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Transcriptomic analysis of sorted lung cells
revealed a proviral activity of the NF-kB
pathway toward SARS-CoV-2

Anvita Bhargava,1,7 Ugo Szachnowski,2,7 Maxime Chazal,1 Dominika Foretek,1,2 Vincent Caval,1

Sophie-Marie Aicher,1 Juliana Pipoli da Fonseca,3 Patricia Jeannin,4 Guillaume Beauclair,5 Marc Monot,3

Antonin Morillon,2,6,* and Nolwenn Jouvenet1,6,8,*
SUMMARY

Investigations of cellular responses to viral infection are commonly performed on mixed populations of
infected and uninfected cells or using single-cell RNA sequencing, leading to inaccurate and low-resolution
gene expression interpretations. Here, we performed deep polyA+ transcriptome analyses and novel
RNA profiling of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infected lung epithelial
cells, sorted based on the expression of the viral spike (S) protein. Infection caused a massive reduction in
mRNAs and long non-coding RNAs (lncRNAs), including transcripts coding for antiviral factors, such as in-
terferons (IFNs). This absence of IFN signaling probably explained the poor transcriptomic response of
bystander cells co-cultured with S+ ones. NF-kB pathway and the inflammatory response escaped the
global shutoff in S+ cells. Functional investigations revealed the proviral function of the NF-kB pathway
and the antiviral activity of CYLD, a negative regulator of the pathway. Thus, our transcriptomic analysis
on sorted cells revealed additional genes that modulate SARS-CoV-2 replication in lung cells.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which emerged in Wuhan, China, at the end of 2019 is the causative agent of

coronavirus disease 2019 (COVID-19). Infection may be asymptomatic or it may cause a wide spectrum of symptoms, from mild upper respi-

ratory tract infection to life-threatening pneumonia.1 Viral replication is not limited to the respiratory tract, but rather occurs in numerous or-

gans, including the blood, heart, vessels, intestines, brain, and kidneys.2 Severity of the disease correlates with an excessive pro-inflammatory

immune response,3–5 which may be responsible for the symptoms observed in patients. Inflammation is a vital defense mechanism that is

required to initiate an adaptive immune response via the recruitment and activation of immune cells. However, the non-resolution of acute

inflammation leads to tissue damage.6

SARS-CoV-2 infection is also characterized by a suppression of interferon (IFN) response in infected cells.7 IFNs are potent antiviral cyto-

kines secreted by various cell types. The IFN response is initiated by the recognition of viral nucleic acids by cellular receptors. Once activated,

these receptors recruit adaptor proteins and kinases that trigger the nuclear translocation of the transcription factors IRF3 and NF-kB, which,

in turn, induce the rapid expression of IFNs and proinflammatory cytokines.8 In particular, type I (IFNa and b) and type III (IFN-l1 and IFN-l2/3)

IFNs play crucial roles in protecting infected and neighboring cells from virus replication and spread. Once secreted, they will signal in a para-

crine and autocrine manner through their receptors, activating a signaling cascade that induces the expression of up to 2,000 IFN-stimulated

genes (ISGs). Their concerted actions establish the antiviral state by targeting specific stages of viral replication.9,10 SARS-CoV-2 overcomes

IFN responses via a wide array of mechanisms involving viral proteins11–13 and a virus-derived microRNA.14,15 These viral strategies likely

contribute to an impaired IFN response in COVID-19 patients16 and, consequently, high levels of viral replication.

Several transcriptomic analyses of human cells infected with SARS-CoV-2 have been performed to describe the perturbation of cellular

pathways induced by infection, using several cellular models, such as human cells derived from lung, bronchial or colorectal tissue,17–19 as

well as postmortem lung samples of COVID-19 patients17 and bronchoalveolar lavage fluids (BALF) from patients.20 These genome-wide
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investigations of host cellular responses to SARS-CoV-2 infection were performed exclusively using bulk RNA-sequencing (RNA-seq) technol-

ogies, i.e., by analyzing gene perturbations in mixed populations of infected and uninfected cells. Previous studies on Zika virus infected cells

have estimated that only 10%of the repressed and about 30%of the inducedgenes can be identified in amixedpopulation containing around

one-third of infected cells.21 Bulk transcriptome signals are thus partly drawn into noise background, rendering impossible to efficiently and

exhaustively portray the full variation of the host transcripts. The perturbation of cellular responses in SARS-CoV-2 infected andbystander cells

have also been analyzed using single-cell (sc) RNA-seq methods. Such studies were performed in a variety of cellular models, including

COVID-relevant ones, such as human intestinal organoids,22 human tracheal-bronchial epithelial cells,23,24 human lung cell lines,19 and

BALF from patients.25 However, the technical variability, high noise, and massive sample size of scRNA-seq data raise challenges in analyzing

the total number of differentially expressed genes (DEGs)26 out of a limited list of only 1,000 to 3,000most expressed genes in individual cells.

The balance between the number of cells to be sequenced and the sequencingdepth to extract themaximumamount of information from the

experiment also affects the results.27

Moreover, most bulk and single-cell transcriptomic studies performed to investigate the cellular response to SARS-CoV-2 focused on the

expression of the referenced coding genome, largely ignoring non-coding and unannotated information, mainly represented by long non-

coding RNAs (lncRNAs). These RNAs, which are at least 200 nucleotides (nt) in length, are of specific interest since they play fundamental roles

in cellular identity, development and disease progression through epigenetic or post-transcriptional regulation of mRNA expression.28 Com-

bined RNA-seq data from multiple sources reported over 20,000 lncRNA loci in the human genome.29 Future studies will plausibly increase

this number, since lncRNAs are more cell-type specific30 and expressed at lower levels than mRNAs.29 Most of them are independently tran-

scribed by RNApolymerase II and, like protein-coding RNAs, they can be 50-capped, polyadenylated, and spliced by the cellular machinery.31

Increasing evidence suggests the involvement of lncRNAs in virus-host interactions and antiviral immunity.32–34 Current efforts focus on un-

covering unannotated RNAs, which could encompass a variety of RNA biotypes, from rare mRNA isoforms to unannotated intergenic long

noncoding RNAs, using reference-based approach with the human gencode annotation.35 However, so far, none of these strategies have

been engaged to dissect virus-cell interactions.

Here, we investigated the coding and non-coding transcriptional landscape of lung cells infected with SARS-CoV-2, sorted according to the

expression of the viral protein spike (S). Our deep transcriptome analysis using annotated RNA genes and reference-based RNA profiler uncov-

ered pathways that are directly affected by infection and identified coding and non-coding genes contributing to an optimal SARS-CoV-2

replication.
RESULTS

Transcriptional landscapes of SARS-CoV-2-infected and bystander lung cells uncovered a global expression shutoff

To analyze transcriptomic changes in infected and bystander cells, human alveolar basal epithelial carcinoma cells (A549) stably expressing

the viral receptor ACE2 (A549-ACE2) were infected with an MOI of 1 for 24 h, fixed, stained intracellularly using antibodies against S proteins

and sorted into S-positive (infected cells, S+) and S-negative (bystander, S�) populations (Figures 1A and 1B). Around 15% of A549-ACE2 cells

were positive for S protein (Figure 1B). Cells negative for S protein represent either uninfected cells or cells at an early stage of infection, prior

to viral protein production.Mock-infected cells served as negative controls. The experiment was performed twice independently in triplicates.

PolyA+ RNAs were isolated frommock-infected, S+, and S� cells. Around 85% of the total readsmapped to the viral genome in S+ cells, while

less than 5% of the total reads aligned with the viral genome in S� cells (Figure 1C), validating our sorting approach. The reads covered the

entire viral genome (Figure S1A). The number of reads was relatively even across ORF1ab and increased toward the 30 end of the genome

(Figure S1A), likely representing a bias of the RNA-seq library construction. Alternatively, this enrichment of reads toward the 30end of the

genome may represent the nested transcription of the subgenomic RNAs that encode conserved structural proteins and accessory proteins.

Higher numbers of readsmatching the viral 50 untranslated regionwere also detected (Figure S1A), representing the 50 leader sequences of all
genomic and subgenomic RNAs. The large dominance of viral reads over cellular reads illustrates the ability of the virus to hijack the cellular

machinery for its replication. A similar proportion of SARS-CoV-2 reads in the RNA pool was previously reported in lung epithelial carcinoma

Calu-3 cells infected for 8 h.18 These differences in the representation of viral RNA between S+ and S� cells altered the robustness of the sta-

tistical analysis used to identify DEGs. To overcome this limitation, the samples were depleted of viral RNAs (vRNAs) using a set of oligonu-

cleotide probes covering the entire viral genome (Figure 1A). Following depletion, viral reads represented between 0.01 and 2.8% of the total

reads both in S+ and S� cells (Figure 1C). Of note, comparing the total RNA-seq data with or without viral RNA depletion showed that

depleting the viral RNA had no significant effect on the transcriptome variation of mock, bystander, or S+ cells (Figure S1B).

Coding and long non-coding geneswere identified using gencode annotation (v32), while unannotated RNAswere recoveredwith Scallop

assembler35 (Figures 1D–1F, S2A, and S2B; Tables S1–S3). Principal component analysis (PCA) of polyA+ transcriptomes segregated S+ cells

from S� and mock-infected ones (Figure 1D). This segregation based on S expression represented around 92% of the transcriptomic differ-

ences between the samples (Figure 1D). Only subtle differences (2.5%) distinguished bystander andmock-infected cells (Figure 1D), suggest-

ing that the transcriptional landscapes of these 2 cell populations were very similar. An absence of response of S� cells was unexpected since

cytokines, which are commonly secreted by virally infected cells, activate an antiviral state in bystander cells through surface receptors.

Analysis of gene expression allowed identification of thousands of annotated coding and non-coding genes that were differentially ex-

pressed (absolute fold change R 2, p value < 0.05) in S+ cells as compared to S� or mock-infected ones (Figures 1E and 1F; Tables S1–

S3). We identified around 13 times more downregulated coding genes than upregulated ones in S+ cells (Figures 1E and 1F), suggesting

that infection triggers a massive, but incomplete, shutoff of gene expression and/or degradation of host RNAs. Among the top upregulated
2 iScience 26, 108449, December 15, 2023
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Figure 1. Differential transcriptomic analysis of SARS-CoV-2 infected and bystander lung cells

(A) Scheme summarizing the experimental workflow. A549-ACE2 cells were infected with SARS-CoV-2 at an MOI of 1 for 24 h, stained for viral S protein followed

by flow cytometry sorting of productively infected (S+) and bystander (S�) cells. Total RNA from mock, S�, and S+ cells was depleted of ribosomal and viral RNAs

and sequenced.

(B) Representative FACS plot of S protein staining used for sorting productively infected cells.

(C) Percentage of reads in libraries originating from human genome or SARS-CoV-2 sequence, before and after depletion of viral reads.

(D) PCA plot based on the top 500 most variable genes between mock, bystander (S�) and infected (S+) cells.

(E) Volcano plots presenting distribution of classes of transcripts (mRNA-blue, lncRNA-red, unannotated-green) based on their log2 fold-change for 3

comparisons: infected cells vs. mock, infected cells vs. bystander and bystander vs. mock.

(F) Heatmaps presenting Z score of log2 normalized counts for all differentially expressed genes between mock, bystander and infected cells, separated for

mRNAs, lncRNAs and unannotated RNA. See also Figures S1 and S2.
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coding genes in S+ cells, we confirmed candidates revealed by previous analyses performed in non-sorted non-vRNA-depleted A549-ACE2

cells, such as CXCL8, CCL20, IL6, and NFKB1,17,36,37 but also novel highly significant candidates, including IL32 and ITGAM (Table S1). The

genes encoding IFN type I and type III were not upregulated in S+ cells, as compared to mock-infected cells (Figure S2C). Accordingly, ISGs

were not upregulated either in S+ cells. This absence of innate immune response in infected cells agrees with previous analyses performed in

mixed population of A549-ACE2 cells infected with SARS-CoV-2.17,36,37 Such absence of innate response reflects the ability of the virus to

potently inhibit the IFN response via numerous mechanisms in human cells.12 Around 1,260 annotated lncRNAs were downregulated in S+
iScience 26, 108449, December 15, 2023 3
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Figure 2. Separating lung cells based on the expression of the viral S protein improved discovery of DEGs

(A) Venn diagram representing gene overlap between DE-seq from sorted vs. mock samples and mixed vs. mock data re-analyzed from Blanco-Melo et al. 2020

(MOI of 0.2). The genes were defined as upregulated if log2 fold change was equal or above 1 (right panel) and equal or below�1 for downregulated genes (left

panel). Genes were defined as expressed when they were represented by at least 10 normalized reads in each replicate. The solid lines and central overlap show

the genes that appear in both datasets while dashed gray zones outline genes detected in only one of the two datasets.

(B) RT-qPCR quantification of viral genome copy number per mg of total RNA extracted from A549-ACE2 cells infected by SARS-CoV-2 at an MOI of 1, analyzed

either in bulk (left side of graph, n = 2 independent experiments, line at mean) or post-sorting based on Spike protein expression, allowing distinction between

productively infected and bystander subpopulations (right side of graph, n = 3 experiments, line at mean).

(C and D) RT-qPCR quantification of mRNA, lncRNA, and unannotated-RNA, that were identified as upregulated (C) or downregulated (D) upon infection by

SARS-CoV-2 in the RNA-seq analysis, in total RNA extracted from A549-ACE2 cells infected with SARS-CoV-2 at an MOI of 1, analyzed either in bulk (left side

of graph) or post-sorting based on Spike protein expression (right side of graph, normalized fold change over mock-infected, n = 3 independent

experiments, ratio-paired t-test, line at mean G SEM). *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001, and ‘‘ns’’ indicates not significant.

(E) Top 10 enriched GO terms for Biological Process (BP) and KEGG pathways from DAVID database ranked by the adjusted p value (Benjamini), for upregulated

mRNAs identified in RNA-seq comparison between infected vs. mock cells. See also Figures S3 and S4.
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cells as compared to mock-infected cells, and 184 were upregulated (Figures 1E and 1F; Table S2). RFPL3S, ADIRF-AS1, andWAKMAR2 were

among the top 15 upregulated lncRNAs in S+ cells. RFPL3S and ADIRF-AS1 have no known functions, whereas WAKMAR2 restricts NF-kB-

induced production of inflammatory chemokines in human keratinocytes.38 Among the top downregulated lncRNAs, we identified HOXA-

AS2 and NKILA, which are negative regulators of NF-kB signaling, in endothelial cells and breast cancer cell lines, respectively.39,40 Altered

expression of WAKMAR2, HOXA-AS2, and NKILA in infected cells could thus play a role in viral-associated inflammation. From the 1,400 un-

annotated transcripts we detected using Scallop assembler,35 around 800 unannotated transcripts were also differentially expressed in S+

cells as compared to S� ones (Figures 1E and 1F; Table S3).

In agreement with the PCA (Figure 1D), volcano plots and heat maps revealed that S� bystander cells and mock-infected control cells ex-

hibited very similar transcriptomic profiles (Figures 1E and 1F; Figures S2A and S2B). Only around 170 polyA+ transcripts were differentially

expressed in S� cells as compared to mock-infected ones (Figure 1E; Tables S1–S3). As a comparison, over 13,000 DEGs were identified in S+

as compared tomock-infected cells (Figure 1E; Tables S1–S3). These analyses further suggest that S+ cells present none or very little paracrine

signaling response. Among the 69 coding genes that were upregulated in S� cells as compared tomock-infected, 29 were also upregulated in

S+ cells (Figure S2B; Table S3). Some of these common genes were inflammatory genes, such as IL32, IL6, and CCL20. Among the 39 upre-

gulated coding genes that were unique to S� cells, 16 were ISGs (examples include MX1, APOL1, and IFI6). The expression of these inflam-

matory genes and ISGs in bystander cells could be induced early in infection, prior to the production of S protein.

Our approach reveals that SARS-CoV-2 infection triggers amajor downregulation of gene expression in A549-ACE2 cells. It also shows that

S� cells do not exhibit a strong transcriptional signature despite being cultured with S+ cells, suggesting the absence of an efficient paracrine

communication.
Separating lung cells based on the expression of the viral S protein improved discovery of DEGs

To compare our differential deep analyses with known datasets, we analyze publicly available polyA+ RNA-seq raw data of unsorted A549-

ACE2 infected with SARS-CoV-2 at an MOI of 0.2.17 Viral reads represented around 50% of the total number of reads in these unsorted bulk

population of cells,17 which was expectedly less than in A549-ACE2 cells positive for S protein (Figure 1C). The 2 analyses shared 150 upre-

gulated protein-coding genes and 238 downregulated ones (Figure 2A; Table S4). The vast majority (about 80%) of the downregulated

mRNAs that we identified were classified as ‘‘unchanged’’ in the analysis of unsorted cells (Figure 2A; Table S4). This was also true when

comparing our dataset with polyA+ RNA-seq raw data of unsorted A549-ACE2 infected with SARS-CoV-2 at an MOI of 2 (Figure S3A).

Thus, sorting cells based on S protein expression and depleting viral RNA allowed the identification of over 30 or 6 timesmore downregulated

coding genes than in unsorted cells infected at an MOI of 0.2 or 2, respectively (Figure 2A; Figure S3A; Table S4). The poor sensibility of anal-

ysis of mixed cell population in detecting downregulatedgenes is likely due to the large proportion of non-infected cells, in which themajority

of genes remained normally expressed, thusmasking any decrease of gene expression in the pool of infected cells. Indeed, an artificial recon-

struction of amixed cell population (80% S� and 20% S+) supports this hypothesis (Figure S3B). About 41% of the upregulated protein-coding

genes and 16% of downregulated ones that we identified were not detected in conventional RNA-seq analysis of mixed populations.17 We

also compared DEGs identified in our analysis with the ones recovered from scRNAseq studies performed on A549-ACE2 cells in which in-

fected cells were identified based on the presence of multiple viral RNA transcripts.36 The 2 datasets shared around 30% of downregulated

genes and 5% of upregulated ones (Figure S3C). Over 88% of upregulated genes and 68% of downregulated genes identified by our analysis

were missed by the scRNAseq analysis, including key genes that we later identified as regulators of viral replication (e.g., NFKB1 and CYLD)

(Figure S3C). Our analysis recovered about 11 times more upregulated genes and 3 times more downregulated genes that this scRNA-seq

analysis (Figure S3C). By contrast, 3.4% of upregulated and 0.6% of downregulated genes were found by scRNA-seq only. Together, these

comparisons highlight the accuracy and the depth of our analysis, as compared to previous ones.

To validate the sorting approach combined with vRNA-depletion, we comparedmRNA abundances of a few DEGs in a bulk population of

cells infected with SARS-CoV-2 for 24 h, as well as in sorted S+ and bystander S� cells infected in the same condition. As expected, S+ cells

produced approximately 200-fold more intracellular viral RNAs than did S� cells (Figure 2B). These qPCR analyses confirm that some S� cells

are at an early stage of viral replication, prior to viral protein expression (Figure 1B). We included in the analysis three coding transcripts (IL32,
iScience 26, 108449, December 15, 2023 5
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ITGAM, and TRAF1), two lncRNAs (WAKMAR2 and AL132990.1), and one unannotated transcript (XLOC_007519) that were identified among

the most upregulated RNAs in S+ A549-ACE2 cells (Figures 2C, S4A, and S4B; Tables S1–S3). The abundance of IL32 mRNA did not increase

significantly in the infected bulk population, as compared to mock-infected cells (Figure 2C). By contrast, IL32 mRNA levels increased around

30-fold in S+ cells, compared to those inmock-infected cells (Figure 2C). This difference explains why IL32was not identified as an upregulated

gene in previous RNA-seq analysis performed in mixed population of infected A549-ACE2 cells.17,36 Similarly, the expression of ITGAM,

TRAF1, WAKMAR2, AL132990.1, and XLOC_007519 showed a modest increase in the bulk population and a significant increase in S+ cells,

as compared tomock-infected cells (Figures 2C and S4B). The decreased expression of transcripts identified as top downregulated hits in the

RNA-seq analysis of S+ cells, such as the coding transcripts FEN1 and SNRPF, the lncRNAs AC016747.1, DANCR, and TP53TG1, as well as the

unannotated RNA XLOC_049236 (Figures 2D, S4A, and S4C), was significantly more pronounced in S+ cells than in the mixed population of

cells, when compared tomock-infected cells (Figures 2D and S4C). Analysis of RNA abundances in sorted cells thus highlighted the increased

accuracy of our approach, compared to classical methods, in detecting up- and downregulated genes.

To identify pathways affected by infection in A549-ACE2 cells, we performed Gene Ontology (GO) terms and KEGG pathway enrichment

analysis on the upregulated coding genes in S+ cells, as compared tomock-infected cells (Figure 2E). We observed a significant enrichment in

several inflammatory signaling pathways, including TNF andNF-kB signatures, whichwere previously identified in bulk transcriptomic analysis

of infected A549 and Calu-3 cells36,37 and in scRNA-seq analysis of infected colon and ileum organoids.22 Members of the superfamily of TNF

proteins are multifunctional proinflammatory cytokines. NF-kB plays an important role in promoting inflammation, as well as regulating cell

proliferation and survival.41 Activation of NF-kB is one of the signals transduced by the TNF-superfamily members.42 These inflammatory sig-

natures are also consistent with those observed in peripheral blood immune cells of severe or critical COVID-19 patients.16
Inflammatory cytokines, but not IFNs, are produced and secreted by infected cells

Wewondered whether the underwhelming response of the bystander S� cell population could be explained by a defect in paracrine commu-

nication between S+ and S� cells. Despite being present in high abundance in S+ cells as compared to mock-infected cells (Table S1; Fig-

ure 2E), inflammatory cytokine transcriptsmay not be translated. Indeed, initiation of translation seems to be impaired in SARS-CoV-2 infected

cells via two potential mechanisms: acceleration of cytosolic cellular mRNA degradation18 and blockade of the mRNA entry channel of ribo-

somes by the viral protein Nsp1.43–45 Moreover, viral proteins Nsp8 and Nsp9 disrupt protein secretion in HEK293T cells,43 raising the pos-

sibility that cytokines are produced but not secreted by S+ cells.

To investigate these possibilities, we selected 5 inflammatory chemokines (IL-6, CXCL1,CCL2, CXCL8/IL-8, andCCL20) whose expressionwas

upregulated in S+ cells upon infection (Table S1) and quantified their intracellular and secreted levels in lysates and supernatants of A549-ACE2

cells infected for 24 h (Figures 3A and 3B). For comparison, A549-ACE2 cells transfectedwith the immuno-stimulant poly(I:C) were included in the

analysis. In amixed population of S+ and S� cells, mRNAs of these 5 cytokines were significantly more abundant than inmock-infected cells (Fig-

ure S5A), in agreement with the increased levels of mRNAs detected in S+ cells by RNA-seq (Table S1; Figure S5B). Their expression was also

induced by poly(I:C) (Figure S5A). All five cytokines were secreted at detectable levels in cells stimulated by viral infection or poly(I:C) (Figure 3A),

indicating that infection does not hamper the translation of the corresponding mRNAs. As expected, based on their mRNA abundance (Fig-

ure S5A), intracellular levels of IL-6, CCL2, and IL-8 significantly increased upon poly(I:C) stimulation as compared to unstimulated control cells

(Figure3A). Bycontrast, despitebeing inducedbypoly(I:C)downstreamsignaling (FigureS5A),CXCL1andCCL20 levelswerecomparable in stim-

ulated and unstimulated cells (Figure 3A). This could be due to a short protein half-life, protein degradation, and/or rapid secretion. Intracellular

levelsofCXCL1 increased significantly upon infection compared tomock-infected cells (Figure 3A)while intracellular levels of IL-6, CCL2, IL-8, and

CCL20 were similar in both conditions. However, all 5 cytokines were significantly more secreted by infected cells than mock-infected ones (Fig-

ure 3B). Infected cells secreted even more IL-6 and CXCL1 than cells stimulated by poly(I:C) (Figure 3B). Thus, inflammatory cytokines are ex-

pressed and secreted by A549-ACE2 cells infected with SARS-CoV-2, which is in line with the excessive inflammatory response reported in other

cellular models17,19,22,24,37 and characteristic of severe cases of COVID-19.3–5 The absence of paracrine communication that was revealed by the

RNA-seqanalysisofS� cells (Figure1) is thusunlikely tobe linked toadefect incytokineexpressionandsecretion inS+ cells. Itmaybeexplainedby

theapparent absenceof IFNsignaling. Indeed, andconsistentlywithprior RNA-seqstudies conducted inbulkA549-ACE2cells,17,36,37we failed to

observe a significant IFN signature in S+ cells (Table S1; Figure 2E), despite a robust induction of NF-kB activity (Figure 2E).

To validate this further, we compared the level of IFNb, IFN-l1, and IFN-l2/3 transcripts in A549-ACE2 cells infected for 24 h. Cells treated

with poly(I:C) were used as positive controls for IFN production. Cells infected with measles virus (MeV), a respiratory RNA virus known to

trigger an IFN response in A549 cells,46 were also included in the analysis for comparison. Flow cytometry analysis identified on average

20–30% of cells positive for viral proteins upon SARS-CoV-2 or MeV infection (Figure 3C). As expected, the level of IFNb, IFN-l1, and IFN-

l2/3 transcripts increased in poly(I:C)-treated cells compared to cells exposed to the transfecting reagent lipofectamine only (Figure S5C).

Amounts of IFNb, IFN-l1, and IFN-l2/3 transcripts were several orders of magnitude higher in MeV-infected cells than in SARS-CoV-2 in-

fected cells (Figure S5C). Consistently with mRNA level (Figure S5C) and RNA-seq analyses (Figure S5D), around 200 and 850 pg/mL of

IFNb were secreted by MeV-infected cells and poly(I:C)-treated cells, respectively (Figure 3D). SARS-CoV-2 infected cells secreted as little

as 50 pg/mL of IFNb, which was similar to the quantity secreted by mock-infected cells and lipofectamine-exposed cells, likely representing

baseline levels (Figure 3D). MeV-infected cells secreted around 1,000 pg/mL of IFN-l1 and 5,000 pg/mL of IFN-l2/3 while no IFN-l was de-

tected in the supernatant of SARS-CoV-2 infected cells (Figure 3D). This baseline level of IFN type-I secretion and absence of IFN type-III

release by SARS-CoV-2-infected cells is likely to be responsible for the lack of paracrine signaling revealed by the RNA-seq analysis (Figure 1).

These analyses indicate that inflammatory cytokines, but not IFNs, are produced and secreted by infected cells.
6 iScience 26, 108449, December 15, 2023
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Figure 3. Inflammatory cytokines, but not IFNs, are produced and secreted by infected cells

(A) Quantification of the indicated chemokines by cytometry bead array in A549-ACE2 cell lysates obtained 24 h post mock-infection or infected with SARS-CoV-2

at an MOI of 1, or post-treatment with transfectant alone or in combination with 10 ng/mL of Poly(I:C) (n = 3 independent experiments, paired one-way ANOVA

with Turkey’s post-test, line at mean G SEM).

(B) Quantification of the indicated chemokines by cytometry bead array in supernatant (SN) of cells shown in (A) (n = 3 independent experiments, paired one-way

ANOVA with Turkey’s post-test, line at mean G SEM).

(C) Percentages of infected A549-ACE2 cells 24 h post infection (MOI of 1) with SARS-CoV-2 or measles virus expressing GFP (MeV), quantified by flow cytometry

using Spike protein staining and GFP expression, respectively (n = 3 independent experiments, line at mean G SEM).

(D) Quantification of secretion of IFNb, IFNl1, and IFNl2/3 by cytometry bead arrays in supernatant of A549-ACE2 cells 24 h post-infection with SARS-CoV-2 or

MeV (MOI of 1), or post-treatment with transfectant alone or in combination with 10 ng/mL of Poly(I:C) (n = 3 independent experiments, one-way ANOVA with
�Sı́dák’s post-test, line at meanG SEM). ULOD: Upper Limit of Detection; LLOD: Lower Limit of Detection. See also Figure S5. *p < 0.05, **p < 0.01, ***p < 0.005,

****p < 0.0001, and ‘‘ns’’ indicates not significant.
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Coding and non-coding NF-kB targets escaped the virus-induced cellular shutoff

Numerous genes associated with the NF-kB signaling pathway fall into the category of genes that escaped the virus-induced cellular shutoff

(Figure 2E). To determinewhich of these genes were directly controlled byNF-kB, we cross-compared the upregulated genes with knownNF-

kB target genes. Among the 68 upregulated NF-kB-targets in S+ cells, we identified cytokines such as CXCL8/IL8 and IL32 (Figures 4A and

S6A; Table S5). NFKB1, which codes for the p105/p50 subunit of the transcription factor, and is itself an NF-kB-target gene,47,48 also showed a

significant transcriptional induction in S+ cells (Figures 4A and S6A), as well as in a bulk population of infected cells (Figure S6B). Such mech-

anism generates an auto-regulatory feedback loop in the NF-kB response.47
iScience 26, 108449, December 15, 2023 7
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Figure 4. Upregulated NF-kB target genes contribute to an optimal SARS-CoV-2 replication

(A) Volcano plot presenting log2 fold change of RNA expression from RNA-seq analysis between S+ and mock cells and showing known NF-kB target mRNAs

(labeled in blue), as well as NF-kB target lncRNAs (red) and unannotated RNAs (green) predicted from ChIP and motif analysis.

(B) Volcano plot presenting log2 fold change of RNA expression from RNA-seq analysis between S+ and mock cells and showing DEGs with peaks of upstream

p65 binding, observed via CUT&RUN performed after 3 h TNFa treatment.

(C) A549-ACE2 cells were left unstimulated (NT) or were stimulated with TNFa (20 ng/mL for 15 min). Alternatively, cells were left uninfected (NI) or were infected

with SARS-CoV-2 for 6 h at an MOI of 1. Cells were then stained with antibodies recognizing p65 (red) and dsRNA (green), as well as with NucBlue (blue). Eight

fields from 2 independent experiments containing on average 70 cells were scored for nuclear translocation of p65. two-way ANOVA with Sidak’s post-test; ns,

nonsignificant; ***, p < 0.001. Scale bars: 20 mm.

(D) RT-qPCR quantification of knock-down efficiency of indicated transcripts in A549-ACE2 cells, 48 h post-transfection with a pool of siRNAs targeting indicated

genes (normalized fold change over control siRNA, n = 3 independent experiments, ratio-paired t test, line at mean G SEM).

(E) RT-qPCR quantification of viral genome copy number per mg of total RNA extracted from A549-ACE2 cells, with indicated genes knocked down, 24 h after

infection with SARS-CoV-2 (MOI of 1) (n = 3 independent experiments, one-way ANOVA with Dunnett’s post-test, line at mean G SEM).

(F) Percentages of infected A549-ACE2 cells, with selected genes knocked-down, 24 h post infection with SARS-CoV-2 (MOI of 1), quantified by flow cytometry

using Spike protein staining (n = 3 independent experiments, mixed model one-way ANOVA with Dunnett’s post-test, line at mean G SEM).

(G) Viral titers in cell supernatants of A549-ACE2 cells, with indicated genes knocked down, 24 h after infection with SARS-CoV-2 (MOI of 1) (n = 3 independent

experiments, one-way ANOVA performed on Log-transformed data, with Dunnett’s post-test, line at mean G SEM). Titers were determined by calculation of

TCID50 using the Spearman-Karber Method. See also Figures S6 and S7. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001.
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To identify NF-kB-driven lncRNAs, we analyzed NF-kB chromatin immunoprecipitation (ChIP)-sequencing data generated in A549 cells

stimulated with TNFa49 and searched for known NF-kB binding motifs [103]. The analysis recovered 15 NF-kB-targets among the 184 upre-

gulated lncRNAs in S+ cells (Figure 4A; Table S5), including PACERR, which is known to modulate the expression of NF-kB-target genes via a

direct interaction with the p50 subunit in U937 macrophages.50 Novel NF-kB target genes were also identified among unannotated genes

(Figure 4A; Table S5).

To determine whether the lncRNAs identified by the in silico analysis were indeed NF-kB targets, RT-qPCR analysis were performed to

assess the levels of three lncRNAs (CYLD-AS1, lnc-RASSF5, and lnc-HS3ST3B1-1:2) following 3 h of TNFa treatment, and, as a comparison,

after 24 h of SARS-CoV-2 infection (Figure S7). IL6, CXCL8, and CCL20 were included as positive controls for NF-kB activation. As expected,

both TNFa treatment and SARS-CoV-2 infection significantly increased the levels of IL6, CXCL8, and CCL20 mRNAs, as compared to non-

treated cells (Figure S7A). The transcription of CYLD-AS1, lnc-RASSF5, and lnc-HS3ST3B1-1:2 was also induced in TNFa-treated cells (Fig-

ure S7B), as well as in SARS-CoV-2 infected cells, albeit not significantly for lnc-RASSF5 (Figure S7B). This suggests that transcription of these

three lncRNAs occurs via activation of the NF-kB pathway. To confirm that the NF-kB subunit p65 directly binds the upstreampromoter of the

lncRNAs of interest, a CUT&RUN assay was performed to identify direct p65 targets upon TNFa stimulation in A549-ACE2 cells (Figure 4B).

Sequencing results confirmed the presence of direct p65 docking upstream of transcription starts sites (TSS) of the 12 NF-kB-driven lncRNAs

identified in-silico, except ADIRF-AS1 (Figure 4B). Thus, coding and non-coding NF-kB targets escaped the virus-induced cellular shutoff.

The NF-kB signaling pathway is required for an optimal SARS-CoV-2 replication

To investigate further the activation of theNF-kBpathway during SARS-CoV-2 infection, we assessed the localization of theNF-kB subunit p65

in infected cells. Cells treated with TNFa served as positive controls. p65 was detectable exclusively in the cytosol of nearly all uninfected

A549-ACE2 cells, whereas it was found in nuclei of over 90% of TNFa-treated cells (Figure 4C). The presence of dsRNAs, which are generated

during viral replication, marked infected cells. Around 90% of infected cells exhibited nuclei positive for p65 (Figure 4C). These results further

suggest that the NF-kB pathway is activated upon SARS-CoV-2 infection.

For functional analysis, we selectedNFKB1, CXCL8/IL8, and IL32, which were among the top upregulatedNF-kB target genes identified in S+

cells (Figure 4A). NFKB1 served as a positive control in these experiments since reducing its expression was previously shown to decrease SARS-

CoV-2proteinexpression inA549-ACE2cells.36 These resultswere initially unexpected sinceNF-kBcommonly acts as antiviral factor.41Analysisof

mRNA abundances showed a significant transcriptional induction of NFKB1 and CXCL8/IL8 in a bulk population of A549-ACE2 cells infected by

SARS-CoV-2 for 24 h, as compared tomock-infected cells (Figure S6B), validating the RNA-seq analysis performed on S+ cells (Figure 1). We had

previously confirmed that IL32 transcripts were significantly more abundant in S+ cells than in mock-infected cells (Figure 2C).

We explored the potential ability of NFKB1, CXCL8, and IL32 to modulate the replication of SARS-CoV-2 using siRNA-mediated knock-

down approaches. siRNApools efficiently reduced the expression of their respective targets in A549-ACE2 cells (Figure 4D). Reduced expres-

sion of NFKB1, CXCL8, and IL32 significantly decreased intracellular viral RNA yield 24 h post-infection (Figure 4E). The number of cells pos-

itive for the viral protein S, as well as infectious viral particle production, were also significantly reduced in cells expressing low levels of NFKB1,

CXCL8, and IL32, as compared to cells transfected with control siRNApools (Figures 4F and 4G). These results confirmed the pro-SARS-CoV-2

activity of NFKB1 in A459-ACE2 cells36 and revealed that CXCL8 and IL32 also exhibited significant proviral functions. Thus, our sorting ap-

proaches identified upregulated NF-kB target genes that contribute to an optimal SARS-CoV-2 replication.

CYLD reduced SARS-CoV-2 infection by dampening inflammation

CYLD-AS1 is one of the NF-kB dependent lncRNAs induced by SARS-CoV-2 infection that was detected via the in silico approach and vali-

dated by the CUT&RUN analysis (Figure 5A) It caught our attention since it arises from the strand opposite to the protein-coding gene CYLD,
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Figure 5. Identification of CYLD gene as a regulator of SARS-CoV-2 infection and inflammation

(A) Visualization of read coverage (tag/nucleotide) from polyA+ RNA-seq (red, blue, and gray), CUT&RUN sequencing (green), and ChIP-seq (IP – Input, yellow) at

CYLD-AS1 locus. RNA-seq, CUT&RUN-seq, and ChIP-seq data were normalized independently.

(B) RT-qPCR quantification of knock-down efficiency of CYLD transcript in A549-ACE2 cells, 72 h post-transfection with indicated siRNA pools and 24 h post-

infection with SARS-CoV-2 (MOI of 1) (normalized fold change over control siRNA, n = 3 independent experiments, paired one-way ANOVA with Sidak’s

post-test performed on non-normalized DCt values, line at mean G SEM).

(C) Western Blot showing knockdown of CYLD protein, 48 h post-transfection with Ctrl siRNA pool and siRNA pool targeting CYLD transcript.

(D) Percentages of infected A549-ACE2 cells, with selected genes knocked-down, 24 h post infection with SARS-CoV-2 (MOI of 1), quantified by flow cytometry

using Spike protein staining (n = 3 independent experiments, paired t test, line at mean G SEM).

(E) Viral titers in cell supernatants of A549-ACE2 cells, with indicated genes knocked down, 24 h after infection with SARS-CoV-2 (MOI of 1) (n = 3 independent

experiments, unpaired t-test, line at mean G SEM). Titers were determined by calculation of TCID50 using the Spearman-Karber Method.

(F) RT-qPCR quantification of transcript induction of indicated genes in A549-ACE2 cells, 72 h post-transfection with indicated siRNA pools and 24 h post-

infection with SARS-CoV-2 (MOI of 1) (normalized fold change over mock-infected, control siRNA, n = 3 independent experiments, paired one-way ANOVA

with Sidak’s post-test performed on non-normalized DCt values, line at mean G SEM).
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Figure 5. Continued

(G) Quantification of secretion of IL-6, CCL-2, and IL-8 by cytometry bead arrays in supernatant of A549-ACE2 cells, 72 h post-transfection with indicated siRNA

pools and 24 h post-infection with SARS-CoV-2 (MOI of 1) (n = 3 independent experiments, ratio-paired t test, line at mean G SEM).

(H) Working model: CYLD acts by dampening the release of inflammatory cytokines via negative regulation of the NF-kB pathway (left). Reduced expression

levels of CYLD (right) lead to increased inflammation and enhanced SARS-CoV-2 infection (Created with BioRender.com). See also Figure S8. *p < 0.05,

**p < 0.01, ***p < 0.005.
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which is also upregulated by SARS-CoV-2 infection (Table S1; Figure S8A). CYLD-AS1 and CYLD share the same promoter for bidirectional

transcription, within which we detected a peak for direct p65 binding (Figure 5A). CYLD has deubiquitinating activity and negatively regulates

theNF-kBpathway, thus limiting persistent inflammation.51 It does so by removing poly-ubiquitin tails fromupstream signaling factors such as

TRAF2 and TRAF6, thus terminating signal transduction.51 To investigate the role of CYLD in SARS-CoV-2 infection, we used siRNAs to knock-

down its expression prior to infection. Knockdown efficiency was confirmed at the transcript and protein levels (Figures 5B and 5C). Consistent

with our RNA-seq data (Figure S8A), infection increased the abundance of CYLD transcripts, leading to a partial rescue of CYLD transcript

levels after siRNA treatment (Figure 5B). The proportion of S+ cells was significantly higher in cells expressing reduced levels of CYLD

compared to control cells transfected with control siRNA pools (Figure 5D). Consistently, infectious viral particle production significantly

increased in cells expressing low levels of CYLD, as compared to control cells (Figure 5E). As expected based on its known function,51 deple-

tion of CYLD led to increased expression levels of the mRNAs of the inflammatory cytokines IL-6, CCL2, and IL-8/CXCL8 upon infection (Fig-

ure 5F). In agreement with this, more IL-6, CCL2, and IL-8 were secreted in both unstimulated and infected cells expressing reduced levels of

CYLD compared to control cells (Figures 5G and S8B). These results suggest that CYLD acts as an antiviral factor for SARS-CoV-2, most likely

by negatively regulating the proviral NF-kB pathway (Figure 5G).
DISCUSSION

Transcriptomic analysis of lungA549-ACE2 cells sorted based on S expression permitteddeep sequencing ofmany cells synchronized for viral

protein expression. Depletion of viral RNA from the samples prior to RNA-seq allowed for a robust identification of host cell DEGs. Our

approach thus unveiled an accurate and comprehensive picture of genome-wide signaling networks that are directly affected by SARS-

CoV-2 replication in human lung cells. It revealed a massive, but somehow selective, gene expression shutoff in S+ cells. Such reduction of

cellular transcripts was underestimated in analysis performed on bulk population of infected A549-ACE2 cells17,36,37 but was detected by

RNA-seq analysis performed on bulk population of Calu-3 cells infected at a high MOI.18 This is probably due to the fact that Calu-3 cells

express high levels of ACE252 and are thus naturally permissive to SARS-CoV-2, ensuring a high proportion of infected cells in the mixed cul-

ture. SARS-CoV-2 employs several strategies to decrease the level of cellular mRNAs in infected cells, including inhibition of nuclear mRNA

export18,43 and accelerated mRNA degradation as compared to control cells.18 SARS-CoV-1 and SARS-CoV-2 Nsp1 largely contribute to

these processes by interacting with the mRNA export machinery53 and by inducing endonucleolytic cleavage of the 50 UTR of cappedmRNAs

bound to 40S ribosomes.18,54–56 SARS-CoV-2 RNAs are protected from Nsp1-mediated degradation by their 50 end leader sequence,18,57

which explains why we observed, in agreement with previous studies performed in A549-ACE2 cells17 and Calu-3 cells,18 a large dominance

of viral RNA over the cellular RNA pool at 24 hpi.

One consequence of this drastic shutoff is the suppression of induction of innate immune genes, such as IFN type I and type III. In agree-

ment with previous RNA-seq studies performed in bulk populations of infected A549-ACE2 cells17,36 and kidney HEK293T-ACE2 cells,58 our

transcriptomic profiling combined with analysis of mRNA levels and IFN secretion showed that infected cells failed to mount an antiviral

response. Besides global gene expression reduction in host cells, SARS-CoV-2 has evolved numerous mechanisms to specifically counteract

the IFN induction and signaling pathways.12 For instance, the viral proteins Nsp6 andNsp13 bind and block the ability of TANKbinding kinase

1 (TBK1) to phosphorylate IRF311 and several viral proteins, including the N and Orf6 proteins, dampen STAT1/2 phosphorylation or nuclear

translocation.11,59,60 Consistent with an absence of IFN secretion by S+ cells and, consequently, a poor paracrine response, the transcriptome

of bystander S� cells largely overlapped with the one of mock-infected cells.

Absence of IFN response is not, however, a universal feature of SARS-CoV-2 infection. Viral replication induces a type I and III IFN response

in Calu-3 cells,61–64 primary airway epithelia cultured at the air-liquid interface,61,63 human intestinal epithelial cells,65 organoid-derived bron-

chioalveolar models,66 and intestinal organoids.65 When infected at a high MOI, A549-ACE2 cells also induced expression of IFN and ISGs.17

Thus, in vitro, the magnitude of the IFN response elicited by SARS-CoV-2 is cell-type specific and dependent on the viral load. Nevertheless,

RNA-seq analysis of postmortem lung tissues from lethal cases of COVID-19 failed to detect IFN-I or IFN-III.17 Type I IFN responses were high-

ly impaired in peripheral white blood cells of patients with severe or critical COVID-19, as indicated by transcriptional analysis.16 Moreover,

infected patients had no detectable circulating IFN-b, independently of the severity of the disease.16 Thus, our results corroborate these clin-

ical studies highlighting the efficient shutdown of IFN production by the virus.

Although our RNA-seq analysis identified over 12,000 host transcripts that were significantly reduced during SARS-CoV-2 infection as

compared to control cells, it also recovered around 1,500 transcripts whose levels were significantly elevated and 2,800 transcripts whose

levels were unchanged upon infection. Among top upregulated genes in S+ cells, we identified numerous proinflammatory cytokines,

such as IL6, CXCL1, CCL2, IL8/CXCL8, and CCL20. ELISA analysis confirmed that infected cells were producing these inflammatory cytokines.

They were previously identified in bulk or scRNAseq analysis of A549-ACE2 cells as upregulated,17,36,37 while others, such as IL32, were under-

reported. High levels of proinflammatory cytokine transcripts have been also observed in infected primary bronchial cells,17 lung
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macrophages25 and postmortem lung samples of COVID-19-positive patients.17 Thus, SARS-CoV-2 appears to selectively inhibit IFN

signaling while allowing chemokine production in lung cells.

GO and KEGGpathway analyses confirmed the upregulation of an inflammatory response in S+ cells, including TNF- andNF-kB-transcrip-

tional signatures. An NF-kB transcriptional footprint was previously identified in RNA-seq analysis of bulk population of SARS-CoV-2-infected

tracheal-bronchial epithelial cells24 and in scRNA-seq analysis of infected A549-ACE2 cells.36 Microarray analysis of Calu-3 cells infected with

SARS-CoV-2 also showed a specific bias toward an NF-kB mediated inflammatory response.37 Finally, inflammatory genes specifically up-

regulated in peripheral blood immune cells of severe patients or critical COVID-19 patients mainly belonged to the NF-kB pathway.16 Consis-

tently, among the 741 upregulated protein-coding genes that we identified in S+ cells, 68 possess an NF-kB binding site in their promoter

regions. Examples include IL6, CXCL8/IL8, and IL32. We also identified NF-kB binding site in the promoter regions of lncRNAs that were up-

regulated in S+ cells, such as CYLD-AS1 and PACERR, both by in silico and CUT&RUN analysis. NF-kB contribution to the antiviral response is

well described and is supported by numerous in vivo experiments showing that mice deficient in different NF-kB subunits are more suscep-

tible to viral infection than wild-type mice.41 Consistently, many viruses have evolved strategies to counteract the NF-kB-mediated antiviral

response.67 However, certain human viruses, such as HIV-1, Epstein-Barr virus, and influenza A virus, activate NF-kB to block apoptosis and

prolong survival of the host cell to gain time for replication.68 Our data show that disruption of NF-kB function through silencing of its subunit

p105/p50 diminished the production of viral RNAs and proteins at 24 hpi in A549-ACE2 cells, confirming its proviral role.36,37 Several SARS-

CoV-2 proteins could contribute to the activation of NF-kB signaling in infected cells. When individually expressed, Orf7a and Nsp14 activate

NF-kB signaling pathway and induce cytokine expression, in HeLa and HEK293T cells, respectively.69,70 Nsp5 also induces the expression of

several inflammatory cytokines, such as IL-6 and TNF-a, through activation of NF-kB in Calu-3 and THP1 cells.71 Further studies are required to

understand how SARS-CoV-2 benefits from hijacking NF-kB-driven functions.

Consistent with a proviral role of NF-kB in the context of SARS-CoV-2 infection, we found that diminished expression of two NF-kB target

genes (IL32 and CXCL8/IL8) significantly decreased viral RNA, viral protein production and infectious viral titers. IL-32 is a proinflammatory

interleukin secreted by immune and non-immune cells that induces the expression of other inflammatory cytokines, including TNF-a, IL-6,

and IL1b.72 IL-32 was previously described as an antiviral factor in the context of infection with several RNA and DNA viruses. For instance,

its secretory isoform reduces the replication of Hepatitis B virus by stimulating the expression of IFN-l1.73 Its antiviral activity was also demon-

strated in U1 macrophages infected with HIV-174 and canine kidney cells infected with influenza A,75 using silencing and over-expression ap-

proaches, respectively. Further studies are required to understand the pro-SARS-CoV-2 function of endogenous IL-32. It may support SARS-

CoV-2 replication via its ability to activate NF-kB.76 IL-8 is a potent neutrophil chemotactic factor. It was previously shown to possess proviral

functions in the context of infection by several unrelated RNA and DNA viruses, probably via inhibition of the antiviral action of IFN-a.77,78 It

could act in a similar manner in SARS-CoV-2 infected A549-ACE2 cells. CYLD, which is an upregulated gene in S+ cells, is a negative regulator

of the NF-kB pathway51 but its role in SARS-CoV-2 has not been documented so far. Our data suggest that it acts as an antiviral factor, further

confirming the proviral role of NF-kB in the context of SARS-CoV-2 infection.

As for coding genes, there was a higher proportion of down- versus upregulated lncRNAs in S+ cells. GO cannot be extrapolated from

lncRNAs since most of them have no known function, indicating the need for future studies in this area. Several RNA-seq and microarray

studies have identified hundreds of lncRNAs induced by IFN stimulation or viral infection in diverse human andmice cell types.33,34,79–82 Anal-

ysis of a handful of themhas provided a glimpse of the potential regulatory impact of this class of RNAs on the IFN response itself83 and on ISG

expression,33,79,81,82 subsequently impacting viral replication. For example, the lncRNACHROMR increases ISG transcription and restricts the

replication of several viruses in humanmacrophages, including SARS-CoV-2.82 By analyzing publicly available SARS-CoV-2-infected transcrip-

tome data, several studies recovered lncRNAs that were dysregulated upon infection of human lung epithelial cell lines, primary normal hu-

man bronchial epithelial cells, and BALF.84–87 However, no lncRNA with a direct and specific action on the life cycle of SARS-CoV-2 has been

identified yet.

Finally, our analysis profiled about 600 differentially expressed unannotated polyA+ transcripts in S+ and bystander cells. The identification

of these unannotated genes confirms that the human genome is far from being well characterized. Having specific RNAs expressed in partic-

ular conditions could open theway for the identification of pro- or anti-viral genes that could be used for better prognosis of at-risk patients or

for the follow up of the disease severity.

Our data suggest that the genes that are refractory to the viral-induced shutoff are mostly proviral genes. Understanding the molecular

mechanisms underlying the selectivity of the shut-off would be interesting. Since coronavirus Nsp1 induces the cleavage of the 50UTR of cap-

ped transcripts bound to 40S ribosomes, the 50UTR length and/or structure may affect Nsp1 binding and subsequent degradation. Alterna-

tively, the extent of transcript reduction may be linked to their GC content and/or their lengths, which could affect the specificity of the host

RNase that is presumably recruited by Nsp1. Discovering the host RNase responsible for transcript degradation in SARS-CoV-2-infected cells

will shed light on the mechanism of selectivity of the viral-induced shutoff.
Limitations of the study

We limited our analysis on polyA+ RNAs to circumvent the potential issue of measuring intermediates of degradation in cells infected by

SARS-CoV-2, since these exhibit large defects in RNA splicing, termination and decay.43 Moreover, performing deep polyA+ transcriptome

analyses allowed to compare our results with other published dataset,17 including scRNA-seq dataset,36 which were all obtained by

sequencing polyadenylated RNAs. Yet, as all polyA+ RNA-seq analyses, our study did not provide sequences for circRNAs, RNAs with short

polyA tails, or non-polyadenylated transcripts resulting from classic RNA processing (for instance, snoRNAs, histone mRNA) or polyA-
12 iScience 26, 108449, December 15, 2023
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lncRNAs.88 Wemay have thusmissed other RNA biotypes that are dysregulated upon infection and thatmay be involved in the control of viral

replication.
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Bhardwaj, V., Kilpert, F., Richter, A.S., Heyne,
S., Dündar, F., and Manke, T. (2016).
deepTools2: a next generation web server
for deep-sequencing data analysis. Nucleic
Acids Res. 44, W160–W165.

103. Trapnell, C., Williams, B.A., Pertea, G.,
Mortazavi, A., Kwan, G., van Baren, M.J.,
Salzberg, S.L., Wold, B.J., and Pachter, L.
(2010). Transcript assembly and
quantification by RNA-Seq reveals
unannotated transcripts and isoform
switching during cell differentiation. Nat.
Biotechnol. 28, 511–515.

104. R Core Team (2017). R: A Language and
Environment for Statistical Computing.

105. Hao, Y., Hao, S., Andersen-Nissen, E.,
Mauck, W.M., Zheng, S., Butler, A., Lee,
M.J., Wilk, A.J., Darby, C., Zager, M., et al.
(2021). Integrated analysis of multimodal
single-cell data. Cell 184, 3573–3587.e29.

106. Huang, D.W., Sherman, B.T., and Lempicki,
R.A. (2009). Systematic and integrative
analysis of large gene lists using DAVID
bioinformatics resources. Nat. Protoc.
4, 44–57.

107. Huang, D.W., Sherman, B.T., and Lempicki,
R.A. (2009). Bioinformatics enrichment tools:
paths toward the comprehensive functional
analysis of large gene lists. Nucleic Acids
Res. 37, 1–13.

108. EMBOSS: fuzznuc. http://emboss.toulouse.
inra.fr/cgi-bin/emboss/fuzznuc.

109. Chen, F.E., Huang, D.B., Chen, Y.Q., and
Ghosh, G. (1998). Crystal structure of p50/
p65 heterodimer of transcription factor NF-
kappaB bound to DNA. Nature 391,
410–413.

110. Aicher, S.-M., Streicher, F., Chazal, M.,
Planas, D., Luo, D., Buchrieser, J., Nemcova,
M., Seidlova, V., Zukal, J., Serra-Cobo, J.,
et al. (2022). Species-Specific Molecular
Barriers to SARS-CoV-2 Replication in Bat
Cells. J. Virol. 96, e0060822.

http://refhub.elsevier.com/S2589-0042(23)02526-9/sref72
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref72
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref72
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref72
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref72
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref73
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref73
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref73
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref73
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref73
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref73
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref74
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref74
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref74
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref74
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref74
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref75
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref75
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref75
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref75
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref75
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref75
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref75
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref76
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref76
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref76
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref76
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref77
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref77
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref77
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref77
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref77
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref77
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref77
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref78
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref78
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref78
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref78
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref78
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref78
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref78
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref79
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref79
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref79
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref79
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref79
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref79
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref79
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref79
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref80
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref80
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref80
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref80
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref80
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref80
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref80
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref80
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref81
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref81
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref81
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref81
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref81
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref81
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref81
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref82
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref82
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref82
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref82
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref82
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref82
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref82
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref83
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref83
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref83
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref83
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref83
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref84
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref84
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref84
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref84
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref84
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref85
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref85
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref85
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref85
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref85
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref85
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref86
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref86
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref86
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref86
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref86
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref86
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref87
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref87
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref87
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref87
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref87
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref87
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref88
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref88
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref88
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref88
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref88
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref88
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref89
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref89
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref89
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref89
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref89
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref89
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref89
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref90
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref90
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref90
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref90
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref90
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref90
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref90
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref90
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref91
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref91
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref91
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref91
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref91
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref91
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref93
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref93
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref93
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref94
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref94
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref94
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref94
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref94
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref95
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref95
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref95
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref95
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref95
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref95
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref96
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref96
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref96
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref96
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref97
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref97
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref97
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref97
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref97
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref98
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref98
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref98
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref98
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref99
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref99
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref99
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref100
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref100
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref100
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref100
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref100
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref102
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref102
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref102
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref102
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref102
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref102
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref103
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref103
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref103
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref103
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref103
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref103
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref103
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref103
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref104
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref104
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref105
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref105
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref105
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref105
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref105
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref106
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref106
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref106
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref106
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref106
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref107
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref107
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref107
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref107
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref107
http://emboss.toulouse.inra.fr/cgi-bin/emboss/fuzznuc
http://emboss.toulouse.inra.fr/cgi-bin/emboss/fuzznuc
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref109
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref109
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref109
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref109
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref109
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref110
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref110
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref110
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref110
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref110
http://refhub.elsevier.com/S2589-0042(23)02526-9/sref110


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NFkB p65 C-20 Santa Cruz Cat# sc-372; RRID:AB_632037

dsRNA J2 Jena Bioscience Cat# RNT-SCI-10010200; RRID:AB_2922431

CYLD (D1A10) Cell Signaling Cat# 8462; RRID:AB_10949157

b-Actin Sigma Cat# A5316; RRID:AB_476743

Normal Rabbit IgG Isotype control Invitrogen Cat# 10500C RRID:AB_2532981

p65 (D14E12) Cell Signaling Cat# 8242; RRID:AB_10859369

Rabbit IgG Control Invitrogen Cat# 31235; RRID:AB_243593

Anti-NTD-S Cv2.8162 Hugo Moquet Lab

(Institut Pasteur, Paris)

Planchais et al., 202289

SARS-CoV-2 Spike 1A9 GeneTex Cat# GTX632604; RRID:AB_2864418

Bacterial and virus strains

SARS-CoV-2 strain BetaCoV/France National Reference Centre for

Respiratory Viruses – Institut

Pasteur

IDF0372/2020

Measles Schwarz strain (MeV-GFP) Frédéric Tangy Lab

(Institut Pasteur, Paris)

Combredet et al., 200390

Chemicals, peptides, and recombinant proteins

RIPA Lysis Buffer Sigma-Aldrich Cat# R0278

cOmplete, EDTA-free, Protease inhibitor

cocktail tablets

Roche Cat# 11873580001

4X Protein Sample Loading Buffer Li-Cor Bioscience Cat# 928-40004

NuPAGE reducing agent Thermo Fisher Scientific Cat# NP0009

Saponin Sigma-Aldrich Cat# 47036

4% paraformaldehyde Santa Cruz Biotechnology Cat# sc-281692

Triton X-100 Sigma-Aldrich Cat# T8787

Tween 20 Sigma-Aldrich Cat# P7949

Bovine Serum Albumin Sigma-Aldrich Cat# A2153

Recombinant TNF-a R&D Systems Cat# 210-TA/CF

Poly(I:C) Invivogen Cat# vacpic

pAG-MNase Institut Curie Platform N/A

DNAse I Invitrogen Cat# AM1906

Critical commercial assays

RecoverAll Total Nucleic Acid Isolation Kit Invitrogen Cat# AM1975

Monarch PCR & DNA purification New England Biolabs Cat# T1030S

Lipofectamine RNAiMax Invitrogen Cat# 13778075

Lipofectamine 3000 Transfection Reagent Invitrogen Cat# L3000001

NucleoSpin RNA Macherey-Nagel Cat# 740955.250

Transcriptase inverse RevertAid H Minus Invitrogen Cat# EP0451

PowerTrack SYBR Green Master Mix Thermo Fisher Scientific Cat# 16555231

LEGENDplex Human Inflammation Panel 1 BioLegend Cat# 740809

NucBlue Life Technologies Cat# R37606

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Qubit� dsDNA Quantification Assay Kits Invitrogen Cat# Q32851

Deposited data

Raw and analyzed data This Manuscript NCBI GEO: GSE244488

Experimental models: Cell lines

A549 ATCC Cat# CCL-185; RRID:CVCL_0023

A549-ACE2 Laboratory of O. Schwartz

(Institut Pasteur, Paris)

Buchrieser et al., 202191

VERO E6 ATCC Cat# CRL-1586; RRID:CVCL_0574

Oligonucleotides

RT-qPCR oligonucleotides Eurofins See Table S1

CXCL8 siRNA Dharmacon Cat# L-004756-00

NFKB1 siRNA Dharmacon Cat# L-003520-00

IL32 siRNA Dharmacon Cat# L-015988-00

CYLD siRNA Dharmacon Cat# L-004609-00

Negative Control siRNA Ambion Cat# 4390843

Non-targeting siRNA Dharmacon Cat# D-001810-10-05

Software and algorithms

FlowJo Tree Star https://www.flowjo.com

GraphPad Prism 8 GraphPad https://www.graphpad.com/

ImageStudio Li-Cor Biosciences https://www.licor.com/bio/image-studio/

QuantStudio Thermo Fisher Scientific https://www.thermofisher.com/fr/fr/home/

global/forms/life-science/quantstudio-6-7-

flex-software.html

BioRender BioRender https://www.biorender.com

FastQC v0.11.9 Babraham Bioinformatics92 https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

Cutadapt v2.10 Martin93 https://cutadapt.readthedocs.io/en/stable/

TrimGalore v0.6.4 Babraham Bioinformatics89 https://www.bioinformatics.babraham.ac.uk/

projects/trim_galore/

STAR v2.7.3a Dobin et al.94 https://github.com/alexdobin/STAR

samtools v1.10 Li et al.95 http://www.htslib.org/

Bedtools v2.29.2 Quilan et al.96 https://bedtools.readthedocs.io/en/latest/

Scallop v0.10.5 Shao and Kingsford35 https://github.com/Kingsford-Group/scallop

R v3.6.2 The R Project for Statistical

Computing

https://www.r-project.org/

DESeq2 v1.26 Love et al.97 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

Seurat v4.3.0.1 Hao et al.98 https://satijalab.org/seurat/

Bowtie v2.4.1 Langmead and Salzberg99 https://bowtie-bio.sourceforge.net/bowtie2/

manual.shtml

MACS v2.2.7.1 Zhang et al.100 https://pypi.org/project/MACS2/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Nolwenn Jouvenet

(nolwenn.jouvenet@pasteur.fr).
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Material availability

This study did not generate new unique reagents.
Data and code availability

� Raw sequencing data are available at the Gene Expression Omnibus database (GEO), identifier GSE244488 https://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE244488.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human lung epithelial A549 (ATCC CCL-185), which were modified to stably express ACE2 via lentiviral transduction (A549-ACE2 cells), were

generated in the laboratory of Pr. Olivier Schwartz, as described previously91 (Institut Pasteur, Paris, France). A549-ACE2 and African green

monkey Vero E6 cells (ATCCCRL-1586) were cultured in high-glucoseDMEMmedia (Gibco), supplementedwith 10% fetal bovine serum (FBS;

Sigma) and 1%penicillin-streptomycin (P/S; Gibco). Cells weremaintained at 37�C in a humidified atmosphere with 5%CO2. All cell lines were

routinely tested for mycoplasma (MycoAlert, Lonza) and found to be negative.
Virus and infections

Experiments with SARS-CoV-2 isolates were performed in a BSL-3 laboratory, following safety and security protocols approved by the risk

prevention service of Institut Pasteur. The strain BetaCoV/France/IDF0372/2020 was supplied by the National Reference Centre for Respira-

tory Viruses hosted by Institut Pasteur (Paris, France) and headed by Pr. S. van DerWerf. The human sample fromwhich the strain was isolated

has been provided by Dr. X. Lescure and Pr. Y. Yazdanpanah from the Bichat Hospital, Paris, France. Viral stocks were produced by amplifi-

cation on Vero E6 cells, for 72 h in DMEM 2% FBS. The cleared supernatant was stored at 80�C and titrated on Vero E6 cells by using standard

plaque assays to measure plaque-forming units per ml (PFU/ml). A549-ACE2 were infected at MOI of 1 in DMEM without FBS. After 2 h,

DMEM with 5% FBS was added to the cells. The Measles Schwarz strain expressing GFP (MeV-GFP) was described previously90 and was

used at an MOI of 1.
METHOD DETAILS

Poly I:C and TNF-a stimulation

Cells were stimulated with 10 ng/mL Poly(I:C) (HMW, #vac-pic Invivogen) using Lipofectamine 3000 Reagent (Thermo Fisher Scientific) accord-

ing to manufacturer’s protocol. Treatment was maintained for 24 hours, concomitantly with infection. Recombinant human TNF-a (R&D Sys-

tems 210-TA/CF) was added directly to cell culturemedium at a final concentration of 10 or 20 ng/mL andmaintained for the incubation times

indicated in figure legends.
Immunofluorescence and p65 localization

A549-ACE2 cells were either treated with 20 ng/mL of TNF-a for 15minutes or infectedwith SARS-CoV-2 at anMOI of 1 for 6 hours. Cells were

then fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich) for 20 minutes at room temperature, permeabilized with PBS 0,5% Triton X-100

(Sigma-Aldrich) V/V for 15 minutes, and then blocked for 30 minutes with PBS containing 0.05% Tween and 5% BSA. Cells were stained over-

night at 4�Cwith primary antibodies anti-NFkB p65 C-20 (Santa Cruz sc-372) at 2 mg/mL or concentrationmatchedNormal Rabbit IgG Isotype

control (Invitrogen #10500C) and with anti-dsRNA J2 (Jena Bioscience #RNT-SCI-10010200) at 5 mg/mL. After incubation, cells were washed

three times with PBS containing 0.05% Tween and 5% BSA. Secondary Alexa Fluor 488 or 647-conjugated antibodies were added for 2 hours.

After incubation, cells were washed twice with PBS containing 0.05% Tween and 5% BSA and once with PBS. Nuclei were stained 15min using

PBS/NucBlue (Life Technologies, R37606). After washing, slides were mounted with Prolong gold (Life Technologies, P36930) imaging me-

dium. Images were acquired using a Leica SP8 confocal microscope using an oil-immersion 403 objective (N = 1.3).
Flow cytometry

Cells were detached with trypsin, washedwith PBS and fixed in 4% PFA for 30min at 4�C. Intracellular staining was performed in PBS, 2% BSA,

2mMEDTA and 0.1% Saponin (FACS buffer). Cells were incubated with antibodies recognizing the NTD domain of the spike protein of SARS-

CoV-2 (anti-NTD Cv2.8162, a kind gift from Dr. Hugo Mouquet, Institut Pasteur, Paris, France89 or anti-Spike 1A9, GeneTex GTX632604) and

subsequently with secondary anti-human AlexaFluor-647 antibody (1:1000, A21455 Thermo) for 30 min at 4�C. Data were acquired using At-

tune NxT Acoustic Focusing Cytometer (Thermo Fisher) and analyzed using FlowJo software.
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Western Blotting

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) supplemented with a protease and phosphatase inhibitor

cocktail (Roche) for 15 minutes at 4�C under agitation. Supernatants were recovered and samples were denatured in 4X Protein Sample

Loading Buffer (Li-Cor Bioscience) under reducing conditions (NuPAGE reducing agent, Thermo Fisher Scientific) at 70�C for 10 minutes. Pro-

teins were separated by SDS-PAGE (NuPAGE 4 to 12% Bis-Tris gel; Invitrogen) and transferred to nitrocellulose membranes (Bio-Rad) using a

Trans-Blot Turbo Transfer system (Bio-Rad). Membranes were blocked with PBS-0.1% Tween 20 (PBS-T) containing 5% milk and were incu-

bated with rabbit monoclonal anti-CYLD (1:500, #8462 Cell Signaling) and mouse monoclonal anti-b-actin (1:5,000, A5316; Sigma) diluted

in blocking buffer overnight at 4�C. The membranes were then incubated with anti-rabbit/mouse IgG [H+L] DyLight 800/680secondary an-

tibodies diluted in blocking buffer for 1h at room temperature. Images were acquired using an Odyssey CLx infrared imaging system (Li-

Cor Bioscience).

SARS-CoV-2 infected and bystander cell-sorting and RNA extraction on fixed samples for RNA-seq

A549-ACE2 cells were seeded the day prior to infection. Cells were infectedwith SARS-CoV-2 atMOI 1 ormock infected. Infectionswere done

in two independent repeats with three technical replicates each. At 24 h post infection, cells were detached with trypsin, fixed in 4% PFA for

30 min on ice and stained for spike protein as described above for flow cytometry, with RNasin added to FACS buffer (1:100 dilution) just

before use to prevent RNA degradation. Infected cell samples were resuspended in PBS 2%, 25 mM Hepes, 5 mM EDTA (sorting buffer)

and sorted at 4�C on a FACSAria Fusion4L Sorter into infected (presence of S protein expression) and bystander (absence of viral protein

expression) cell populations. Cells were collected in FBS-coated tubes containing buffer with RNasin to minimize RNA degradation. After

sorting, cells were pelleted at 500g for 5 min at 4�C and RNA was extracted with the RecoverAll Total Nucleic Acid Isolation Kit starting at

the protease digestion step. Digestion was performed for 15 min at 50�C and 15 min at 80�C in the presence of RNasin. Extraction was per-

formed according to manufacturer’s instructions with the addition of RNAsin to all buffers just before use until final elution of RNA in DNAse-

free water. Residual DNA was further digested using DNAse I (Invitrogen AM1906). RNAs were sorted at �80�C until further analysis.

Library preparation, viral RNA depletion and RNA-sequencing

500-1000 ng of total RNA were depleted of SARS-CoV-2 RNA using custom designed probes. The probes were synthesized using the

NC_045512.2 Wuhan-Hu-1 complete genome reference. The design was made by Illumina and is composed of 459 probes, separated

into two pools synthetized by IDT. For the SARS-CoV-2 depletion, we mixed both pools and used 1ml of this mix per sample, replacing

the Ribozero+ probes at the ribodepletion reaction step of the Illumina Stranded Total RNA prep ligation protocol. The SARS-CoV-2

depleted RNA samples were normalized to 300ng and ERCC Spike was added as recommended by the protocol ERCC RNA Spike-In Control

mixes User Guide. The libraries were prepared using the Illumina Stranded mRNA Prep Ligation Reference Guide.

RNA-sequencing analysis of sorted cells

Dataset consists of 9 paired-end libraries (150 nt), with 3 conditions:mock, bystander and infected cells. Adaptors were trimmedwith TrimGalore

v0.6.492 (wrapper for cutadapt v2.10101 and FastQC v0.11.993), with options –stringency 5 –trim-n -q 20 –length 20 –paired –retain_unpaired.

Reads were mapped to a reference containing human genome (hg38), SARS-CoV-2 (NC045512.2) and ERCC sequences. STAR v2.7.3a94 was

used tomap the reads, with default parameters. Bam files were then filtered using SAMtools v1.1095 to retained reads flagged as primary align-

ment, and with mapping quality >30 (option -q 30 -F 0x100 -F 0x800). Read coverage was computed for each strand with bamCoverage (deep-

Tools v3.5.0102) with options –binSize 1 –skipNAs –filterRNAstrand forward/reverse. For the detection of unannotated transcripts, Scallop

v0.10.535 was used to reconstruct transcripts, with options –library_type first –min_transcript_coverage 2 –min_splice_bundary_hits 5 –min_flan-

k_length 5. Scallopwas run on each library, and the resulting annotations weremerged using cuffmerge v1.0.0,103 with gencode annotation (v32)

as reference (-g option). Then BEDtools v2.29.296 was used to retain only intergenic and antisens transcripts regarding gencode annotation.

Gene expression quantification was performed using featureCounts v2.0.0,97 with options -O -M –fraction -s 2 -p, using a merged annotation

of gencode v32, SARS-CoV-2 (NC045512.2), newly annotated transcripts and ERCC transcripts. Subsequent analyses were performed in R

v3.6.2.104 Differential expression analysis was performed using DESeq2 package,98 after filtering out genes with less than 10 raw counts for all

replicates in at least one condition. Gene counts were normalized on ERCC counts, using estimateSizeFactorsForMatrix function from DESeq2.

All pairwise comparisons were performed (mock vs. infected, mock vs. bystander and bystander vs. infected), and genes were retained as dif-

ferential if adjusted p value was <0.05 and log fold-change >1 or < �1. All plots were made using custom script, except for heatmaps that

were done using pheatmap package (RRID:SCR_016418).

PolyA+ RNA-sequencing analysis of bulk population of infected A549-ACE2 cells (from a public dataset)

Fastq files produced in the study of Blanco-Melo et al.17 were retrieved from GEO repository (GSE147507). The dataset consists of single-end

libraries (150 nt). We compared A549-ACE2 ‘‘mock’’ cells (SRR11517680, SRR11517681 & SRR11517682) versus A549-ACE2 cells infected with

SARS-CoV-2atMOI0.2 (SRR11517741, SRR11517742&SRR11517743).Adaptorswere trimmedwithTrimGalorev0.6.4,92withoptions –stringency

5 –trim-n -q 20 –length 20. Reads were mapped on a reference containing human genome (hg38) and SARS-CoV-2 (NC045512.2) sequence.

Bam files were then filtered using SAMtools v1.1095 to retained reads flagged as primary alignment, and with mapping quality >30 (option -q

30 -F 0x100 -F 0x800). Gene expression quantification was performed using featureCounts v2.0.0,97 with options -O -M –fraction -s 2, using a
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merged annotation of gencode v32, SARS-CoV-2 (NC045512.2) and newly annotated transcripts. Gene counts were normalized on the full count

matrix, using estimateSizeFactorsForMatrix function from DESeq2.98 Differential analysis was performed as described above.
Single-cell RNA-sequencing analysis of infected A549-ACE2 cells (from a public dataset)

Count matrix produced in the study of Nilsson-Payant et al.36 was retrieved from GEO repository with accession number GSE184536. The

analysis was run using Seurat v4.3.0.1.105 Cells quality control, filtering, count normalization and scaling was done as in the original publica-

tion.36 Clustering was performed using 30 principal components, using FindNeighbors and FindClusters with default parameters. Differen-

tially expressed genes between infected and bystander cells were identified using FindMarkers with default parameters.
GO enrichment analysis

TheGOenrichment and KEGGpathway analysis were performed usingDAVID online tool (updated version 2021).106,107 Upregulated protein-

codinggenes fromeach comparisonwere taken for the analysis with default background forHomo sapiens. GOTERM_BP_DIRECT andKEGG

pathway were retained and top 10 results based on adjusted p value (Benjamini) were plotted using ggplot2 R package (v 3.3.0).
Identification of NF-kB target genes

A list of coding genes that are known targets of NF-kB is available on Gilmore’s laboratory website (https://www.bu.edu/nf-kb/gene-

resources/target-genes). We selected genes from this list that were shown to be direct targets of NF-kB, and for which the gene symbol could

be retrieved in gencode annotation (354 genes). For identifying lncRNAs and unreferenced RNAs that possess NF-kB binding site in their

promoter, we used p65 ChIP-seq data from GEO dataset GSE34329,49 - one input file and 2 ChIP replicates, 38nt long reads, single-end.

Reads were mapped using bowtie2 v2.4.1 using hg38 as reference, and SAMtools was used to retain the one flagged as primary alignment,

with mapping quality >30, and to remove PCR duplicates (markdup, with -r option). NF-kB binding sites were then detected using macs2

v2.2.7.1,100 with command callpeak -t ChIP_BamFile1 ChIP_BamFile2 -c input_BamFile -f BAM -g hs -s 38 –keep-dup all. Peaks in the first

decile of the -log10(qvalue) value were discarded. NF-kB motif genomic coordinates in the human genome were retrieved using EMBOSS

fuzznuc v6.6,108 using motif 50- G(3)[AG]N[CT](3)C(2) - 3’,109 on forward and reverse strand (option -complement Y). Peaks and NF-kB motif

coordinates were compared using BEDtools96; if a motif was contained in a peak, the motif strand was assigned to the peak. LncRNA and

un-references transcripts were identified as NF-kB potential targets if their promoter region (1kb before transcript TSS) had a peak containing

a motif or a peak for which the -log10(qvalue) was in the top 5%.
CUT&RUN

The experiment was performed in monoplicate, following the protocol from Henikoff Lab with some adjustments (Skene et al., 2018). Briefly,

untreated cells and cells treated for 3h with 10 ng/mL of TNF-a were pelleted after scraping and resuspended in wash buffer (HEPES 20mM,

NaCl 150mM, Spermidine 0.5mM) at 107 cells/ml. At room temperature, per sample, 10 ml of Concanavalin A beads slurry washed in bead

activation buffer (HEPES 20mM, KCl 10mM, CaCl2 1mM, MnCl2 1mM) was added per 106 cells in the total volume of 1 ml of wash buffer

and incubated for 10 min with rotation at 15–20 rpm at RT. Antibodies against p65 (Cell Signaling, D14E12) were diluted 100 times, and

IgG (Invitrogen, 31235) 500 times in the buffer (wash buffer with 0.1% digitonin, 2 mM EDTA) and 50 ml of diluted antibody was added to

the cells fixed on beads and incubated for 1h. Afterward, the beads were washed twice with 250 ml of digitonin buffer (wash buffer with

0.1% digitonin), resuspended in 52 ml digitonin buffer containing 35ng of pAG-MNase (produced at Institut Curie platform) , and incubated

10 min with agitation. Beads were washed twice in 250 ml of ice-cold digitonin buffer, resuspended in 100 ml of ice-cold digitonin buffer, kept

on ice for 5 min before adding 2 ml of 100 mM CaCl₂ and incubating for 30 min on ice. The reaction was stopped by addition of 100 ml of stop

buffer (NaCl 340mM, EDTA 20mM, EGTA 4mM, RNase A 50 mg/mL, glycogen 50 mg/mL and 0.1% digitonin) and incubated for 10min at 37�C.
Bead suspension was centrifuged at 16k rcf at 4�C for 5 min and beads were recovered for DNA fragments purification with NEB Monarch

PCR &DNA purification kit, following the protocol enriching for short DNA fragments. DNAwas quantified byQubit HS DNA kit and samples

were sent for library preparation and sequencing to Institut Curie’s NGS platform.
CUT&RUN data analysis

Adaptors were trimmed with Trim Galore using default parameters for paired-end data. Reads were aligned on human genome (hg38) using

Bowtie299 (default parameters) and only properly mapped reads with a mapping qualityR30 were kept. Peaks were detected using macs2,

with the option –keep-dup all, using IgG as control.
RNA extraction and RT-qPCR assays

Total RNAwas extracted from cells with theNucleoSpin RNA II kit (Macherey-Nagel) according to themanufacturer’s instructions. First-strand

complementary DNA (cDNA) synthesis was performed with the RevertAid H Minus M-MuLV Reverse Transcriptase (Thermo Fisher Scientific)

using random primers. Quantitative real-time PCR was performed on a real-time PCR system (QuantStudio 6 Flex, Applied Biosystems) with

Power SYBR Green RNA-to-CT 1-Step Kit (Thermo Fisher Scientific). Data were analyzed using the 2-DDCT method, with all samples normal-

ized to endogenous BPTF, whose gene expression was confirmed as homogenous across samples by RNA-seq. Genome equivalent
iScience 26, 108449, December 15, 2023 21

https://www.bu.edu/nf-kb/gene-resources/target-genes
https://www.bu.edu/nf-kb/gene-resources/target-genes


ll
OPEN ACCESS

iScience
Article
concentrations were determined by extrapolation from a standard curve generated from serial dilutions of plasmid encoding a fragment of

the RNA-dependent RNA polymerase (RdRp)-IP4 of SARS-CoV-2. Primers used for RT-qPCR analysis are given in Table S6.
siRNA-mediated knockdown

A549-ACE2 cells were transfected using Lipofectamine RNAiMax (Life Technologies) with 10nM of control siRNAs (D-001810-10-05, Dharma-

con) or siRNAs targeting CXCL8 (L-004756-00, Dharmacon), NFKB1 (L-003520-00, Dharmacon), IL32 (L-015988-00, Dharmacon) or CYLD (L-

004609-00, Dharmacon), following the manufacturer’s instructions. 48h after transfection, cells were infected with SARS-CoV-2 for 24 h.
Chemokine and interferon expression and secretion

Cell lysates for intracellular chemokine quantification were obtained via repeated freeze-thaw cycles at �80�C of cells suspended in media

containing protease inhibitor cocktail (Roche Applied Science) and final centrifugation at 8000g to pellet debris. IL6, CXCL1, CCL2, CXCL8

and CCL20 concentrations in supernatants of from control, infected or stimulated cells, were measured using a custom-designed

LEGENDplex Human Panel. Data were acquired on an Attune NxT Flow Cytometer (Thermo Fisher) analyzed with LEGENDplex software

(BioLegend). Similarly, IFN-b, IFN-l1 and IFN- l2/3 concentrations were measured in undiluted supernatants from control, infected or stim-

ulated cells using a LEGENDplex Human Type 1/2/3 Interferon Panel assay (BioLegend) according to the manufacturer’s protocol.
TCID50 mediated viral titration

A549-hACE2 cells were infected for 24 hours with MOI 1 of SARS-COV-2. Virus was removed at 3hpi and fresh medium containing 2.5% FBS

was added for the remaining time. Supernatants were harvested the following day and stored at �80�C until assay was performed. Briefly,

supernatants were 10-fold serially diluted in DMEM supplemented with 2% FBS. Vero E6 cells and 50-mL potions of serially diluted virus sus-

pensions were deposited in 96-well plate in 8 replicate wells. 5 days later, cells were rinsed, fixed and stained using Crystal Violet (0.2%Crystal

Violet in 10% Ethanol and 10% Formaldehyde) at room temperature. CPEs were assessed by calculating the TCID50 values using the

Spearman-Karber method.110
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the exact value of n, precision measures (as means G SEM), statistical tests and statistical significance are

reported in the figure legends. In figures, asterisks denote statistical significance: *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001, and

‘‘ns’’ indicates not significant. Statistical analysis was performed in GraphPad Prism 9 (GraphPad Software Inc.).
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