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Several arenaviruses are responsible for causing viral hemorrhagic fevers (VHF) in humans. Lassa virus (LASV), the causative
agent of Lassa fever, is a biosafety level 4 (BSL4) pathogen that requires handling in BSL4 facilities. In contrast, the Pichinde are-
navirus (PICV) is a BSL2 pathogen that can cause hemorrhagic fever-like symptoms in guinea pigs that resemble those observed
in human Lassa fever. Comparative sequence analysis of the avirulent P2 strain of PICV and the virulent P18 strain shows a high
degree of sequence homology in the bisegmented genome between the two strains despite the polarized clinical outcomes noted
for the infected animals. Using reverse genetics systems that we have recently developed, we have mapped the sequence changes
in the large (L) segment of the PICV genome that are responsible for the heightened virulence phenotype of the P18 strain. By
monitoring the degree of disease severity and lethality caused by the different mutant viruses, we have identified specific residues
located within the viral L polymerase gene encoded on the L segment essential for mediating disease pathogenesis. Through
quantitative reverse transcription-PCR (RT-PCR) analysis, we have confirmed that the same set of residues is responsible for the
increased viral replicative potential of the P18 strain and its heightened disease severity in vivo. Our laboratory findings serve to
reinforce field observations that a high level of viremia often correlates with severe disease outcomes in LASV-infected patients.

Arenaviruses are enveloped, ambisense RNA viruses that have a
single-stranded genome which is composed of a large (L) seg-
ment of ~7.2 kb and a small (S) segment of ~3.4 kb (1). The S
segment encodes the glycoprotein (GPC) in the positive sense and
nucleoprotein (NP) in the negative sense, whereas the L segment
encodes the Z matrix protein in the positive orientation and the L
polymerase in the negative orientation (1). Each segment contains
highly structured intergenic regions (IGRs) located between the
two open reading frames. These are thought to be involved in
transcriptional termination (1, 2). Additionally, the distal 19 nu-
cleotides of the viral genomic segments are imperfectly comple-
mentary to each other and are presumed to form panhandle struc-
tures, thereby circularizing the genome (3-5). These panhandles
are also thought to form an attachment point for the L polymer-
ase, which together with NP mediates both viral genome replica-
tion and mRNA transcription (3, 6—8). NP has also been shown to
mediate type I interferon (IFN) suppression in response to viral
infection (9-12).

Several arenaviruses are responsible for causing viral hemor-
rhagic fever (VHF) in humans in South America (Junin, Gua-
narito, Sabia, Machupo, and Chapare viruses), West Africa (Lassa
virus [LASV]), and South Africa (Lujo virus). Of these viruses,
Lassa virus infection results in the highest levels of morbidity and
mortality. Each year, there are up to 300,000 Lassa virus infections
that result in approximately 5,000 deaths in areas of endemicity in
West Africa (13, 14). While a majority of infected individuals re-
cover, approximately 20% of the infected individuals develop a
severe form of the disease affecting multiple organs. Although the
virus infects many tissues, the resulting pathology is not severe
enough to account for the cause of death (15). One consistent
indicator of clinical prognosis is viral load (16). Those individuals
with viremia levels of 8.5 log 10 PFU/ml usually succumb to the
disease (17). Only one experimental vaccine exists for arenaviral
VHF infection (Junin Candid 1 for Argentine hemorrhagic fever),
and limited treatment options are available. Currently, ribavirin is
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the only therapeutic drug used in the treatment of Lassa fever, and
it has proven efficacious, but only if administered early on during
the course of infection (18). Unfortunately, Lassa fever is often
misdiagnosed, and therefore, the window of opportunity for ef-
fective ribavirin usage can be missed (18, 19). Therefore, a better
understanding of the pathogenesis of arenavirus infection may
allow for the development of novel targeted therapeutics.

Because of the severity of the diseases they cause and the lack of
effective vaccines and therapeutics, the arenaviruses that cause
VHF in humans are classified as biosafety level 4 (BSL4) agents,
which restricts research to those who have access to such special-
ized facilities. Pichinde virus (PICV) is a related arenavirus that
does not cause disease in humans, but infection of guinea pigs
with a strain that has been passaged 18 times (P18) through the
spleens of guinea pigs (see Materials and Methods) produces a
disease whose characteristics are similar to those of LASV infec-
tion of humans (20, 21). These characteristics include the corre-
lation between the level of viremia with the severity of the disease,
a similarity in the host tissue distribution of the virus, the devel-
opment of a vascular leak syndrome which is often observed dur-
ing terminal illness, the generalized immunosuppression, and, fi-
nally, the fact that the histopathological findings are not severe
enough to explain the cause of death (15, 16, 20-29). This model
thus provides a safe, economical, and informative alternative for
studying VHF in a BSL2 setting.

An earlier passaged strain of PICV (P2) also causes disease in
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guinea pigs. However, the disease is mild and is characterized by a
brief febrile period and slight weight loss from which the animals
quickly recover. This is in stark contrast to the disease course of
P18 infection, in which the animals develop high fever and dem-
onstrate dramatic weight loss until they reach a terminal point
when the animals must be euthanized (21, 30, 31). This viral in-
fection model provides us with the opportunity to examine what
viral components are responsible for the phenotypic differences
between these two strains and should help to elucidate which viral
factors are involved in the pathogenesis of arenaviral VHF. It is
remarkable that while the difference in phenotype between these
two viral strains is dramatic, the viral sequences show limited di-
versity. In the L segment, the sequences encoding the Z proteins
are completely identical, while the sequence for the L polymerase
contains 5 amino acid differences between the two strains. In ad-
dition to the changes resulting in amino acid differences, there are
also 11 silent mutations. There are 14 nucleotide changes in the
GPC gene, 11 of which are silent and 3 of which are responsible for
the amino acid differences between the two strains. Lastly, while
there are a total of 19 nucleotide changes in the NP gene, only one
of these results in an amino acid change between the viruses (32).

Our laboratory has previously described a reverse genetics sys-
tem for both the P2 and P18 strains of PICV (30). For both strains,
the L and S segments are expressed on separate plasmids, allowing
for genetic manipulation of the viruses and generation of reas-
sortant and recombinant mutant viruses. We present data herein
that specify certain L protein residues of the P18 strain to be im-
portant for rapid virus replication in cell culture and in vivo and
for the enhanced disease pathogenesis in infected animals.

MATERIALS AND METHODS

Viruses. The P2 and P18 PICV strains were adapted from Pichinde
Munchique strain CoAn4763. This strain was passaged once in guinea
pigs in Peter Jahrling’s laboratory (USAMRIID). Subsequently, the virus
was passaged again through the spleen of guinea pigs in Judy Aronson’s
laboratory (University of Texas Medical Branch [UTMB]) in order to
produce the avirulent P2 strain. A virulent P15 virus, originating from
Jahrling’s original passage-adapted CoAn4763 adPIC virus, was obtained
from Dorian Copenhaver (UTMB) and subsequently passaged 3 more
times in inbred guinea pigs in Judy Aronson’s laboratory to generate the
virulent P18 virus (21).

Plasmids. L segment P2/P18 fragment swapping mutants were gener-
ated by using convenient restriction enzyme sites to cut and ligate frag-
ments of P2 sequence from a plasmid expressing the P2 L segment into the
corresponding location on a plasmid expressing the P18 L segment (pre-
viously described) (30). Point mutations were introduced into the P18L
segment plasmid (30) via site-directed mutagenesis with a QuikChange
mutagenesis kit (Stratagene). Mutagenesis was verified through DNA se-
quencing, and the fragments containing the intended point mutations
were subcloned via convenient restriction enzymes into the unmanipu-
lated P18 L segment plasmid.

Generation of recombinant viruses. BSRT7 cells constitutively ex-
pressing the T7 RNA polymerase were transfected in 6-well plates via
Lipofectamine 2000 reagent (Invitrogen) with plasmids expressing the L
and S genomic segments from the T7 promoter and terminator sequences.
The medium was replaced at 4 h posttransfection, and supernatants were
collected at 48 and 72 h. Viruses recovered in supernatants were plaque
purified via plaque assay in Vero cells as previously described (30). Viruses
from plaques were amplified by infection of BHK-21 cells cultured in
60-mm plates, and supernatants were collected at 72 h postinfection (hpi).

Plaque assay. Vero cells at near confluence were infected with 0.5 ml
of serial dilutions of virus samples for 45 min at 37°C. After infection, viral
samples were aspirated, and the cells were overlaid with fresh minimal
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essential medium (MEM) with 10% fetal bovine serum (FBS) and 0.5%
agar. The cells were incubated for 4 days at 37°C. At day 4 postinfection,
the cells were overlaid with MEM containing 10% FBS, 0.5% agar, and
0.02% neutral red dye. Plaques were enumerated on day 5 postinfection.

Animal experiments. Outbred male, 350- to 400-g, 4- to 5-week-old
Dunkin Hartley guinea pigs were purchased from Charles River Labora-
tories and acclimatized for 5 to 7 days before initiation of the experimental
studies. Animals were infected intraperitoneally (i.p.) with 10,000 PFU of
virus. Body weights and rectal temperatures were monitored daily for 18
days. Beginning on day 7 postinfection, animals were supplemented with
40 ml/kg (of body weight) of lactated Ringer’s solution plus 100 mg of
ascorbic acid administered subcutaneously. Mortality was defined as an-
imals having reached terminal points either when their body weight de-
creased by >30% compared to a nomogram or if the rectal temperature
fell below 38°C in addition to body weight loss. According to our ap-
proved IACUC protocol, animals were allowed to be monitored for a
maximum of 18 days after viral infection, at which time all surviving
animals had to be euthanized. This is based on a comprehensive analysis
of the disease course established in a large number of animals infected
with P2 and P18 viruses (references 30 and 33 and our unpublished data).

In the current study, 19 animals were used to determine the attenua-
tion levels of the fragment swapping mutants. Three animals were infected
with the rS18L18(C2) viruses, and two separate groups of 8 animals each
were infected with the rS18L18(D2) or rS18L18(A2) viruses. Groups of 6
animals each were used to test the single- and multiple-point mutant
viruses. Statistical analyses of the survival curves were performed using the
log-rank (Mantel-Cox) x> test using GraphPad Prism 5 software. The
statistical significance of the viral titers in the sera of the infected animals
was analyzed using the Student t test.

Histopathology. Liver samples collected from animals infected with
recombinant PICV were fixed using 4% formaldehyde, embedded in par-
affin, sectioned, and stained with hematoxylin and eosin (H&E). The
tissue slides were examined microscopically for histopathological changes
by expert pathologists.

Viral growth curve analysis. Vero cells were seeded in 6-well plates at
approximately 90% confluence. Cells were infected at a multiplicity of
infection (MOI) of 0.01 for 45 min at 37°C. After infection, cells were
washed with phosphate-buffered saline (PBS) before being supplemented
with 2 ml of fresh medium. Supernatants were collected at various time
points postinfection and assayed by plaque assay on Vero cells as previ-
ously described (30).

Real-time RT-PCR. Vero cells were infected with wild-type (WT) or
mutant viruses at an MOI of 1. At 10 hpi, total cellular mRNA was col-
lected using a Purelink RNA minikit (Ambion). On-column DNase diges-
tion was performed using Purelink DNase according to the manufactur-
er’s instructions (Ambion). Reverse transcription (RT) for generation of
cDNAs was performed using the Superscript IIT kit (Invitrogen). Primer
5'-CGCACAGTGGATCCTAGGC-3', which aligns to the 3" untranslated
region (UTR) of the S segment, was used to generate cDNAs of the viral
genomic segment, while oligo(dT) was used to generate glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) ¢cDNA for normalization pur-
poses. Real-time RT-PCR was performed using SYBR green (Applied Bio-
sciences); primers 5'-CAGGCTGAGACAAACTCTCAGTTC-3" and 5'-
GGACACAAGAGCACTGTTATCTGC-3', each at 0.2 M, were used for
S segment detection, while primers 5'-GAAGGTGAAGGTCGGAGTC-3’
and 5'-CAAGCTTCCCGTTCTCAGCC-3', each at 0.4 wM, were used to
detect GAPDH. The cycling conditions included an initial incubation at
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
Melting-curve analysis was performed from 60°C to 95°C at a rate of
0.3°C/s.

RESULTS

Generation of fragment swapping mutants between the P2 and
P18 strains of the Pichinde virus L segment. In order to deter-
mine which segment(s) of the Pichinde virus might contain the
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virulence factor(s), we previously generated and characterized a
reassortant virus that expresses the L segment of the virulent P18
strain and the S segment of the avirulent P2 (S2L18) as well as the
reverse reassortant virus that contains the L segment of P2 and the
S segment of P18 (S18L2) (34). Both reassortant viruses were
highly attenuated in infected guinea pigs, indicating that the vir-
ulence determinants were likely located on both segments of the
viral genome. Analysis of these viruses indicated that the L seg-
ment was responsible for the higher rate of replication observed
for the rP18 virus in tissue cultures, as the S21.18 reassortant virus
showed a growth rate similar to that of the wild-type rP18 virus,
whereas the S18L2 virus showed a growth curve similar to that of
the rP2 virus (34). In Lassa virus-infected patients, high levels of
viremia usually correlate with poor prognosis (16, 17). This im-
plies that the rate of viral replication is an important factor in
determining the degree of virulence and that amino acid substitu-
tions are present in the L protein sequence that may be responsible
for this phenotype.

In order to map the specific residue(s) that contributes to vir-
ulence within the L segment, we generated various fragment swap-
ping mutants, effectively substituting different L fragments of the
P2 sequence into the P18 genome (Fig. 1A). We reasoned that
recombinant viruses with the substituted regions that contain vir-
ulence determinants would produce a loss-of-virulence pheno-
type in the infected animals.

The L segment contains 5 amino acid differences between the
P2 and P18 strains: 4 amino acid substitutions are located in the C
terminus, and another amino acid substitution is located in the N
terminus of the L gene product. Multiple silent mutations are also
found in this region of the viral genome, whereas the sequences
encoding the Z protein are completely identical between the two
strains of the virus (32). Based on unique restriction enzyme sites
available along the L segment, we divided it into 4 fragments: D, C,
B, and A. Since the B fragment is identical between the P2 and P18
strains, no fragment swapping mutant was generated for this re-
gion. With the other 3 fragments (D, C, and A), we introduced
each fragment containing P2 sequence into the rP18 L segment.
Specifically, the L18(A2) mutant contains the A fragment of P2
with an amino acid substitution at L protein sequence position
355 as well as 2 silent mutations, the L18(C2) mutant contains the
C fragment of P2 with 5 silent mutations, and the L18(D2) mutant
contains the D fragment of P2 with 4 amino acid differences at L
protein sequence positions 1808, 1839, 1889, and 1906 as well as 3
silent mutations.

Virulence determinants of PICV P18 are localized to the C
terminus of the L polymerase. In order to determine which frag-
ment(s) of the L segment contains virulence determinants, we
infected animals with the fragment swapping mutants (Fig. 1A)
and monitored them for a loss of virulence. To do this, guinea pigs
were infected intraperitoneally with 10,000 PFU of each recombi-
nant virus, and body weight and temperature were monitored for
18 days. Three animals were infected with the rS18L18(C2) virus,
and two separate groups of 8 animals each were infected with the
rS18L18(D2) or rS18L18(A2) virus. Terminal points were defined
as the point at which either an animal reached >30% weight loss
compared to a nomogram or rectal temperature dropped below
38°C in combination with continuing weight loss. While the sur-
vival rate for rP18-infected animals was very low, all animals in-
fected with rP2 virus survived. Results obtained with the recom-
binant viruses showed that both groups of guinea pigs that were
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FIG 1 (A) Generation of recombinant P2/P18 L segment fragment swapping
mutants. Based on available unique restriction enzyme sites, 3 fragment swap-
ping mutants were generated, replacing a fragment of the P18 L segment with
the corresponding sequence of the P2 genome. Sequence changes are high-
lighted in black, and changes that result in amino acid differences between the
two strains are numbered. (B) Mortality of guinea pigs infected with L segment
P2/P18 fragment swapping mutant recombinant viruses. The mortality rate
was defined as the number of animals reaching terminal points (>30% weight
loss compared to a nomogram or rectal temperature of <38°C in addition to a
marked decrease in the weight of the animal) within the course of an 18-day
infection. Numbers of infected animals are as follows: P18, n = 45; rP2, n =
24; rS18L18(A2), n = 8; rS18L18(C2), n = 3; and rS18L18(D2), n = 8. (C)
Viremia levels of guinea pigs infected with L segment P2/P18 fragment swap-
ping mutant recombinant viruses. Serum samples collected at terminal points
(TP) from animals infected with rS18L18(D2), rS18L18(C2), or rS18L18(A2)
were analyzed by plaque assay to determine viral titers. Each data point repre-
sents one animal: rP18, n = 29; rP2,n = 12; rS18L18(A2), n = 3;rS18L18(C2),
n = 3; and rS18L18(D2), n = 6. dpi, days postinfection. *, P < 0.05; **, P <
0.01; ***, P < 0.001.

jviasm.org 6637


http://jvi.asm.org

McLay et al.

A. survival curve B. survival curve
100 100
*¥%%
— 80 — 80 %—ﬁ
© ©
2 2
S 6 € 60|
2] 2]
ES ES
40 - 40 *
< L
20 i ‘Rj f 20
0 T T T T T T T T 1 0 T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
days post-infection days post-infection
L1830V T1808A
~e— P18 -o- N1906D —& N1889D -+ L1839V v T1808A —o— p1g -0~ N1889D o L1SIV o qgg0pn - L1830V
N1906D N1906D N1906D N1889D
N1906D
C. viremia (TP or 18 dpi)
73
= . *% *¥¥X *¥%
6 - O aAA o K¥
1 @0 O A
53 IS v © o
T 3 . —o0 © *
S ] -
E 43 : \Y% < u
e "3 <
<3 = [ ) -~
e 3 OO A o
©
e 373
o =
s ] 3
25
1 ® @) L 4 WO SO *kkx
1
0 | | | | | | | | |
rP18 N1906D N1889D L1839V T1808A N1889D L1839V L1839V T1808A
N1906D N1906D N1889D L1839V
N1906D N1889D
N1906D

FIG 2 Mortality and viremia levels at terminal point of guinea pigs infected with single or combination point mutant viruses. (A) Mortality of animals infected

with single point mutant viruses. Numbers of infected animals: rP18, n = 45,
combination point mutant viruses. Numbers of infected animals: rP18, n = 45,

and recombinant mutant viruses, n = 6. (B) Mortality of animals infected with
and recombinant mutant viruses, n = 6. (C) Viremia levels at terminal points (or

end of experiment for recovered animals) of guinea pigs infected with single and combination point mutant viruses. Each data point represents one animal: rP18,

n = 29; N1889D mutant, n = 5; all other mutants, n = 6. *, P < 0.05; **, P <

infected with rS18L18(A2) or with rS18L18(C2) showed 100%
mortality (Fig. 1B). However, the group of animals infected with
rS18L18(D2) showed a much higher (75%) rate of survival at day
18. The levels of viremia of the infected animals at terminal or
experimental endpoints were determined by plaque assays. While
sick animals maintained high viremia at time of death, the recov-
ered animals had undetectable levels of virus (Fig. 1C).

Several point mutations in the C terminus of the L polymer-
ase are involved in virus attenuation. Data from the fragment
swapping experiment indicate that the D fragment of the L seg-
ment contains virulence determinants (Fig. 1). This fragment
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0.01; ***, P < 0.001.

contains 4 amino acid substitutions at positions 1808, 1839, 1889,
and 1906 as well as 3 silent mutations. We next wished to narrow
down which of these sequence changes were responsible for the
various phenotypes between the two strains of the virus. As the
amino acid changes are the most likely candidates for disease at-
tenuation, we decided to create point mutations at these residues
by substituting the corresponding residue of the P2 sequence at
each of these individual sites into the rP18 virus backbone. Con-
sequently, recombinant N1906D, N1889D, L1839V, and T1808A
viruses were generated and used to infect guinea pigs. Six animals
per group were infected intraperitoneally with 10,000 PFU of each
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TABLE 1 Macroscopic pathology observed in animals infected with
combination point mutant viruses”

Animals with moderate to

severe pathology
Combination point mutant virus No./no. tested %
N1906D/N1889D 4/6 67
N1906D/L1839V 4/6 67
N1906D/N1889D/L1839V 1/6 17
N1906D/N1889D/L1839V/T1808A 1/6 17

“ Upon necropsy at terminal points, organs were visually inspected for signs of
pathology. Organs in which moderate to severe pathology was noted included the liver
and lungs. One animal in the N1906D/L1839Vvirus-infected group developed rectal
prolapse.

of the recombinant viruses and monitored for 18 days for fever
and body weight loss. While the L1839V virus seemed to be some-
what attenuated, the N1906D and N1889D viruses did not show
any appreciable levels of attenuation (Fig. 2A). Notably, all ani-
mals infected with the T1808A recombinant virus died. Although
the 1839V recombinant virus was somewhat attenuated, this virus
did not reflect the dramatic loss of virulence that was noted in the
fragment swapping mutant virus rS18L18(D2) (Fig. 1B).

As no single point mutation at the C terminus of the L poly-
merase could mirror the effect of introducing P2 sequence into the
entire fragment D of the L segment, we reasoned that it is likely
that a combination of the amino acid substitutions is required for
the increased virulence of the P18 strain. We therefore generated
several recombinant viruses carrying various combinations of
these point mutations: N1906D/N1889D, N1906D/L1839V,
N1906D/N1889D/L1839V, and NI1906D/N1889D/L1839V/
T1808A. While N1906D/L1839V virus was somewhat attenuated
(Fig. 2B) in infected animals (n = 6), neither of the double mu-
tants showed the dramatic attenuation noted with the fragment
swapping mutant rS18L18(D2) (Fig. 1B). However, when all four
residues were mutated to the corresponding residues of P2, the
recombinant virus showed levels of attenuation that mirrored
those of S18L18(D2) virus (Fig. 2B). Moreover, the triple mutant
(N1906D/N1889D/L1839V) virus showed levels of attenuation
similar to those of the quadruple mutant (N1906D/N1889D/
L1839V/T1808A) virus and the fragment-swapped virus
S18L18(D2), suggesting that residues N1889, L1839, and possibly
N1906 located in the C-terminal domain of the viral polymerase
work in concert with each other. In addition, 5 of the 6 animals
infected with either the triple or quadruple mutant virus had ex-
tremely low or undetectable levels of viremia, while most of the
animals infected with the single point mutant viruses or double
mutant viruses retained high viral titers at terminal points (Fig.
2C). The degree of pathogenicity noted upon necropsy of infected
animals reflected the mortality data (Table 1). Organs (liver, lung,
small intestine, large intestine, and stomach) were visually in-
spected, and moderate gross pathology was defined as discolor-
ation covering 50% of the individual organ, while severe pathol-
ogy was determined by discoloration covering 75% of the organ or
with signs of internal hemorrhaging. The most severe gross pa-
thologies were noted in the liver and lungs. One animal in the
N1906D/L1839V virus-infected group suffered rectal prolapse
and was classified as having severe pathology. We therefore believe
that certain residues in the L gene of the P18 strain are responsible
for the intrinsic difference noted in the gross pathological changes
in the organs of the infected animals.
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H&E staining of liver tissue samples demonstrate that ani-
mals infected with the combination point mutant virus show
reduced histopathology. In order to confirm visual inspection of
the pathological differences between animal organs, H&E staining
was performed on representative liver tissue samples from ani-
mals infected with the rP2, rP18, N1906D/N1889D, or N1906D/
N1889D/L1839V/T1808A mutant virus. While the rP2-infected
liver tissue sample looked relatively normal, the rP18-infected
liver tissue showed severe pathology (Fig. 3). Large zones of ne-
crosis were observed throughout the sample. Severe fatty change
was noted throughout the tissue of the rP18-infected animals,
along with acidophil bodies and ballooning degeneration. The
pathology in the N1906D/N1889D liver sample was less severe but
still showed ballooning degeneration and individual hepatocytes
that appeared to be dying. While not as severe as in the rP18
sample, fatty changes were still noted. The histopathology from
the liver samples of the N1906D/N1889D/L1839V/T1808A virus-
infected animals showed hepatocytes that were largely healthy in
appearance, while the presence of inflammatory cells within the
portal veins was noted. Taken together, these histopathological
results reflect the degrees of attenuation of some of the recombi-
nant viruses noted in the mortality data shown in Fig. 2.

Theincreased virulence of PICV P18 is likely due in part to an
increase in the rate of virus replication and efficiency of viral
genomic RNA replication. As we have noted previously (30), the
rP18 virus shows a higher rate of replication than its less patho-
genic rP2 counterpart in cell culture. We therefore proceeded to
analyze the growth curves of the recombinant mutant viruses used
in the current study. To do this, Vero cells were infected with the
different recombinant viruses at an MOI of 0.01 and virus super-
natants were collected at 6, 12, 24, 36, 48, 60, 72, and 84 h postin-
fection. The single T1808 A mutant virus appeared to replicate ata
rate similar to that of the P18 virus (Fig. 4). The two recombinant
N1906D/N1889D and N1906D/L1839D double mutant viruses
showed replication rates that are higher than those of the tri-
ple and quadruple (N1906D/N1889D/L1839V and N1906D/
N1889D/L1839V/T1808A) recombinant viruses, which remark-
ably almost overlapped with the growth curve produced by the rP2

FIG 3 Liver pathology of infected animals. Shown is representative H&E
staining of livers from guinea pigs infected with rP2, rP18, N1906D/N1889D,
and N1906D/N1889D/L1839V/T1808A mutants.
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FIG 4 Growth curves of recombinant single or combination point mutant
viruses. Vero cells were infected with various mutant viruses at an MOI of 0.01,
and virus titers at various time points were determined by plaque assay.

virus (Fig. 4). These data suggest that the higher replication rates
of some of these recombinant viruses may partly explain their
more virulent nature in the infected animals.

In order to confirm that the lower growth rate of the recombi-
nant virus exhibiting the combination of point mutations corre-
lated with the lower rate of virus genome replication, we per-
formed real-time RT-PCR to measure the amount of RNA
genome replication occurring in the infected cells. To do this,
Vero cells were infected with rP2, rP18, or the combination point
mutant virus at an MOI of 1. RNA samples were collected at 10 hpi
and assayed by real-time RT-PCR. The primer used for reverse
transcription amplified only the viral genomic S segment, thus
allowing for determination of the rate of virus genome replication.
While the difference was not dramatic, the rP18 virus showed
significantly higher levels of genome replication than rP2 (Fig. 5),
which was reflected by the growth curves of these recombinant
viruses in cell cultures (Fig. 4). Most notably, the quadruple mu-
tant showed replication levels similar to that of the rP2 virus,
suggestive of its attenuation level noted in the in vivo experiments
(Fig. 2). Taken together, these data suggest that a modest increase
in replicative efficiency of the P18 polymerase can partly contrib-
ute to the heightened degree of virulence in infected animals and
that the three amino acid residues located at positions 1906, 1839,
and 1889 of the L protein are critical for this phenotypic difference
between the two PICV strains.

DISCUSSION

The mechanism by which arenaviruses cause severe hemorrhagic
fever has long been speculated about but remains poorly under-
stood. In this study, we have systematically analyzed natural se-
quence changes in the L segment of a virulent PICV arenavirus
(P18) in order to elucidate which changes are responsible for the
severe disease phenotype.

In LASV-infected patients, a strong correlation is observed be-
tween the levels of viral titer in the blood and clinical prognosis.
Patients who recover from the illness are able to progressively
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FIG 5 Real time RT-PCR analysis of genome replication in Vero cells infected
with recombinant viruses. Vero cells were infected at an MOI of 1 with virus,
RNA was collected, and RT was performed with a primer specific for the 3" end
of the genomic S segment. Real-time RT-PCR was performed with primers
specific to the NP gene, and values were normalized with values for GAPDH
transcripts. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

reduce the levels of viremia, while fatally infected patients demon-
strate uncontrolled viremia, eventually succumbing to the disease
(16). Similarly, guinea pigs infected with virulent rP18 PICV virus
maintain high viral titers in the blood until the animals reach
terminal points and must be euthanized. Meanwhile, animals in-
fected with the avirulent rP2 virus demonstrate undetectable lev-
els of virus in the blood (Fig. 1C). However, rP2 viral replication is
evidenced in the spleen, which is quickly eliminated (30). When
the L polymerase mutant viruses were tested, they showed a sim-
ilar trend; i.e., those animals with severe disease maintained high
levels of viremia at the terminal points, whereas animals that were
able to recover quickly controlled virus replication (Fig. 2C). Re-
cently, a determinant of viral chronicity was mapped to position
1079 of the polymerase of lymphocytic choriomeningitis virus
(LCMV). The clone 13 strain is able to establish a persistent infec-
tion, while the Armstrong strain causes acute infection which is
quickly cleared. This single amino acid difference between the two
strains was found to be responsible for the differential replicative
capacities of the viral isolates in vivo, with the persistent strain
showing higher replication rates. In addition to higher levels of
viremia, this single mutation resulted in higher levels of RNA rep-
lication intracellularly as well as resulting in a generalized immu-
nosuppression (35). Taken together, these data suggest that viral
replicative capacity can serve as a good determinant of increased
severity in arenavirus infection.

Through systematic mutagenesis, we were able to map viru-
lence determinants to the C terminus of the PICV L polymerase
that include a combination of N1906D, N1889D, and L1839V
mutations, which produced a virus that was able to confer levels of
attenuation similar to those observed for the fragment swapping
rS18L18(D2) virus (Fig. 1 and 2). This suggests that these residues
work in concert and are likely positioned in close proximity to one
another in the tertiary structure of the protein that can modulate
the polymerase catalytic function.

Structural information on negative-strand virus polymerases is
currently scarce. While the crystal structures of the C-terminal
domain of the PB2 subunit of the influenza virus polymerase (36)
as well as a complex of the N terminus of influenza virus PB1 with
the C terminus of PA (37) have been determined, the RNA-depen-
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dent RNA polymerases (RdRps) of other negative-strand RNA
viruses have proven difficult to crystallize. These proteins are ex-
tremely large (e.g., ~250 kDa for arenaviral L polymerase) and
contain multiple functional domains. Sequence analysis has indi-
cated that there are at least 4 conserved domains within the are-
naviral L polymerase that are connected by highly variable linker
regions (38). Domain III contains the RdRp, as evidenced by con-
served motifs consistent with the RdRps of other negative-strand
RNA viruses. Recently, the structure of the L1 domain of the
LCMYV polymerase, which consists of the first 196 amino acids, has
successfully been solved and shown to fold into an endonuclease
domain that is thought to be involved in the cap snatching process
of viral transcription (39). However, the structures of the other
domains of L polymerase remain elusive. Domains I and I1I of the
Tacaribe virus L polymerase have been shown to be involved in
binding the Z matrix protein, allowing Z to inhibit viral transcrip-
tion (40). Many negative-strand viral polymerases, including the
arenaviral RdRp, are known to oligomerize, which may be a re-
quirement for transcription (41-44). Recently, studies have
shown that the N terminus of the L protein may bind to the N
terminus of another L subunit via domain I in a head-to-head
conformation (38). Conversely, domains IIT and IV at the C ter-
minus of one subunit may bind to the C terminus of another
subunit (38). In addition, the N terminus of one subunit may also
bind to the C terminus of another in a head-to-tail orientation
(38). How these different conformations of oligomerization con-
tribute to the function of the polymerase is yet to be understood.
Currently, the exact residues involved in oligomerization of L are
unknown. One possibility is that the residues identified in the
current study as being important for the replicative differences
between the two strains of PICV may affect the oligomerization
state of the polymerase, although we have not formally tested this
hypothesis. Also, the functions of domains IT and IV of the poly-
merase remain unknown. Of note, the residues that we have iden-
tified in this study (N1906, N1889, and L1839) as critical for de-
velopment of highly pathogenic PICV infection are located in
domain IV. The sequence of this domain is unique and does not
resemble any other known protein structures. While the residues
identified in this study may potentially be involved in oligomer-
ization of the polymerase, it is also possible that they might con-
tribute to another unknown function(s) of domain IV. One such
function that this domain could potentially contribute to is poly-
merase processivity.

The rP2 and rP18 viruses exhibit different rates of replication
in tissue cultures, with the rP18 virus growing at a higher rate than
the rP2 virus (Fig. 4) (30). Analyses of reassortant viruses have
determined that the L segment is responsible for the observed
differences in growth rate, as the sequences of the Z protein are
identical between the two strains. We confirmed by real-time RT-
PCR that the P18 virus is more efficient at catalyzing viral genomic
RNA replication than its P2 counterpart (Fig. 5). We have intro-
duced various natural sequence changes into the P18 polymerase
and tested the effects of the mutations on viral genome replica-
tion. Once again, while individual mutations showed little effect
on the rate of genome replication, a combination of the point
mutations in the C terminus of L reduced the levels of RNA rep-
lication, more closely resembling the levels seen in the P2 virus.
Because these mutations in domain IV affected the efficiency of
the polymerase function, we propose that this domain may be
involved in determining the rate of polymerase activity. Taken
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together, these data suggest that rapid virus replication as a result
of enhanced polymerase activity plays an important role in deter-
mining the degree of virulence in arenavirus-induced VHFs.
Other viral polymerases, such as that of influenza virus, have also
been shown to contribute to disease virulence (45-47).

While we have shown in the current study that sequence vari-
ations in arenaviral L polymerase play an important role in deter-
mining the degree of virulence, it is important to note that the
pathogenic nature of arenavirus VHFs may involve other factors.
For example, reassortant analysis of P2 and P18 PICVs has indi-
cated that additional viral virulence determinants may also be lo-
calized to the GPC and NP genes present on the S segment of the
viral genome (34). Therefore, we do not expect that introduction
of the critical virulence-associated residues in the L gene from the
P18 into the P2 virus alone would result in a complete recovery of
the P18 phenotype. The binding affinity of the viral glycoprotein
(GPCQ) to its receptor has been implicated as an important factor
for viral pathogenesis (48, 49). While the receptor used by PICV is
currently unknown, several New World arenaviruses that cause
hemorrhagic fevers are known to use the human transferrin re-
ceptor 1 (TfR1) as their cellular receptor (50, 51), while the non-
pathogenic Tacaribe and Amapari viruses use TfR1 orthologs but
cannot gain entry into cells via the human TfR1 (52). Old World
arenaviruses such as LASV utilize alpha-dystroglycan (aDG) as
their cellular receptor (48, 53). LCMV clone 13, which causes
chronic infection of mice, has a high affinity for aDG, as it is able
to displace laminin, the natural cellular ligand for aDG (48).
Meanwhile, LCMV Armstrong, which causes an acute infection, is
unable to displace laminin (48, 49). This evidence indicates the
contribution of the GPC gene in arenavirus pathogenicity. Recent
data from our laboratory and others have indicated that the nu-
cleoprotein (NP) gene, which is contained in the S segment, is
involved in suppressing type I interferon (IFN) (10-12). Arenavi-
ral hemorrhagic fever has been shown to be associated with a
generalized immunosuppression, thereby enhancing viral replica-
tion and disease pathogenesis (54—60), and NP may contribute to
this mechanism of host innate immune suppression. While most
viral proteins that inhibit IFN production do so by inhibiting steps
in the signal transduction pathway, the arenaviral NP functions in
a unique manner. The C terminus of the protein contains an ex-
oribunuclease domain, which has been shown to be responsible
for the IFN inhibition function of the protein by possibly degrad-
ing RNA substrates that can be recognized as viral pathogen-asso-
ciated molecular patterns (PAMPs) by the host (12, 61, 62). While
the pathogenesis of severe arenaviral infections does appear to be
multigenic, we show here that differences in the viral L polymerase
gene alone can greatly influence the degree of disease pathogenesis
in vivo. Unique regions of the polymerase identified in this study
to be involved in viral replication efficiency may provide novel
targets for effective antiviral development and therapy.
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