highly

activated DCs and T-cells (Pannetier et al., 2011).

elevated levels of TNF-oo and IFN-a (Heller et al., 1992;
Levis et al., 1985). Although these increased levels of
cytokines are observed in JUNV-infected patients, in vitro-
infected macrophages show no increase in cytokine
production, such as IFN-o, IFN-f, TNF-o, IL-10, IL-6
and IL-12 (Groseth et al, 2011). Therefore, the increased
cytokine levels observed in patients must originate from
another source, possibly DCs whose role in cytokine
production upon JUNV infection has yet to be established.
The exact role of cytokines in the pathogenesis of AHF has
yet to be determined. A proposed theory is that cytokines
may be important in controlling virus replication in the
early stages of infection, yet a delayed response could
contribute to pathogenesis, as seen in patients with severe
disease and high levels of cytokines (Groseth et al., 2011).

Although the antibody response seems to be ineffective in
controlling LASV infection, this is not true in the case of
JUNV infection. The reason for the disparity is unknown
but underscores the differences in haemorrhagic diseases
caused by OW and NW arenaviruses. When immune
plasma from previously exposed individuals is adminis-
tered to other JUNV-infected patients early during the
course of infection, the mortality rate can be reduced from
16 to 1% (Maiztegui et al., 1979). However, this treatment
is only effective when given within the first week of illness,
emphasizing the importance of early diagnosis (Enria &
Maiztegui, 1994). Plasma banks have been set up in
endemic areas in order to collect serum from individuals
who have survived AHF. The efficacy of immune plasma
treatment appears to be due the ability of the antibodies to
neutralize the virus, as viraemia levels of patients are
reduced after transfusion with immune plasma (Montardit
et al., 1979). Although immune plasma therapy is highly
effective, alternative therapies are needed. Potential com-
plications associated with plasma transfusions, such as
inadvertent pathogen transmission, must also be taken into
consideration. Additionally, a late neurological syndrome

has been observed in 10 % of patients treated with immune
plasma, which typically resolves but underscores the need
for alternative therapies (Maiztegui et al., 1979). Ribavirin
has been tested in a small study, given on day 8 after the
onset of illness. Treatment in this later stage of illness did
lower viral titres and endogenous IFN levels whilst
prolonging the time to death but failed to reduce mortality
(Enria et al., 1987). Ribavirin treatment in LASV-infected
patients is only beneficial when given during the early
stages of infection, and perhaps would be more effective for
JUNV-infected patients if administered earlier.

Effects of molecular differences between OW and
NW arenaviruses on infection, innate detection
and immune activation

Even though NW and OW arenaviruses share many
similarities with regard to structural composition and viral
biology, differences in their molecular strategies of virus
infection do exist. At the molecular level, these viruses
demonstrate differences in receptor usage and endosomal
trafficking, and slight variations in the functions of some of
the viral proteins. Here, we discuss some of the major
differences between the arenavirus groups and explore the
effects these molecular strategies may have on virus
infection and interaction with the immune system.

Receptor usage

Receptor usage is key in determining cellular tropism.
Arenaviruses are known to target DCs and macrophages
early on during the course of infection. OW arenaviruses
LASV and LCMV, in addition to the pathogenic NW
arenaviruses Oliveros virus and Latino virus (LATV), use
cellular a-dystroglycan (¢DG) to gain entry into host cells
(Kunz et al., 2001; Spiropoulou et al, 2002). This is a cell-
surface molecule that is used for attachment to the
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extracellular matrix (ECM), and as such is expressed fairly
ubiquitously on cells, accounting for the ability of LASV to
infect many cell types. Normally, «DG binds laminin, a
component of the extracellular matrix, whilst the trans-
membrane portion of the receptor, DG, anchors the
receptor by binding dystrophin in the cytoplasm. When
LASV infection occurs, laminin is displaced by the effect of
binding of the virus to «DG, which causes the membrane
to destabilize. The disturbance of the membrane could
result in an interference with cellular signalling, which may
also contribute to HF disease pathogenesis (Rojek et al.,
2012). Additionally, OW arenavirus infection results in the
downregulation of «DG, which may contribute further to
destabilization of the membrane (Rojek et al., 2007a). «DG
has been shown to be highly expressed on macrophages
and DCs in mice, which may explain why these cells are
early targets of arenavirus infection (Sevilla et al., 2000).
This may have important implications for the immune
evasion employed by arenaviruses, as early infection of
APCs without activation would prevent initiation of an
appropriate immune response.

Recent studies have provided evidence for LASV exposure
resulting in positive selection on genes required for the
proper functioning of «DG in certain human populations.
Before «DG can be expressed on the cell surface, it must
first be modified post-translationally by the cellular like-
acetylglucosaminyltransferase (LARGE). Without glycosy-
lation by LARGE, oDG is incapable of interacting with
either the extracellular matrix or the arenavirus GP (Kunz
et al., 2005; Rojek et al., 2007b). The International HapMap
project, which has analysed over 3 million human
polymorphisms, has identified positive selection of two
genes (LARGE and dystrophin) in a Nigerian population
(Andersen et al., 2012; Sabeti et al., 2007). Dystrophin is a
cytosolic adaptor protein that is necessary for «DG to
function properly. In the identified population, over 21 %
of individuals showed evidence of exposure to LASV
infection, which may be responsible for the increase in the
allelic variants of LARGE and dystrophin. These variants
may alter the ability of LASV GP to bind aDG, therefore
providing the immune system with an advantage, and
conferring protection against LASV infection (Andersen
et al., 2012; Sabeti et al., 2007).

LASV may use alternative receptors besides «DG for entry
into cells. Evidence for this comes from the fact that
addition of laminin has been found to be incapable of
blocking LASV GP-mediated infection of Vero cells. This
suggests that the virus can infect cells through the use of
alternative receptors (Kunz et al, 2005). Recently, four
cellular receptors have been found to be capable of
mediating LASV infection: Axl, Tyro3, LSECtin and DC-
SIGN. Although entry through these receptors was
less efficient, these molecules were found to be capable
of mediating LASV infection independently of oDG
(Shimojima et al., 2012). These receptors may be important
in infection of cell types such as hepatocytes, which display
high viral titres despite the seeming lack of «DG expression

on the cell membrane (Walker et al., 1982b; Yamamoto et al.,
2004). Interestingly, Ebola virus has also been shown to be
capable of using these same receptors for entry into cells
(Alvarez et al., 2002; Brindley et al., 2011; Gramberg et al.,
2005). Ebola and LASV share the same cellular tropism,
infecting macrophages, DCs, endothelial cells and the liver.

The NW arenaviruses that are responsible for human
disease gain cellular entry by binding human TfRI
(Radoshitzky et al., 2007). The normal function of this
receptor is to mediate endocytosis of iron-bound transfer-
rin, thereby transporting iron across the cell membrane
and allowing its subsequent release into the cytoplasm
(Andrews et al, 1999). The specificity for the human
homologue of TfR1 appears to be an important determin-
ant of pathogenesis, as non-pathogenic NW arenaviruses
Amapari virus (AMAV) and Tacaribe virus (TCRV) are
capable of using TfR1 orthologues but are incapable of
binding the human receptor. In addition, a single mutation
in TCRV GP allows binding of human TfR1, whilst a
combination of four mutations in AMAV GP allows this
interaction to occur. This suggests that modest mutations
in the GP of these apathogenic arenaviruses may allow
infection of human cells (Abraham et al., 2009). Like «DG,
TfR1 is expressed on a wide variety of cell types, which
would therefore allow pantropic infection, as is also
observed during NW arenavirus infections.

Similar to the positive selection on genes affecting aDG
expression and modification as a result of LASV exposure,
recent studies have revealed evolutionary pressure exerted
on TfR1 expression as a result of NW arenavirus infection.
An analysis of rodent TfR1 sequences has identified
residues that appear to be positively selected, and these
residues are located in the domain of TfR1 that interacts
with MACV GP. These naturally occurring mutations are
able to prevent binding by MACV whilst retaining TfR1
functionality (Demogines et al, 2013). This is notable, as
most mutations that confer protection against infection do
so at some cost to the host, due to a loss in functionality of
the protein. These variations are able to confer protection
in rodents, and similar variants could potentially also
protect humans from MACV infection (Demogines et al.,
2013).

Endosomal trafficking

As many of the OW and NW arenaviruses use different
cellular receptors for entry into host cells, they also use
different routes of intracellular trafficking as part of this
entry process. OW arenaviruses that bind «DG enter the
cell via internalization through smooth vesicles in a process
that is cholesterol dependent but independent of both
clathrin and caveolin (Borrow & Oldstone, 1994; Quirin
et al., 2008; Rojek et al., 2008a, b; Vela et al., 2007). Recent
studies have found that binding of LASV to aDG causes
phosphorylation of SDG by receptor tyrosine kinases. This
phosphorylation is associated with the dissociation of fDG
from the cytoskeletal adaptor protein utrophin, which may
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facilitate endocytosis (Moraz et al, 2013). The virus—
receptor complex is then delivered via the multivesicular
body to the late endosome, and this process is dependent
on microtubular transport (Quirin et al., 2008; Rojek et al.,
2008b). The virus—receptor complexes appear to be sorted
by the ESCRT (endosomal sorting complexes required
for transport) complex into intraluminal vesicles in the
multivesicular body prior to being transported to the late
endosome (Pasqual et al., 2011). Through this route, the
virus subverts classical routes of endosomal trafficking and
bypasses the early endosome. This compartment contains
the Toll-like receptors responsible for detection of RNA
viruses, and by avoiding transport to the early endosome,
OW arenaviruses can evade detection by these innate
immune receptors. This may partly explain the observed
failure of the innate immune system to detect LASV
infection, resulting in wuncontrolled virus infection
(McCormick & Fisher-Hoch, 2002).

Although OW arenavirus internalization is independent of
clathrin, the NW arenavirus JUNV infection involves
internalization via clathrin-coated pits at the plasma
membrane, which is not unexpected, as TfR1 normally
associates with clathrin-coated pits (Martinez et al., 2007).
Additionally, cholesterol sequestration has only a minor
effect on JUNV infection, unlike LASV entry which is
cholesterol dependent (Martinez et al, 2007). Upon
binding, TfR1 is internalized and transported to the early
endosome (Martinez et al., 2009). The early endosome has
a pH of ~6.0, but JUNV GP requires a pH of <5.5 for
optimal fusion activity. Thus, the virus must be trans-
ported to the late endosome, which is a more acidic
compartment, which would allow for fusion to occur
(Martinez et al., 2009). This is not a route normally taken
in TfR1 trafficking, and may indicate that the virus can
somehow reroute the normal pattern of TfR1 recycling.
The trafficking of TfR1 seems to reply on the multimeric
state of the receptor, as monomers are quickly recycled
through the early endosome, whilst larger oligomers are
retained in this compartment for an extended period of
time (Marsh et al, 1995). Arenavirus binding may exert
some influence on the oligomeric state of TfR1, and may
potentially influence the trafficking of the receptor by this
method (Rojek & Kunz, 2008). Exactly what effects the
altered route of endosomal trafficking of JUNV has on
infection and immune detection remain to be determined.

IFN inhibition by viral proteins

One of the hallmarks of severe LASV infection is general-
ized immune suppression. The innate response to virus
infection is essential in the development of an effective
adaptive immune response, which is needed to clear the
infection. One mechanism employed by arenaviruses to
interfere with the development of effective immune
responses is the inhibition of type I IEN production.
Pathological arenavirus infections by both NW and OW
arenaviruses are characterized by the ability of viral

proteins to inhibit type I IFN. A potent inhibitor of type
I IEN is the viral NP. The NP proteins of OW LASV and
LCMYV as well as NW JUNV, MACV, White Water Arroyo
virus, TCRV and LATV have all been shown to display this
ability to inhibit type I IFN through the inhibition of IFN
regulatory factor 3 translocation. Despite the fact that it has
been suggested that the NP protein of TCRV does not have
the ability to suppress type I IFN (Martinez-Sobrido et al.,
2007), recent studies have shown that it is able to do so
(Harmon et al., 2013; Jiang et al., 2013). The same residues
that are responsible for the IFN inhibitory function of NP
have also been shown to be involved in the 3'—5’
exoribonuclease activity of this protein, tying the two
functions together. The proposed model is that the
exoribonuclease function of NP degrades viral pathogen-
associated molecular pattern RNAs (i.e. dsRNA), thereby
preventing pathogen recognition by the innate pathogen
recognition receptors [i.e. retinoic acid-inducible gene 1
(RIG-I) and melanoma differentiation-associated protein 5
(MDAS)], leading to the suppression of IFN production
(Hastie et al., 2011; Qi et al, 2010). Interestingly, these
same residues have also been implicated in binding of the
NP protein to IxB kinase ¢, thereby inhibiting the nuclear
translocation and transcriptional activity of NF-xB, which
may indicate an overlap in functional domains of the
protein or may be the result of an allosteric effect (Pythoud
et al., 2012; Rodrigo et al., 2012).

The viral Z protein appears to play a similar role in
inhibiting IFN production. The Z proteins of NW
arenaviruses JUNV, GTOV, MACV and SABV bind RIG-
I, resulting in downregulation of the IFN-f response (Fan
et al., 2010). Based on published data to date, the NW
arenavirus Z protein can bind to RIG-I, but those of the
OW viruses (LASV and LCMV) do not have this ability.
NW arenavirus Z protein seems to inhibit the binding of
mitochondrial antiviral signalling protein (MAVS) to RIG-
I, thus preventing the downstream signalling that would
result in production of type I IEN (Fan et al., 2010).

Vaccine development for the NW (JUNV) and OW
(LASV) viruses

Multiple attempts have been made to generate an effective
LASV vaccine. However, at present, no licensed vaccines
are available for the prevention of Lassa fever. An attempt
to generate a whole-virus vaccine via inactivation of LASV
by gamma irradiation generated good humoral responses
in non-human primates, but this response failed to protect
animals against lethal challenge with LASV (McCormick
et al., 1992), suggesting that T-cell responses rather than
humoral responses are important for protection against
LASV infection. Studies in humanized mice confirm the
need for a cell-mediated immune defence against LASV.
Control of LASV infection in humanized mice has been
shown to be T-cell dependent. Interestingly, these mice
could be protected from disease through T-cell depletion,
indicating a role for T-cells in LASV pathogenesis as well as
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defence. This contradiction could be reconciled by the
hypothesis that T-cells are necessary for rapid clearance of
the virus, but if the host response proves incapable of doing
so, the disease becomes mediated by the same cells that
would otherwise protect against it (Flatz et al., 2010).

MOPV infection has been shown to be capable of
providing protective heterologous immunity to LASV
infection in non-human primates (Fisher-Hoch et al,
2000). Additionally, the recombinant ML29 vaccine
expressing the L segment of MOPV and the S segment of
LASV has been shown to protect marmosets against LASV
infection by inducing sterilizing cell-mediated responses
(Lukashevich et al, 2008). However, there are obvious
safety concerns for these as vaccine candidates, as the
genome of this recombinant virus contains the S segment
from LASV, a Biosafety Level 4 (BSL-4) virus, and the L
segment from MOPV, which is currently classified as a
BSL-3 virus. Also, in regions endemic for LASV, a large
portion of the population also suffers from human
immunodeficiency virus infection. Therefore, the efficacy
and safety of such a vaccine when applied to immuno-
compromised individuals must also be addressed. In
addition to the cross-protection against LASV provided
by MOPV infection, studies have shown that T-cell
epitopes can be cross-protective for LASV and LCMV
infections, providing proof of concept for a multivalent
vaccine that would protect against different strains and
potentially species of OW arenaviruses (Botten et al.,
2010). A recombinant vaccinia virus vaccine has also been
developed expressing combinations of LASV NP, GP1 and
GP2 proteins. Recombinants expressing all three proteins,
or the combination of GP1 and GP2, were able to protect
macaques from fatal infection but not from viraemia.
Again, this vaccine would not be applicable for use in
immunocompromised individuals. In addition, pre-exist-
ing immunity from the smallpox vaccine would potentially
be problematic (Fisher-Hoch et al, 2000). A recombinant
vesicular stomatitis virus vaccine expressing LASV GPC has
also been found to be protective in non-human primates.
Although the animals were protected, LASV viraemia was
detected in the animals at day 7 post-challenge (Geisbert
et al., 2005). A similar approach was taken using the yellow
fever virus vaccine YF17D as a vector for LASV GP. One
construct contained both GPs from yellow fever virus and
LASV, and was capable of protecting strain 13 guinea pigs
from LASV challenge. However, it replicated poorly and
was not stable upon sequential passages in tissue culture
(Bredenbeek et al., 2006; Jiang et al, 2011). Another
construct expressing only LASV GP also protected strain 13
animals from death but did not prevent disease or
viraemia, and was poorly immunogenic (Jiang et al, 2011).

Although development of a protective vaccine for LASV
infection has proven challenging, development of a vaccine
against JUNV infection has been more fruitful. The Candid
#1 strain of JUNV has been shown to be a highly successful
vaccine against AHF. This strain was generated by
passaging the virus twice in guinea pigs, followed by

sequential passaging in suckling mice and tissue culture
(Goni et al.,, 2006). Unfortunately, it is not an appealing
vaccine candidate for commercial production because of its
small target population. However, the Argentine govern-
ment has taken up production, and Candid #1 is now used
in Argentina as an effective vaccine against JUNV infection.
This vaccine has not been approved by the US Food and
Drug Administration (FDA) due to a lack of proper FDA-
compliant documentation, the lack of a detailed genetic
composition of the vaccine strain, and the association with
foot-and-mouth disease in several regions of Argentina.
More importantly, the molecular basis for the attenuated
phenotype of Candid #1 remains unresolved. Recently, a
reverse genetics system has been developed for Candid
#1, which has provided much-needed insight as to the
molecular determinants of attenuation for the vaccine
strain. A single residue change, F4271, in the G2 trans-
membrane domain of the GP appears to be responsible for
the attenuated phenotype. The mechanism for this remains
to be addressed, but, as this substitution does not affect the
ability of the virus to use TfR1 as a receptor, it is possible
that the F4271 change may affect viral fusion or maturation
(Albarifio et al., 2011). The reverse genetics system has the
potential to address most, if not all, of the concerns
regarding Candid #1, and will hopefully provide a safe and
effective vaccine that will meet FDA approval criteria
(Emonet et al, 2011). In addition, although humoral
responses seem to be unimportant in LASV infection,
serum treatment has been shown to be efficacious in the
treatment of Argentine HF (Maiztegui et al, 1979).
Encouragingly, the Candid #1 vaccine has also been shown
to be efficacious in providing cross-protection against
MACYV infection in experimentally infected guinea pigs and
rhesus monkeys (Barrera Oro & Eddy, 1982; Barrera Oro &
Lupton, 1988; Jahrling et al., 1988). Despite the fact that
infection with JUNV can be prevented with Candid #1 or
treated with patient serum, measures against LASV
infection remain lacking.

Concluding remarks

Arenaviruses are pathogens of significant human morbidity
and mortality, and their status as neglected tropical
pathogens warrants further investigation into the mechan-
isms of pathogenesis, the immune response and the viral
biology of these important viral pathogens. Although
arenaviruses share many characteristics, such as genome
structure, viral assembly, natural host reservoirs and
interference with immune responses, many differences do
exist between the viruses. NW and OW viruses appear to
use different receptors for and mechanisms of viral entry
into cells. Although individuals infected with different
arenaviruses may share many features of HF, differences
in signs and symptoms do exist. Compounding these
differences is the fact that even individuals infected with
the same arenavirus species show varied disease manifesta-
tions, and some individuals may recover from the illness,
whilst others display severe and fatal diseases. The same can
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be said for the differences in pathological lesions observed
in patients. Although haemorrhage is much more common
in the case of JUNV infection than for LASV infection,
disruption of the vascular endothelium is an important
hallmark for both virus infections in terms of exacerbated
disease. Likewise, the type of immune response generated
for arenavirus HFs is critical for clearance of the virus.
Whilst an effective T-cell-mediated response is critical for
clearance of LASV, the antibody response seems to be
important for recovery from JUNV infection. The
interaction with the immune system also demonstrates
critical differences between OW and NW arenavirus
infections. Whereas severe LASV infection is characterized
by a generalized immune suppression, JUNV infection
seems to result in a cytokine storm. Interestingly, although
both NW and OW NP proteins are capable of inhibiting
the production of type I IFN, NW arenaviruses appear to
take an extra step to ensure evasion of host immune
detection through the use of the viral Z protein. Recent
studies have also provided intriguing evidence for evolu-
tion of certain host genes that can potentially provide
natural protection from pathogenic NW and OW arena-
virus infections. Taken together, whilst these viruses share
many similarities in molecular mechanisms as well as
characteristics of disease manifestation, understanding the
differences between these related viruses will be important
for the development of new vaccines and treatment
modalities against these deadly viral pathogens.
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