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One of the most common symptoms in COVID-19 is a sudden loss of smell. SARS-CoV-2 has been detected in the olfactory bulb (OB) from animal models and sporadically in COVID-19 patients. To decipher the specific role over the SARS-CoV-2 proteome at olfactory level, we characterized the in-depth molecular imbalance induced by the expression of GFP-tagged SARS-CoV-2 structural proteins (M, N, E, S) on mouse OB cells. Transcriptomic and proteomic trajectories uncovered a widespread metabolic remodeling commonly converging in extracellular matrix organization, lipid metabolism and signaling by receptor tyrosine kinases. The molecular singularities and specific interactome expression modules were also characterized for each viral structural factor. The intracellular molecular imbalance induced by each SARS-CoV-2 structural protein was accompanied by differential activation dynamics in survival and immunological routes in parallel with a differentiated secretion profile of chemokines in OB cells. Machine learning through a proteotranscriptomic data integration uncovered TGF-beta signaling as a confluent activation node by the SARS-CoV-2 structural proteome. Taken together, these data provide important avenues for understanding the multifunctional immunomodulatory properties of SARS-CoV-2 M, N, S and E proteins beyond their intrinsic role in virion formation, deciphering mechanistic clues to the olfactory inflammation observed in COVID-19 patients.
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1 Introduction

The coronavirus disease 2019 (COVID-19) is an ongoing viral pandemic caused by the rapid spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). It is well known that infection is transmitted by respiratory droplets with an incubation period of approximately 5 days (2), however, there are still many gaps regarding the molecular mechanisms disrupted during the infection and the immune system response triggered against this pathogen. The approximately 30,000-nucleotide SARS-CoV-2 RNA genome encodes for 14 major open-reading frames (ORFs). The 4 structural proteins (S (spike), membrane (M), envelope (E), and nucleocapside (N)) are expressed from subgenomic RNAs transcribed from the RNA genome. In addition, SARS-CoV-2 expresses another 14 non-structural proteins and 8 accessory proteins which participate in RNA replication-transcription, and pathogenesis (3). The clinical presentation of COVID-19 varies from asymptomatic, mild to moderate disease in the majority of cases (4). However, fatal consequence can occur in patients with comorbidities (5, 6). SARS-CoV-2 infection in human patients include fever and respiratory symptoms, such as fever, dry cough, dyspnea, and pneumonia (4). In addition, accumulating evidence has demonstrated the appearance of other symptoms of clinical importance, such as neurological affectation and olfactory and gustatory dysfunctions, among others (7–12). Importantly from a diagnostic point of view, these changes usually occur earlier than other symptoms, suggesting a potential specific predictive value (13, 14).

Although the molecular mechanisms of olfactory and neurological disorders in SARS-CoV-2- infected patients are not fully understood, there is growing evidence that the olfactory loss observed in COVID-19 occurs through the infection of supporting cells in the olfactory system (15). The key pathological mechanism for SARS-CoV-2 to invade the host cell involves the S protein attachment to the human angiotensin-converting enzyme 2 (ACE2) cell surface protein. Then, the virus uptake is facilitated by the action of the TMPRSS2 protease (16). Importantly, sustentacular cells highly express both ACE2 and TMPRSS2 proteins, while little expression is found in olfactory neurons (15). Therefore, these sustentacular cells might be the main targets for SARS-CoV-2 infection, leaving the neurons vulnerable and depleted of nutrients. However, other studies which focused on the olfactory epithelium from SARS-CoV-2-infected patients with acute loss of smell, point out that olfactory sensory neurons, supporting cells, and immune cells are major sites of SARS-CoV-2 infection (17). Certain coronaviruses have the ability to pass from the OE through the cribriform plate to infect the OB, a second stage of the olfactory pathway (18, 19). In fact, several reports have detected evidences of SARS-CoV-2 at the OB (20). However, the neuroinvasive potential of SARS-CoV-2 and future neurological vulnerabilities remain controversial (21, 22).

Omics technologies have allowed to increase our knowledge about the molecular imbalance triggered by the SARS-CoV-2 in multiple human organs as well as in-vitro systems (23–26). However, there are still major gaps in the pathways leading to loss of smell caused by SARS-CoV-2, in addition to the molecular consequences from SARS-CoV-2 structural proteins at the olfactory level. Bearing in mind that the olfactory loss is considered an early predictor of COVID-19, we consider that the methodologies simulating SARS-CoV-2 infection in olfactory cells in combination with -omics strategies is a straightforward approach to elucidate the host and viral mechanisms involved in SARS-CoV-2-induced anosmia. These approaches can also identify potential therapeutic targets for non-invasive intranasal treatments. In this study, we have characterized the molecular dyshomeostasis induced by each SARS-CoV-2 structural protein (S, N, M, E) in murine OBC1 cells as an olfactory in-vitro system. The effects induced by the expression of GFP-tagged SARS-CoV-2 structural proteins uncovered a tangled crosstalk between multiple biofunctions and pathways as well as an immunological response differentially modulated by each SARS-CoV-2 structural protein. Our results also identified novel viral-host protein interactions partially shared by the structural components of the SARS-CoV-2 proteome.



2 Materials and methods


2.1 Materials

The following reagents and materials were used. Anti-p38 MAPK (ref. 9212), anti-phospho-p38 MAPK (T180/Y182) (ref. 9211), anti-Akt (ref. 4685), anti-phospho-Akt (S473) (ref. 4060), anti-PKA C-alpha (ref. 4782), anti-phospho-PKA C (T197) (ref. 5661), anti-SEK1 (ref. 9152), anti-phospho-SEK1 (S257/T261) (Ref. 9156), anti-MEK1/2 (ref. 9126), anti-phospho-MEK1/2 (S217/221) (ref. 9154), anti-phospho GSK3 α/β (S21) (ref. 9331), anti-GSK3 α/β (ref. 5676), anti-Phb1 (ref. 2426), and anti-Phb2 (ref. 14085) anti-PDK1 (ref. 3062), anti-phospho-PDK1 (S241) (ref. 3061), anti-phospho-PKC pan (T514) (ref. 9379), anti-MEK1/2 (ref. 9126), anti-phospho-MEK1/2 (S217/221) (ref. 9154), anti-phospho CAMKII (Y86) (ref.12716) and anti-CAMKII (ref.11945) were purchased from Cell Signaling Technology. Anti-PKC-pan was from Sigma Aldrich (ref. SAB4502356). Electrophoresis reagents were purchased from Bio-rad and trypsin from Promega.



2.2 Generation of M, E, N, S and GFP fusion proteins

Coding sequences for M, E, N and S proteins were retrieved from the SARS-CoV-2 reference genome (https://www.ncbi.nlm.nih.gov/nuccore/1798174254). Coding sequences were further codon-optimized for their expression in human cells, and recombinant synthetic genes fused to the GFP-coding sequence at the 3- termini were ordered from GeneArt (ThermoFisher). Genes were further cloned into pDUAL-PuroR lentivectors (27, 28) under the transcriptional control of the SFFV promoter. pDUAL-PuroR lentivectors express puromycin resistance under the transcriptional control of the human ubiquitin promoter.



2.3 Cell culture and generation of transfected cell lines

Immortalized murine olfactory bulb OBC1 cells (ABM. T0235) were cultured in DMEM (Gibco) supplemented with 10% FBS (Merck Millipore) and 1% penicillin/streptomycin (ABM) and grown in a 5% CO2 humidified atmosphere at 37°C. For transfection, OBC1 cells were seeded in 6-well plates at a confluency of 80%. Twenty microliters of Fugene HD (Promega) were incubated separately in 50 ul of DMEM without FBS and then mixed with three micrograms of M-GFP, E-GFP, N-GFP, S-GFP and control GFP plasmid DNA, followed by 15 min incubation at room temperature. The cells were transfected in a 3ml total volume for 72 hours. After three days, the culture medium was replaced with DMEM supplemented with 1ug/ml puromycin (Thermo). Transfection efficiency was assessed using flow cytometry and to achieve a more specific population, cell sorting based on GFP expression was performed among all experimental conditions.



2.4 RNA sequencing (RNA-seq) and data analysis

Briefly, total RNA was extracted and purified using a RNeasy Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s instructions. Sequencing libraries were prepared by following the Illumina Stranded Total RNA Prep with Ribo-Zero Plus (Illumina Inc., San Diego, CA) from 100 ng of total RNA, that has been depleted by following the instructions. All libraries were run in a HiSeq1500 PE100 lane in Rapid mode, pooled in equimolar amounts to a 10nm final concentration. The library concentration was measured by Qubit 3.0 (Invitrogen) and library size ensured by capilar electrophoresis in Fragment Analyzer (AATI). The quality of the RNAseq results was initially assessed using FastQC v0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC v1.9 (http://multiqc.info/). The raw reads were trimmed, filtered for those with a Phred quality score of at least 25 and all adapters were removed with TrimGalore v0.5.0 (https://www.bioinformatics.brabraham.ac.uk/projects/trim_galore/). Trimmed reads were analyzed with SortMeRNA v2.1 software (https://bioinfo.lifl.fr/RNA/sortmerna/) (29) to delete the 18S and 28S rRNA to eliminate the rRNA residues that could remain undepleted by the chemical treatment in the library preparation. Clean reads were aligned versus the Mus Musculus reference genome (release GRCm38.p6/GCA_000001635.8, ftp://ftp.ensembl.org) using HISAT2 v2.2.1 (https://daehwankimlab.github.io/hisat2/) (30) with default parameters. Resulting alignment files were quality assessed with Qualimap2 (http://qualimap.bioinfo.cipf.es) (31) and sorted and indexed with Samtools software (32). After taking a read count on gene features with the FeatureCounts tool (http://subread.sourceforge.net) (33), quantitative differential expression analysis between conditions was performed by DESeq2 (34), implemented as R Bioconductor package, performing read-count normalization by following a negative binomial distribution model. In order to automate this process and facilitate all group combination analysis, the SARTools pipeline (35) was used. All resultant data was obtained as HTML files and CSV tables, including density count distribution analysis, pairwise scatter plots, cluster dendrograms, Principal Component Analysis (PCoA) plots, size factor estimations, dispersion plots and MA and Volcano plots. The resulting CSV file, including raw counts, normalized counts, Fold-Change estimation and dispersion data was annotated with additional data from the Biomart database (https://www.ensembl.org/biomart/martview/346d6d487e88676fd509a1b9a642edb2). In order to control the False Discovery Rate (FDR), the p-values were amended by Benjamini-Hochberg (BH) multiple testing corrections. Those features showing corrected p-values below the 0.05 threshold and FoldChange values >1.5 or <0.5 were considered up- or down-regulated genes, respectively.



2.5 Proteomics and data analysis


2.5.1 Protein extraction

Culture medium was removed, and cells were washed with 1X cold PBS. Then, pellet was resuspended in lysis buffer containing 7M urea, 2M tiourea and 50Mm DTT and incubated in ice for 30 min, vortexing each 10 min. After a sonication step, the lysate was centrifuged for 20 minutes at 20000xg at 15°C. The supernantant was then added to a new Eppendorf and protein concentration was assessed using the Bradford assay (Biorad).



2.5.2 SWATH-mass spectrometry proteomics: MS/MS library generation

As an input for generating the SWATH-MS assay library, a pool of 15 samples (2.5µg/sample) derived each cell replicate was used. Protein extracts (30 µg) were diluted in Laemmli sample buffer and loaded into a 1.5 mm thick polyacrylamide gel with a 4% stacking gel casted over a 12.5% resolving gel. Total gel was stained with Coomassie Brilliant Blue and 12 equals slides from the pooled sample was excised from the gel and transferred into 1.5 mL Eppendorf tubes. Protein enzymatic cleavage was carried out with trypsin (Promega; 1:20, w/w) at 37°C for 16 h. Peptide mixture was dried in a speed vacuum for 20 min. Purification and concentration of peptides was performed using C18 Zip Tip Solid Phase Extraction (Millipore). Peptides recovered from in-gel digestion processing were reconstituted into a final concentration of 0.5µg/µL of 2% ACN, 0.5% FA, 97.5% MilliQ-water prior to mass spectrometric analysis. MS/MS datasets for spectral library generation were acquired on a Triple TOF 5600+ mass spectrometer (Sciex, Canada) interfaced to an Eksigent nanoLC ultra 2D pump system (SCIEX, Canada) fitted with a 75 μm ID column (Thermo Scientific 0.075 × 250mm, particle size 3 μm and pore size 100 Å). Prior to separation, the peptides were concentrated on a C18 precolumn (Thermo Scientific 0.1 × 50mm, particle size 5 μm and pore size 100 Å). Mobile phases were 100% water 0.1% formic acid (FA) (buffer A) and 100% Acetonitrile 0.1% FA (buffer B). Column gradient was developed in a gradient from 2% B to 40% B in 120 min. Column was equilibrated in 95% B for 10 min and 2% B for 10 min. During all process, precolumn was in line with column and flow maintained all along the gradient at 300 nl/min. Output of the separation column was directly coupled to nano-electrospray source. MS1 spectra was collected in the range of 350-1250 m/z for 250 ms. The 35 most intense precursors with charge states of 2 to 5 that exceeded 150 counts per second were selected for fragmentation, rolling collision energy was used for fragmentation and MS2 spectra were collected in the range of 230–1500 m/z for 100 ms. The precursor ions were dynamically excluded from reselection for 15 s. MS/MS data acquisition was performed using AnalystTF 1.7 (Sciex) and spectra files were processed through ProteinPilot v5.0 search engine (Sciex) using Paragon™ Algo-rithm (v.4.0.0.0) for database search. To avoid using the same spectral evidence in more than one protein, the identified proteins were grouped based on MS/MS spectra by the Progroup™ algorithm, regardless of the peptide sequence assigned. The protein within each group that could explain more spectral data with confidence was depicted as the primary protein of the group. FDR was performed using a non-lineal fitting method (36) and displayed results were those reporting a 1% Global FDR or better.



2.5.3 SWATH-mass spectrometry proteomics: quantitative analysis

Protein extracts (20 µg) from each sample were reduced by addition of DTT to a final concentration of 10mM and incubation at room temperature for 30 minutes. Subsequent alkylation by 30 mM iodoacetamide was performed for 30minutes in the dark. An additional reduction step was performed by 30mM DTT, allowing the reaction to stand at room temperature for 30 min. The mixture was diluted to 0.6M urea using MilliQ-water, and after trypsin addition (Promega) (enzyme:protein, 1:50 w/w), the sample was incubated at 37°C for 16h. Digestion was quenched by acidification with acetic acid. The digestion mixture was dried in a SpeedVac. Purification and concentration of peptides was performed using C18 Zip Tip Solid Phase Extraction (Millipore). The peptides recovered were reconstituted into a final concentration of 0.5µg/µL of 2% ACN, 0.5% FA, 97.5% MilliQ-water prior to mass spectrometric analysis. For SWATH-MS-based experiments the instrument (Sciex TripleTOF 5600+) was configured as described by Gillet et al. (37). Briefly, the mass spectrometer was operated in a looped product ion mode. In this mode, the instrument was specifically tuned to allow a quadrupole resolution of Da/mass selection. The stability of the mass selection was maintained by the operation of the Radio Frequency (RF) and Direct Current (DC) voltages on the isolation quadrupole in an independent manner. Using an isolation width of 16 Da (15 Da of optimal ion transmission efficiency and 1 Da for the window overlap), a set of 37 overlapping windows were constructed covering the mass range 450–1000 Da. In this way, 1 μL of each sample was loaded onto a trap column (Thermo Scientific 0.1 × 50mm, particle size 5 μm and pore size 100 Å) and desalted with 0.1% TFA at 3 μL/min during 10 min. The peptides were loaded onto an analytical column (Thermo Scientific 0.075 × 250mm, particle size 3 μm and pore size 100 Å) equilibrated in 2% acetonitrile 0.1% FA. Peptide elution was carried out with a linear gradient of 2 to 40% B in 120 min (mobile phases A:100% water 0.1% formic acid (FA) and B: 100% Acetonitrile 0.1% FA) at a flow rate of 300 nL/min. Eluted peptides were infused in the mass spectrometer. The Triple-TOF was operated in swath mode, in which a 0.050 s TOF MS scan from 350 to 1250 m/z was performed, followed by 0.080 s product ion scans from 230 to 1800 m/z on the 37 defined windows (3.05 s/cycle). Collision energy was set to optimum energy for a 2 + ion at the center of each SWATH block with a 15 eV collision energy spread. The mass spectrometer was always operated in high sensitivity mode. The resulting ProteinPilot group file from library generation was loaded into PeakView® (v2.1, Sciex) and peaks from SWATH runs were extracted with a peptide confidence threshold of 99% confidence (Unused Score ≥ 1.3) and a FDR lower than 1%. For this, the MS/MS spectra of the assigned peptides was extracted by ProteinPilot, and only the proteins that fulfilled the following criteria were validated: (1) peptide mass tolerance lower than 10 ppm, (2) 99% of confidence level in peptide identification, and (3) complete b/y ions series found in the MS/MS spectrum. Only proteins quantified with at least two unique peptides were considered. The quantitative data obtained by PeakView® were analyzed using Perseus software 1.6.14 version (38) for statistical analysis and data visualization. MS data and search results files were deposited in the Proteome Xchange Consortium via the JPOST partner repository (https://repository.jpostdb.org) (39) with the identifier PXD027645 for ProteomeXchange and JPST001274 for jPOST (for reviewers: https://repository.jpostdb.org/preview/6417285016102b4b16aaa0; Access key: 3355). Interactome and pathway analysis were performed using Metascape (40) and machine learning‐based bioinformatic QIAGEN’s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www.qiagen.com/ingenuity)




2.6 Protein arrays

For the secretome analysis, a dot-blot protein array was used for cytokine profiling (Abcam). Briefly, membranes with 62 cytokine antibodies were blocked with the manufacturer’s blocking bufier at room temperature (RT) for 30 min, and incubated o/n with 1 ml of undiluted cell-cultured media from OBC1 transfected cells (n = 3/condition). After washing, a biotinylated anti-cytokine antibody mixture was added to the membranes followed by incubation with HRP-conjugated streptavidin and then exposed to the manufacturer’s peroxidase substrate.



2.7 Western-blotting

Equal amounts of protein (10 µg) were resolved in 4-15% stain free SDS-PAGE gels (BioRad). Protein extracts derived from OBC1 cells were electrophoretically transferred onto nitrocellulose membranes using a Trans-blot Turbo transfer system (up to 25V, 7min) (BioRad). Membranes were probed with primary antibodies at 1:1000 dilution in 5% nonfat milk or BSA according to manufacturer instructions. After incubation with the appropriate horseradish peroxidase-conjugated secondary antibody (1:5000), the immunoreactivity was visualized by enhanced chemiluminiscence (Perkin Elmer) and detected by a Chemidoc MP Imaging System (Bio-Rad). Equal loading of the gels was assessed using Stain-free imaging technology. Thus, protein normalization was performed by measuring total protein directly on the gels used for western blotting. After densitometric analyses (Image Lab Software Version 5.2; Bio-Rad), optical density values were expressed as arbitrary units and normalized to total protein levels.




3 Results and discussion

Multiple studies have pointed out that SARS-CoV-2 infection affects the chemosensory processing in animals and humans, especially the olfaction. SARS-CoV-2 is able to reach the OE and the OB in mice and golden Syrian hamsters (17, 41). In rhesus monkeys, SARS-CoV-2 also invades the CNS primarily via the OB (42). Although it has been proposed that the olfactory nerve is not a likely route to brain infection in COVID-19 patients (43), several reports have shown the presence of SARS-CoV-2 (mRNA/protein levels or viral particles) in multiple brain areas including the OB derived from COVID-19 patients (20, 44–50). However, the involvement of OB cells remains controversial (51) In particular, the S protein has the capacity to cross the blood-brain barrier and reach the OB in mice (52). In view of these preclinical and neuropathological data, an in-depth olfactory molecular characterization is necessary to unveil the missing links in the mechanisms of the sudden smell impairment induced by SARS-CoV-2 infection. To address this gap in knowledge, we have evaluated in-depth the OB cell response upon the intracellular expression of the SARS-CoV-2 structural proteins. The S glycoprotein is the main determinant of viral entry in target cells (52). The M glycoprotein is key for viral particle assembly (53, 54), whereas the E protein is a multifunctional protein, acting as a viroporin in its oligomeric form, participating on viral assembly and virion release (55, 56). The N protein packages the positive strand viral genome RNA into a helical ribonucleocapsid (RNP), being involved during virion assembly through its interactions with the membrane protein M and the viral genome (53, 57). In general, SARS-CoV-2 structural protein factors are essential in the viral genome replication, receptor attachment and virion formation, promoting the viral spreading and pathogenesis.


3.1 Molecular derangements induced by SARS-CoV-2 structural proteins in OB cells

To examine the molecular alterations due to the presence of SARS-CoV-2 structural proteins in an olfactory cell system, GFP-tagged SARS-CoV-2 structural proteins S, M, N and E were expressed in OBC1 cells (Figure 1A). It is important to note that these cells derived from the OB, structure of the forebrain that is located just above the nasal cavity, corresponding to the second stage of the olfactory pathway (23). After GFP-positive cell sorting, the olfactory metabolic imbalance induced by each SARS-CoV-2 protein was monitored across all experimental conditions by RNA-seq and shotgun proteomics. At transcriptome level, 1506, 1440, 359 and 1237 differential expressed genes were found between control-GFP and GFP-E, GFP-M, GFP-N and GFP-S SARS-CoV-2 proteins respectively (p-value adjusted <0.01; fold-change: 50%) (Supplementary Table 1). In contrast, around 15-23% of the quantified proteome was modulated by GFP-tagged SARS-CoV-2 structural proteins. Specifically, 435, 387, 594 and 584 proteins differential expressed proteins (DEPs) were found between Control-GFP and GFP-S, GFP-N, GFP-M and GFP-E respectively (p-value <0.05; fold-change 30%) (Supplementary Table 2). GFP-tagged SARS-CoV-2 proteins were detected by Western-blotting (Supplementary Figure 1A) and mass-spectrometry (Supplementary Table 2) except the GFP-E protein, due to its small size and the high content of aliphatic hydrophic aminoacids in its sequence (36% of Leu and Val) (58). Multiple commonalities and differences were observed when transcriptomic and proteomic datasets derived from the expression of GFP-tagged SARS-CoV-2 structural proteins were compared (Figures 1B, C; Supplementary Figures 1B, 2A). Focusing on the most affected proteins, we identified a downregulation in Ak4 (Adenylate kinase 4), a protein that controls ATP levels through the regulatory activity of AMPK which plays a protective role against oxidative stress (59, 60). A detailed functional clustering revealed that SARS-CoV-2 structural proteins independently impact on multiple pathways at transcriptomic and proteomic levels (Supplementary Figures 1C, 2B; Supplementary Tables 3, 4). Comparing the functionality derived from both omic approaches, all SARS-CoV-2 structural proteins commonly interferes with multiple biofunctions such as extracellular matrix organization, deregulation of lipid metabolism, hemostasis, non-integrin membrane interactions and signaling by receptor tyrosine kinases (Figure 1D; Supplementary Table 5). However, SARS-CoV-2 structural proteins commonly induced specific alterations with different impact on transcriptomic homeostasis and proteostasis. Considering the most statistically significant enriched pathways, SARS-CoV-2 proteins interfere with transcriptional activities associated to chondroitin/dermatan sulphate metabolism, platelet homeostasis, PPAR-dependent gene expression, opioid signaling, glycosylation and cytokine, IGF and PDGF signaling (Figure 1D). At proteostatic level, SARS-CoV-2 structural proteins modulate aminoacid metabolism, biological oxidations, interleukin-12 signaling and processing of pre-mRNA and rRNA, between others (Figure 1D).




Figure 1 | Molecular dyshomeostasis induced by SARS-CoV-2 structural proteins in OBC1 cells. (A) Lentivector expression vectors used in this study. LTR, long terminal repeats; SFFV, spleen focus-forming virus promoter; GFP-tagged SARS-CoV-2 structural proteins (M, N, E, S); UBIQp, ubiquitin promoter; PuroR, gene conferring puromycin resistance. (B, C) Circus plot of dysregulated transcripts (B) and proteins (C) targeted by each SARS-CoV-2 structural proteins. Purple lines indicate the common deregulated transcriptome/proteome across OBC1 cells that express each GFP-tagged SARS-CoV-2 structural protein. (D) Functional clustering representing the significantly altered pathways by SARS-CoV-2 structural proteins at the transcriptome (T-Ome) and proteome (P-Ome) layers. The heat map cells are coloured by their p values; white cells indicate the lack of enrichment for that term in the corresponding protein/gene list. Squares (black frame) highlight significantly enriched terms detected at transcript, protein levels or both.



To decipher specificities and singularities associated to the expression of each SARS-CoV-2 structural protein at olfactory level, functional analyses were performed excluding the common deregulated proteome and taking into account only the mapping of unique DEPs associated to each SARS-CoV-2 protein (Supplementary Table 6). Interestingly, densely connected complexes with regulatory roles in GTP hydrolysis, calcium uptake into mitochondria (processing SMDT1), nuclear pore complex formation, vesicle-mediated transport, antigen presentation and peroxisomal protein import were commonly altered by structural SARS-CoV-2 proteins (Figure 2, upper). However, protein components of these complexes were differentially targeted by each structural viral protein (Figure 2, lower). Inferring more biologically interpretable results, GFP-M significantly modulated protein mediators located in organelle membranes that are mainly involved in trans-Golgi network vesicle budding, ferroptosis and cellular response to chemical stress (Figures 3A, B). GFP-S independently impacted on nuclear proteins regulating cholesterol synthesis, DNA elongation and mRNA splicing between others (Figures 3A, B). GFP-E-dysregulated proteins presented a widespread localization, affecting a plethora of non-related functions such as mRNA processing, RAB geranylgeranylation and integrin interactions, whereas GFP-N specifically altered lipid, glutathione and glyoxilate metabolism (Figures 3A, B). In contrast to recent results with full viral particles, these data generated at the organelle-complex-pathway axis demonstrate the enriched multifactorial functions associated to each SARS-CoV-2 protein. Interestingly, 14-18% of the perturbations generated by SARS-CoV-2 M, N and E proteins (at the level of protein-coding gene) in OBC1 cells were common with data derived from pulmonary cells expressing these structural viral proteins (26) (Figure 3C). However, only 3% of the proteome modulated by the S protein was shared across studies, indicating that a great proportion of proteostatic events intercepted by structural SARS-CoV-2 proteins are cell-dependent. In addition, part of the altered molecular routes identified in our in-vitro system have been recently detected in the OB from COVID-19 subjects (62) (Supplementary Figure 3), pointing out specific pathways directly targeted by SARS-CoV-2 structural proteins beyond the CNS affectation and/or the systemic immune response to SARS-CoV-2 infection.




Figure 2 | Intracellular protein complexes affected by SARS-CoV-2 structural protein expression. MCODE algorithm (61) was applied to automatically extract protein complexes embedded in proteomics datasets. The three most significantly enriched ontology terms were combined to functionally annotate each MCODE complex (Upper). Each GFP-tagged SARS-CoV-2 protein differentially modulated each MCODE complex in OBC1 cells (lower).






Figure 3 | Functional clustering based on the specific OBC1 proteome disrupted by each SARS-CoV-2 structural protein. (A) Reactome-based pathway enriched clusters across diferential proteomes induced by the expression of GFP-SARS-CoV-2 structural proteins. (B) GO ontology clustering focus on subcellular compartments. Squares (black frame) represent significantly enriched terms derived from the independent expression of each SARS-CoV-2 structural protein. (C) Commonalities and differences between proteostatic changes induced by the expression of SARS-CoV-2 structural proteins in olfactory OBC1 and pulmonary A549 cells (26).





3.2 SARS-CoV-2 structural proteins differentially modulate the activation profile of survival routes and mitochondrial homeostasis in OB cells

To enhance the analytical outcome of proteostatic alterations, proteome-scale interaction networks were constructed merging the differential proteomes induced by SARS-CoV-2 structural proteins. As shown in Figure 4, both p38 MAPK and Akt appeared as principal nodes in protein interactome maps. Although much effort has been spent on characterizing the pleiotropic effects of SARS-CoV-2 infection in multiple biological contexts, there is no detailed information about the impact of each structural SARS-CoV-2 protein on the activation dynamics of the cell survival. Even though changes in p38 MAPK and Akt expression were not detected in our proteomic analysis, the alteration of some targets might be indicative of a dysfunctional state when SARS-CoV-2 structural proteins are continuously expressed. Subsequent experiments were performed to analyze the activation state of p38 MAPK and Akt signaling pathways across GFP- SARS-CoV-2 structural protein expressing-OBC1 cells (Figure 5). As shown in Figure 5A, the presence of SARS-CoV-2 structural proteins induced a p38 MAPK and Akt inactivation. Specifically, the independent expression of SARS-CoV-2 S and N proteins inactivated both kinases. In contrast, the M protein specifically inactivated Akt and the E protein interfered with p38 MAPK. To complement our signaling mapping, other stress-responsive kinases relevant to OB homeostasis (63) were checked. N and S proteins also induced the inactivation of GSK3 and the SEK1 stress-activated protein kinase (SAPK) axis (Figure 5B). However, S protein expression induced the inactivation of PKA whereas the expression of the N protein enhanced the active phosphorylation of the PKA catalytic subunit (Figure 5B). No appreciable changes were observed in the activation profile of other survival kinases such as PDK1, PKC, CaMKII and MEK1/2 (Supplementary Figure 4). These data demonstrate that SARS-CoV-2 structural proteins differentially impact on the survival potential of OB cells. Many viral infections trigger the activation of the p38 MAPK and Akt signaling pathways for an efficient replication, including SARS-CoV-2 (64–66). p38 MAPK and Akt inactivation induced by the expression of SARS-CoV-2 structural proteins could be part of an antiviral mechanism triggered in olfactory cells. In fact, pharmacological inhibition of p38 MAPK has antiviral efficacy (67, 68) and Akt inhibitors have been proposed as candidate drugs (69). Therefore, our results are in agreement with evidence pointing to both kinases as potential therapeutic targets for COVID-19. GSK3 is essential for N phosphorylation and SARS-CoV-2 replication (70). Similarly to SARS-CoV-1, GSK3 activity may be also critical for the initiation of oxidative stress, and inflammation during SARS-CoV-2 infection (71), raising the possibility that targeting GSK-3 could open new therapeutic opportunities in COVID-19 (72). SEK1 (MKK4) is an essential component of the stress-activated protein kinase/c-Jun N-terminal kinase (SAP/JNK) signaling pathway that is phosphorylated by the avian coronavirus infectious bronchitis virus (IBV) (73). However, the mechanistic connection with SARS-CoV-2 is not known. We observed an enhanced PKA activity when SARS-CoV-2 N protein is overexpressed in OBC1 cells. Interestingly, the co-expression of PKA and N protein generates a poliphosphorylated N dimers able to sequestrate cellular 14-3-3 isoforms (74).




Figure 4 | Representative functional protein interactome maps for differentially expressed proteins in GFP- SARS-CoV-2 structural protein-expressing OBC1 cells. Visual representation of the functional relationships between altered proteome generated by the expression of SARS-CoV-2 structural E protein (A), S protein (B, C) and M protein (D) in OBC1 cells. Dysregulated proteins are highlighted in red (up-regulated) and green (down-regulated). Orange circles point the principal nodes of the interactome maps. Direct and indirect interactions are represented by continuous and discontinuous lines respectively.






Figure 5 | Levels and residue-specific phosphorylation of (A) p38 MAPK, Akt and (B) PKA, SEK1 and GSK3 in GFP- SARS-CoV-2 structural protein expressing-OBC1 cells. Equal loading of the gels was assessed by stain-free digitalization. Panels show histograms of band densities. Data are presented as mean ± SEM from four independent biological replicates. *P < 0.05 vs. GFP; **P < 0.01 vs. GFP; *** P < 0.001 vs. GFP (a.u: arbitrary units).



It has been recently demonstrated the existence of physical and functional interactions between SARS-CoV-2 and host mitochondria, serving this organelle as a subcellular platform for anti-SARS-CoV-2 immunity (75). Although mitochondrial proteostasis was modified by all SARS-CoV-2 structural proteins (Figure 3B), our network analysis uncovered a generalized down-regulation of mitochondrial complex I subunits specifically induced by the expression of SARS-CoV-2 E and M proteins (Figures 6A, B). Mitochondrial prohibitin complex (Phb1/Phb2 subunits) modulates respiratory complex assembly and mitochondrial homeostasis, triggering anti-oxidant effects (76, 77). According to Biogrid database (https://thebiogrid.org/), Phb complex interacts with SARS-CoV-2 proteome at multiple levels. Specifically, Phb1 interacts with ORF9B/C, NSP2, NSP3, NSP6 and NSP8 whereas NSP2, NSP3, NSP6, ORF6, ORF9B, E and M proteins are Phb2 interactors. As shown in Figure 6C, a depletion in Phb1 levels was observed in E protein expressing OBC1 cells. In contrast, a significant increment in Phb2 levels was evidenced when S and N proteins were produced. In general, Phb1 repression triggers a concomitant reduction of its partner Phb2 and viceversa (78), indicating that SARS-CoV-2 structural proteins has the capacity to impact on mitochondrial homeostasis differentially interfering with the functional interdependency of Phb subunits.




Figure 6 | Functional protein interactome maps for differentially expressed proteins in GFP- SARS-CoV-2 E and M protein-expressing OBC1 cells, revealing a mitochondrial impairment (A, B). OB expression of Phb complex by Western blot (C). Equal loading of the gels was assessed by stain-free digitalization. Panels show histograms of band densities. Data are presented as mean ± SEM from four independent biological replicates. *P < 0.05 vs. GFP; **P < 0.01 vs. GFP; *** P < 0.001 vs. GFP (a.u: arbitrary units).





3.3 SARS-CoV-2 structural proteins induce a dissimilar immunological effectome in OB cells

The vast amount of information about the relationship between immune system and COVID-19 points out that multiple aberrations of innate and acquired immunity are induced by SARS-CoV-2 infection. Specifically, astrogliosis, microgliosis and infiltration by cytotoxic T lymphocytes in the OB have been characterized in COVID-19 subjects (45). This olfactory neuroinflammation is different from the observed in other brain areas (79). In addition, it has been proposed that olfactory ensheating cells may produce glia transit tubules through which cytokines and chemokines might migrate across the OE-OB axis (22). However, little is known about the immunological mechanisms triggered by each SARS-CoV-2 structural protein at olfactory level. In agreement with previous reports (26), specific gene/protein subsets modulated by each SARS-CoV-2 structural protein profile a pro-inflammatory signature (Supplemental Table 7, Supplementary Figure 5), inducing specific changes in the OBC1 immunological effectome. As shown in Figure 7, S protein expression impacted on regulators of IL-6, IL-10 and IL-12 and in the differentiation of mature B cells. Alterations in protein-coding genes relevant in inflammasomes, lymphocyte migration, response to IL-7 and B cell activation were induced by the ex-pression of GFP- N protein expression in OBC1 cells (Figure 7). On the other hand, the M protein had the potential to interfere with lymphocyte activation, T cell differentiation, macrophage differentiation as well as in the IL-10, IL-27, and IL-35 signaling, whereas SARS-CoV-2 E protein specifically impacts on adaptive immune response, IL-17 pro-duction, B cell receptor signaling and natural killer cell differentiation between other processes (Figure 7).




Figure 7 | The expression of SARS-CoV-2 structural proteins differentially modulate the immunological capacity of OBC1 cells. Processes related to immune system were directly extracted from the functional analysis of proteotranscriptomic datasets (see Supplementary Table 6 for more details).



We wanted to partially map the consequences over the intracellular immunological effectome dependent on SARS-CoV-2 structural proteins. Cytokines and growth factors secreted by each stable OB cell line constitutively expressing a GFP-tagged SARS-CoV-2 structural protein may provide novel insights into the inflammatory imbalance produced by SARS-CoV-2. As shown in Figure 8, GFP-tagged M and E protein expression in OBC1 cells induced more extracellular changes. Part of the 62 secreted cell–cell signaling molecules analyzed were commonly altered between the structural proteins (Figure 8). Specifically, the increment of RANTES (CCL5) and MIP3a (CCL20) levels in the OBC1 secretome was independently induced by all structural proteins. Both chemokines are elevated in sera from COVID-19 patients (80). IFN gamma and MCP5 (CCL12) extracellular levels were also increased in SARS-CoV-2 S, M and E protein-expressing OBC1 cells (Figure 8). Although most of the differential soluble mediators have been previously related to the immune cell recruitment associated to COVID-19 cytokine storm (81), these data contribute to the better understanding of the multifunctional immunomodulatory properties of SARS-CoV-2 M, N, S and E proteins beyond their intrinsic role in virion formation.




Figure 8 | Extracellular cytokine profiling of GFP- SARS-CoV-2 structural protein-expressing OBC1 cells. The analysis of 62 cytokines/growth factors was performed in the cell media derived from all biological conditions using a dot-blot protein array method. Four independent experiments were performed. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs GFP.





3.4 Proteotranscriptomic data integration by machine learning unravels TGF-beta signaling route as a confluent activation node by SARS-CoV-2 structural proteins

It has been previously demonstrated that sophisticated machine learning (ML) approaches are useful workflows to integrate multi-omics data with the aim to discover complex interconnections between different type of entities (82, 83). To uncover regulatory complex composed by molecular effectors potentially modulated by SARS-CoV-2 structural proteins at olfactory level, transcriptomic and proteomic datasets were integrated and mined by a machine-learning approach in which multiple entities (genes, proteins, upstream regulators, pathways, diseases) were interconnected in the form of knowledge graphs. Considering the IPA Z‐score as a statistical parameter based on the match between expected relationship direction and experimental gene/protein expression, functional graphs were constructed. As shown in Figure 9, common hubs were predicted for each SARS-CoV-2 structural protein such as TGFB1/B3, SMAD and TEAD proteins, EGF, SPP1 and EDN1. It has been previously observed that SARS-CoV-2 N protein interacts with SMAD proteins enhancing TGF-beta signaling (84) whereas SARS-CoV-2 S protein triggers a transcriptional response associated to TGF-beta signaling (85). Interestingly, a therapeutic strategy focused on the inactivation of TGF-beta using integrin inhibitors has been proposed to mitigate COVID-19 severity (86). EDN1 (Endothelin-1) has been considered a neuroprotective factor that participates in the olfactory response modulation through the uncoupling of gap junctions (87, 88). Interestingly, elevated EDN1 levels together with a sustained inflammation has been observed 3 months after recovery from acute COVID-19 symptoms (89). SPP1 (osteopontin) participates in the OB synaptic plasticity (90) and acts as a molecular brake regulating neuroinflammatory response to chronic viral infections (91). Involved in the enhancing production of interferon-gamma and interleukin-12, SPP1 is also overproduced in COVID-19 patients (92).




Figure 9 | Machine learning-based analysis proposes a potential activation of TGFbeta/SMAD axis commonly induced by all SARS-CoV-2 structural proteins. The functional networks use a precomputed table containing inferred relationships between molecules, functions, diseases, and pathways obtained and scored by a machine learning algorithm operating entirely on prior knowledge. The heuristic graph algorithm present in IPA software was optimized to create a manageable network that brings together the most significantly activated (in orange; positive Z-score) or inhibited (in blue; negative z-score) upstream regulators, diseases, functions, and pathways from the differential proteotranscriptomic alterations induced by each SARS-CoV-2 structural proteins: (A) SARS-CoV-2 E protein; (B) SARS-CoV-2 M protein; (C) SARS-CoV-2 N protein; (D) SARS-CoV-2 S protein.



Although our study has uncovered the existence of commonalities and differences in the SARS-CoV-2 structural protein functionality, potential limitations exist that warrant discussion. It is important to note that SARS-CoV-2 structural and non-structural protein interactions are absent in our study (93, 94). We are aware that using our multi-omic approach, the molecular dimension generated by posttranslational modifications (i.e phosphorylation) not only in host proteins but also in the SARS-CoV-2 structural proteins (26) has not been considered in this study, hampering the characterization of potential substrates modulated by the virus-hijacked kinase activation profiles. Due to our experimental design, the overexpression of exogenous proteins may generate drawbacks concerning protein misfolding, localization and regulation as well as intrinsic limitations associated to GFP expression systems (95). However, our three-layered approach (transcriptomics-proteomics-secretomics) coupled to Systems Biology has demonstrated the capacity to detect therapeutic targets potentially useful against COVID-19. Hubs detected by our network analysis such as p38 MAPK, Akt and GSK-3 further experimentally validated in our olfactory in vitro system, have been proposed as therapeutic targets. In particular, pharmacological inhibition of p38 MAPK using drugs and compounds such as ARRY-797 (phase 2/3), MAPK13-IN-1 (preclinical), SB203580 (preclinical) and ralimetinib (phase 2) has antiviral activity (Bouhaddou, M. et al., 2020). The Akt inhibitor MK-2206 as well as specific GSK-3 inhibitors (COB-187, LY2090314, and AZD-1080) have been also proposed as candidate drugs against SARS-CoV-2 (Fagone, P et al., 2020; Ghazanfari D et al., 2022).

Based on the olfactory cellular system used, additional experiments are needed to verify the specific role of the SARS-CoV-2 structural proteome in different human olfactory cellular contexts (23, 96). As shown in previous reports performed at cellular and tissular levels (24, 26), the application of proteomics in different olfactory cell layers as well as in olfactory areas directly derived from COVID-19 individuals, would increase our understanding of not only the early smell impairment associated to SARS-CoV-2 infection but also the olfactory recovery potential in COVID-19 patients.




Data availability statement

Transcriptomic and proteomics data and results files were deposited in GEO accession GSE182849 and ProteomeXchange Consortium via the JPOST partner with the identifier PXD027645 for ProteomeXchange and JPST001274 for jPOST.



Author contributions

Conceptualization, ES. Methodology, ML-M, NM, KA, ME, EB, LC, MT, GK, DE, JF-I, ES. Software, ML-M, MT, JF-I. Validation, NM. Formal analysis, ML-M, ES. Omics, KA, JF-I, MT. Investigation, ML-M. NM, ME, EB, LC, GK, DE, JF-I, ES. Data curation, MT, ES. Writing—original draft preparation, ES. Supervision, GK, DE, ES. Funding acquisition, DE, JF -I, ES. All authors have read and agreed to the published version of the manuscript.



Funding

This work was funded by grants from the Spanish Ministry of Science, Innovation and Universities (Ref. PID2019-110356RB-I00/AEI/10.13039/501100011033) to JF-I. and ES), the Department of Economic and Business Development from Government of Navarra (Ref. 0011-1411-2020-000028 to ES), the Instituto de Salud Carlos III (ISCIII)-FEDER project grants (Ref. FIS PI17/02119, FIS PI20/00010; COV20-00237 to DE), the Department of Health of the Government of Navarre (Ref: BMED 050-2019 to DE) and the European Project Horizon 2020 (ref: ID: 848166; Improved vaccination for older adults-ISOLDA to DE).



Acknowledgments

Authors thank all JPOST Team for helping with the mass spectrometric data deposit in ProteomeXChange/PRIDE. The Proteomics Platform of Navarrabiomed was member of Proteored (PRB3-ISCIII) supported by grant PT17/0019/009, of the PE I+D+I 2013-2016 funded by ISCIII and FEDER. The Clinical Neuroproteomics Unit of Navarrabiomed is member of the Global Consortium for Chemosensory Research (GCCR) and the Spanish Olfactory Network (ROE) (supported by grant RED2018-102662-T funded by Spanish Ministry of Science and Innovation).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.866564/full#supplementary-material

Supplementary Figure 1 | (A) Expression of GFP-SARS-CoV-2 structural proteins by Western-blotting. (B) Flow cytometry plots associated to each GFP-SARS-CoV-2 structural protein. MFI (mean fluorescence intensity) is also indicated (C) Commonalities and differences across differential expressed proteins induced by SARS-CoV-2 proteome expression. (D) Functional analysis of proteomics datasets.

Supplementary Figure 2 | (A) Commonalities and differences across differential expressed transcripts induced by SARS-CoV-2 proteome expression. (B) Functional analysis of transcriptomics datasets.

Supplementary Figure 3 | Comparative analysis between deregulated pathways observed in OBC1 cells expressing SARS-CoV-2 structural proteins and altered pathways observed at the level of the OB from COVID-19 subjects.

Supplementary Figure 4 | Steady-state levels and activation state of PDK1, PKC, MEK1/2 and CaMKII in SARS-CoV-2 structural protein-expressing OBC1 cells.

Supplementary Figure 5 | Differential immunological effectome (genes/proteins) induced by the expression of SARS-CoV-2 structural proteins in OBC1 cells.

Supplementary Table 1 | OBC1 Differential transcriptome induced by each GFP-SARS-CoV-2 structural protein.

Supplementary Table 2 | OBC1 Differential proteome induced by each GFP-SARS-CoV-2 structural protein.

Supplementary Table 3 | Gene-Ontology (GO) functional analysis derived from transcriptomics.

Supplementary Table 4 | Gene-Ontology (GO) functional analysis derived from proteomics.

Supplementary Table 5 | Top-20 most significant disrupted pathways. Enrichment and heatmap

Supplementary Table 6 | Functional analysis of DEPs exclusively modulated by a SARS-CoV-2 structural protein.

Supplementary Table 7 | Immunological functionality derived from the interlocking of transcriptome and proteome datasets.



References

1. Li, Q, Guan, X, Wu, P, Wang, X, Zhou, L, Tong, Y, et al. Early transmission dynamics in wuhan, China, of novel coronavirus-infected pneumonia. N Engl J Med (2020) 382:1199–207. doi: 10.1056/NEJMoa2001316

2. Stadnytskyi, V, Bax, CE, Bax, A, and Anfinrud, P. The airborne lifetime of small speech droplets and their potential importance in SARS-CoV-2 transmission. Proc Natl Acad Sci USA (2020) 117:11875–7. doi: 10.1073/pnas.2006874117

3. Naqvi, A, Fatima, K, Mohammad, T, Fatima, U, Singh, IK, Singh, A, et al. Insights into SARS-CoV-2 genome, structure, evolution, pathogenesis and therapies: Structural genomics approach. Biochim Biophys Acta Mol Basis Dis (2020) 1866:165878. doi: 10.1016/j.bbadis.2020.165878

4. Huang, C, Wang, Y, Li, X, Ren, L, Zhao, J, Hu, Y, et al. Clinical features of patients infected with 2019 novel coronavirus in wuhan, China. Lancet (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

5. Guzik, TJ, Mohiddin, SA, Dimarco, A, Patel, V, Savvatis, K, Marelli-Berg, FM, et al. COVID-19 and the cardiovascular system: implications for risk assessment, diagnosis, and treatment options. Cardiovasc Res (2020) 116:1666–87. doi: 10.1093/cvr/cvaa106

6. Yang, J, Zheng, Y, Gou, X, Pu, K, Chen, Z, Guo, Q, et al. Prevalence of comorbidities and its effects in patients infected with SARS-CoV-2: a systematic review and meta-analysis. Int J Infect Dis (2020) 94:91–5. doi: 10.1016/j.ijid.2020.03.017

7. Bagheri, SH, Asghari, A, Farhadi, M, Shamshiri, AR, Kabir, A, Kamrava, SK, et al. Coincidence of COVID-19 epidemic and olfactory dysfunction outbreak in Iran. Med J Islam Repub Iran (2020) 34:62. doi: 10.47176/mjiri.34.62

8. Beltran-Corbellini, A, Chico-Garcia, JL, Martinez-Poles, J, Rodriguez-Jorge, F, Natera-Villalba, E, Gomez-Corral, J, et al. Acute-onset smell and taste disorders in the context of COVID-19: a pilot multicentre polymerase chain reaction based case-control study. Eur J Neurol (2020) 27:1738–41. doi: 10.1111/ene.14273

9. Giacomelli, A, Pezzati, L, Conti, F, Bernacchia, D, Siano, M, Oreni, L, et al. Self-reported olfactory and taste disorders in patients with severe acute respiratory coronavirus 2 infection: A cross-sectional study. Clin Infect Dis (2020) 71:889–90. doi: 10.1093/cid/ciaa330

10. Menni, C, Valdes, AM, Freidin, MB, Sudre, CH, Nguyen, LH, Drew, DA, et al. Real-time tracking of self-reported symptoms to predict potential COVID-19. Nat Med (2020) 26:1037–40. doi: 10.1038/s41591-020-0916-2

11. Parma, V, Ohla, K, Veldhuizen, MG, Niv, MY, Kelly, CE, Bakke, AJ, et al. More than smell-COVID-19 is associated with severe impairment of smell, taste, and chemesthesis. Chem Senses (2020) 45:609–22. doi: 10.1093/chemse/bjaa041

12. Gerkin, RC, Ohla, K, Veldhuizen, MG, Joseph, PV, Kelly, CE, Bakke, AJ, et al. Recent smell loss is the best predictor of COVID-19 among individuals with recent respiratory symptoms. Chem Senses (2021) 46. doi: 10.1093/chemse/bjaa081

13. Haehner, A, Draf, J, Drager, S, De With, K, and Hummel, T. Predictive value of sudden olfactory loss in the diagnosis of COVID-19. ORL J Otorhinolaryngol Relat Spec (2020) 82:175–80. doi: 10.1159/000509143

14. Pierron, D, Pereda-Loth, V, Mantel, M, Moranges, M, Bignon, E, Alva, O, et al. Smell and taste changes are early indicators of the COVID-19 pandemic and political decision effectiveness. Nat Commun (2020) 11:5152. doi: 10.1038/s41467-020-18963-y

15. Brann, DH, Tsukahara, T, Weinreb, C, Lipovsek, M, Van Den Berge, K, Gong, B, et al. Non-neuronal expression of SARS-CoV-2 entry genes in the olfactory system suggests mechanisms underlying COVID-19-associated anosmia. Sci Adv (2020) 6:1–19. doi: 10.1126/sciadv.abc5801

16. Shang, J, Wan, Y, Luo, C, Ye, G, Geng, Q, Auerbach, A, et al. Cell entry mechanisms of SARS-CoV-2. Proc Natl Acad Sci USA (2020) 117:11727–34. doi: 10.1073/pnas.2003138117

17. De Melo, GD, Lazarini, F, Levallois, S, Hautefort, C, Michel, V, Larrous, F, et al. COVID-19-related anosmia is associated with viral persistence and inflammation in human olfactory epithelium and brain infection in hamsters. Sci Transl Med (2021) 13:1–17. doi: 10.1126/scitranslmed.abf8396

18. Durrant, DM, Ghosh, S, and Klein, RS. The olfactory bulb: An immunosensory effector organ during neurotropic viral infections. ACS Chem Neurosci (2016) 7:464–9. doi: 10.1021/acschemneuro.6b00043

19. Dube, M, Le Coupanec, A, Wong, AHM, Rini, JM, Desforges, M, and Talbot, PJ. Axonal transport enables neuron-to-Neuron propagation of human coronavirus OC43. J Virol (2018) 92:1–21. doi: 10.1128/JVI.00404-18

20. Lou, JJ, Movassaghi, M, Gordy, D, Olson, MG, Zhang, T, Khurana, MS, et al. Neuropathology of COVID-19 (neuro-COVID): clinicopathological update. Free Neuropathol (2021) 2:1–21. doi: 10.17879/freeneuropathology-2021-2993

21. Cooper, KW, Brann, DH, Farruggia, MC, Bhutani, S, Pellegrino, R, Tsukahara, T, et al. COVID-19 and the chemical senses: Supporting players take center stage. Neuron (2020) 107:219–33. doi: 10.1016/j.neuron.2020.06.032

22. Xydakis, MS, Albers, MW, Holbrook, EH, Lyon, DM, Shih, RY, Frasnelli, JA, et al. Post-viral effects of COVID-19 in the olfactory system and their implications. Lancet Neurol (2021) 20:753–61. doi: 10.1016/S1474-4422(21)00182-4

23. Lachen-Montes, M, Corrales, FJ, Fernandez-Irigoyen, J, and Santamaria, E. Proteomics insights into the molecular basis of SARS-CoV-2 infection: What we can learn from the human olfactory axis. Front Microbiol (2020) 11:2101. doi: 10.3389/fmicb.2020.02101

24. Nie, X, Qian, L, Sun, R, Huang, B, Dong, X, Xiao, Q, et al. Multi-organ proteomic landscape of COVID-19 autopsies. Cell (2021) 184:775–791 e714. doi: 10.1016/j.cell.2021.01.004

25. Saccon, E, Chen, X, Mikaeloff, F, Rodriguez, JE, Szekely, L, Vinhas, BS, et al. Cell-type-resolved quantitative proteomics map of interferon response against SARS-CoV-2. iScience (2021) 24:102420. doi: 10.1016/j.isci.2021.102420

26. Stukalov, A, Girault, V, Grass, V, Karayel, O, Bergant, V, Urban, C, et al. Multilevel proteomics reveals host perturbations by SARS-CoV-2 and SARS-CoV. Nature (2021) 594:246–52. doi: 10.1038/s41586-021-03493-4

27. Escors, D, Lopes, L, Lin, R, Hiscott, J, Akira, S, Davis, RJ, et al. Targeting dendritic cell signaling to regulate the response to immunization. Blood (2008) 111:3050–61. doi: 10.1182/blood-2007-11-122408

28. Gato-Canas, M, Zuazo, M, Arasanz, H, Ibanez-Vea, M, Lorenzo, L, Fernandez-Hinojal, G, et al. PDL1 signals through conserved sequence motifs to overcome interferon-mediated cytotoxicity. Cell Rep (2017) 20:1818–29. doi: 10.1016/j.celrep.2017.07.075

29. Kopylova, E, Noe, L, and Touzet, H. SortMeRNA: fast and accurate filtering of ribosomal RNAs in metatranscriptomic data. Bioinformatics (2012) 28:3211–7. doi: 10.1093/bioinformatics/bts611

30. Kim, D, Paggi, JM, Park, C, Bennett, C, and Salzberg, SL. Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol (2019) 37:907–15. doi: 10.1038/s41587-019-0201-4

31. Okonechnikov, K, Conesa, A, and Garcia-Alcalde, F. Qualimap 2: advanced multi-sample quality control for high-throughput sequencing data. Bioinformatics (2016) 32:292–4. doi: 10.1093/bioinformatics/btv566

32. Li, H, Handsaker, B, Wysoker, A, Fennell, T, Ruan, J, Homer, N, et al. The sequence Alignment/Map format and SAMtools. Bioinformatics (2009) 25:2078–9. doi: 10.1093/bioinformatics/btp352

33. Liao, Y, Smyth, GK, and Shi, W. featureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics (2014) 30:923–30. doi: 10.1093/bioinformatics/btt656

34. Love, MI, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15:550. doi: 10.1186/s13059-014-0550-8

35. Varet, H, Brillet-Gueguen, L, Coppee, JY, and Dillies, MA. SARTools: A DESeq2- and EdgeR-based r pipeline for comprehensive differential analysis of RNA-seq data. PloS One (2016) 11:e0157022. doi: 10.1371/journal.pone.0157022

36. Tang, WH, Shilov, IV, and Seymour, SL. Nonlinear fitting method for determining local false discovery rates from decoy database searches. J Proteome Res (2008) 7:3661–7. doi: 10.1021/pr070492f

37. Gillet, LC, Navarro, P, Tate, S, Rost, H, Selevsek, N, Reiter, L, et al. Targeted data extraction of the MS/MS spectra generated by data-independent acquisition: a new concept for consistent and accurate proteome analysis. Mol Cell Proteomics (2012) 11:O111 016717. doi: 10.1074/mcp.O111.016717

38. Tyanova, S, Temu, T, Sinitcyn, P, Carlson, A, Hein, MY, Geiger, T, et al. The Perseus computational platform for comprehensive analysis of (prote)omics data. Nat Methods (2016) 13:731–40. doi: 10.1038/nmeth.3901

39. Okuda, S, Watanabe, Y, Moriya, Y, Kawano, S, Yamamoto, T, Matsumoto, M, et al. jPOSTrepo: an international standard data repository for proteomes. Nucleic Acids Res (2017) 45:D1107–11. doi: 10.1093/nar/gkw1080

40. Zhou, Y, Zhou, B, Pache, L, Chang, M, Khodabakhshi, AH, Tanaseichuk, O, et al. Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat Commun (2019) 10:1523. doi: 10.1038/s41467-019-09234-6

41. Ye, Q, Zhou, J, He, Q, Li, RT, Yang, G, Zhang, Y, et al. SARS-CoV-2 infection in the mouse olfactory system. Cell Discovery (2021) 7:49. doi: 10.1038/s41421-021-00290-1

42. Jiao, L, Yang, Y, Yu, W, Zhao, Y, Long, H, Gao, J, et al. The olfactory route is a potential way for SARS-CoV-2 to invade the central nervous system of rhesus monkeys. Signal Transduct Target Ther (2021) 6:169. doi: 10.1038/s41392-021-00591-7

43. Butowt, R, Meunier, N, Bryche, B, and Von Bartheld, CS. The olfactory nerve is not a likely route to brain infection in COVID-19: a critical review of data from humans and animal models. Acta Neuropathol (2021) 141:809–22. doi: 10.1007/s00401-021-02314-2

44. Deigendesch, N, Sironi, L, Kutza, M, Wischnewski, S, Fuchs, V, Hench, J, et al. Correlates of critical illness-related encephalopathy predominate postmortem COVID-19 neuropathology. Acta Neuropathol (2020) 140:583–6. doi: 10.1007/s00401-020-02213-y

45. Matschke, J, Lutgehetmann, M, Hagel, C, Sperhake, JP, Schroder, AS, Edler, C, et al. Neuropathology of patients with COVID-19 in Germany: a post-mortem case series. Lancet Neurol (2020) 19:919–29. doi: 10.1016/S1474-4422(20)30308-2

46. Menter, T, Haslbauer, JD, Nienhold, R, Savic, S, Hopfer, H, Deigendesch, N, et al. Postmortem examination of COVID-19 patients reveals diffuse alveolar damage with severe capillary congestion and variegated findings in lungs and other organs suggesting vascular dysfunction. Histopathology (2020) 77:198–209. doi: 10.1111/his.14134

47. Morbini, P, Benazzo, M, Verga, L, Pagella, FG, Mojoli, F, Bruno, R, et al. Ultrastructural evidence of direct viral damage to the olfactory complex in patients testing positive for SARS-CoV-2. JAMA Otolaryngol Head Neck Surg (2020) 146:972–3. doi: 10.1001/jamaoto.2020.2366

48. Lopez, G, Tonello, C, Osipova, G, Carsana, L, Biasin, M, Cappelletti, G, et al. Olfactory bulb SARS-CoV-2 infection is not paralleled by the presence of virus in other central nervous system areas. Neuropathol Appl Neurobiol (2022) 48(1):e12752. doi: 10.1111/nan.12752

49. Meinhardt, J, Radke, J, Dittmayer, C, Franz, J, Thomas, C, Mothes, R, et al. Olfactory transmucosal SARS-CoV-2 invasion as a port of central nervous system entry in individuals with COVID-19. Nat Neurosci (2021) 24:168–75. doi: 10.1038/s41593-020-00758-5

50. Serrano, GE, Walker, JE, Arce, R, Glass, MJ, Vargas, D, Sue, LI, et al. Mapping of SARS-CoV-2 brain invasion and histopathology in COVID-19 disease. medRxiv (2021)02.15.21251511. doi: 10.1101/2021.02.15.21251511

51. Khan, M, Yoo, SJ, Clijsters, M, Backaert, W, Vanstapel, A, Speleman, K, et al. Visualizing in deceased COVID-19 patients how SARS-CoV-2 attacks the respiratory and olfactory mucosae but spares the olfactory bulb. Cell (2021) 184:5932–95915. doi: 10.1016/j.cell.2021.10.027

52. Rhea, EM, Logsdon, AF, Hansen, KM, Williams, LM, Reed, MJ, Baumann, KK, et al. The S1 protein of SARS-CoV-2 crosses the blood-brain barrier in mice. Nat Neurosci (2021) 24:368–78. doi: 10.1038/s41593-020-00771-8

53. Escors, D, Ortego, J, Laude, H, and Enjuanes, L. The membrane m protein carboxy terminus binds to transmissible gastroenteritis coronavirus core and contributes to core stability. J Virol (2001) 75:1312–24. doi: 10.1128/JVI.75.3.1312-1324.2001

54. De Haan, CA, and Rottier, PJ. Molecular interactions in the assembly of coronaviruses. Adv Virus Res (2005) 64:165–230. doi: 10.1016/S0065-3527(05)64006-7

55. Pervushin, K, Tan, E, Parthasarathy, K, Lin, X, Jiang, FL, Yu, D, et al. Structure and inhibition of the SARS coronavirus envelope protein ion channel. PloS Pathog (2009) 5:e1000511. doi: 10.1371/journal.ppat.1000511

56. Schoeman, D, and Fielding, BC. Coronavirus envelope protein: current knowledge. Virol J (2019) 16:69. doi: 10.1186/s12985-019-1182-0

57. Satarker, S, and Nampoothiri, M. Structural proteins in severe acute respiratory syndrome coronavirus-2. Arch Med Res (2020) 51:482–91. doi: 10.1016/j.arcmed.2020.05.012

58. Duart, G, Garcia-Murria, MJ, Grau, B, Acosta-Caceres, JM, Martinez-Gil, L, and Mingarro, I. SARS-CoV-2 envelope protein topology in eukaryotic membranes. Open Biol (2020) 10:200209. doi: 10.1098/rsob.200209

59. Liu, R, Strom, AL, Zhai, J, Gal, J, Bao, S, Gong, W, et al. Enzymatically inactive adenylate kinase 4 interacts with mitochondrial ADP/ATP translocase. Int J Biochem Cell Biol (2009) 41:1371–80. doi: 10.1016/j.biocel.2008.12.002

60. Lanning, NJ, Looyenga, BD, Kauffman, AL, Niemi, NM, Sudderth, J, Deberardinis, RJ, et al. A mitochondrial RNAi screen defines cellular bioenergetic determinants and identifies an adenylate kinase as a key regulator of ATP levels. Cell Rep (2014) 7:907–17. doi: 10.1016/j.celrep.2014.03.065

61. Bader, GD, and Hogue, CW. An automated method for finding molecular complexes in large protein interaction networks. BMC Bioinf (2003) 4:2. doi: 10.1186/1471-2105-4-2

62. Piras, IS, Huentelman, MJ, Walker, JE, Arce, R, Glass, MJ, Vargas, D, et al. Olfactory bulb and amygdala gene expression changes in subjects dying with COVID-19. medRxiv (2021) 09.12.21263291. doi: 10.1101/2021.09.12.21263291

63. Lachen-Montes, M, Gonzalez-Morales, A, Palomino, M, Ausin, K, Gomez-Ochoa, M, Zelaya, MV, et al. Early-onset molecular derangements in the olfactory bulb of Tg2576 mice: Novel insights into the stress-responsive olfactory kinase dynamics in alzheimer’s disease. Front Aging Neurosci (2019) 11:141. doi: 10.3389/fnagi.2019.00141

64. Kindrachuk, J, Ork, B, Hart, BJ, Mazur, S, Holbrook, MR, Frieman, MB, et al. Antiviral potential of ERK/MAPK and PI3K/AKT/mTOR signaling modulation for middle East respiratory syndrome coronavirus infection as identified by temporal kinome analysis. Antimicrob Agents Chemother (2015) 59:1088–99. doi: 10.1128/AAC.03659-14

65. Appelberg, S, Gupta, S, Svensson Akusjarvi, S, Ambikan, AT, Mikaeloff, F, Saccon, E, et al. Dysregulation in Akt/mTOR/HIF-1 signaling identified by proteo-transcriptomics of SARS-CoV-2 infected cells. Emerg Microbes Infect (2020) 9:1748–60. doi: 10.1080/22221751.2020.1799723

66. Cheng, Y, Sun, F, Wang, L, Gao, M, Xie, Y, Sun, Y, et al. Virus-induced p38 MAPK activation facilitates viral infection. Theranostics (2020) 10:12223–40. doi: 10.7150/thno.50992

67. Bouhaddou, M, Memon, D, Meyer, B, White, KM, Rezelj, VV, Correa Marrero, M, et al. The global phosphorylation landscape of SARS-CoV-2 infection. Cell (2020) 182:685–712 e619. doi: 10.1016/j.cell.2020.06.034

68. Grimes, JM, and Grimes, KV. p38 MAPK inhibition: A promising therapeutic approach for COVID-19. J Mol Cell Cardiol (2020) 144:63–5. doi: 10.1016/j.yjmcc.2020.05.007

69. Fagone, P, Ciurleo, R, Lombardo, SD, Iacobello, C, Palermo, CI, Shoenfeld, Y, et al. Transcriptional landscape of SARS-CoV-2 infection dismantles pathogenic pathways activated by the virus, proposes unique sex-specific differences and predicts tailored therapeutic strategies. Autoimmun Rev (2020) 19:102571. doi: 10.1016/j.autrev.2020.102571

70. Liu, X, Verma, A, Garcia, G, Ramage, H, Myers, RL, Lucas, A, et al. Targeting the coronavirus nucleocapsid protein through GSK-3 inhibition. Proc Natl Acad Sci USA (2021) 118(42):e2113401118. doi: 10.1073/pnas.2113401118

71. Rana, AK, Rahmatkar, SN, Kumar, A, and Singh, D. Glycogen synthase kinase-3: A putative target to combat severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic. Cytokine Growth Factor Rev (2021) 58:92–101. doi: 10.1016/j.cytogfr.2020.08.002

72. Rudd, CE. GSK-3 inhibition as a therapeutic approach against SARs CoV2: Dual benefit of inhibiting viral replication while potentiating the immune response. Front Immunol (2020) 11:1638. doi: 10.3389/fimmu.2020.01638

73. Fung, TS, and Liu, DX. Activation of the c-jun NH2-terminal kinase pathway by coronavirus infectious bronchitis virus promotes apoptosis independently of c-jun. Cell Death Dis (2017) 8:3215. doi: 10.1038/s41419-017-0053-0

74. Tugaeva, KV, Hawkins, D, Smith, JLR, Bayfield, OW, Ker, DS, Sysoev, AA, et al. The mechanism of SARS-CoV-2 nucleocapsid protein recognition by the human 14-3-3 proteins. J Mol Biol (2021) 433:166875. doi: 10.1016/j.jmb.2021.166875

75. Flynn, RA, Belk, JA, Qi, Y, Yasumoto, Y, Wei, J, Alfajaro, MM, et al. Discovery and functional interrogation of SARS-CoV-2 RNA-host protein interactions. Cell (2021) 184:2394–411.e2316. doi: 10.1016/j.cell.2021.03.012

76. Artal-Sanz, M, and Tavernarakis, N. Prohibitin and mitochondrial biology. Trends Endocrinol Metab (2009) 20:394–401. doi: 10.1016/j.tem.2009.04.004

77. Zhou, P, Qian, L, D’aurelio, M, Cho, S, Wang, G, Manfredi, G, et al. Prohibitin reduces mitochondrial free radical production and protects brain cells from different injury modalities. J Neurosci (2012) 32:583–92. doi: 10.1523/JNEUROSCI.2849-11.2012

78. Merkwirth, C, Martinelli, P, Korwitz, A, Morbin, M, Bronneke, HS, Jordan, SD, et al. Loss of prohibitin membrane scaffolds impairs mitochondrial architecture and leads to tau hyperphosphorylation and neurodegeneration. PloS Genet (2012) 8:e1003021. doi: 10.1371/journal.pgen.1003021

79. Schwabenland, M, Salie, H, Tanevski, J, Killmer, S, Lago, MS, Schlaak, AE, et al. Deep spatial profiling of human COVID-19 brains reveals neuroinflammation with distinct microanatomical microglia-t-cell interactions. Immunity (2021) 54:1594–610.e1511. doi: 10.1016/j.immuni.2021.06.002

80. Hue, S, Beldi-Ferchiou, A, Bendib, I, Surenaud, M, Fourati, S, Frapard, T, et al. Uncontrolled innate and impaired adaptive immune responses in patients with COVID-19 acute respiratory distress syndrome. Am J Respir Crit Care Med (2020) 202:1509–19. doi: 10.1164/rccm.202005-1885OC

81. Ricci, D, Etna, MP, Rizzo, F, Sandini, S, Severa, M, and Coccia, EM. Innate immune response to SARS-CoV-2 infection: From cells to soluble mediators. Int J Mol Sci (2021) 22:1–20. doi: 10.3390/ijms22137017

82. Ebrahim, A, Brunk, E, Tan, J, O’brien, EJ, Kim, D, Szubin, R, et al. Multi-omic data integration enables discovery of hidden biological regularities. Nat Commun (2016) 7:13091. doi: 10.1038/ncomms13091

83. Mann, M, Kumar, C, Zeng, WF, and Strauss, MT. Artificial intelligence for proteomics and biomarker discovery. Cell Syst (2021) 12:759–70. doi: 10.1016/j.cels.2021.06.006

84. Wang, W, Chen, J, Hu, D, Pan, P, Liang, L, Wu, W, et al. SARS-CoV-2 n protein induces acute kidney injury via Smad3-dependent G1 cell cycle arrest mechanism. Adv Sci (Weinh) (2022) 9:e2103248. doi: 10.1002/advs.202103248

85. Biering, SB, De Sousa, FTG, Tjang, LV, Pahmeier, F, Ruan, R, Blanc, SF, et al. SARS-CoV-2 spike triggers barrier dysfunction and vascular leak via integrins and TGF-beta signaling. bioRxiv (2021) 12.10.472112. doi: 10.1101/2021.12.10.472112

86. Huntington, KE, Carlsen, L, So, EY, Piesche, M, Liang, O, and El-Deiry, WS. Integrin/TGF-beta1 inhibitor GLPG-0187 blocks SARS-CoV-2 delta and omicron pseudovirus infection of airway epithelial cells which could attenuate disease severity. Pharmaceuticals (Basel) (2022) 15(5):618. doi: 10.1101/2022.01.02.22268641

87. Le Bourhis, M, Rimbaud, S, Grebert, D, Congar, P, and Meunier, N. Endothelin uncouples gap junctions in sustentacular cells and olfactory ensheathing cells of the olfactory mucosa. Eur J Neurosci (2014) 40:2878–87. doi: 10.1111/ejn.12665

88. Bryche, B, Le Bourhis, M, Congar, P, Martin, C, Rampin, O, and Meunier, N. Endothelin impacts on olfactory processing in rats. Behav Brain Res (2019) 362:1–6. doi: 10.1016/j.bbr.2018.12.048

89. Willems, LH, Nagy, M, Ten Cate, H, Spronk, HMH, Groh, LA, Leentjens, J, et al. Sustained inflammation, coagulation activation and elevated endothelin-1 levels without macrovascular dysfunction at 3 months after COVID-19. Thromb Res (2021) 209:106–14. doi: 10.1016/j.thromres.2021.11.027

90. Powell, MA, Black, RT, Smith, TL, Reeves, TM, and Phillips, LL. Matrix metalloproteinase 9 and osteopontin interact to support synaptogenesis in the olfactory bulb after mild traumatic brain injury. J Neurotrauma (2019) 36:1615–31. doi: 10.1089/neu.2018.5994

91. Mahmud, FJ, Du, Y, Greif, E, Boucher, T, Dannals, RF, Mathews, WB, et al. Osteopontin/secreted phosphoprotein-1 behaves as a molecular brake regulating the neuroinflammatory response to chronic viral infection. J Neuroinflamm (2020) 17:273. doi: 10.1186/s12974-020-01949-4

92. Gibellini, L, De Biasi, S, Paolini, A, Borella, R, Boraldi, F, Mattioli, M, et al. Altered bioenergetics and mitochondrial dysfunction of monocytes in patients with COVID-19 pneumonia. EMBO Mol Med (2020) 12:e13001. doi: 10.15252/emmm.202013001

93. Boson, B, Legros, V, Zhou, B, Siret, E, Mathieu, C, Cosset, FL, et al. The SARS-CoV-2 envelope and membrane proteins modulate maturation and retention of the spike protein, allowing assembly of virus-like particles. J Biol Chem (2021) 296:100111. doi: 10.1074/jbc.RA120.016175

94. Xu, W, Pei, G, Liu, H, Ju, X, Wang, J, Ding, Q, et al. Compartmentalization-aided interaction screening reveals extensive high-order complexes within the SARS-CoV-2 proteome. Cell Rep (2021) 37:109778. doi: 10.1016/j.celrep.2021.109778

95. Jensen, EC. Use of fluorescent probes: their effect on cell biology and limitations. Anat Rec (Hoboken) (2012) 295:2031–6. doi: 10.1002/ar.22602

96. Hatton, CF, Botting, RA, Duenas, ME, Haq, IJ, Verdon, B, Thompson, BJ, et al. Delayed induction of type I and III interferons mediates nasal epithelial cell permissiveness to SARS-CoV-2. Nat Commun (2021) 12:7092. doi: 10.1038/s41467-021-27318-0



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Lachén-Montes, Mendizuri, Ausín, Echaide, Blanco, Chocarro, de Toro, Escors, Fernández-Irigoyen, Kochan and Santamaría. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-866564-g007.jpg
(+) regulation of macrophage cytokine production
(+) regulation of interleukin-6 production

(+) regulation of interleukin-12 production

(+) regulation of interleukin-10 production
mature B cell differentiation

dendritic cell cytokine production

The NLRP3 inflammasome

regulation of lymphocyte migration

STING mediated induction of host immune responses
response to interleukin-7

inflammatory response to wounding

immune response-regulating signaling pathway
cellular response to interleukin-7

B cell activation

T cell differentiation involved in immune response
response to interleukin-12

(+) regulation of macrophage chemotaxis
regulation of T cell differentiation

regulation of neutrophil apoptotic process
regulation of lymphocyte activation

regulation of gamma-delta T cell differentiation
neutrophil apoptotic process

(-) regulation of T cell activation

(-) regulation of lymphocyte activation

(-) regulation of leukocyte apoptotic process
macrophage differentiation

leukocyte homeostasis

Interleukin-35 Signalling

Interleukin-27 signaling

Interleukin-10 signaling

CD4-positive, alpha-beta T cell activation
alpha-beta T cell differentiation

Adaptive Inmune System

regulation of adaptive immune response

(+) regulation of T cell proliferation

(+) regulation of innate immune response

B cell receptor signaling pathway

(-) regulation of tumor necrosis factor superfamily cytokine production
T cell migration

regulation of activated T cell proliferation
interleukin-17 production

activation of innate immune response
regulation of alpha-beta T cell proliferation

(-) regulation of B cell activation

leukocyte tethering or rolling

MMP cytokine connection

natural killer cell differentiation

immune response-regulating cell surface receptor pathway (phagocytosis)

IL-6-type cytokine receptor ligand interactions
regulation of natural killer cell proliferation
(+) regulation of acute inflammatory response to antigenic stimulus

(-) regulation of macrophage cytokine production

o

-
o

N
o

B GFP-E
B GFP-M
B GFP-N

M GFP-S

w
o
ey
o
(o)
o

N° transcripts/proteins

[e2]
o

70





OEBPS/Images/fimmu-13-866564-g009.jpg
s rovias ci ines

Signaiing by R amily GTPases

thic Signaling Pathway






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Metabolic dyshomeostasis induced by SARS-CoV-2 structural proteins reveals immunological insights into viral olfactory interactions

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Materials

          



          		

            2.2 Generation of M, E, N, S and GFP fusion proteins

          



          		

            2.3 Cell culture and generation of transfected cell lines

          



          		

            2.4 RNA sequencing (RNA-seq) and data analysis

          



          		

            2.5 Proteomics and data analysis

          

            		

              2.5.1 Protein extraction

            



            		

              2.5.2 SWATH-mass spectrometry proteomics: MS/MS library generation

            



            		

              2.5.3 SWATH-mass spectrometry proteomics: quantitative analysis

            



          



          



          		

            2.6 Protein arrays

          



          		

            2.7 Western-blotting

          



        



        



        		

          3 Results and discussion

        

          		

            3.1 Molecular derangements induced by SARS-CoV-2 structural proteins in OB cells

          



          		

            3.2 SARS-CoV-2 structural proteins differentially modulate the activation profile of survival routes and mitochondrial homeostasis in OB cells

          



          		

            3.3 SARS-CoV-2 structural proteins induce a dissimilar immunological effectome in OB cells

          



          		

            3.4 Proteotranscriptomic data integration by machine learning unravels TGF-beta signaling route as a confluent activation node by SARS-CoV-2 structural proteins

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-866564-g005.jpg
3-a40 |
n-d4o | |
N-d1o |
s-ddo | I}
a0 |
Ee g
A. M < o) -— [t} o
o< . 2 o
(n-e)
lejo1/iMy-d
3-d49
N -d49
N-d49
§-dd9
dd9
288
- Mm s H, - :Ou, =]
28 3 (ne)
S = I=oLydviy ged-d

3-d49
N-dd49
N-dd49
$-d49

d49

GSK3 a/p

[} - [t} o
L o
(ne)
1ejo1/ g/o g)¥s9-d

p-GSK3 o/
(s21)

3-dd49 |
N-dd49
N-dd9
$-d49

dd49

Eo===

2 &
" ._m _.,m, - :Ou, o
(e

o lejo1/1y3s-d

3-d49
N-dd49
N-dd49
$-d49

d49

*

Hi

*

B
p-PKAc
(T197)

PKAc

51 -— _.Oy

- o
(n°e)

1e1o 1/9yyd-d





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.866564_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Metabolic dyshomeostasis
induced by SARS-CoV-2
structural proteins reveals
immunological insights into
viral olfactory interactions





OEBPS/Images/fimmu-13-866564-g001.jpg
D _—

R-HSA-8978868: Fatty acid metabolism
R-HSA-15869: Metabolism of nucleotides
R-HSA-5663202: Diseases of signal transduction by growth factor receptors and second messengers
R-HSA-9013406: RHOQ GTPase cycle
R-HSA-75205: Dissolution of Fibrin Clot
R-HSA-71387: Metabolism of carbohydrates
R-HSA-6798695: Neutrophil degranulation
R-HSA-9012999: RHO GTPase cycle
R-HSA-5653656: Vesicle-mediated transport
R-HSA-382551: Transport of small molecules

interactions

Unfolded Protein Response (UPR)
R-HSA-445355: Smooth Muscle Contraction
R-HSA-191273: Cholesterol biosynthesis
R-HSA-9035034: RHOF GTPase cycle
R-HSA-9006934: Signaling by Receptor Tyrosine Kinases
R-HSA-109582: Hemostasis
R-HSA-1474244: Extracellular matrix organization
R-HSA-556833: Metabolism of lipids
| R-HSA-3000171: Non-integrin membrane-ECM interactions
R-HSA-9675108: Nervous system development
R-HSA-446353: Cell-extracellular matrix interactions
R-HSA-2682334: EPH-Ephrin signaling
R-HSA-372790: Signaling by GPCR
R-HSA-114604: GPVI-mediated activation cascade
Neuronal System
R-HSA-418597: G alpha (z) signalling events
R-HSA-187037: Signaling by NTRK1 (TRKA)
R-HSA-112409: RAF-independent MAPK1/3 activation
R-HSA-1566948: Elastic fibre formation
R-HSA-1793185: Chondroitin sulfate/dermatan sulfate metabolism
R-HSA-418346: Platelet homeostasis
R-HSA-1989781: PPARA activates gene expression
R-HSA-202733: Cell surface interactions at the vascular wall
R-HSA-111885: Opioid Signalling
R-HSA-397014: Muscle contraction
R-HSA-193704: p75 NTR receptor-mediated signalling
R-HSA-3781865: Diseases of glycosylation
R-HSA-1280215: Cytokine Signaling in Inmune system
— R-HSA-381426: Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs)
L] R-HSA-186797: Signaling by PDGF

—] R-HSA-8948216: Collagen chain trimerization

R-HSA-195721: Signaling by WNT
R-HSA-1980143: Signaling by NOTCH1

R-HSA-9006931: Signaling by Nuclear Receptors
R-HSA-983695: Antigen activates B Cell Receptor (BCR) leading to generation of second messengers

R-HSA-1660499: Synthesis of PIPs at the plasma membrane

|
L R-HSA-168643: Nucleotide-binding domain, leucine rich repeat containing receptor (NLR) signaling pathways
— R-HSA-373755: Semaphorin interactions
g R-HSA-1280218: Adaptive Immune System

R-HSA-391251: Protein folding
R-HSA-196854: Metabolism of vitamins and cofactors
i R-HSA-445144: Signal transduction by L1
R-HSA-194138: Signaling by VEGF
R-HSA-3299685: Detoxification of Reactive Oxygen Species
R-HSA-71406: Pyruvate metabolism and Citric Acid (TCA) cycle
H— R-HSA-182971: EGFR downregulation
— R-HSA-8878166: Transcriptional regulation by RUNX2
R-HSA-77288: mitochondrial fatty acid beta-oxidation of unsaturated fatty acids
R-HSA-8873719: RAB geranylgeranylation
— R-HSA-500753: Pyrimidine biosynthesis
- R-HSA-70326: Glucose metabolism
— R-HSA-3371556: Cellular response to heat stress

R-HSA-69190: DNA strand elongation

R-HSA-6782210: Gap-filling DNA repair synthesis and ligation in TC-NER
R-HSA-75105: Fatty acyl-CoA biosynthesis

R-HSA-109581: Apoptosis

R-HSA-2995383: Initiation of Nuclear Envelope (NE) Reformation
R-HSA-2046104: alpha-linolenic (omega3) and linoleic (omega6) acid metabolism
R-HSA-163210: Formation of ATP by chemiosmotic coupling
R-HSA-2132295: MHC class Il antigen presentation

R-HSA-9694548: Maturation of spike protein

R-HSA-879415: Advanced glycosylation endproduct receptor signaling
R-HSA-9664407: Parasite infection

- R-HSA-9700206: Signaling by ALK in cancer
L R-HSA-428157: Sphingolipid metabolism

— R-HSA-948021: Transport to the Golgi and subsequent modification
_L . R-HSA-5627123: RHO GTPases activate PAKs

R-HSA-446203: Asparagine N-linked glycosylation
R-HSA-163200: Respiratory electron transport, ATP synthesis by chemiosmotic coupling, and heat production by uncoupling proteins.
R-HSA-111465: Apoptotic cleavage of cellular proteins

L R-HSA-9013408: RHOG GTPase cycle

R-HSA-5628897: TP53 Regulates Metabolic Genes

R-HSA-199992: trans-Golgi Network Vesicle Budding
R-HSA-379724: tRNA Aminoacylation

R-HSA-70895: Branched-chain amino acid catabolism
R-HSA-1614635: Sulfur amino acid metabolism

R-HSA-3700989: Transcriptional Regulation by TP53
R-HSA-9706574: RHOBTB GTPase Cycle

R-HSA-917937: Iron uptake and transport

R-HSA-211945: Phase | - Functionalization of compounds
R-HSA-9619665: EGR2 and SOX10-mediated initiation of Schwann cell myelination
R-HSA-211859: Biological oxidations

R-HSA-447115: Interleukin-12 family signaling

R-HSA-9609507: Protein localization

R-HSA-9679506: SARS-CoV Infections

R-HSA-72203: Processing of Capped Intron-Containing Pre-mRNA
R-HSA-8956320: Nucleobase biosynthesis

R-HSA-2262752: Cellular responses to stress

R-HSA-8868773: rRNA processing in the nucleus and cytosol

NS EMEMNS
T-Ome P-Ome





OEBPS/Images/fimmu-13-866564-g003.jpg
R-HSA-445355: Smooth Muscle Contraction
R-HSA-379716: lic tRNA aminoacylation

R-HSA9696270: RND2 GTPase cycle
hsa04216: Ferroptosis

R-HSA-5663084: Diseases of carbohydrate metabolism
R-HSA-9711123; Cellular response to chemical stress
N204620: Adgocyiane sapaing path

sal ipocytokine signaling pathway
RHSA- 199995 rans-Colg Network Vesicle Budding
R-HSA-1474244: Extracellular matrix organization
R-HSA-9637690: Response of Mtb to phagocytosis
R-HSA-499943: interconversion of nucleotide di- and triphosphates
R-HSA-6803520: FGFR2 alternalive splicing
R-HSA-72165: mRNA Splicing - Minor Pathway
R-HSA-1655829: Regulation of cholesterol biosynthesis by SREBP (SREBF)
R-HSA-167161: HIV Transcription Initiation
R-HSA-1834949: Cytosolic sensors of pathogen-associated DNA
R-HSA-9006934: Signaling by Receptor Tyrosine Kinases
R-HSA-69190: DNA strand elongation
hsa00330: Argining and proline melabolism
R-HSA-6782210: Gap-filing DNA repair synthesis and ligation in TC-NER
R-HSA-3700989: Transcriptional Regulation by TP53
k004141 Protein processing in endoplasmic reticulum
R-HSA-76002: Platelet activation, signaling and aggregation
R-HSA-6798695: Neutrophil degranulation
R H8A-8873710: RAB gsranyigeranylation
R-HSA-8013407: RHOH GTPase cycle
R-HSA-72187: mRNA 3"end processing
R-HSA-429914: Deadenylation-dependent mRNA decay
ko04022: COMP.PKG signaiig paihway
R-HSA-216083: Integrin cell surface interactions
R-HSA-1280218: Adaptive Immune System
hsa04510: Focal adhesion
hsa05166: HTLV-!infection
hsa05131: Shigellosis
R-HSA-75815: Ubiquitin-dependent degradation of Cyciin D
R-HSA-446353: Cell-extracellular matrix interactions
hsa04144: Endocytosis
hsa05012: Parkinson's disease
R-HSA-194315: Signaling by Rho GTPases
R-HSA-199991: Membrane Trafficking
R-HSA-71291: Metabolism of amino acids and derivatives
hsa01200: Carbon metabolism
hsa00280: Valine, leucine and isoleucine degradation
R-HSA-71406: Pyruvate metabolism and Citric Acid (TCA) cycle
nsa00630: Glyasylate and dicarboxylate metabolism
hsa00480: Glutathione metat
k004971 Gastric acid secretion
k005203 Viral carcinogenesis.
R-HSA-556833; Metabolism of lipids
hsa04146: Peroxisome
R-HSA-9609507: Protein localization
R-HSA-8953854: Metabolism of RNA
R-HSA-8953897 Cellular responses to external stimuli
R-HSA-3371556: Cellular response to heat stress

Proteome

pulmonary proteome
(down)

Olfactory proteome
(down)

pulmonary proteome
(up)

Olfactory proteome
(down)

: mitochondrial matrix

: cell-substrate junction
nuclear speck

: melanosome
ribonucleoprotein complex

itochondrial envelope

endoplasmic reticulum lumen

- ficolin-1-rich granule

ﬁlﬁ‘u

ribosome
: actin cytoskeleton
U2-type spliceosomal complex
cell body
: nuclear periphery
ic vacuole
extrinsic component of organelle membrane
: retromer complex
endosome membrane
- : Golgi membrane
: clathrin adaptor complex
: dendrite
mitochondrial respirasome
peroxisomal membrane
extrinsic component of membrane
: ruffle
: rough endoplasmic reticulum
organelle outer membrane
ficolin-1-rich granule membrane
polymeric cyloskeletal fiber
mitochondrial intermembrane space
membrane raft
filopodium
: oytoplasmic ibonucleoprotein granle

.

- lipid droplet
myofibri

- coll-cell junction
cell division site
: polysomal ribosome
: peptidase complex
: endoplasmic reticulum protein-containing complex
: cortical cytoskeleton
. peroxisome
collagen-containing extracellular matrix
nuclear pore
: perinuclear region of cytoplasm
: spindie
 replication fork
nuclear DNA-directed RNA polymerase complex
:0071006: U2-type catalytic step 1 spliceosome
arcoplasmic reficulum lumen
0:0071162: CMG complex

Q00000

QRQRRORRRRR QDR

pulmonary proteome
(up)

Olfactory proteome
(down)

pulmonary proteome
(up)

Olfactory proteome
(down)

. endoplasmic reticulum-Golgi intermediate compartment





OEBPS/Images/fimmu-13-866564-g008.jpg
Arbitrary units (a.u)

Arbitrary units (a.u)
w

6
= &
8
2 4
'c
S5 3
S
s 2
£
< 1

0

3

S 2,5
o
® 2
5
s, 1,5
©
= 1
£
< 0,5
0
&
©

%k 3k

mGFP ES

RANTES MIP-3a MCP-5

ol 2 » o X
Q7T L (N W O
C M« C\‘(J@

= k%
%
1 DI, T*
> N D

S M Q¥

< & S

IFN g stNF R2 CXCL16 CTACK

EGFP EN

EGFP BM
¥
* * * * *
TR T T *
< A&
¥ @ E S
*
EGFP BE
3
*
¥
I * . 1, _
¢ X v o N S NN
%\ <</ Q/ Q (J Q Q "» ’
& & &P W
N O AP NS





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-866564-g006.jpg
-
Exracelllar Space

-
Plasifa Memolgne

C w Z = w »w Z2 = w
o dd da o dd d d
[ ol e e [l o o
6606 6O O 66 60
PHB1 | e e o = PHB2 s s o s s
25 2
‘:? 2 ;’1'5 L™
& 18 8 1
£ 1 z
* o5 = 05

=3
o





OEBPS/Images/fimmu-13-866564-g004.jpg
B

-
Exacelular Space

C

-
Extracelllar Space

Collagen type VI
~ —
Cytoplasm

i)






OEBPS/Images/fimmu-13-866564-g002.jpg
m?nupsa
rupes

@~
o
@
‘{
.WGBI
LN / 5
{ P2a2
.umno/ .A
O . @< o @
’A “.W ”,O“”,% O @<= @
| / \ 7 oMM22
o | O O
P -
@
@mccc
: “'1‘4% IP1
@LAP3
.GAA .NCSTN
'LAM.CPNE3
MCM PAHA2
F .‘M. @MAPK3 . “@ranal
;, L \\ \
' R mamsNAPlLl .COL12A1
PA28B y ®cns2
R AGATR e
@onae1 ’COLGALTI
' .ITGBl
.RAB'SH3&LDLR .TTGA3 ~
. ®LmaL
TLNL N
AP2A2
.MOVI’
< g o @
' \ ACOT2 / /
.PPPICA . CH1 .FBX‘O‘ANAPC7
| 'K'FZA ~@Tomm22
‘ ‘@cur1 .ACOXl
‘STAT3 .RAB7A
. DCTN1
‘LRPPRC /‘

\.NNT

" GTP hydrolysis and joining of the 60S ribosomal subunit

[l Processing of SMDT1

[ Postmitotic nuclear pore complex (NPC) reformation

M Vesicle-mediated transport
[ mRNA Splicing

M MAPK family signaling cascades
[ Antigen processing and presentation via MHC class Il
[ Extracellular matrix organization

Peroxisomal protein import
Il protein polyubiquitination

M GFP-E
M GFP-M
M GFP-N

B GFP-S





