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response to SARS-CoV-2 virus in primary
human broncho-alveolar epithelia
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Damien Chaussabel,1 Peter Yu,7 Andrew Salner,7 Gabrielle Aucello,1 Jonathan Koff,8 Briana Hudson,9

Sarah E. Church,9 Kara Gorman,9 Esperanza Anguiano,9 Adolfo Garcı́a-Sastre,2,3,4,5,6 Adam Williams,1,10

Michael Schotsaert,2,3 and Karolina Palucka1,12,*

SUMMARY

The COVID-19 pandemic continues to be a health crisis with major unmet medical
needs. The early responses from airway epithelial cells, the first target of the virus
regulating the progression toward severe disease, are not fully understood. Pri-
mary human air-liquid interface cultures representing the broncho-alveolar
epithelia were used to study the kinetics and dynamics of SARS-CoV-2 variants
infection. The infection measured by nucleoprotein expression, was a late event
appearing between day 4–6 post infection for Wuhan-like virus. Other variants
demonstrated increasingly accelerated timelines of infection. All variants trig-
gered similar transcriptional signatures, an ‘‘early’’ inflammatory/immune signa-
ture preceding a ‘‘late’’ type I/III IFN, but differences in the quality and kinetics
were found, consistent with the timing of nucleoprotein expression. Response
to virus was spatially organized: CSF3 expression in basal cells and CCL20 in api-
cal cells. Thus, SARS-CoV-2 virus triggers specific responses modulated over time
to engage different arms of immune response.

INTRODUCTION

The COVID-19 pandemic is still ongoing despite development of preventive vaccines. SARS-CoV-2 virus

first targets the epithelial cells of the respiratory tract1,3 leading to a wide range of clinical presentations

from asymptomatic to an uncontrolled inflammatory response with massive cytokine release and significant

alveolar damage.1,6,7 The airway epithelium constitutes a sophisticated barrier to maintain homeostasis

and defend the lungs against pathogens.9 Since the onset of the pandemic, several studies have looked

at the pathways involved in the infection. To this end, angiotensin converting enzyme 2 (ACE2, reported

as an interferon-stimulated gene [ISG])11–13 and transmembrane Serine protease-2 (TMPRSS2) have

been shown to be major determinants for viral entry.14–16 Recent studies have suggested additional coro-

navirus-associated receptors and factors such as Furin, CD147, CD209, and AXL.17 Key gene signatures

have been associated with the cytokine storm characterizing SARS-CoV-2 infection such as G-CSF, IL-6,

CXCL8, CXCL10, IL1b, TNF, CCL20, CXCL1, and CXCL3.18,19 Innate (neutrophils,6,20 NK, macrophages,21–23

dendritic cells,24,25 complement26–29) and adaptative immune cells (T, B cells, and antibodies),30–32 have

been reported to play a critical role in SARS-CoV-2 infection, but their relative contributions and interplay

with the lung epithelium are not yet fully understood. The rapid evolution of this virus and emergence of

variants, such as newer Omicron subvariants, have displayed a potential increase in transmissibility, lower

vaccine efficacy, and an increased risk of reinfection. This necessitates a better understanding of the early

events that would determine the fate of the immune response.

Many studies have investigated SARS-CoV-2 variants to understand their transmissibility, disease, severity,

and/or ability toward immune escape in the hosts.33 Several reports have stated the role of a single or mul-

tiple amino acid mutations in SARS-CoV-2 genome, especially in the Spike (S) region, in facilitating viral

transmission and escape from neutralizing antibodies. One such example is N501Y mutation in the RBD

of S protein, which enhances its binding to ACE2 receptor on host cells, resulting in an increased
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transmissibility and virulence.34–36 Besides, the Delta variant displays an enhanced spike-mediated syncytia

formation compared to the other SARS-CoV-2 variants, allowing an increased infectivity in lung epithelial

cells.37,38 For Omicron subvariants more than 30 mutations have been described in the Spike region result-

ing in altered tropism and reduced use of TMPRSS2 for entry/spread through cell-cell fusion.38,39 Thus,

Omicron (BA.1, BA.2) is capable of infecting mainly upper airway epithelium rather than alveolar epithe-

lium, and form syncytia.38,40 More recently emerged Omicron subvariants (BA.4; BA.5; BQ.1.1, and

XBB.1.5) have been reported to exhibit an enhanced infectivity and antibody evasion capacity, even higher

than BA.1 and BA.2.41–43

To better understand the early spatiotemporal events happening in lung epithelium during SARS-CoV-2

infection and their potential biological consequences, we based our study on an in vitro model of primary

human airway epithelial cells: air-liquid interface (ALI) cultures generated from human lung organoids from

healthy donors. Such cultures effectively recapitulate in vivo airway epithelium architecture,44,45 and we

validated their permissibility to viral infection by exposure to SARS-CoV-2 (Wuhan-like, USA/WA1-2020)

and its variants (Beta, Delta, and Omicron BA.1 subvariant). Our findings reveal spatiotemporal regulation

of cytokines, chemokines and suggest that different cells in the lung epithelium may regulate different

aspects of immune response to SARS-CoV-2. Furthermore, the use of lung organoid-derived ALI from a va-

riety of donors revealed differential infection dynamics reflecting biological differences between individ-

uals, potentially explaining some of the diverse clinical outcomes observed between patients.

RESULTS

Establishing 3D differentiated primary human air-liquid interface cultures

We established epithelial lung organoids from viable cryopreserved lung fragments obtained from four do-

nors (Table S1), using method described by Sachs et al.46 (Figure S1A). Lungs from two donors were ac-

quired before the pandemic and the two others during the early stages of the pandemic (tested negative

for SARS-CoV-2 by PCR). Organoids were stored viably frozen and used to generate ALI cultures46 (Fig-

ure 1A). Epithelial differentiation and barrier integrity was monitored by measuring the transepithelial elec-

trical resistance (TEER)45,47 (Figure S1C). All cultures reached a TEER peak 8–9 days after reaching cell

confluence (�8 to 0 days) indicating the formation of tight junctions. At this point, the cultures were air-

lifted and placed into differentiation culture media (21 days). The maturation of the cultures was reflected

by mucus production and beating cilia monitored by bright-field microscopy. Cellular composition and

appearance of a pseudostratified ciliated columnar epithelium were assessed by immunofluorescence

(IF) on frozen tissue sections. All cultures displayed 4 major markers of primary broncho-epithelial differen-

tiation: cytokeratin 5 (Basal cells), SCGB1A1 (club cells), Muc5ac (goblet cells), and acetyl-⍺-tubulin (ciliated

cells) (Figures 1A, S1B, and Table S1). As shown in Figure 1B, all donors yielded ALI cultures containing the

expected cell subsets, with variable cellular composition between-donors.

Infection of ALI cultures with SARS-CoV-2 Wuhan-like virus was detected at later time points

as compared to variants

To determine the response to virus, we apically applied 105 PFU/well of SARS-CoV-2 Wuhan-like virus in

serum free media, (Figure S2A) and then harvested wells from 1 to 6 days post infection (DPI). Mock-in-

fected ALI cultures (infection medium without virus) were collected as controls at 6 DPI. The presence

and magnitude of infection was quantified by multiple assays: 1. IF staining of viral nucleoprotein (NP), fol-

lowed by microscopy and histocytometry on non-dissociated formaldehyde-fixed tissue sections; 2. Flow

cytometry for intracellular NP expression on single cell suspension from dissociated fixed tissue, and 3. Pla-

que assay on apical supernatant from infected and mock-infected ALI cultures to determine replicating vi-

rus titers (Figures 2 and S2). Over the 6 DPI, we detected NP staining (indicative of viral replication) in three

out of four tested donors. Infection was undetectable in ALI cultures from donor 2 in several experiments

with Wuhan-like virus. However, infection was detected with delta variant on ALI from the same donor 2

(Figure S3). This response could be related to host polymorphism impacting SARS-CoV-2 USA/WA1-

2020 virus infectivity48,49 and might require further studies. In non-dissociated tissues, NP staining could

be detected at the earliest at 3-4 DPI, (mean G SD): 3DPI, 5.1% G 13–4DPI, 7.7% G 10, (Figure 2C;

Table S2). The highest frequency of NP expressing cells was observed at 5-6DPI with 27% G 26–24% G

18 infected cells, respectively (Figures 2C, S2C, and Table S2). Similar trend was observed using flow cytom-

etry, (Figures 2D, S2B, S2D, and Table S2), however, this was overall lower than histocytometry. The differ-

ence between the two methods could be due to the loss of fragile infected cells during the cell dissociation

process. Viral titer analysis showed the presence of virus in apical washes at 1 DPI corresponding to the
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apical addition with an increase over time (mean G SD) 4.2 3 105 G 9.8 3 105 PFU/ml (4 DPI, p value =

0.0301), 9.3 3 105 G 1.1 3 106 PFU/ml (5 DPI, p value = 0.0002) and 8.1 3 105 G 9.9 3 105 PFU/ml (6

DPI, p value = 0.0014). (Figures 2E, S2E, and Table S2). Thus, in the absence of other cell types, productive

infection of broncho-epithelial cells by the Wuhan-like virus was detected at later time points.

SARS-CoV-2 variants of concern display accelerated infection

Using the system described previously, we next analyzed the dynamics of ALI infection with Beta (B.1.351),

Delta (B.1.617.2), and Omicron (B.1.1.529; BA.1) variants (105 PFU/well) (Figure 3A). Based on histocytom-

etry quantification, NP expression in ALI exposed to Beta and Delta variants was already detectable at 3 DPI

([mean G SD] 10% G 11 for Beta and 20% G 23 for Delta, respectively) with peak at 4–5 DPI (Figure 3B;

Table S3). However, in case of Omicron, NP was detectable at 1 DPI (13% G 14), with peak at 2 DPI (24%

G 15), then plateau from 3-5 DPI before decreasing at 6 DPI: 3 DPI (23% G 9.8); 4 DPI (25% G 16); 5

DPI (24%G 15); and 6 DPI (11%G 7.8), (Figure 3B; Table S3). This pattern of NP expression was confirmed

by flow cytometry (Figure S3A; Table S3). As expected, viral particles could be detected starting at 1 DPI

corresponding to the apical addition of virus with an increase over time (Figure S3B; Table S3). To explore

which cells expressed NP, we analyzed infected ALI by IF using markers of the epithelial cell types: cytoker-

atin 5 (basal cells), SCGB1A1 (club cells), Muc5ac (goblet cells), and acetyl-⍺-tubulin (ciliated cells) as

described previously. Wuhan-like virus, Beta, Delta, and Omicron variants infected predominantly secre-

tory cells (club and goblet cells) and ciliated cells, whereas basal cells were rarely infected (Figure S4).

A

B

Figure 1. Primary human lung organoid-derived air-liquid interface (ALI) cultures

(A) Representative immunofluorescence staining (IF) of tissue section (8 mm) from differentiated lung organoid-derived

ALI cultures of one donor (Donor 2; upper part, merged figure; lower part two-channel figures), showing markers for basal

cells (CK5, white), goblet cells (MUC5AC, cyan), club cells (SCGB1A1, green), ciliated cells (acetylated a-tubulin, red) and

Nuclei (Dapi, blue). Scale bar 40 mm, in white on the left corner.

(B) Quantification of cell types in differentiated primary human lung-derived organoid ALI cultures per donor by

histocytometry based on mean staining intensity for the indicated markers from IF scans. Normalized bar graphs

represent the percentages of cell markers per donor and were generated using Prism 8 GraphPad. Data shown are

representative of 3 independent experiments per donor with 1 replicate per experiment.

See also Figure S1 and Table S1.
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Thus, broncho-epithelial cells are permissive to infection with variants. Furthermore, ALI exposed to Delta

and Omicron variants show early NP expression suggesting accelerated infectivity.

Biphasic transcriptional response to SARS-CoV-2 Wuhan-like virus

We next sought to determine the transcriptional response of broncho-epithelial cells to SARS-CoV-2. To

start with, we carried out bulk RNA-sequencing (RNASeq) of ALI cultures infected with Wuhan-like

virus collected from 1 to 6 DPI and mock-infected control at 6 DPI. Comparative analysis at 6 DPI (cutoff:

logFC > 1; adjusted p value < 0.01) yielded a set of 1081 differentially expressed genes (DEGs) up-regu-

lated in ALI exposed with SARS-CoV-2 virus (Figure 4; Table S4). Next, we followed the dynamics and

magnitude of changes in expression of these DEGs over time of viral exposure, from 1 to 6 DPI (Figure 4A).

We identified three clusters: R1 (254 genes) and R2 (150 genes) presenting the most robust transcriptomic

changes at 1 DPI, and R3 (677 transcripts) presenting the most robust transcriptomic changes at 5–6 DPI.

The early response (R1 and R2) included genes associated with anti-viral status such as APOBEC3A and

APOBEC3B50,51; and inflammation7,52 such as the IL-1 pathway (IL1, IL1R1, IL1RN, IL17REL, IL32, IL23A,

IL36A, IL36G); IL-6, and TNF and NFKB pathways, (Figure 4B). A second group of genes included growth

factors (CSF353 [granulocytes]); and chemokines involved in the recruitment, differentiation and regulation

of immune cells, including CCL2054 (dendritic cells and lymphocytes), CXCL1, -3, -6, -8 (neutrophils, gran-

ulocytes), CXCL16 (macrophages, lymphocytes subsets55), and CXCR4 (regulates cell migration during

wound healing). Finally, a group of genes involved in antigen presentation by MHC class I56 (B2M,

HLA-A, -B, -C, -E, -G) and by MHC class II (HLA-DPB1, HLA-DQB1); and regulation of adaptive immunity

CD70 and CD274. The late response (R3) was dominated by genes associated with viral detection

(DDX58, DHX58, IFIH1, MYD88, TLR3), IFN type I (IFNB), IFN type III (IFNL1, 2, 3), and downstream inter-

feron-stimulated genes (ISGs) (Figure 4C); and genes encoding for chemokines important for immune cells

chemoattraction such as monocytes, T and NK cells including CX3CL1, CXCL10, and CXCL11. Overall,

these signatures corroborate earlier data on the role of inflammation57,58 and IFN response1,18,59,60 in

SARS-CoV-2 infection and we have now identified a biphasic pattern of broncho-epithelial response toWu-

han-like virus.

Accelerated transcriptional response to SARS-CoV-2 variants

We next sought to evaluate the transcriptional response to different SARS-CoV-2 variants. To this end, we

carried out bulk RNASeq of ALI exposed to different SARS-CoV-2 variants, or mock-infected control,

collected from 1 to 6 DPI. To detect genes differentially expressed by tissues exposed to SARS-CoV-2 var-

iants, we used a multi-step analysis, in which Wuhan-like data discussed earlier alongside data from three

variants were incorporated. Briefly, we first compared 6 DPI with the time-matched mock-infected (cutoff: |

logFC| > 1; adjusted p� value < 0.01; normalized counts > 10) for each variant independently. Protein cod-

ing genes were selected for analysis. We then used DESEQ2 to identify DEGs between variants at each DPI,

and finally, we overlapped these genes with variant specific DEGs. The combined list had 1608 genes

(Table S5) whose expression we followed over time (Figure 5A). We identified three clusters: one containing

genes related to epithelia, cilia, and tissue homeostasis programs (750 genes, R4); another enriched in in-

flammatory and immune programs (313 genes, R5) and finally another enriched in IFN response (545 genes,

R6) representing the most robust transcriptomic changes over time and per variant (Figures 5B–5D). This

Figure 2. Primary human lung organoid-derived ALI cultures are permissive to SARS-CoV-2 infection (USA/WA1-2020, Wuhan-like virus)

(A) Representative images per donor of mock-infected (first line, controls media without virus at 6 days) and infected ALI with SARS-CoV-2 (105 PFU) from 3 to

6 days post infection (DPI) stained for nuclei (Dapi), viral nucleoprotein (NP, green) to reveal the effective viral replication and phalloidin (Actin filament, red)

to reveal tissue structure. Scale bar 40 mm, in white on the left corner.

(B) Representative histocytometry plots on uninfected and infected lung-derived organoids ALI cultures (donor 3) from 3 to 6 DPI. Each dot plot represents

the pooling of three consecutive sections, 8 mm thick, showing the mean staining intensity for cell populations positive for Dapi (Y axis) and viral NP (X axis).

The NP (for viral infection) channel was generated in Imaris 9.4 using the Channel Arithmetics Xtension prior to running surface creation to identify Dapi-NP

cells in images. Statistics were exported for each surface and imported into FlowJo v10.3 for image analysis.

(C–E) Quantification of SARS-CoV-2 infection in ALI cultures by different methods: (C) Histocytometry (left scatterplot with bar graph) based on Dapi and NP

signal.

(D) Flow cytometry (middle scatterplot with bar graph), based on cell viability and NP signal.

(E) Viral titer (right scatterplot with bar graph) based on the number of plaques visualized by staining (see STAR Methods). Data shown are representative of

9–10 independent experiments with at least 2 independent experiments per donor (four donors). Each replicate corresponds to viral titer, or the intensity

mean percentage for histocytometry and flow cytometry data, represented by shape and color: Donor 1, white circle; donor 2 red square; donor 3 green

triangle; and donor 4 black diamond. Bars indicate mean.

See also Figure S2 and Table S2.
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A

B

Figure 3. Primary human lung organoid-derived ALI cultures infected with SARS-CoV-2 variants

(A) Representative images (USA/WA1-2020, Delta, and Omicron tissue from donor 3 and Beta variant donor 4) per variant of infected ALI with SARS-CoV-2

(105 PFU) from 1 to 6 days post infection (DPI) stained for nuclei (Dapi), viral nucleoprotein (NP, green) to reveal the effective viral replication and phalloidin

(Actin filament, red) to reveal tissue structure. Scale bar 40 mm, in white on the left corner.

(B) Quantification of SARS-CoV-2 infection in ALI cultures by histocytometry per strain: USA/WA1-2020 (top-left scatter line plot graph); Beta (top-right

scatter line plot graph); (Delta (bottom-left scatter line plot graph); Omicron (bottom-right scatter line plot graph) based on Dapi and NP signal. Data shown
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analysis revealed that variants shared common signatures, with predominant inflammatory and immune

response in the earlier time points, and a predominant IFN response in later time points. However, differ-

ences were found between the variants in the kinetics and magnitude of the transcriptional response

(Table S5). To visualize this, we represented each cluster as line plots (each dot plot is the mean of all

the log 2 normalized counts of genes in each cluster per time point) in comparison to mock-infected

time-matched controls (Figures 5B–5D). The cluster R4 was enriched for cilia and epithelium maintenance

signatures (KRT1,61,62 POTEJ,63 SERPINA11,64 SERPINA6,64 DAPL1,65 CST666). Interestingly, this signature

was persistently downregulated in response to Delta and Omicron variants. The cluster R5 showed a strong

up-regulation of inflammatory and immune signatures for all variants starting at 1 DPI but diverging at 3 DPI

with an increased inflammation response to Delta variant (Figure 5C). Cluster R6 showed progressive and

linear increase from 1 to 6 DPI for Wuhan-like, Beta and Delta variants, whereas Omicron follow a parabolic

progression until 4 DPI followed by a decrease. All variants induced expression of genes associated with

viral detection (DDX58, DHX58, MYD88, TLR3), IFN type I (IFNB, IFNE), IFN type III (IFNL1, 3), downstream

ISGs involved in anti-viral activities67–69: inhibition of viral translation/replication (IFITs, ISG15, ISG20,MX1,

MX2,OASs); inhibition of virus entry (IFITMs); inhibition of viral egress (BST2, RSAD2); IFN regulators & tran-

scriptional factors (IRF1, IRF7, STAT1/2, SOCs, USP18) among others (Figure 5D). Finally, we used statistical

Pearson test to verify correlation between the two variables: viral read percentages (mean for each time

point) vs. clusters dynamics (mean for each time point) for USA/WA1-2020 virus and each variant

(Figures S5A–S5C; Table S2). We did not find any correlation between those variables for cluster 4 and 5

in any of the variants or USA/WA1-2020 virus. We found positive correlation in cluster 6 for USA/WA1-

2020 virus (Pearson r = 0.88, p value = 0.0001) and Beta variant (Pearson r = 0.94, p value = 0.005), suggest-

ing that viral read percentages follow the increase of IFN predominant signatures. No correlation was

found for Delta and Omicron in cluster 6. Furthermore, while transcriptional signature of inflammation is

sustained in condition with Delta variant at time points when the viral reads are declining there is no clear

direct correlation (Figures S5D–S5F). It is, however, possible that this is an indirect effect of increased viral

reads at early time points.

Overall, our data suggest that SARS-CoV-2 variants show evolution toward accelerated infection which is

accompanied by accelerated transcriptional responses in broncho-epithelial cells.

Spatial organization of immunomodulatory gene expression in response to SARS-CoV-2

Next, we sought to establish spatial gene expression profiles in ALI cultures exposed to SARS-CoV-2 virus

(USA/WA1-2020) using the NanoString GeoMx digital spatial profiling (DSP) platform with the Whole Tran-

scriptome Atlas (WTA) assay.70,71 This technology enables tissue region analysis using intact non-dissoci-

ated tissues. First, PFA 4% fixed sections from ALI cultures exposed to USA/WA1-2020 (from 1 to 6 DPI) or

mock-infected (at 6 days) were labeled with antibodies targeting NP and Spike viral proteins, to reveal in-

fected cells, and with CK5 antibody to identify and visualize basal cells (Figures 6A and 6B). Second, in situ

hybridization probes targeting 18,676 total human transcripts were used, each probe tagged with a unique

molecular identifier (UMI) for next-generation sequencing. Guided by the antibody staining, we selected at

least six regions of interest (ROIs) per condition, total 78 ROIs (Table S6): apical cells CK5- and basal CK5+

cells from mock-infected controls and from SARS-CoV-2 infected ALI. Probe UMI counts from each ROI

were obtained to provide spatial transcriptomes (Table S6). Sequencing quality was analyzed to ensure

sensitivity of low expressors (Figure S6A). Data were normalized to the third quartile (Q3) to account for

differences in cellularity, and ROI Size (Figure S6B). None of the 78 ROIs analyzed were below the 50%warn-

ing (18,676 total targets); 17,266 genes normalized by 3rd quartile, were expressed above the limit of quan-

tification (LOQ) in at least 95% ROIs (Figures S6C and S6D).

We first compared the CK5+ (basal cells) to CK5- (apical cells) cells in mock-infected controls to establish pre-

dominant signatures characterizing these regions in non-infected tissue. Basal CK5+ region was enriched in

transcripts related to cellular cytoskeleton compounds ensuring the basal layer maintenance (KRT15, MYH9,

BRD1) and cell proliferation (MAP3K3).72 The apical CK5- region was enriched in transcripts related to ciliated

cells, as well as PIGRwhich is a receptor allowing the basal to apical transcytosis of IgA and IgG (Figure 6C). To

determine the ‘‘spatial’’ response to SARS-CoV-2 Wuhan-like virus infection, we compared infected CK5- to

Figure 3. Continued

are representatives of at least 2 independent experiments per variant. Each replicate corresponds to the intensity mean percentage represented by

shape and color: Donor 1, white circle; donor 2 red square; donor 3 green triangle; and donor 4 black diamond. Line indicates mean.

See also Figures S3, S4, and Table S3.
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CK5+ cells at 6 DPI (Figure 6D). Basal CK5+ infected tissue, was enriched in transcripts related to cell damage/

repair (VEGFA,73 IGFBP3,74 EIF5a, S100A2,75 PKP3, LYPD3, SFN), cytokeratins (KRT5, KRT6A, KRT16, KRT17)

possibly related to basal cell differentiation/proliferation properties for maintenance/repair of airway

A

B C

Figure 4. Transcriptional analysis of SARS-CoV-2 (Wuhan-like) infected ALI

(A) Heatmap representing differentially expressed genes (DEG, 1081 transcripts: Log 2 normalized counts) from the comparison 6 DPI vs. time-matched

mock-infected control (at 6 days) over time in response to SARS-CoV-2. ALI from four donors were infected with SARS-CoV-2 and harvested for sequencing at

1, 2, 3, 4, 5, and 6 dpi and mock-infected samples collected after 6 days (controls media without virus). The sequencing was performed in multiple batches

with at least 2 independent experiments at each time point, the cutoff used: cutoff: logFC > 1; adjusted p value < 0.01. Rows represent individual transcripts

and columns represent individual biological replicates ordered by time point. Donor 2 did not show significant response to USA/WA1-2020 infection and was

removed from the analysis. Mock-infected samples from one of the batches (donor 1) showed significant differences to the mock-infected samples from

different batches and were removed from the analysis as well. Batch effect was removed using SVAseq R package.

(B) List of predominant signatures identified in clusters R1 & R2 (early response, robust up-regulation starting at 1 DPI).

(C) List of predominant signatures identified in cluster R3 (late response, robust up-regulation at 5-6 DPI) in response to SARS-CoV-2.

See also Table S4.
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A

B C D

Figure 5. Transcriptional response to SARS-CoV-2 variants

(A) Heatmap representing differentially expressed genes over the time in response to SARS-CoV-2 variants. ALI from four donors were infected with

SARS-CoV-2 and harvested for sequencing at 1, 2, 3, 4, 5, and 6 dpi and mock-infected (control media without virus) samples collected from 1 to 6 days as

well. The sequencing was performed in multiple batches with at least 2 independent experiments at each time point, the cutoff used: |

logFC| > 1; adjusted p� value < 0.01; normalized counts > 10. Rows represent individual transcripts and columns represent individual biological

replicates ordered by timepoints and SARS-CoV-2 variants. Donor 2 did not show significant response to USA/WA1-2020 infection and was removed from

the analysis only for Wuhan-like virus. Mock-infected samples from one of the batches (donor 1) showed significant differences to the mock-infected

samples from different batches and were removed from the analysis as well. Batch effect was removed using SVAseq R package.
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epithelium,76–80 (Figures 6D and 6E). Apical CK5- infected tissue, was enriched in transcripts related to actin fil-

aments/cilia (ATL1,COBLL1,OR10A2,PCBP4, INPP5A,XIRP1), regulatory factors (ARHGEF38,ZNF287,FANCI,

FMOI, NPBWR1), as well as CD72 (invariant chain) and inflammation (SAA2) (Figure 6D).

The DSP analysis suggested spatial organization of airway epithelial response to virus. RNAseq analysis re-

vealed up-regulation of CSF3 and CCL20, critical signals for differentiation and regulation of immune cells,

starting at 1 DPI upon SARS-CoV-2 exposure. Therefore, we analyzed the localization of CSF3 and CCL20 pro-

tein expression by IF staining on fixed tissue sections of ALI over time following SARS-CoV-2 exposure. Tissue

staining revealedaconsistentpatternofCSF3proteinexpression inbasal layerof cells (Figure 7A) and this stain-

ing localization was common across ALIs exposed to different SARS-CoV-2 variants (Figure S7A). Furthermore,

in normal human lung,CSF3 stainingwas localizedpredominantly in the basal layer of lung epitheliumas delin-

eated by expression of CK5 and the phalloidin which is bright and strong in epithelium tight junctions/cilia

(binds to actin filament), (Figures 7B and S7B). In addition, on a consecutive tissue section of normal human

lung,we stained for immune cellsmarkers such asCD11bandCD14and found that in the same lungepithelium

area, CSF3 was localized in proximity of CD11b+ myeloid cells (Figures 7C and S7C). CCL20 protein staining

was present at low levels throughout the ALI tissue in mock-infected condition (Figure 7A). However, upon

SARS-CoV-2 exposure its expression increased and localized to apical side (Figure 7A). This CCL20 expression

patternwas commonacrossALIs exposed todifferent SARS-CoV-2 variants (FigureS7A). In normal human lung,

at steady state, CCL20was present throughout the tissue (Figures 7B, 7C, S7B, and S7C), reflecting the staining

pattern visualized in ALI mock-infected condition.

DISCUSSION

Using human broncho-epithelial ALI tissue cultures which resemble the conditions of human airway

epithelia, here, we show that SARS-CoV-2 virus and its variants trigger epithelial cell-type specific transcrip-

tional response that is modulated over time to engage different arms of the immune system. First, we find

that infection defined by the presence of NP staining, was a late event in SARS-CoV-2 Wuhan-like virus and

Beta variant, whereas it was accelerated in the cases of Delta and Omicron variants. This difference be-

tween variants, could be due to the accumulated mutations in Delta and Omicron modifying their ability

to form syncytia or entry into host cells. It has been reported in previous studies, that Delta had increased

capacity to infect cells expressing low levels of ACE2 and form syncytia by comparison to other variants and

presented increased capacity for epithelial damage.37,40,81 Interestingly, Omicron displays a lesser capacity

to form syncytia, but has enhanced replication in upper airways possibly due to an endocytic pathway

mechanism increasing cell entry.43,82,83 Variants did not appear to differ in term of cell subtype infection

in the ALI model and ciliated and secretory cells were generally infected by all variants, while basal cells

were found infected rarely thus corroborating previous studies.40,84 Overall, the faster kinetics of infection

of human ALI cultures SARS-CoV-2 Delta and Omicron variants as compared to previous variants will be

consistent with increased adaptation of the more recent variants to infect human respiratory epithelium.

Dynamics of transcriptional response followed infection kinetics. To this end, all variants triggered tran-

scriptional inflammatory, immune response, and IFN signatures as revealed by bulk RNAseq. However, dif-

ferences in the quality and kinetics of transcriptional response to variants were found with SARS-CoV-2Wu-

han-like virus, triggering early inflammatory signature at day 1 preceding a late type I/III IFN response (5–6

DPI), consistent with the timeline of NP protein expression. The response to SARS-CoV-2 Wuhan-like virus

was spatially organized as illustrated by GeoMX digital spatial profiling of basal (cytokeratin 5 [CK5+] cells)

vs. apical side (CK5- cells) revealing the presence of cytokeratin signatures, proliferative and regenerative

programs in CK5+ cells; whereas in CK5- cells, we observed ciliated cells and CD72 (invariant chain)85 pro-

grams including common signatures such as MHC-class I (HLA-A/B/C) programs and IFN response signa-

ture in response to virus. This suggests a potential contribution to antigen specific T cell activation. The rare

infection of basal cells, as mentioned earlier , seemed to respond to viral presence by turning on differen-

tiation markers, consistent with a tissue repair response. While apical cells presented up-regulation of

Figure 5. Continued

(B) Line plots graphs representing the evolution over time of ‘‘epithelium, cilium and homeostasis programs,’’ cluster R4.

(C) Early inflammation & immune responses, cluster R5.

(D) Late IFN response, cluster R6. Clusters of transcripts in response to SARS-CoV-2 variants, were generated in GraphPad Prism 8. Each dot corresponds to

the mean of genes in each cluster per time point and per strain.

See also Figure S5 and Table S5.
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molecules involved in IgA/IgM transcytosis with PIGR response and actin filaments/ciliated cell programs,

perhaps ready to contribute to viral clearance.

Spatial organization was further illustrated at the protein level by CSF3 expression in basal cells and CCL20

expression in apical cells. CSF3 is an important survival and proliferation factor for neutrophils and, along

with CXCL6, it could also trigger their recruitment to the damaged area.86 From single cell data, CSF3 has

been associated to a subset of goblet cells77 in the airway epithelium. In ALI cultures models, it has been re-

ported that CSF3, CXCL6, and CXCL16 (protein level) were part of the RSV pathological signature,87 similar

patterns were observed in SARS-CoV-2 studies that have reported an up-regulation of CSF3.53 Thus, CSF3

has been suggested as a potential therapeutic target, in which early blocking could help to reduce the hy-

per-inflammation mediated by exaggerated neutrophilic response.88 Translocation of CCL20 to the apical

side upon viral exposure might help attract neutrophils from basal layer to ciliated cells.54 Indeed, while

CCL20 has an impact on a broad range of cells of the adaptive immune response, it can also attract neutro-

phils.89 Finally, CCL20 and CSF3 were also induced by the variants used in this study. There were, however,

some differences in protein expression. For example, CSF3 was induced as early as 1 DPI but was expressed

more highly at later time points and persistent expression even after infection subsided as was the case for

Omicron variant. CCL20 was induced in all variants and its expression was sustained in Delta and Omicron.

Overall, we identified three transcriptional clusters present in ALI exposed to SARS-CoV-2 variants. One

cluster, R4, enriched in genes involved in ciliated and cytoskeleton homeostasis/organizational programs,

which is consistent with the impact of viral infection, clearance, and tissue repair.84,90,91 Clusters R5 and R6

consisted of inflammatory, immune response, and IFN signatures.59,92,93 Interestingly, the kinetic andmag-

nitudes were variant-related, and we found that Wuhan-like and Beta were similar to each other while Delta

and Omicron diverged, especially at later time points.

The cluster R5 was enriched in inflammation and immune signatures including TNF, HLA (class I and II),

NFKB, IL17REL, and IL1. This early response could be consistent with a TLR response characterized for a

more skewed NFK-B94 response, perhaps RNA/TLR3 sensing triggered by extracellular viral products.

The cluster R6 contained among others IL17C corroborating the role of IL17 pathway in inflammation95

as well as tissue injury/repair.96 In terms of IFNs an IFN-signature, Wuhan-like and Beta presented a de-

layed pattern (3-4DPI), Delta (2-3DPI) and Omicron starting at 1 DPI with IFN type I/III response.59,97 This

delayed pattern of expression was consistent with kinetics of NP expression, reflecting intracellular repli-

cation consistent with sensing by RNA cytoplasmic receptors such as MDA5,98 that are known to be

more skewed toward IFN and ISG induction through engagement of IRF3.94 Thus, IFNs transcript abun-

dance was most pronounced at the time of the highest NP expression suggesting direct correlation be-

tween viral replication and IFN response. It is somewhat surprising as it suggests that virus is not sufficiently

sensed by epithelial cells at the early time points, which could trigger a potentially protective pathway.

While it remains to be determined, possibly accessory cells are needed for the first wave of type I/III

IFNs. Thus, SARS-CoV-2 virus triggers a cell-type specific transcriptional response in broncho-alveolar

epithelium that is modulated over time to engage different arms of immune response.

Limitations of the study

As is the case for in vitromodels, ALI model does not fully reflect lung tissue composition and architecture.

It builds on broncho-alveolar epithelia, a portion of the human airway epithelium, response to virus and

Figure 6. GeoMX digital spatial profiling of SARS-CoV-2 infected ALI

(A) Representative images of infected ALI sections with SARS-CoV-2 (105 PFU, from up to bottom), 1 DPI, 2 DPI, 6 DPI stained for nuclei (Dapi), viral

nucleoprotein (red), spike viral protein (yellow), and cytokeratin 5 (CK5). The thin white polygons represent the ROI strategy selection for the apical

cytokeratin 5- cells (CK5-) vs. basal side CK5+. Scale bar 500 mm for 1 and 6 DPI; and 1 mm for 2 DPI (white).

(B) Schematic experimental design for ROI selection per slide, time point (1–6 DPI) condition (infected or mock-infected control at 6 days) and apical or CK5+,

a total of 78 ROI were selected (C and D) Volcano plots visualizing significant differentially expressed genes between two groups of samples (X axis, Log2 FC

and Y axis, p value < 0.05), boxplot represents relevant top hit up-regulated in each region (CK5+ or CK5-).

(C) Comparison Mock CK5+ vs. Mock CK5- (6DPI).

(D) Comparison Infected CK5- vs. Infected CK5+ 6DPI).

(E) Heatmap representing the 33 tops differentially expressed genes (DEG) comparing conditions per location-infection status, then per timepoint (1–6 DPI).

The sequencing was performed in 2 batches with at least 3 replicates per condition from two representative experiment (donor 3 for slides #1, #2, #4 and #5;

on slide #4, 2 sections from donor 4 and one from donor 3).

See also Figure S6 and Table S6.
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Figure 7. CSF3 and CCL20 expression in ALI exposed to SARS-CoV-2 USA-WA1/2020 and in human lung

epithelium

(A) Representative images of ALI (donor 3) mock-infected at 6 days and ALI infected with SARS-CoV-2 USA/WA1-2020

(105 PFU) at 1, 3, and 6 days-post infection (DPI) stained for nuclei (Dapi, blue), viral NP (white) to reveal the effective viral

replication, CSF3 (green) and CCL20 (red). Scale bars 10 mm, in white on the left corner.

(B) Representative images of human lung epithelium (Donor 1) stained for nuclei (Dapi, blue), CK5 (green), phalloidin

(Actin filament, dark yellow), CSF3 (red), and CCL20 (white). Scale bars 30 mm, in white on the left corner.

(C) Representative zoomed image of human lung epithelium (Donor 1) stained for nuclei (Dapi, blue), CD11b (green),

CD14 (magenta), CSF3 (white), and CCL20 (red). Scale bars 20 mm in white on the left corner.

See also Figure S7.
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thus, it does not reflect response to viral infection from upper airway (nasal) and from lower airway (alve-

olar). Nevertheless, ALI models are the first step to explore the virus-host interactions enabling to identify

the key biological processes involved in acute response to respiratory viruses.
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Red blood cell lysis buffer Roche Cat#11814389001

Cultrex growth factor reduced BME type 2 Trevigen (Rand D Systems) Cat#3533-010-02

Collagen I Rat Protein Thermo Fisher Cat#A1048301

PneumaCult-Ex plus medium Stemcell Cat#05040

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PneumaCult-ALI medium Stemcell Cat#05001

Hydrocortisone Stemcell Cat#07926

Heparin solution Stemcell Cat#07980

Y-27632 Abmole Cat#Y-27632

DNAse I Sigma Cat#D4513

Dispase I Sigma Cat#4942086001

Collagenase Sigma Cat#9C9407

Paraformaldehyde 16% Thermo Fisher Cat#28906

Phalloidin ATTO647N Sigma Cat#65906

Fluromount-G Thermo Fisher Cat#00-4958-02

DAPI Thermo Fisher Cat#D1306

Fc Receptor Blocker Innovex Cat#NB309

Background buster Innovex Cat#NB306

Mouse serum Jackson ImmunoResearch Cat#015-000-120

BSA (IgG-Free, Protease-Free) Jackson ImmunoResearch Cat#001-000-161

Dimethyl Sulfoxide (DMSO) Sigma Cat#67-68-5

Trypsin-EDTA (0.05%) phenol red Thermo Fisher Cat#25-300-062

Zombie Aqua� Fixable Viability Kit Biolegend Cat#423101

Zombie Green� Fixable Viability Kit Biolegend Cat#423111

Saponin Sigma Cat#S7900-100G

Critical commercial assays

Cytofix/Cytoperm Fixation/Permeabilization

solution kit

BD Biosciences Cat#554714

Direct-zol RNA MicroPrep kits Zymo research Cat#R2062

RNase-free DNase set Qiagen Cat#79254

Kapa Stranded mRNA-Seq Library Prep kit Kapa Biosystems Cat#KK8401

Viral stock protocol ARTIC https://artic.network/ncov-2019

Viral-RNA kit mega-Bio-Tek Cat#R6874-02

Native Barcoding Expansion kit ONT Cat#EXP-NBD104

Deposited data

Raw data and analyzed data This study GEO: GSE225603

Experimental models: Cell lines

African green monkey (Chlorocebus sabaeus):

VeroE6/TMPRSS2 cells

R Rathnasinghe et al.94 N/A

African green monkey (Chlorocebus sabaeus):

VeroE6

ATCC ATCC CRL-1586, clone E6

Software and algorithms

Imaris 9.4 Bitplane https://imaris.oxinst.com

Leica (LAS) X Leica Microsystems https://www.leica-microsystems.com/

Adobe Illustrator Adobe https://www.adobe.com/products/illustrator.html

BD FACSuite Software BD Biosciences https://www.bdbiosciences.com/

GraphPad Prism v8 GraphPad https://www.graphpad.com/

Flowjo V10.3 Flowjo LLC https://www.flowjo.com/

DNAstar Lasergene https://www.dnastar.com/software/lasergene/

R (v4.2.0) The R Foundation https://www.r-project.org/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact: Karolina Palucka (Karolina.palucka@jax.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All sequencing data generated for this study has been deposited to GEO and is publicly available:

GSE225603.

d This paper does not report original code.

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

the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary lung-organoid generation

Procurement of human material and informed consent

De-identified human lung tissues were obtained from NDRI (Project: RPAK1 01), in compliance with rele-

vant American laws and institutional NIH/NIAID guidelines. Study procedures were performed in the

context of U19AI142733 grant at the Jackson Laboratory. The overall goal is to elucidate the innate immune

networks that shape adaptive immune responses to respiratory viral infections in the human lung. Donors’

demographics are detailed in Table S1.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ggplot2 (R package v3.3.6) R package https://rpkgs.datanovia.com/survminer/

index.html

ComplexHeatmappackage (v2.12.1) R package https://jokergoo.github.io/ComplexHeatmap/

RSEM v1.3.3 B. Li and Colin N. Dewey.95 https://github.com/deweylab/RSEM/releases/

tag/v1.3.3

Bowtie Langmead, B. et al.96 http://bowtie-bio.sourceforge.net/index.shtml

FastQC https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

N/A

MultiQC Ewels, P., et al.97 N/A

BBDuk tool BBMap download | SourceForge.net https://sourceforge.net/projects/bbmap/

DESeq2 R package

Love, M.I. et al.98
N/A

SVAseq R package https://doi.org/10.1093/nar/gku864

Reference manager Mendeley https://www.mendeley.com/search/

Others

Greiner CELLSTAR multiwell culture plates (24 wells) Sigma Cat#M9312

Corning Transwell polyster membrane cell culture

insert (24 wells, 0.4 mm)

Sigma Cat#3470

Tissue-Tek OCT Compound Thermo Fisher Cat#4583

Slides Denville Scientific Cat#M1021

Cover Glass Thermo Scientific Cat#152450

Schematic and Graphical abstract images Servier Medical Art https://creativecommons.org/licenses/by/3.0/
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Tissue processing and organoid culture

To generate primary lung organoids, we adopted Sachs et al.46 protocol. Briefly, cryopreserved lung tissue

(FBS 10%DMSO) was washed with Advanced DMEM/F12media containing 1x Glutamax, 10mMHepes and

antibiotics (AdDF++), and digested in 10 ml of complete media for organoids (AO), containing 2 mg/ml of

collagenase (Sigma) on an orbital shaker at 37�C for 1–2 h. The digested tissue suspension was sequentially

sheared using sterile slides and strained over a filter (100 mm) with 10ml AdDF++media until obtain a single

cell suspension. After inactivation with 2% FBS, red blood cell lysis buffer (Roche,) treatment could be

performed if needed. Then, cell counting, centrifugation (400 rcf), and resuspend the lung cell pellet in

10mg/ml Matrigel (Cultrex growth factor reduced BME type 2; Trevigen). Embedded Matrigel cells were

dispensed as follow: 3.105 cells in a 40ml drops per well in a pre-warmed 24-well plate (Greiner, M9312).

Those organoid cultures were maintained over 4-7 passages until obtaining a stock of pure primary

lung-organoid derived epithelial cells.

Lung organoid-derived air-liquid interface (ALI) cultures

To generate air-liquid-interface (ALI) cultures, lung-organoid derived epithelial cells were plated on

0.03mg/ml collagen I rat protein (Gibco� Collagen I Rat Protein, Tail) coated inserts with a pore size of

0.4 mm (Corning 3470) at 3.104 cells/ml per insert into 24-well culture plate. Once the cells were seeded,

the procedure of lung-organoid derived ALI culture generation included the three following steps accord-

ing to manufacturer’s instructions (STEMCELL Technologies, Cambridge, Massachusetts, USA):

� Maintenance in Pneumacult-Ex Plus Medium containing the ROCK inhibitor Y-27632 until confluence

(8-10 days). Fresh medium, 100 ml (apical chamber) and 500 ml (basal chamber) changed every 2 to

3 days.

� First part of ALI differentiation in Pneumacult-ALI Medium (STEMCELL) containing the ROCK inhib-

itor Y-27632 (5-7 days). Fresh medium, 100 ml (apical chamber) and 500 ml (basal chamber) changed

every 2 to 3 days. At this step, TEER started to be measured every 2-3 days until full differentiation as

described previously.45,99

� Second part of ALI differentiation in Pneumacult-ALI Medium (STEMCELL) without ROCK inhibitor

Y-27632 (�28 days) and removal of the media at apical side (air-lift). Fresh medium, 500 mLl (basal

chamber) changed every 2 to 3 days. The air-lift step is performed once the TEER reach values

500 (ohms/cm2) <, indicating healthy confluent layer. Once airlifted, cultures are checked under mi-

croscope every 2-3 days for cilia beating appearing in general by 2 weeks and mucus should be pre-

sent from 2-4 weeks.

All experiments were performed using lung organoid-derived epithelial cells from 4 different donors, for

each donor a single lot and single aliquots were used to avoid batch variation.

Viruses and cells

All experiments involving handling of live SARS-CoV-2 isolates were performed in a biosafety level (BSL) 3

facility at Icahn School of Medicine at Mount Sinai, New York. SARS-CoV-2 (USA/WA1-2020, Wuhan-like),

Beta (B.1.351), Delta (B.1.617.2) and Omicron (B.1.1.529, BA.1) variants were obtained through our collab-

oration with Adolfo Garcı́a-Sastre’s lab. Infectious stocks were expanded on VeroE6 for USA/WA1-2020 or

VeroE6-TMPRSS2 cells for all other SARS-CoV-2 variants. The supernatants were centrifuged and passed

through a 0.45-mm filter to get rid of cells. Viral titers were determined by plaque assay on VeroE6 for

USA/WA1-2020 or VeroE6-TMPRSS2 cells for all other SARS-CoV-2 variants. All the viral stocks were

sequenced to confirm genomic integrity according to the previously described ARTIC protocol (https://

artic.network/ncov-2019).2 Aliquots were stored in a secured �80�C freezer until use.

METHOD DETAILS

Virus infection of primary lung-organoid derived ALI cultures

Prior to infection, the mucus from the apical side of primary lung-organoid derived ALI was washed three

times with PBS. Viruses were diluted in 1X PBS for a final concentration of 105PFU per ALI for SARS-CoV-2

infections and spread out on apical side. To collect viral supernatant, 150ml of 1X PBS was added on apical

side and incubated for 15 min at 37�C.
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Quantification of infectious virus

For viral titration, plaque assays were performed with a 10-fold serial dilution of viral supernatant in 1X PBS

containing 1% Bovine serum were overlaid on pre-seeded VeroE6 cell (for USA/WA1-2020) or Vero-E6

TMPRSS2 (for Beta, Delta and Omicron) monolayers and absorbed incubated at 37�C for 1 hour with gentle

shaking every 5 min. After incubation, 2% Oxoid agarose mixed with 2X MEM supplemented with a final

0.3% FBS was overlaid, and the cells were incubated for 72h at 37�C. Plaques were visualized using immune

staining with SARS-CoV-2 NP antibody (1C7,). Briefly, followed by formaldehyde fixation, the cells were

incubated with a mouse anti-SARS-CoV-2 NP primary antibody for 1.5 h at room temperature (RT) with

gentle shaking and consequently with HRP-conjugated secondary anti-mouse antibody (1:5000) for 1 h

at RT with gentle shaking. Plaques were visualized using True Blue peroxidase substrate (Sera Care) and

the titers were calculated as plaque-forming units per ml (PFU/ml) for all the samples: plaques
dilution3volume = PFU

mL

Intracellular staining for infectivity (flow cytometry)

ALI cultures were washed with 1X PBS and treated first with 0.05% trypsin on apical and basal chamber

(15 min, 37�C). Then, the cells were resuspended in a dispase I/DNase I solution (final concentration in 1X

PBS, 1.9U/ml diaspase I (Sigma) and 0,1mg/ml DNase I (Sigma)) to generate single-cell suspensions. The

cells were finally resuspended in 1X PBS and stained with zombie live dead stains (Zombie aqua or

zombie green; Biolegend) in 1:350 dilution for 15 min at RT. The cells were washed with 1 ml of 1X

PBS and finally resuspended in 100ml of 4% methanol-free formaldehyde. The cells were moved out of

ABSL3 and left at 4�C for overnight fixation. 1ml of 1X perm wash buffer (BD Biosciences) was added

to each tube containing fixed cells and centrifuged at 300g for 5 min. The pellet was resuspended in

100ml perm was buffer with 1:100 dilution of Alexa fluor 488-conjugated or 1:200 of Alexa fluor

647-conjugated SARS-CoV-2 N antibody (IC7) and incubated in dark at RT for 45 min. The cells were

washed with 1ml perm wash buffer and centrifuged at 300g for 5 min. The final cell pellet was resus-

pended in 200ml FACS buffer (1X PBS+ 1% BSA) and analyzed with Flow cytometer for live SARS-CoV-

2 NP positive cells.

Immunofluorescence staining

ALI cultures were fixed using 4% PFA (15 min) in situ on inserts, washed with 1X PBS, then embedded

in OCT (Sakura Finetek U.S.A.) and snap frozen in liquid nitrogen. Frozen sections were cut at 8 mm,

air dried on Superfrost plus slides, fixed again with 4% PFA and permeabilized with 1X PBS/0.1%

Triton-X (15 min). Tissue sections were treated with Fc Receptor Block, followed by Background Buster

(Innovex Bioscience). The sections were then stained with appropriate primary antibodies (Abs) for

one hour followed by appropriate secondary antibodies for 30 min at room temperature in 1X PBS/5%

BSA/0.05% saponin. If staining panel included staining with directly conjugated antibodies, tissues

were washed, and secondary antibodies were saturated using mouse normal serum diluted at 1/20 in

1X PBS for 15 minutes at room temperature. Then, sections were stained with directly conjugated anti-

body mix for 1 hour at room temperature and washed. Respective isotype antibodies were used as

controls. Finally, sections were counterstained with 1 mg/ml of 4’,6-diamidino-2-phenylindole (DAPI)

and 10-2 nmol units/ml of Phalloidin ATTO647N (Sigma 65906), mounted with Fluoromount-G (Thermo

Fisher Scientific), acquired using a Leica SP8 confocal microscope (for high resolution images) or Thunder

widefield microscope (for histocytometry) both with Leica LAS X software and analyzed using Imaris soft-

ware (Bitplane).

QUANTIFICATION AND STATISTICAL ANALYSIS

All results are expressed as mean, unless specified. Descriptive statistics and statistical analysis involved

use of Prism 8 (GraphPad Software, San Diego, CA), significance was analyzed by two-tailed non-para-

metric and unpaired Wilcoxon-Mann-Whitney test using. Statistical significance was determined as P value

p% 0.05 (*), p% 0.01(**), p% 0.001 (***) and p% 0.0001 (****). All comparisons were made between infec-

tion conditions with time point-matched, uninfected controls.

GeoMx Whole Transcriptome Atlas slide preparation

ALI tissue preparation

ALI cultures were fixed using 4% PFA (15min) in situ on inserts, washed with 1X PBS, then embedded inOCT

(Sakura Finetek U.S.A.) and snap frozen in liquid nitrogen. Frozen sections were cut at 6 mm, air dried on

Superfrost plus slides, shipped in dry ice and stored in a secured �80�C freezer until use. For the
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NanoString GeoMx whole transcriptome atlas (WTA) assay that contains 18,676 genes, PFA4% fixed-frozen

tissue slides were prepared according to the GeoMx NGS automated Leica Bond RNA Slide Preparation

Manual (NanoString, MAN-10131-03).

GeoMx DSP instrument and ROI selection

Slides were loaded into the slide holder of the GeoMx digital spatial profiling (DSP) instrument and

covered with 2 mL of buffer S. Each slide was scanned with the following antibodies and exposure times:

respectively for the morphology markers nuclei Syto83 (Cy3/568nm, 60ms), CK5 (FITC/525nm, 200ms),

SARS-CoV-2 Spike (Texas Red/615nm, 250ms), and SARS-CoV-2 Nucleocapsid (Cy5/666nm, 200ms). Cor-

responding regions of interest (ROIs) were then selected on the DSP slide by their morphology using cy-

tokeratin as basal epithelial cells marker and Spike/Nucleocapside as ‘‘infection’’ marker. In ALI culture

selected ROIs were: in mock-infected (control without virus without virus harvested at 6 DPI) tissue, Mock

CK5+ (CK5+ in mock-infected control tissue) and their corresponding Mock CK5- area (Apical area in

mock-infected control tissue); in infected tissue identified CK5+ staining (CK5+ in infected tissue negative

for viral markers) and their corresponding CK5- area (Apical area in infected tissue positive for Spike/

nucleocapsid viral markers).

After ROIs were approved, the GeoMx DSP exposes the selected regions to UV light which photocleaves

the UV cleavable barcode linked from the boundRNA probes, which are collected and deposed into sepa-

rate wells in the DSP collection plate.

GeoMx RNA illumina library preparation

DSP collection sample plates were dried, resuspended in nuclease-free water, and amplified using PCR ac-

cording to the manufacturer’s protocol. Purified libraries were sequenced by Illumina NovaSeq6000.

GeoMx data processing and QC

The FASTQ reads from sequenced DSP library were processed by the GeoMxNGS DnD Pipeline to convert

sequencing reads into counts per ROI (NanoString, MAN-10133_03). After processing, counts were up-

loaded to the GeoMx DSP Data Analysis Suite (NanoString). QC steps were carried out to assess raw

read threshold, percent aligned reads and sequencing saturation. Data was normalized to the third quartile

(Q3) to account for differences in cellularity, ROI Size, etc. Analyzing 78 ROIs, all samples had greater than

50% sequencing saturation, 17,265 genes normalized by 3rd quartile were expressed above LOQ in at least

95% of ROIs.

GeoMx data analysis

Data analysis was performed in R (v4.2.0). Graphics were produced using ggplot2 unless otherwise

stated (v3.3.6).

Differentially expressed genes: A Wilcoxon rank-sum test was used to identify differentially expressed

genes between different regions of interest. p values were adjusted using Benjamini-Hochberg multiple

test correction. An adjusted p value cut-off of 0.05 and a logFC of 2 was used to identify differentially ex-

pressed genes. Variable genes across the whole dataset were identified by a Kruskal-Wallis test (p < 0.05)

across the dataset in order to show clustering of different ROI groups by heatmap.

Gene expression heatmaps: Heatmaps were produced using the ComplexHeatmappackage (v2.12.1).

Heatmaps used by-row scaling, and ROIs were first grouped by infection type, ordered by Day, and then

clustered using the default hierarchical clustering algorithm.

RNA sequencing and bioinformatics

Samples preparation for bulk RNA sequencing

Total RNA was isolated using Direct-zol RNA MicroPrep kits (zymo research) following the manufacturer’s

protocols. During RNA isolation, DNase treatment was additionally performed using the RNase-free

DNase set (Qiagen). cDNA libraries were prepared with polyA mRNA selection and Kapa Stranded

mRNA-Seq Library Prep kit (Kapa Biosystems) according to the manufacturer’s instructions. Paired-end

sequencing (2 3 150 bp) of stranded total RNA libraries was performed in Illumina Novaseq.
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Bulk RNA sequencing analysis

Illumina was used for demultiplexing. Quality control was performed using FastQC100 (quality control tool

for high throughput sequence data) and MultiQC8 tools rRNA contamination was removed, and all reads

were trimmed using BBDuk tool.101 Viral reads were mapped to the FDA-ARGOS SARS-CoV-2 reference

sequences (FDAARGOS_983, MT233526.1, MT246667.1; EPI_ISL_10489564 was obtained from GISAID

database102), and human reads were mapped to GRCh38 genome using bowtie.5,103 Gene expression

was quantified using RSEM.4 Batch correction was removed using R package SVAseq.104 Reads were

normalized and differentially expressed genes were analyzed using DESeq2.10 Pathway analysis was per-

formed using QIAGEN IPA.105,106
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