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ABSTRACT The New World (NW) arenaviruses are a diverse group of zoonotic vi-
ruses, including several causative agents of severe hemorrhagic fevers in humans. All
known human-pathogenic NW arenaviruses belong to clade B, where they group
into sublineages with phylogenetically closely related nonpathogenic viruses, e.g.,
the highly pathogenic Junin (JUNV) and Machupo viruses with the nonpathogenic
Tacaribe virus (TCRV). Considering the close genetic relationship of nonpathogenic
and pathogenic NW arenaviruses, the identification of molecular determinants of vir-
ulence is of great importance. The host cell’s innate antiviral defense represents a
major barrier for zoonotic infection. Here, we performed a side-by-side comparison
of the innate immune responses against JUNV and TCRV in human cells. Despite
similar levels of viral replication, infection with TCRV consistently induced a stronger
type I interferon (IFN-I) response than JUNV infection did. Transcriptome profiling re-
vealed upregulation of a largely overlapping set of interferon-stimulated genes in
cells infected with TCRV and JUNV. Both viruses were relatively insensitive to IFN-I
treatment of human cells and induced similar levels of apoptosis in the presence or
absence of an IFN-I response. However, in comparison to JUNV, TCRV induced stron-
ger activation of the innate sensor double-strand RNA-dependent protein kinase R
(PKR), resulting in phosphorylation of eukaryotic translation initiation factor eIF2�.
Confocal microscopy studies revealed similar subcellular colocalizations of the JUNV
and TCRV viral replication-transcription complexes with PKR. However, deletion of
PKR by CRISPR/Cas9 hardly affected JUNV but promoted TCRV multiplication, provid-
ing the first evidence for differential innate recognition and control of pathogenic
and nonpathogenic NW arenaviruses by PKR.

IMPORTANCE New World (NW) arenaviruses are a diverse family of emerging zoo-
notic viruses that merit significant attention as important public health problems.
The close genetic relationship of nonpathogenic NW arenaviruses with their highly
pathogenic cousins suggests that few mutations may be sufficient to enhance viru-
lence. The identification of molecular determinants of virulence of NW arenaviruses
is therefore of great importance. Here we undertook a side-by-side comparison of
the innate immune responses against the highly pathogenic Junin virus (JUNV) and
the related nonpathogenic Tacaribe virus (TCRV) in human cells. We consistently
found that TCRV induces a stronger type I interferon (IFN-I) response than JUNV.
Transcriptome profiling revealed an overlapping pattern of IFN-induced gene expres-
sion and similar low sensitivities to IFN-I treatment. However, the double-stranded
RNA (dsRNA)-dependent protein kinase R (PKR) contributed to the control of TCRV,
but not JUNV, providing the first evidence for differential innate recognition and
control of JUNV and TCRV.
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Mammalian arenaviruses are a diverse family of emerging viruses that includes
several causative agents of severe viral hemorrhagic fevers with high mortality in

humans (1, 2). Based on their antigenic properties, phylogeny, and geographic distri-
bution, mammalian arenaviruses are divided into Old World (OW) and New World (NW)
groups (3). The OW arenaviruses include the prototypic lymphocytic choriomeningitis
virus (LCMV) and the highly pathogenic Lassa virus (LASV) endemic in Western Africa.
The phylogenetically more diverse NW arenaviruses are subdivided into clades A, B, and
C, found in South America, and clade D, which is restricted to the Northern American
continent (4). All known human-pathogenic NW arenaviruses belong to clade B and
include Junin (JUNV), Machupo (MACV), Guanarito (GTOV), Sabia (SABV), and Chapare
(CHAV) virus. Arenaviruses of clades A and C have so far not been associated with
human pathology, whereas the disease potential of clade D viruses remains unclear.

Mammalian arenaviruses are enveloped negative-strand RNA viruses with a nonlytic
life cycle confined to the cytosol (5). The mammarenaviral genome is composed of two
RNA segments, a small (S) RNA that encodes the envelope glycoprotein precursor (GPC)
and the nucleoprotein (NP) and the L segment coding for the matrix protein (Z) and the
viral polymerase (L). The arenavirus GPC undergoes proteolytic processing to yield GP1,
involved in receptor binding, and GP2, which mediates viral fusion. The principal hosts
for NW arenaviruses are rodents of the subfamilies Neotominae and Sigmodontinae of
the Cricetidae family, with the exception of TCRV, which seems to be carried by fruit
bats (4). In their natural reservoir hosts, NW arenaviruses are maintained by persistent
infection and vertical transmission from infected mothers to offspring in utero, resulting
in a carrier state (1). Human infection with pathogenic NW arenaviruses occurs mainly
via reservoir-to-human transmission, involving inhalation of aerosolized contaminated
rodent excreta or direct contact with infected rodents (6). Due to their transmissibility
via aerosol and high lethality, hemorrhagic NW arenaviruses are considered category A
select agents by the Centers of Disease Control and Prevention (7).

Pathogenic NW arenaviruses do not cluster within a defined sublineage of clade B
but group with phylogenetically closely related nonpathogenic viruses. The highly
pathogenic JUNV and MACV, for example, group with the nonpathogenic TCRV, which
causes only mild febrile illness in humans (4). This close genetic relationship of
nonpathogenic NW arenaviruses with their highly pathogenic cousins suggests that a
relatively low number of adaptive mutations may be sufficient to enhance virulence in
humans. The identification of the molecular determinants underlying the distinct
virulence of pathogenic and nonpathogenic NW arenaviruses is therefore of great
importance for epidemiology and public health.

A first major barrier for zoonotic viruses is the recognition of a suitable receptor(s)
at the surface of susceptible human cells. The clade B NW arenaviruses evolved to hijack
the conserved cargo-receptor transferrin receptor 1 (TfR1) for host cell entry, and
human disease potential strongly correlates with their ability to recognize the human
receptor form (8–11). In the absence of a functional TfR1 orthologue, NW arenaviruses
can use evolutionary conserved phosphatidylserine (PS) receptors of the Tyro3/Axl/Mer
(TAM) and T-cell immunoglobulin and mucin domain-containing (TIM) protein family
for cell entry via “apoptotic mimicry” (12, 13). Once zoonotic NW arenaviruses have
penetrated into the cytosol, they encounter the host cell’s powerful innate antiviral
immune defense that represents another crucial barrier. The major pathogen recogni-
tion receptors implicated in innate detection of arenaviruses in the cytosol are the
ubiquitously expressed RNA helicases retinoic acid-inducible gene I (RIG-I) and mela-
noma differentiation-associated gene 5 (MDA5) (14–18). RIG-I detects single-stranded
RNA with 5= triphosphates and short stretches of double-stranded RNA (dsRNA) as a
“danger signal,” whereas MDA5 is activated by longer dsRNA (19). Upon activation, RIG-I
and MDA5 induce downstream signaling via the mitochondrial adaptor of antiviral
signaling (MAVS) (20–23). Activation of MAVS results in assembly of a signaling complex
that includes the classical I�B kinases IKK�/IKK�/NEMO involved in activation of nuclear
factor �B (NF-�B). Recruitment of TANK-binding kinase (TBK1) and IKK� activates
interferon regulatory factor 3 (IRF3) and IRF7. Simultaneous activation of IRF3/7 and
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NF-�B induces the expression and secretion of type I interferons (IFN-I) that regulate
transcription of hundreds of interferon-stimulated genes (ISGs), establishing an antiviral
state. In addition, IFN-I stimulate and regulate cells of innate and adaptive immunity,
including natural killer cells, macrophages, dendritic cells, and T cells.

The OW arenaviruses LCMV and LASV can efficiently evade innate immunity in many
cell types (24–27), whereas infection with the NW viruses JUNV, MACV, and TCRV
induces significant IFN-I levels (18, 26–29). The NPs of arenaviruses act as major IFN-I
antagonists by preventing activation of IRF3 and NF-�B (24, 25, 30–36). The IFN-I-
suppressive activity of arenavirus NP is linked to a 3=–5= exoribonuclease activity
located within its C-terminal region, which likely degrades immunogenic viral RNA
species, removing the “danger signal” (30–36). The structural motifs required for the
3=–5= exoribonuclease activity are highly conserved among arenaviruses and likely
crucial for viral persistence in reservoirs (31–34, 36). However, early comparative studies
using recombinant NPs of different arenaviruses revealed stronger IFN-I suppression
and NF-�B inhibition by NPs of OW arenaviruses and the pathogenic JUNV and MACV
than by the NP of the nonpathogenic TCRV (25, 28). Moreover, the Z proteins of
human-pathogenic arenaviruses bind RIG-I and interfere with MAVS activation, whereas
Z proteins from nonpathogenic arenaviruses like TCRV cannot (37, 38).

Another important innate sensor for RNA viruses is the dsRNA-dependent protein
kinase R (PKR). Recent studies demonstrated that the NW arenaviruses JUNV and MACV,
but not the OW arenavirus LASV, activate PKR (26, 39). In JUNV-infected cells, PKR
colocalizes with the viral replication-transcription complex in the cytosol (39, 40).
Interestingly, depletion of PKR reduces the production of infectious JUNV and MACV
particles (26). Early activation of PKR by JUNV and MACV restricts translation of key ISGs,
allowing optimal viral multiplication, indicating that these pathogenic viruses evolved
to hijack PKR for their own needs. The specific role of PKR in infection with nonpatho-
genic NW arenaviruses is, however, unknown.

In summary, several lines of evidence suggest important differences between the
innate responses against pathogenic and nonpathogenic NW arenaviruses, which likely
contribute to their distinct disease potentials. To confirm and extend these studies, we
undertook a side-by-side comparison of the innate immune responses against JUNV
and TCRV in human cells. We consistently found that TCRV induces a stronger IFN-I
response than JUNV. Despite these quantitative differences, transcriptome profiling
revealed a largely overlapping pattern of IFN-induced gene expression after infection
with JUNV and TCRV. The two viruses showed similar low sensitivities to IFN-I treat-
ment. However, JUNV and TCRV differentially activated PKR, which contributed to
control of TCRV, but not JUNV, providing the first evidence for distinct recognition by
this important innate sensor.

RESULTS
TCRV infection induces a stronger IFN-I immune response than JUNV infection.

For our comparative study of innate immunity against pathogenic and nonpathogenic
NW arenaviruses, we chose JUNV, which represents the most important pathogen
among NW arenaviruses, and the phylogenetically closely related TCRV, a classical
experimental model for nonpathogenic NW arenaviruses (4). Since work with live JUNV
requires biosafety level 4 (BSL4) containment, we employed the JUNV vaccine strain
Candid1, which can be manipulated under BSL2 (41). Reverse genetics mapped the
attenuation of JUNV Candid1 exclusively to the GPC, with little contributions by NP, Z,
or L (42, 43). Mutations in Candid1 NP lie outside regions critical for its 3=–5= exoribo-
nuclease function (31, 44), and the Z sequence remained unchanged in comparison to
the pathogenic parental JUNV XJ13 (44). Accordingly, infection of human cells with the
pathogenic JUNV isolate Romero and JUNV Candid1 results in similar IFN-I responses
and ISG expression (18), making JUNV Candid1 a suitable BSL2 surrogate to study
innate immune responses. To avoid artifacts caused by the passage history of viruses,
we plaque purified JUNV Candid1 and TCRV strain 11573, followed by amplification of
clonal isolates in IFN-I-deficient BHK21 cells. Viruses were precipitated by polyethylene
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glycol, followed by purification through a sucrose cushion by ultracentrifugation. Since
zoonotic transmission of NW arenaviruses can occur via aerosols (6), we chose the
human lung epithelial cell line A549, which has been widely used to study arenavirus
innate immunity (18, 24–28, 39, 40, 45), as a cell culture model. A549 cells express
human TfR1 in combination with the TAM receptor Axl and TIM-1 (46, 47), allowing
entry of TCRV via the PS receptors Axl and TIM-1 in the absence of a functional TfR1
orthologue (12). First, we infected monolayers of A549 cells with plaque-purified JUNV
Candid1 and TCRV at a low multiplicity of infection (MOI, 0.1) and monitored IFN-�
mRNA levels using real-time quantitative PCR (RT-qPCR). Consistent with previous
studies, both JUNV Candid1 and TCRV induced robust transcription of IFN-� in A549
cells 2 days postinfection (18, 28). Over time, we consistently observed higher IFN-�
mRNA levels in A549 cells infected with TCRV than in those infected with JUNV Candid1
(Fig. 1A). Detection of infectious virus in conditioned cell culture supernatants by an
immunofocus assay (IFA) revealed slightly higher titers for TCRV than for JUNV Candid1
(Fig. 1B).

Previous studies demonstrated that conditioned cell culture supernatants from
TCRV-infected A549 cells contained IFN-I levels capable of inducing an antiviral stage in
IFN-I-deficient Vero cells (28). To validate efficient UV inactivation of TCRV in our system,
we subjected 106 PFU of TCRV to UV treatment for the indicated times to inactivate the
virus (Fig. 1C). The UV-treated samples were added to fresh VeroE6 monolayers, and
productive infection was detected after 48 h by IFA using a monoclonal antibody (MAb)
to TCRV NP (Fig. 1C). To detect bioactive IFN-I-conditioned cell culture supernatants, we
exposed supernatants from TCRV- or JUNV-infected A549 cells to UV irradiation for
2 min and used them to treat VeroE6 cells that are unable to produce IFN-I but remain
capable of mounting an antiviral state in response to exogenously added IFN-I (48). For
a positive control, we included recombinant human IFN-I. After 16 h of pretreatment,
VeroE6 monolayers were infected with vesicular stomatitis virus (VSV), which is highly
sensitive to IFN-I. Monolayers were fixed after 8 h, and productive VSV infection was
detected by IFA using a MAb to the VSV matrix (M) protein. Consistent with previous
reports (28), VeroE6 cells treated with conditioned cell culture supernatants from
TCRV-infected A549 cells restricted replication of VSV (Fig. 1D), confirming the produc-
tion of bioactive IFN-I by TCRV-infected A549 cells.

The observed higher TCRV titers suggested more extensive viral replication at the
cellular level, which may explain the stronger IFN-I induction (Fig. 1A). To address this
possibility, we quantified the intracellular levels of viral genomic RNA, which represents
a major immunogenic viral RNA species (49), by RT-qPCR and normalized the result to
the percentage of infected cells as assessed by detection of viral NP via flow cytometry
(for details, see Materials and Methods). Rather unexpectedly, we observed higher
intracellular levels of viral genomic RNA for JUNV Candid1 than for TCRV after 24 h of
infection (Fig. 1C). This suggested that the observed quantitative differences in the IFN-I
responses to JUNV Candid1 and TCRV were not simply a consequence of different
replication levels.

JUNV Candid1 blocks innate signaling more efficiently than TCRV. Previous
studies have implicated the RIG-I/MAVS pathway in innate sensing of JUNV (18),
whereas the innate sensors for TCRV have remained unknown. To address the role of
RIG-I/MAVS in innate sensing of TCRV, we deleted MAVS from A549 cells using
CRISPR/Cas9 technology as detailed in Materials and Methods and verified MAVS
depletion by Western blot analysis (Fig. 2A). Monolayers of MAVS knockout (KO) and
control A549 cells were infected with JUNV Candid1 and TCRV, and IFN-� mRNA was
detected after 4 days by RT-qPCR. As a benchmark, we included VSV, which induces a
robust MAVS-dependent IFN-I response (50). Deletion of MAVS almost completely
abrogated IFN-� induction in cells infected with JUNV Candid1, TCRV, and VSV, con-
firming a key role of MAVS-dependent pathways in their innate detection (Fig. 2B).
Deletion of MAVS increased JUNV Candid1 and TCRV multiplication, confirming a role
of MAVS in their innate control (Fig. 2C). As expected, MAVS deficiency only mildly
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affected the OW arenavirus LCMV, which efficiently suppresses innate immune signal-
ing (24, 28, 31) (Fig. 2C).

The higher IFN-I levels in TCRV infection than in JUNV Candid1 infection, despite
comparable intracellular levels of viral RNA (Fig. 1A and C), was in line with the
previously demonstrated stronger IFN-I suppression by recombinant JUNV NP and Z
(25, 28, 38). We next sought to confirm this in the context of productive arenavirus

FIG 1 TCRV infection triggers a stronger IFN-I immune response than JUNV Candid1 infection. (A)
Detection of IFN-� mRNA levels in A549 cells infected with JUNV and TCRV. Monolayers of A549 cells
were infected with TCRV and JUNV Candid1 at an MOI of 0.1 PFU/cell or were mock infected. At the
indicated time points, cells were harvested, total RNA was extracted, and mRNA of IFN-� and GAPDH was
quantified by RT-qPCR. Data shown are fold induction above background relative to that of mock-
infected cells. Data are means � SD (n � 3). (B) Supernatants from cells described for panel A were tested
for viral titer by IFA, and data are means � SD (n � 3). (C) Inactivation of virus by UV irradiation. TCRV
(106 PFU) was exposed to UV irradiation for the indicated times and used to infect fresh VeroE6
monolayers. After 48 h, cells were fixed and stained for TCRV NP by IFA. Images are representative of
three biological replicates. Bar, 125 �m. (D) Detection of IFN-I activity by bioassay. Conditioned super-
natants collected (days 1 to 5) from infected A549 cells were UV inactivated for 2 min and used to
pretreat VeroE6 cells for 16 h. As a positive control, recombinant IFN-I (1,000, 100, and 10 IU/ml; diluted
in supernatant from uninfected cells) was subjected to the same UV exposure and used in parallel with
tested samples. Pretreated VeroE6 cells were infected with VSV for 8 h, fixed, and stained for VSV M
protein by IFA. Results are means � SD (n � 3) of results from one representative experiment out of two
independent experiments (P � 0.001). Norm, normalized. (E) Detection of viral genomic RNA (vgRNA) in
infected cells. Total RNA samples from panel A were subjected to RT-qPCR using specific probe/primers
sets for JUNV Candid1 and TCRV genomic S RNA detection. Cells from parallel specimens in panel A were
examined for NP expression by flow cytometry. The ratios of viral RNA copies to percentage of infected
cells were determined as detailed in Materials and Methods. Statistical t tests were performed with Excel
software; *, P � 0.001. Data are means � SD (n � 3) of the results of one out of three independent
experiments.
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infection. Previous studies on innate immune suppression by arenavirus infection
frequently used superinfection with RNA viruses like VSV or Sendai virus (24, 25, 28).
However, this classical approach was complicated by the significant IFN-I levels induced
by JUNV and TCRV in our system (Fig. 1). As an alternative innate “danger signal,” we

FIG 2 Detection of JUNV Candid1 and TCRV by MAVS. (A) MAVS expression in A549 control and A549 MAVS KO cells.
Cells were incubated with or without 10,000 IFN IU/ml and lysed after 24 h. Total proteins were separated by SDS-PAGE
and probed with anti-MAVS MAb and anti-vinculin MAb by Western blotting. (B) IFN-I induction in A549 control and
A549 MAVS KO cells after infections with TCRV, JUNV Candid1, and VSV. Both cell lines were infected with the indicated
viruses at an MOI of 0.1 PFU/cell, and IFN-� mRNA levels were quantified by RT-qPCR 4 days postinfection (TCRV and
JUNV Candid1) or 20 h postinfection (VSV). All values were normalized to the value for A549 control cells. Data are
means � SD (n � 3) of results from one representative example out of two independent experiments. (C) Growth
kinetics of LCMV, TCRV, and JUNV Candid1 in A549 control and A549 MAVS KO cells. Cells were infected with TCRV, JUNV
Candid1, or LCMV at an MOI of 0.1 PFU/cell, and viral progeny production was assessed over 5 days by IFA. Data are
means � SD (n � 3), with one representative example of three independent experiments shown. Statistical significance
(t test) is indicated as follows: *, P � 0.01; **, P � 0.001; ***, P � 0.0001. (D) Differential IFN-I suppression by JUNV Candid1
and TCRV. HEK293T cells were infected with TCRV or JUNV Candid1 at an MOI of 0.1 PFU/cell or were mock infected. After
24 h, cells were transfected with the plasmid pIRES-LUC expressing a luciferase reporter under the control of an IFN-�
promoter and assayed for luminescence activity after another 24 h. Data are means � SD (n � 3) of the results of three
independent experiments. Statistical t tests were performed, and significance is indicated as follows: *, P � 0.01; **,
P � 0.001; ***, P � 0.0001.
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therefore used transfection of cytosolic dsDNA of bacterial origin, which can serve as a
template for Pol-III-driven synthesis of dsRNA species capable of activating RIG-I/MAVS,
as well as the cGAS/STING pathway (51–53). Briefly, we infected monolayers of HEK293T
cells with TCRV or JUNV Candid1 or mock infected them for 24 h, resulting in �95% of
infected cells assessed by flow cytometry (data not shown). We subsequently trans-
fected cells with a reporter plasmid of bacterial origin expressing firefly luciferase under
the control of an IFN-� promoter. Detection of luciferase activity by a luminescence
assay after 24 h revealed robust induction of IFN-� promoter activity in mock-infected
cells triggered by plasmid DNA transfection, as expected (Fig. 2B). Previous infection
with JUNV Candid1 reduced IFN-� promoter activity 2-fold, indicating active immuno-
suppression (Fig. 2D). In contrast, the presence of TCRV resulted in a less-pronounced
reduction of IFN-� promoter activity (Fig. 2D). In summary, the data confirm differential
inhibition of innate signaling during JUNV Candid1 and TCRV infections, consistent with
the previously reported differences in IFN-I antagonist function of recombinant JUNV
and TCRV NP and Z (28, 38).

Infection with JUNV Candid1 and TCRV induce overlapping sets of ISGs. We

then performed a more detailed analysis of the IFN-I-induced ISG expression pattern in
response to infection with JUNV Candid1 and TCRV. To this end, we infected mono-
layers of A549 cells with JUNV Candid1 and TCRV and extracted the total RNA after 48 h,
a time point when both viruses induce robust IFN-� levels (Fig. 1A). We then quantified
the expression levels of 76 selected ISGs using the human antiviral response RT2 Profiler
PCR array, as detailed in Materials and Methods. Examination of the ISG expression
profiles for JUNV Candid1 and TCRV infection confirmed the previously observed
quantitative differences in IFN-� induction (Table 1). Among the 76 ISGs covered, 10
genes showed significant upregulation in JUNV Candid1 infection, whereas TCRV
infection significantly affected expression of 36 ISGs (Table 1). We consistently observed
upregulation of the RIG-I transcript DDX58 (25.52-fold) and the MDA5 transcript IFIH1
(37.43-fold) in TCRV-infected cells, whereas JUNV Candid1 infection only mildly in-
creased their transcription levels (7.14- and 9.61-fold, respectively) (Table 1). TCRV but
not JUNV infection induced expression of the laboratory of genetics and physiology 2
(LGP2) transcript DHX58 (41.75-fold). The RIG-I helicase variant LGP2 lacks the
N-terminal caspase recruitment domains (CARD) responsible for interaction with MAVS.
Initial studies implicated LGP2 in the negative regulation of RIG-I/MAVS-mediated
signaling (54). However, studies in knockout mice revealed positive regulatory func-
tions of LGP2 on innate responses to several RNA viruses (55–57). LGP2 is not essential
for induction of innate immune defenses to LCMV in mice but seems required for an
optimal antiviral CD8 T cell response (57). The role of LGP2 in NW arenavirus infection
is currently unknown. In contrast to the findings for the upstream RIG-I helicases, we did
not detect upregulation of MAVS or any of its downstream signaling molecules
included in the array. Among transcription factors involved in expression of IFN-I and
cytokines, we observed induction only of the IFN-I-regulated IRF7 in TCRV infection
(45.06-fold) and JUNV Candid1 infection (11.94-fold) (Table 1), whereas expression of
the latent transcription factors IRF3 and NF-�B were not altered. Despite significant
differences in the amplitude of the signals, statistical analysis of the relative expression
levels of analyzed ISGs revealed a similar overall pattern between TCRV and JUNV
infections (Table 1). Similar to previous studies with the pathogenic JUNV Romero and
MACV (26), infection of A549 cells with TCRV and JUNV Candid1 significantly increased
expression of the 2=–5= oligoadenylate synthetase 2 gene (OAS-2), MX1, and ISG15,
which critically contribute to the antiviral state (Table 1). We further observed upregu-
lation of the transcription of cytokine genes CCL5, CXCL10, and CXCL11. In summary, an
overlapping set of ISGs was upregulated in response to TCRV and JUNV Candid1 in our
system. The data suggest that the viral mechanisms capable of modulating the innate
immune response may be similar for the two viruses but seem to operate more
efficiently in JUNV.
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JUNV Candid1 and TCRV show similar low sensitivities to IFN-I treatment. Fatal
human JUNV infection is characterized by a high serum viral load and elevated IFN-I
levels, suggesting limited control of the virus by IFN-I in vivo (58, 59). This was
corroborated by in vitro studies that showed low sensitivity of JUNV to IFN-I treatment
of human or primate cells (18). To compare the sensitivities of JUNV Candid1 and TCRV
to IFN-I treatment, we exposed human A549 cells and VeroE6 cells to increasing doses
of recombinant IFN-I for 20 h, followed by infection at a low MOI to allow multiple
rounds of viral replication. Infectious virus production was monitored over 5 days by
IFA. In A549 cells, IFN-I treatment reduced titers of JUNV Candid1 and TCRV during the
first 3 days of infection in a dose-dependent manner (Fig. 3A to D). The inhibitory

TABLE 1 ISG profile upon TCRV and JUNV infectiona

aA549 cells were infected with TCRV and JUNV at an MOI of 0.1 PFU/cell. After 48 h, total cellular RNA was
extracted and transcriptome profiling was performed using the human antiviral response RT2 Profiler PCR
array (PAHS-122ZG; Qiagen) as detailed in Materials and Methods. Values represent fold induction � SD
(n � 4) relative to that of mock-infected controls. The intensity of the red background color is proportional
to fold induction. *, P � 0.01; **, P � 0.001 (t test between infected samples and mock-infected controls).
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effects of IFN-I treatment diminished by day 4 and seemed to reverse by day 5, when
we repeatedly observed slightly higher viral titers in IFN-I-treated cells (Fig. 3A to D). In
VeroE6 cells, IFN-I treatment mildly reduced JUNV Candid1 titers after 1 day, with
negligible effects after 2 days, which was in line with published reports (18) (Fig. 3E to
H). After 3 days, JUNV Candid1 and TCRV titers from IFN-pretreated VeroE6 cells slightly
surpassed viral titers from nontreated cells (Fig. 3E to H). In summary, these results
indicated similar low sensitivities of TCRV and JUNV infection to IFN-I treatment.

FIG 3 Low sensitivity of JUNV Candid1 and TCRV to IFN-I treatment. A549 (panels A to D) and VeroE6
(panels E to H) cells were preincubated for 20 h with the indicated doses of recombinant human IFN-I,
followed by infection with TCRV or JUNV Candid1 at an MOI of 0.1 PFU/cell. Conditioned cell culture
supernatants were collected daily over 5 days and tested for viral titer by IFA. Inhibition was calculated
as 1 – [(log(mock) � log(sample))/(log(mock)], where “mock” and “sample” are viral titers of mock-
infected cells and infected cells, respectively, obtained at each day postinfection. Data are means � SD
(n � 3), with one representative example of three independent experiments shown.
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JUNV Candid1 and TCRV induce similar levels of apoptosis. Another important
mechanism of innate antiviral defense is the induction of apoptosis in response to
infection (60, 61). Infection with some RNA viruses, including VSV and Sendai virus, can
trigger mitochondrial apoptosis via a RIG-I/MAVS-dependent pathway involving acti-
vation of IRF3 and the proapoptotic protein Bax, resulting in autocatalytic cleavage of
procaspase 9 and activation of effector caspases 3 and 7 (62, 63). Previous studies
revealed induction of apoptosis by JUNV Romero and JUNV Candid1 via RIG-I in A549
and VeroE6 cells, whereas TCRV was proapoptotic in VeroE6 cells in other reports (64,
65). To directly compare the proapoptotic effects of JUNV Candid1 and TCRV, we
infected VeroE6 and A549 cells with TCRV, JUNV Candid1, and VSV and monitored
activation of caspase 9 and caspases 3/7 over time using a sensitive luminescence-
based assay. Consistent with published reports (64, 65), infection of VeroE6 and A549
cells with JUNV Candid1, TCRV, and VSV induced activation of caspase 9 and caspases
3 and 7 (Fig. 4). At later time points, we observed for both arenaviruses stronger
caspase activation in A549 cells than in the IFN-I-deficient VeroE6 cells, suggesting a
possible contribution of IFN-I (Fig. 4). However, in contrast to the marked differences
observed in the levels of IFN-� upregulation after TCRV and JUNV Candid1 infection
(Fig. 1, Table 1), the patterns of caspase activation seemed rather similar (Fig. 4).

Role of PKR in control of TCRV but not JUNV infection. Recent studies demon-
strated that JUNV and MACV activate the dsRNA-dependent PKR and that PKR colo-
calizes with viral replication-transcription complexes (26, 39, 40). We then investigated
activation of PKR during infection with JUNV Candid1, TCRV, and LCMV. We infected
monolayers of A549 cells with JUNV Candid1, TCRV, and LCMV at a low MOI. At the
indicated time points, total cellular protein was extracted and subjected to Western
blot analysis with specific antibodies to PKR, activated phospho-PKR, its downstream
target eIF2�, and phospho-eIF2�. Vinculin served as a loading control. Infection with
JUNV Candid1, TCRV, and LCMV upregulated PKR to some extent after 3 days, with
stronger signals detected for the NW arenaviruses (Fig. 5A). On day 3 postinfection,
JUNV Candid1, TCRV, and LCMV induced low levels of PKR phosphorylation (Fig. 5A).
While phospho-PKR levels in LCMV-infected cells dropped afterwards, we consistently
observed a marked increase in phospho-PKR signals at days 4 and 5 postinfection with
JUNV Candid1 and TCRV (Fig. 5A). Quantification of the phospho-PKR/PKR signal ratios

FIG 4 JUNV Candid1 and TCRV induce similar levels of apoptosis. A549 (A and B) and VeroE6 cells (C and D) were
infected with TCRV and JUNV Candid1 at an MOI 0.1 PFU/cell or with VSV at an MOI 1 PFU/cell. Cells were probed
for activity of caspases 3/7 (A and C) and caspase 9 (B and D) over 5 days, and the results were normalized to the
value for mock-infected cells. Data are means � SD (n � 3), and one representative example of three independent
experiments is shown.
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by densitometry consistently revealed stronger PKR phosphorylation in response to
TCRV than to JUNV infection (Fig. 5A). Infection with TCRV, but not JUNV Candid1 and
LCMV, resulted in detectable eIF2� phosphorylation above background on days 4 and
5 (Fig. 5A). Examination of A549 cells infected with JUNV Candid1 and TCRV by confocal
microscopy revealed significant colocalization of PRK with both JUNV Candid1 and
TCRV NP, indicating an association of PKR with the cytosolic replication-transcription
complexes of both viruses (66) (Fig. 5B).

To assess a possible role of PKR in the control of TCRV and JUNV Candid1 in our
system, we generated PKR-deficient A549 cells using CRISPR/Cas9 technology as de-
scribed in Materials and Methods and verified deletion of PKR by Western blot analysis
(Fig. 6A). Validated PKR KO and control A549 cells were infected with JUNV Candid1,
TCRV, and LCMV at a low MOI, and infectious virus titers were monitored over time by
IFA. Multiplication of JUNV Candid1 and LCMV were hardly affected in PKR KO cells, in
line with previous studies (Fig. 6B) (39). In contrast, TCRV titers significantly increased
after 4 days of infection in the absence of PKR (Fig. 6B). Finally, we monitored cell-to-cell

FIG 5 Differential activation of PKR by JUNV Candid1 and TCRV. (A) A549 cells were infected with JUNV Candid1,
TCRV, and LCMV at an MOI of 0.1 PFU/cell, and total lysates were harvested at the indicated time points (dpi, days
postinfection). Total cellular proteins were probed for PKR, phospho-PKR, eIF2�, and phospho-eIF2� expression by
Western blotting. Vinculin was included as a loading control in PKR/eIF2� and p-PKR/p-eIF2� membranes. The
ratios of phospho-PKR/PKR (p-PKR/PKR) and phospho-eIF2�/eIF2� (p-eIF2�/eIF2�) were assessed by densitometry
and normalized to the ratios of mock-infected cells at the corresponding day postinfection. One representative
example out of two independent experiments is shown. (B) NP and PKR colocalization in TCRV- and JUNV
Candid1-infected A549 cells. A549 cells were infected at an MOI of 1 PFU/cell, fixed, and stained 48 h postinfection
with a mouse MAb to TCRV and JUNV Candid1 NP, combined with a rabbit MAb to PKR. Fluorescence intensity
profiles were calculated with ImageJ/Fiji software and Pearson’s correlation coefficients with Excel software. White
arrowheads, NP and PKR colocalization. Pearson’s correlation coefficient was the average result for seven analyzed
cells for each virus, one of which is shown as a representative example. Bar, 20 �m.
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propagation of TCRV in PKR KO and control A549 cells over time. To this end, we
infected cells with TCRV (MOI, 0.1), fixed them at the time points indicated in Fig. 6, and
stained them for TCRV NP, followed by fluorescence-activated cell sorter (FACS) anal-
ysis. Consistent with the antiviral activity of PKR, we observed faster viral propagation
in PKR KO A549 cells than in controls (Fig. 6C). The specific antiviral effect of PKR against
TCRV, but not JUNV Candid1 or LCMV, was in line with the observed distinct activation
of PKR and phosphorylation of eIF2� and suggested differential interactions of JUNV
Candid1 and TCRV with PKR.

DISCUSSION

Since the 1950s, several clade B NW arenaviruses have broken the species barrier
and emerged as severe human pathogens, including JUNV, MACV, GTOV, SABV, and
CHAV (4). Despite striking differences in host range and virulence, genetic distances
between pathogenic clade B NW arenaviruses like JUNV and MACV and some non-
pathogenic clade B NW arenaviruses like TCRV are remarkably small and not well
understood. Arenaviruses of clades A and C have so far not been associated with
human disease. Viruses of clade D can jump between rodent species (67–72), and there
is serological evidence for human infection (73), suggesting potential for spillover.
Circumstantial evidence has linked the clade D White Water Arroyo virus (WWAV) to
human fatal disease (74); however, a causal relationship was not established. To spill
over, NW arenaviruses must undergo molecular interactions with cellular factors of the
new host at different levels of their productive life cycle. These host cell factors critically
contribute to the “species barrier” that emerging NW arenaviruses need to overcome.

Virus receptor use is a key determinant for zoonotic disease potential of NW
arenaviruses (8–11). Structure-function analysis revealed that few point mutations
suffice to convert human TfR1 into a functional receptor for a nonpathogenic NW
arenavirus (8, 10, 11). A hallmark of arenaviruses is their low-fidelity mechanism of

FIG 6 PKR is involved in control of TCRV but not JUNV infection. (A) Validation of PKR deletion in A549 PKR KO cells.
A549 PKR KO and control cells were incubated with or without 10,000 IFN-I IU/ml and lysed after 24 h. Lysates were
probed with anti-PKR MAb and anti-vinculin MAb by Western blotting. (B) Growth kinetics of LCMV, TCRV, and
JUNV Candid1 in A549 control and A549 PKR KO cells. Cells were infected with TCRV, JUNV Candid1, or LCMV at
an MOI of 0.1 PFU/cell, and viral progeny production was assessed over 5 days by IFA. Data are means � SD (n �
3), and one representative example of three independent experiments is shown. Statistical significance (t test) is
indicated as follows: *, P � 0.01; **, P � 0.001; ***, P � 0.0001. (C) TCRV infection course in A549 control and A549
PKR KO cells. A549 control and A549 PKR KO cells were infected with TCRV (MOI, 0.1 PFU/cell), collected, and fixed
at the indicated times postinfection, stained for TCRV NP, and analyzed by FACS. Data are means � SD (n � 3) of
the results of one representative example out of two independent experiments.
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replication, resulting in high mutation rates that allow for rapid adaptation (75, 76). It
is thus conceivable that currently nonpathogenic NW arenaviruses may at some point
acquire the capacity to recognize human TfR1, facilitating entry into human cells. After
receptor-mediated endocytosis, arenaviruses undergo low pH-dependent fusion at late
endosomes (77), followed by penetration into the cytosol and initiation of viral tran-
scription and replication. While OW arenaviruses efficiently suppress innate recognition
in the cytosol by RIG-I/MAVS, NW arenaviruses seem less capable to do so (18, 27, 28).
Comparative studies with recombinant proteins further revealed stronger IFN-I sup-
pression by NP and Z of JUNV and MACV than by NP and Z of TCRV (25, 28, 37, 38),
suggesting important differences between the innate responses against pathogenic
and nonpathogenic NW arenaviruses, which may contribute to their distinct disease
potential. To investigate this further, we undertook a systematic side-by-side compar-
ison of the innate immune responses to JUNV Candid1 and TCRV in human cells.

Infection of human A549 cells consistently resulted in higher IFN-I levels in response
to TCRV than in response to JUNV Candid1. Induction of IFN-I in response to both
viruses is critically dependent on MAVS, suggesting at least overlapping pathways of
innate detection. Similar intracellular levels of viral RNA observed for the two viruses
made a simple correlation between IFN-I induction and viral replication level rather
unlikely. Exposure of infected cells to an innate “danger signal” confirmed more
efficient IFN-I suppression by JUNV than by TCRV in the infection context, consistent
with previous work on recombinant NP and Z by others (28, 38). Previous studies
revealed discrepancies regarding the IFN-I antagonist activity of TCRV NP, likely due to
variation in amino acid residues 389 to 392 (28, 35, 78). In our study, we used TCRV
strain 11573, previously used by Martinez-Sobrido et al. (28). Our data are consistent
with the previously reported weaker IFN-I antagonism of NP derived from TCRV 11573
(28). Transcription profiling of 76 ISGs revealed quantitatively different, but qualitatively
similar, patterns of gene regulation after challenge with TCRV and JUNV. The major ISGs
induced by JUNV Candid1 and TCRV were the RIG-I, OAS, and ISG15 genes, which was
in line with earlier studies with pathogenic JUNV Romero and MACV (26, 27). In
summary, the data suggest recognition of JUNV and TCRV by similar innate pathways.
In comparison to TCRV, JUNV seems more efficient in suppression of IFN-I induction
during early infection, likely explaining the quantitative differences.

Previous studies revealed that the pathogenic JUNV Romero, JUNV Candid1, and
MACV are relatively resistant to IFN-I treatment of human and primate cell lines (18, 79),
which is in line with the high IFN-I levels found in severe human JUNV infection (58, 59).
Here, we consistently found high levels of TCRV multiplication in the presence of a
robust IFN-I response and similar low sensitivities of TCRV and JUNV to IFN-I treatment
of human and primate cells. Interestingly, studies in rodent models revealed a crucial
role of IFN-I in the control of JUNV, MACV, and TCRV infection in vivo and in vitro
(80–84). The biological relevance of these species-specific differences is, however,
currently unknown.

While the prototypic OW arenavirus LCMV induces only low levels of apoptosis in
different cell lines (85), infection of A549 and VeroE6 cells with JUNV Romero and
Candid1 induced apoptosis in a RIG-I-dependent, IFN-I independent manner (64). Here
we observed similar levels of apoptosis induction in VeroE6 and A549 cells infected
with TCRV and JUNV Candid1. Previous studies reported a role for JUNV NP as a decoy
substrate for activated caspase 3 (86), providing the first evidence that arenaviruses can
counteract proapoptotic signaling, an aspect that we are currently investigating for
TCRV.

Recent studies revealed activation of PKR by JUNV Romero, JUNV Candid1, and
MACV but not LASV (26, 39), and a recent proteomic screen revealed a specific
molecular interaction between JUNV NP and PKR (39). Infection with the pathogenic
JUNV Romero strain and MACV resulted in PKR-mediated phosphorylation of eIF2� that
reduced early ISG translation and contributed to optimal viral multiplication (26). A
similar inhibition of ISG translation by virus-induced activation of PKR was observed
earlier with hepatitis C virus, which efficiently evades innate immunity and establishes
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long-term chronic infection in human hepatocytes (87). In contrast to pathogenic JUNV
Romero, JUNV Candid1 activated PKR without inducing phosphorylation of eIF2�, and
deletion of PKR had no effect on viral multiplication (39), which is consistent with our
present findings. In cells infected with JUNV Candid1, phosphorylated PKR colocalized
with NP and dsRNA, suggesting sequestration of the activated kinase within the viral
replication-transcription complexes (39, 40). Unlike JUNV Candid1, and similar to patho-
genic JUNV Romero, infection with TCRV in A549 cells activated PKR to an extent that
resulted in detectable eIF2� phosphorylation. In contrast to JUNV Romero and MACV,
which seem to (ab)use PKR for their own benefit, deletion of PKR enhanced production
of TCRV, suggesting a role of PKR in control of the virus. Confocal microscopy revealed
similar colocalizations of TCRV and JUNV NP with PKR, excluding major differences in
subcellular distribution of PKR. More subtle differences, perhaps involving differential
molecular interactions of JUNV NP and TCRV NP with PKR, may underlie this specific
effect, a possibility we currently test.

In summary, our comparative study revealed that JUNV and TCRV induce robust
IFN-I responses that differ in amplitude but result in qualitatively similar patterns of ISG
expression, suggesting similar underlying mechanisms of innate recognition and sig-
naling. Late in infection, PKR exerted some control over TCRV but not JUNV. Consid-
ering coevolution of TCRV predominantly with its reservoir host, there may be signif-
icant differences in magnitude and quality of the IFN-I response and the antiviral role
of PKR between reservoir-derived and human cells. Comparative studies of TCRV
infection between reservoir-derived and human cells may thus reveal differential innate
responses, possibly linked to persistence in reservoirs. The current absence of serolog-
ical evidence of human TCRV infection outside of laboratory accidents suggests that
spillover into human populations is a rare event. This may be due to several factors,
including the inability of naturally circulating TCRV variants to use human TfR1 and the
antiviral action of human PKR uncovered here. However, the relative insensitivity of
TCRV to IFN-I in human cells shown here suggests that once the barrier of cell entry is
overcome, TCRV may be able to multiply efficiently in human cells in vivo, facilitating
subsequent human adaptation.

MATERIALS AND METHODS
Antibodies and reagents. For TCRV and JUNV detection, mouse monoclonal antibody (MAb)

MA03-BE06 (88) was obtained from BEI Resources (Manassas, VA). For LCMV detection, mouse MAb 113
anti-LCMV NP was used (89). Monoclonal rabbit anti-vinculin antibody (EPR8185) was purchased from
Abcam. Mouse MAb anti-MAVS was purchased from Enzo Life Sciences (Farmingdale, NY). Mouse MAb
23H12 to the M protein of VSV was kindly provided by Douglas S. Lyles (Wake Forest University School
of Medicine, Winston-Salem, NC). Rabbit monoclonal antibodies against PKR (Y117) and phospho-PKR
(EPR2152Y) were purchased from Abcam. Rabbit monoclonal antibodies against eIF2� (no. 9722) and
phospho-eIF2� (no. 9721) were obtained from Cell Signaling Technology. Alexa Fluor 488 F(ab=)2
fragment of goat anti-mouse IgG and Alexa Fluor 594 goat anti-mouse IgG were purchased from Life
Technologies (Carlsbad, CA). Polyclonal rabbit anti-mouse antibody conjugated with horseradish
peroxidase (HRP) was obtained from Dako. Cell nuclei were counterstained with 4=,6=-diamidino-2-
phenylindole (DAPI). Recombinant human IFN (interferon-�A/D human; catalog no. I4401) was obtained
from Sigma-Aldrich.

Cells and viruses. Human lung adenocarcinoma epithelial cells (A549), A549 MAVS KO, A549 PKR KO,
human embryonic kidney cells (293T), and African green monkey kidney epithelial cells (VeroE6) were
maintained in Dulbecco’s modified Eagle medium containing high glucose (4.5 mg/liter) and GlutaMAX
(DMEM; Gibco BRL) supplemented with 10% (vol/vol) fetal calf serum (FCS) at 37°C and 5% (vol/vol) CO2.
Baby hamster kidney (BHK-21) cells were maintained in DMEM supplemented with 5% (vol/vol) FCS and
nonessential amino acids (Gibco BRL) at 37°C and 5% (vol/vol) CO2. All cells were regularly tested for
mycoplasma contamination with a MycoAlert mycoplasma detection kit (Lonza). To infect cells, we used
Tacaribe virus (TCRV) strain 11573, Junin virus (JUNV) strain Candid1, lymphocytic choriomeningitis virus
(LCMV) ARM53b variant clone 13, and vesicular stomatitis virus (VSV) serotype Indiana. TCRV and JUNV
were plaque purified as described below. For the use of VSV at the Institute of Microbiology of Lausanne
University Hospital, we obtained permission (no. A141238) from the Office Fédéral de la Securité
Alimentaire et des Affaires Veterinaries (OSAV).

Infections, plaque purification, and viral stock production. For viral infections, cells were seeded
before infection to reach �80% confluence at infection. Viruses were then diluted in complete DMEM
(500 �l for 6-well plate format; 150 �l for 24-well plate format) to obtain the desired MOI and applied to
cells for 90 min at 37°C (adsorption). After adsorption, the inoculum was removed and replaced by fresh
complete DMEM. For plaque purification, TCRV and JUNV were used to infect VeroE6 monolayers as
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described above. After adsorption, semisolid medium (colorless DMEM supplemented with 0.5% agar
and 2% FCS) was gently added to each well. After 7 days, plaques were visualized under a microscope
and 10 �l of medium was taken, diluted in 150 �l of complete DMEM, and used as the inoculum in fresh
VeroE6 cells (24-well format) for viral propagation. For viral stock production, three passages in VeroE6
cells were performed at an MOI of 0.01 PFU/cell in increasing format flasks, with collection of superna-
tants after 4 days postinfection. Final amplification was performed in BHK-21 cells (HYPERflask format;
Corning). Supernatants were cleared by centrifugation at 1,500 rpm for 5 min at 4°C. Cleared samples
were mixed 1:1 with a sterile solution of 140 g/liter polyethylene 8000 (PEG8000) in phosphate-buffered
saline (PBS) and incubated overnight under shaking. Samples were centrifuged at 8,000 � g for 1 h at 4°C.
Supernatants were discarded, and pellets were resuspended in complete DMEM. PEG-precipitated
samples were then layered on top of a cushion of 30% (wt/vol) sucrose in PBS and centrifuged at 20,000
rpm for 2 h at 4°C in an Optima XPN-80 ultracentrifuge (Beckman Coulter) with a SW-55 Ti rotor. After
ultracentrifugation, pellets were resuspended in complete DMEM and stored at �80°C.

Fluorescence-activated cell sorting (FACS). Cells were detached, resuspended, and washed once
with complete DMEM, washed once with PBS, and fixed with 2% (wt/vol) formaldehyde in PBS for 30 min
at room temperature. After washing with PBS, cells were permeabilized for 30 min at room temperature
with PBS supplemented with 0.1% (wt/vol) saponin and 1% (vol/vol) FCS in PBS. Primary and secondary
antibodies were diluted in permeabilization solution and incubated for 1 h and 45 min, respectively, at
room temperature. Cells were finally washed three times with PBS and analyzed with a FACSCalibur flow
cytometer (Becton, Dickinson, San Jose, CA).

Immunofocus assay (IFA). VeroE6 cells were seeded at 1.5 � 104 cells/well in 96-well plates and
infected on the following day with 10-fold serial dilutions of the examined samples. After adsorption,
inocula were removed and 100 �l of fresh medium was added to each well. At 16 to 20 h after infection,
cells were washed once with PBS and fixed with 2% (wt/vol) formaldehyde in PBS for 30 min at room
temperature. Cells were washed with PBS and permeabilized for 30 min at room temperature with 0.1%
(wt/vol) saponin and 1% (vol/vol) FCS in PBS. Primary and secondary antibodies were diluted with
permeabilization solution and incubated for 1 h and 45 min, respectively, at room temperature. Cells
were washed three times with PBS. Positive infectious foci were scored using an EVOS FLoid cell imaging
station with a 20� Plan fluorite lens (Thermo Fisher).

IFN-I bioassay. To detect the biological activity of IFN-I produced by A549 cells infected with TCRV
or JUNV Candid1, we performed an IFN-I bioassay as described previously (28). Briefly, we treated VeroE6
cells with tissue culture supernatants derived from TCRV- or JUNV Candid1-infected A549 cells that had
been previously subjected to UV treatment to inactivate infectious viral particles. UV treatment was
performed at 4°C, in a rocking station at 10 cm from the UV irradiation source. After 16 h of incubation,
we examined the susceptibility of these cells to infection by VSV, which is known to be highly susceptible
to IFN-I (90), using IFA against the VSV M protein, as reported previously (85).

RNA isolation, RT-qPCR, and transcriptome profiler. Total RNA was isolated with a NucleoSpin
RNA kit (Macherey-Nagel) and eluted in 60 �l of water, in accordance with the manufacturer’s instruc-
tions, or with an RNeasy mini kit (Qiagen) performed by the EZ1 Advanced XL robot at the service of
Molecular Diagnostics of the Institute of Microbiology, University of Lausanne, and eluted in 50 �l of
water. Total RNA was quantified with NanoDrop 1000 or Qubit 4.0 (Thermo Fisher), by following the
manufacturer’s instructions. Five hundred nanograms of total RNA was used for reverse transcription
reactions using a high-capacity cDNA reverse transcription kit from Applied Biosystems (Foster City, CA),
in accordance with the manufacturer’s protocol. TaqMan probes specific for human IFN-�
(Hs01077958_s1/FAM) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Hs99999905_m1/VIC)
were purchased from Applied Biosystems. TaqMan probes targeting TCRV NP (For, 5=-TGCACAGTGAGG
TTCATCAG-3=; Rev, 5=-GAGCACCAAGTGTGGGATAA-3=; and probe, 5=-6FAM-TATGTTGTTTGCAGAGGTGGC
CGABHQ1-3=) and JUNV NP (For, 5=-CATGGAGGTCAAACAACTTCCT-3=; Rev, 5=-GCCTCCAGACATGGTTGT
GA-3=; and probe, 5=-6FAM-ATGTCATCGGATCCTTMGBNFQ-3=) were obtained from Thermo Fisher.
Quantitative PCR (qPCR) was performed using a StepOne qPCR system (Applied Biosystems), and gene
expression levels relative to GAPDH were determined according to the ΔΔCT (where CT is threshold cycle)
method (91). For transcriptome profiling, human antiviral response RT2 Profiler PCR array kits (PAHS-
122ZG; Qiagen) were used. A total of 3.5 �g (quantified by Qubit 4.0) of total cellular RNA was used for
the reverse transcription reaction (RT2 SYBR green qPCR mastermix; Qiagen). RT2 Profiler PCR array
384-well plates were set up by a PIRO personal pipetting robot. All RNA samples were tested for quality
in a fragment analyzer (Agilent), selecting only those with an RNA quality score (RIN) of 10. All tested
samples were negative for genomic DNA contamination. Samples with aberrant amplification curves or
shifted or multiple melting peaks were discarded from the analysis. qPCR was done in a LightCycler 480
instrument II in accordance with the manufacturer’s instructions.

Detection of caspase activity. To monitor the activation of caspases 9 and 3/7, we used the
Caspase-Glo 9 and 3/7 assay kits from Promega (Madison, WI). Briefly, 2 � 104 A549 cells or 1.5 � 104

VeroE6 cells per well were seeded in 96-well white clear-bottom plates on the day prior to the
experiment. Cells were then infected with viruses and processed according to the manufacturer’s
protocol, and caspase activity was measured by luminescence detection in a TriStar LB 941 multimode
microplate reader from Berthold Technologies (Bad Wildbad, Germany).

Transfections and plasmids. Transfections in 293T cells were performed with a jetPRIME transfec-
tion kit, using 0.55 �g of total DNA per well (24-well plate format). Transfection efficiency control was
performed in parallel with the pcDNA3.1 plasmid encoding enhanced green fluorescent protein (EGFP).
pIFN-LUC plasmid was kindly provided by Verónica Martin and encodes firefly luciferase under the
control of type I interferon promoter (ISRE).
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Luciferase and CellTiter-Glo assays. For luminescence assays, cells were washed once with PBS and
assayed for luciferase activity using the Luciferase assay system (Promega) or Dual-Luciferase reporter
assay system (Promega). Cell viability was used to normalize luciferase-based assays. Cell monolayers
were washed once, and PBS was added to the cells. Cells were then processed for the CellTiter-Glo assay
(Promega) as indicated by the manufacturer and read in a TriStar LB 941 multimode microplate reader
from Berthold Technologies (Bad Wildbad, Germany).

Generation of CRISPR/Cas9 knockout cell lines. A549 MAVS KO and PKR KO cells were generated by
using the CRISPR/Cas9 technology. Briefly, single guide RNA (sgRNA) sequences targeting the exon regions
of PKR (5=-CAGGACCTCCACATGATAGG-3=) and MAVS (5=-CCGACCGGAAGTTCCAGGAG-3=) were selected
using CHOPCHOP (1), a web tool for genome editing. A nontargeting sgRNA (5=-CTAAGGTTAAGTCGCCCTC
G-3=) was used as a control. Annealed oligonucleotides were cloned into pLenti CRISPR v2 ccdB (2, 3) via a
single-step Golden Gate cloning approach. In order to transduce A549 cells with the respective gRNA
sequence, lentiviral VSV-G pseudotyped particles were produced in the cells. Therefore, 293T cells were
transfected with plasmid DNA encoding the human immune deficiency virus (HIV) Gag and Pol proteins,
VSV-G protein, and the respective pLenti CRISPR construct. Lentiviruses were harvested 48 h posttransfection,
and A549 cells were transduced with the lentiviruses for 8 h. At 48 h postransduction, cells were subjected
to puromycin selection at a concentration of 2 �g/ml. The batch knockout cell population was
further diluted by limiting dilutions and seeded at �0.5 to 2 cells/well in 96-well plates, and
single-cell clones were expanded for 3 weeks. Clones were characterized by immunoblotting.

Immunoblotting. For immunoblotting, proteins were separated by SDS-PAGE and transferred to
nitrocellulose. After blocking in 5% (wt/vol) skim milk in PBS, membranes were incubated with 1 to
10 �g/ml primary antibody in 5% (wt/vol) skim milk–PBS overnight at 4°C. After several washes in PBS
containing 0.1% (wt/vol) Tween 20 (PBST), secondary antibodies coupled to HRP were applied at 1:3,000
in PBST for 1 h at room temperature. Membranes were developed by enhanced chemiluminescence (ECL)
using a LiteABlot kit (EuroClone). Signals were acquired by a ImageQuant LAS 4000 Mini (GE Healthcare
Lifesciences). Quantification of Western blot results was performed with ImageJ software.

Confocal microscopy. To visualize viral NP (from TCRV, JUNV, and LCMV) in double staining with PKR,
A549 cells were seeded on 12-mm coverslips and infected with viruses as indicated in the figures. Specimens
were fixed with 2% (wt/vol) formaldehyde in PBS for 30 min at room temperature and washed with PBS. Cells
were then permeabilized for 30 min at room temperature with PBS supplemented with 0.1% (wt/vol) saponin
and 1% (vol/vol) FCS. Primary and secondary antibodies were diluted in permeabilization solution and
incubated overnight at 4°C and for 1 h at room temperature, respectively. Cell nuclei were counterstained
with 4=,6=-diamidino-2-phenylindole (DAPI). Specimens were finally mounted using Mowiol (Sigma-Aldrich, St.
Louis, MO). Image acquisition was performed with a Zeiss LSM780 Quasar confocal microscope. Multiplier gain
for each channel was adjusted to minimize background noise and saturated pixels. To quantify colocalization,
cells were examined by measuring fluorescence intensity (ImageJ/Fiji software) along a line �12 �m long.
Pearson’s correlation coefficients were calculated from fluorescence intensity values of PKR or phospho-PKR
and viral NP obtained from all examined cells.
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