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Abstract

Hemorrhagic fevers caused by viruses were identified in the late 1950s in South America. These 

viruses have existed in their hosts, the New World rodents, for millions of years. Their emergence 

as infectious agents in humans coincided with changes in the environment and farming practices 

that caused explosions in their host rodent populations. Zoonosis into humans likely occurs 

because the pathogenic New World arenaviruses use human transferrin receptor 1 to enter cells. 

The mortality rate after infection with these viruses is high, but the mechanism by which disease is 

induced is still not clear. Possibilities include direct effects of cellular infection or the induction of 

high levels of cytokines by infected sentinel cells of the immune system, leading to endothelia and 

thrombocyte dysfunction and neurological disease. Here we provide a review of the ecology and 

molecular and cellular biology of New World arenaviruses, as well as a discussion of the current 

animal models of infection. The development of animal models, coupled with an improved 

understanding of the infection pathway and host response, should lead to the discovery of new 

drugs for treating infections.
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INTRODUCTION

There are a large number of arenaviruses found in different regions worldwide. These 

include the New World (NW) and Old World (OW) arenaviruses, which largely infect 

different rodent species endemic to their respective geographic locations. More recently, 

snake arenaviruses have been identified in cases of inclusion body disease, a progressive and 

sometimes fatal disease best described for members of the Boidae and Pythonidae families 

(1). With the discovery of snake arenaviruses, a new taxonomy has been suggested, which 

places the mammalian and snake viruses into the Mammarenavirus and Reptarenavirus 
genera, respectively (2). The mammarenaviruses normally produce persistent infections in 

their rodent hosts, with chronic viremia that is not generally pathogenic, spreading virus 

through urine, feces, and saliva to other rodents (3). Most of the NW mammarenaviruses 

have rodent hosts, but Tacaribe virus (found in Trinidad) and Ocozocoautla de Espinosa 

virus (found in Mexico) may be carried by bats (4–6).
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The NW arenaviruses Junín virus, Machupo virus, Sabiá virus, and Guanarito virus, which 

infect rodents of the Cricetidae family, Sigmodontinae subfamily, found in Argentina, 

Bolivia, Brazil, and Venezuela, respectively, cause hemorrhagic fever in humans with about 

30% mortality (7). The geographic distribution of each arenavirus is assumed to be 

determined by the habitat range of its reservoir species (8, 9). Humans may become infected 

through direct contact with infected animals, including bites, or through inhalation of 

infectious rodent excreta and secreta. The domestic and peridomestic behavior of these 

rodent species is a major contributing factor facilitating viral transmission from rodent to 

human (8).

Argentine hemorrhagic fever, a disease endemic to the Pampa region of Argentina, with 

about five million people at risk, is caused by Junín virus (10). Although an effective live 

attenuated Junín virus vaccine jointly developed by the Argentinian and US governments, 

called Candid #1, has decreased the incidence of Argentine hemorrhagic fever from about 

~1,000 cases each year, there are still approximately 30–50 sporadic cases of infection with 

Junín virus as well as the other known and novel clade B arenaviruses for which there are no 

vaccines (11, 12). Indeed, in 2007–2008, there were more than 200 reported cases of 

Bolivian hemorrhagic fever, caused by Machupo virus infection, in several outbreaks in 

Bolivia (12), and in recent years there have been more than 40 cases annually of Guanarito 

virus infection in Venezuela (e.g., see 13). In 2004, a second fatal hemorrhagic fever 

arenavirus, Chaparé virus, was discovered in Bolivia (14), and it has been suggested that a 

novel NW arenavirus was responsible for a hemorrhagic fever outbreak in Chiapas, Mexico, 

in the late 1960s (4).

Because they can be readily transmitted by aerosols, hemorrhagic fever arenaviruses are 

potential bioterrorism agents and are included in the list of agents in the Material Threat 

Determinations and Population Threat Assessments issued by the US Department of 

Homeland Security (15). Thus, research with the human pathogenic NW arenaviruses must 

be conducted under biosafety level 4 (BSL-4)/animal biosafety level 4 (ABSL-4) conditions. 

Recovered patient serum has been successfully used to treat Junín virus infection, bringing 

mortality down from approximately 30% to 1% (11); whether it would be effective in the 

treatment of other NW arenaviruses is not known. About 10% of infected individuals treated 

with convalescent serum develop long-term neurological symptoms of unknown etiology 

(16). Ribavirin is currently the only antiviral drug in use for therapeutic or postinfection 

prophylactic treatment of arenavirus infection, although it has mixed efficacy and significant 

side effects (17). Both ribavirin and convalescent serum must be administered within the first 

7 to 10 days after infection to be effective. As such, there is a great need for a better 

understanding of NW arenavirus infection and the development of new antiarenaviral 

therapeutics.

TAXONOMY AND DISTRIBUTION

The mammarenaviruses are classified into two groups according to their antigenic 

properties. The Tacaribe (NW) serocomplex includes viruses indigenous to the Americas, 

and the Lassa-lymphocytic choriomeningitis serocomplex (OW) includes viruses indigenous 

to Africa, such as Lassa fever virus and the ubiquitous lymphocytic choriomeningitis virus 
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(LCMV). The Tacaribe serocomplex is the most genetically diverse group of the 

Mammarenavirus genus, composed of ~18 species divided into four lineages: clades A, B, 

C, and D (Figure 1a) (2). The NW lineage A includes five South American viruses: Flexal 

virus (Brazil), Pichinde virus (Colombia), Paraná virus (Paraguay), Allpahuayo virus (Perú), 

and Pirital virus (Venezuela). Viruses of this lineage generally do not infect humans. Lineage 

B includes eight South American viruses: Junín virus (Argentina); Chaparé and Machupo 

viruses (Bolivia); Sabiá, Cupixi, and Amapari viruses (Brazil); Tacaribe virus (Trinidad); 

and Guanarito virus (Venezuela) (Figure 1b). This clade includes the NW arenaviruses that 

cause hemorrhagic fever in humans: Junín, Machupo, Chaparé, Guanarito, and Sabiá 

viruses. The other members of clade B do not cause human disease, likely due to their poor 

ability to infect human cells (see below) (5). Lineage C NW arenaviruses, which are also not 

human pathogens, are the smallest clade within the genus, with only two described 

members: Latino virus (Bolivia) and Oliveros virus (Argentina) (8, 18). Bear Canyon, 

Tamiami, and Whitewater Arroyo viruses in the United States were originally termed clade 

A/B but have more recently been termed clade D (2); the latter virus was implicated in three 

fatalities in California in the 1990s (19, 20). The individuals in these cases had symptoms 

similar to those seen with the other NW hemorrhagic fever viruses.

The parameters used to define an arenavirus species within a clade are (a) association with a 

specific host species or group of species; (b) presence in a defined geographical area; (c) 

status as etiological agent (or not) of disease in humans; (d) significant differences in 

antigenic cross-reactivity, including lack of cross-neutralization activity; (e) significant 

amino acid sequence differences from other species in the genus [i.e., at least 12% 

divergence in the nucleoprotein (NP) amino acid sequence] (2). These classifications are 

sometimes fluid. For example, the genetic distances observed between Pampa virus and its 

closest relative, Oliveros virus, both found in Argentina, suggested that Pampa virus should 

be considered as a genotype of Oliveros virus instead of as a new viral entity. This was 

corroborated by its geographic distribution and mammalian host (Bolomys spp.), which are 

identical to those of Oliveros virus (21).

ECOLOGY AND EPIDEMIOLOGY

Most of the natural hosts for clade B NW arenaviruses are rodents of the subfamily 

Sigmodontinae (22), with the exception of Sabiá virus, for which no wild reservoir is known, 

and Tacaribe and Ocozocoautla de Espinosa viruses, which are thought to be found in bats 

(4–6). In contrast, OW arenaviruses are hosted by murid rodents of the subfamily Murinae 
(OW mice and rats).

The animal hosts for the highly pathogenic Junín, Machupo, and Guanarito viruses are 

Calomys musculinus (drylands vesper mouse), Calomys callosus (large vesper mouse), and 

Zygodontomys brevicauda (short-tailed cane mouse), respectively (5). C. musculinus is a 

wild rodent widely distributed throughout Argentina. It is an opportunistic species, 

characterized by a high reproductive rate and the ability to colonize a wide variety of 

habitats. These properties of the rodent host have allowed Junín virus to progressively 

expand its endemic area, which was originally centered in the city of Junín in the late 1950s 

and grew to cover nearly 150,000 km2 in four Argentinean provinces in the 2000s (22). 
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Modifications of the environment, due to either human activities (modern farming practices) 

or natural ecological changes (flooding, storms), have been implicated in the emergence of 

human disease caused by arenaviruses, resulting in increases in the population and changes 

in the behavior of the reservoir host (8, 22).

Bolivian hemorrhagic fever was first described in 1959, affecting isolated human 

communities in eastern Bolivia largely through residential rodent infestation and also as a 

result of socioeconomic upheaval and changes in farming practices (23). The etiologic agent, 

Machupo virus, was isolated in 1963 from a patient who died from the disease (12). 

Although Machupo virus emerges only sporadically, the mortality rate associated with 

infection is high (20%), rendering necessary the development of vaccines and therapies for 

the disease (12, 24). For decades, Bolivian hemorrhagic fever cases were found only in 

northeastern Bolivia, and Machupo virus was therefore thought to be the only pathogenic 

arenavirus found in this country. However, a fatal hemorrhagic fever case occurred in 2003 

near Cochabamba Department that was associated with a unique, newly discovered 

arenavirus, denoted as Chaparé virus (14).

Venezuelan hemorrhagic fever was recognized as a clinical entity in 1989 during an outbreak 

in the municipality of Guanarito (25). During the period 1989–2006, 618 Venezuelan 

hemorrhagic fever cases occurred, with a mortality rate of 23%. Up to 99% of the affected 

individuals lived or worked in rural areas in Guanarito when they became ill, so the 

etiological agent of the disease was named Guanarito virus (26). For the other lineage B 

human pathogen, Sabiá virus, only one naturally occurring fatal case has been reported (27). 

The sporadic appearance of disease caused by established and novel arenaviruses 

underscores the seriousness of potential outbreaks in South America.

The other lineage B viruses, including Tacaribe virus, and the lineage A Flexal virus have 

only been associated with febrile and nonfatal laboratory-acquired infections in humans 

(28). Exposure to the lineage A Pichinde virus has resulted in numerous seroconversions, 

primarily in laboratory workers, without any noticeable clinical symptoms (29). Tacaribe 

virus provides an excellent model system to identify the determinants of pathogenesis of the 

lethal lineage B viruses, without the need for BSL-4 containment facilities. The placement 

of Tacaribe virus within phylogenetic lineage B is based on the viral glycoprotein and 

nucleoprotein genes, which encode proteins involved in host cell invasion (8). Thus, the 

relatedness of the viruses within clade B is not predictive of their ability to cause human 

disease, although their receptor usage is (see below) (30).

The rodent species that serve as the primary hosts for both the NW and OW arenaviruses are 

persistently infected by a single viral species and are capable of both vertical and horizontal 

transmission (8, 9). Humans usually become infected through contact with infected rodents 

(cuts or bites) or via inhalation of infectious rodent excreta or secreta (21, 31). People with 

regular direct or indirect contact with wildlife, agricultural workers, and laboratory workers 

are particularly susceptible (31, 32). There are also rare incidences of human-to-human 

infection by close contact, nosocomial infection, or possibly organ transplantation, as has 

been seen with LCMV (33, 34). Other means of infection may include ingestion of infected 

rodents. For example, white-throated woodrats are consumed by humans in the Potosí-
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Zacatecan Mexican Plateau, and Mexican woodrats (Neotoma mexicana), Mexican deer 

mice (Peromyscus mexicanus), and other cricetid rodents are consumed by the Tzeltal 

Indians in Chiapas, posing a higher risk for these populations to become infected with 

arenaviruses carried by these rodent vectors (35).

For many decades it was thought that arenavirus-rodent interactions were an example of 

virus-host codivergence, where one rodent species diverged from another so much that the 

viruses carried in each host were no longer able to infect the different host species equally 

well. However, a recent study in NW arenaviruses suggested that host switching is mainly 

responsible for the host-virus evolution; this emphasizes the potential for arenaviruses to 

become panzootic (36). This ability to host switch is likely due to a relatively error-prone 

viral polymerase or to recombination that occurs during coinfection of a single species with 

multiple different arenaviruses (36, 37). Recombination events require infection of a single 

cell by two or more different viruses. Although it was originally believed that arenaviruses 

prevented infection by more than one virus by a mechanism termed superinfection 

interference, recent work has indicated that cells already infected with one Junín virus do not 

block infection by a second virus (38). Such coinfection/recombination has recently been 

suggested to have occurred with the reptarenaviruses (39).

ARENAVIRUS RECEPTORS

Arenaviruses are enveloped RNA viruses whose entry is mediated by the viral glycoprotein 

(GP), which is generated by proteolytic processing of the precursor GPC by the cellular 

protease SK1/S1P, which cleaves the precursor into the envelope protein subunits GP1 (the 

receptor-binding domain) and GP2 (the transmembrane fusion protein), and by the host 

signal peptidase, which processes membrane proteins to generate the stable signal peptide 

(SSP), a third subunit required for virus-cell fusion (Figure 2a) (40, 41). Entry of these 

viruses requires GP1 binding to a cellular surface receptor (Figure 2b). The clade B 

pathogenic NW arenaviruses use transferrin receptor 1 (TfR1) from humans and from their 

host species, but not from mice, for cell entry (42). TfR1 is a highly conserved cell surface 

receptor that is the major means by which cells take up iron in the form of iron-bound 

transferrin (43). In contrast, three other viruses in this clade (Tacaribe, Amapari, and Cupixi 

viruses) are nonpathogenic to humans, at least in part because they cannot bind to human 

TfR1 (44). They do, however, use TfR1 molecules from their host species. The crystal 

structure of the Machupo virus GP1 bound to human TfR1 revealed that clade B 

arenaviruses contact human TfR1 on a surface with substantial sequence variability among 

viruses, which might reflect their independent evolution and adaptation to their host species’ 

receptors (45).

Mutational analysis has shown that the TfR1 apical domain is the principal site of interaction 

with NW arenavirus GP1, and a short segment of four residues (208–212) in this domain is a 

critical determinant of virus host specificity (46). Substitutions in the counterpart region of 

mouse TfR1, based on the human TfR1 sequence, convert this molecule into an efficient 

receptor for Junín virus (45). Conversely, naturally occurring mutations in the domain of 

TfR1 that interacts with Machupo virus GP1 are able to prevent viral binding while retaining 

the receptor functionality (47); these variations might be able to confer protection in 
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nonsusceptible rodents, and similar variants could potentially also protect humans from 

Machupo virus infection (27, 47). Intriguingly, Amapari and Tacaribe viruses can infect and 

replicate in human cells, but they do so independently of human TfR1, although they 

efficiently use the TfR1 of their respective hosts (5, 48). However, a point mutation was 

enough to convert human TfR1 into an efficient receptor for Tacaribe virus, and four 

mutations within nucleotides found in the host species Neacomys spinosus TfR1 sequence 

converted human TfR1 into an efficient receptor for Amapari virus (5). Likewise, human 

TfR1 variants with only modest changes allow efficient infection by tentative clade D 

viruses, implying that a small number of mutations in the GP may be sufficient for these 

viruses to gain use of human TfR1. These data show that TfR1 has an important role in the 

replication of nonpathogenic NW arenaviruses and suggest that subtle changes in their GPs 

might adapt them to use human TfR1. Moreover, lack of host species specificity among the 

clade D viruses may promote cross-species transmission and recombination, which can in 

turn increase the likelihood of producing viruses that use human TfR1. The North American 

arenaviruses may infect humans more frequently than previously understood given that only 

modest changes in receptor recognition are needed to change species tropism (49). This 

highlights the potential of these viruses to emerge as human pathogens.

The clade B viruses that infect humans (Junín, Machupo, Guanarito, Sabiá, and Chaparé 

viruses) incidentally acquired the capacity to bind human TfR1 during coevolution with the 

receptor in their natural rodent hosts, enabling the zoonosis (30, 45). Thus, the ability of an 

arenavirus to use human TfR1 is predictive of its ability to cause hemorrhagic fevers in 

humans (30). The close relationship between human TfR1 use and severe human disease 

suggests that TfR1 regulation plays a pivotal role in disease severity. TfR1 has several 

properties favorable to arenavirus replication and the development of hemorrhagic fevers: It 

is rapidly endocytosed into acidic compartments, is expressed on endothelial cells, and is 

upregulated on rapidly dividing cells including activated lymphocytes (5). The early 

response to viral infection thus could drive TfR1 expression on activated target cells, which 

in turn would accelerate viral replication; this feedback mechanism could distinguish clade 

B hemorrhagic fever arenaviruses from the nonpathogenic variants that have the ability to 

infect cells using other receptors that may not be upregulated in response to infection (30). 

Because TfR1 expression is highly regulated by host iron levels, it has been suggested that 

treatment of infected individuals with iron might ameliorate disease (42, 43, 50).

NW arenaviruses also enter cells via TfR1-independent means (48, 51) and likely use 

receptors other than TfR1 to infect sentinel cells of the immune system, their probable initial 

in vivo targets (see below). This must also be the case for the nonpathogenic clade B viruses 

Tacaribe virus, Amapari virus, and Flexal virus, which can infect human cells or humans 

independently of TfR1 (28, 48). Indeed, the live attenuated Junín vaccine, Candid #1, was 

generated in part through extensive passage in neonatal mouse brain, where it was reported 

to be initially pathogenic (52, 53). C-type lectin receptors such as DC-SIGN/CD209 and L-

SIGN/CD209L have been implicated in Junín virus infection, and other cell surface 

molecules, such as members of the TIMs and Axl family, which bind phosphatidylserine, 

have been suggested to increase the efficacy of NW arenavirus infection by interaction with 

the viral GP1 (54, 55). Although human TfR1 is the primary cell entry receptor for these 

viruses, NW arenaviruses can infect murine cell lines, macrophage primary cultures from rat 
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and C. musculinus, and laboratory mouse models through a TfR1-independent mechanism 

(48, 51, 56, 57). We as well as others have also shown that Junín and Machupo 

pseudoviruses can infect Mus musculus in vitro and in vivo, although they are unable to bind 

to mouse TfR1 (48, 51). We recently suggested that voltage-gated calcium channels serve as 

additional entry receptors (58), and our unpublished work suggests that they are the major 

means by which Junín virus enters mouse cells. Some of these other receptors, as well as 

TfR1, may serve to increase binding of NW arenaviruses to the cell surface, thereby 

increasing the local concentration of virions and the efficacy of infection.

ARENAVIRUS REPLICATION

Whereas the GP1 subunit primarily determines host and likely tissue tropism by binding to 

the cell surface receptors, the GP2 subunit mediates membrane fusion, along with the SSP 

subunit, after virus particles are internalized into acidified endosomes. Subsequent to GP 

interaction with receptors on the cell surface, trafficking to a pH 5 late endosomal 

compartment is required for virus-cell membrane fusion and entry of the capsid into cells 

(Figure 2b) (59–61). Internalization may occur through clathrin-mediated endocytosis, 

although this has only been shown in immortalized epithelial cells and fibroblasts (62). 

Although it has been suggested that NW arenaviruses traffic through an early endocytic 

compartment to reach the late endosome, we as well as others have suggested that the virus 

bypasses the early compartment, at least in certain cell types (62–64); one possibility is that 

NW arenavirus entry through intracellular compartments differs depending on the cell type. 

Both the TfR1-dependent pathway and the TfR1-independent pathway still require entry 

through a low-pH compartment (56, 64). It has recently been shown that the OW arenavirus 

Lassa fever virus, in addition to using the cell surface receptor α-dystroglycan to bind to 

cells and trigger endocytosis, also uses LAMP1 in the acidic compartment to trigger virus 

entry into the cytoplasm; however, no such molecule has been identified for NW arenavirus 

infection (65).

Arenavirus replication is confined to the cytoplasm. All arenaviruses contain two ambisense 

RNA molecules: The large (L) RNA (~7.3 kb) encodes the RNA-dependent viral RNA 

polymerase, termed L, in the sense orientation as well as the Z matrix protein in the 

antisense orientation, and the small (S) RNA (~3.5 kb) encodes GPC in the antisense 

orientation and NP in the sense orientation (Figure 3) (66). Subsequent to entry into the 

cytoplasm, the L protein begins transcription and replication of the viral antigenome. NP and 

L are the first to be transcribed and translated; translation of GPC and Z requires synthesis of 

the viral antigenome and subsequent transcription. Transcription and translation are 

regulated by 5′ and 3′ untranslated regions, as well as an intergenic region that separates the 

two genes on the L and S RNAs; the secondary structure formed by the intergenic region is 

also believed to provide translation termination signals (Figure 3).

Both NP and L are required for viral RNA synthesis and transcription. As discussed above, 

the L polymerase is likely error-prone, generating a relatively high mutation frequency with 

the potential to produce viruses with novel host tropism. Although this has not been 

examined for the NW arenaviruses, the mutation rate for the OW arenavirus LCMV has 

been estimated to be on the order of 1–5 × 10−4 (67). In addition to synthesizing the viral 
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RNAs, L has endonuclease activity, which is likely required for cap-snatching of the 5′–7-

methylguanosine cap structure needed for translation from host cellular mRNAs (68–70). 

NP and Z are also believed to be important for mediating viral RNA synthesis and 

translation (71, 72). The cap-binding activity of the NW arenavirus NP appears to allow 

these viruses to translate their RNAs independently of the cellular eIF4E protein (73).

Once sufficient amounts of NP and Z are synthesized, capsid assembly occurs in the 

cytoplasm (Figures 2b and 3b). Although the process is not well studied for the NW 

arenaviruses, it is assumed that, similar to what occurs with the OW arenavirus LCMV, 

interaction between NP and viral RNAs allows their packaging within the capsid, while Z 

and NP binding causes virion core assembly (66). The viruses then bud from the plasma 

membrane, which has already incorporated the viral GP1 and GP2 glycoprotein subunits in 

association with the SSP glycoprotein subunit (Figure 2b) (74). The budding process is 

facilitated by interactions between the Z protein and cellular ESCRT proteins (75). The 

name arenaviruses derives from the sandy (arena in Greek) appearance of the capsid interior 

in electron micrographs (66) (Figure 3b). The particles that lend this sandy appearance are 

packaged host ribosomes; the role, if any, of these ribosomes in virus replication is not 

known.

NEW WORLD ARENAVIRUS PATHOGENESIS IN HUMANS AND ANIMAL 

MODELS

Like many viral hemorrhagic fevers, the early clinical signs of NW arenavirus infections 

include flu-like symptoms such as fever, malaise, headache, conjunctivitis, nausea, vomiting, 

and diarrhea, so NW arenavirus disease is difficult to diagnose in the absence of a known 

outbreak (76). These symptoms last approximately 7 to 10 days, at which point ~75% of 

patients show signs of improvement; the remaining 25–30% progress and develop bleeding 

and neurological disorders in addition to the fever. Patient survival is characterized by a 

robust neutralizing antibody response (11). Outright hemorrhaging from multiple mucosal 

surfaces is rare in NW arenavirus infection. More common are petechiae in oral mucosa and 

the chest, arms, and axillary region, as well as gingival bleeding. Untreated, severe disease is 

often accompanied by ataxia, mental confusion, increased irritability, and tremors and can 

progress to seizures and coma. The causes of these symptoms are not well understood. 

Endothelial cell and platelet dysfunction caused by direct viral infection have been 

documented in vitro, but whether this occurs in vivo is not known (77–79). Indeed, there is 

little or no evidence of overt endothelial damage in infected humans. In patients treated with 

convalescent serum, the mortality rate from Junín virus infection can be reduced to 1%; 

about 10% of patients receiving this treatment develop long-term neurological syndromes of 

unknown cause (11, 80).

While NW arenaviruses infect many different cell types in vitro and ex vivo, the exact 

targets during human infection are not clear. This lack of in vitro specificity may be linked to 

the high levels of TfR1 expression on cells in culture; TfR1 is highly upregulated in actively 

dividing cells because it is the major means by which cells take up iron (43). In contrast, 

most cells in vivo express low or no TfR1 unless activated or dividing. This includes 
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lymphocytes and sentinel cells of the immune system as well as mucosal epithelia. There is 

evidence from both human and animal studies that macrophages and dendritic cells are 

major primary targets of NW arenavirus infection after airborne infection, likely those cells 

resident in the lung (81–86). Interestingly, this is reminiscent of another virus, the milkborne 

mouse mammary tumor virus, which also uses TfR1 for entry, and whose initial in vivo 

targets are dendritic cells located in the intestinal mucosa (87, 88). Infection of macrophages 

and dendritic cells may lead to aberrant cytokine production and bystander effects on 

endothelial and other cells affected by NW arenavirus infection (78). Indeed, it has been 

reported that humans infected with Junín virus exhibit high levels of type I interferon in 

serum, and primary human and mouse dendritic cells produce interferons and other 

cytokines upon infection with Junín or Machupo virus (51, 89–91).

There are a number of animal models that recapitulate some but not all of the pathologies 

associated with NW arenavirus infection in humans. Although OW mice (Mus musculus/

Mus domesticus) are not efficiently infected with the clade B NW arenaviruses, both wild-

type and mutant Mus species have been used extensively to examine pathology and immune 

response. Indeed, as mentioned above, the initial step in developing the Candid #1 vaccine 

was 44 passages of the pathogenic Romero strain of Junín virus in newborn mouse brain, 

until the initial associated pathologies were lost (53, 92). This resulted in only twelve amino 

acid differences between the Candid #1 vaccine and pathogenic strains of Junín virus—six in 

GP and six in L—as well as changes in the nucleotide sequence of both the coding and the 

5′ and 3′ untranslated regions, but not the intergenic regions (52). Surprisingly, passaging of 

Junín virus in mice did not lead to a mouse-adapted virus. In fact, the amino acid changes in 

the Candid #1 GP appear to have made this strain more dependent on human TfR1 than the 

wild-type virus from which it was derived; however, these changes were not sufficient to 

completely attenuate the virus in a guinea pig or mouse model (93–95). Whether the amino 

acid changes in the L gene encoding the viral polymerase or alterations in RNA secondary 

structure due to nucleotide changes are also needed for full attenuation is not clear (52, 53). 

When the Candid #1 L gene was substituted for the pathogenic Romero L gene it did not 

attenuate viral replication kinetics in vitro, but whether this substitution would affect in vivo 

infection is not known (96).

Mice with genetic modifications, particularly in innate immune response pathway genes, are 

more susceptible to Junín virus infection. For example, we showed that an early step in 

infection was interaction of either the pathogenic Junín virus or Candid #1 GP with the 

pathogen-associated molecular pattern receptor Toll-like receptor 2 (TLR2), leading to the 

production of cytokines (97). As a result, knockout mice lacking this receptor sustained a 

more long-term infection with Candid #1 than did wild-type mice, due at least in part to 

diminished CD8 T cell responses. However, both wild-type and TLR2 knockout mice 

mounted strong humoral immune antibody responses that rapidly cleared virus. 

Interestingly, direct intracranial inoculation of Candid #1 into wild-type mice generated a 

TLR2-dependent cytokine response that did not diminish infection levels, suggesting that the 

virus could replicate in the brain unimpeded by the host innate immune response (97). In 

this model, both astrocytes and microglia were infected. Whether outright infection of the 

brain occurs in human infection, leading to the neurological syndromes, is not known.
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Mice lacking type I and type III interferon receptors have also been shown to be highly 

susceptible to infection with pathogenic Junín virus and to rapidly succumb to infection, 

although these mice did not recapitulate the human disease—e.g., no hemorrhagic lesions 

were found in any tissue (98). Pathogenesis in humans, including endothelial dysfunction, 

may rely on high cytokine levels induced by the virus, and mice lacking interferon receptors 

would therefore lack this aspect of the infection. It is not known what receptor NW 

arenaviruses use in mice, although, as mentioned above, the L-type voltage-gated calcium 

channels can function as entry receptors in mouse cells (58). Because NW arenaviruses use 

alternate receptors in mice, the in vivo cell type tropism may differ from that in humans; this 

could also contribute to the altered pathogenic phenotype.

While the currently studied mouse models with immunological dysfunction may be useful to 

test antiviral therapeutics, because of the differences in disease outcome and the lack of a 

full immune response, they most likely are not useful for understanding the effects of in vivo 

infection. Guinea pigs, on the other hand, have been infected with a number of NW 

arenaviruses, including Junín virus and Machupo virus, and their disease more faithfully 

mimics that seen in humans, although infection is 100% fatal, likely due to the lack of a 

humoral antibody response to infection (11, 99–101). Other animal models, including 

hamsters, succumb to infection with NW arenaviruses that do not cause disease in humans, 

including the lineage A Pirital virus, an arenavirus isolated in western Venezuela during 

epidemiologic studies of Venezuelan hemorrhagic fever (102).

Nonhuman primates are susceptible to infection by NW arenaviruses, and prior to its use in 

humans, the Candid #1 vaccine was shown to protect rhesus macaques against lethal 

challenge with virulent Junín virus (103). Similarly, ribavirin was also shown to be effective 

in monkeys (104, 105). Although primates are clearly useful for testing therapeutics and 

vaccine strategies, the difficulty of working with ABSL-4 agents in large animals precludes 

their usefulness as an experimental model to study disease progression.

VIRAL PROTEINS THAT COUNTERACT THE HOST RESPONSE

A number of viral proteins have been implicated in suppressing the host immune response to 

NW arenavirus infection. Interferon-β treatment of Junín virus–infected primary mouse 

fibroblasts inhibited virus replication, suggesting that the virus must avoid the host innate 

immune response in order to establish persistence (91, 106, 107). Both the NP and Z 

proteins of NW arenaviruses have been shown to block type I interferon production, both in 

tissue culture and in animal models (108, 109). The NP proteins of a number of NW 

arenaviruses, including Junín, Machupo, White Water Arroyo, Tacaribe, and Latino viruses, 

have been shown to inhibit induction of interferon transcription by suppressing nuclear 

translocation of the transcription factor interferon regulatory factor 3 (IRF3) (110).

Although this has not been formally demonstrated for the pathogenic NW arenaviruses, the 

C-terminal segments of some arenaviruses’ NPs have been shown to have exonuclease 

activity that counteracts the host response, likely by preventing recognition of viral RNA by 

the host retinoic acid-inducible gene I (RIG-I)-like proteins (111–113). RIG-I-like proteins 

recognize foreign RNAs with unusual secondary structure or lacking 5′ caps (114, 115). 
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However, the short dsRNAs with 5′ ppp-G overhangs found at the ends of arenavirus RNAs, 

as well as the capped viral mRNAs, are not efficiently recognized by RIG-I-like proteins 

(116, 117). The Junín virus Z protein is also thought to inhibit RIG-I-like receptor-

dependent interferon production (108); activation of the RIG-I-like pathway likely occurs 

late in infection when high levels of viral RNA are present (51, 97). However, given the high 

levels of interferon and cytokine induced by virus in cultured cells, in animal models, and in 

humans, as discussed above, it is not entirely clear whether the virus uses these antihost 

mechanisms in in vivo infection.

NEW WORLD ARENAVIRUS TREATMENT

Although the Candid #1 vaccine has been highly effective in reducing the incidence of 

Argentine hemorrhagic fever, there are few treatments available for unvaccinated individuals 

or for those infected with the other hemorrhagic fever viruses found in South America (4–6). 

Antibody therapy is promising, given the success of Junín virus convalescent therapy in 

treating early viral infection. Indeed, a number of new monoclonal antibodies have been 

developed that show promise for treatment of Junín virus-infected individuals (118). 

However, it has never been formally tested whether convalescent serum would work to treat 

hemorrhagic fevers caused by the other NW arenaviruses, and as of yet, no similar 

monoclonals to the other viruses have been developed. Moreover, there is the potential for 

new NW arenavirus zoonoses, as discussed above. Whether it will be possible to develop 

pan-NW arenavirus antibodies to be used in treatment is not known.

Thus, new antiarenaviral therapies are still needed. Several promising leads have been 

developed over recent years, resulting from both small interfering RNA (siRNA) and drug 

high-throughput screens. Several groups have focused on inhibiting viral entry, and 

inhibitors to this step in infection have been developed, although only a few have been tested 

in mouse models as well as tissue culture cells (58, 119–122). Some of these inhibitors, such 

as gabapentin, which targets the voltage-gated calcium channel implicated as an entry 

receptor, are highly specific for NW arenaviruses, whereas others likely target a more 

general entry step because they are effective on multiple virus families (58, 122).

Ribavirin is a nucleoside analog that inhibits the viral L polymerase of all arenaviruses, with 

significant side effects in some individuals (17, 123). Several novel inhibitors of the 

polymerase, including favipiravir and A3, a pyrimidine biosynthesis inhibitor, have shown 

promise in guinea pig and tissue culture models, respectively (124, 125). A compound that 

inhibits virus budding has also been identified by in silico screening (126). Like some of the 

inhibitors of entry, these polymerase and exit molecules are likely to function as pan-virus 

inhibitors.

SUMMARY AND FUTURE DIRECTIONS

Although much has been learned in recent years about the biology of the NW pathogenic 

arenaviruses, they still remain of serious concern to human health because of the lack of 

effective vaccines and the relative dearth of antiviral pharmaceuticals. Additionally, there are 

a large number of these viruses residing in rodent hosts endemic to different regions of the 
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Americas, with the potential to zoonose into humans. The development of tissue culture cell 

and animal models has provided much information about the biology of these viruses, but 

there is still much to be learned about how they cause disease in humans. A better 

understanding of NW arenavirus-host interactions and pathogenesis is needed for the 

development of therapeutics that can be used to treat infection.
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FUTURE ISSUES

1. Are novel mammarenaviruses generated only by error-prone viral 

polymerases, or can they also be generated by recombination after coinfection 

of a single host with two viruses?

2. What receptors allow the viruses to enter cells of nonhost species, and are 

additional subcellular or endosomal proteins involved in entry?

3. How can mouse models be generated that faithfully recapitulate human 

disease? Would expression of human TfR1 in a mouse render it susceptible to 

NW arenavirus-induced disease?

4. Which cells are infected in vivo, and how does this influence pathogenicity?

5. Is pathogenesis directly caused by viral infection, or does the host immune 

response also play a role?
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Figure 1. 
New World arenavirus taxonomy and geographic distribution. (a) Cladogram inferred by 

using the maximum-likelihood method with the Kimura two-parameter and gamma 

distribution substitution model. Phylogenetic reconstruction was performed using the full-

length glycoprotein precursor (GPC) gene. Bootstrap values are shown for the main nodes. 

The GenBank accession number and origin of each sequence are denoted, as are the clade 

names. A strain of lymphocytic choriomeningitis virus was used as outgroup.

(b) Map of the Americas showing the distribution of the New World arenaviruses. Virus 

names and most frequent host reservoirs are indicated in the boxes.
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Figure 2. 
Cellular infection pathway and structure of the arenavirus glycoprotein (GP). (a) The 

arenavirus glycoprotein precursor (GPC) is translated as a polyprotein, which is synthesized 

in the endoplasmic reticulum, modified in the Golgi, and then cleaved by the SK1/S1P 

cellular protease and host signal peptidase to generate the three subunits—SSP, GP1, and 

GP2—found in the virion membrane.

(b) The pathogenic New World arenaviruses enter cells after binding to transferrin receptor 1 

(TfR1) and perhaps other cell surface molecules. After endocytosis to either the early (EE) 

or late (LE) acidic endosome, which may be cell type dependent, the viral and host 

membranes fuse and the capsid is released into the cytoplasm. Transcription of the viral 

RNA follows, to generate the viral genome as well as mRNAs that encode the viral proteins. 

After synthesis of the proteins, the viral genomic RNAs are packaged into capsids, and the 

new viruses bud from the plasma membrane, which already contains the viral GP 

components.
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Figure 3. 
Arenavirus genome and virion structure. (a) Genome organization of the two RNA subunits 

packaged into arenavirus particles. The large (L) RNA encodes the matrix (Z) and 

polymerase (L), and the small (S) RNA encodes the glycoprotein precursor (GPC) and 

nucleoprotein (NP). Both RNAs are ambisense. The scheme for generating the mRNAs for 

the L and Z RNAs is shown; a similar process occurs for the GPC and NP RNAs. The 

intergenic region (IGR) between the RNAs controls both RNA transcription and translation.

(b) Diagram of the assembled viral particle.
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