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a b s t r a c t

The arenaviruses and hantaviruses are segmented genome RNA viruses that are hosted by rodents. Due to
their association with rodents, they are globally widespread and can infect humans via direct or indirect
routes of transmission, causing considerable human morbidity and mortality. Nevertheless, despite their
obvious and emerging importance as pathogens, there are currently no effective antiviral drugs (except
ribavirin which proved effective against Lassa virus) with which to treat humans infected by any of
these viruses. The EU-funded VIZIER project (Comparative Structural Genomics of Viral Enzymes Involved
eywords:
antavirus
renavirus
oonosis
ntiviral therapy

in Replication) was instigated with an ultimate view of contributing to the development of antiviral
therapies for RNA viruses, including the arenaviruses and bunyaviruses. This review highlights some of
the major features of the arenaviruses and hantaviruses that have been investigated during recent years.
After describing their classification and epidemiology, we review progress in understanding the genomics
as well as the structure and function of replicative enzymes achieved under the VIZIER program and the

development of new disease control strategies.

© 2011 Published by Elsevier B.V.
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. Introduction

Life-threatening RNA viruses emerge regularly, and often in an
npredictable manner. Yet, the very few drugs available against
nown RNA viruses have sometimes required decades of research
or development. At present, very long delays between molecule
dentification and commercial application are common, and this
ituation is unlikely to change in the immediate future at least in
art owing to the constant upgrade of safety procedures and reg-
lations. Can we generate preparedness for outbreaks of the, as
et, unknown viruses? Here we address these questions for are-
aviruses and hantaviruses, two groups of zoonotic RNA viruses
hat include several major human pathogens, and for which novel
iruses have repeatedly been discovered during the last decade.
o understand the current situation, we present a comprehen-
ive review covering various aspects of epidemiology, evolutionary
elationships, diseases in humans, and the means currently avail-
ble for preventing and combating human infections. For each
roup of viruses, the final paragraph deals with objectives and
chievements conducted by all partners within the VIZIER Euro-
ean research project.

The VIZIER (VIral enZymes InvolvEd in Replication)
http://www.vizier-europe.org/) project was set up to develop
he scientific foundations for countering this challenge to society.
IZIER studied the most conserved viral enzymes (that of the
eplication machinery, or replicases) that constitute attractive
argets for drug-design. The aim of VIZIER was to determine as

any replicase crystal structures as possible from a carefully
elected list of viruses in order to comprehensively cover the
iversity RNA viruses, and generate critical knowledge that could
e efficiently utilized to jump-start research on any emerging
NA virus. VIZIER was a multidisciplinary project involving (i)
ioinformatics to define functional domains, (ii) viral genomics to

ncrease the number of characterized viral genomes and prepare
efined targets, (iii) proteomics to express, purify, and characterize
argets, (iv) structural biology to solve their crystal structures,
nd (v) pre-lead discovery to propose active scaffolds of antiviral
olecules.

. Arenaviruses

.1. Taxonomy and epidemiology

The eighth edition of the Report of the International Commit-
ee for Taxonomy of Viruses (ICTV) indicates that the Arenaviridae
amily contains a single genus Arenavirus including 22 viral species
Salvato et al., 2005). However, several new viruses (1 south Amer-
can virus [Chapare], 4 north American arenaviruses [Skinner Tank,

ig Brushy Tank, Tonto Creek, Catarina], and 4 African viruses
Kodoko, Morogoro, Merino Walk, and Lujo viruses]) were discov-
red very recently and therefore are not yet included in the ICTV
ist. On the basis of their antigenic properties, the arenaviruses
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

form two groups: the Tacaribe serocomplex (New World) and
the Lassa-Lymphocytic choriomeningitis serocomplex (Old World)
(Salvato et al., 2005). Nucleocapsid antigens are antigenically sim-
ilar for most arenaviruses, and quantitative relationships show the
basic split between Old World and New World viruses. Individ-
ual viruses are immunologically distinct in neutralization assays,
which depend on the specificity of epitopes contained in the enve-
lope glycoproteins (Salvato et al., 2005).

Specific rodents are the principal hosts of the arenaviruses, the
only exception to date being Tacaribe virus which was isolated from
Artibeus fruit-eating bats. Each virus species is closely associated
with a specific vertebrate species. Thus, the distribution of the host
dictates the distribution of the virus. Lymphocytic choriomenin-
gitis virus (LCMV) is the only arenavirus to exhibit a worldwide
distribution due to its close association with Mus musculus, which
has been disseminated on all continents mostly by association
with human activities. Other arenaviruses are distributed either
in the New World or in Africa. Humans usually become infected
through contact with infected rodents, or via inhalation of infec-
tious rodent excreta or secreta. The domestic and peridomestic
behavior of rodent reservoir hosts in general is a major contrib-
utory factor to viral transmission from rodent to human. However,
in most cases, transmission of arenaviruses to humans occurs fol-
lowing recreational or agricultural incursions into environments
providing critical habitat for rodent hosts. Additionally, profes-
sionals handling infected rodents in the field or laboratory are at
increased risk of infection (Sewell, 1995).

Perturbation of the environment due either to human activ-
ities (modern farming practices), or natural ecological changes
(flooding, storms) may result in behavioral changes of the reser-
voir hosts. Such changes have been implicated in the emergence
of human disease caused by arenaviruses, such as Machupo virus
infection cases consecutive to flooding in the El Beni region of
Bolivia. Lassa, Junin, Machupo, Guanarito, and Sabia viruses are
known to cause severe hemorrhagic fever, in western Africa,
Argentina, Bolivia, Venezuela, and Brazil, respectively (Peters et al.,
1996). Lassa virus is believed to cause up to 300,000 annual
infections with 30% morbidity and 16% mortality (McCormick
et al., 1987; McCormick and Fisher-Hoch, 2002). These five viruses
are included in the Category A Pathogen List, and considered
Biosafety Level 4 (BSL-4) agents in the United States and in Western
Europe.

LCMV, the family prototype, was first isolated in 1933 during
serial passage in monkeys of human material obtained from a fatal
infection in the first documented epidemic of St. Louis encephali-
tis (Armstrong and Lillie, 1934). LCMV is an agent of acute central
nervous system disease (Barton and Hyndman, 2000), congen-
ital malformations (Barton et al., 1993), and has recently been

identified in organ-transplantation recipients (CDC, 2005; Fischer
et al., 2006; Amman et al., 2007) and immunocompetent patients
(Charrel et al., 2006; Emonet et al., 2007). Clusters of fatal infec-
tions in organ-transplanted patients have recently been reported

http://www.vizier-europe.org/
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ashed lines illustrate the interaction between Z and L (adapted from Wilda et al., 2

nd may constitute a new example of an emerging disease associ-
ted with a novel situation related to advances in medicine (Fischer
t al., 2006; CDC, 2005, 2006, 2008; Palacios et al., 2008; Amman
t al., 2007). Very little is known about the health consequences of
uman infection by other arenaviruses. Flexal and Tacaribe viruses
ave caused febrile illness in laboratory workers (Peters et al.,
996). Whitewater Arroyo virus may have been associated with
hree fatal cases of infection in California (CDC, 2000). Exposure to
ichinde virus has resulted in seroconversion without symptoms
Buchmeier, unpublished results). Tacaribe virus is believed to have
aused a single case of a febrile disease which resolved with mild
eningitis (J. Casals, unpublished data).

.2. Genome organization and replication strategy

Arenaviruses possess single-stranded bi-segmented RNA
enomes. Each of the two RNA segments encode two non-
verlapping reading frames of opposite polarity: the viral
NA-dependent RNA polymerase (L protein) and a zinc-binding
atrix protein (Z protein) for the large (L) genomic segment

∼7200 nucleotides); the nucleocapsid protein (NP) and the gly-
oprotein precursor (GPC), secondarily cleaved into the envelope
roteins G1 and G2, for the small (S) genomic segment (∼3500
ucleotides). The genes on both S and L segments are separated by
n intergenic non-coding region with the potential of forming one
r more hairpin configurations. The 5′ and 3′ untranslated terminal
equences of each RNA segment possess a relatively conserved
everse complementary sequence spanning 19 nucleotides at each

xtremity.

The genome organization and ambisense nature of the
renavirus gene transcription strategy result in these viruses dis-
laying characteristics of both (−) and (+) RNA viruses (Fig. 1). For
NA replication, the viral polymerase binds at the 3′ end of the
ppp7mG) have been found on the N mRNA and an extra G is found at the 5′ of the
pond to the boundaries designed within VIZIER for the Parana virus L protein. The

with the expected interacting regions within the L sequence.

templates, traverses the template RNA from end to end, and synthe-
sizes a full-length complementary RNA. The 5′ ends of the S-derived
subgenomic mRNAs extend beyond the ends of the genomic RNA
templates (Garcin and Kolakofsky, 1990; Raju et al., 1990; Meyer
and Southern, 1993). These non-templated extensions are variable
in length (1–7 nucleotides) and terminate with 5′ cap structures.
The process of “cap snatching” has been well documented for
influenza viruses and bunyaviruses, but a similar mechanism for
cap acquisition by arenaviruses has not been confirmed yet (Dias
et al., 2009; Jin and Elliott, 1993). The arenavirus subgenomic
mRNAs terminate within the intergenic noncoding region, and they
are not polyadenylated (Singh et al., 1987; Southern et al., 1987).
In many cases, it appears that transcription termination occurs on
the distal side of the intergenic stem-loop structure so that the 3′

termini of the mRNA could be stabilized by the formation of termi-
nal hairpin structures (Franze-Fernández et al., 1987; Meyer and
Southern, 1993).

From the perspective of the replication machinery, the L protein
(RdRp) must be adapted to synthesize RNA from an RNA template
embedded into an RNP as well as from a naked RNA molecule. The
L protein carries the SDD motif suggesting it is encodes the RdRp
activity. It has been demonstrated that the L protein in association
with the Nucleoprotein can replicate and transcribe the Tacaribe
genome (Lopez et al., 2001). Two key residues within the Lassa
virus domain III were shown to be involved in transcription but not
replication (Hass et al., 2008). In the structural model proposed by
Hass and collaborators, these residues would be positioned at the
intersection of the palm and thumb of the polymerase. The priming

reaction is likely to be different according to which RNA template is
used. Indeed an original feature of this reaction is a resulting non-
templated G molecule at the 5′ end of non-capped genomes and
antigenomes (Garcin and Kolakofsky, 1990) whereas there may be
a peculiar, though not unique to Arenaviridae, “cap snatching” or
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rimer/realignment mechanism in the case of mRNA. This latter
echanism has also been reported in influenza virus (Shaw and

amb, 1984) and bunyavirus (Bouloy et al., 1990).

.3. Recently discovered arenaviruses

Several arenaviruses have been discovered during the past three
ears in the Americas and in Africa. Their relative phylogenetic rela-
ionships with other members of the Arenaviridae are depicted in
ig. 2. Chapare virus was recently isolated from a fatal human case of
emorrhagic fever in the Chapare River region close to Cochabamba

n Bolivia (Delgado et al., 2008). To date, there is no evidence for
ther cases in the same region or elsewhere. There is currently no
nformation concerning its vertebrate host. Morogoro virus was iso-
ated from Mastomys sp trapped in Tanzania (Vieth et al., 2007). This
irus is most closely related to Mopeia virus regardless of the gene
sed for analysis (Charrel et al., 2008).

Dandenong virus was identified through a metagenomic
pproach, and then isolated from tissue specimens collected from
fatal case of infection in a patient who underwent kidney trans-
lantation in Australia from a donor who had just completed a
hree-month visit to the former Yugoslavia, where he had trav-
lled in rural areas (Palacios et al., 2008). Catarina, Skinner Tank,

onto Creek and Big Brushy Tank viruses were recently discov-
red in the southwestern regions of the United States of America
rom Neotoma rodents (woodrats) (Cajimat et al., 2007, 2008;

ilazzo et al., 2008). They appear most closely related to White-
ater Arroyo virus, another North American arenavirus. Kodoko
earch 90 (2011) 102–114 105

virus was detected, but not isolated, in tissues of Mus Nannomys
minutoides trapped in Guinea. Partial sequence analysis indicates
that Kodoko virus roots LCMV (Lecompte et al., 2007).

Partial sequences of Pinhal virus (Calomys tener from Brazil)
were obtained from Genbank with minimal information, the rea-
son for which it has not been included in the phylogeny presented
in Fig. 2; based on these partial genetic data, Pinhal virus appears
to be most closely related to Oliveros virus (Charrel et al., 2008).
Most recently, five cases of viral hemorrhagic fever (VHF) were
reported to have been caused in South Africa by a novel arenavirus,
provisionally named Lujo virus, which is most closely related to
the Old World group viruses (Briese et al., 2009). Merino Walk
virus (MWV) was isolated from a rodent, Myotomys unisulcatus, col-
lected in South Africa, in 1985; MWV has been recently genetically
and antigenically characterized and is proposed as a novel species
within the Old World arenavirus complex (Palacios et al., 2010).

2.4. Evolutionary relationships among the arenaviruses

The first phylogenetic studies of arenaviruses were based on
analysis of partial NP gene sequence in the S RNA segment. There
was a strong correlation with their antigenic relationships (Bowen
et al., 1996, 1997). Four major phylogenetic lineages were identi-
fied: the Old World lineage, the three New World lineages (Fig. 2).
The Old World (Lassa-LCM serocomplex) lineage comprises seven
viruses: LCM, Lassa, Mopeia, Mobala, Ippy, Morogoro and Kodoko
virus. New world arenaviruses were subdivided into three lineages,
designated A, B, C. Lineage A includes five South American viruses,
Pirital, Pichinde, Flexal, Parana, Allpahuayo. Lineage B includes
eight South American viruses, Sabia, Junin, Machupo, Guanarito,
Amapari, Tacaribe, Cupixi and Chapare virus. Lineage C comprised
two South American viruses: Oliveros and Latino.

Efforts to determine full-length genomes initiated in the early
2000s showed that Whitewater Arroyo virus, indigenous to North
America, was a recombinant virus resulting from recombination
between ancestors belonging to lineages A and B. Additional viruses
indigenous to North America were also found to be recombinants
since they possess a common ancestor with Whitewater Arroyo
virus (Charrel et al., 2001). Accordingly a fifth lineage, Arec, was
described and includes viruses possessing a genome organization
resulting from recombination in the S RNA segment: Whitewater
Arroyo, Tamiami, Bear Canyon, Catarina, Skinner Tank, Big Brushy
Tank, and Tonto Creek (Charrel et al., 2002, 2003; Archer and Rico-
Hesse, 2002; Cajimat et al., 2007, 2008; Milazzo et al., 2008). This
was the first time recombination had been described in the family
Arenaviridae.

Since reassortant (inter-segmental recombination) are-
naviruses had been generated experimentally (Lukashevich,
1992), sequences were analyzed to investigate whether or not
field viruses may be the result of reassortment, but to date there is
no evidence to support this possibility (Charrel et al., 2008). With
the accumulation of complete genome sequences phylogenetic
analyses were progressively updated. The most comprehensive
study, based on the comparative analysis of complete sequences of
the four genes for the largest set of viruses, was published recently
(Charrel et al., 2008). In addition to placing new viruses in the
family, the new data support and extend the previous analyses.

2.5. Arenavirus infections of humans

There are a variety of syndromes associated with arenavirus

infection. In most cases, they depend on the virus causing the
infection. Viral hemorrhagic fever can be caused by Lassa and Lujo
viruses in Africa, or by Junin, Machupo, Sabia, Guanarito and Cha-
pare viruses in South America (Peters et al., 1996; Delgado et al.,
2008; Briese et al., 2009). It is likely that these viruses can also
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ause less severe forms of infection, even non-symptomatic infec-
ions, but these aspects are poorly understood, and the relative
roportions are unknown.

Infection by LCM virus can result in acute central nervous sys-
em disease and congenital malformations (Barton and Hyndman,
000; Barton et al., 1993); it has recently been described as an

mportant cause of fatal infection in organ transplantation recip-
ents, and immunocompetent patients (CDC, 2005; Fischer et al.,
006; Amman et al., 2007; Charrel et al., 2006; Emonet et al., 2007;
alacios et al., 2008). LCM virus is currently the arenavirus for which
he largest amount of data has been accumulated on pathogene-
is, seroepidemiology, and array of clinical symptoms. However,
ts role remains obviously underestimated because of the very lim-
ted number of laboratories able to perform diagnosis (Asnis et al.,
010; Barton, 2010; De Ory et al., 2009).

Flexal and Tacaribe viruses have caused febrile illness in labo-
atory workers (Peters et al., 1996). Whitewater Arroyo virus may
ave been associated with 3 fatal cases of infection in California
CDC, 2000). Exposure to Pichinde virus has resulted in numerous
eroconversions among humans without any noticeable clinical
ignificance (Buchmeier, unpublished results). Tacaribe virus is
elieved to have caused a single case of a febrile disease with
ild CNS symptomatology (J. Casals, unpublished data). Very lit-

le is known about the health consequences of infection with the
ther arenaviruses. The lack of data is mostly due to the absence of
nvestigations in regions where these viruses circulate.

.6. Vaccines

A live attenuated Junin virus vaccine (Candid#1) was produced
n the early 1990s. Its efficacy was proven in a double-blind trial
n 15,000 agricultural workers at risk of natural infection. Subse-
uently, more than 100,000 people were immunized in Argentina.
prospective study showed that Candid #1 vaccine efficacy was

reater or equal to 84%, and no serious adverse effects were
etected (Maiztegui et al., 1998). This vaccine was licensed in 2006
or use exclusively in Argentina, whereas in the USA Candid #1
emains only as an investigational new drug and studies address-
ng long-term immunity and safety have not been conducted. The
urrent availability within the USA of a Candid #1 Master Virus
eed is uncertain and re-importation of Candid #1 vaccine from
rgentina is likely to meet unsolvable obstacles due to foot-and-
outh-disease virus (FMDV) activity in several geographic regions

f Argentina, and potential lack of FDA-compliant documentation
Emonet et al., 2011).

Currently there is no definitive evidence that immunity con-
erred by Candid#1 vaccine is protective against the other South
merican arenaviruses causing viral hemorrhagic fevers.

Several attempts to produce a satisfactory Lassa virus vac-
ine have been made during the past 30 years, some of which
how significant promise. The most advanced projects include (i)
replication-competent vaccine based on attenuated recombinant
esicular stomatitis virus vectors expressing the Lassa viral gly-
oprotein showed that a single intramuscular vaccination elicited
protective immune response in nonhuman primates against a

ethal challenge (Geisbert et al., 2005); (ii) ML29, a recombinant
assa/Mopeia virus vaccine demonstrated protection against Lassa
irus challenge in guinea pigs and Rhesus macaques (Lukashevich
t al., 2008); (iii) a yellow fever 17D vaccine expressing Lassa
irus glycoprotein precursor protected guinea pigs against fatal
assa fever (Bredenbeek et al., 2006). Recently, a recombinant

CMV/Vesiculovirus vaccine was described that is attenuated,
revents lethal challenge with LCMV in mice, elicits rapid and

ong-lived cell-mediated immunity against lethal challenge with
ild-type LCMV, confers rapid and long-lived cell-mediated pro-

ection against overwhelming systemic infection and liver disease,
earch 90 (2011) 102–114

and presents no detectable gain in pathogenicity after propagation
in immunodeficient hosts (Bergthaler et al., 2006).

Despite the urgent need for vaccines against arenaviruses
and numerous scientific attempts to develop safe, effective and
acceptable vaccines, there is currently no WHO-approved vaccine
available.

2.7. Therapy of arenavirus infections

2.7.1. Immune plasma
The emergence of Argentine hemorrhagic fever in the 1950s

with a mortality rate from 15 to 30% was first combated with
immune sera or gamma globulins obtained from convalescent
patients. The efficacy of this treatment was established through
a double blind placebo-controlled trial organized from 1974 to
1978 that showed that case-fatality rate among cases treated with
normal plasma was 16.5% while the rate in those patients treated
with immune plasma was 1.1% (Maiztegui et al., 1979). However,
alternative forms of treatment/prophylaxy need to be investigated
because (i) immune plasma therapy lacks efficacy if given after
8 days of evolution (Enria et al., 1984; Enria and Maiztegui, 1994),
(ii) there is a risk of transfusion-associated diseases, (iii) 10% of
patients treated with immune plasma develop a late neurological
syndrome (Maiztegui et al., 1979; Enria et al., 1985), (iv) the main-
tenance of adequate stocks of immune plasma is difficult due to the
reduced number of cases.

2.7.2. Antiviral drugs
To date, ribavirin (1-beta-d-ribofuranosyl-1,2,4-triazole-3-

carboxamide) is the only antiviral approved and commercially
available for arenaviruses. It has proved to be efficient in reduc-
ing fatality rates if administered at the early stage of infection
Lassa fever virus (McCormick et al., 1986). Recently, there has
been intense activity centered on molecules with potential antivi-
ral activity against arenaviruses. High-throughput screening of
molecules for their antiviral effects is being increasingly performed
by both public laboratories and private companies. From 2003 to
2006, six articles reporting testing of molecules with antiviral effi-
cacy on arenaviruses were published (Albiol Matanic and Castilla,
2004; Asper et al., 2004; Bolken et al., 2006; Castilla et al., 2005;
Gunther et al., 2004; Uckun et al., 2005). To date, the most promising
molecules are those which interfere with virus membrane fusion
through the interaction of the G2 fusion subunit with the signal
peptide, with an IC50 below 10 nM (Larson et al., 2008; York et al.,
2008; Lee et al., 2008). N-substituted acridone derivatives showed
in vitro efficacy against Junin virus with excellent selectivity indices.
The inhibitory effect was exerted via blocking virus replication
(Sepúlveda et al., 2008).

T-705 (6-fluoro-3-hydroxy-2-pyrazinecarboxamide), a substi-
tuted pyrazine derivative offered significant protection against
Pichinde virus-infected hamsters when administrated orally after
virus challenge (Gowen et al., 2007, 2008). An essential step in
antiviral development is an appropriate animal model to docu-
ment efficacy of molecules against arenaviruses; several models
have been proposed and are summarized by Gowen and Holbrook
(2008). Recently, MHC class I knock-out mice were shown to be
susceptible to Lassa virus and thus could constitute a good animal
model for Lassa virus infection (Flatz et al., 2010, PMID 20360949).
AG129 IFN-�/� and -� receptor-deficient mice were also success-
fully used to validate the antiviral of MY-24 against Tacaribe virus
(Gowen et al., 2010).
2.8. The VIZIER quest for new antiviral drugs against arenaviruses

For arenaviruses, domain design was performed from the lit-
tle genomics data available at the outset of the project. A total
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Fig. 3. NTP binding assay of Parana virus L1 domain (New England Biolabs). The experimental procedure was as described previously (Egloff et al., 2002). Briefly, 2 �g of
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rotein was incubated in 10 �l Tris 10 mM NaCl 50 mM, pH 7.5, with either 0 or 50 �
min using a UV lamp (40 W, � = 254 nm) at a 12 mm distance. Samples were then
lue staining (Panel B) or using a FujiImager to visualize radiolabelled products (P
inding.

f six full-length L RNA segments were sequenced and available
rom public databases at the outset of VIZIER. Efforts during VIZIER
roject led to the complete sequence characterization for a total
f 15 additional arenaviruses listed in the ICTV catalogue, but also
or new arenaviruses not yet listed in the ICTV, such as Morogoro
irus (Charrel et al., 2008). So, VIZIER achievement in the field of
enomics has to be considered as a major contribution not only to
he project objectives, but also for the scientific community.

.8.1. The search for a soluble sub-domain of the arenavirus L
rotein

No rational antiviral strategy has been followed to target
pecifically the replication machinery, probably because of our
urrent meager knowledge of the L protein structure and function.
he bottleneck for structural and functional studies is an appro-
riate production yield of pure recombinant L protein. To date,
unctional studies related to the L protein have been derived from
eplicon studies (Hass et al., 2008), or a minigenome transfected
nto infected cells (Lee et al., 2000). The arenavirus L protein plays
n essential role in genome transcription and replication (Lopez
t al., 2001). It consists of 2220 amino-acid residues. Because of
ts size, expression in heterologous expression systems remains
roblematic. Recently, the design of smaller subdomains has been
uccessfully implemented to improve expression yields compat-
ble with the requirements to obtain biochemical and structural
ata. For example, a random cloning approach based on deletion
ibrary screening selected a soluble, functional and crystallizable
ragment of the influenza PB2 subunit (Guilligay et al., 2008).

Efficient domain design can also be achieved by combining
io-informatic and experimental data, as exemplified by the
trategy used to produce crystallizable fragments of a pestivirus
Ci) of [�-32P]ATP, [�-32P]UTP or [�-32P]GTP. The mixture was then UV-irradiated
before SDS PAGE electrophoresis. Wet and dried gels were analyzed by Coomassie
), respectively. The T4 RNA ligase was used as a positive control for specific ATP

RdRp (Choi et al., 2004). Both random and rational strategies were
available in the VIZIER pipeline (Coutard et al., 2008; Manolaridis
et al., 2009; Gorbalenya et al., 2010). Extensive sequence analysis
based on homologous proteins from similar viruses or different
strains of Lassa virus led to the prediction of four domains encom-
passing residues 1–250, 493–887, 1007–1653, and 1757–1909,
which were termed regions LI to LIV, respectively (see Fig. 1) (Vieth
et al., 2004). A biological function was predicted exclusively for
region LIII as the putative RNA-dependent RNA Polymerase, RdRp.
For Tacaribe virus, both domains LI and LIII were recently shown
to be involved in the interaction with the Z protein (Wilda et al.,
2008). Taken together, these data led to the rational design of 4
domains for protein expression, the latter being shown in Fig. 1 for
the Parana virus L protein.

Lassa virus domains LI and LIV were cloned into the pIVEX2.4d
vector and successfully over-expressed using cell-free translation.
The data indicated that these domains can fold independently. Crys-
tals of LI domain from Lassa virus were obtained but exhibited only
poor diffraction. Several alternative expression constructs for this
domain, with different domain boundaries, were prepared in order
to improve the quality of the crystals. These design efforts did not
only rely on theoretical predictions (secondary structure, homol-
ogy to corresponding domains of other arenaviruses), but also on
limited proteolysis of larger fragments and subsequent analysis of
the resistant stable domain cores. Experimental findings showed
that significant improvement of the crystals could be achieved.
The domains LI to LIV were cloned for 14 other viruses
(Parana, LCM, Ippy, Mopeia, Guanarito, Pirital, Allpahuayo, Bear
Canyon, Cupixi, Amapari, Machupo, Sabia, Latino, Oliveros) to bring
sequence diversity and improve thus the success rate of expression,
crystallization, or crystal diffraction (Coutard and Canard, 2010).
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Fig. 4. Crystallization and crystal diffraction of the Parana virus L1 Domain. Panel A: Crystals of Parana virus L1 Domain were obtained from a two step screening procedure.
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nitial crystals hits were grown from commercial screens using the vapor diffusion
n a secondary screening procedure by adding two parts of the described crystalliz
est crystals were obtained in a solution made of 2 part of (NH4)2PO4 500 mM, Im
btained crystals. 3, 4, 6 and 12 Å resolution limits are indicated by purple circles.

he expression procedure followed a previously described proto-
ol (Berrow et al., 2006) for expression in E. coli. Only 3 constructs
ere expressed in the soluble fraction. All of them correspond to

n LI domain. When purified, only the domain of Parana virus was
table in a non-denaturing buffer (CHES 10 mM, NaCl 50 mM, pH 9).
urprisingly, the protein mass observed on SDS-Page stained with
oomassie blue was 5 kDa lower than expected (23 kDa instead of
8 kDa). The Mass Spectrometry analysis confirmed that about 50
mino acids were missing at the C-terminal end of the protein,
robably resulting from proteolytic cleavage. Although the pro-
ein did not exhibit the expected mass, wide range functional and
rystallization screenings were launched. In parallel, a smaller con-
truct (1–196 aa) for Parana virus L was re-cloned as well as for 13
ther arenavirus LI domains.

.8.2. Preliminary functional data for the N-terminal end of the
arana virus L protein

The structure prediction of the Parana virus LI domain using
HYRE (Kelley and Sternberg, 2009) suggested that it could be a
ucleotide binding domain. A nucleotide binding screening was
ssayed for the Parana LI domain, and the results are shown in Fig. 3.
he Parana LI domain was found to bind GTP specifically, under
xperimental conditions requiring UV-cross-linking. In compari-
on, none of the tested conditions provided any significant binding
f ATP or UTP These results represented an interesting starting
oint to elucidate progressively the LI function since (i) the 3′ end of
he genome and antigenome is a G, (ii) an extra G was shown to be
dded at their 5′ end (Garcin and Kolakofsky, 1990), and (iii) mRNAs
re capped following a probable cap-snatching pathway indicating
hat at least a G or 7mGTP binding site may exist in the L protein
Fig. 1). The involvement of the LI domain in these three stages of
iral replication/transcription was thus investigated.

.8.3. Crystallization of the Parana virus LI protein domain
Both 1–196 aa and 1–249 aa constructs were used for crystal-

ization trials. No improvement was observed with the shorter

onstruct, compared to the degraded protein resulting from the
ong one. Nevertheless, despite many crystallogenesis efforts, X-
ay diffraction could not be improved below a 6 Å resolution (Fig. 4).
owever, the strategy based on homologue screening with the 13
ther arenavirus LI domains led to the crystallization of the cognate
ique in (NH4)2PO4 500 mM, Imidazole 100 mM pH 8.0. Crystals were then refined
solution to one part of screening solutions (as described in Jabafi et al., 2007). The
e 100 mM pH 8.0 and one part of NH4Cl 1.75 M. Panel B: Diffraction pattern of the

LCM virus LI domain, for which the crystal structure was deter-
mined at a 2.7 Å resolution (Morin et al., 2010).

2.8.4. Structural and functional study of LCM virus LI domain
The LCMV LI Domain consists of 4 �-strands surrounded by

seven �-Helices. This organization was found to be related to the
recently discovered N-terminal domain of influenza PA protein
(Dias et al., 2009). Together with the conserved amino acid motif
PD. . .(D/E)XK, the domain was proposed to be a type II endonucle-
ase. This function was confirmed using enzymatic assays. Following
mutational analysis and a cell-based replicon system, endonucle-
ase knock-out was associated to a transcription-null phenotype,
suggesting that this domain is involved in functional RNA pro-
duction, probably in the cap snatching process. Sequence analysis
suggested that the endonculease was conserved among Arenaviri-
dae and Bunyaviridae. This finding was concomitantly confirmed by
the crystal structure determination of the La Crosse virus endonu-
clease (Reguera et al., 2010). Moreover, the structure determination
of both LCMV and La Crosse virus endonucleases showed that
they are very closely related to that of influenza virus. From an
antiviral design point-of-view, it means that the ongoing efforts
to design influenza endonuclease inhibitors may directly bene-
fit to the neglected Arenaviridae and Bunyaviridae virus family.
Indeed, 2,4-dioxo-4-phenylbutanoic acid, a potent inhibitor of the
influenza endonuclease, is also active on La Crosse virus endonucle-
ase and has been crystallized in its active site (Reguera et al., 2010).

2.8.5. Lassa virus Z protein
Arenaviral Z proteins are small zinc-binding proteins of 90–103

amino-acid residues. For LCM virus and Lassa virus, the Z proteins
were shown to be the driving force for the budding of virus from
infected cells (Strecker et al., 2003, 2006). The expression of Lassa
virus Z protein alone in Vero cells is sufficient for the production
and release of lipid-enveloped virus-like particles (Strecker et al.,
2003). N-terminal myristoylation of the Lassa virus Z protein has
been demonstrated to be essential for the interaction of the protein

with host-cell membranes (Strecker et al., 2006). The arenaviral Z
proteins have also been reported to interact with several host-cell
proteins including the promyelotic leukemia protein (Borden et al.,
1998a), the nuclear fraction of the ribosomal protein P0 (Borden
et al., 1998b), and eIF4E (Campbell Dwyer et al., 2000).
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For some arenaviruses, the Z protein has been reported to
e involved in regulation of transcription and RNA replication
Strecker et al., 2003). Recently, the Z protein of Tacaribe virus has
een shown to inhibit the polymerase activity of the L protein (see
elow; Wilda et al., 2008). The core of the Z protein contains a RING
omain of about 60 residues, which is able to bind two zinc ions
Salvato and Shimomaye, 1989). The so-called late domains (PTAP
nd PPPY) at the C-terminus of the proteins are also required for the
ormation and release of virus-like particles (Strecker et al., 2003).

Within the VIZIER project, the Lassa Z protein was expressed
ith an N-terminal His tag in E. coli and purified by Ni-NTA chro-
atography. The findings suggest that the addition of metal ions

o the growth medium affected the solubility and the oligomeriza-
ion state of the protein. Z protein from non-metal-supplemented
ultures consisted of a mixture ranging from monomers to poly-
ers. In contrast to the observations reported by Garcıá et al.

2006), we were able to produce a stable and soluble, metal ion-
ree form of the Lassa virus Z protein. The addition of Zn2+ or
o2+ resulted in a narrower oligomer-distribution with a maxi-
um corresponding to 12- to 14-mers (according to gel filtration

nd Dynamic Light Scattering). The metal content was determined
y Atomic Absorption Spectroscopy (AAS) and by Proton-Induced
-ray Emission-spectroscopy (PIXE). The maximum metal-ion con-

ent was determined as two and three Zn2+ per protein, by AAS
nd PIXE, respectively. The nature and the location of a possible
hird metal-binding site are currently unknown. Studies to char-
cterize the binding sites of 57Fe-substituted Lassa virus Z protein
y Mößbauer spectroscopy are in progress. Homogeneous protein
ractions (according to Dynamic Light Scattering) yielded small
rystals, which are currently being improved.

. Hantaviruses

.1. Taxonomy and epidemiology

Hantaviruses form a unique genus (Hantavirus) within the Bun-
aviridae family. Twenty-three species are currently recognized by
he ICTV but many recently discovered novel hantaviruses remain
o be included. On the other hand, proposed new stringent species
efinition criteria may lead to a reduction in the number of species
Maes et al., 2009a,b). Hantaviruses differ from other bunyaviruses
n one important ecological aspect: they are not transmitted by
rthropod vectors. In common with the arenaviruses, their natural
osts are mainly rodents and the hantaviruses also have a strict
ssociation with specific natural hosts. Thus, by analogy with the
renaviruses their distribution is determined by that of their ver-
ebrate host (Schmaljohn and Hjelle, 1997). They are dispersed and
nfect hosts via aerosolized rodent excreta and in the case of their
atural hosts they produce an asymptomatic persistent infection.

n contrast, infected humans may develop hemorrhagic fever with
enal syndrome (HFRS) in Asia and Europe, or hantavirus cardiopul-
onary syndrome (HCPS) in the Americas.
Hantaan virus (HTNV) and Seoul virus (SEOV) are prominent

xamples of hantaviruses that cause HFRS in Asia. Approximately
50,000 HFRS cases are estimated to occur worldwide annually,
ore than 90% being reported from Asia where the most severe

ases with fatality rates reaching 15% are recorded (Kariwa et
l., 2007). The most common European hantavirus is Puumala
irus which causes a mild form of HFRS often called nephropathia
pidemica. Severe HFRS is also seen in Europe and is caused by
obrava-Belgrade virus (DOBV) (Krüger et al., 2001; Klempa et al.,

008). Sin Nombre virus (SNV) from North America and Andes virus
ANDV) from South America are the most important representa-
ives of viruses causing HCPS. Thus far, ANDV is the only known
antavirus that displays human-to-human transmission (Padula
t al., 1998; Martinez et al., 2005; Ferres et al., 2007).
earch 90 (2011) 102–114 109

3.2. Genome structure and replication strategy

Hantaviruses are lipid-enveloped, spherical viruses of about
80–110 nm in diameter. They have a genome organization typical of
the Bunyaviridae family, consisting of three negative-stranded RNA
segments: a small (S) segment (∼1700–2100 nucleotides) encod-
ing the viral nucleocapsid (N) protein, a medium (M) segment
(∼3700 nucleotides) encoding the envelope glycoproteins G1 and
G2 (co-translationally cleaved from a glycoprotein precursor), and
a large (L) segment (∼6500 nucleotides) encoding the viral RNA-
dependent RNA polymerase (L protein). The L protein acts as a
replicase, transcriptase, endonuclease and possibly, RNA helicase.
The 5′ and 3′-terminal sequences of all three genome segments
are genus-specific, highly conserved and display reverse comple-
mentarity to each other, thus being capable of forming panhandle
structures. They are thought to play a role in viral transcription
and in the proposed prime-and-realign mechanism of replication
(Plyusnin et al., 1996; Maes et al., 2004; Khaiboullina et al., 2005).

3.3. Recently discovered hantaviruses

Over the past three years hantavirus research has passed two
important milestones. The first was the discovery of hitherto
unknown endemic hantaviruses in Africa and the second was the
discovery of a group of novel, phylogenetically very distinct han-
taviruses in non-rodent hosts.

Although several studies in African populations have shown the
presence of antibodies that cross-react with Eurasian hantaviruses,
no indigenous hantaviruses in African rodents were known until
2006 when the first genetic evidence for the presence of han-
taviruses in Africa was reported. The first African hantavirus was
found in the African wood mouse (Hylomyscus simus) trapped in a
forest habitat in Guinea, West Africa, and named Sangassou virus
(SANGV) after the village where the animal had been trapped
(Klempa et al., 2006). A second African hantavirus was found in
Guinea soon after and its discovery was even more surprising than
the first one, thus initiating the search for hantaviruses in non-
rodent hosts. Very divergent hantavirus sequences were found in
Therese’s shrew (Crocidura theresae). It was named Tanganya virus
(TGNV), and is only distantly related to other hantaviruses, reflect-
ing the fact that it was found in a shrew instead of a rodent (Klempa
et al., 2007). Although HFRS and HCPS are not recognized diseases
in Guinea, or Africa in general, the pathogenic potential of SANGV,
TGNV, and probably other, yet undiscovered African hantaviruses
should not be underestimated. Hantavirus-associated disease may
be confused with other severe diseases or may be unrecognized
because of limited health-care conditions.

Interestingly, Thottapalayam virus (TPMV) found in 1971 in
Asian house shrew (Suncus murinus) was for decades considered
to be the single exception of a hantavirus with a non-rodent reser-
voir. However, shortly after the discovery of the shrew-associated
TGNV several other unique shrew-borne isolates of hantavirus were
reported. These include the detection of Camp Ripley virus in the
northern short-tailed shrew (Blarina brevicauda) (Arai et al., 2007),
Ash River virus in the masked shrew (Sorex cinereus), Jemez Springs
virus in the dusky shrew (Sorex monticolus) in the United States
(Arai et al., 2008a), Cao Bang virus (CBNV) in the Chinese mole
shrew (Anourosorex squamipes) in Vietnam (Song et al., 2007a),
Seewis virus in the Eurasian common shrew (Sorex araneus) in
Switzerland (Song et al., 2007b), and Imjin virus (MJNV) in the
Ussuri white-toothed shrew (Crocidura lasiura) in Korea (Song et

al., 2009). Most recently, the spectrum of hantavirus hosts was
further extended to moles when Asama virus was found in the
Japanese shrew mole (Urotrichus talpoides) trapped in Japan (Arai
et al., 2008b) and Oxbow virus in the American shrew mole (Neu-
rotrichus gibbsii) trapped in the United States (Kang et al., 2009).
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Fig. 5. Maximum likelihood phylogenetic tree of hantavirus representatives illus-
trating relationships between the three major groups of rodent-borne hantaviruses
(indicated by grey ellipsoids) and novel shrew- and mole-associated hantaviruses
(indicated by interrupted grey curve) based on partial N protein amino acid
sequences (147 aa, position 217–365). The tree was computed with the TREE-
PUZZLE package by using the JTT evolutionary model. The scale bar indicates an
evolutionary distance of 0.1 substitutions per position in the sequence. SANGV,
Sangassou virus; HTNV, Hantaan virus; SEOV, Seoul virus; DOBV, Dobrava-Belgrade
virus; THAIV, Thailand hantavirus; PUUV, Puumala virus; TULV, Tula virus; KHAV,
Khabarovsk virus; ISLAV, Isla Vista virus; PHV, Prospect Hill virus; SNV, Sin Nombre
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irus, ANDV, Andes virus; BAYV, Bayou virus; RIOV, Rio Segundo virus; CADV, Cano
elgadito virus; TPMV, Thottapalayam virus; MJNV, Imjin virus; TGNV, Tanganya
irus; CBNV, Cao Bang virus; ARRV, Ash River virus; JMSV, Jemez Springs virus;
WSV, Seewis virus; ASAV, Asama virus.

.4. Evolutionary relationships among the hantaviruses

Hantavirus species are strongly associated with one (or a few
losely related) specific rodent species as their natural reservoir
osts, mainly rodents but, as recently reported, also insectivores
order Soricomorpha; shrews and moles). This close association is

irrored also in their phylogeny; rodent-associated hantaviruses
orm three major evolutionary clades corresponding to the three
ubfamilies of their rodent hosts. HTNV, SEOV, DOBV, as well as
he recently discovered African SANGV are examples of Murinae-
ssociated hantaviruses, PUUV and Tula virus (TULV) belong to
he Arvicolinae-associated hantaviruses while SNV and ANDV
re members of the group called Sigmodontinae-associated han-
aviruses. Interestingly, the Soricomorpha-associated viruses do
ot seem to be monophyletic. At least with the currently available

imited sequence data, there seem to be at least two main clusters
f shrew- and mole-borne viruses but without a clear association
o their hosts (Fig. 5).

The obvious similarities of hantavirus and rodent phylogenies
ave been the basis for the hantavirus-rodent co-evolution and
o-speciation concept (Plyusnin et al., 1996). However, recent phy-
ogenetic analyses and evolutionary rate calculations as well as
ecent findings of shrew- and mole-associated hantaviruses sug-
est that this concept will have to be re-evaluated (Ramsden et al.,

008, 2009). Moreover, high diversity and wide geographic dis-
ribution of the recently discovered hantaviruses together with
he fact that insectivores and mice are very divergent in evolu-
ionary terms make it reasonable to predict that other groups
f mammals will be found to carry yet undiscovered han-
earch 90 (2011) 102–114

taviruses in the near future (Henttonen et al., 2008; Klempa,
2009).

3.5. Hantavirus infections of humans

Both hantavirus diseases, HFRS and HCPS, are acute febrile infec-
tions. The initial symptoms are very similar and include abrupt
onset of high fever, malaise, myalgia, back and abdominal pain,
and other flu-like symptoms. HFRS is mainly characterized by renal
failure and hemorrhages, varying from small petechiae to severe
internal bleeding and the disseminated intravascular coagulation
syndrome. On the other hand, pneumonia and cardiovascular dys-
function are characteristic for HCPS.

Common factors of hantavirus infections include increased
permeability of the microvascular endothelium and thrombo-
cytopenia. The complex pathogenesis of HFRS and HCPS is
currently assumed to be a multifactoral process which includes
T-cell mediated endothelial damage, immune effectors, and �3-
integrin dysfunction-mediated increase of vascular permeability
(Krüger et al., 2001; Maes et al., 2004; Khaiboullina et al., 2005;
Gavrilovskaya et al., 2008).

3.6. Vaccines

Different rodent brain and cell culture-derived inactivated vac-
cines are used locally in South Korea and China but the methods of
their preparation are considered unacceptable for human vaccina-
tion in most western countries (Piyasirisilp et al., 1999). Hantavax®,
a formalin-inactivated suckling mouse brain marketed in Korea
demonstrated capacity to elicit neutralizing antibodies in only
about half of the recipients (Cho et al., 2002; Sohn et al., 2001). Field
trials have not been conducted, and a case–control study was incon-
clusive because of insufficient statistical power (Park et al., 2004).
In China, HTNV- and SEOV-inactivated vaccines have been pro-
duced in cell cultures, and elicited neutralizing antibody responses
in about 50% and 80% of recipients receiving three doses, respec-
tively. An inactivated, bivalent vaccine (HTNV and SEOV), was also
developed and tested in a total of 1100 persons in China: more than
90% of vaccines developed neutralizing antibodies to both HTNV
and SEOV after 3 doses (Dong et al., 2005).

A variety of techniques, including recombinant proteins, virus-
like particles and chimeric viruses as well as DNA vaccines have
been investigated and found protective in animal trials (reviewed in
Maes et al., 2009b). In the most recent approach, adenovirus vectors
expressing hantavirus proteins protected hamsters against lethal
challenge with ANDV (Safronetz et al., 2009).

To avoid some of the problems associated with cell culture or
rodent brain-derived vaccines, two molecular vaccines for HFRS
have been tested in humans. The first was a recombinant vaccinia
virus (VACV)-vectored vaccine expressing the M and the S segments
of HTNV (Woo et al., 2005). Low rate of neutralizing antibodies
to HTNV were observed, and this vaccine has not been pursued.
Recently, plasmid DNA delivered by gene gun has been developed
and tested in animals (Hooper et al., 1999; Spik et al., 2008).

3.7. Therapy of hantavirus infections

3.7.1. Immune plasma
At present, there have been no published reports of controlled

clinical trials of immunotherapy for HFRS or HCPS (Jonsson et al.,
2008).
3.7.2. Antiviral drugs
Currently, no approved antiviral drug is available for specific

treatment of the hantavirus diseases. The only antiviral drug which
has been shown to have in vitro activity and to some extent also in
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ivo activity against some hantaviruses is ribavirin (Severson et al.,
003). The efficacy of ribavirin therapy given to HTNV-infected
uckling mice showed that the ribavirin-treated mice had a higher
urvival rate than the placebo control group (Huggins et al., 1986).
ibavirin was tested for efficacy in HFRS patients in China and
hown to have a statistically significant beneficial effect if initiated
arly in the disease course (Huggins et al., 1991). More recently,
esults of a clinical study using intravenous ribavirin A in a total of
8 individuals enrolled between 1987 and 2005 were supportive
f an efficacy demonstrated by a decreased occurrence of oliguria
nd decreased severity of renal insufficiency (Rusnak et al., 2009).

On the other hand, the results of trials in patients suffering from
CPS yielded disappointing results (Chapman et al., 1999; Mertz
t al., 2004). Two double-blind, placebo-controlled efficacy trials
ave been performed in persons with HCPS in the cardiopulmonary
hase (Chapman et al., 1999; Mertz et al., 2004). The majority of the
atients were in the cardiopulmonary stage when they enrolled,
nd treatment with ribavirin had no clinical benefit, suggesting that
ts efficacy may depend on the phase of infection and the severity
f disease when treatment is initiated and calling attention to the
eed for early intervention. The major problem is that progression
o respiratory failure, shock and death typically occurs within hours
f presentation in the cardiopulmonary phase, leaving little time for
he study intervention to have an effect.

Recently, a diverse series of 3-substituted 1,2,4-triazole-beta-
ibosides were prepared and one compound with antiviral activity
as identified, 1-beta-d-ribofuranosyl-3-ethynyl-[1,2,4] triazole

ETAR). It showed promising antiviral activity against HTNV and
NDV. ETAR did not increase mutation frequency of the HTNV
enome, which suggests it has a different mechanism of action
rom ribavirin. Mechanism and metabolism studies identified its
ctivity as being primarily due to inosine monophosphate dehydro-
enase inhibition with reduction of GTP pools, which was combined
ith residual complementary activity possibly affecting the L pro-

ein. Although ETAR protected suckling mice from infection with
TNV only to a degree comparable to the efficacy of ribavirin it is
promising scaffold for antiviral drug development (Chung et al.,
008).

Recently, other antiviral strategies have been evaluated such
s the use of cyclic peptides which bind �v�3 integrin as a virus
eceptor and thereby blocked SNV and HTNV infection of Vero E6
ells (Larson et al., 2005; Hall et al., 2007) or multivalent cyclic
eptides presented on nanoparticles which specifically prevented
NV infection in vitro (Hall et al., 2008).

.8. The VIZIER quest for antiviral drugs against hantaviruses

The main achievements of the VIZIER Program in the field of
antaviruses were obtained in the virus discovery and genomics
art of the project. Identification of Sangassou virus as the first
frican hantavirus (Klempa et al., 2007) dramatically extended the
ogmatic view about geographic range, evolution, and epidemiol-
gy of hantaviruses. Tanganya virus (Klempa et al., 2007) as the
econd African hantavirus was, moreover, the second shrew-borne
antavirus ever found (after TPMV, known for decades but consid-
red exceptional) and initiated the recent boom of novel shrew-
nd mole-borne hantaviruses. Moreover, the novel genetic lineage
f Dobrava virus causing severe HFRS cases in southern European
ussia, and the Dobrava strain causing HFRS outbreaks in cen-
ral European Russia were identified and genetically characterized
Klempa et al., 2008).
Unfortunately, the final goal of the VIZIER project, obtain-
ng crystal structures, was not reached for hantavirus L protein
omains. Nevertheless, intensive efforts were made in the field of
antavirus L protein domain predictions, expression, and solubil-

ty problems. Altogether, 85 expression constructs were prepared
earch 90 (2011) 102–114 111

involving 20 different domain predictions/constructs for seven dif-
ferent hantavirus strains. The main effort was focused on the LI
domain of still unknown function and the polymerase domain by
itself. Different domain prediction approaches were used. First of
all, tools developed within the consortium were used, such as
Viralis and VaZyMoLo. Altogether, twelve soluble proteins of five
different viruses were prepared, including two constructs of the LI
domain, three constructs of the LII domain, and one construct of
the N protein.

4. Conclusions

Although many studies are under way to discover and further
investigate antivirals active against pathogenic arenaviruses and
hantaviruses, there will be a significant delay before drugs may
be available for patient treatment in hospital settings (approach
#1). Therefore, the option to test licensed drugs for their efficacy
against arenaviral and hantaviral infections should be considered
and encouraged actively (approach #2). While on the face of it,
this approach may appear unorthodox, it could provide the indis-
putable advantage of drastically reducing the delay between drug
discovery and possible use as a treatment for patients. These two
approaches should not be considered competitive, but complemen-
tary. They should be combined to bring active molecules against
highly pathogenic viruses onto the market.In the case of both are-
navirus and hantavirus protein constructs, we observed that the
same constructs prepared using different viruses showed differ-
ent expression levels for unknown reasons. Therefore the option
of increasing the number of targets, on a purely empirical basis,
may be efficient. Accordingly, using biodiversity, specifically point
mutations selected in strains circulating in nature to overcome sol-
ubility, crystallization and diffraction problems showed to be an
efficient strategy. Practical evidence demonstrated that increas-
ing the number of viruses or strains, including a large diversity
of clinical strains with minimal genomics heterogeneity, may be
a successful option to obtain diffracting crystals. Usage of the wide
spectrum of naturally occurring variants of the same viral protein to
overcome solubility problems is therefore a very important lesson
that can be taken from the VIZIER effort on hantaviruses. Although
the obtained soluble proteins did not reach the crystallization stage
during the VIZIER project, they provide a solid basis for further
development in the near future.
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