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Abstract

:

Lassa virus (LASV), an Old World arenavirus, is responsible for hemorrhagic fevers in western Africa. The privileged tropism of LASV for endothelial cells combined with a dysregulated inflammatory response are the main cause of the increase in vascular permeability observed during the disease. Mopeia virus (MOPV) is another arenavirus closely related to LASV but nonpathogenic for non-human primates (NHPs) and has never been described in humans. MOPV is more immunogenic than LASV in NHPs and in vitro in human immune cell models, with more intense type I IFN and adaptive cellular responses. Here, we compared the transcriptomic and proteomic responses of human umbilical vein endothelial cells (HUVECs) to infection with the two viruses to further decipher the mechanisms involved in their differences in immunogenicity and pathogenicity. Both viruses replicated durably and efficiently in HUVECs, but the responses they induced were strikingly different. Modest activation was observed at an early stage of LASV infection and then rapidly shut down. By contrast, MOPV induced a late but more intense response, characterized by the expression of genes and proteins mainly associated with the type I IFN response and antigen processing/presentation. Such a response is consistent with the higher immunogenicity of MOPV relative to LASV, whereas the lack of an innate response induced in HUVECs by LASV is consistent with its uncontrolled systemic dissemination through the vascular endothelium.






Keywords:


Lassa virus; endothelial cells; viral hemorrhagic fevers; Mopeia virus; pathogenicity












1. Introduction


Lassa hemorrhagic fever (LF) is responsible for between 5000 and 6000 deaths every year. The etiological agent of LF is Lassa virus (LASV), a member of the Arenaviridae family isolated in 1969 in Nigeria [1]. This family consists of four genera, including Mammarenavirus. This genus can be divided into two complexes, depending on their antigenic properties. The New World arenavirus complex contains highly pathogenic viruses, such as the Junin, Machupo, Sabiá, Chapare, Guanarito, and Whitewater Arroyo viruses [2,3,4,5]. The Old World arenavirus complex contains lymphocytic choriomeningitis virus (LCMV), which can lead to fetal infection and severe sequelae [6]. The hemorrhagic fever associated Lujo virus (isolated in 2008) and LASV are also members of this complex [7].



The genome of these viruses is composed of two single-stranded RNA molecules, a small segment (S) and a large segment (L) [8]. Each segment carries two open reading frames (ORFs) in opposite orientations. The S segment codes for the nucleoprotein (NP) and the glycoprotein complex (GPC). The L segment codes for the RNA dependent RNA polymerase (Lpol) and the matrix protein (Z). Viral infectious particles are formed by a ribonucleoprotein (RNP), comprised of at least one of each segment associated with NPs and the Lpol. This RNP is the minimal infective unit and interacts with the Z protein, which is found inside the viral membrane. The viral membrane is derived from the cellular membrane and is covered by glycoprotein trimers.



The main reservoir of LASV is the peri-domestic rodent Mastomys natalensis [9]. Human transmission occurs through direct or indirect contact with animal body fluids [10,11]. Infection is also possible by the inhalation of virions from urine or feces or mucocutaneous transmission through contaminated bushmeat/food [12]. Although the geographic distribution of Mastomys natalensis is large, LASV is solely endemic in western Africa (mainly in Nigeria, Liberia, Sierra Leone, and Guinea). Human-to-human transmission is also possible after contact with contaminated patients [13]. Outbreaks are frequently reported to the World Health Organization (WHO), and LF is the most highly imported hemorrhagic fever to occidental countries [14]. Currently, there is no licensed vaccine or treatment available. Ribavirin is recommended by the WHO to treat LF, but its efficiency appears to be very limited [15]. For these reasons, LASV is a major public health problem.



Mopeia virus (MOPV) is an arenavirus closely related to LASV [16]. Comparative analysis has shown 75% identity for the amino-acid sequence and they share the same main reservoir [17]. No MOPV-related human infections have yet been reported, and MOPV is nonpathogenic in non-human primates (NHPs). Moreover, a previous MOPV infection protects primates from lethal LASV challenge [18]. The difference in pathogenicity appears to be associated with different immunogenicity of the two viruses, in particular, in terms of the IFN response. Our previous results have shown distinct responses of macrophages and dendritic cells to infection by MOPV or LASV [19,20,21].



The two main routes of human infection by LASV are the respiratory tract and mucous membranes. Antigen-presenting cells are the first target of LASV [19,22,23], and the virus is subsequently transported by these cells to the secondary lymphoid organs (spleen and lymph nodes) [24]. The viruses disseminate to almost all organs through the blood and lymph. Endothelial cells (ECs) are massively infected during LF. Only minor vascular lesions can be observed, in contrast to massive endothelial dysfunction [25]. ECs are activated by infection and diapedesis and release high amounts of intercellular adhesion molecule (ICAM), P-selectin, and the endothelial protein C receptor (EPCR) [26]. Platelet aggregation is also reduced, leading to the dysfunction of hemostasis.



We further characterized the differences between LASV and MOPV in target cells highly relevant to LASV-associated pathology by analyzing the transcriptomic and proteomic responses of primary ECs to LASV or MOPV infection using RNA sequencing and mass spectrometry. We confirmed that both viruses replicate efficiently and durably in human umbilical vein ECs (HUVECs). However, they demonstrated strikingly different responses depending on the virus. LASV induced moderate and transient activation early after infection, whereas a more intense response evocative of the IFN response and antigen processing/presentation was induced at a later stage by MOPV. These data provide insights on the endothelial dysfunction observed during LF.




2. Materials and Methods


2.1. Viruses and Cells


Strain AN21366 (GenBank accession number JN561684 and JN561685) was used for MOPV infection, and Strain AV (GenBank accession number FR832711 and FR832710) for LASV infection. HUVECs were obtained from three Caucasian donors (Promocell, Heidelberg, Germany, lot number 434Z003, 428Z011.3, and 433Z026). Cells were grown using the EC Growth Medium 2 kit (Promocell, Heidelberg, Germany) according to the manufacturer’s instructions. HUVECs were infected or not with MOPV or LASV at an MOI of 1 for 1 h. A positive control for activation of the cells was included, consisting of treatment with TNFα at a concentration of 20 ng/mL for 18 h. Culture supernatants and cells were collected 18 or 48 h post infection. All experiments performed with LASV were done in the Jean Mérieux-INSERM BSL4 laboratory (Lyon, France). Experiments performed with MOPV were done in the same conditions to ensure reproducibility.




2.2. Titration of Viruses


Vero E6 cells were infected with sequential dilutions of virus-containing supernatant and incubated at 37 °C in 5% CO2 for seven days with carboxy-methyl-cellulose (1.6%) (BDH Laboratory Supplies, Poole, UK) in Dulbecco Modified Eagle’s Medium (DMEM, Life Technologies—Thermo Fisher Scientific, Cailloux-sur-Fontaines, France) supplemented with 1.5% fetal bovine serum (FBS, Eurobio Scientific, Les Ulis, France) and 0.5% penicillin–streptomycin (PS, Life Technologies—Thermo Fisher Scientific, Cailloux-sur-Fontaines, France). Cells were fixed with 4% formaldehyde (Sigma Aldrich, Saint-Quentin-Fallavier, France) diluted in phosphate buffered saline (PBS, Sigma Aldrich, Saint-Quentin-Fallavier, France) and permeabilized with Triton X-100 (1/1000 in PBS, Sigma Aldrich, Saint-Quentin-Fallavier, France). Infectious foci were detected by incubation with monoclonal antibodies (mAbs) directed against MOPV or LASV (mAbs L52-54-6A, L53-237-5, and YQB06-AE05, generously provided by P. Jahrling, USAMRIID, Fort Detrick, MD, USA), followed by PA-conjugated goat polyclonal anti-mouse IgG (Sigma Aldrich, Saint-Quentin-Fallavier, France).




2.3. Measurement of the Viral Load


Viral loads were measured by reverse transcription real-time polymerase chain reaction (RT-qPCR). For MOPV, RT-qPCR was performed using the SensiFAST Probe No-ROX One-Step kit (Bioline, London, UK) with the primers 5′-GTCAAGCGTTCTTTGGGAATG-3′ and 5′-TCCAGAAAGACATAGTTTGTAGAGG-3′ and probe: 5′-FAM-TTCCTTTCCCCTGGCGTGTCA-BHQ1-3′. For LASV, RT-qPCR was performed using the Eurobiogreen Lo-Rox qPCR mix kit (Eurobio Scientific, Les Ulis, France) with the primers 5′-CTCTCACCCGGAGTATCT-3′ and 5′-CCTCAATCAATGGATGGC-3′. Amplification and reading were performed using a LightCycler 480 II device (Roche Diagnostics, Meylan, France).




2.4. Protein Extraction


HUVECs were infected or not with MOPV or LASV at an MOI of 1 for 1 h. Culture supernatants and cells from three different donors were collected 18 or 48 h post infection. Immunoglobulins were depleted from the supernatant by antibody purification using a protein G kit (Thermo Fisher Scientific, Cailloux-sur-Fontaines, France) according to the manufacturer’s instructions. Trichloroacetic acid (Sigma Aldrich, Saint-Quentin-Fallavier, France) was added to a final concentration (Vol/Vol) of 10%. After centrifugation at 2000× g for 15 min, the pellets were reconstituted with NuPAGE LDS Sample Buffer (Invitrogen, Thermo Fisher Scientific, Cailloux-sur-Fontaines, France) supplemented with BME (β-mercaptoethanol) at a final concentration of 2.5%. Cells were also collected after trypsinization, pelleted, and lysed with NuPAGE LDS Sample Buffer supplemented with BME. Samples were heated to 60 °C for 60 min for viral inactivation.




2.5. Trypsin Proteolysis and Tandem Mass Spectrometry


For each sample, obtained from three different cell donors, 30 μL was subjected to short (5 min) denaturing electrophoresis on a NuPAGE 4–12% gradient gel in MES SDS running buffer (50 mM MES 2-N-morpholino ethane sulfonic acid), 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.3). After brief staining with SimplyBlue SafeStain (Thermo Fisher Scientific, Cailloux-sur-Fontaines, France) and de-staining overnight in MilliQ water, each proteome was extracted as a single polyacrylamide band. Each sample was proteolyzed with trypsin Gold (Promega, Charbonnières-les-Bains, France) in the presence of ProteaseMax detergent (Promega, Charbonnières-les-Bains, France). From the 50 µL resulting peptide mixture, 4 µL was injected into a nanoscale C18 PepMap100 capillary column (3 µm, 100 Å, 75 µm id × 50 cm, LC Packings, Conquer Scientific, Poway, CA, USA) and resolved with a 120-min gradient of CH3CN (3.2–20% over 100 min followed by 20–32% over 20 min) and 0.1% formic acid at a flow rate of 0.2 µL/min. Data-dependent acquisition analysis of the peptides eluting from the column was performed using a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific, Cailloux-sur-Fontaines, France). Full scans of peptide ions with a 2+ or 3+ charge were acquired at a resolution of 60,000 from m/z 350 to 1500 with a dynamic exclusion of 10 s. Each MS scan was followed by high-energy collisional dissociation and MS/MS scans at a resolution of 15,000 on the 20 most abundant precursor ions.




2.6. Protein Quantification in Cell Supernatants


Concentrations of ADAMTS13, angiopoietin, angiostatin, BMP-9, BNP, Chitinase3 like1, CK-MB, CXCL10, CXCL16, CXCL6, cystatin C, D-dimer, EGF, endocan-1, endoglin, endothelin-1, FABP3/4, FGF-1/2, follistatin, G-CSF, GDF-15, Granzyme B, HB-EGF, IL-12p70, IL-17, IL-18, IL-1α, IL-1β, IL-6, IL-8, leptin, LIGHT, lipocalin-2, MPO, myoglobin, NTproBNP, OSM, osteopontin, PDGF-AB/BB, PLGF, procalcitonin, P-selectin, SAA, sAXL, sc-kit, sEGFR, sE-selectin, sHER2/3, sHGFR, s-ICAM1, sIL6-RA, s-neurophilin1, sPECAM1, sTIE-2, suPAR, sVCAM1, sVEGFR1/2/3, tenascin C, thrombospondin-2, TNFα, TNF-RI, TREM1, troponin1, and VEGF-A/C/D were quantified in cell supernatants using a bead-based immunofluorescence assay (Luminex MAGPIX® system, Merck Millipore, Burlington, MA, USA) and multiplex cytokine reagents (Merck Millipore, Burlington, MA, USA). The sensitivity of the standards ranged from 2 to 32,000 pg/mL.




2.7. RNA Analysis


Cellular RNA was extracted using the RNeasy Mini kit (QIAgen, Hilden, Germany) following the manufacturer’s instructions and treated with the DNase I Ambion kit (Thermo Fisher Scientific, Cailloux-sur-Fontaines, France). RNA sequencing was performed using the NEXTFLEX Rapid Directional RNA-seq kit (Bioo Scientific, Austin, TX, USA).




2.8. Proteomics Data Analysis


Separate analyses were performed for LASV- and MOPV-infected samples and their corresponding controls and the proteins identified and quantified using MaxQuant software (Max-Planck-Institute of Biochemistry, Martinsried, Germany) [27]. MOPV-infected samples were matched for protein group identification against the MS20-043_Swissprot-human_4-prot-Mopeia_2020-09-08 database (20,363 sequences), corresponding to the Swissprot human database (8 September 2020 download) (Swiss Institute of Bioinformatics, Lausanne, Switzerland) complemented with the proteins from MOPV, LASV-infected samples against the MS20-043_Swissprot-human_4-prot-Lassa_2020-09-08 database (20,363 sequences), corresponding to the Swissprot human database (8 September 2020 download) complemented with the proteins from LASV. Only human protein groups identified with at least two peptides were considered for the analysis, originally identifying 3940 and 3902 proteins, respectively, with 3777 proteins present in both runs. Statistical analyses were performed with R software (v 4.1.1) (R Foundation for Statistical Computing, Vienna, Austria). The dataset was corrected for the batch effect introduced by the technical bias of having one separate run for each virus by fitting a linear model to the data, including both batches and regular treatments, and then removing the component due to the batch effect (limma package v 3.48.3) (Bioconductor) [28]. Missing LFQ values were imputed using the iterative regularized PCA method (missMDA package v 1.18) (Factominer) [29]. The differential analysis was performed using the limma package with one linear model adjusted for the effect of the virus and the timepoint, considering the replicate effect for each protein. For statistical analysis and to assess differential expression, limma uses an empirical Bayes method to moderate the standard errors of the estimated log-fold changes. Pairwise comparisons between groups were performed and p–values adjusted using the Benjamini–Hochberg multiple testing correction method [30], which controls for the expected false discovery rate (FDR) below the specified value (FDR ≤ 0.05).




2.9. Functional Enrichment Analysis of Proteomics and Transcriptomics Datasets


Functional enrichment analysis was performed using the Camera6 (competitive gene set test accounting for inter-gene correlation) method to explore gene-set enrichment and pathway analysis based on the limma R package (Bioconductor) [31]. Functional annotation of the proteins/genes was obtained using the Hallmark gene sets and Kegg biological pathway collections from the MSigDB database (GSEA, UC San Diego, CA, USA) [32].




2.10. RNA Isolation and Sequencing


RNA was isolated from HUVECs and the samples quantified using the Quantifluor RNA system (Promega, Charbonnières-les-Bains, France). RNA sample quality control was performed using the Standard Sensitivity RNA Kit on a Fragment Analyzer (Advanced Analytical Technologies Inc., Ankeny, IA, USA) and the Pico RNA Kit on a Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). All RNA samples were validated before proceeding to library preparation, with an RNA quality number (RQN) > 7 for all samples and sufficient concentrations/quantities. Libraries were prepared using the NextFlex Rapid Directional library preparation kit for NextSeq (BiooScientific, Austin, TX, USA). Sequencing of 33 samples was performed on an Illumina NextSeq platform to generate single end 75-bp reads. The read quality of each run was assessed according to Illumina thresholds, for which between 92 and 95% of PF read bases were higher than Q30.




2.11. RNA-Seq Mapping and Quantification


After trimming of the adaptors using Cutadapt, v 2.4 (Dortmund University, Dortmund, Germany) [33], high-quality samples averaging 72.3 million reads were obtained. Sequencing quality was assessed for each sample (before and after mapping) using MultiQC9 v 1.6 (Stockholm University, Stockholm, Sweden) [34]. Reads were aligned on human genome hg19 using Star v STAR_2.5.3a_modified. Read summarization and annotations were performed using FeatureCounts v 1.5.3 (Bioconductor), requiring both read ends to map.




2.12. RNA-Seq Statistical Analysis


Gene expression profiles were analyzed using R software (v 3.6.1) (R Foundation for Statistical Computing, Vienna, Austria) and several Bioconductor packages [35], including DESeq2 v 1.26.0 (Bioconductor) [36] and SARTools v 1.7.0 (Institut Pasteur, Paris, France) [37]. The statistical analysis included (i) data description and quality control, (ii) data normalization and exploration, (iii) and testing for differential expression for each gene between the time points and concentrations. The dataset consisted of 33 samples: LASV- or MOPV-infected cells, as well as uninfected control cells, each with three replicates. Samples were filtered for duplicated mRNA, keeping that with the highest variability in expression among the samples, resulting in 20,800 genes identified for each condition. Data were normalized according to the DESeq2 model and package. Normalized read counts were obtained by dividing the raw read counts by the scaling factor associated with the sample they belonged to (parameter locfunc = “median”). The variability of the data was explored by performing hierarchical clustering and principal component analysis (PCA) of the entire sample set after the counts were transformed using a variance stabilizing transformation. Hierarchical clustering was performed using the Euclidian distance and the Ward criterion for agglomeration. PCA was performed using the DESeq2 R package to explore the structure and clustering of the samples. Differential analysis was performed to identify genes showing significantly different expression between each timepoint for the two viruses using the R packages DESeq2 and SARTools. The strategy consisted of fitting one linear model per gene using a design of one factor (condition + timepoint) to estimate the coefficients (log2FC) and corresponding p-value. Raw p-values were corrected for multiple-testing using the Benjamini–Hochberg method. Genes with an adjusted p-value < 0.05 were considered to be differentially expressed (DE) for the given pairwise comparison.




2.13. Statistical Analysis


The Wald Test (in R with the packages R DESeq² and SARTools) was performed to identify genes or proteins significantly under or over expressed (p < 0.05). A Wilcoxon test was performed to analyze gene expression in each pathway. Mean comparisons between groups was performed using a t-test with Welch’s correction. Growth kinetics were compared by two-way ANOVA followed by Sidak’s multiple comparisons test.





3. Results


3.1. Lassa and Mopeia Viruses Productively Infect HUVECs


We used HUVECs as a model of primary human ECs to determine whether ECs are privileged targets for LASV and MOPV. Infection of these cells with either virus led to the release of substantial amounts of viral particles in supernatants in as little as 24 h after infection and for up to four days (Figure 1A). The viral titers were higher for LASV than MOPV 24 and 48 h after infection. However, we measured an elevated ratio of the viral RNA load in viral particle titers of approximately 1:1000 relative to the viral RNA copy numbers detected in culture supernatants (Figure 1B).




3.2. Lassa and Mopeia Viruses Induce Different Transcriptomic Profiles in HUVECs


We analyzed the transcriptomic profile of HUVECs by RNA sequencing (RNAseq) 6, 24, and 48 h after infection and observed a modification during the kinetics of the cultures, including in the mock condition (Figure 2A). LASV and MOPV induced striking changes in mRNA expression by HUVECs. Only a few genes were differentially expressed (DE) from 6 h after infection between cells infected with the two viruses, but at this timepoint, seven genes belonging to the IFN-stimulated gene family were strongly upregulated after LASV infection versus MOPV infection (Figure 2B). The genes were 2′5′-oligoadenylate synthetase 1 (OAS1), epithelial–stromal interaction 1 (EPSTI1), interferon-alpha inducible proteins 6 (IFI6) and 44L (IFI44L), interferon-induced proteins with tetratricopeptide repeats 1 (IFIT1) and 2 (IFIT2), and helicase with zinc finger 2 (HELZ2). The number of DE genes increased by 24 h after infection compared to the mock condition and, again, more genes were expressed after LASV than MOPV infection. Finally, we observed the opposite pattern 48 h after infection. Indeed, although the number of DE genes did not increase after 24 h after LASV infection, HUVECs infected with MOPV upregulated the expression of a large number of genes relative to the mock (5437) and LASV (3996) conditions. We analyzed the pathways corresponding to the transcriptomic profiles (Figure 2C,D). Relative to the mock condition, LASV infection activated the following pathways: mTOR signaling, JAK-STAT signaling, pentose phosphate, apoptosis, NOD-like (at 24 h) and RIG-I-like receptor signaling (Figure 2C), TGFβ signaling, oxidative phosphorylation, protein secretion (at 6 h), inflammatory response, apical junction, and TNFα signaling via NFκB (Figure 2D). A number of pathways was downregulated after LASV infection: chemokine signaling, endocytosis, ribosome, MAPK signaling, adherens junctions (at 6 h), antigen processing/presentation, cell adhesion molecules (Figure 2C), protein secretion (at 24 h), IL-2 STAT5 signaling, IFNα and γ responses, IL-6 JAK-STAT3 signaling, and complement (Figure 2D). MOPV infection activated the following pathways relative to the mock condition: chemokine signaling, oxidative phosphorylation, purine metabolism, cell-adhesion molecules, pentose phosphate, complement-coagulation cascade (at 24 h for the last three), RIG-I signaling receptor (Figure 2C), TGFβ signaling, and IFNα signaling (at 6 and 24 h) (Figure 2D). A number of pathways were downregulated after MOPV infection: ribosomes (at 6 and 24 h), TGFβ signaling, antigen processing/presentation, ubiquitin mediated proteolysis, TLR receptor signaling (Figure 2C), IFNα signaling (at 48 h), IL-6 JAK-STAT3 signaling, complement, IFNγ signaling, and TNFα signaling via NFκB (at 48 h for the last two) (Figure 2D). Relative to MOPV infection, LASV infection activated the following pathways: ribosomes, NOTCH signaling, JAK-STAT signaling, apoptosis, NOD-like, TLR, and RIG-I like receptor signaling, ubiquitin-mediated proteolysis (Figure 2C), TGFβ signaling, IL-2 STAT5 signaling, ROS pathway, IL-6 JAK-STAT3 signaling, IFNγ signaling, and complement (Figure 2D). Finally, relative to LASV infection, MOPV infection activated the following pathways: oxidative phosphorylation, cell-adhesion molecules, complement-coagulation cascade (Figure 2C), protein secretion, and the inflammatory response (Figure 2D).



We more finely characterized the response of HUVECs to LASV and MOPV infection by analyzing the expression of genes representative of pathways relevant to the biology of ECs [24,38,39]. Although LASV infection led to moderate upregulation of genes involved in the type I IFN response 24 and 48 h after infection, MOPV induced robust activation of these genes after 48 h (Figure 3). The responses to LASV and MOPV were strikingly different for RLR, TLR, and NFκB signaling-related genes, with early and intense upregulation of a number of genes with LASV, whereas the upregulation of gene expression was observed 48 h after infection with MOPV and concerned other genes. We observed a similar pattern for genes related to cytokines, TNF signaling, antigen processing and presentation, and cell adhesion molecules (Figure 4 and Figure S1), with early expression of these gene sets after LASV infection and late expression after MOPV infection. Among the genes induced by LASV 6 h after infection were those for cytokines (IL-11, IL-6, TGFβ), cytokine/chemokine receptors (IL-6R, IL-7R,IL-1RAP, IL-20RB, IFNGR2, IL-6ST, CCR10, CCR4, TNFRSF, CSF2RB, NGFR), an activation receptor (CD40, Fas), transcription factor-related genes (NFKB1, ATF2, RELA, CEBPB, NFYA, RFX5, RFXANK), cAMP response element-binding proteins (CREB1, CREB3L4, CREB5), apoptosis-related genes (CASP3, CASP8, BIRC2, CFLAR, TRADD), extracellular matrix interaction-related proteins (MMP14), kinases (AKT2, MAPK12, MAPK13, RIPK3, MAP2K6, MAP3K8, RIPK1), chaperone proteins (HSP90AB1, CANX, CALR), and cell-adhesion molecules (NECTIN1, NECTIN2, ICAM2, ICAM3). The genes induced by MOPV 48 h after infection included those for cytokines/chemokines (IL-7; IL-15; IFNβ1; IL-12A; CCL1, 2, 7, 8, and 17; CXCL2, 8, 9, 10, 11, and 16; CX3CL1; CSF1), cytokine/chemokine receptors (IFNλR1, IL12-RB1, CCR4, TNFRSF, OSMR, LIFR), transcription factor-related proteins (NFKBIA, JUNB, TNFAIP3), apoptosis-related proteins (CASP7, 10, BIRC3, TRADD, CFLAR), kinases (RIP1K, MAP2K6, MAP3K8, MAPK10, MLKL), HLA and antigen processing-related proteins (HLA-A, B, C, E, F, and G; HLA-DPA1 and DPB1; DOB; B2M; TAP1; TAPBP; PSME1 and 2; CTSS; CIITA), and cell-adhesion molecules (ICAM1, VCAM1).




3.3. Different Proteomic Profiles Are Induced in HUVECs by LASV and MOPV


We next explored whether the differences in gene expression induced by the two viruses led to differences in protein synthesis. First, we quantified 72 soluble proteins in the cell supernatants using Luminex technology (see the Materials and Methods section for the entire list of analytes). The quantity of only five differed according to the condition (Figure 5). We detected elevated levels of CXCL10, although not significant, in MOPV-infected HUVEC supernatants 48 h after infection. We observed a highly similar increase in IL-6 concentrations in the supernatants of LASV- and MOPV-infected cells 48 h after infection, but the change was only significant for MOPV. A low but significant increase in granzyme B (GrzB) release was measured 48 h after MOPV infection, whereas a nonsignificant increase of endoglin levels was observed at the same timepoint for both viruses. Finally, there was a nonsignificant increase in thrombospondin-2 levels 48 h after infection with LASV, but not MOPV.



We performed a label-free shotgun proteomics analysis with high-resolution tandem mass spectrometry on cell extracts and cell supernatants harvested 18 and 48 h after infection to obtain a deeper insight into the proteomic changes (Figure 6). As the MOPV and LASV infections were not performed together, it was only possible to compared infected cells with their mock counterparts but not LASV- with MOPV-infected cells. Only a few proteins were found to be differentially secreted between mock and infected cell supernatants (Figure 6A). There was an increase in MAST4, FABP1, and KLKB1 levels that lasted until 18 h after LASV infection, whereas increased concentrations of IGFBP3 lasted until 48 h after infection. On the contrary, MOPV infection led to the late (48 h) release of PSMD2, RPS11, HNRNPA3, ATP1A1, TARS1, and PRKAR1A, whereas significantly elevated levels of IGFBP3 were found at both timepoints. Only a few differentially abundant (DA) proteins were found after LASV infection in HUVEC extracts harvested 18 and 48 h after infection (Figure 6B). The few proteins for which a fold-change >2 or <−2 was observed 48 h after infection are involved in apoptosis (SCARF1, PLSCR3), ubiquitination (UBE2E3, OTULIN), or the response to type I IFN (OAS2). By contrast, although only four DA proteins were detected 18 h after MOPV infection in the cell extracts, and 61 proteins were DA 48 h after infection (Figure 6C). However, a fold-change >2 or <−2 was only found for 26 and 9 proteins, respectively. These proteins belong to the type I IFN response family (DDX60, IFI44, IFIT2, 3, MX2, OAS1, 2, OASL, ISG20, PARP12, HERC6, UBE2L6, EPSTI1, SAMD9, USP18, and CMPK2), NFκB pathway (PAZRP10), ubiquitination pathway (RBCR1, UBE2E3), or apoptosis pathway (PLSCR3, RIPK1), or are transcription factors (SP110, HELZ2). The other DA proteins did not show substantial fold-changes after infection. They were mostly type IFN response-related proteins, and some belonged to the antigen presentation and processing pathway.



We also compared the proteome of HUVECs according to several pathways relevant to EC biology. The results confirmed that MOPV, but not LASV, induces a robust type I IFN response 48 h after infection (Figure 7). Neither TNF nor TLR signaling pathways were stimulated by either virus. Several proteins involved in the RIG-I like receptor signaling pathway were upregulated 48 h after infection of HUVECs with MOPV. Cytokine/cytokine receptor, cell adhesion molecule, and NFkB signaling pathways were not altered after LASV or MOPV infection. Finally, among the proteins involved in the antigen processing/presentation pathway, only HLA-A, HLA-B, and TAPBP were significantly upregulated 48 h after MOPV infection.





4. Discussion


ECs are pivotal in the pathogenesis of viral hemorrhagic fevers, including LF. Indeed, although coagulopathy and thrombocytopenia contribute to the hemorrhagic signs and hypovolemic and hypotensive shock observed during severe LF [40,41], vascular leakage due to increased endothelial permeability also plays an important role in these events [26]. Increased EC permeability and the disruption of adherens junctions induced by Old and New World arenaviruses have been demonstrated in vitro [42,43] and their involvement in the pathogenic cascade confirmed in animal models of arenavirus diseases [44,45,46]. ECs are a privileged target for LASV, as demonstrated in vitro in HUVECs [23] and in NHP models [22,47]. We further investigated the mechanisms by which ECs participate in LASV pathogenesis by comparing infection with LASV to that with MOPV, a nonpathogenic arenavirus closely related to LASV [16,18,48]. A similar study was performed by Lukashevich et al. in 1999 [23], but the use of transcriptomic and proteomic approaches not available at that time should make it possible to obtain new insights into EC biology during arenavirus infection. Here, we confirm that these cells are indeed permissive to both LASV and MOPV infections, with high viral titers released as soon as two days post infection (DPI) and lasting up to 4 DPI. Infection of HUVECs with both viruses is not cytopathic, as the cell viability remained similar between virus- and mock-infected cells. This observation suggests that a bias in transcriptomic and proteomic responses between infected and control cells because of dead cells or debris is unlikely. Productive infection of ECs could explain the pantropic dissemination that is associated with fatal outcomes [24] by allowing LASV to reach all organs and tissues. Consistent with such a mechanism, the detection of LASV antigens within ECs is a late event during the course of the disease in cynomolgus monkeys, and it is observed at a time when LASV has spread throughout the body [22,24]. As previously reported [23], we observed higher viral titers in supernatants of LASV-infected HUVECs than in those of MOPV-infected cells. However, the difference was only significant during the first two days after infection, suggesting that the ability of the two viruses to replicate in ECs is not central to their difference in pathogenicity.



We finely characterized the response of HUVECs to both viral infections by analyzing their transcriptome and proteome. LASV stimulated greater synthesis of mRNA than MOPV by cells early after infection and up to 24 h. The transcriptomic profile suggests that RLR-, TLR-, NFκB-, and TNF-signaling pathways were activated 6 h after LASV infection. A number of genes involved in antigen-processing/presentation and cell adhesion was also upregulated 6 h post infection. These results indicate that cell sensors are rapidly triggered after LASV infection, which does not appear to be the case with MOPV. However, this early stimulation was followed by only the modest upregulation of genes and proteins belonging to the type I IFN response in LASV-infected HUVECs, and no further synthesis of mRNA coding for cytokines and chemokines or proteins involved in antigen processing/presentation or cell adhesion was observed from 24 h after infection. We obtained similar results for the corresponding proteins. Such a rapid shutdown of the transcription of genes involved in innate immunity and antiviral responses following LASV infection is consistent with the immunosuppressive exonuclease domain contained in the LASV NP. Indeed, arenavirus NP includes an exonuclease capable of digesting double stranded (ds) RNA, resulting in the absence of cell sensing of the viral infection and type I IFN synthesis [49,50,51]. The early transcriptional response observed 6 h after LASV infection may result from viral material present in the infecting particles. As soon as new NP is produced within HUVECs, its immunosuppressive effect may shut down any further innate response. In contrast to LASV infection, no significant gene or protein synthesis was observed before 48 h after MOPV infection. The lack of an early antiviral response relative to LASV infection is unclear, as MOPV is known to induce a more intense type I IFN response than LASV [19,20,23,52]. Differences between MOPV and LASV particle entry processes may result in differences in the stimulatory capacity of viral material released within the cytoplasm. However, HUVECs were strongly activated by 48 h after MOPV infection, as illustrated by the robust synthesis of genes involved in innate immunity, cytokine/chemokine signaling, and antigen processing/presentation. In particular, IFN-stimulated genes were significantly transcribed 48 h after MOPV infection, and the corresponding proteins were detected in HUVECs. Why a robust type I IFN response was induced at this timepoint even though the NP of MOPV contains exonuclease activity similar to that of LASV NP is unclear [53] but is consistent with the significant type I IFN response observed in other cell types after MOPV infection [20,21,54,55]. The strong synthesis of mRNA coding for chemokines, cytokines, and proteins involved in antigen processing/presentation by MOPV-infected HUVECs suggests that ECs may be able to induce adaptive immune responses in vivo and confirms the higher immunogenicity of MOPV relative to that of LASV, as previously observed in vitro and in NHP models [18,21,23,48,54,55,56]. Moreover, elevated levels of CXCL10, a chemokine known to attract monocytes, T cells, NK cells, and dendritic cells and to promote T-cell adhesion to ECs [57,58,59], were detected in MOPV-infected HUVEC supernatants but not those of LASV-infected cells. Interestingly, low levels of circulating CXCL10 have been associated with fatal LF in humans [60]. As ECs are important nonprofessional antigen-presenting cells [61], the lack of activation of LASV-infected ECs may play a role in the deficient specific T-cell responses involved in severe LF [24,62]. Moderate levels of IL-6 were found in supernatants of infected HUVECs, which is reminiscent of the elevated concentrations of IL-6 associated with severe LF [24,62,63].



Aside from proteins involved in innate immunity, we observed other differences between LASV- and MOPV-infected HUVECs. Low levels of GrzB were released into the supernatants of MOPV-infected HUVECs. This mediator could act on endothelial permeability, as GrzB is known to release vascular endothelial growth factor from the extracellular matrix, resulting in vascular permeability [64]. However, the production of GrzB by ECs during LF is unlikely, as it was not detected in LASV-infected HUVEC cultures, and only minute amounts were measured in MOPV-infected cells. Furthermore, the production of GrzB appears to be restricted to immune cells. Moderate concentrations of thrombospondin-2 (TSP2) were released into the supernatants of LASV-infected HUVECs. TSP2 belongs to a family of matricellular proteins involved in the regulation of cell-matrix interactions and is known to inhibit angiogenesis through a direct effect on EC migration, proliferation, and apoptosis and by antagonizing VEGF activity [65]. However, TSP2 has also been shown to have anti-inflammatory properties through the activation of regulatory T cells and M2 macrophages and to decrease vascular permeability induced by LPS treatment [66]. Thus, TSP2 may be expressed to counterbalance the early inflammatory response induced by LASV in HUVECs. Levels of soluble endoglin (sENG) were also slightly elevated 48 h after infection for both viruses, perhaps because of the activation induced by viral infection, as previously observed with dengue virus [67]. sENG has been shown to induce a pro-inflammatory phenotype in ECs through the activation of the NFκB/IL-6 pathways [68]. However, the endothelial permeability modulated by sENG can be increased or decreased, depending on the model studied [69,70].



Only a few proteins were found to be differentially secreted into the supernatants of infected cells, but striking differences were observed between the two viruses. Indeed, LASV induced the early release of MAST4, a serine/threonine kinase [71]; FABP1, a lipid chaperone [72]; and kallikrein (KLKB1). Tissue kallikrein, a serine protease, is known to be synthesized and released by human ECs, resulting in the generation of kinins, such as bradykinin [73]. Bradykinin is a potent proinflammatory peptide that has several effects on the endothelium, including vasodilatation and increased vascular permeability [74]. Therefore, the activation of the kallikrein–kinin system by LASV, but not MOPV, could play a role in the clinical signs observed during LF. Consistent with such a role, activation of the kallikrein–kinin system has been shown to be involved in EC permeability during hantavirus infection [75], and blockade of this pathway in patients with COVID-19 helps to prevent acute respiratory distress [76]. By contrast, a number of proteins was detected at later stages in MOPV-infected HUVECs, such as PSMD2, a component of the ubiquitin-proteasome pathway; RPS11, a ribosomal protein; HNRNPA3, a protein involved in RNA processing and splicing; ATP1A1, the alpha subunit of a Na+/K+ pump; TARS1, the threonyl-tRNA synthetase; and PRKAR1A, the type 1A regulatory subunit of protein kinase A. However, the relevance of the presence of these proteins in MOPV-infected cell supernatants is unclear. We also observed striking differences in the intracellular protein content according to the virus. Indeed, although only a few proteins were DA after LASV infection, MOPV induced the expression of numerous proteins 48 h post infection. Among the proteins upregulated by LASV were a chaperon (HSPA6), a kinase (PHKG2), a deubiquitinase (OTULIN), an IFN-induced protein (OAS2), and a protein involved in microtubule dynamics (SLAIN2). A poly(ADP-ribose) polymerase (PARP9) known to serve as a noncanonical sensor for RNA viruses was also expressed [77]. A few proteins were downregulated after LASV infection relative to the mock condition: transcription factors (MAFF, BTF3L4) and proteins involved in apoptosis and the clearance of apoptotic cells (PLSCR3, SCARF1) [78,79], ubiquitination (UBE2E3), and mTOR (RRAGA) [80] and NOTCH signaling (POGLUT2) [81]. In contrast to LASV infection, only a single protein (CLPP) was overexpressed early after MOPV infection, and three were downregulated. The downregulated proteins were a kinase (SRC), a protein known to protect against oxidative stress (LanCL1) [82], and POGLUT2. A number of proteins downregulated 48 h after infection were similar between LASV and MOPV (UBE2E3, PLSCR3) or specifically modulated during MOPV infection, such as an RNA-binding protein (FRX2), a mediator involved in RNA metabolism (SREK1), a proteasome-interacting molecule (PITHD1) [83], TMEM109, a subunit of the RNA exosome complex (EXOSC7), and a deubiquitinase (USP13). In contrast to LASV infection, numerous intracellular proteins were present 48 h after MOPV infection. Most belong to the IFN-response family (ISG15/20, IFI16/35/44, IFIT2/3, MX2, OAS1/2/L, UBE23L6, SAMD9, HERC6, EPSTI1, DDX58/60, PARP9/12, CMPK2, USP18, STAT1/2, ADAR, RTF2), but proteins involved in antigen processing/presentation (TAPBP, HLA-A), apoptosis pathway (RIPK1), ubiquitination (RBCK1), and transcription (SP110, HELZ2, PHAX) were also expressed 48 h after infection. Transcriptomic and proteomic analyses gave for the most part consistent results, with DE genes leading to DA proteins in the same culture conditions. This was the case for the type I IFN response, but also for RIPK1, STAT1, DDX58, ISG15, TRIM25, and MYD88, involved in TNF-, TLR-, RLR-, and NFκB signaling, 48 h after MOPV infection. Similarly, HLA-A and B, involved in cell adhesion and antigen presentation pathways, were DE and DA in cell extracts at the mRNA and protein levels, respectively, 48 h after infection with MOPV, and to a lesser extent, LASV.



Although both LASV and MOPV replicate at substantial levels in HUVECs, the cellular response is dramatically different, with an early moderate response that is rapidly shut down after LASV infection versus a late but more intense response after MOPV infection. The immunosuppressive exonuclease activity encoded in the NP may be responsible for the rapid extinction of the HUVEC response after LASV infection, despite robust and lasting replication. The lower type I IFN response observed at the mRNA and protein levels 48 h after infection with LASV compared to MOPV is consistent with this hypothesis and could explain the rapid shutdown of the other pathways that are mostly linked to the type I IFN response. The robust responses induced at late stages of MOPV infection include the type I IFN response and antigen processing/presentation pathways. This is consistent with the higher immunogenicity of MOPV relative to that of LASV observed in other in vitro models [20,21,54,55]. The reason for the discrepancy between LASV and MOPV, despite apparently equivalent exonuclease activity, is still unclear [53]. One possibility is that a larger amount of pathogen-associated molecular patterns was induced during MOPV infection than during LASV infection, thus overloading the exonuclease activity. In conclusion, this study shows that both LASV and MOPV productively infect HUVECs, which is consistent with the privileged tropism of LASV for ECs during LF. However, MOPV induces much stronger activation of HUVECs than LASV, for which a rapid shut down of cell activation occurs.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/v14030652/s1, Figure S1: Heatmap for entire cytokine gene set.





Author Contributions


Conceptualization, S.B., X.C. and N.P.; methodology, S.B., O.M., C.L.-L., N.P., E.P. and J.A.; formal analysis, O.M., S.B., N.P., E.P., C.L.-L. and J.A.; investigation, O.M., N.P., E.P., M.D., V.B.-C., J.A. and J.-C.G.; writing—original draft preparation, S.B. and O.M.; writing—review and editing, S.B., O.M. and J.A.; supervision, S.B. and X.C.; funding acquisition, S.B., O.M. and X.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by an internal grant from Institut Pasteur and by the Laboratoire d’excellence Integrative Biology of Emerging Infectious Diseases (grant number ANR-10-LABX-62-IBEID). O.M. held a fellowship from the Ecole Normale Supérieure de Lyon (Ministère de la Recherche et de l’enseignement supérieur).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets related to RNA sequencing and proteomics generated during and/or analyzed during the current study are not publicly available owing to further investigation currently in progress but are available from the corresponding author upon reasonable request.




Acknowledgments


Most experiments were conducted in the INSERM-Jean Mérieux BSL4 laboratory. We are very grateful to all the BSL-4 team members for the help provided throughout this study. We thank S. Becker for providing us with the LASV AV strain and C. Clegg and G. Lloyd (Public Health England, Porton Down, Salisbury, UK) for the MOPV strain. We are grateful to T. G. Ksiasek, P. E. Rollin, and P. Jahrling for LASV monoclonal antibodies.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in study design, data collection, and interpretation, or the decision to submit the work for publication.




References


	



Frame, J.D.; Baldwin, J.M.; Gocke, D.J.; Troup, J.M. Lassa Fever, a New Virus Disease of Man from West Africa. Am. J. Trop. Med. Hyg. 1970, 19, 670–676. [Google Scholar] [CrossRef]

	



Delgado, S.; Erickson, B.R.; Agudo, R.; Blair, P.J.; Vallejo, E.; Albarino, C.G.; Vargas, J.; Comer, J.A.; Rollin, P.E.; Ksiazek, T.G.; et al. Chapare Virus, a Newly Discovered Arenavirus Isolated from a Fatal Hemorrhagic Fever Case in Bolivia. PLoS Pathog. 2008, 4, e1000047. [Google Scholar] [CrossRef] [PubMed]

	



Lisieux, T.; Coimbra, M.; Nassar, E.; de Souza, L.T.M.; Ferreira, I.B.; Rocco, I.M.; Burattini, M.N. New arenavirus isolated in Brazil. Lancet 1994, 343, 391–392. [Google Scholar] [PubMed]

	



de Mello Malta, F.; Amgarten, D.; Nastri, A.; Ho, Y.L.; Boas Casadio, L.V.; Basqueira, M.; Selegatto, G.; Cervato, M.C.; Duarte-Neto, A.N.; Higashino, H.R.; et al. Sabiá Virus-Like Mammarenavirus in Patient with Fatal Hemorrhagic Fever, Brazil, 2020. Emerg Infect. Dis 2020, 26, 1332–1334. [Google Scholar] [CrossRef] [PubMed]

	



Salas, R.; Pacheco, M.E.; Ramos, B.; Taibo, M.E.; Jaimes, E.; Vasquez, C.; Querales, J.; de Manzione, N.; Godoy, O.; Betancourt, A.; et al. Venezuelan haemorrhagic fever. Lancet 1991, 338, 1033–1036. [Google Scholar] [CrossRef]

	



Bonthius, D.J.; Wright, R.; Tseng, B.; Barton, L.; Marco, E.; Karacay, B.; Larsen, P.D. Congenital lymphocytic choriomeningitis virus infection: Spectrum of disease. Ann. Neurol. 2007, 62, 347–355. [Google Scholar] [CrossRef] [PubMed]

	



Paweska, J.T.; Sewlall, N.H.; Ksiazek, T.G.; Blumberg, L.H.; Hale, M.J.; Lipkin, W.I.; al, e. Nosocomial outbreak of novel arenavirus infection, Southern Africa. Emerg. Infect. Dis. 2009, 15, 1598–1602. [Google Scholar] [CrossRef]

	



Buchmeier, M.J.; de la Torre, J.-C.; Peters, C.J. Arenaviridae: The viruses and their replication. In Fields Virology, 5th ed.; Knipe, D.M., Howley, P.M., Griffin, D.E., Lamb, R.A., Martin, M.A., Roizman, B., Straus, S.E., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2007; pp. 1791–1827. [Google Scholar]

	



Monath, T.P.; Newhouse, V.F.; Kemp, G.E.; Setzer, H.W.; Cacciapuoti, A. Lassa Virus Isolation from Mastomys natalensis Rodents during an Epidemic in Sierra Leone. Science 1974, 185, 263–265. [Google Scholar] [CrossRef]

	



Kafetzopoulou, L.E.; Pullan, S.T.; Lemey, P.; Suchard, M.A.; Ehichioya, D.U.; Pahlmann, M.; Thielebein, A.; Hinzmann, J.; Oestereich, L.; Wozniak, D.M.; et al. Metagenomic sequencing at the epicenter of the Nigeria 2018 Lassa fever outbreak. Science 2019, 363, 74–77. [Google Scholar] [CrossRef]

	



Andersen, K.G.; Shapiro, B.J.; Matranga, C.; Sealfon, R.; Lin, A.; Moses, L.M.; Folarin, O.A.; Goba, A.; Odia, I.; Ehiane, P.E.; et al. Clinical Sequencing Uncovers Origins and Evolution of Lassa Virus. Cell 2015, 162, 738–750. [Google Scholar] [CrossRef]

	



McCormick, J.B.; Webb, P.A.; Krebs, J.W.; Johnson, K.M.; Smith, E.S. A prospective study of the epidemiology and ecology of Lassa fever. J. Infect. Dis. 1987, 155, 437–444. [Google Scholar] [CrossRef]

	



Fisher-Hoch, S.P.; Tomori, O.; Nasidi, A.; Perez-Oronoz, G.; Fakile, Y.; Hutwagner, L.; McCormick, J.B. Review of cases of nosocomial Lassa fever in Nigeria: The high price of poor medical practice. Br. Med. J. 1995, 311, 857–859. [Google Scholar] [CrossRef]

	



Wolf, T.; Ellwanger, R.; Goetsch, U.; Wetzstein, N.; Gottschalk, R. Fifty years of imported Lassa fever: A systematic review of primary and secondary cases. J. Travel Med. 2020, 27, 15–20. [Google Scholar] [CrossRef]

	



Eberhardt, K.A.; Mischlinger, J.; Jordan, S.; Groger, M.; Günther, S.; Ramharter, M. Ribavirin for the treatment of Lassa fever: A systematic review and meta-analysis. Int. J. Infect. Dis. 2019, 87, 15–20. [Google Scholar] [CrossRef]

	



Wulff, H.; McIntosh, B.; Hamner, D.; Johnson, K. Isolation of an arenavirus closely related to Lassa virus from Mastomys natalensis in south-east Africa. Bull. World Health Organ. 1977, 55, 441–444. [Google Scholar]

	



Wilson, S.M.; Clegg, J.C.S. Sequence analysis of the S RNA of the African Arenavirus Mopeia: An unusual secondary structure feature in the intergenic region. Virology 1991, 180, 543–552. [Google Scholar] [CrossRef]

	



Kiley, M.P.; Lange, J.V.; Johnson, K.M. Protection of rhesus monkeys from Lassa virus by immunisation with closely related arenavirus. Lancet 1979, 2, 738–745. [Google Scholar] [CrossRef]

	



Baize, S.; Kaplon, J.; Faure, C.; Pannetier, D.; Georges-Courbot, M.C.; Deubel, V. Lassa virus infection of dendritic cells and macrophages is productive but fails to activate cells. J. Immunol. 2004, 172, 2861–2869. [Google Scholar] [CrossRef]

	



Pannetier, D.; Faure, C.; Georges-Courbot, M.C.; Deubel, V.; Baize, S. Human macrophages, but not dendritic cells, are activated and produce type I interferons in response to Mopeia virus infection. J. Virol. 2004, 78, 10516–10524. [Google Scholar] [CrossRef]

	



Pannetier, D.; Reynard, S.; Russier, M.; Journeaux, A.; Tordo, N.; Deubel, V.; Baize, S. Human dendritic cells infected with the non-pathogenic Mopeia virus induce stronger T-cell responses than with Lassa virus. J. Virol. 2011, 85, 8293–8306. [Google Scholar] [CrossRef]

	



Hensley, L.; Smith, M.; Geisbert, J.; Fritz, E.; Daddario-DiCaprio, K.; Larsen, T.; Geisbert, T. Pathogenesis of lassa fever in cynomolgus macaques. Virol. J. 2011, 8, 205. [Google Scholar] [CrossRef] [PubMed]

	



Lukashevich, I.S.; Maryankova, R.; Vladyko, A.S.; Nashkevic, N.; Koleda, S.; Djavani, M.; Horejsh, D.; Voitenok, N.N.; Salvato, M.S. Lassa and Mopeia virus replication in human monocytes/macrophages and in endothelial cells: Different effects on IL-8 and TNF-α gene expression. J. Med. Virol. 1999, 59, 552–560. [Google Scholar] [CrossRef]

	



Baillet, N.; Reynard, S.; Perthame, E.; Hortion, J.; Journeaux, A.; Mateo, M.; Carnec, X.; Schaeffer, J.; Picard, C.; Barrot, L.; et al. Systemic viral spreading and defective host responses are associated with fatal Lassa fever in macaques. Commun. Biol. 2021, 4, 27. [Google Scholar] [CrossRef] [PubMed]

	



Walker, D.H.; McCormick, J.B.; Johnson, K.M.; Webb, P.A.; Komba-Kono, G.; Elliott, L.H.; Gardner, J.J. Pathologic and virologic study of fatal Lassa fever in man. Am. J. Pathol. 1982, 107, 349–356. [Google Scholar]

	



Horton, L.E.; Cross, R.W.; Hartnett, J.N.; Engel, E.J.; Sakabe, S.; Goba, A.; Momoh, M.; Sandi, J.D.; Geisbert, T.W.; Garry, R.F.; et al. Endotheliopathy and Platelet Dysfunction as Hallmarks of Fatal Lassa Fever. Emerg. Infect. Dis. 2020, 26, 2625–2637. [Google Scholar] [CrossRef]

	



Tyanova, S.; Temu, T.; Cox, J. The MaxQuant computational platform for mass spectrometry-based shotgun proteomics. Nat. Protoc. 2016, 11, 2301–2319. [Google Scholar] [CrossRef]

	



Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [Google Scholar] [CrossRef]

	



Josse, J.; Husson, F. missMDA: A Package for Handling Missing Values in Multivariate Data Analysis. J. Stat. Softw. 2016, 70, 1–31. [Google Scholar] [CrossRef]

	



Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B Methodol. 1995, 57, 289–300. [Google Scholar] [CrossRef]

	



Wu, D.; Smyth, G.K. Camera: A competitive gene set test accounting for inter-gene correlation. Nucleic Acids Res. 2012, 40, e133. [Google Scholar] [CrossRef]

	



Liberzon, A.; Birger, C.; Thorvaldsdóttir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures Database Hallmark Gene Set Collection. Cell Syst. 2015, 1, 417–425. [Google Scholar] [CrossRef]

	



Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 2011, 17. [Google Scholar] [CrossRef]

	



Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize analysis results for multiple tools and samples in a single report. Bioinformatics 2016, 32, 3047–3048. [Google Scholar] [CrossRef]

	



Gentleman, R.; Carey, V.; Bates, D.; Bolstad, B.; Dettling, M.; Dudoit, S.; Ellis, B.; Gautier, L.; Ge, Y.; Gentry, J.; et al. Bioconductor: Open software development for computational biology and bioinformatics. Genome Biol. 2004, 5, R80. [Google Scholar] [CrossRef]

	



Love, M.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Varet, H.; Brillet-Guéguen, L.; Coppée, J.Y.; Dillies, M.A. SARTools: A DESeq2- and EdgeR-Based R Pipeline for Comprehensive Differential Analysis of RNA-Seq Data. PLoS ONE 2016, 11, e0157022. [Google Scholar] [CrossRef]

	



Nakaya, H.; Hagan, T.; Duraisingham, S.S.; Lee, E.K.; Kwissa, M.; Rouphael, N.; Frasca, D.; Gersten, M.; Mehta, A.K.; Gaujoux, R.; et al. Systems Analysis of Immunity to Influenza Vaccination across Multiple Years and in Diverse Populations Reveals Shared Molecular Signatures. Immunity 2015, 43, 1186–1198. [Google Scholar] [CrossRef]

	



Querec, T.D.; Akondy, R.S.; Lee, E.K.; Cao, W.; Nakaya, H.I.; Teuwen, D.; Pirani, A.; Gernert, K.; Deng, J.; Marzolf, B.; et al. Systems biology approach predicts immunogenicity of the yellow fever vaccine in humans. Nat. Immunol. 2008, 10, 116–125. [Google Scholar] [CrossRef]

	



Fisher-Hoch, S.P.; McCormick, J.B.; Sasso, D.; Craven, R.B. Hematologic dysfunction in Lassa fever. J. Med. Virol. 1988, 26, 127–135. [Google Scholar] [CrossRef]

	



Fisher-Hoch, S.P.; Mitchell, S.W.; Sasso, D.R.; Lange, J.V.; Ramsey, R.; McCormick, J.B. Physiological and immunologic disturbances associated with shock in a primate model of Lassa fever. J. Infect. Dis. 1987, 155, 465–474. [Google Scholar] [CrossRef]

	



Tang, H.; Abouleila, Y.; Mashaghi, A. Lassa hemorrhagic shock syndrome-on-a-chip. Biotechnol. Bioeng. 2021, 118, 1405–1410. [Google Scholar] [CrossRef]

	



Lander, H.M.; Grant, A.M.; Albrecht, T.; Hill, T.; Peters, C.J. Endothelial cell permeability and adherens junction disruption induced by junín virus infection. Am. J. Trop. Med. Hyg. 2014, 90, 993–1002. [Google Scholar] [CrossRef]

	



Baccala, R.; Welch, M.J.; Gonzalez-Quintial, R.; Walsh, K.B.; Teijaro, J.R.; Nguyen, A.; Ng, C.T.; Sullivan, B.M.; Zarpellon, A.; Ruggeri, Z.M.; et al. Type I interferon is a therapeutic target for virus-induced lethal vascular damage. Proc. Natl. Acad. Sci. USA 2014, 111, 8925–8930. [Google Scholar] [CrossRef]

	



Gowen, B.; Julander, J.; London, N.; Wong, M.-H.; Larson, D.; Morrey, J.; Li, D.; Bray, M. Assessing changes in vascular permeability in a hamster model of viral hemorrhagic fever. Virol. J. 2010, 7, 240. [Google Scholar] [CrossRef]

	



Oestereich, L.; Lüdtke, A.; Ruibal, P.; Pallasch, E.; Kerber, R.; Rieger, T.; Wurr, S.; Bockholt, S.; Pérez-Girón, J.V.; Krasemann, S.; et al. Chimeric Mice with Competent Hematopoietic Immunity Reproduce Key Features of Severe Lassa Fever. PLoS Pathog. 2016, 12, e1005656. [Google Scholar] [CrossRef]

	



Downs, I.; Shaia, C.; Zeng, X.; Johnson, J.; Hensley, L.; Saunders, D.; Rossi, F.; Kashman, K.; Esham, H.; Gregory, M.; et al. Natural History of Aerosol Induced Lassa Fever in Non-Human Primates. Viruses 2020, 12, 593. [Google Scholar] [CrossRef]

	



Walker, D.H.; Johnson, K.M.; Lange, J.V.; Gardner, J.J.; Kiley, M.P.; McCormick, J.B. Experimental infection of Rhesus monkeys with Lassa virus and a closely related Arenavirus, Mozambique virus. J. Infect. Dis. 1982, 146, 360–368. [Google Scholar] [CrossRef]

	



Hastie, K.M.; Kimberlin, C.R.; Zandonatti, M.A.; MacRae, I.J.; Saphire, E.O. Structure of the Lassa virus nucleoprotein reveals a dsRNA-specific 3′ to 5′ exonuclease activity essential for immune suppression. Proc. Natl. Acad. Sci. USA 2011, 108, 2396–2401. [Google Scholar] [CrossRef] [PubMed]

	



Reynard, S.; Russier, M.; Fizet, A.; Carnec, X.; Baize, S. Exonuclease Domain of the Lassa Virus Nucleoprotein Is Critical to Avoid Retinoic Acid-Inducible Gene I Signaling and To Inhibit the Innate Immune Response. J. Virol 2014, 88, 13923–13927. [Google Scholar] [CrossRef] [PubMed]

	



Carnec, X.; Baize, S.; Reynard, S.; Diancourt, L.; Caro, V.; Tordo, N.; Bouloy, M. Lassa virus nucleoprotein mutants generated by reverse genetics induce robust type I IFN response in human dendritic cells and macrophages. J. Virol. 2011, 85, 12093–12097. [Google Scholar] [CrossRef] [PubMed]

	



Baize, S.; Pannetier, D.; Faure, C.; Marianneau, P.; Marendat, I.; Georges-Courbot, M.C.; Deubel, V. Role of interferons in the control of Lassa virus replication in human dendritic cells and macrophages. Microbes Infect. 2006, 8, 1193–1422. [Google Scholar] [CrossRef]

	



Carnec, X.; Mateo, M.; Page, A.; Reynard, S.; Hortion, J.; Picard, C.; Yekwa, E.; Barrot, L.; Barron, S.; Vallve, A.; et al. A Vaccine Platform against Arenaviruses Based on a Recombinant Hyperattenuated Mopeia Virus Expressing Heterologous Glycoproteins. J. Virol. 2018, 92, e02230-17. [Google Scholar] [CrossRef]

	



Schaeffer, J.; Carnec, X.; Reynard, S.; Mateo, M.; Picard, C.; Pietrosemoli, N.; Dillies, M.-A.; Baize, S. Lassa virus activates myeloid dendritic cells but suppresses their ability to stimulate T cells. PLoS Pathog. 2018, 14, e1007430. [Google Scholar] [CrossRef]

	



Schaeffer, J.; Reynard, S.; Carnec, X.; Pietrosemoli, N.; Dillies, M.A.; Baize, S. Non-Pathogenic Mopeia Virus Induces More Robust Activation of Plasmacytoid Dendritic Cells than Lassa Virus. Viruses 2019, 11, 287. [Google Scholar] [CrossRef]

	



Pannetier, D.; Reynard, S.; Russier, M.; Carnec, X.; Baize, S. Production of CXC and CC chemokines by human antigen-presenting cells in response to Lassa virus or closely related immunogenic viruses, and in cynomolgus monkeys with Lassa fever. PLoS Neglected Trop. Dis. 2014, 8, e2637. [Google Scholar] [CrossRef]

	



Christensen, J.E.; de Lemos, C.; Moos, T.; Christensen, J.P.; Thomsen, A.R. CXCL10 is the key ligand for CXCR3 on CD8+ effector T cells involved in immune surveillance of the lymphocytic choriomeningitis virus-infected central nervous system. J. Immunol. 2006, 176, 4235–4243. [Google Scholar] [CrossRef]

	



Foley, J.F.; Yu, C.-R.; Solow, R.; Yacobucci, M.; Peden, K.W.C.; Farber, J.M. Roles for CXC chemokine ligand 10 and 11 in recruiting CD4+ T cells to HIV-1-infected monocyte-derived macrophages, dendritic cells, and lymph nodes. J. Immunol. 2005, 174, 4892–4900. [Google Scholar] [CrossRef]

	



Hsieh, M.-F.; Lai, S.-L.; Chen, J.-P.; Sung, J.-M.; Lin, Y.-L.; Wu-Hsieh, B.A.; Gerard, C.; Luster, A.; Liao, F. Both CXCR3 and CXCL10/IFN-inducible protein 10 are required for resistance to primary infection by dengue virus. J. Immunol. 2006, 177, 1855–1863. [Google Scholar] [CrossRef]

	



Mahanty, S.; Bausch, D.G.; Thomas, R.L.; Goba, A.; Bah, A.; Peters, C.J.; Rollin, P.E. Low levels of interleukin-8 and interferon-inducible protein-10 in serum are associated with fatal infections in acute Lassa fever. J. Infect. Dis. 2001, 183, 1713–1721. [Google Scholar] [CrossRef]

	



Harryvan, T.J.; de Lange, S.; Hawinkels, L.; Verdegaal, E.M.E. The ABCs of Antigen Presentation by Stromal Non-Professional Antigen-Presenting Cells. Int. J. Mol. Sci. 2021, 23, 137. [Google Scholar] [CrossRef]

	



Baize, S.; Marianneau, P.; Loth, P.; Reynard, S.; Journeaux, A.; Chevallier, M.; Tordo, N.; Deubel, V.; Contamin, H. Early and strong immune responses are associated with control of viral replication and recovery in Lassa virus-infected cynomolgus monkeys. J. Virol. 2009, 83, 5890–5903. [Google Scholar] [CrossRef]

	



Strampe, J.; Asogun, D.A.; Speranza, E.; Pahlmann, M.; Soucy, A.; Bockholt, S.; Pallasch, E.; Becker-Ziaja, B.; Duraffour, S.; Bhadelia, N.; et al. Factors associated with progression to death in patients with Lassa fever in Nigeria: An observational study. Lancet Infect. Dis. 2021, 21, 876–886. [Google Scholar] [CrossRef]

	



Hendel, A.; Hsu, I.; Granville, D.J. Granzyme B releases vascular endothelial growth factor from extracellular matrix and induces vascular permeability. Lab. Investig. A J. Tech. Methods Pathol. 2014, 94, 716–725. [Google Scholar] [CrossRef]

	



Lawler, P.R.; Lawler, J. Molecular basis for the regulation of angiogenesis by thrombospondin-1 and -2. Cold Spring Harb. Perspect. Med. 2012, 2, a006627. [Google Scholar] [CrossRef]

	



Li, Q.; Fu, X.; Yuan, J.; Han, S. Contribution of Thrombospondin-1 and -2 to Lipopolysaccharide-Induced Acute Respiratory Distress Syndrome. Mediat. Inflamm. 2021, 2021, 8876484. [Google Scholar] [CrossRef]

	



Mariappan, V.; Adikari, S.; Shanmugam, L.; Easow, J.M.; Balakrishna Pillai, A. Expression dynamics of vascular endothelial markers: Endoglin and syndecan-1 in predicting dengue disease outcome. Transl. Res. J. Lab. Clin. Med. 2021, 232, 121–141. [Google Scholar] [CrossRef]

	



Varejckova, M.; Gallardo-Vara, E.; Vicen, M.; Vitverova, B.; Fikrova, P.; Dolezelova, E.; Rathouska, J.; Prasnicka, A.; Blazickova, K.; Micuda, S.; et al. Soluble endoglin modulates the pro-inflammatory mediators NF-κB and IL-6 in cultured human endothelial cells. Life Sci. 2017, 175, 52–60. [Google Scholar] [CrossRef]

	



Jerkic, M.; Letarte, M. Increased endothelial cell permeability in endoglin-deficient cells. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2015, 29, 3678–3688. [Google Scholar] [CrossRef]

	



Venkatesha, S.; Toporsian, M.; Lam, C.; Hanai, J.; Mammoto, T.; Kim, Y.M.; Bdolah, Y.; Lim, K.H.; Yuan, H.T.; Libermann, T.A.; et al. Soluble endoglin contributes to the pathogenesis of preeclampsia. Nat. Med. 2006, 12, 642–649. [Google Scholar] [CrossRef]

	



Garland, P.; Quraishe, S.; French, P.; O’Connor, V. Expression of the MAST family of serine/threonine kinases. Brain Res. 2008, 1195, 12–19. [Google Scholar] [CrossRef]

	



Tanaka, M.; Furuhashi, M.; Moniwa, N.; Maeda, T.; Takizawa, H.; Matsumoto, M.; Sakai, A.; Higashiura, Y.; Gocho, Y.; Koyama, M.; et al. Significance of urinary fatty acid-binding protein 4 level as a possible biomarker for the identification of minimal change disease in patents with nephrotic-range proteinuria. BMC Nephrol. 2020, 21, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Yayama, K.; Kunimatsu, N.; Teranishi, Y.; Takano, M.; Okamoto, H. Tissue kallikrein is synthesized and secreted by human vascular endothelial cells. Biochim. Et Biophys. Acta (BBA) Mol. Cell Res. 2003, 1593, 231–238. [Google Scholar] [CrossRef]

	



Golias, C.; Charalabopoulos, A.; Stagikas, D.; Charalabopoulos, K.; Batistatou, A. The kinin system--bradykinin: Biological effects and clinical implications. Multiple role of the kinin system--bradykinin. Hippokratia 2007, 11, 124–128. [Google Scholar] [PubMed]

	



Taylor, S.L.; Wahl-Jensen, V.; Copeland, A.M.; Jahrling, P.B.; Schmaljohn, C.S. Endothelial cell permeability during hantavirus infection involves factor XII-dependent increased activation of the kallikrein-kinin system. PLoS Pathog. 2013, 9, e1003470. [Google Scholar] [CrossRef] [PubMed]

	



van de Veerdonk, F.L.; Netea, M.G.; van Deuren, M.; van der Meer, J.W.; de Mast, Q.; Brüggemann, R.J.; van der Hoeven, H. Kallikrein-kinin blockade in patients with COVID-19 to prevent acute respiratory distress syndrome. eLife 2020, 9, e57555. [Google Scholar] [CrossRef] [PubMed]

	



Xing, J.; Zhang, A.; Du, Y.; Fang, M.; Minze, L.J.; Liu, Y.J.; Li, X.C.; Zhang, Z. Identification of poly(ADP-ribose) polymerase 9 (PARP9) as a noncanonical sensor for RNA virus in dendritic cells. Nat. Commun 2021, 12, 2681. [Google Scholar] [CrossRef] [PubMed]

	



Merrick, B.A.; Dhungana, S.; Williams, J.G.; Aloor, J.J.; Peddada, S.; Tomer, K.B.; Fessler, M.B. Proteomic profiling of S-acylated macrophage proteins identifies a role for palmitoylation in mitochondrial targeting of phospholipid scramblase 3. Mol. Cell. Proteom. 2011, 10, M110.006007. [Google Scholar] [CrossRef] [PubMed]

	



Ramirez-Ortiz, Z.G.; Pendergraft, W.F., 3rd; Prasad, A.; Byrne, M.H.; Iram, T.; Blanchette, C.J.; Luster, A.D.; Hacohen, N.; El Khoury, J.; Means, T.K. The scavenger receptor SCARF1 mediates the clearance of apoptotic cells and prevents autoimmunity. Nat. Immunol. 2013, 14, 917–926. [Google Scholar] [CrossRef]

	



Deb, G.; Wingelhofer, B.; Amaral, F.M.R.; Maiques-Diaz, A.; Chadwick, J.A.; Spencer, G.J.; Williams, E.L.; Leong, H.-S.; Maes, T.; Somervaille, T.C.P. Pre-clinical activity of combined LSD1 and mTORC1 inhibition in MLL-translocated acute myeloid leukaemia. Leukemia 2020, 34, 1266–1277. [Google Scholar] [CrossRef]

	



Takeuchi, H.; Schneider, M.; Williamson, D.B.; Ito, A.; Takeuchi, M.; Handford, P.A.; Haltiwanger, R.S. Two novel protein O-glucosyltransferases that modify sites distinct from POGLUT1 and affect Notch trafficking and signaling. Proc. Natl. Acad. Sci. USA 2018, 115, E8395–E8402. [Google Scholar] [CrossRef]

	



Wang, J.; Xiao, Q.; Chen, X.; Tong, S.; Sun, J.; Lv, R.; Wang, S.; Gou, Y.; Tan, L.; Xu, J.; et al. LanCL1 protects prostate cancer cells from oxidative stress via suppression of JNK pathway. Cell Death Dis. 2018, 9, 197. [Google Scholar] [CrossRef]

	



Kondo, H.; Matsumura, T.; Kaneko, M.; Inoue, K.; Kosako, H.; Ikawa, M.; Takahama, Y.; Ohigashi, I. PITHD1 is a proteasome-interacting protein essential for male fertilization. J. Biol. Chem. 2020, 295, 1658–1672. [Google Scholar] [CrossRef]








[image: Viruses 14 00652 g001 550] 





Figure 1. LASV and MOPV replication in HUVECs. (A) Viral titers, expressed in FFU/mL, and (B) viral RNA loads, expressed in copies/mL, are presented according to the number of days after infection with LASV (black circles) or MOPV (white circles). Results are expressed as the mean ± standard error of the mean (SEM) from three different cell donors. Asterisks represent significant differences (p < 0.05) between LASV and MOPV titers by a t-test. 
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Figure 2. Transcriptomic profiles of infected HUVECs. (A) Heatmap of the total DE genes (absolute Log2 fold-changes) 6, 24, and 48 h after infection. Gene expression was standardized by VST transformation; hence, the results are centered and scaled to make the gene expression comparable. Each column represents the mean gene expression of the three donors of each group for a given timepoint. (B) Volcano plots representing the DE genes (red circles) (threshold of adjusted p-value < 0.05) between LASV and mock (upper row), MOPV and mock (middle row), and LASV and MOPV conditions (lower row) at 6 (left column), 24 (middle column), and 48 h (right columns) after infection. Each circle corresponds to the mean gene expression of the three donors. The x-axis reflects the Log2 fold-changes in expression for each given gene in the first condition with respect to the second condition. The y-axis accounts for the statistical significance of these results calculated as the–(minus) Log10 of the p-values. The number of DE genes for each comparison is shown in the upper left of graphs. Heatmaps of the CAMERA scores for the most significant pathways according to the analysis performed on KEGG (C) and Hallmark (D) gene sets from MSigDB. Comparisons between groups are shown on the x-axis and gene sets on the y-axis. The color of each cell (red and blue) corresponds to pathways that were significantly upregulated or downregulated, respectively. A gene set is considered to be upregulated or downregulated if its CAMERA score is positive or negative, respectively. 
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Figure 3. Heatmaps of the gene expression profiles of gene sets related to the type I IFN response and RLR, TLR, and NFκB signaling. Genes that are DE in any of the pairwise comparisons are highlighted with asterisks. Gene expression was standardized by VST transformation, centered, and scaled to make the gene expression comparable, and hence averaged by condition and timepoint. p-values were adjusted for multiple-testing using the Benjamini–Hochberg correction. 
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Figure 4. Heatmaps of the gene expression profiles of gene sets related to cytokines, TNF signaling, antigen processing/presentation, and cell adhesion molecules. Results are shown as in Figure 3. Genes that are DE in any of the pairwise comparisons are highlighted with asterisks. 
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Figure 5. Quantification of mediators in the supernatants of infected HUVECs. Several mediators were quantified in the supernatants of uninfected HUVECS or HUVECs infected with LASV or MOPV 18 and 48 h after infection. Supernatants of TNFα-stimulated HUVECs were used as a positive control. Results are expressed in pg/mL as the mean ± SEM from three different cell donors. Asterisks represent significant differences (p < 0.05) between different conditions by a t-test. The dotted lines indicate the limit of detection of the assays. 
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Figure 6. Proteomic profiles of LASV- and MOPV-infected HUVECs. (A) DA proteins (Log2 fold-changes) in supernatants of HUVECs according to the time after infection and between LASV or MOPV and its respective mock condition. Each timepoint represents an individual cell donor. The color indicates the average standardized (centered and scaled) protein abundance. (B,C) Volcano plots representing the DA proteins in HUVEC extracts according to the time after infection and between LASV (B) or MOPV (C) and its respective mock condition. Each circle corresponds to the mean protein expression of the three donors of each group for a given timepoint. The x-axis reflects the log2 fold-changes in abundance for each given protein in the first condition with respect to the second condition. The y-axis accounts for the statistical significance of these results calculated as the Log10 of the p-values. DA proteins are represented by a red circle and are identified using their gene symbol. 
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Figure 7. Heatmaps of protein abundance of different protein sets in HUVEC cell extracts. DA proteins are highlighted with asterisks. The average quantity is indicated on the scale. 
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