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SUMMARY

Mammarenavirus are a large family of enveloped negative-strand RNA viruses
that include several agents responsible for severe hemorrhagic fevers. Until
now, no FDA-licensed drug has been admitted for treating an arenavirus infec-
tion, and only few effective anti-arenavirus drugs have been tested in vivo. In
this work, we designed a recombinant reporter arenavirus lymphocytic choriome-
ningitis virus that stably expressed nanoluciferase (LCMV-Nluc). The LCMV-Nluc
was proved to share similar biological properties with wild-type LCMV and the
Nluc intensity reliably reflected viral replication both in vitro and in vivo. Replica-
tion of the Nluc-encoding virus in living mice can be visualized by real-time biolu-
minescent imaging, and bioluminescence can be detected in a variety of organs of
infected mice. This work provides a novel approach that enables real-time study
of the arenavirus infection and is a convenient and valuable tool for screening of
compounds that are active against arenaviruses in vitro and in living mice.

INTRODUCTION

The family Arenaviridae can be divided into four genera: Antennavirus, Hartmanivirus, Mammarenavirus,

and Reptarenavirus (Radoshitzky et al., 2015). Mammarenavirus are enveloped viruses with bisegmented,

negative-stranded RNA genomes consisting of a large (L) and a small (S) segment. Mammarenavirus

members are classified into Old World (OW) and New World (NW) arenaviruses, mainly according to the

PAirwise Sequence Comparison (PASC) classification tool. OW arenaviruses include Lassa virus (LASV)

and lymphocytic choriomeningitis virus (LCMV), whereas NW arenaviruses include Junin virus (JUNV)

and Machupo virus (MACV). Although mammarenaviruses generally cause chronic and asymptomatic in-

fections in their natural host rodents, several arenaviruses, such as LASV, JUNV, and MACV, can cause se-

vere hemorrhagic fever in infected humans, posing serious threats to public health (Gonzalez et al., 2007;

Herring et al., 2021). The lack of FDA-approved vaccines or specific drugs has limited the options to treat

arenavirus infections, aside from the off-label use of ribavirin. The live-attenuated JUNV vaccine Candid#1

was developed using a conventional attenuation strategy described previously (Enria and Barrera Oro,

2002). This vaccine has been confirmed to be safe and efficacious in human volunteers (Maiztegui et al.,

1998), and has been applied for reducing Argentine hemorrhagic fever (AHF) successfully (Enria and Bar-

rera Oro, 2002). However, the vaccine has not been licensed in the United States because of concerns

regarding the stability of the attenuation phenotype of Candid#1. Thus, there is an urgent need for an inno-

vative and effective therapeutic approach to combat arenavirus infections.

A suitable animal model that faithfully represents the disease caused by pathogenic arenaviruses in human

is critical for evaluating candidate drugs identified in vitro. However, this is highly challenging because of

the difficulties of performing animal experimentation within Biosafety Level 4 (BSL-4) environment (Radosh-

itzky et al., 2012). LCMV is a neglected human pathogen that enables the antiviral studies for pathogenic

arenaviruses under standard BSL-2 conditions. Conventional in vivo studies are unable to monitor real-time

patterns of infection and are inadequate for large-scale primary drug screening (Caine and Osorio, 2017;

Wang and Yu, 2014). Bioluminescence imaging (BLI) technique permits live visualization of virus spread in

relevant tissues, enabling real-time outcome assessments for treatment regimens (Ullah et al., 2021). BLI

models for many viruses, including influenza virus, respiratory syncytial virus, Zika virus, HIV and SARS-

CoV-2, have been described (Pan et al., 2013; Rameix-Welti et al., 2014; Wang et al., 2020; Ullah et al.,

2021; Ventura et al., 2019; Roy et al., 2021). The time course of viral infection can be easily visualized,
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and the relative magnitude of bioluminescence correlates well with viral replication, which can be used to

evaluate antiviral therapeutic approaches in vitro and in vivo.

Genetically engineered arenaviruses expressing either green fluorescent protein (GFP) (Vazquez-Calvo

et al., 2013; Iwasaki et al., 2014; Ngo et al., 2015) or firefly luciferase (Fluc) (Li et al., 2017a) genes

were previously constructed; however, there has been no report on their use in vivo. Here, we rationally

designed and constructed a recombinant LCMV carrying the nanoluciferase (Nluc) gene (LCMV-Nluc),

which can produce glow-type luminescence (signal half-life >2 h) with a specific activity �150-fold greater

than that of either firefly or Renilla luciferases (Hall et al., 2012). LCMV-Nluc closely mimics the wild-type

virus replication kinetics and stably maintains the Nluc reporter over five generations in vitro. Further

in vivo study indicated that dose-dependent bioluminescence can be detected in the abdominopelvic

cavities of living mice after intraperitoneal injection with LCMV-Nluc, and the intensity of biolumines-

cence correlates with the viral load in the spleens and diminishes on treatment with antiviral compounds.

This study provides a new approach for real-time study of arenavirus infection and evaluation of antiviral

therapeutic approaches in vitro and in vivo.

RESULTS

Development of bioluminescent LCMV reporter viruses

RNA segments of arenaviruses use an ambisense coding strategy to encode two open reading frames

(ORFs) in opposite orientations and are separated by a stable hairpin structure called the intergenic re-

gion (IGR), which mediates the transcription termination (Pinschewer et al., 2005). The L segment en-

codes the RNA-dependent RNA polymerase L protein and zinc finger matrix protein Z, whereas the S

segment encodes the NP and the envelope glycoprotein precursor (GPC). To visualize real-time LCMV

replication and dynamics in vivo and to develop in vitro reporter systems, replication-competent Nluc

constructs were generated by inserting the gene-encoding nanoluciferase into the N-terminal region

of NP linked by a 2A autoproteolytic cleavage sequence for the parent LCMV-Armstrong strain. We

then successfully rescued the Nluc reporter virus (P0) from BSR-T7 cell through a previously described

reverse genetics approach (Figure 1A) (Zhu et al., 2019; Wan et al., 2021). We confirmed the rescue of

rLCMV-Nluc viruses by PCR using total RNA from the supernatants of wild-type LCMV (LCMV-WT)- or

LCMV-Nluc-infected BHK-21 cells using primers surrounding the Nluc fragment. As expected, the ampli-

fied bands generated from RNA extracted from LCMV-Nluc- and LCMV-WT-infected supernatants were

the expected sizes of �1077 bp and �564 bp, respectively (Figure 1B). The genetic stability of LCMV-

Nluc is a prerequisite for its use. Passages from P1 to P5 did not result in any apparent loss of Nluc

gene, and the sequencing result of P5 LCMV Nluc did not demonstrate any mutation (Data S1),

indicating that the genome of LCMV-Nluc was stable for at least five life cycles. In addition, the virus

foci formation visualized by immunostaining which produced by P1-P5 LCMV-Nluc were comparable

to those produced by LCMV-WT (Figure 1C). By detecting both viral RNA and titer levels, the growth

kinetics of the wild-type and bioluminescent viruses were compared using a multistep growth curve.

The absolute levels of viral RNA and titer were lower in LCMV-Nluc, whereas the relative levels were com-

parable. LCMV-WT and LCMV-Nluc both reached their peak titers at 48 hours post infection (h.p.i.)

(Figures 1D–1H).

To visualize the infection of LCMV-Nluc in vitro, the LCMV-Nluc-infected-A549 cells were treated with

Nano-Glo at 1:40 and imaged at 48 h.p.i. (Figure 1I). The expression of Nluc in LCMV-Nluc-infected

BHK-21 cells was evaluated by the Nluc assay after cell lysis (Figure 1J). High levels of Nluc expression

were detected in LCMV-Nluc-infected cells but not in LCMV-WT-infected cells. We then determined

whether luminescence could serve as a direct measure of viral titer. The titer of LCMV-Nluc-infected

supernatants was determined by a standard virus foci formation immunostaining assay, then the pre-

seeded BHK-21 cells in 24-well plate was incubated in 200 mL of 2-fold serial dilutions of supernatants

for 2 h, washed and incubated with 500 mL of fresh DMEM supplemented with 2% FBS. At 24 h.p.i., lumi-

nescence readings for serial dilutions of LCMV-Nluc-infected supernatants were taken, and paralleled

with the virus titers determined by a standard immune plaque assay (read at 72 h.p.i.) Figure 1K). Viral

replication levels measured by Nano-Glo assay or traditional immune plaque assay paralleled each other

(r2 = 0.94), but the Nano-Glo assay could be assessed in 1/3 to ½ of the time needed for a traditional virus

foci formation immunostaining assay, which favors the large-scale screening.
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Figure 1. In vitro characterization of bioluminescent LCMV constructs

(A) Strategy for constructing the full-length cDNA clone of LCMV-Nluc. The S segment encodes the nucleocapsid (NP) and the envelope glycoprotein

precursor (GPC) of LCMV. The two open reading frames (ORFs) in opposite orientations of the S segment are separated by a stable hairpin structure called

the intergenic region (IGR). The replication-competent Nluc constructs were generated by inserting the gene-encoding nanoluciferase into the N-terminal

region of NP linked by a 2A autoproteolytic (P2A) cleavage sequence for the parent LCMV-Armstrong strain.

(B) Stability of P1-P5 LCMV-Nluc virus analyzed by agarose gel electrophoresis. LCMV-WT without NLuc was used as a control.

(C) The virus foci formation visualized by immunostaining of the LCMV-WT and P1-P5 LCMV-Nluc virus in BHK-21 cells.

(D–F) In vitro growth characteristics of LCMV-Nluc and LCMV-WT determined by relative mRNA (multiplicity of infection (MOI)= 0.01) in BHK-21 cell. Data

represent the mean G SD(E) In vitro relative growth characteristics of LCMV-Nluc and LCMV-WT determined by viral titers (MOI = 0.01) in BHK-21 cell. Data

represent the mean G SD(F) In vitro absolute growth characteristics of LCMV-Nluc and LCMV-WT determined by viral titers (MOI = 0.01) in BHK-21 cell.

(G–I) Data represent the mean G SD(G) In vitro absolute growth characteristics of LCMV-Nluc and LCMV-WT determined by viral titers (MOI = 0.01) in A549

cell. Data represent the mean G SD(H) In vitro relative growth characteristics of LCMV-Nluc and LCMV-WT determined by viral titers (MOI = 0.01) in A549

cell. Data represent the mean G SD (I) Imaging of LCMV-Nluc in A549 cell at 48h.p.i..

(J) Luciferase avtivities of BHK-21 cell that infected with supernatants gathered from LCMV-Nluc and LCMV-WT infected BHK-21 cell at 6 h.p.i., 12 h.p.i., 24

h.p.i., 36 h.p.i., and 48 h.p.i. The luciferase signals were detected 24 h.p.i. in cell lysates.

(K) Linear correlation between viral titers and luciferase signals of the purified LCMV-Nluc virus in vitro, the Pearson correlation coefficient and two-tailed p

value from a linear regression analysis are shown, Data represent the mean G SD.
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In vitro antiviral activity of T-705 and ribavirin against LCMV-Nluc

We then employed LCMV-Nluc to assess the anti-LCMV activity of nucleoside analogs in our lab. Briefly, pre-

seeded Vero-E6 cells were treated with the indicated concentration of compounds or vehicle and then infected

with LCMV-Nluc, and benidipine hydrochloride was chosen as the positive control (Wan et al., 2021). At 48 h.p.i.,

cells were lysed andNluc was measured as the indicator of the LCMV replication level. The Z factor for the pop-

ulation of the 36 negative and 36 positive controls in the screen was 0.72 (Figure 2A), suggesting that our

screening system was robust (Zhang et al., 1999). Among the analogs selected, T-705 and ribavirin effectively

inhibited LCMV replication Figure 2B). T-705 has been reported to inhibit multiple bunyaviruses, including

LASV (Rosenke et al., 2018), Crimean-Congo hemorrhagic fever virus (CCHFV) (Oestereich et al., 2014) and

severe fever with thrombocytopenia syndrome virus (SFTSV) (Tani et al., 2016). Our recent study indicated

that administration of T-705 can reduce case fatality in SFTS patients (Li et al., 2021). We further explored

whether T-705 and ribavirin can inhibit LCMV-Nluc in a dose-dependent manner by measuring Nluc in

Figure 2. In vitro application of LCMV-Nluc for anti-LCMV drug screening

(A) Screen controls. Inhibition rates of LCMV-Nluc in Vero-E6 cell are shown for all positive (Benidipine) and negative (DMSO) controls across screening

plates.

(B) Screening for the anti-LCMV activities for 10 nucleoside analogs in our lab.

(C) CC50 and EC50 of ribavirin for LCMV-Nluc in Vero-E6 determined by detecting the luciferase activity.

(D) CC50 and EC50 of T-705 for LCMV-Nluc in Vero-E6 determined by detecting the luciferase activity. Experiments were performed for three times. Each

time, three independent assays were performed. The plots show all three experiments performed in duplicates. Each replicate is shown. The four-parameter

dose–response curve was fitted using the nonlinear regression method and EC50s were calculated in the software Prism 9.0.

(E) CC50 and EC50 of ribavirin for LCMV-Nluc in Vero-E6 determined by detecting the viral titers.

(F) CC50 and EC50 of T-705 for LCMV-Nluc in Vero-E6 determined by detecting the viral titers. The four-parameter dose–response curve was fitted using the

nonlinear regression method and EC50s were calculated in the software Prism 9.0.
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LCMV-Nluc-infected cells, and the half maximal effective concentrations (EC50s) were 99.39 and 33.21 mM,

respectively (Figures 2C and2D). By detecting viral titers in supernatant, we found EC50s were 50.60,

37.20 mM for T-705, and 30.13, 29.75 mM for ribavirin in LCMV-Nluc- and LCMV-WT-infected cells, respectively

(Figures 2E and2F). More significant effect of T-705 were observed by detecting viral titer, and similar phenom-

enon was also observed in our previous study for SFTSV, in which T-705 induce SFTSV mutagenesis, and thus

decreased viral infectivity (Li et al., 2021).

Characteristics of LCMV-Nluc infection in C57BL/6-Prf1tm1Sdz/J mice

We then set out to compare LCMV-WT and LCMV-Nluc in vivo and to determine whether LCMV-Nluc could

be applied for visualizing real-time LCMV replication in C57BL/6-Prf1tm1Sdz/J mice. C57BL/6-Prf1tm1Sdz/J

mice were chosen for their successful application as an animal model for primary hemophagocytic lympho-

histiocytosis (HLH) studies in the past few years through infection with LCMV(Jordan et al., 2004). Initial

mouse studies were carried out on 6- to 10-week-old C57BL/6-Prf1tm1Sdz/J mice that were mock-infected

or infected with 2 3 105 PFU of LCMV-WT, 2 3 105 PFU of LCMV-Nluc or 2 3 106 PFU of LCMV-Nluc.

None of the 2 3 105 PFU of LCMV-Nluc-infected C57BL/6-Prf1tm1Sdz/J mice succumbed to infection

or lost body weight. However, mice infected with a higher dose (2 3 106 PFU) of LCMV-Nluc ultimately

succumbed to infection or lost 20% of their initial body weight, comparable to 2 3 105 PFU of LCMV-

WT-infected mice between 9 and 13 days post infection (d.p.i.). (Figures 3A and3B). Then, a rapid systemic

spread of luminescence from the site of injection (i.p.) was observed in C57BL/6-Prf1tm1Sdz/J mice infected

with LCMV-Nluc starting from 1 d.p.i. (Figure 3C), but not in LCMV-WT or mocked treated mice despite the

same treatment of Nano-Glo. Luminescence signals were mainly seen in the abdomen of infected animals

early during experimentation and the peak average radiance was obtained at 3 or 5 d.p.i. for the ventral

sides (Figure 3D).

Luminescence imaging of tissues harvested from mice infected with 2 3 106 PFU of LCMV-Nluc which

lost 20%of their body weight andmock infectedmice (euthanized at 13 d.p.i.) is also presented in Figure 3E.

Luminescence was mainly located in the spleen and some other organs in the abdominopelvic cavities,

such as the liver, kidney, testis and intestine. Simultaneously, nearly no signals were detected in the brain

or heart, and signals in the lung were weak, which coincided with the BLI results of live mice. In addition, the

femur exhibited some signals, which might explain the occurrence of primary HLH (Figure 3E). At 5 d.p.i.,

the titers of spleens dissociated from LCMV-Nluc-infectedmice were comparable to those from LCMV-WT-

infected mice (Figure 3F). Once harvested, the spleens of mice were weighed, and obvious splenomegaly

was noted in LCMV-Nluc- and LCMV-WT-infectedmice (Figure 3H). Then, HE staining of the spleen showed

that the boundary between the white and red pulps of the spleens harvested from LCMV-Nluc- or LCMV-

WT-infected mice was indistinct as the marginal zone disappeared (Figure 3I). Taken together, these data

revealed that viral propagation in vivo for LCMV-Nluc was significantly reduced as compared with

LCMV-WT in C57BL/6-Prf1tm1Sdz/J mice, but we could address this shortage by increasing the amount of

LCMV-Nluc given for further in vivo imaging studies, and 2 3 106 PFU was enough to reach a comparable

extent of body weight loss, coinciding with the survival curve (Figures 3A and 3B). Therefore, 23 106 PFU of

LCMV-Nluc was given for further in vivo imaging studies.

To prove the application of LCMV-Nluc-infected C57BL/6-Prf1tm1Sdz/J mice as a suitable system for

future antiviral drug screening, 3 mice infected with 2 3 106 PFU of LCMV-Nluc were euthanized, and

Figure 3. In vivo luminescence of LCMV-Nluc-infected mice

(A) Temporal changes in body weight with initial body weight set to 100% for mock-infected C57BL/6-Prf1tm1Sdz/J mice andmice infected with 53 105 PFU of

LCMV-Nluc, 53 106 PFU of LCMV-Nluc and 53 105 PFU of LCMV-WT through intraperitoneal injection (n = 6 per group). Mice were euthanized at 13 d.p.i. or

once they lost 20% of their body weight.

(B and C) Survival curves of mock-infected C57BL/6-Prf1tm1Sdz/J mice and mice infected with 5 3 105 PFU of LCMV-Nluc, 5 3 106 PFU of LCMV-Nluc and

5 3 105 PFU of LCMV-WT (n = 6 per group). Logrank (Mantel-Cox) test is used for analyses (C) Bioluminescence imaging of LCMV-Nluc-infected mice was

performed at 1, 3, 5, and 7 d.p.i. The ventral views of the results were shown. One of the mock-infected C57BL/6-Prf1tm1Sdz/J mouse and LCMV-WT-infected

mouse was imaged as control.

(D) The average radiance of LCMV-Nluc-infected mice determined from region of interest (ROI) analysis of the ventral side.

(E) Representative BLI of tissues harvested from mock-infected- and 2 3 106 PFU of LCMV-Nluc-infected-mice.

(F) Titer of spleens dissociated from LCMV-Nluc- or LCMV-WT-infected mice that euthanized at 5 d.p.i.

(G) Titer of spleens dissociated from LCMV-Nluc- or LCMV-WT-infected mice that loss 20% of their body weight or euthanized at 13 d.p.i.

(H) Ratio of spleen weight (g) and body weight (g) for mice loss 20% of their body weight or euthanized at 13 d.p.i.

(I) HE staining of spleen from mice loss 20% of their body weight or euthanized at 13 d.p.i.
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organs were harvested at 1, 3, and 5 d.p.i. to verify whether the signals detected in live mice revealed

actual organ involvement. The luminescent signals of organs gradually increased from 1 to 5 d.p.i., espe-

cially for spleens (Figure S1A). Then, the virus titers in the spleen were detected and gradually increased

coincident with the luminescent signals from 1 to 5 d.p.i. (Figure S1B). The spleen showed gradual

enlargement (Figure S1C), and the border between the white and red pulps gradually disappeared as

the virus spread from 1 to 5 d.p.i. (Figure S1D). To prove the stability of our reporter virus throughout

the experimental timeline, the ratio of copy numbers of LCMV-NP to Nluc in the viral RNA of input virions

and virions isolated from the spleens of mice at 1, 3, 5 d.p.i. was detected by real-time PCR analyses, and

the ratio remained unchanged (Figure S1E). Thus, Nluc activity was a good surrogate for virus replication

in vivo. These data demonstrate that in vivo imaging can readily be used to visualize viral spread and is a

useful tool for studying the various disease outcomes of LCMV infection.

BLI application of LCMV-Nluc in the evaluation of antiviral therapeutics in living mice

We next tested the antiviral effects of ribavirin and T-705 in vivo using LCMV-Nluc. T-705 (300 mg/kg) and

ribavirin (100 mg/kg) were delivered orally alone twice daily for up to 5 d.p.i. challenge with LCMV-Nluc

because the peak average radiance was obtained at 3 or 5 d.p.i. for the ventral sides (Figure 4A). Temporal

monitoring by BLI revealed that both ribavirin and T-705 substantially reduced LCMV-Nluc infection in the

abdomen (Figures 4B and4C). The intensity of bioluminescence correlates with the viral load in ribavirin but

not T-705 group (Figures 4C, E and 4F), and this may partially because T-705 increased mutation rates of

viral RNA (Li et al., 2021; Arias et al., 2014), which may not affect viral RNA or protein level but reduce viral

infectivity capacity significantly, however, further studies are needed to clarify the detailed mechanism of

ribavirin and T-705 against LCMV. After terminal necropsy at 5 d.p.i., the livers, spleens, and intestines were

harvested and imaged, and the signal was reduced in T-705- and ribavirin-treated mice (Figure S2). In addi-

tion, T-705 and ribavirin successfully protected the spleens from enlargement. The marginal zones of the

spleens of treated mice were much more complete Figure 4G). These data demonstrate that our LCMV-

Nluc-infected C57BL/6-Prf1tm1Sdz/J mice could be an excellent system for future anti-LCMV drug screening

by real-time BLI with no need to kill the mice and dissociate the organs for virus detection.

DISCUSSION

Arenaviridae are known to have the largest number of viral species reported to cause severe viral hemor-

rhagic fever (VHF) (Basler, 2017; Zapata et al., 2011). However, options for treatments against arenavirus

infection are limited by the lack of FDA-approved vaccines or specific drugs. Recently, multiple compounds

have been identified to inhibit arenavirus effectively in vitro (Iwasaki et al., 2014; Welch et al., 2016; Saez-

Ayala et al., 2018). Reverse genetics systems for highly pathogenic arenaviruses, including LASV(Albarino

et al., 2011), JUNV(Albarino et al., 2009; Emonet et al., 2010) and MACV (Patterson et al., 2014) have been

applied to obtain recombinant arenaviruses harboring fluorescent reporters (Welch et al., 2016; Emonet

et al., 2010), which can assess viral replication levels in 1/3 to ½ of the time needed for traditional immune

plaque assays. In our previous study, LCMV-GFP was rescued and applied for antiviral drug screening of

an FDA-approved drug library, and five drug candidates were identified as having strong anti-LCMV effects

in vitro (Wan et al., 2021). However, our in vivo evaluations of these candidates against LCMV-GFP or LCMV-

mCherry were hampered by the low-resolution images produced using GFP and mCherry. BLI has been re-

ported to offer much higher sensitivity than fluorescence imaging (approximately 500-fold more sensitive

than fluorescence imaging) (Dimond et al., 2020). The ATP-independent Nluc, characterized with smaller

size (19 kDa), high physical stability, and higher brightness (�150-fold greater than that of either firefly or

Figure 4. The application of LCMV-Nluc for rapid anti-LCMV drug screening

(A) Experimental design to test anti-LCMV efficacy of T-705 (300 mpk) and ribavirin (100 mpk) in vivo.

(B) BLI of LCMV-Nluc-infected mice that were mock-treated or treated with T-705 or ribavirin at 1, 3, 5 d.p.i. (Ventral Views).

(C) The average radiance determined from region of interest (ROI) analysis for the ventral side of LCMV-Nluc-infected mice that were mock-treated or

treated with T-705 or ribavirin at 1, 3, 5 d.p.i. One-way ANOVA is used for analyses.

(D) Temporal changes in body weight with initial body weight set to 100% for mock-, T-705-, and ribavirin-treated mice that infected with LCMV-Nluc and

LCMV-WT until 5 d.p.i. (n = 6 per group). One-way ANOVA is used for analyses.

(E) Titers of livers dissociated from LCMV-Nluc-/LCMV-WT-infected mice that were mock-treated or treated with T-705 or ribavirin at 5 d.p.i. One-way

ANOVA is used for analyses.

(F) Titers of livers dissociated from LCMV-Nluc-/LCMV-WT-infected mice that were mock-treated or treated with T-705 or ribavirin at 5 d.p.i. One-way

ANOVA is used for analyses.

(G) HE staining of spleen from mock-, T-705-, and ribavirin-treated mice that infected with LCMV-Nluc.
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Renilla luciferases) (Hall et al., 2012) was eventually selected. Then, a replication-competent LCMV-Nluc was

constructed and rescued successfully.

The peripheral infection with LCMV Armstrong (LCMV-Arm) in adult wild-type mice has little clinical impact

and was cleared between 10 and 12 d.p.i. (Li et al., 2014). Perforin-1 (PRF1) is a pore-forming protein that

plays key roles in secretory granule-dependent cell death and in defense against virus-infected cells.

Recent studies and our preliminary data indicated that C57BL/6-Prf1tm1Sdz/J mice are permissive to

LCMV infection (Rothman et al., 2011). In this study, we found that LCMV-WT and LCMV-Nluc replicated

effectively in C57BL/6-Prf1tm1Sdz/J mice, resulting in loss of body weight and even death. Thus, our in vivo

screening system was established using C57BL/6-Prf1tm1Sdz/J mice. The luminescence of LCMV-Nluc is

much brighter and shows adequate sensitivity to be easily detected starting from 1 d.p.i. and increased

from 1 to 5 d.p.i. This finding was in accordance with the gradual increase in titers in spleens harvested

from LCMV-Nluc-infected mice. The sensitivity gives our screening system a clear advantage since the

detection of bioluminescence starting from 1 d.p.i. preceded obvious weight loss or death at 9 to 13 d.p.i.

The replication, stability, and virulence must be carefully evaluated both in vitro and in vivo because the

insertion of exogenous genes often results in attenuation of the recombinant viruses(Caine and Osorio,

2017; Li et al., 2017b; Ullah et al., 2021; Wang et al., 2020), as described in our study (Figures 3C and

3D). The titers of spleens harvested from LCMV-Nluc-infected mice were reduced compared with those

harvested from LCMV-WT-infected mice. The defective interfering particles (DIPs), which was proposed

could be a critical determinant of infection outcome for many viruses, should be considered in the future

application of this model for mechanism studies (Huang and Baltimore, 1970; Ziegler and Botten, 2020). In

addition, the P2A fusion of Nlucmight influence the expression of NP because of ribosome fall off (Liu et al.,

2017), as NP is critical for LCMV replication and suppression of host innate immunity, this could also be a

possible explanation for the attenuated infection of LCMV-Nluc in animals. However, a higher dose (23 106

PFU) of LCMV-Nluc is adequate for mimicking the features of LCMV-WT in C57BL/6-Prf1tm1Sdz/J mice.

LCMV-Nluc was proven to be genetically stable for at least five passages in vitro and for at least five

days in vivo. As compared to LCMV-WT in vitro, the absolute levels of viral RNA and titer were lower in

LCMV-Nluc, whereas the relative levels were comparable. LCMV-WT and LCMV-Nluc both reached their

peak titers at 48 h.p.i., and the Nluc reporter intensity was highly consistent with the viral replication level

in LCMV-Nluc-infected cells. This favors the application of LCMV-Nluc for large-scale antiviral drug

screening in vitro and in vivo.

We then used LCMV-Nluc to evaluate the antiviral effects of multiple nucleoside analogs in Vero-E6 cells,

among which T-705 and ribavirin inhibited LCMV replication in a dose-dependent manner. The Z factor in

the screen was 0.72 (Figure 2A), suggesting that our screening system was robust and can be applied for

large-scale screening of antiviral agents in vitro. For in vivo application, a duration of 5 days was determined

to assess the anti-LCMV efficacy in vivo because the luminescent signals began to decrease from 7 d.p.i. The

signals of LCMV-Nluc-infected mice treated especially with ribavirin at 5 d.p.i. were lessened compared with

mock-treated mice. HE staining of spleens revealed that the border between the white and red pulps of

T-705- and ribavirin-treated spleen was much clearer than that of mock-treated spleens, which confirmed the

BLI results.

In addition, BLI also performed excellently for simultaneously tracking the involvement and spread of viruses in

organs. The sequential spread of virus from the nasal cavity to the lungs in mice and thereafter systemically to

various organs was dynamically monitored using BLI in mice (Ullah et al., 2021). In our study, rapid spread of

LCMV-Nluc was recorded from the site of injection to the spleen and some other organs in the abdominopelvic

cavities, such as the liver, kidney, testis, and intestine, starting from1 d.p.i. Conventional studies of viral infection

inmousemodels rely on euthanizingmice at sequential timepoints to identify sites of infection andquantify viral

titers, and an unexpected site to which virus spread might be missed once the infected tissue would not be

among the standard sites collected for analysis(Luker and Luker, 2008). Nevertheless, research onboth the acute

and persistent infections ofmicewith LCMV have led to the first description of virus-induced immunopathologic

disease, primary HLH and et al.(Malin et al., 2020; Weiss et al., 2018). Therefore, BLI could also provide insight

into the mechanisms of LCMV infection and virus-induced immunopathologic diseases.

In summary, by performing live visualization of LCMV-Nluc via a BLI system, we can assess virus replication

level, body weight and survival curves using the same set of mice, which can decrease the number of mice
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required for antiviral evaluation. The screening system based on LCMV-Nluc-infected C57BL/6-Prf1tm1Sdz/J

mice can further enhance the information obtained using conventional measurement methods in a mouse

model of LCMV. The further development of BLI-based screening systems for arenaviruses will greatly

advance preclinical studies of viral infection and therapy and develop imaging biomarkers that can be

translated to clinical trials and patient care for individuals infected with arenaviruses.

Limitations of the study

We found that BLI could also provide insight into the mechanisms of LCMV infection and virus-induced

immunopathologic diseases, which have not been explored in this study. Besides, though the antiviral ef-

ficacy of T-705 and ribavirin has been identified in this study, the detailedmechanisms of T-705 and ribavirin

needs further studies.
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d This article does not report original code.

d Any additional information required to reanalyze the data reported in this article is available from the

lead contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal studies were carried out in strict accordance with the National Institutes of Health guidelines un-

der protocols approved by the Institutional Animal Care and Use Committee of Wuhan Institute of

Virology. C57BL/6-Prf1tm1Sdz/J mice (Stock No: 002,407) were bought form the Jackson Laboratory and

bred in a pathogen-free animal facility at the Tongji Medical College of the Huazhong University of Science

and Technology. Initial experiments used groups (n = 6) of 6- to 10-week-old C57BL/6-Prf1tm1Sdz/J (perforin

deficient) mice that received intraperitoneal (i.p.) injections of 2 3 105 PFU (plaque forming unit), 2 3 106

PFU of LCMV-Nluc, and 2 3 105 PFU of LCMV-WT diluted in 200 mL PBS. Mock infected mice were injected

with 200 mL PBS as control. In the in vivo antiviral experiment, 6- to 10-week-old C57BL/6-Prf1tm1Sdz/J mice

were infected with 2 3 106 PFU of LCMV-NLuc.

METHOD DETAILS

Cells and viruses

African green monkey kidney epithelial cell (Vero E6; ATCC CRL-1586), baby hamster syrian kidney cell

(BHK-21; ATCC CCL-10) were obtained from ATCC, and BHK-derived cell line stably expressing T7 RNA

polymerase (BSR-T7) (Buchholz et al., 1999) was provided by Dr Mingzhou Chen (Wuhan University, China).

All cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal

bovine serum (FBS). Plated cells were incubated at 37�C under 5% CO2. LCMV was rescued based on a T7

polymerase system and viral stocks of LCMV-Armstrong strain were prepared following previously

described procedures (Zhu et al., 2019; Wan et al., 2021).

LCMV-Nluc constructs

LCMV-Nluc fusions were created by polymerase chain reaction (PCR) using KOD-Plus-Neo (TOYOBO, Cat

# KOD-401) and In-Fusion HD cloning Kit (Takara, Cat # 639648). Briefly, a full-length P2A (2A Self-shearing

polypeptide)-Nluc fusion construct was linked at the 3315 base of the S segment of LCMV, and the orien-

tation of open reading frame (ORF) was same as the nucleocapsid (NP). pT7-LCMV-S-P2A-Nluc andpT7-

LCMV-L plasmids were co-transfected into the BSR-T7 cell using LipofectamineTM3000 Transfection

Reagent (Invitrogen, Cat #L3000015). Then P0 virus was collected by harvesting the supernatant three

days later.

Stability of LCMV-Nluc constructs

The reporter viruses were continually passaged for five rounds on BHK-21 cells blindly. Every 48 h.p.i., the

supernatants were harvested and the debris was removed by centrifugation at 2000 rpm/min for 10 min.

The pre-seeded BHK-21 cells in 6-well plate were incubated with 400mL of the 1:1 diluted supernatant,

washed with PBS for three times at 2 h.p.i., and incubated with 2 mL of fresh DMEM supplemented with

2% FBS for another 46 h. RNA extractions were performed on the viruses harvested from the culture fluids

using MiniBEST Viral RNA/DNA Extraction Kit (TaKaRa, Cat # 9766). The stability of the Nluc gene was

tested using a 23Rapid Taq Master Mix (Vazyme, Cat #P222) with primers that flanked either side of the

Nluc gene following the manufacturer’s instructions (Nluc-PCR-F: 50-GTCTTGAGAAACCATTGAG

CAACA-30, Nluc-PCR-R: 50-TTACCACACCACTTGCACCCT-30). LCMV-WT was used as a control.

Multistep growth curve for viruses with and without the Nluc gene

When 24-well plates of BHK-21 cells reached 80 to 90% confluence, triplicate wells were infected at a MOI

of 0.01 for each virus. This was considered as time point zero. At 6 h.p.i., 12h.p.i., 24 h.p.i., 36 h.p.i., 48 h.p.i.,

and 72 h.p.i., the total RNA of LCMV-Nluc- and LCMV-WT-infected cells was extracted using RNAiso Plus

(Takara, Cat # 9108Q), reverse transcribed with PrimeScripTMRT reagent Kit with gDNA Eraser (Takara, Cat

# RR047A), followed by a real-time PCR assay using TB Green Premix Ex Taq� II (Takara, Cat # RR820A) for

determining the relative mRNA of LCMV-NP using primers LCMV-NP F: 50-GTACAAGCGCTCACAGACCT-

30, LCMV-NP R: 50-GTTACCCCCATCCAACAGGG-30, GAPDH F: 50-ATCCCACCAACATCAAATGG-30, and
GAPDH R: 50-AAGACGCCAGTAGACTCCACA-30. Besides, LCMV-Nluc- and LCMV-WT-infected superna-

tants were harvested. And pre-seeded BHK-21 cells in 24-well plates were infected with 200 mL of 10-fold
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serial dilutions of supernatants. At 24 h.p.i., cells were washed and lysed by 13Passive Lysis Buffer (Prom-

ega Cat #E1941). 20 mL of the diluted sample was mixed with 20 mL Nano-Glo substrate solution (Promega,

Cat #N1120) following the manufacturer’s instructions and read on a GloMax Multi JR Single-tube multi-

function detector (Promega). The readout was compared with the titers read by a traditional immune pla-

que assay (Zhu et al., 2019).

Antiviral assay

Vero-E6 cells were seeded into 96-well plates at a density of 23104 cells/well. After 16 h incubation, the

cells were pre-incubated in triplicate with indicated concentration of analogs or 2-fold serial dilutions of

T-705 and ribavirin (0–1000 mM) for 50% inhibitory concentrations (IC50) 1 h before infected with LCMV-

Nluc (MOI = 0.1). Supernatants were removed at 2 h.p.i., and cells were incubated with indicated concen-

tration of compounds for another 46 h. Culture supernatants were removed at 48 h.p.i. and cells were

washed and lysed by 13Passive Lysis Buffer the luciferase signal was determined as described above.

For determining the 50% cytotoxic concentration (CC50), pre-seeded Vero-E6 cells in 96-well plates were

incubated in triplicate with 2-fold serial dilutions of T-705 and ribavirin (0–1000 mM) for 48 h. Culture super-

natants were removed at 48 h.p.i. and cells were washed and the CC50s were determined using Cell Count-

ing Kit-8 (Beyotime, Cat #C0039) according to the instrument.

Mouse experiments

Body weight and survival were recorded for all mice. In vivo imaging was done on LCMV-Nluc-infectedmice

(n = 12) every other day until 13 d.p.i., mice received PBS and LCMV-WT were imaged as control (n = 1). For

imaging, Nano-Glo reagent was diluted 1:20 in 13 PBS and used immediately. 100 mL of the diluted Nano-

Glo reagent was injected intraperitoneal into anesthetized mice (1% pentobarbital sodium in normal sa-

line). In vivo imaging was performed on Living Image 4.4 (PerkinElmer). At the end of study (at 13 d.p.i.

or once mice lost 20% of their body weight), mice were euthanized, and spleens were cut into half, either

placed in tissue homogenization tubes for subsequent immune plaque assay or fixed in 2% paraformalde-

hyde for histology. Fixed tissues were sent to the Wuhan Pinuofei Biological Technology CO., LTD, where

they were paraffin embedded, sectioned, and stained with hematoxylin-eosin (HE). The ratio of copy

numbers of LCMV NP to Nluc in the viral RNA of input virions and virions isolated from spleens of mice

was detected by real-time PCR analyses using primers Nluc-qPCR F: 50-AGATTTCGTTGGGGACTGGC-

30, Nluc-qPCR R: 50-CGCTCAGACCTTCATACGGG-30, as well as LCMV-NP F and R described above.

Titration of virus from excised tissues

Spleens were homogenized in 400 mL serum free DMEM media and homogenized in 1.5mL tube using a

hand-held tissue grinding machine-Coyote G50 (Coyote Bioscience, cat # 0105003) for 5000 rpm/min in

1-min interval. Homogenates were centrifuged at 2000 rpm/min for 10 min to remove tissue and cell debris.

Viral loads were determined by virus foci formation in an immunostaining assay (Zhu et al., 2019).

In vivo antiviral experiment

6- to 10-week-old C57BL/6-Prf1tm1Sdz/J mice were infected with 2 3 106 PFU of LCMV-NLuc and 0.4% car-

boxymethyl cellulose (CMC, as control), 300 mg/kg/day T-705 or 100 mg/kg/day ribavirin were given by

gavage administration twice daily. At 1, 3 and 5 d.p.i. (d.p.i.), mice were imaged and bioluminescent signals

in stomach areas were quantified using Living Image software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data from cell and animal studies were compiled in Microsoft Excel and analyzed using Prism 9.0 software.

Data are reported as mean +/� SD. The statistic significance was calculated using One-way ANOVA ana-

lyses. Significance was set to p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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