
Molecular Determinants of Pichinde Virus Infection of Guinea Pigs
- a Small Animal Model System for Arenaviral Hemorrhagic Fevers

Yuying Liang*, Shuiyun Lan, and Hinh Ly
Department of Pathology and Laboratory Medicine, Emory University, Atlanta, GA 30322

Abstract
Arenaviruses are enveloped single-strand RNA viruses that mostly have natural hosts in rodents.
Upon infection of humans, several arenaviruses can cause severe hemorrhagic fever diseases,
including Lassa fever that is endemic in West Africa. The virulence mechanism of these deadly
arenaviruses can be studied in a safe and economical small animal model - guinea pigs infected by
a non-pathogenic arenavirus Pichinde virus (PICV), a virulent strain of which can cause similar
disease syndromes in guinea pigs as arenaviral hemorrhagic fevers in humans. We have recently
developed molecular clones for both the virulent and avirulent strains of PICV. Using the available
reverse genetics tools, we are characterizing the molecular determinants of virulent arenavirus
infections in vivo.
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Pathogenic and Non-pathogenic Arenaviruses
Arenaviruses are geographically and phylogenetically divided into two serogroups: the Old
World arenaviruses such as Lassa fever virus (LASV) and Lymphocytic Choriomeningitis
Virus (LCMV), and the New World arenaviruses such as Pichinde virus (PICV) and Junin
virus (JUNV) 1. The natural host reservoir species for these and most other arenaviruses are
rodents, except for the Tacaribe virus that has been isolated from bats 1.

Several arenaviruses, once transmitted to humans, can cause deadly hemorrhagic fever diseases
(VHFs). These VHFs have similar clinical manifestations. After a long incubation period of
6–21 days, the disease usually starts with fever, general weakness and malaise, which is
followed by headache, sore throat, nausea, vomiting, diarrhea, and abdominal pain. In most
severe cases, mucosal bleeding (hemorrhaging) normally accompanies shock, seizures, and
coma, culminating in death (Reviewed in 1, 2).

Lassa fever, caused by infection of the Old World arenavirus Lassa fever virus (LASV), is
endemic in West Africa with estimated 300,000 to 500,000 infections and 5,000 deaths
annually 3. Human Lassa fever infection can exhibit a variety of clinical manifestations ranging
from asymptomatic to multi-organ system failure and death 4. The case fatality of LASV
infection is 1% overall but can be up to 15% in hospitalized patients. A novel Old World
arenavirus, Lujo virus (LUJV), was identified to be the cause of a few VHF cases in Zambia
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and South Africa in late 2008 (http://www.cdc.gov/ncidod/dvrd/spb/outbreaks/). In South
America, several New World arenaviruses, such as Junin (JUNV), Machupo (MACV),
Guanarito (GTOV), Sabia (SABV), and a recently identified Chapare virus (CHPV) 5, are
known to cause VHFs, which occur sporadically. It is likely that, with improvements of
technology to isolate and identify novel pathogens, more pathogenic arenaviruses will be
discovered in the future.

Currently, there are no effective vaccines, with the exception of Junin virus, and limited
treatment options for these arenavirus VHFs. Therefore, these highly pathogenic arenaviruses
are classified by the Center for Disease Control and Prevention (CDC) in the Category A
Pathogen List and can only be handled in the Biosafety Level-4 (BSL-4) facilities.

Due to the highly virulent nature of these viruses, the lack of proper biomedical infrastructures
in the endemic areas and the cultural taboos to manipulate corpses, the pathogenesis of
arenavirus-induced VHFs is poorly understood. The current knowledge of Lassa fever is based
on limited data available from human infections 6 and studies of animal models for VHFs 7–
11. A distinct feature of arenavirus VHF is that viremia level is closely associated with disease
outcome and can accurately predict mortality 12. Postmortem studies have found high titers of
LASV in multiple organs in the body, such as liver, lung, spleen, kidney, heart, placenta, and
the mammary gland 6. In contrast, LASV is cleared rapidly in survivors, which is largely due
to virus-specific cell-mediated immunity rather than humoral responses to the infection 9, 12,
13. Despite the presence of high virus titers in a wide range of tissues and organs, the
pathological lesions in each of the organs are generally not severe enough to explain the cause
of death 6.

Arenavirus genome and genes
Arenaviruses are enveloped RNA viruses with single-stranded ambi-sense RNA genome that
consists of a ~7.2-kb large (L) segment and a ~3.4-kb small (S) segment 1. A total of four open-
reading frames (ORFs) are encoded in “ambisense” orientation 1. The L RNA segment encodes
the viral polymerase L gene in negative orientation and a small multifunctional Z protein in
positive orientation (Fig. 1). The S RNA segment encodes the nucleoprotein NP in negative
orientation and the envelope glycoprotein precursor GPC in positive orientation (Fig. 1).

The terminal 19 nucleotides from the 5’ and 3’ ends are almost identical between the S and L
segments, conserved among all arenaviruses, and are imperfectly complementary to each other,
which are predicted to form the panhandle structures that serve as the cis-acting elements
required for viral RNA transcription and replication 1. A unique feature among the arenavirus
genomic RNAs is the noncoding intergenic regions (IGRs) located between the two ORFs on
each segment (Fig. 1) 1. The IGRs, ranging from 59 to 217 nts in length, are predicted to form
one to three energetically stable stem-loop structures in both the genomic and antigenomic
RNAs 1. The IGRs are proposed to function in transcriptional termination as well as virus
assembly and/or budding 14.

The viral L polymerase is a large ~200-kDa protein that functions as an RNA-dependent RNA
polymerase. Sequence alignments of all known arenaviral L proteins have revealed multiple
conserved domains across this protein 15. In the central region, there are four conserved motifs
(A, B, C, and D) identified in all RNA-dependent RNA polymerases (RdRp), which constitute
the “polymerase module” implicated in template recognition and polymerizing activity 16.

The nucleoprotein NP of ~65-kDa is the major structural protein and associates with virion
RNA. Both the L and NP proteins are required for viral transcription and replication 17.
Recently, a novel function of the NP protein in down-regulating interferon (IFN)- β expression
has been revealed 18, 19, suggesting that the NP protein, in addition to its function in RNA
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synthesis, may play an important role in blunting the natural antiviral response of the infected
hosts.

Z protein is a small (~11-kDa) multifunctional protein that is involved in virus structure, RNA
replication 20–22, viral particle assembly 23, and possibly other unknown functions. The central
RING-finger domain of Z proteins is highly conserved across the arenaviruses and is required
for inhibiting viral RNA synthesis 22. An N-terminal hydrophobic domain includes a
myristylation site required for membrane association, and the C-terminal part contains the Late
or L motifs required for virus budding 23, 24.

The viral glycoprotein (GPC) is expressed as a single polypeptide with a long conserved 58-
aa stable signal peptide (SSP) and is post-translationally processed by the S1P cellular protease
into GP1 and GP2 25, 26. The unique SSP is an essential component of the envelope
glycoprotein complex and plays important roles in not only regulating the intracellular
trafficking and proteolytic maturation of the GPC complex, but also is involved in the pH-
induced membrane fusion 27–29. GP1 is a peripheral membrane protein that participates in
receptor binding and GP2 is a transmembrane protein and involved in fusion activity 1.

Pichinde virus infection of guinea pig as a small animal model for arenavirus
hemorrhagic fevers

Pichinde virus (PICV) is a nonpathogenic New World arenavirus (a BSL-2 agent), which does
not cause disease in humans. The low-passaged PICV causes a limited febrile illness in guinea
pigs that eventually clear the infection. Serial passages in inbred guinea pigs dramatically
increases the pathogenicity of the virus 10. Upon infection of the adapted viruses, guinea pigs
developed severe disease characterized by fever, severe weight loss, terminal vascular collapse,
and death 10, 30, 31.

The illness in PICV-infected guinea pigs mimics human Lassa fever infection in many aspects.
(a) Both induce a fulminating disease course with a terminal vascular leak syndrome in which
hemorrhage is not a major component 6, 10, 32. (b) Viral distribution is identical in the infected
hosts 6, 10. (c) The viremia level is closely associated with the disease outcome 11, 12. (d) The
histopathological findings generally cannot explain the cause of death 6, 10, 30, 33, 34. (e)
General immune suppression is evident in both diseases 35, 36.

Genomic sequence variations between avirulent and virulent Pichinde
viruses

The low-passaged PICV strain (i.e. P2, passaged twice in the spleen of guinea pigs) causes a
limited febrile illness in guinea pigs that eventually clear the infection, whereas the high-
passaged strain (i.e. P18, passaged 18 times in spleen) causes a disease in animals that is similar
to VHF in humans 10, 37. The two strains are closely related yet induce opposing disease
outcomes in guinea pigs, providing an ideal model to identify the virus factors that are
responsible for virulence in infected hosts.

Aronson and colleagues have compared the S segment sequences of P2 and P18 viruses and
revealed 3 nonsynonymous amino acid changes (S119T, K140E, and I164V) in the GP1 subunit
of the viral glycoprotein and 2 changes (R374K and A35T) in the NP protein 37. We have
recently provided the full-length genomic sequences of both the S and L segments for P2 and
P18 viruses 15. A total of 48 nucleotide changes were identified, all of which are localized to
the protein coding regions. Most of the sequence changes produce synonymous mutations. In
comparison to published works 15, 37, we confirmed the 3 missense mutations in the GP1
protein and the R374K mutation (but not the A35T change) in the NP protein. Within the L
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segment, we have identified 5 missense mutations (N355D, A1808T, V1839L, D1889N, and
D1906N) in the L polymerase protein 15.

The 3 missense mutations in the GP1 subunit of the viral glycoprotein are of great interest, as
the GP1 protein binds to host receptor. So far two arenavirus receptors have been identified.
Old World arenaviruses (LASV and LCMV) and New World Clade C arenaviruses utilize α-
dystroglycan (α-DG) as a major entry receptor 38, 39, whereas pathogenic New World
arenaviruses (Clade B) use transferrin receptor 1 (TfR1) as an entry receptor 40. The exact host
receptor for PICV, a New World Clade A arenavirus, is unknown. Several studies have shown
that only pathogenic Clade B arenaviruses use human TfR1 as a receptor while non-pathogenic
Clade B arenaviruses use a human TfR1-independent pathway for entry 41, 42. This suggests
that cell entry and GPC-receptor interactions may represent a major virulence mechanism for
arenaviruses. It remains to be determined whether the differences between the P2 and P18 GPC
proteins are major virulence determinants of PICV infection in guinea pigs.

The NP protein is indispensable for viral RNA synthesis and packaging 17, and may also play
an important role in evading host innate immune response by suppressing the IFN-β induction
18, 19. We did not observe a significant difference between the P2 and P18 NP proteins in
suppressing Sendai virus-induced IFN-β expression 15, suggesting that the conservative amino
acid change (R374K) observed between the virus strains may not significantly affect this
function of NP. Nevertheless, we cannot rule out the possibility that the P18 NP protein may
function via a different mechanism to evade IFN-induced antiviral activity.

Four out of the five mutations between the P2 and P18 L polymerase proteins are localized to
a small 99-residue region (1808–1906) at the C terminus, suggesting that this region may play
an important role in viral RNA synthesis.

Reverse genetics systems for Pichinde virus
An invaluable tool to identify the viral virulence factors is a molecular clone for the virus,
which allows the generation of infectious recombinant viruses from plasmid DNAs. The
development of molecular clones for the prototypic arenavirus LCMV 43, 44 has already
allowed an opportunity to study the biological functions of the LCMV proteins and RNA
elements in viral replication by introducing the desired mutations in the viral genome. We have
recently developed the reverse genetics systems for both the P2 and P18 strains of PICV 45.

As illustrated in Fig. 2A, we have subcloned the full-length L and S segments, in antigenomic
orientation, to immediately follow the T7 promoter sequence. The hepatitis delta ribozyme
(HDR) sequence was engineered immediately downstream of the 3’ end of the primary viral
RNA transcript to mediate a self-cleavage reaction in order to generate the authentic viral 3’
ends. We have also cloned the L and NP genes into the pCAGGS protein expression vector,
to be expressed from the strong viral (CMV) promoter. Expression of the L (~ 200 kDa) and
NP (~ 60 kDa) proteins are readily detected using antibodies specific for these proteins (Fig.
2B).

To generate recombinant viruses, we transfected BSRT7-5 cells, a stable cell line that
constitutively expresses the T7 polymerase, with plasmids encoding the full-length L and S
segment RNAs (Lag and Sag) and two other plasmids expressing the L and NP proteins.
Infectious viruses were recovered from the supernatants after transfection and quantified by
plaque assay on Vero cells (Fig. 2C).

It has been shown previously that the protein expression vectors of L and NP (Fig. 2A) are not
necessarily required to generate infectious viruses if the viral RNA segments are expressed as
anti-genomic RNA strands 46, 47. This appears to be the case for our PICV reverse genetics
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systems too. As shown in Table 1, transfection of only the Sag and Lag RNA expression vectors
was sufficient to generate infectious rP2 and rP18 viruses at similarly high levels as that of
both the RNA and protein expression plasmids, suggesting that the direct translation of the L
and NP proteins from the primary RNA transcripts of antigenomic strand is sufficient to support
the subsequent viral RNA transcription and replication. Therefore, we used the two-plasmid
system that contains only the Lag and Sag plasmids to generate infectious viruses in subsequent
experiments. In addition, increasing the amount of the RNA expression vectors from 2 to 4 µg
each was shown to significantly increase the production of the recombinant viruses (Table 1).
This is particularly true for the rP2 reverse genetics system, in which the recombinant virus
titer increased by as many as 500 folds at 72 h post-transfection. The increase was less
significant in the rP18 reverse genetics system, which varies from 2 to 6 folds at different time
points. The reason for this variation is still unknown.

We compared the growth kinetics between the recombinant and parental viruses in cell cultures.
The recombinant viruses adopted similar growth kinetics as their parental viruses, with the
virulent viruses (P18 and rP18) grow faster by 0.5–1 log than the avirulent ones (P2 and rP2).
Similar observations were made in different cell types including Vero, guinea pig cell lines,
and primary peritoneal macrophages isolated from guinea pigs 45.

To examine the degrees of virulence caused by PICV infection in vivo, we used outbred Hartley
guinea pigs, because the distinct disease phenotypes in these animals infected with the avirulent
P2 and virulent P18 viruses 37 were found to be similar to those in inbred strain 13 guinea pigs
10, which are not commercially available. Our data showed that these recombinant viruses
could reproduce the virulence phenotypes in vivo as the parental viruses, in which the virulent
viruses (P18 and rP18) led to higher mortality rates, shortened survival times, earlier onset of
fever, longer duration of fevers, and more weight loss than the avirulent viruses (P2 and rP2)
45.

Identification of molecular determinants of virulent Pichinde virus infection
in vivo

Using the reverse genetics systems, we generated recombinant viruses with segment
reassortants, i.e., by swapping the L and S segments between the P2 and P18 viruses. The
resulted virus reassortants, rS2L18 and rS18L2, were tested for replication in vitro, and
compared with the control viruses rP2 (aka rS2L2) and rP18 (aka rS18L18). Growth curve
analysis of all recombinant viruses was conducted in Vero cells at moi = 0.01. As shown in
Fig. 3A, the rS2L18 virus showed similar growth kinetic as the rP18 virus and rS18L2 was
similar to rP2, the former group growing to higher titers than the latter one by 0.5–1 log. These
data indicate that the P18 L segment accounts for increased virus replication in vitro.

When these reassortant viruses were used to infect guinea pigs, no animals died from the
infection as compared to 100% mortality rate in those infected with rP18 virus (Table 2),
suggesting that the reassortant viruses exhibited an attenuated phenotype in vivo.

Both reassortant viruses, however, caused much higher and longer duration of fever in the
infected animals than the rP2 virus at days 6 – 10 (Fig. 3Band 3C). On average, the reassortant
viruses caused 4 – 5 days of fever, which was longer than that in the rP2-infected animals but
shorter than that in the rP18-infected ones (Fig. 3C). Consistently, the reassortants led to a
slight body-weight loss, more than what rP2- but much less than rP18 caused in animals from
days 9 to 11, after which the infected animals appeared to recover from the infection (Fig. 3D).
Taken together, these data suggest that the P18 L and P18 S segments each contributes to
virulence in vivo and that both segments are required to generate the complete virulence
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phenotype. Similar conclusions have been reached previously in a study, where reassortant
viruses were selected by a traditional method of virus co-infection in cell culture 48.

As noted in previous studies, the viremia level is closely associated with the degree of virulence
in infected humans or animals 9, 12, 13. In order to determine whether this was also the case in
PICV infection, we determined the virus titers in blood drawn from animals infected by
different PICV strains every 3 days after infection until day 18. As shown in Table 3, the viremia
level in the infected hosts could accurately predict the disease outcomes. For the group of
animals that were lethally infected with the virulent virus P18 or rP18, viremia levels were
readily detected (up to 106 pfu/ml virus titers at terminal points), whereas it was below the
threshold of detection (< 200 pfu/ml) in animals infected with the avirulent (P2 or rP2) or with
the reassortant virus (rS2L18 or rS18L2), all of which led to non-lethal infections. Our
observations once again reconfirm the close association between viremia level and the disease
severity as an important feature of pathogenic arenavirus infection.

Summary
The development of the reverse genetics systems for both the avirulent and virulent strains of
PICV allows for characterization of the molecular determinants of virulent PICV infection in
guinea pigs, the gained knowledge has the potential to shed important lights on arenavirus-
caused hemorrhagic fevers in humans. A detailed characterization of reassortant viruses
generated from these novel reverse genetics systems has suggested that the molecular
determinants on both the L and S segments are required to cause mortality in animals. Our data
suggest that unique sequences located in the L polymerase coding sequence on the L segment
of the virulent strain of PICV are responsible for the increased virus replication capacity in
vitro and enhanced virulence in vivo. For the virulence factors on the S segment, it remains to
be determined whether GPC, NP or both are required.
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Fig. 1.
Schematic illustration of arenavirus genomic organization. The L segment encodes the Z gene
in positive sense and L in negative sense. The S segment encodes the GPC gene in positive
sense and NP in negative sense. Between the two ORFs on each segment is the intergenic
region (IGR).
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Fig. 2.
Schematic illustration of the reverse genetics systems to generate infectious rP2 and rP18
viruses from plasmid DNA transfection. (A) Schematic illustration of the RNA expression
vectors of the full-length antigenomic strands of the S (pT7-Sag) and L (pT7-LagC) segments.
The viral RNA segment was cloned in the antigenomic orientation immediately downstream
of the T7 promoter (T7p) and upstream of the hepatitis delta ribozyme (HDR) and T7 terminator
(T7t) sequences. A nonviral cytosine (in red) was added after the viral L sequence in order to
enhance the self-cleavage activity. (B) The expression of the L and NP proteins. The 293T
cells were transfected with an empty vector (lane 1) or vector encoding the L (left panel) or
NP (right panel) gene of either the P2 (lane 2) or P18 (lane 3) virus. Western blot analyses was
conducted using rabbit sera raised against specific short peptides within the L or NP protein.
Peptide sequences are available upon request. (C) Schematic illustration of the reverse genetics
systems. Two RNA expression plasmids (pT7-Sag and pT7-LagC) and two protein-expression
plasmids of the NP and L proteins were used to transfect BSRT7-5 cells, which constitutively
express the T7 polymerase protein. Between 48 and 72 hpi, supernatants were collected and
plaque assay conducted on Vero cells. The two protein-expression plasmids (NP and L) (shown
in dashed square) can be omitted from the reconstitution without compromising the amount of
virus production.
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Fig. 3.
Comparison of growth kinetics in vitro and the virulence in vivo of the different PICV strains.
(A) Comparison of the growth kinetics between the parental viruses (P2 and P18), the
recombinant viruses (rP2 and rP18), and the recombinant reassortant viruses (rS2L18 and
rS18L2) in Vero cells. (B) The daily rectal temperature of animals injected with the different
PICV strains or PBS as a control. (C) The average duration of fever (temp > 39.5 °C). (D) The
daily body weight as percentage of the original body weight at day 0.
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