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Abstract

:

Lymphocytic choriomeningitis virus (LCMV) and Lassa virus (LASV) share many genetic and biological features including subtle differences between pathogenic and apathogenic strains. Despite remarkable genetic similarity, the viscerotropic WE strain of LCMV causes a fatal LASV fever-like hepatitis in non-human primates (NHPs) while the mouse-adapted Armstrong (ARM) strain of LCMV is deeply attenuated in NHPs and can vaccinate against LCMV-WE challenge. Here, we demonstrate that internalization of WE is more sensitive to the depletion of membrane cholesterol than ARM infection while ARM infection is more reliant on endosomal acidification. LCMV-ARM induces robust NF-κB and interferon response factor (IRF) activation while LCMV-WE seems to avoid early innate sensing and failed to induce strong NF-κB and IRF responses in dual-reporter monocyte and epithelial cells. Toll-like receptor 2 (TLR-2) signaling appears to play a critical role in NF-κB activation and the silencing of TLR-2 shuts down IL-6 production in ARM but not in WE-infected cells. Pathogenic LCMV-WE infection is poorly recognized in early endosomes and failed to induce TLR-2/Mal-dependent pro-inflammatory cytokines. Following infection, Interleukin-1 receptor-associated kinase 1 (IRAK-1) expression is diminished in LCMV-ARM- but not LCMV-WE-infected cells, which indicates it is likely involved in the LCMV-ARM NF-κB activation. By confocal microscopy, ARM and WE strains have similar intracellular trafficking although LCMV-ARM infection appears to coincide with greater co-localization of early endosome marker EEA1 with TLR-2. Both strains co-localize with Rab-7, a late endosome marker, but the interaction with LCMV-WE seems to be more prolonged. These findings suggest that LCMV-ARM’s intracellular trafficking pathway may facilitate interaction with innate immune sensors, which promotes the induction of effective innate and adaptive immune responses.
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1. Introduction


Lymphocytic choriomeningitis virus (LCMV), the prototypical member of the Arenaviridae family, is widely spread across continents and typically causes asymptomatic or mild infections, although these can progress to aseptic meningitis or meningoencephalitis [1,2,3]. During the third trimester of pregnancy, LCMV can cause infection with disastrous consequences for the fetus [1,4]. LCMV and Lassa virus (LASV), which are closely related Mammarenaviruses, share major biological features including interaction with a common cellular receptor, α-dystroglycan (α-DG) [5], persistence in natural rodent hosts, and pathogenicity in experimentally infected guinea pigs and non-human primates (NHPs) [6,7]. Both virus species, Lymphocytic choriomeningitis mammarenavirus and Lassa mammarenavirus, comprise a collection of highly diverse virus isolates from both rodents and humans, which can be phylogenetically placed into four and seven lineages, respectively [8,9,10,11,12,13,14]. In endemic areas of West Africa, LASV causes infection with broad clinical manifestations, from sub-clinical or mild flu-like disease to severe Lassa fever (LF) with fatal outcomes [15,16]. Furthermore, LCMV can cause fatal LF-like infection in immunocompromised tissue transplant recipients that receive LCMV-infected donor organs [17,18].



LCMV strains are endemic in the house mouse, Mus musculus. In mice, intravenous inoculation of LCMV-WE, but not LCMV-ARM, induced transient hepatitis [19]. LCMV-induced hepatitis was proposed as a model of T cell-mediated liver pathology [20]. A later study documented that cycle-arrested hepatocyte proliferation and apoptosis induced by LCMV-WE, but not LCMV-ARM, also contributed to experimental LCMV hepatitis [21]. Notably, converse to the pathogenicity of LCMV in guinea pigs and NHPs, disease outcome in the natural murine host is a complex story that is dependent on viral strain, route of infection, sex, and age at infection [22,23,24,25,26]. The LCMV Armstrong strain (LCMV-ARM) is a commonly studied, mouse-adapted, “neurotropic” isolate that does not induce clinical disease in guinea pigs nor NHPs. Conversely, the “viscerotropic” WE54 strain of LCMV (LCMV-WE) is highly pathogenic for these animals [6,24]. In Rhesus macaques, LCMV-WE induces fatal disease resembling LF-like viral hepatitis [27,28]. In contrast, LCMV-ARM (strain 53b) induces sub-clinical infection resulting in effective cell-mediated immunity, and protection against subsequent challenge with LCMV-WE [29]. Similarly, various LASV isolates demonstrate highly variable pathogenicity in humans, NHP models, and rodent models with pathogenicity ranging from fulminant hemorrhagic fever disease, with or without pulmonary and neurological involvement, to asymptomatic transient infection [30,31].



It was documented that early events of mammalian arenavirus replication are sensitive to lysosomotropic compounds, suggesting that pH-dependent endocytosis plays a role in the entry of these viruses into susceptible cells [32]. However, in the case of LCMV and LASV, this endocytosis is unusual because viral entry following binding to α-DG occurs in a host clathrin- and dynamin-independent manner [33,34,35]. Recently, micropinocytosis has been proposed as an alternative minor entry pathway of these viruses [36,37]. It has been observed that lysosome-associated membrane protein-1 (LAMP-1) triggers low-pH fusion in LASV-infected cells but not in LCMV-infected cells [38,39], which provides additional evidence that the mechanisms of LCMV and LASV entry are complex and need further elucidation. Indeed, it has been documented that additional cellular receptors and/or attachment factors such as DC-SIGN, LSECtin, heparin sulfate, TAM (Tyro3/Axl/Mer), and TIM-1 are involved in virus entry in an α-DG-independent manner [40,41,42,43,44,45]. Interestingly, in animal models of arenavirus-induced hepatitis, LCMV-WE54 infection of C57Bl/6 mice and LASV-Josiah infection of marmosets, infection was associated with up-regulation of the Axl-1 gene in hepatocytes of infected animals [21,46]. Expression of TAM and TIM-1 receptors on cell-derived viral surfaces mimics “apoptotic bodies” and promotes binding and internalization via “apoptotic mimicry” mechanisms. It has been documented that activation of TAM receptors by ligand binding has down-regulated TLR-mediated innate immune responses and IFN type I signaling, which provides a beneficial environment for viral replication [47,48,49].



After pH-dependent fusion in late endosomes, mammalian arenaviruses are sensed by endosomal pattern recognition receptors (PRRs), TLR-7 and TLR-9, and by a cytosolic PRR, retinoic acid-inducible gene I (RIG-I), via recognition of viral RNP/RNA released into the cytoplasm of plasmacytoid (pDCs). LCMV nucleoprotein (NP) and RING-finger matrix protein (Z) both play a role in immune evasion through NP-mediated degradation of dsRNA preventing activation of RIG-I; NP-mediated inhibition of the NF-κB-activating kinase IKKε; and Z-mediated interference of RIG-I binding to Mitochondrial AntiViral Signaling (MAVS) [50,51,52,53]. However, these interactions are down-stream of TLR-mediated innate immune responses and are insufficient to fully describe the differences in the complex kinetics of interferon activation observed in pathogenic and apathogenic arenaviruses [54,55]. In addition, TLR-2, widely expressed on conventional DCs (cDCs) and macrophages, is also involved in virus recognition and the induction of innate and adaptive responses. We previously documented that non-pathogenic Mopeia virus (MOPV), a close genetic relative of LASV, and LCMV-ARM53b both induced robust TLR2/Mal(MyD88 adaptor-like)-dependent and NF-κB-mediated pro-inflammatory cytokines in human epithelial cells, monocytes, and in murine macrophages [56]. In contrast, the replication of pathogenic LASV (Josiah) and LCMV-WE54 have down-regulated innate pro-inflammatory responses in vitro and in vivo [27,28,56,57,58].



Here, to further elucidate mechanisms driving host-response differences between pathogenic and non-pathogenic mammalian arenaviruses, we used different experimental tools targeting virus–cell interactions and intracellular trafficking of LCMV-ARM, which is apathogenic in NHP models, and LCMV-WE, causing fatal LF-like infection in NHPs. We found that chemical antivirals with known mechanisms of action targeting the cell surface, microtubules, and cell membrane fusion in late endosomes, expressed LCMV strain-specific pattern of antiviral activities. We have also found evidence that the NP of LCMV-ARM seemed to coordinate a co-localization of the early endosome markers, EEA1, with TLR-2; while in the late endosomes, both LCMV strains, ARM and WE, similarly co-localized with Rab7. In addition, LCMV-ARM NF-κB activation is dependent on TLR-2 and IRAK-1 and seems to contribute to the down-regulation of NF-κB-mediated signaling for LCMV-WE, which we previously documented [56].




2. Materials and Methods


2.1. Cells and Viruses


Vero E6 C1008 (ATCC CRL-1586) and RAW264.7 (ATCC TIB-71™) cells were purchased from American Type Culture Collection (Gaithersburg, MD, USA). THP1-Dual and A549-Dual cells were purchased from InvivoGen (San Diego, CA, USA). Viral stocks were produced by infecting Vero E6 cells with LCMV-Armstrong (ARM, strain 53b) or LCMV-WE (strain 54) at a low (0.01–0.001) MOI, resulting in stock titers of 1–5 × 107 PFU/mL [59]. Infectious virus titration was performed in Vero E6 cells by standard plaque assay with 0.5% Avicel (FMC BioPolymer, Philadelphia, PA, USA) as previously described [60] with a limit of detection of approximately 80 PFU/mL. All work with infectious LCMV-WE was performed in BSL3 containment at either the NIH Regional Biosafety Laboratory run by the Center for Predictive Medicine on the University of Louisville campus or at the Galveston National Laboratory on the University of Texas Medical Branch campus according to protocols approved by their respective Institutional Biosafety Committees.




2.2. Treatment with Chemical Inhibitors


Treatment with Mβ-CD, nocodazole, and bafilomycin was performed as previously described [33,35,39,52,61,62,63,64] using Vero E6 cells seeded in 12-well tissue culture plates. Briefly, cells were pre-treated in the presence or absence (control cells) of 5 mM Mβ-CD (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37 °C before infection with an MOI of 0.3 PFU/cell and incubated for 24 h in the presence of Mβ-CD. Cells pre-treated with 10 μM nocodazole for 1 h at 37 °C were washed 2 times with cold PBS, and infected with an MOI of 0.3 PFU/cell for 1 h before incubation in the presence of fresh nocodazole for 24 h at 37 °C. Cells were pre-treated with bafilomycin A1 (Sigma-Aldrich, St. Louise, MO, USA) before infection at an MOI of 1.0 PFU/cell at 4 °C for 1 h followed by 24 h at 37 °C in the presence of bafilomycin. After treatment, supernatants were collected, and the infectious viral titer was determined by plaque assay. Percent replication after inhibition was calculated as the percent reduction in viral titer in supernatants from treated cells compared to untreated cells. The remaining cells from the inhibition assays were lysed in RNA-STAT-60 (Tel-Test Inc., Friendswood, TX, USA) and RNA was isolated according to the manufacturer’s instructions. qRT-PCR was used to quantitate viral RNA in treated and untreated cells using LCMV strain-specific primers/probe as previously described [60].




2.3. IRF and NF-κB Activation in Dual-Reporter Cell Lines


THP1-Dual or A549-Dual cells were seeded in 96-well plates and infected with 1 PFU/mL MOI of either LCMV-Arm or LCMV-WE, or treated with 100 ng/mL of the RIG-I-Like-Receptor (RLR) agonist Poly(dA:dT) pre-complexed with LyoVec transfection reagent (tlrl-patc, InvivoGen, San Diego, CA, USA) as a positive control for IRF reporter activation, or 1 ng/mL for THP1-Dual or 300 ng/mL for A549-Dual of the TLR2 agonist PAM3CSK4 as a positive control for NFκB activation. Forty-eight hours after treatment, supernatants were harvested and NFκB and IRF reporter activation were quantified on a Cytation 7 absorbance reader and luminometer (Agilent, Santa Clara, CA, USA) using Quanti-Blue and Quanti-Luc reporter systems according to the manufacturer’s directions (InvivoGen, San Diego, CA, USA). For NF-κB activation, the levels of SEAP were determined by reading the optical density at 655 nm. For IRF activation, the levels of Lucia luciferase were determined by measuring the relative light. Fold changes compared to uninfected cells are reported to standardize between experiments.




2.4. TLR-2 Silencing in LCMV-Infected Cells


RAW264.7 cells were pre-treated with TLR2 Silencer® select pre-designed siRNA (Ambion, P/N 4390771, Waltham, MA, USA). Transfection was performed with Lipofectamine (Lipofectamine RNAi Max Reagent, Invitrogen, Waltham, MA, USA) for 48 h. Control cells were transfected with Silencer® Negative Control siRNA (Ambion). Transfection of mock-infected cells with TLR2 siRNA resulted in suppression of TLR-2 mRNA and TLR-2 expression on cell surface as assessed by staining transfected cells with anti-TLR-2 antibody and flow cytometry. Transfected cells were infected with LCMV stains (ARM and WE) at an MOI of 2–5 and incubated in a CO2 incubator for 24 h. The mRNA levels of IL-6 in infected cells were determined by real-time PCR using commercial primers/probe as previously described [1]. Expression of IL-6 at protein level in culture medium of infected cells was analyzed by ELISA kit (eBioscience™, P/N 88-7064).




2.5. Immunofluorescence Co-Staining, Confocal Microscopy


RAW264.7 cells were grown in 12-well plates containing round coverslip (Thermo Fisher Scientific, Waltham, MA, USA) and infected with LCMV strains at an MOI of 5. After virus internalization, intracellular trafficking of LCMV infection was monitored in co-staining experiments using monoclonal antibody against conservative NP epitope (M104, Abcam, 1:1000 dilution, Cambridge, UK), EEA1 (monoclonal F.43.1,Thermo scientific, 1:100), Rab5 (polyclonal, ab13253, Abcam, 1:80), Rab7 (rabbit monoclonal EPR7589, Abcam, 1:100), LAMP-1 (polyclone C-20, Santa Cruz, 1:100), TLR-2 (monoclonal CD282, eBioscience, 1:100), and IRAK-1 (D51G7, Cell Signaling, 1:250). Infected cells were incubated in a CO2 incubator for 30 to 120 min as indicated, fixed with 4% PFA, and permeabilized with 0.1% Triton X-100. After blocking of non-specific binding with 1% BSA, cells were co-stained with primary antibodies for 1 h at 25 °C before treatment with secondary IgG-TR or IgG-FITC antibodies (anti-rabbit, 1:1000 dilution for 1 h at 25 °C). Coverslips were mounted with DAPI Flu–G (Southern Biotech, Birmingham, AL, USA). Confocal images were acquired and analyzed on a Zeiss LSM 880 with a 60× oil-immersion objective at the UTMB Optical Microscopy core.




2.6. Western Blot Analysis of IRAK-1 Expression


RAW267.7 cells were grown in T25 flasks and infected with LCMV virus strains at an MOI of 0.1. At different timepoints post-infection, protein extracts were prepared and subjected to SDS-PAGE analysis as previously described [65]. In brief, protein samples were combined with 4× Laemmli sample buffer and loaded onto SDS-polyacrylamide gels of 10% and 15% (w/v) acrylamide followed by electrophoresis and Western blotting onto PVDF membranes. Primary antibodies against IRAK-1 (D51G7, Cell Signaling) and GAPDH (sc-25778, Santa Cruz Biotechnology) were used at dilutions of 1:1000 and 1:2000, respectively. Bands were visualized using horseradish peroxidase-coupled secondary antibodies, ECL kit (Pierce, Rockford, IL, USA), and Hyperfilm (GE Healthcare, Piscataway, NJ, USA). Densitometry analysis was performed using UN-SCAN-IT gel software version 7 (Silk Scientific Inc., Orem, UT, USA).




2.7. Statistical Analyses


Statistical significance was analyzed as reported in figure legends with GraphPad Prism (GraphPad Software version 10, San Diego, CA, USA).





3. Results


3.1. Probing LCMV-ARM versus LCMV-WE Entry with Chemical Inhibitors


Chemical antivirals with known mechanisms of action are a useful tool to study virus–cell interaction and cell factors’ involvement in virus replication [66]. In this study, representatives of three groups of drugs targeting the cell surface, microtubules, and cell membrane fusion in late endosomes were used to assess the effect of LCMV strain-specificity on antiviral drug activity.



It has been documented that the entry of LCMV (ARM-derived Clone 13) was dependent upon membrane cholesterol [62]. Using the same protocol, pre-treatment with methyl-β-cyclodextrin (Mβ-CD) to deplete cholesterol from the cell surface resulted in reduced viral titers in cells infected with both LCMV-ARM and -WE (Figure 1A). However, WE infection was significantly more sensitive to membrane cholesterol depletion than ARM infection (Figure 1C).



It was documented that the early steps of LCMV-ARM infection were actin-independent but still required intact microtubule networks [35]. In line with this observation, replication of both strains of LCMV was sensitive to nocodazole, a drug responsible for disrupting microtubular structures, and we did not find strain-specific differences in sensitivity to the antiviral activity of nocodazole (Figure 1B,D).



Fusion of arenaviruses with cell membranes is the last step of intracellular trafficking of the virus-containing vesicles. A low-pH-mediated environment is required for fusion in late endosomes/lysosomes and can be affected by drugs that increase the pH in these sub-cellular compartments either directly (e.g., ammonium chloride) or indirectly by inhibiting lysosomal proton pump V-ATPases with bafilomycin A1 [32,61]. As expected, bafilomycin A1 treatment inhibited replication of both strains of LCMV in a dose-dependent manner (Figure 1E,F). However, this inhibition was significantly more impactful to LCMV-ARM infection (Figure 1G), indicating greater sensitivity of LCMV-ARM infection to pH increase in late endosomes compared to LCMV-WE.
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Figure 1. LCMV strain-specific replication sensitivity to entry and trafficking inhibitors. Vero E6 cells were treated for 1 h prior to infection with 5mM Mβ-CD (A,C) or with 10μM nocodazole (B,D), then infected with LCMV with a 0.3 MOI. Supernatants were collected 24 h after infection and virus production was determined by plaque assay (A,B). Values are shown as the mean of three biological replicates with the error bar representing the standard deviation. Percent replication after inhibition is the percentage of replication in wells containing each inhibitor normalized to corresponding control wells without inhibitor (C,D). Vero E6 cells were pre-treated with bafilomycin A1 and infected with LCMV strains ARM and WE at an MOI of 1 at 4 °C for 1 h followed by incubation for 24 h at 37 °C in the presence of bafilomycin. After treatment, supernatants were collected, and (E) the infectious viral titer was determined by plaque assay or (F) viral RNA relative was determined by qRT-PCR for each condition compared to infection with the absence of bafilomycin A1 treatment. (G) The percentage of plaque-forming particles detected in bafilomycin-treated cells normalized to those in bafilomycin A1 untreated cells infected with the same LCMV strain. Values are the mean of three biological replicates with the error bars representing the standard deviation. A Student’s t-test was used to analyze differences (* p ≤ 0.05). 
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3.2. Innate Immune Activation in Cells Infected with LCMV-ARM versus LCMV-WE


To assess the ability of LCMV infection to induce innate immunity, we used two cell lines, human airway epithelial cells (A549) and human monocytes (THP1). Previous studies documented that LCMV-, ARM and WE, replicated in these cells with the same kinetics [56,60]. These cell lines were stably transfected with reporter genes, allowing the simultaneous study of the IRF pathway, by monitoring the activity of an inducible luciferase under the control of an ISG54 minimal promoter in conjunction with five IFN-stimulated response elements, and the NF-κB pathway by monitoring SEAP, inducible secreted alkaline phosphate, under the control of the IFN-β minimal promoter fused to five NF-κB binding sites. Cells were infected with LCMV-ARM and LCMV-WE at the same MOI and luciferase and SEAP were measured at 48 h after infection to assess the activation of IRF or NF-κB pathways.



As seen in Figure 2A–D, LCMV-ARM more efficiently activated NF-κB signaling in both epithelial- and monocyte-derived cell lines. Studies in TLR2 and Mal knock-out mice supported in vitro findings that documented the crucial role of TLR2/Mal-dependent signaling in the increased NF-κB activation caused by LCMV-ARM infection compared to LCMV-WE [56]. To confirm this phenotype, TLR-2 siRNA was transfected to silence TLR-2 gene expression and subsequently, cells were infected with both LCMV strains. In line with the previous findings [56], TLR-2 silencing dramatically down-regulated IL-6 gene expression and secretion of IL-6 protein in cells infected with LCMV-ARM. As expected, LCMV-WE infection did not induce IL-6 and the effect of TLR-2 silencing in WE-infected cells was minimal if any (Figure 2E,F).



LCMV strain-specific effects were prominent on IFR activation pathways. In monocyte-derived cells, LCMV-ARM infection strongly activated the reporter gene at a scale comparable to the effects of a classical IRF inducer, poly (dA:dT). In contrast, LCMV-WE infection had a negligible effect on reporter activity. Together, LCMV-ARM infection of dual-reporter cell systems resulted in the stronger activation of NF-κB and IFN pathways compared to LCMV-WE infection.
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Figure 2. LCMV strain-specific induction of innate immune responses. THP1-Dual cells (A,B) or A549-Dual cells (C,D) were infected with either LCMV-Arm or LCMV-WE at an MOI of 1, stimulated with TLR2 agonist PAM3CSK4 as a positive control for NFκB activation, stimulated with poly(dA:dT)/LyoVec as a positive control for IRF activation, or left uninfected. After 48 h incubation, NF-κB (A,C) and IRF (B,D) activation were assessed compared to uninfected controls. Values are reported as log2 fold change. Each bar represents two independent experiments with six or eight biological replicates each and error bars representing the standard error of the means. Student’s t-tests were used to compare LCMV-Arm to LCMV-WE (** p < 0.01, ****, p < 0.0001). IL-6 mRNA expression (E) in infected (control) and TLR2 siRNA transfected cells with LCMV-ARM, LCMV-WE, or mock infection determined by qRT-PCR. Protein levels of IL-6 (F) in culture medium of cells was measured with a mouse IL-6 ELISA kit. Data (triplicate/group) represented as mean with standard deviation error bars, a one-way ANOVA with Tukey’s post-hoc analysis was used to compare the means within each experimental condition (* p < 0.05, ** p < 0.01, **** p < 0.0001.). 
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3.3. Co-Staining Experiments with Markers of LCMV Infection, TLR-2, and Early Endosomes


After internalization, LCMV and LASV virions are sorted into endocytic vesicles and delivered to endosomal/lysosomal compartments via endocytosis and micropinocytosis [37,45]. To assess the interaction between virus-loaded vesicles and traffic through endosomal TLR-containing compartments, mock- and LCMV-infected (RAW264.7) macrophages were stained with monoclonal antibody M104 targeting a conserved LCMV NP epitope along with antibodies targeting Rab5 and EEA1 markers of endosomal compartments, and the co-staining pattern was assessed by confocal microscopy. Additionally, TLR-2, which is associated with early endosomes and involved in arenavirus sensation, was also included in co-staining experiments (Figure 3).



M104 equally stained ARM- and WE-infected cells and produced punctate staining indicative of replication and transcription complexes (RTCs) similar to previous observation [67] as early as 30 min following infection (Figure 3, Figure 4, Figure 5 and Figure 6). In co-staining experiments with markers of early endosomes and TLR-2, no clear differences in LCMV NP staining patterns and no clear co-staining of viral NP with TLR-2, EEA1, or Rab5 were observed for either ARM- or WE-infected cells (Figure 3). There were also no noticeable differences in Rab5 and TLR-2 co-localization patterns following infection (Figure 3B). Nevertheless, there seemed to be a small but noticeable increase in the co-staining of EEA1 with TLR-2 in LCMV-ARM-infected cells compared to LCMV-WE or mock infection (Figure 3A).




3.4. LCMV Interaction with Markers of Late Endosomes/Exosomes


LASV and LCMV glycoproteins fusion occurs at a very low pH (3.0–4.5), suggesting involvement of the lysosomal compartment [61]. A unique feature of LASV is the usage of the second receptor, LAMP-1 [38,39], to promote fusion in the less acidic compartments [68]. Notably, a low pH requirement for LCMV-ARM-mediated fusion was not dependent on LAMP-1 expression [68]. In line with these findings, co-staining for LCMV NP and LAMP-1 demonstrated similar staining patterns for ARM- and WE-infected cells at 30, 60, and 120 min post-infection (Figure 4) with no evidence of co-staining interaction. These experiments provide additional evidence that in contrast to LASV infection, LAMP-1 is not required for LCMV-induced fusion.



For several viruses, Rab7-related trafficking has been associated with cytosolic entry and late steps of virus replication, assembly, and release [69]. The low pH environment of late endosomes promotes the fusion of arenaviruses with the cell membrane and the release of their RNA genome into the cytoplasm. Co-staining of LCMV and Rab7 in infected cells provided evidence of co-localization at 60 min post-infection. As seen in Figure 5 (white arrows), clear evidence of LASV NP and Rab7 co-staining was documented for LCMV-ARM infection. For LCMV-WE, a weak signal co-staining was also seen at a 60 min timepoint and was increased at a 120 min timepoint. The ARM-infected cells did not have noticeable co-staining at this late timepoint.
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Figure 4. Co-staining of LCMV-infected cells for NP and LAMP-1 antibodies. RAW 264.7 cells were infected with LCMV (ARM or WE) at an MOI of 5 and incubated for 30, 60, or 120 min as indicated before being fixed, permeabilized, and stained with antibody against a conserved LCMV NP epitope (green), LAMP-1 (red), and DAPI (blue). No co-localization signals were detected at indicated timepoints after infection. 
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Figure 5. Co-localization of LCMV antigen with Rab7. RAW 264.7 cells were infected with LCMV (ARM or WE) at an MOI of 5 and incubated for 30, 60, or 120 min as indicated before being fixed, permeabilized, and stained with antibody against a conserved LCMV NP epitope (green), Rab7 (red), and DAPI (blue). Co-localization signals, yellow spots, are indicated with white arrows. For LCMV-ARM infection, co-localization signals were transiently detected 60 min after infection. For LCMV-WE, in addition to 60 min exposure, yellow spots were seen and at the later timepoint. 
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3.5. Interaction with IRAK-1, Mediator of TLR-Induced Signaling, in LCMV-Infected Cells


TLR-2 signaling is dependent on the recruitment of several key adaptor molecules. Upon ligand recognition, MyD88 (and/or Mal) recruits and activates IL-1-associated kinases (IRAK), such as IRAK-1, triggering a down-stream activation cascade, leading to NF-kB translocation and transcription initiation [70]. As shown above (Figure 2), in cells transfected with a NF-κB–luciferase reporter, infection with LCMV-ARM resulted in the stronger induction of NF-κB than in cells infected with LCMV-WE.



To address IRAK-1 involvement in down-stream TLR-2 signaling, LCMV-infected macrophages were co-stained with LCMV NP and IRAK-1 antibodies 60 min post-infection. As seen in Figure 6A, similar staining signals were detected for both LCMV-ARM- and LCMV-WE-infected cells.



In response to stimulation, IRAK-1 is subjected to ubiquitination, degradation, and IRAK-1 protein levels remain suppressed up to 8 h after stimulation [71]. While there was no difference between expressions of IRAK-1 protein (in Western blot) at 24 h after infection in ARM- and WE-infected cells, the IRAK-1 expression levels were decreased at later timepoints in ARM-infected cells in comparison with mock- and WE-infected cells (Figure 6B).
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Figure 6. IRAK-1 expression in LCMV-infected cells. (A) RAW 264.7 were infected with LCMV (ARM or WE) at an MOI of 5 and incubated for 60 min before being fixed, permeabilized, and stained with antibody against a conserved LCMV NP epitope (green), IRAK-1 (red), and DAPI (blue). (B) IRAK-1 protein in control and infected cells was identified as an 80 kDa band. Density of IRAK-1 bands from three independent experiments was normalized to GAPDH and quantified with UN-SCAN-IT gel software version 7. Results are presented with standard error of the mean error bars and significance indicators based on Student’s t-test comparison to mock infection (* p < 0.05, ** p < 0.01). 
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4. Discussion


In this study, we hypothesized that while the general mechanism of LCMV entry is common for both ARM and WE strains of LCMV, the intracellular trafficking and interactions with markers of endosomal compartments (e.g., EEA1, Rab5, Rab7, LAMP-1) and PPRs (e.g., TLR-2) are strain-specific events that contribute to different patterns of innate immune responses and pathogenicity of LCMV-induced disease in experimental animals. In humans and NHPs, LCMV-WE induces fatal hepatitis, but LCMV-ARM is deeply attenuated and protects NHPs against fatal WE [27,57,72]. Similarly, guinea pigs are highly susceptible to the WE strain (LD50 < 1 plaque-forming unit [PFU]), while the mouse-adapted ARM strain failed to kill these animals at a dose >6 log10 PFU [6].



Previously, virus overlay protein-binding assays (VOPRAs) have demonstrated that pathogenic OW arenaviruses LCMV-WE and LASV bound to its major cellular receptor, α-DG, with higher affinity and efficiency than apathogenic LCMV-ARM and Mobala virus, MOBV, a non-pathogenic genetic relative of LASV [5,73,74]. However, at least for LCMV, the attachment efficacy of infectious particles of both strains, WE and ARM, was similar in polarized epithelial Caco-2 cells [60] and both LCMV strains replicated efficiently in BHK-21 cells [75]. Likewise, WE and ARM had similar replication kinetics in human and murine monocytes/macrophages. However, only LCMV-ARM and MOPV induced strong TLR-2/Mal-dependent cytokine responses in these cells while LCMV-WE, immunosuppressive LCMV Clone 13, and LASV did not [56]. This suggests that binding to α-DG measured by a VOPRA and replication efficiency measured by infectious assays in different cell types do not correlate with the ability to induce innate immunity and pro-inflammatory cytokine responses. Recent findings indicate that additional attachment and/or entry factors, DC-SIGN, LSECtin, Axl, TIM-1, and Tyro3, can contribute to the virus entry in an α-DG-independent manner [40,41,42,43,44]



Although there are few amino acid differences in the glycoprotein of LCMV-ARM and LCMV-WE, the result is a striking difference in affinity binding to α-DG, the major cellular receptor for LCMV and LASV [5,26,76]. In DCs that heavily express α-DG, LCMV-WE binds at high affinity while LCMV-ARM binds at low affinity [76,77]. LCMV-WE entry is dependent on α-DG, induces high levels of viral antigen expression, infiltration of white pulp area in the spleen [78], and ablation of CTL response [79]. High viral load at an early stage of the infection affected the cyto/chemokine expression profile and disrupted RNA sensing pathways. Release of immunosuppressive molecules, and suppression of MHC class II and co-stimulatory factors, additionally contributed to poor T cell responses and establishment of a persistent infection [24,80,81]. In a recent study, Xu et al. found that high-affinity α-DG receptor binding increased virus entry but was associated with IFN-I resistance, triggering innate affinity escape and impaired T cell immunity [82]. In contrast, the LCMV-ARM negligibly bound the α-DG receptor, infected limited numbers of DCs, and generated robust LCMV-specific T cell responses in mice [78,80,81].



In hepatocytes, monocytes, macrophages, epithelial, and other cells that utilize cell surface binding receptors other than α-DG (e.g., heparin sulfate, DC-SIGN, LSECtin, Axl-1, TIM-1, and Tyro3), LCMV-WE and LCMV-ARM bind at a similar efficiency and have comparable replication kinetics. However, in these cells, LCMV-ARM and MOPV infections resulted in TLR2/Mal-dependent innate sensing, induction of NF-κB-mediated pro-inflammatory cytokines, robust virus-specific T cell responses, and effective virus control. In contrast, infection with pathogenic arenaviruses, LCMV-WE and LASV, was associated with poor innate sensing, loss of NF-κB signaling, impaired IFN, and the down-regulation of pro-inflammatory responses resulted in progressed disease [27,28,56,57,58,83]. Accumulated evidence suggests that while tissue-specific patterns of α-DG receptor binding affinity contribute to LCMV and LASV virus entry and virus load, innate sensing, NF-κB signaling, and induction of pro-inflammatory responses seem to be the main driving forces of effective adaptive immunity. In addition, Z proteins of LCMV and LASV can affect RIG-I-dependent sensing and host innate immunity in a strain-specific manner [84].



Initial reports provided conflicting results on membrane cholesterol involvement in LCMV entry [34,85]. In our experiments, depletion of plasma membrane cholesterol and disruption of lipid rafts with Mβ-CD reduced replication of both strains, WE and ARM, in line with previously published results [62,85]. However, we observed greater sensitivity of LCMV-WE to Mβ-CD treatment compared with LCMV-ARM (Figure 1). Interestingly, α-DG is not associated with lipid rafts. Unsurprisingly, we were also unable to detect α-DG associated with lipid rafts but are unable to rule out technical difficulties in α-DG staining of Vero cells, but these cells do express high levels of Axl and TIM-1 on their cell surface [40]. Previously, Rojek JM et al. used a similar protocol for cholesterol depletion and found that upon cholesterol replenishment, there is a reversal of the inhibitory effect of Mβ-CD on LCMV infection, indicating that cell membrane cholesterol depletion was likely responsible for the virus replication inhibition [21]. Interestingly, while LCMV binding to cellular α-DG was cholesterol-independent, occurring in non-raft membranes, LCMV internalization was dependent on membrane cholesterol [62]. The impact of Mβ-CD treatment on virus particles cannot be excluded and is not addressed in this study. Further investigation may shed light on the effects of cholesterol depletion on unconventional receptor usage by LCMV because the antiviral mechanism of cholesterol depletion on LCMV entry is not clearly understood.



After cell entry, LCMV is sorted into vesicles and traffics through the endocytic machinery to deliver the virus cargo to late endosomes for fusion and the release of viral ribonuclear proteins (an association of viral proteins and viral RNA) into the cytoplasm prior to the formation of viral RTCs. Evidence from two relevant human cell lines demonstrates clear differences in NF-κB and IRF activation patterns between LCMV-ARM and LCMV-WE (Figure 2). The fold changes are smaller in THP1 cells, due to poor replication in non-differentiated monocytes, and experiments in matured macrophages confirmed strong NF-κB activation in ARM-infected cells vs WE-infected cells [56].



Accumulated evidence demonstrates a role for TLR-2 in sensing mammalian arenaviruses with different pathogenic potential [56,86,87,88,89,90]. In RNA silencing experiments, we confirmed that TLR-2 is required for IL-6 expression in ARM-infected cells (Figure 2). A viral glycoprotein was identified as a TLR-2 ligand for the New World Arenavirus Junín (JUNV) [87]. Viral glycoproteins of the OW arenaviruses should also be considered as TLR-2 ligands. However, in contrast to JUNV, TLR2/CD14/Mal-dependent signaling induced by LCMV-ARM and MOPV required virus internalization and replication [56], indicating a more complex interaction with TLR-2 for the OW arenaviruses.



Anti-TLR-2 antibody blocked the ability of non-pathogenic OW arenaviruses to induce pro-inflammatory cytokines and chemokines [56]. However, antibody treatment did not affect virus internalization and replication. This suggests that virus interaction with TLR-2 is essential for triggering cytokine signaling but is not required for virus entry and fusion. Virus interaction with the cell surface is a complex multi-step process [91]. After attachment to the cell surface, lateral movement along the plasma membrane results in receptor clustering (as observed for LCMV-ARM with TLR-2 and CD14 [56]), activation of cellular signaling pathways, and the initiation of endocytosis. Notably, inactivation of LCMV-ARM by UV or heat treatment abolished TLR2-dependent cytokine production [56]. This indicates that in addition to triggering TLR-2-dependent cytokine signaling on the cell surface, interactions between LCMV and TLR-2 in early endosomes contribute to the induction of pro-inflammatory cytokines in LCMV-ARM- but not LCMV-WE-infected cells. Mechanisms of this interaction warrant further investigation.



In α-DG-deficient cells (THP-1, HEK293T), LCMV-WE and LCMV-ARM replicate with similar kinetics. However, LCMV-ARM replication in these cells was associated with the induction of NF-κB-mediated pro-inflammatory cytokine responses, while LCMV-WE was not [56]. The phenotype of LCMV-WE compared to LCMV-ARM infection resembles LASV and MOPV infection, respectively, in validated animal models [6]. It has also been observed that there is a much greater inhibitory effect following ammonium chloride on MOPV compared to LASV replication in cell cultures [32]. Similarly, in the current study, bafilomycin A1 inhibition was significantly more impactful to LCMV-ARM infection, indicating greater sensitivity of LCMV-ARM to pH increase in endosomal compartments compared to LCMV-WE infection (Figure 1G). This study did not measure fusion kinetics. We suggest that in contrast to LASV and LCMV-WE infections, which may fuse in late endosomes/lysosomes, LCMV-ARM can fuse in a higher pH environment, in “earlier” endosomes, providing an advantage in viral release and contributing to innate immune sensing. Confocal staining with the late endosomal marker, Rab7, provided evidence for prolonged co-staining in LCMV-WE-infected cells compared to LCMV-ARM-infected cells (Figure 5).



In the case of LASV infection, intracellular receptor switching and binding to LAMP-1 [39] resulted in fusion at a less acidic pH [68]. While LCMV infection does not require LAMP-1, an intracellular switch to binding the lysosomal CD164 facilitated LCMV-ARM fusion at a low pH [92]. At present, there is no evidence for CD164 switch in LCMV-WE54 infection.



A low pH of endosomes/lysosomes is a major force triggering fusion events and the release of viral RNPs into the cytosol. Upon release, foreign RNA molecules are sensed by TLR-7/TLR-9 and by a cytosolic RIG-I. The RNA-sensing TLRs are located in a strategic position, within endosomes/lysosomes, to encounter foreign RNA molecules released from viral particles. Interestingly, a low pH environment is also necessary for the proper function of these receptors since acidification-inhibiting drugs (e.g., bafilomycin A1 or NH4Cl) reduced the activation of TLR7/TLR9 [93,94]. We previously documented a greater sensitivity of MOPV infection to NH4Cl treatment compared to LASV infection in Vero cells [32]. Similarly, LCMV-ARM infection in Vero E6 cells was more sensitive to bafilomycin treatment than infection with LCMV-WE (Figure 1). Different sensitivities of pathogenic versus non-pathogenic OW arenaviruses to pH increase in the late endosomes/lysosomes can affect the viral RNP release kinetics, RTC formation, and activation patterns of endosomal TLR-7/TLR-9 and cytosolic RIG-I. These factors are also crucially involved in the activation of antigen-presenting cells and T cell stimulation.



The enhanced innate immune activation caused by LCMV-ARM has applicability to cancer virotherapy. Non-oncolytic LCMV with preferential cancer tropism and antibody escape mechanisms is a promising tool to induce tumor-specific activation within the tumor microenvironment [95]. Restricted replication of LCMV in tumor tissues induced immune surveillance and IFN-I-dependent tumor regression [96]. In an in vivo human melanoma model, LCMV treatment up-regulated the chemokine ligand 5 (CCL5, RANTES), supported T cell functionality, promoted NK cell infiltration, and led to immune-mediated melanoma regression [97].



By electron microscopy, LCMV was detected in early and late endosomal compartments within 10–20 min after internalization, resembling influenza A virus entry kinetics [34,98]. In our confocal experiments, at a high MOI, 30 min after infection, about 10–20% cells stained positively for LCMV NP. A major limitation of confocal microscopy to observe early entry events with the available anti-NP-labeled antibody seems to be the dependance of strong signals on the formation of RTCs, an event that follows fusion. As a result, minimal co-staining was observed between viral NP signal and endosomal markers (Figure 4, Figure 5 and Figure 6). Still, when infected cells were co-stained with markers of early endosomes (EAA1 and Rab5) and TLR-2 to home in this compartment, EEA1 and TLR-2 co-localization seemed to increase in ARM- but not WE-infected cells (Figure 4). In line with previous observations by Quirin et al. [34], LCMV-WE had limited evidence of interaction with early endosomes and TLR-2.



Using single-cell vitalization tools, small GTPase Rab5 was co-localized not only with NP but also with GPC, matrix Z protein, and S RNA at the peak of virus production [99,100]. The authors proposed that Rab5c is required for efficient virus production at the late step of the infection coordinating trafficking and/or assembly of viral components to the budding sites on cell membranes [100]. A previous study using a constitutively inactivate (DN) mutant version of Rab5 also documented involvement of Rab5 in the replication of recombinant LCMV expressing LASV GPC (rLCMV-LASVGP) [35]. However, replication of LCMV-WE was not affected in cells transfected with DN Rab5 and DN Arf6 [34]. In the active form, the small GTPase Arf6 is involved in clathrin-coated pit formation and a variety of endocytic functions related to vesicle trafficking and early endosomes [101]. Based on our results (Figure 3) and previous observations, there is a growing body of evidence that LCMV-WE intracellular trafficking avoids Rab5/EEA1-positive early endosomes and the virus escapes recognition by PRRs associated with this sub-cellular compartment (e.g., TLR-2).



Both strains of LCMV had similar co-staining patterns with markers of late endosomes/lysosomes, although there was evidence of earlier transient co-staining for ARM-infected cells and prolonged co-staining at a later stage of infection for WE-infected cells (Figure 4 and Figure 5). Infection of cells with LCMV-WE and rLCMV-LASVGP was not affected by DN Rab7 [34,35]. Similarly, LCMV replication was not affected in LAMP-1-deficient cells [39]. It seems that functional Rab7 and LAMP-1 are not required for the replication of LCMV.



To elicit MyD88/Mal-dependent pro-inflammatory responses, IRAK-4 is recruited to phosphorylate IRAK-1 and IRAK-2, to further activate the down-stream cascade via the E3 ubiquitin ligase TRAF-6 and TAK-1 phosphorylation of IKKβ, resulting in IκB degradation and release of NF-κB [102]. LCMV-WE infection of murine macrophages did not result in co-localization of viral NP with IRAK-1 (Figure 6A). Interestingly, there was increased degradation of IRAK-1 in LCMV-ARM- but not WE-infected cells (Figure 6B). Taking into consideration the suppression of NF-κB in LCMV-WE-infected cells [56], this co-staining pattern seems to suggest this interaction is a mediator of the immune activation phenotype of LCMV-ARM.



In summary, this study demonstrated differences in terms of intracellular trafficking and sensitivity to pharmacological entry/fusion inhibition between ARM and WE, two strains of LCMV with different pathogenic potential in NHPs. These differences seem to play a role in the different innate sensing of LCMV-ARM and -WE. LCMV-WE is more susceptible to cholesterol depletion than LCMV-ARM. Conversely, LCMV-Arm is more reliant on endosomal acidification and induces more robust NF-κB and IRF responses. We hypothesize that this may be due to an increased interaction of LCMV-ARM and TLR7/TLR9 in the late endosomes, leading to more TLR- and RIG-I-based immune activation in contrast to pathogenic LCMV-WE. The mechanistic details of this trafficking pathway warrant further investigation.
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Figure 3. Co-staining of LCMV NP with markers of early endosomes and TLR-2. RAW 264.7 cells were infected with LCMV (ARM or WE) at an MOI of 5 and incubated for 30 or 60 min as indicated before being fixed, permeabilized, and stained with antibody against a conserved LCMV NP epitope (monoclonal M104, green), markers of early endosomes, (A) EEA1 (monoclonal F.43.1, red) or (B) Rab5 (polyclonal ab13253, red), and TLR2 (monoclonal CD282, grey). Nuclei of cells were stained with DAPI (blue). 
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