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ABSTRACT The arenaviruses Lassa virus (LASV), Junín virus (JUNV), and Machupo vi-
rus (MACV) can cause severe and fatal diseases in humans. Although these patho-
gens are closely related, the host immune responses to these virus infections differ
remarkably, with direct implications for viral pathogenesis. LASV infection is immu-
nosuppressive, with a very low-level interferon response. In contrast, JUNV and
MACV infections stimulate a robust interferon (IFN) response in a retinoic acid-
inducible gene I (RIG-I)-dependent manner and readily activate protein kinase R
(PKR), a known host double-stranded RNA (dsRNA) sensor. In response to infection
with RNA viruses, host nonself RNA sensors recognize virus-derived dsRNA as danger
signals and initiate innate immune responses. Arenavirus nucleoproteins (NPs) con-
tain a highly conserved exoribonuclease (ExoN) motif, through which LASV NP has
been shown to degrade virus-derived immunostimulatory dsRNA in biochemical as-
says. In this study, we for the first time present evidence that LASV restricts dsRNA
accumulation during infection. Although JUNV and MACV NPs also have the ExoN
motif, dsRNA readily accumulated in infected cells and often colocalized with dsRNA
sensors. Moreover, LASV coinfection diminished the accumulation of dsRNA and the
IFN response in JUNV-infected cells. The disruption of LASV NP ExoN with a muta-
tion led to dsRNA accumulation and impaired LASV replication in minigenome sys-
tems. Importantly, both LASV NP and RNA polymerase L protein were required to di-
minish the accumulation of dsRNA and the IFN response in JUNV infection. For the
first time, we discovered a collaboration between LASV NP ExoN and L protein in
limiting dsRNA accumulation. Our new findings provide mechanistic insights into the
differential host innate immune responses to highly pathogenic arenavirus infec-
tions.

IMPORTANCE Arenavirus NPs contain a highly conserved DEDDh ExoN motif, through
which LASV NP degrades virus-derived, immunostimulatory dsRNA in biochemical as-
says to eliminate the danger signal and inhibit the innate immune response. Never-
theless, the function of NP ExoN in arenavirus infection remains to be defined. In
this study, we discovered that LASV potently restricts dsRNA accumulation during in-
fection and minigenome replication. In contrast, although the NPs of JUNV and
MACV also harbor the ExoN motif, dsRNA readily formed during JUNV and MACV in-
fections, accompanied by IFN and PKR responses. Interestingly, LASV NP alone was
not sufficient to limit dsRNA accumulation. Instead, both LASV NP and L protein
were required to restrict immunostimulatory dsRNA accumulation. Our findings pro-
vide novel and important insights into the mechanism for the distinct innate im-
mune response to these highly pathogenic arenaviruses and open new directions for
future studies.
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Arenaviruses are enveloped, single-stranded, negative-sense RNA viruses (1). The
family Arenaviridae currently consists of four genera, Mammarenavirus, Reptarena-

virus, Hartmanivirus, and Antennavirus (2, 3). All human-pathogenic arenaviruses belong
to the Mammarenavirus genus, the members of which are further classified into the Old
World (OW) and New World (NW) arenaviruses (2). Except for the trisegmented Anten-
navirus genus, arenavirus genomes are bisegmented, with one large (L) segment of
around 7.2 kb and one small (S) segment of around 3.4 kb. The S segment encodes the
viral glycoprotein (GP) precursor and the nucleoprotein (NP), which is the major
structural component of the nucleocapsid (1). The L segment encodes the RNA-
dependent RNA polymerase L protein and a small, zinc finger protein (Z), which drives
the assembly and budding of virus particles. The NP and L protein are minimal viral
trans-acting factors responsible for viral RNA synthesis (4).

Mammarenaviruses often persistently infect their rodent reservoirs without causing
overt disease and are shed via excreta from infected animals. Some of the arenaviruses
may infect humans through aerosol exposure or direct contact and cause severe/fatal
diseases for which vaccines and treatments are limited (5–8). Major human pathogens
include the OW Lassa fever virus (LASV) and the NW Junín virus (JUNV) and Machupo
virus (MACV). LASV is the causative agent of Lassa fever (LF), which is estimated to
cause up to 300,000 infections and 5,000 deaths annually in West Africa (9). NW JUNV
and MACV cause Argentine hemorrhagic fever (AHF) and Bolivian hemorrhagic fever
(BHF), respectively, in South America (6, 10, 11). JUNV, MACV, and LASV are classified as
category A priority pathogens in the United States. The World Health Organization has
put LF on the Blueprint list of priority diseases for which there is an urgent need
for accelerated research and development (https://www.who.int/news-room/events/
detail/2018/02/06/default-calendar/2018-annual-review-of-diseases-prioritized-under
-the-research-anddevelopment-blueprint).

Despite similar pathogenicities, the innate and adaptive immune responses to these
highly pathogenic OW and NW arenaviruses differ remarkably (12, 13). Clinical and
animal studies also indicate that distinct innate immune responses to these hemor-
rhagic fever-causing arenaviruses have profound impacts on pathogenesis and disease
outcomes. Severe LASV cases are generally characterized by high-level viremia, a weak
interferon (IFN)/cytokine response, a deficiency in the activation of dendritic cells,
macrophages, and T cells, and a lack of neutralizing antibody production (14–19). LASV
suppression of the immune response, particularly in the early stage of infection, is of
great importance for pathogenicity, as early type I IFN and T-cell responses correlate
with LASV clearance and host survival (20, 21). On the other hand, severe and fatal AHF
cases are marked by extremely high levels of serum alpha interferon (IFN-�) (2,000 to
64,000 IU/ml), probably the highest IFN levels documented for human viral diseases,
and elevated levels of proinflammatory cytokines, which correlates with the severity of
the disease outcomes (22, 23). High levels of IFN/proinflammatory cytokines also
correlate with the symptomatology (fever and myalgia) in AHF patients (22). Through
the IFN pathway, JUNV infection impairs platelet formation and platelet release in vitro,
which has been linked to the severe thrombocytopenia and hemorrhagic manifesta-
tions in AHF patients (24, 25). In lethal animal models of MACV infection, elevated IFN
and proinflammatory cytokine responses have been noted (26–28). Interestingly, JUNV
exhibits low sensitivity to IFN treatment in human cells (29–31), indicating that JUNV is
relatively resistant to IFN-mediated antiviral effects in human cells.

The mechanism underlying the innate immune response to pathogenic arenavirus
infection is largely unknown, partly due to the need for biosafety level 4 (BSL4) facilities
for infection experiments. RNA virus infections often produce pathogen-associated
molecular patterns (PAMPs), such as double-stranded RNA (dsRNA), that can be sensed
by host pattern recognition receptors (PRRs), including retinoic acid-inducible gene I
(RIG-I) and protein kinase R (PKR). The sensing of PAMPs by PRRs will trigger signaling
cascades that ultimately lead to an innate immune response (including IFN/cytokine
production) to virus infection. Studies with expression system and biochemical ap-
proaches demonstrated that arenaviruses utilize several strategies to counteract innate
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immune machinery. Comparative studies using recombinant arenavirus NPs revealed
stronger type I IFN suppression and NF-�B inhibition by NPs of OW arenaviruses and
the pathogenic JUNV and MACV compared to the NP of the nonpathogenic Tacaribe
virus (TCRV) (32). Furthermore, arenavirus NPs contain a highly conserved DEDDh
exoribonuclease (ExoN) motif (33, 34). Biochemical studies have established that the
NPs of LASV, lymphocytic choriomeningitis virus (LCMV), TCRV, Pichinde virus (PICV),
and Mopeia virus (MOPV) degrade virus-derived, immunostimulatory dsRNA (33–38). In
the LASV NP, the amino acid residues D389, E391, D466, D533, and H528 constitute the
DEDDh motif and are critical for ExoN activity. Some residues proximal to the DEDDh
motif, including G392, are also essential for the ExoN activity (33). It is conceivable that
arenavirus NPs can eliminate virus-derived dsRNA during infection, which otherwise
could be sensed by host PRRs as a danger signal of virus infection. However, as
suggested by the variation in IFN responses to LASV, JUNV, and MACV infections, it
remains to be investigated whether and how effectively these highly pathogenic
arenaviruses prevent dsRNA formation in the context of virus infection. We and other
groups have found that NW JUNV and MACV infections, but not OW LASV, stimulated
a robust IFN response in a RIG-I-dependent manner (29, 31, 39–41). Additionally, JUNV
and MACV, but not LASV, readily activated PKR, a classical host dsRNA sensor (42).
Moreover, LASV coinfection abrogated MACV-induced IFN and PKR responses (40, 42).
We reasoned that infection with highly pathogenic NW arenaviruses (JUNV and MACV)
may lead to an accumulation of dsRNA that is sensed by PRRs and eventually stimulate
IFN and PKR responses; in contrast, LASV limits dsRNA accumulation to evade the host
innate immune response.

In cases of negative-sense RNA virus infection, it is known that dsRNA is not readily
detectable with the commonly used J2 mouse monoclonal antibody, probably due to
a lower level of dsRNA formation than that in positive-sense RNA virus infections (43).
Recently, Son et al. found that the 9D5 monoclonal antibody (MAb), which was
developed initially for diagnosis of panenterovirus, had a high affinity for dsRNA and
could detect viral dsRNA in negative-sense RNA virus infection, including the prototypic
arenavirus LCMV (44). To test our hypothesis, we have established an imaging meth-
odology using the 9D5 MAb for visualization and measurement of dsRNA at the
single-cell level during arenavirus infection in BSL2 labs (45, 46). A main discovery was
that in vaccine strain (Candid#1) JUNV infection, dsRNA is readily detected and colo-
calizes with the PRRs PKR and RIG-I (46). We have validated the specificity of the 9D5
MAb to dsRNA by treating samples with RNase III, which degrades dsRNA, and RNase
I, which preferentially digests single-stranded RNA (ssRNA) (46). RNase III treatment
diminished the dsRNA signals in Candid#1-infected cells, while the viral NP level was at
the same level as those in infected cells without RNase treatment. RNase I treatment did
not affect the levels of dsRNA signals. Therefore, the specificity of 9D5 MAb to dsRNA
has been confirmed. By using this assay, we further studied dsRNA formation during
highly pathogenic arenavirus infections in BSL4 labs. Hereby, we present evidence that
dsRNA was accumulated in highly pathogenic NW arenavirus infections but not in OW
LASV infection. In JUNV- and MACV-infected cells, the dsRNA signals often colocalized
with PRRs (RIG-I and PKR), consistent with previous findings that JUNV and MACV
infections readily activate IFN and PKR responses (42). In contrast, dsRNA was not
detectable in LASV infection. Further investigation with minigenome replication sys-
tems revealed that dsRNA was formed during JUNV minigenome replication but not
LASV minigenome replication. Moreover, LASV coinfection diminished dsRNA accumu-
lation in JUNV-infected cells. Despite the NP ExoN activity that effectively degrades
virus-derived dsRNA in biochemical assays, the expression of LASV NP alone was not
sufficient to reduce the dsRNA level in JUNV infection. Instead, both the LASV NP and
L protein were required to limit dsRNA accumulation. For the first time, our data
demonstrate a cooperation between LASV L and NP to restrict immunostimulatory
dsRNA accumulation, and this novel finding opens new directions for future studies.
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RESULTS
dsRNA accumulated during pathogenic NW arenavirus infections but not in

LASV infection. We have established a methodology to visualize dsRNA formed in
arenavirus-infected cells in a BSL2 setting. Using this assay, we further investigated
dsRNA accumulation in pathogenic arenavirus infections in a BSL4 facility. Human A549
lung epithelial cells were infected with JUNV (pathogenic Romero strain), MACV, or
LASV at a multiplicity of infection (MOI) of 1.0. All viruses used in our study are
recombinant viruses that were only passaged once in cultured cells after rescue using
reverse-genetics systems. At 48 hours postinfection (hpi), cells were fixed and stained
for dsRNA. dsRNA signals were readily detected in JUNV and MACV but not LASV
infection (Fig. 1A). To quantify the dsRNA levels, 50 infected cells were randomly
selected and measured for the mean fluorescence intensity (MFI) of the dsRNA signal.
The data clearly showed a significant upregulation of dsRNA signals in JUNV- and
MACV-infected cells, whereas the dsRNA level in LASV infection was similar to that
in the mock infection (Fig. 1B). Assessment of viral RNA replication via reverse

FIG 1 dsRNA formation during pathogenic NW arenavirus infection. (A) A549 cells were infected with rJUNV
(Romero strain), rMACV, or rLASV at an MOI of 1.0. Cells were fixed and stained for dsRNA (green), JUNV, MACV, or
anti-LASV NP (red) and nucleus (DAPI, blue) at 48 hpi. The images are representative of 3 separate experiments. (B)
The mean fluorescence intensity (MFI) of dsRNA from of 50 infected cells that are randomly selected in different
fields (FIJI, NIH). The mean and 95% confidence interval (CI) are presented. (C) Real-time RT-qPCR analysis to
quantify virus RNA level (NP region). An equal amount of total RNA was used for each sample. The threshold cycle
(CT) values were normalized to the CT values of �-actin. The mean and standard error of the mean (SEM) of the
results from three experiments are presented (****, P � 0.0001; n.s., no significant difference, with one-way ANOVA).
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transcription-quantitative PCR (RT-qPCR) revealed that the LASV RNA level was higher
than those of JUNV and MACV (Fig. 1C). Pearson’s correlation coefficient was used to
quantitatively analyze the colocalization of dsRNA and NP signals detected in the
immunofluorescence assay (IFA). Ranging from �1 to 1, the Pearson’s correlation
coefficient indicates no significant correlation when it is 0 and a negative correlation
when it is �1. A coefficient from 0.49 to 0.84 indicates a strong colocalization (47). Fifty
infected cells were randomly selected from three separate experiments and measured
for the Pearson’s colocalization coefficients (P coefficients) using the FIJI software (NIH).
The result indicated a strong colocalization between NP and dsRNA for both JUNV and
MACV (P coefficient � 0.71). In cells infected by pathogenic strains of JUNV and MACV,
the NP often formed punctate structures. Similar punctate NP structures have been
identified as the viral RNA replication sites in Candid#1 JUNV and LCMV infections (48,
49). Interestingly, in LASV infection, LASV NP seemed to locate in unique bubble-like
structures (Fig. 1A).

Distribution of dsRNA and PRRs in pathogenic arenavirus-infected cells. NW
JUNV and MACV infections induce a type I IFN response in a RIG-I-dependent manner.
It is very likely that the dsRNA formed in JUNV- and MACV-infected cells is recognized
by RIG-I as PAMPs and triggers an IFN response. Next, we assessed the distribution of
RIG-I and dsRNA at the single-cell level in JUNV, MACV, and LASV infections. A549 cells
were infected with JUNV, MACV, and LASV for 48 h and stained for dsRNA, RIG-I, and NP
(Fig. 2A). Analysis of the JUNV sample using a line plot profile indicated that the peaks
of dsRNA signals were very often colocalized or in close proximity to RIG-I signals (Fig.
2A). The line plot profiles of the MACV sample also demonstrated that the dsRNA signal
peaks were often colocalized or in close proximity to those of the RIG-I signals. Analysis
of 50 infected cells by measuring Pearson’s colocalization coefficient indicated a strong
colocalization of dsRNA and RIG-I in JUNV infection (0.83) and MACV infection (0.83)
(Fig. 2B). In mock-infected cells, RIG-I was diffusedly distributed across the cytoplasm
(Fig. 2A). In JUNV-infected cells, a change in RIG-I distribution could be noted, as the
RIG-I sometimes appeared to concentrate in areas where dsRNA and NP were also
detected (Fig. 2A, arrow and plot line profiles). In MACV infection, colocalization of
dsRNA, RIG-I, and NP was also observed in some regions (Fig. 2A, arrow). The Pearson’s
colocalization coefficients of NP and RIG-I were 0.69 for JUNV and 0.70 for MACV
(n � 50). Consistent with our previous results (40), the expression of interferon-
stimulated gene 15 (ISG15) was substantially upregulated at both the mRNA and
protein levels in JUNV and MACV samples (Fig. 2C and D), demonstrating activation of
the IFN response by these viruses. In LASV infection, the distribution of RIG-I changed
remarkably compared with that in the mock-infected cells and appeared to colocalize
with NP in some areas, as indicated in line plot profiles (Fig. 2A). The P coefficient for
RIG-I and LASV NP was 0.68 (n � 50). No upregulation of ISG15 at either the mRNA level
or protein level was identified in LASV infection (Fig. 2C and D).

PKR is a classical dsRNA sensor which undergoes autophosphorylation upon binding
to dsRNA and becomes enzymatically activated (p-PKR) (50). Thus, PKR phosphorylation
has been widely used to assess PKR activation. A549 cells infected by JUNV, MACV, and
LASV were stained for PKR (Fig. 3A) or p-PKR (Fig. 4A), dsRNA, and NP. In the case of PKR,
line plot profile analysis indicated that the peaks of dsRNA signals frequently colocal-
ized with the peaks of PKR signals in JUNV infection, while colocalization of dsRNA and
PKR could also be seen in some regions in MACV infection (Fig. 3B). Different from JUNV
and MACV infection, line plot profile analysis of the LASV sample suggested a tendency
that the peaks of PKR signals were located in areas where the NP level was low or
between two peaks of NP signals. Pearson’s colocalization analysis of 50 cells randomly
selected from three experiments indicated that LASV NP was moderately colocalized
with PKR (0.35). In comparison, the P coefficients of NP and PKR for JUNV and MACV
were 0.77 and 0.75, respectively. The p-PKR level was determined by measuring the MFI
of p-PKR signals from 50 randomly selected, virus-infected (NP-positive) cells. The
data revealed a significant increase in p-PKR levels in JUNV- and MACV-infected cells
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(Fig. 4B), demonstrating PKR activation in these samples. In JUNV- or MACV-infected
cells, p-PKR was distributed diffusedly across the cytoplasm (Fig. 4A) and sometimes
colocalized with dsRNA in regions where the NP level was below the detection limit
(Fig. 4C). The Pearson’s colocalization coefficients for p-PKR and dsRNA signals were
0.53 for JUNV and 0.52 for MACV. Interestingly, JUNV and MACV NPs only moderately
colocalized with p-PKR (0.32 and 0.23, respectively). In LASV infection, a slight upregu-
lation of p-PKR was identified (Fig. 4B). Notably, LASV NP seemed to locate close to
p-PKR (Fig. 4A), which was also evident in line plot profile analysis (Fig. 4C). Pearson’s
colocalization coefficients indicated that LASV NP colocalized with p-PKR (0.52) more
strongly than with PKR (0.35).

FIG 2 The distribution of dsRNA, RIG-I, and NP in pathogenic arenavirus-infected cells. A549 cells were infected with rJUNV (pathogenic Romero strain), rMACV,
or rLASV (MOI, 1.0). (A) At 48 hpi, cells were fixed and stained for dsRNA (green), RIG-I (red), JUNV, MACV, or LASV NPs (magenta), and nucleus (blue). Images
are representative of 3 separate experiments. Arrows indicate areas showing dsRNA, RIG-I, and NP triple colocalization. White lines are drawn in the JUNV, MACV,
and LASV samples. The fluorescence plot profiles of signal intensities for NP (purple), dsRNA (green), and RIG-I (red) around the white lines are shown. (B)
Pearson’s colocalization coefficients of dsRNA and RIG-I in JUNV and MACV infections. (C) RT-qPCR analysis of ISG15 mRNA levels. The mRNA levels were
normalized to �-actin mRNA levels and are presented as fold changes to mock samples (mean � standard deviation [SD]) from three experiments. (D) Western
blotting of LASV, JUNV, and MACV NPs, ISG15, and �-actin.
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FIG 3 Distribution of dsRNA and PKR during pathogenic arenavirus-infected cells. A549 cells were
infected with rJUNV (Romero strain), rMACV, or rLASV at an MOI of 1.0. (A) At 48 hpi, cells were stained

(Continued on next page)
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LASV coinfection diminished dsRNA accumulation and the IFN response in
JUNV-infected cells. LASV coinfection diminishes the MACV-stimulated IFN response
and PKR response (42). Based on our new data of dsRNA accumulation in pathogenic
NW arenavirus (MACV and JUNV) infections but not in OW LASV infection, we postu-
lated that LASV coinfection might reduce dsRNA accumulation in JUNV- and MACV-
infected cells. To test this, A549 cells were infected with JUNV, LASV, or together with
JUNV and LASV at an MOI of 3.0 and stained for dsRNA and NP. To assess the virus
infectivity in coinfection, the percentage of virus-infected cells was assessed by count-
ing the NP-positive cells among 500 cells from 2 separate experiments. At 24 hpi,
approximately 80% of the cells were NP positive in JUNV or LASV single-infection
samples. In JUNV and LASV coinfection, 66% of the cells were infected by both viruses,

FIG 3 Legend (Continued)
with antibodies for (A) PKR (red), dsRNA (green), JUNV NP, MACV NP or LASV NP (magenta), and for
nucleus with DAPI (blue). Images are representative from 3 separate experiments. (B) The fluorescence
plot profiles of signal intensities for NP (purple), dsRNA (green) and PKR (red) around the white lines
drawn in panel A for JUNV, MACV, and LASV samples are shown.

FIG 4 Distribution of dsRNA and p-PKR during pathogenic arenavirus-infected cells. A549 cells were infected with rJUNV (Romero strain), rMACV, or rLASV at
an MOI of 1.0. (A) At 48 hpi, cells were stained with antibodies for p-PKR (red), dsRNA (green), JUNV NP, MACV NP, or LASV NP (magenta), and nucleus with
DAPI (blue). The images are representative of 3 separate experiments. White lines are drawn in JUNV, MACV, and LASV samples. (C) The fluorescence plot profiles
of signal intensities for NP (purple), dsRNA (green), and p-PKR (red) around the white lines are shown. (B) For each virus, the MFI of p-PKR was calculated from
50 infected cells. The mean and 95% CI are presented (****, P � 0.0001; n.s., no significant difference, with one-way ANOVA).
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8% were infected by JUNV only, and 10% were infected by LASV only. At 48 hpi,
approximately 91% of the cells were positive for JUNV NP or LASV NP in JUNV or LASV
singly infected cells. In coinfection, 95% of the cells were infected by both JUNV and
LASV, 3% by JUNV only, and 2% by LASV only. These data confirmed that coinfection
did not affect individual virus infection. Next, we examined dsRNA accumulation in
coinfection. At 24 hpi, dsRNA accumulated during JUNV infection but not during LASV
and JUNV coinfection or during LASV infection alone (Fig. 5A). At 48 hpi, while dsRNA
continued to accumulate in JUNV infection, it was still not detectable in cells coinfected
with LASV and JUNV or infected with LASV alone (Fig. 5B). The dsRNA level was
quantified by measuring the dsRNA MFI from 50 infected or coinfected cells at 24 hpi
(Fig. 5C) and 48 hpi (Fig. 5D). LASV coinfection drastically and significantly reduced
dsRNA levels in JUNV-infected cells at both time points. At 48 hpi, the dsRNA level in
LASV- and JUNV-coinfected cells was not differentiable from those in mock- or LASV-
infected cells (Fig. 5D). Along with the diminished dsRNA signals in coinfected cells, the
expression levels of the ISG15 protein (Fig. 5E) and ISG15 mRNA (Fig. 5F) also declined
to levels comparable with those in LASV-infected cells, indicating that the IFN response
was also abrogated by LASV coinfection. The expression levels of JUNV and LASV viral
RNA and NP protein in LASV and JUNV coinfection were similar to those in JUNV or
LASV infection alone at 24 and 48 hpi (Fig. 5E and G). This result further indicated that
JUNV and LASV coinfection did not affect the infection of each virus. Taken together,
the data clearly showed that LASV coinfection potently suppresses dsRNA accumula-
tion and the IFN response in JUNV-infected cells without affecting JUNV replication.

Both LASV NP and L protein were required for restricting dsRNA accumulation
in JUNV infection. To test the role of LASV NP in diminishing dsRNA accumulation in
LASV and JUNV coinfection, HEK293T cells were transfected with plasmid expressing
LASV NP for 24 h and then infected with the Candid#1 strain of JUNV (MOI of 1.0). As
controls, HEK293T cells were also transfected with plasmids expressing LASV L protein,
LASV NP and L protein, or both JUNV NP and L protein prior to JUNV infection. As
expected, dsRNA was readily detected in mock-transfected cells after JUNV infection
(Fig. 6). Surprisingly, LASV NP alone did not affect dsRNA accumulation in JUNV-
infected cells, nor did LASV L protein alone (Fig. 6A and B). Only when both LASV NP
and LASV L protein were expressed was the dsRNA level reduced to a level similar to
that in mock-infected cells (Fig. 6A and B). Plasmid expression of JUNV NP and L protein
did not reduce dsRNA accumulation in JUNV infection. Consistent with the dsRNA data,
the IFN-� mRNA expression was abrogated only when both LASV NP and LP were
expressed (Fig. 6C). RT-qPCR analysis confirmed that LASV NP and L protein coexpres-
sion did not affect JUNV RNA synthesis (Fig. 6D).

dsRNA formed during JUNV but not LASV minigenome replication. The accu-
mulation of dsRNA in JUNV- and MACV-infected cells, but not in LASV-infected cells,
was in line with the stimulation of IFN and PKR responses by JUNV and MACV infection
but not LASV infection. To further understand the mechanism, we investigated dsRNA
formation using JUNV and LASV minigenome replication systems. The coding regions
in the JUNV or LASV S segment genome were replaced by firefly luciferase (FFL) and
green fluorescent protein (GFP) reporter genes. The PCR products were inserted
between human polymerase I promoter (hPol-I) and terminator sequences. The result-
ing hPol-I-driven minigenome plasmids (phPol-I-JUNV/FFL/GFP for the JUNV minige-
nome and phPol-I-LASV/FFL/GFP for the LASV minigenome) were transfected into
HEK293T cells along with homologous NP and L protein-expressing plasmids. The
pRL-SV40 plasmid expressing renilla luciferase was also included as control for normal-
ization. At 40 hpi, the minigenome reporter FFL activity was measured. When NP and
L proteins were expressed, LASV or JUNV minigenome (MG)-driven FFL reporter ex-
pression was upregulated by 2-log or 1.4-log, respectively, relative to the control
sample that was transfected with corresponding minigenome plasmids only, demon-
strating an efficient replication of LASV or JUNV minigenome in these systems (Fig. 7A).
dsRNA accumulation was identified in JUNV minigenome replicating cells (Fig. 7B) but
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FIG 5 LASV coinfection diminished dsRNA accumulation in JUNV infection. A549 cells were infected with rJUNV (Romero strain), rLASV,
or rJUNV and rLASV at an MOI of 3.0. (A and B) At 24 hpi (A) or 48 hpi (B), cells were fixed and stained with anti-dsRNA antibody (green),
anti-JUNV NP antibody (red), anti-LASV NP antibody (magenta), and DAPI (blue). The images are representative of 2 separate experiments.
(C and D) MFI of dsRNA from 50-infected cells at 24 hpi (C) and 48 hpi (D). The mean and 95% CI are presented. (E) Western blotting of
JUNV NP, LASV NP, ISG-15, and �-actin. (F) RT-qPCR analysis of ISG15 mRNA level. The data were normalized to �-actin and are expressed
as fold changes of the ISG15 levels in mock samples at 48 h. The mean and SD are presented (n � 3). (G). Real-time RT-qPCR analysis of
the JUNV RNA and LASV RNA copy numbers (NP region). An equal amount of total RNA was used. The data were normalized to �-actin
and are shown as the mean and SD (****, P � 0.0001; n.s., no significant difference, with one-way ANOVA).
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not in LASV minigenome replicating cells. The data of dsRNA MFI from 50 transfected
cells indicated that the dsRNA level In JUNV minigenome replicating cells was signifi-
cantly higher than those in control cells (JUNV MG only, without NP and L protein) and
LASV minigenome replicating cells (Fig. 7C). Consistent with LASV infection, the dsRNA
level in LASV minigenome replicating cells was the same as that in mock-transfected
cells (Fig. 7C). No upregulation in dsRNA level could be found in cells transfected with
JUNV or LASV minigenome plasmid alone compared with the dsRNA level in mock-

FIG 6 Both the LASV NP and L protein are required for restricting dsRNA formation. (A) HEK293T cells were transfected with plasmids to express both LASV
NP and LASV L protein (LP), LASV NP, LASV LP, or both JUNV NP and LP as indicated. After 24 h, cells were infected with recombinant Candid (rCandid) JUNV
at an MOI of 1.0. At 48 hpi, cells were fixed and stained with anti-dsRNA (green), anti-JUNV NP (red), and anti-LASV NP (magenta) antibodies and with DAPI
(blue) for the nucleus. The images are representative of 2 separate experiments. (B) The MFI of dsRNA from 50 infected and transfected cells is shown
(mean � 95% CI). (C and D) Real-time RT-qPCR analysis of IFN-� mRNA (C) and JUNV RNA copy numbers (NP locus) (D). Data were normalized to �-actin and
are presented as the mean � SD.
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transfected samples. Taken together, JUNV and LASV minigenome replication systems
recapitulated the phenotypes of dsRNA formation seen in JUNV and LASV infections.

Mutations that disrupt LASV NP ExoN also led to dsRNA accumulation in LASV
minigenome replication. D389A and D389A-G392A mutations abolish the exoribonu-
clease activity of LASV NP (33). By utilizing the LASV minigenome replication system, we
further investigated if disruption of NP ExoN has an impact on dsRNA accumulation.
HEK293T cells were transfected with plasmids expressing LASV NP ExoN mutants or
wild-type (wt) NP, along with plasmids expressing LASV LP and the LASV minigenome.
At 40 hpi, cells were lysed and measured for the reporter FFL activity. The LASV NP
D389A mutant was substantially less efficient in supporting minigenome replication,
while the additional G392A mutation partially restored minigenome replication
(Fig. 8A). This result is consistent with a previous report that NP D389A and D389T/
G392A ExoN mutants less efficiently support LASV minigenome replication (51). The
imaging assay showed that both NP D389A and D389A-G392A mutations resulted in
dsRNA accumulation during LASV minigenome replication (Fig. 8B). Quantitative anal-
ysis of dsRNA levels by measuring the dsRNA MFI of 50 transfected cells from 3 separate
experiments clearly showed that D389A and D389A-G392A mutations caused a signif-
icant increase in dsRNA levels in LASV minigenome replication. In comparison, the
dsRNA levels in wt LASV NP-expressing cells were comparable to the dsRNA levels in

FIG 7 dsRNA formed during JUNV minigenome replication but not in LASV minigenome replication. (A) HEK-293T cells were transfected
with the JUNV or LASV minigenome plasmid along with plasmids expressing homologous NP and L protein (LP). The expression of the
minigenome reporter FFL was measured and normalized to the rluc control and is presented as the fold change relative to the expression
in cells transfected with minigenome plasmid only. Data shown are the average FFL from three independent experiments and SD. (B)
HEK293T cells were infected with rCandid JUNV at an MOI of 1.0 (JUNV), transfected with JUNV minigenome plasmid (JUNV MG) with JUNV
LP and NP (JUNV LP � NP) or JUNV MG plasmid alone (�), or transfected with LASV minigenome plasmid (LASV MG) with LASV LP and
NP (LASV LP � NP) or MG plasmid alone (�). Forty-eight hours after transfection or infection, cells were fixed and stained with antibodies
for dsRNA (green), JUNV NP or LASV NP (red), and DAPI (blue). Images are representative from 3 separate experiments. (C) The dsRNA MFI
for each sample was calculated from 50 transfected cells. The mean and 95% CI are presented (****, P � 0.0001; n.s., no significant
difference, one-way ANOVA).
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mock-transfected cells. These data demonstrated the critical role of LASV NP ExoN
activity in limiting dsRNA accumulation.

DISCUSSION

Our study, for the first time, presents evidence for dsRNA accumulation in highly
pathogenic NW arenavirus (JUNV and MACV) infections but not in LASV infection
(Fig. 1A). To ensure the reproducibility of results, we used rescued recombinant viruses
with minimal passage history (P1) throughout the studies. This finding is further-
confirmed using JUNV and LASV minigenome replication systems (Fig. 7), which
indicates that the phenotypic difference in dsRNA formation is unlikely to be caused by
differences in virus stocks and more likely is associated with viral replication. The LASV
RNA level was always higher than those of JUNV and MACV during infection (Fig. 1).
Nevertheless, the dsRNA level is below the detection limit in LASV samples. These data
ruled out the possibility that the lack of dsRNA formation in LASV infection was due to
a lower level of viral RNA synthesis. Furthermore, the disruption of LASV NP ExoN
function affected LASV minigenome replication and also resulted in dsRNA formation

FIG 8 Defects in LASV NP exonuclease lead to dsRNA formation in LASV MG replication. HEK-293T cells were transfected with plasmids
for LASV MG (LASV phPol-I/FFL/GFP), LASV L protein (LP), and LASV NP, LASV NP D389A, or LASV NP D389A-G392A as indicated, along
with pRL-SV40 expressing the rluc reporter for normalization. (A) At 40 hours posttransfection (hpt), the MG reporter firefly luciferase
activity was measured and normalized to the rluc activity. Fold change was calculated based on the FFL value over that in cells
transfected with LASV MG plasmid alone. Data shown as the mean and SD of the results from three experiments. (B) At 48 hpi, cells
were fixed and stained with anti-dsRNA antibody (green), anti-LASV NP antibody (red), and DAPI (blue). The images are representative
of 3 separate experiments. (C) The MFI of dsRNA of 50 transfected cells from 3 separate experiments was calculated. The mean and
95% CI are presented (****, P � 0.0001, one-way ANOVA).
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(Fig. 8), suggesting a connection between virus replication and dsRNA accumulation.
Interestingly, LASV coinfection diminished dsRNA accumulation in JUNV-infected
cells (Fig. 5). Future studies are warranted to elucidate the mechanism by which LASV
limits dsRNA accumulation. Another interesting finding is that although the ExoN motif
is highly conserved among all arenavirus NPs, dsRNA readily accumulates in JUNV and
MACV infections, in clear contrast to LASV infection. Future studies need to be per-
formed to better understand the role of NP ExoN in virus infection (discussed below).
Overall, our study reveals a fundamental difference in PAMP dsRNA formation during
the infections of these highly pathogenic arenaviruses, which provides a mechanistic
insight into the phenotypical differences in IFN and PKR responses to JUNV, MACV, and
LASV infections.

In RNA virus infection, host PRRs (e.g., RIG-I and PKR) recognize virus-derived dsRNA
as PAMPs and initiate a cascade of signaling transduction that eventually leads to
innate immune responses. JUNV infection induces the IFN response in a RIG-I-
dependent manner (29), clearly indicating successful RIG-I sensing of JUNV infection.
Our imaging data support the proposed RIG-I recognition of dsRNA in JUNV- and
MACV-infected cells, as concentrated RIG-I signals can be found in proximity to dsRNA
signals (Fig. 2). In comparison, RIG-I is distributed diffusedly in the cytoplasm of
mock-infected cells. Line plot profile analysis also indicated that the dsRNA signals and
RIG-I signals often colocalized in JUNV- and MACV-infected cells. Consistently, and as
expected and previously reported, ISG expression was also upregulated during JUNV
and MACV infections (Fig. 2), demonstrating that JUNV and MACV stimulated the IFN
pathway.

Our data also provide evidence that PKR senses dsRNA molecules and becomes
activated in JUNV and MACV infection. Elevated levels of enzymatically activated PKR
(p-PKR) were identified in JUNV- and MACV-infected cells (Fig. 4). In contrast, the p-PKR
level in LASV-infected cells was not distinguishable from that in mock-infected cells.
Line plot profile analysis clearly showed colocalization of p-PKR and dsRNA in JUNV and
MACV infections, particularly in regions where viral NPs were below the detection limit
(Fig. 4C). Additionally, analysis with Pearson’s colocalization coefficient indicated a
colocalization of p-PKR and dsRNA signals during JUNV infection (0.53) and in MACV
infection (0.52). Both results supported PKR sensing of dsRNA and becoming activated
in JUNV and MACV infections. We have previously identified the phosphorylation of
translation eukaryotic initiation factor 2 alpha (eIF2�) and inhibition of global transla-
tion during JUNV (pathogenic strain) and MACV infections, indicating that p-PKR is fully
functional (42). In vaccine Candid#1 JUNV infection, PKR is also colocalized with dsRNA
and phosphorylated (31, 46, 52). However, unlike in pathogenic JUNV infection, there
is no upregulation of p-eIF2� nor translation inhibition (31, 52), indicating that p-PKR
is not functional in cells infected by the JUNV vaccine Candid#1 strain. The present
study provides an explanation for the apparent difference in PKR functionality between
JUNV Candid#1 infection and pathogenic JUNV infection. During Candid#1 JUNV
infection, it is clear that PKR senses dsRNA and becomes phosphorylated. The p-PKR
also strongly colocalized with NP (P coefficient � 0.79) (46). It is conceivable that NP
efficiently interacts with p-PKR, suppresses its activity, and consequently prevents eIF2
phosphorylation and host translation inhibition in the case of Candid#1 infection. On
the other hand, p-PKR only moderately colocalized with NP in cells infected by the
pathogenic strain JUNV (P coefficient � 0.23) and by MACV (P coefficient � 0.32) (Fig.
4), indicating a weaker colocalization of p-PKR and NP during infection with the
pathogenic strains of JUNV and MACV. Consistently, line plot profiles showed that
dsRNA sometimes colocalized with p-PKR where the NP level was below the detection
limit in pathogenic JUNV and MACV infections (Fig. 4C). Thus, a large proportion of
p-PKR is not bound to NPs and remains functional in phosphorylating eIF2� and
inhibiting global protein translation in cells infected by the pathogenic strains of JUNV
and MACV. Of note, PKR activation does not exhibit an antiviral effect on pathogenic
strain JUNV and MACV infections (42). Replication of the pathogenic strains of JUNV and
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MACV is slightly augmented in wild-type cells compared with that in PKR-deficient cells,
concomitant with attenuated ISG expression.

We noticed a striking change in the distribution of RIG-I (Fig. 2) and p-PKR (Fig. 4)
in LASV infection. LASV NP was found in unique, bubble-like structures. The RIG-I
signals in LASV-infected cells were located in proximity to NP, unlike the diffused
distribution pattern of RIG-I in mock-infected cells. A strong colocalization of LASV NP
with RIG-I was further supported by Pearson’s colocalization coefficient (0.68, n � 50)
and by the line plot profile data (Fig. 2A). These results imply that LASV NP might
interact with components of the RIG-I signalosome and suppress the RIG-I signaling
cascade, which remains to be investigated in future studies. We observed a moderate
colocalization of LASV NP with PKR (P coefficient � 0.35, n � 50), which is consistent
with a previous report that LASV NP is not coimmunoprecipitated with PKR in express-
ing cells (52). In line plot profiles of PKR and NP distribution in LASV-infected cells, it is
evident that the peaks of PKR signals often located in areas where the NP level was low
or between two peaks of NP signals (Fig. 3C). A modest increase in p-PKR was found in
LASV infection (Fig. 4B). Interestingly, LASV NP appeared to be more preferentially
colocalized with the p-PKR than PKR, as evidenced by the NP and p-PKR localization
plot profile data (Fig. 4C) and a higher P coefficient with p-PKR (0.52) than that with PKR
(0.35). Taken together, the change in distribution of RIG-I and p-PKR during LASV
infection implies that a low level of PAMP dsRNA was formed and sensed by PRRs
(RIG-I and PKR). As RIG-I also recognizes other PAMP RNA species, in particular, ssRNA
containing 5=-di- and -triphosphates, RIG-I might also detect 5=-triphosphate-
containing ssRNA in arenavirus infection as well. This possibility awaits to be addressed
in future studies. Nevertheless, LASV effectively shut down the IFN and PKR pathways
at downstream steps, as IFN and PKR responses are not measurable in LASV infection.
Thus, LASV targets the IFN and PKR pathways by (i) restricting dsRNA accumulation to
minimize PRR recognition of PAMP, and (ii) inhibiting downstream IFN and PKR
signaling to shut down the IFN and PKR responses.

The mechanism underlying dsRNA accumulation in JUNV and MACV infections
remains to be defined in future studies. The DEDDh ExoN motif is highly conserved
among all arenavirus NPs. Additionally, the ExoN activity to digest dsRNA has also been
established in biochemical assays for NPs from many arenaviruses, including LASV.
Intriguingly, dsRNA is readily accumulated during JUNV and MACV infections as well as
in JUNV minigenome replication. The ExoN activity of JUNV and MACV NPs has not
been determined experimentally. A crystal structure study suggests that JUNV NP lacks
ExoN activity (53), which is controversial in the field (38). Further studies are required
to determine the ExoN activity for JUNV and MACV NPs. It is possible that there is
variation in ExoN activity or its regulation among arenavirus NPs.

It will be of great interest to determine the mechanism of LASV restriction of dsRNA
accumulation, which may provide new and important insights into the mechanism for
LASV evasion of the host immune response. Several observations are noted in the
present study. (i) The LASV NP ExoN activity is necessary for controlling dsRNA forma-
tion, as the disruption of NP ExoN activity by introducing D389A and D389A-G392A
mutations led to dsRNA accumulation in LASV minigenome replication. Our minige-
nome data are also in line with a previous report that infection with the LASV NP
D389A-G392A mutant stimulates a strong IFN response (51). (ii) The LASV NP alone is
not sufficient to limit dsRNA accumulation, nor is the LASV L protein alone; both LASV
NP and L are required to abrogate dsRNA formation in JUNV infection. (iii) The LASV
minigenome data also shows an inverse correlation between dsRNA formation and viral
replication efficiency. Replication of the LASV minigenome was impaired by the D389A
and D389A-G392A mutations (Fig. 8), which is the same as what has been found by
others in similar LASV minigenome experiments (51). Conversely, dsRNA levels were
substantially upregulated at the same time (Fig. 8). (iv) In general, LASV RNA replication
is consistently more efficient than are JUNV and MACV during infections (Fig. 1) (42);
nevertheless, the dsRNA signal is always below the detection limit in LASV infection. All
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these data suggest that LASV restricts dsRNA accumulation through a mechanism that
involves viral replication.

The fact that the NP DEDDh ExoN motif is highly conserved among arenavirus NPs
also suggests that it is critical for the arenavirus life cycle. The LASV NP D389A mutant
readily reverts to the wild-type sequence in cultured cells (51). Additionally, some LASV
and PICV NP ExoN mutants are either not rescuable or exhibit impaired replication
capacity (36, 51). All of these findings support an important role of NP ExoN in virus
replication, which warrants future investigation.

In summary, our present study revealed PAMP dsRNA accumulation during highly
pathogenic NW arenavirus (JUNV and MACV) infection but not in LASV infection. LASV
efficaciously restricted dsRNA accumulation to minimize host PRR sensing of virus
infection through a mechanism that required both NP and L protein. These new and
important findings provide mechanistic insights into the distinct innate immune re-
sponse to these viruses and help better elucidate arenavirus and host interaction.
Further studies are warranted to determine how LASV NP and L protein collaborate to
control dsRNA accumulation to evade the host immune response, the role of NP ExoN
in arenavirus infection, as well as the mechanism of dsRNA formation in JUNV and
MACV infection.

MATERIALS AND METHODS
Cells and viruses. A549 (CCL-185; ATCC), HEK-293T cells (CRL-3216; ATCC), and Vero cells (CCL-81;

ATCC) were maintained in Dulbecco’s modified eagle medium (HyClone) supplemented with 10% fetal
bovine serum (FBS; Atlanta Bio) and 1% penicillin-streptomycin solution (HyClone). The JUNV (vaccine
Candid#1 strain and pathogenic Romero strain), LASV (Josiah strain), and MACV (Carvallo strain) used in
studies were recombinant viruses that were rescued using reverse-genetic systems and passaged only
once in Vero cells, as previously described (54). All plasmids used for virus rescue were sequencing
confirmed. All infection work with pathogenic arenaviruses was performed at the BSL4 facilities at the
Galveston National Laboratory in the University of Texas Medical Branch in accordance with institutional
health and safety guidelines and federal regulations.

Antibodies. The antibody for dsRNA was the murine MAb panenterovirus clone 9D5 purchased from
Millipore Sigma (catalog no. 3361, ready for use, further diluted 1:2 in our lab). The primary antibodies
used in the Western blotting assay were rabbit anti-PKR (12297S, 1:1,000; Cell Signaling), rabbit
anti-p-PKR (T451, 1:1,000; Abcam), rabbit anti-ISG15 (2734S, 1:1,000; Cell Signaling), mouse ascetic fluid
against LASV (1:1,000; Robert Tesh, UTMB), mouse anti-JUNV NP (AG12, 1:1,000, cross-reactive to MACV
NP; BEI), and mouse anti-�-actin (sc-47778, 1:1,000; Santa Cruz). The secondary antibodies were horse-
radish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:3,000; Cell Signaling) and HRP-conjugated
goat anti-rabbit IgG (1:5,000; SouthernBiotech).

In IFA, the rabbit MAbs against PKR (ab32506, 1:200; Abcam) and p-PKR (ab81303, 1:100; Abcam)
were used. The secondary antibodies used were goat-anti-mouse Alexa Fluor 488 (1:2,000; Invitrogen)
and donkey-anti-rabbit Alexa Fluor 594 (1:2,000; Invitrogen). The Alexa Fluor 594-conjugated RIG-I
antibody was purchased from Santa Cruz (sc-376845, 1:1,000). The mouse anti-JUNV NP (AG12, 1:1,000;
BEI) was conjugated to Alexa Fluor 555 or Alexa Fluor 647, and the mouse anti-LASV NP (01-04-0105,
1:1,000; Cambridge Bio) was conjugated to Alexa Fluor 647, using the corresponding antibody labeling
kits (Invitrogen). The cross-reactivities of mouse anti-LASV NP antibody to JUNV NP and of mouse
anti-JUNV NP antibody to LASV NP tested negative in our validation assay.

Immunofluorescence assay. A549 or HEK-293T cells were grown on poly-D-lysine (PDL)-coated
coverslips (Neuvitro) and infected with JUNV, MACV, and/or LASV at an MOI of 1.0 or 3.0 or transfected
with LASV or JUNV minigenome plasmid phPol-I-S-FFL/GFP, LASV NP, JUNV NP, LASV LP, and/or JUNV NP
as indicated in each experiment. Transfection was performed using the calcium phosphate-mediated
protocol, according to the manufacturer’s instructions (ProFection mammalian transfection system;
Promega). At a specified time point, cells were fixed and stained, as previously described (45, 46). Briefly,
cells were fixed with 100% ice-cold methanol for 15 min at �20°C and then washed for 5 min with
phosphate-buffered saline (PBS; Corning) at 4°C three times. Cells were then washed with 0.2% Triton
X-100 (Sigma) for 5 min and with PBS 4 times. Unconjugated primary antibodies (to dsRNA, PKR, or
p-PKR) were diluted in 3% bovine serum albumin (BSA; Sigma) and incubated at 4°C overnight. Cells were
then washed 5 times in PBS. Secondary antibodies were diluted in 3% BSA and incubated at room
temperature for 1 h. Cells were washed 5 times in PBS. For double or triple staining, conjugated
antibodies (to LASV NP or RIG-I) were diluted in 3% BSA and incubated at room temperature (RT) for 2
h or 4°C overnight. Cells were washed five times in PBS and counterstained with 1 �g/ml 4=,6-diamidino-
2-phenylindole (DAPI) in PBS. After three washes with PBS containing 0.05% Triton X-100, two washes
with PBS for 5 min each time, and one wash with double-distilled water (ddH2O) for 1 min, coverslips
were inverted onto ProLong Gold Antifade reagent (Invitrogen) on glass microscope slides (Fisher
Scientific) and then left to cure overnight. Imaging was performed using the Olympus FV1000D BX61
upright confocal scanning microscope under an oil immersion lens (60�/1.42 numerical aperture). Laser
emission was set at 385 to 405 nm (DAPI), 470 to 530 nm (Alexa 488), 530 to 575 (Alexa 560), 560 to 615
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nm (Alexa 594), and 615 to 690 nm (Alexa 647). The same emission was used for each sample, and only
linear changes were made to all samples when necessary using the FIJI software (NIH). All statistical
analysis was performed with one-way analysis of variance (ANOVA) with Brown’s Forsythe test and
Games-Howell correction for multiple comparisons (Prism GraphPad).

Minigenome replication reporter assay. LASV and JUNV minigenome plasmids were constructed
by replacing the viral glycoprotein complex (GPC) and NP open reading frames (ORFs) on the S segment
with firefly luciferase (FFL) gene and a green fluorescent protein (GFP) gene, respectively, with recom-
binant PCR. The amplicons were cloned into a plasmid between the human polymerase (Pol) I promoter
and terminator to generate the phPol-I-S-FFL/GPF minigenome plasmids. HEK-293T cells were seeded at
2.5 � 105 in 12-well plates. For each virus, pC-NP, pC-LP, and phPol-I-S-FFL/GFP were transfected into
cells at equal copy numbers (total, 2 �g/DNA per well). A pRL-SV40 plasmid (Promega) expressing renilla
luciferase (rluc) was cotransfected as a control. Transfection was performed using Lipofectamine 2000
(Invitrogen), as per the manufacturer’s instruction. Forty-eight hours posttransfection, luminescence was
measured using the Dual-Glo luciferase kit (Promega) with a GloMax-Multi luminometer (Promega). All
experiments were performed three times. The reporter FFL activities were normalized to the rluc activity.

RNA extraction and real-time RT-qPCR. A549 or HEK-293T cells were seeded into a 12-well plate
at a density of 2.0 � 105 cells per well and infected with recombinant JUNV (rJUNV), recombinant MACV
(rMACV), and/or recombinant LASV (rLASV), as indicated for each experiment, at an MOI of 1.0 or 3.0. RNA
lysates were prepared using the TRIzol reagent (Life Technologies). RNA was purified using the RNeasy
minikit (Qiagen) and treated with DNase I (Qiagen). An equal amount of total RNA (1 �g) was reverse
transcribed to cDNA using the iScript Advanced cDNA synthesis kit (Bio-Rad). Real-time reverse
transcription-quantitative PCR (RT-qPCR) was performed using SsoAdvanced Universal SYBR green
supermix (Bio-Rad) on a CFX96 real-time PCR detection system (Bio-Rad), as described before (42). For
analysis, the expression level of each target gene was normalized to the �-actin housekeeping gene.
Validated primers were purchased from Bio-Rad for �-actin, ISG15, and IFN-� mRNAs. The primers used
for the NPs were JUNV NP forward primer (5=-GGCAGTAAGCCGATCACGTA), JUNV NP reverse primer
(5=-TCGACATTGAAGGACCAGCC), MACV NP forward primer (5=-GCCCTTCAATGTCAAGCCAC), MACV NP
reverse primer (5=-GACCGAGACAACCCGAGAAA), LASV NP forward primer (5=-GAAGGGCCTGGGAAAAC
ACT), and LASV NP reverse primer (5=-AGGTAAGCCCAGCGGTAAAC). To evaluate the copy numbers of
viral RNAs in each sample, plasmid DNA templates that contained 102 to 109 copies of corresponding
viral NP genes were used as standards.

Western blotting. A549 cells were seeded into a 12-well plate at a density of 2.0 � 105 cells per well.
Twenty-four hours later, cells were infected with rJUNV, rMACV, and/or rLASV at an MOI of 1.0 or 3.0. At
the desired time point, protein lysates were prepared with 200 �l of 2� Laemmli buffer (Bio-Rad)
containing a protease inhibitor cocktail for mammalian cells (Sigma) and phosphatase inhibitor cocktails
(Sigma) and incubated at 95°C for 10 min. The equal loading of protein samples was confirmed by
running each sample onto 4% to 20% SDS-PAGE gels, followed with Coomassie G250 staining (Bio-Safe
Coomassie; Bio-Rad). Western blot (WB) assays were performed as described before (42).
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