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Shareable abstract 

Scarce ACE2 expression limits alveolar SARS-CoV-2 permissiveness and related tissue damage. 

Instead, non-productive virus uptake by alveolar macrophages leads to a specific pulmonary 

immune activation. COVID-19 ARDS is most likely caused by immunopathogenesis rather than 

alveolar viral damage.   

 

Abstract 

Background SARS-CoV-2 utilizes the ACE2 transmembrane peptidase as cellular entry 

receptor. However, whether SARS-CoV-2 in the alveolar compartment is strictly ACE2-

dependent and to what extent virus-induced tissue damage and/or direct immune activation 

determines early pathogenesis is still elusive. 

Methods Spectral microscopy, single-cell/-nucleus RNA sequencing or ACE2 ‘gain-of-function’ 

experiments were applied on infected human lung explants and adult stem cell-derived 

human lung organoids to correlate ACE2 and related host factors with SARS-CoV-2 tropism, 

propagation, virulence and immune activation compared to SARS-CoV, influenza and MERS-

CoV. COVID-19 autopsy material was used to validate ex vivo results. 

Results We provide evidence that alveolar ACE2 expression must be considered scarce, 

thereby limiting SARS-CoV-2 propagation and virus-induced tissue damage in the human 

alveolus. Instead, ex vivo infected human lungs and COVID-19 autopsy samples showed that 

alveolar macrophages were frequently positive for SARS-CoV-2. Single-cell/-nucleus 

transcriptomics further revealed non-productive virus uptake and a related inflammatory and 

anti-viral activation, especially in ‘inflammatory alveolar macrophages’, comparable to those 

induced by SARS-CoV and MERS-CoV but different from NL63 or influenza virus infection.  

Conclusions Collectively, our findings indicate that severe lung injury in COVID-19 likely results 

from a macrophage triggered immune activation rather than direct viral damage of the 

alveolar compartment.   



Introduction 

Coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2). Depending on the virus variant, approximately 22 % of COVID-19 

patients develop severe disease with a high risk of acute respiratory distress syndrome (ARDS) 

[1-5], which may be heterogeneous and differ from classical ARDS [6]. Both, SARS-CoV-2 and 

SARS-CoV use angiotensin-converting enzyme 2 (ACE2) as primary cellular entry receptor [7, 

8]. However, it remains still elusive to which extent ACE2 contributes to alveolar pathogenesis 

which may result in subsequent lung failure. Thus, the actual role of ACE2 in COVID-19 

pathogenesis is still a matter of debate [9-11]. While some studies suggested relatively high 

or induced ACE2 expression under healthy or pulmonary diseased conditions [12-18] others 

suggest relatively low, cell type-limited ACE2 expression in the alveolus [11, 14, 19-21]. This is 

complicated by the fact that some of these studies solely focus on ACE2 mRNA analyses which 

might differ to the actual ACE2 protein expression level [11, 20, 22-24]. Consequently, to gain 

deeper insight into COVID-19 pathogenesis, further rigorous analyses of tissue- and cell type-

specific ACE2 mRNA and protein expression in the context of SARS-CoV-2 tropism, replication 

and resulting tissue damage and/or induced immune response in the early phase of infection 

are required. 

Similarly, there is still inconsistency about the actual SARS-CoV-2 tropism as well as replication 

efficacy in the human alveolar compartment and a debate if and to what extent alveolar 

epithelial type 1 (AT1), type 2 cells (AT2) or alveolar macrophages (AM) become productively 

infected and contribute to tissue pathology [20, 25-27]. Although it appears obvious that 

alveolar ACE2 is present and viral infection of alveolar cells occurs, it is critical to elucidate the 

role of direct infection versus indirect immunopathology in the pathogenesis of COVID-19 

ARDS. Of note, some clinical trials demonstrated beneficial effects of dexamethasone in 

severe COVID-19, suggesting immune-related instead of direct viral replication-associated 

lung damage [28-31]. 

Therefore, we aimed at elucidating ACE2 dependency for alveolar SARS-CoV-2 tropism, 

productive infection, replication rate, tissue damage, and immune activation across cells of 

the alveolar space. By several independent methods using ex vivo infected human lung tissue, 

COVID-19 autopsy material and adult stem cell derived human lung organoids, we 

demonstrate scarce ACE2 mRNA and protein expression restricted to AT2 cells without 

statistically significant induction of ACE2 protein by interferon (IFN). Accordingly, SARS-CoV 



and SARS-CoV-2 propagated consistently less efficient compared to influenza (IAV) and MERS-

CoV in human lung tissue. ACE2 overexpression in human lungs broadens SARS-CoV-2 tropism 

as well as tissue damage, similar to MERS-CoV. SARS-CoV-2 is predominantly endocytosed by 

AM leading to an expansion of inflammatory AM in human lung explants and COVID-19 

autopsy lungs resulting in a coronavirus specific inflammatory and anti-viral gene expression 

signature.   



Methods 

Detailed information is outlined in the online supplement. 

 

Used models 

For ex vivo infection of human lung tissue samples fresh lung explants were obtained from 25 

patients suffering from lung carcinoma (1 case metastatic osteo-sarcoma), who underwent 

lung resection at local thoracic surgeries. Lung explants from healthy patients were obtained 

from the International Institute for the Advancement of Medicine (IIAM, Edison, NJ). Clinical 

data of donors are included in Table S1 (ethics approval Charité EA2/079/13 and Ärztekammer 

Westfalen-Lippe AZ: 2016-265-f-S).  Primary AM were isolated by repeated perfusion of the 

human explant lungs. For the alveolar and bronchial organoids, primary cells were isolated 

from non-cancerous (normal) parts of distal lung tissue obtained from lung cancer patients 

undergoing tumor resection surgery. Kidney tissue was collected from tumor nephrectomies 

(ethics approval EA4/026/18). Autopsy material was included from 25 cases of patients that 

had died after COVID-19 disease. Autopsies were performed on the legal basis of §1 SRegG BE 

of the autopsy act of Berlin and §25(4) of the German Infection Protection Act. This study was 

approved by the Ethics Committee of the Charité (EA 1/144/13 and EA2/066/20) as well as by 

the Charité-BIH COVID-19 research board and was in compliance with the Declaration of 

Helsinki.  

 
Virus strains  

Infection experiments were carried out by two independent laboratories in Berlin (Robert 

Koch Institute and Charité) and Muenster (Wilhelms-University in Muenster). For infection 

experiments SARS-CoV-2 (Munich 929 or BavPart1) [7], rSARS-CoV (generated in the Drosten 

Lab by reverse genetics based on the SARS-CoV Frankfurt-1 strain, Accession Number 

FJ429166.1 [32]), SARS-CoV-2 FI-200 isolate strain, rMERS-CoV (generated in the Drosten Lab 

by reverse genetics based on the MERS-CoV strain EMC/2012, Accession Number JX869059 

[33]), HCoV-NL63 and the human seasonal influenza H3N2 virus A/Panama/2007/1999 

(Pan/99[H3N2]) (further referred to IAV) strain were used. 

 
Infection experiments and infectious particle quantification 

Calu-3 cells were either mock-infected with infection medium or challenged with SARS-CoV-

2, rSARS-CoV, rMERS-CoV or IAV (MOI 0.1). Lung tissue cultures were inoculated with control 



medium or SARS-CoV-2, rSARS-CoV, rMERS-CoV or IAV. Samples. Mature human lung 

organoids were collected, broken up and organoid fragments were either mock-infected or 

challenged with SARS-CoV-2. AM were infected with control medium, SARS-CoV-2 or hCoV-

NL63. Samples were taken at the indicated time points. 

 
IFN stimulation of lung tissue 

Culture medium containing recombinant human IFNβ (100 U/ml) was injected into lung 

explants. The tissue was processed for RNA and protein analysis after additional 24 h or 96 h. 

 
Bulk RNA sequencing and analysis 

RNA from infected samples was purified. PolyA(+) RNA sequencing libraries were constructed 

using the NEBNext Ultra™ II Directional RNA Library Prep Kit for Illumina (New England Biolabs) 

according to the manufacturer’s instruction and sequenced on a Nextseq 500 device using 1 x 

76 cycles single-end sequencing. 

 

Single-cell isolation and library preparation 

Single cells from individual human lung tissue samples were isolated. AM were detached using 

a cell scraper. The single-cell capturing and downstream library constructions were performed 

using the Chromium Single Cell 3′ V3.1 library preparation kit according to the manufacturer’s 

protocol (10x Genomics). The constructed libraries were either sequenced on the Nextseq 500 

using 28 cycles for read 1.55 cycles for read 2, and 8 index cycles, or on the Novaseq 6000 S1 

using 28 cycles for read 1.64 cycles for read 2, and 8 index cycles, to a median depth of 36000 

reads per cell. 

 
Single-nucleus isolation and library preparation 

Single nuclei were isolated from snap-frozen autopsy samples as described before [34].  

 
In situ hybridization 

For RNA in situ hybridization (ISH), tissues were immersion fixed and embedded in paraffin.  

ISH for the detection of SARS-CoV-2 and MERS-CoV was performed using the ViewRNA ISH 

Tissue Assay (Invitrogen by Thermo Fisher Scientific) following the manufacturer’s instructions 

(MAN0018633 Rev.C.0) as described [35].  

 

Image segmentation 



From each COVID-19 (n = 4) and NON-COVID-19 (n = 4) HE-stained tissue slide, two regions of 

interest (15,000 x 15,000 and 20,000 x 20,000 pixel / 19,360,000 μm2 and 10,890,000 μm2, in 

total 30.25 mm2) were extracted and the number of cell nuclei was determined. Cell nuclei 

were separated from background by manual thresholding of hue and brightness channels in 

an HSB representation of the colored microscopy images. Cell nuclei were separated from 

each other by morphological filtering and distance transform watershed using the 

MorphoLibJ-Plugin [36] of Fiji [37].  



Results 

ACE2 is scarcely expressed in the human alveolar compartment 

ACE2, transmembrane protease serine subtype 2 (TMPRSS2), furin and further host factors 

are considered as determinants of SARS-CoV-2 cellular entry and infection [7, 38]. To quantify 

their expression across alveolar space, we performed single-cell (scSeq) and single-nucleus 

RNA sequencing (snSeq) of human lung tissue samples (6 donors) and COVID-19 autopsy lungs 

(2 donors) (Figure 1A, Table S1 and S2) and annotated cell clusters (Figure 1B, Figure S1A and 

S1B, Table S3) [39]. While TMPRSS2 was highly expressed in AT1 and AT2 cells, only 3 of 2199 

AT2 cells were ACE2 positive expressing only 1 unique molecular identifier each (Figure 1C) 

[18, 22, 23]. In contrast, the proposed alternative SARS-CoV-2 receptors KREMEN1, ASGR1, 

CD147 (BSG) as well as FURIN were ubiquitously expressed in human lung explants and in 

autopsy lungs (Figure 1C) [40-43]. We confirmed this trend for ACE2, BSG, TMPRSS2 and FURIN 

by RT-qPCR on bulk RNA of human lung tissue, human lung bronchial organoids as well as Calu-

3 cells as positive control (Figure 1D). For ACE2 protein analysis, we evaluated 5 commercial 

ACE2 antibodies on Calu-3 cells and found the R&D AF933 as most sensitive and specific, which 

was chosen for further experiments (Figure S1C). Western blot analysis showed very high ACE2 

protein amounts in kidneys [44], whereas levels in lung tissue and bronchial organoids were 

low or undetectable (Figure 1E/long exposure, S1D/short exposure, Table S1). Lung tissue 

explants obtained from cancer patients were referenced against “normal” lung tissue from 

transplant donors showing the same low ACE2 protein amounts (Figure S1E). 

Since ACE2 has been identified as an interferon-stimulated gene (ISG) [18, 23], we stimulated 

lung tissue with IFN (Figure 1F and 1G, Table S1). Although RT-qPCR analysis showed 

approximately 40-fold induction of ACE2 after 96 h, no upregulation of ACE2 was detected on 

the protein level. Significant induction was observed for BSG and positive control gene MX1, 

but not for TMPRSS2 or FURIN (Figure 1F).  

We performed immunostaining and in situ hybridization for ACE2 and TMPRSS2 in lung tissue 

and bronchial organoids to evaluate cell type-specific expression patterns (Figure 2 and S2). 

In alveoli, ACE2 protein and mRNA expression levels were rather low and nearly undetectable 

by conventional, threshold based confocal microscopy (Figure S2B). Using spectral imaging 

and linear unmixing, ACE2 protein and mRNA could be detected in few AT2 cells (approx. 5.6 

%) (Figure 2A and S2B, S2D). AT2 cells positive for ACE2 mRNA did not necessarily exhibit ACE2 

surface protein expression. To further demonstrate the importance of antibody evaluation we 



tested another ACE2 antibody (Thermo PA5-20046) with available blocking peptide (Figure 

S2C, insets). Immunostaining revealed a similar expression pattern as demonstrated by 

Hamming et al. with abolishment of the signal by blocking peptide pre-incubation [12]. 

However, further validation by Western blot revealed an indefinite band pattern completely 

abolished by blocking peptide indicating abundant, but likely unspecific antibody binding and 

false positive ACE2 expression in AT1 and AT2 cells in human lung tissue using this antibody. 

In line with scSeq, TMPRSS2 was found frequently expressed in AT1 and AT2 cells but was not 

detected in AM (Figure 2B). Calu-3 cells and kidney served as positive control for ACE2, 

TMPRSS2 and ACE2 protein expression (Figure S2A).  

 

Scarce ACE2 expression limits SARS-CoV-2 replication, tropism, and tissue damage  

In previous studies, we established ex vivo cultured human lung tissue as an infection model 

to assess the virulence of respiratory viruses such as IAV and MERS-CoV [45-47]. Replication 

of several IAV strains as well as MERS-CoV was observed in this model system, in line with 

alveolar expression of the corresponding receptors [46, 47]. Therefore, we infected lung tissue 

(5 donors) with SARS-CoV-2 and compared its replication to IAV, MERS-CoV, and SARS-CoV. 

We found highly variable and moderate replication for the ACE2-dependent SARS-CoV and 

SARS-CoV-2, whereas IAV and MERS-CoV replicated more efficiently (Figure 3A, Table S1). An 

external, independent validation experiment (3 donors) showed a similar kinetic of SARS-CoV-

2 in human lung tissue (Figure S3A). We confirmed low replication (4 donors) by increasing 

the infection dose of SARS-CoV-2 (30-fold) resulting in only a minor increase of SARS-CoV-2 

followed by a rapid decline below input, whereas replication of other viruses was similar 

(Figure 3B, Table S1). Calu-3 cells served as a positive control (Figure 3C).  

In order to assess the role of low ACE2 expression in the limited permissiveness of lung tissue 

for SARS-CoV-2, we compared viral replication in wildtype and ACE2+ human bronchial 

organoids. ACE2 overexpression led to comparable protein levels as shown for Calu-3 cells and 

apical ACE2 expression on a subpopulation of bronchial organoid cells (Figure 3D and E). 

Although ACE2 mRNA was detectable in almost all organoid cells, apical ACE2 protein was 

expressed only on a subpopulation of cells (Figure 3E). SARS-CoV-2 S-protein was only 

observed in ACE2 protein positive bronchial organoid cells (Figure 3E) and only ACE2+ 

bronchial organoids supported SARS-CoV-2 replication (Figure 3F). We corroborated the 

relevance of this finding for the permissiveness of lung tissue for SARS-CoV-2 in dependence 



of ACE2 by investigating human alveolar organoids, which support active replication of SARS-

CoV-2 without ACE2 overexpression (Figure 3G). We profiled around 3,000 and 23,000 cells 

from alveolar and bronchial organoids, respectively, and annotated and quantified the cell 

type composition (Figure S3B, S3C and S3E). AT2-like cells with constitutive expression of ACE2 

(mRNA scSeq and apical protein) were found exclusively in alveolar organoids (Figure 3H and 

S3D-F). Other relevant host factors such as KREMEN1, ASGR1, TMPRSS2, FURIN, BSG, and 

NRP1 were equally well expressed in both organoid types (Figure S3D). Correspondingly, SARS-

CoV-2 RNA could be detected in many cells of alveolar but not bronchial organoids (Fig. 3H 

and S3E). This is in line with SARS-CoV-2 N-protein detection by immunostaining in ACE2-

positive cells of alveolar organoids (Figure 3I). However, ACE2 protein expression is detectable 

at a very low levels in alveolar organoids but not ACE2+ bronchial organoids (Figure S3F). 

Immunostaining and in situ hybridization was performed in human lung tissue explants to 

determine ACE2-dependent SARS-CoV-2 cellular tropism and tissue damage (Figure 4). In line 

with low alveolar ACE2 expression, we rarely found SARS-CoV-2 infected AT2 cells by 

complementary methods (N-gene, S-gene, N-protein, S-protein labeling) (Figure 4A and B), 

whereas MERS-CoV showed widespread infection (Figure S4A) [46]. Instead of broad epithelial 

infection, we frequently detected punctuated staining in AM positive for SARS-CoV-2 (viral 

RNA, viral proteins) (Figure 4A and B). Mock- and SARS-CoV-2-infected Calu-3 cells served as 

controls (Figure S4B). 

To show that SARS-CoV-2 tropism is limited by ACE2 expression, we overexpressed ACE2 

(ACE2+) by adenoviral transduction in the explant tissue and detected strong apical ACE2 

expression in AT1 and AT2 cells, endothelial cells, bronchial epithelium, and AM (Figure 4C 

and S4C). The punctuated staining pattern for SARS-CoV-2 in ACE2+ AM (Figure 4B) changed 

to a cytosolic pattern comparable to AT2 cells and showed signs of AM apoptosis, indicating 

productive infection if ACE2 is present in these cell types (Figure 4C). We next investigated 

whether broadened alveolar ACE2 expression and subsequent SARS-CoV-2 tropism might lead 

to increased tissue damage by using delinearization and loss of epithelial occludin as surrogate 

[46]. In early infections (16-24 h) of wildtype and ACE2+ lungs with SARS-CoV-2 and MERS-CoV, 

infected AT2 cells still showed a linear occludin pattern similar to mock infection (Figure 4D 

and S4C). In late infection (72 h), the ACE2+ induced a broadened SARS-CoV-2 tropism, 

increased detachment of infected cells and loss of epithelial occludin, similar to the strong 

damage pattern of MERS-CoV (Figure 4D) [46].   



Ex vivo infected tissue only partially reflects the pathophysiology of lungs in COVID-19 

patients. Therefore, we investigated peripheral lung tissue of 25 confirmed COVID-19 autopsy 

cases by in situ hybridization against N-gene of SARS-CoV-2 and found just 2 patients (1 of 

them very moderately) positive for cellular SARS-CoV-2, although 18 of 25 exhibited viral RNA 

in the lungs (RT-qPCR, Figure 5 and S5) [48]. While 24 patients (P2 - P25) underwent intensive 

care treatment up to several weeks, 1 case (P1) underwent early death (6 days post diagnosis) 

after compassionate best supportive care. In situ hybridization on P1 lung sections revealed 

several SARS-CoV-2-positive cells within the alveoli, weaker signs of immune cell infiltration 

and alveolar epithelial damage (Figure 5A and S5C). Most SARS-CoV-2-positive cells resembled 

AM as well as some AT2 cells. We found punctuated staining pattern of SARS-CoV-2 S-protein 

in AM, similar to ex vivo infected lungs as well as a strong cytosolic signal in a minor fraction 

of AT2 cells (Figure 5B). SARS-CoV-2-positive AT2 cells were found to be endocytosed by AM. 

Similar to scarce ACE2 immunostaining of ex vivo lung tissue, ACE2 protein in infected areas 

of the autopsy lung was even undetectable, compared to highly positive autopsy kidney (same 

patient, Figure S5D).  

 

SARS-CoV-2 leads to immune activation by induction of inflammatory alveolar macrophages  

To further elucidate the impact of SARS-CoV-2 infection in alveoli, we analyzed infected 

explant and autopsy lungs (Figure 3A, 3B) by bulk RNA sequencing, scSeq, and snSeq (Figure 

6, S6, 7, and S7). In line with replication data (plaque assay), we found high levels of viral reads 

for IAV and MERS-CoV, while SARS-CoV and SARS-CoV-2 RNA were poorly detectable by bulk 

RNA sequencing on lung explants (Figure S6A) (16 h post infection, equal viral input 1*106 PFU, 

Figure 3A, Table S1). Analysis of subgenomic viral RNA indicating active replication [49] 

showed appreciable levels for MERS-CoV but only low levels for SARS-CoV or SARS-CoV-2 

(Figure S6A). Infection of explants by SARS-CoV or SARS-CoV-2 resulted in a weak gene 

expression response (Figure S6B) with very few differentially expressed genes (Figure S6B, 

Table S4) in bulk transcriptomic data. Specifically, we observed a lack of characteristic anti-

viral gene expression signatures or specific IFN response (Figure S6B and S6C), but weak, yet 

significant, induction of TNFα signaling (Figure S6B, Table S4). No significant change in gene 

expression for ACE2, BSG, TMPRSS2, or FURIN was detected (Figure S6C). In contrast, IAV and 

MERS-CoV infection induced robust and distinguishable transcriptomic responses, e.g. 



upregulation of virus response genes such as OAS1, MX1/2 and IFN-related pathways (Figure 

S6B).    

To further dissect SARS-CoV-2 tropism and transcriptional response to infection, we 

performed scSeq of lungs infected with high virus load for SARS-CoV-2 (Figure 3B, 6 and S6). 

We combined single-cell data from uninfected control tissue with another 21 samples infected 

with IAV, MERS-CoV, SARS-CoV (1*106 PFU each), or SARS-CoV-2 (30*106 PFU), respectively. 

Data were integrated with snSeq data of lung autopsy material from 2 acute and 4 prolonged 

COVID-19 cases (Table S2). Clustering of almost 150,000 cells resulted in a consistent cell type 

annotation (Figure 6A). In lung explants, viral RNA from IAV and MERS-CoV was found in all 

cell types, but SARS-CoV and SARS-CoV-2 RNA was detected mainly in AM and a subpopulation 

of monocytes in line with microscopic analysis of ex vivo infected lung tissue and autopsy 

samples (Figure 6B). The rare detection of SARS-CoV-2 in AT2 cells appeared independent of 

ACE2 mRNA expression (Figure 6B) [50].  

For snSeq data from autopsy samples, it is challenging to distinguish cytoplasmic viral RNA 

from background ambient RNA to confidently identify virus-positive cells. Therefore, we 

compared the fraction of virus-positive cells before and after filtering of ambient RNA 

(CellBender) [50, 51] and found SARS-CoV-2 viral RNA just in the acute cases and 

predominantly in AM (Figure 6D). Analysis suggested that viral reads in the autopsy data in 

cells other than macrophages most likely originated from background RNA. Using filtered data, 

we consistently identified AM as the predominantly virus-positive cell type both in lung 

explants and autopsy material (Figure 6C) [50].  

We next performed differential gene expression analysis between infected explants or 

autopsy lungs against respective controls (Table S5). Expression of host factors ACE2, 

BSG/CD147, TMPRSS2, and FURIN remained stable, with consistently low levels of ACE2 

(Figure 6D). Factors such as NRP1 [52, 53] or DPP4 [54] showed abundant expression in several 

lung cell types. In contrast to the bulk RNA sequencing data, we now observed strong 

induction of inflammatory and antiviral genes in several cell types of the lung explants as well 

as the acute (virus-positive) autopsy samples (Figure S6F).  

Gene set enrichment analysis and summarized gene expression for antiviral and inflammatory 

pathways (Figure 6E) revealed that OAS and RIG-I antiviral response, IFN and cytokine 

signaling, as well as inflammatory response was upregulated in AT2 cells, AM, endothelial cells 

and fibroblasts as a result of coronavirus infection, whereas the response to IAV for these 



pathways was more pronounced in monocytes and fibroblasts. Our data show that acute 

COVID-19 autopsy samples exhibit a related gene expression response to the SARS-CoV-2-

infected lung explants (Figure 6E). We finally analyzed intercellular receptor-ligand signaling 

interactions and their differences between cases and controls and identified regulated 

signaling between T cells and macrophages in the acute and prolonged autopsy cases (Figure 

S6H). Next to typical co-stimulatory activation (CD28/CD86), we observed enhanced 

integrin/TGF as well as downregulated CCL5/CCR1 signaling. 

Macrophages showed strong viral uptake in explant and autopsy lungs and are considered to 

initiate the immune response in COVID-19. Especially the prolonged autopsy samples showed 

AM expansion, possibly reflecting systemic monocyte/macrophage recruitment in late stages 

of disease (Figure S6E). Differential gene expression analysis confirmed induction of IFN-

stimulated genes both after MERS-CoV and SARS-CoV-2 infection, which, along with SARS-

CoV, induced consistent responses in AM (Spearman correlation between the estimated log2 

fold changes > 0.69; Figure S6G) differing from IAV-induced gene induction. We aimed to 

disentangle cell-intrinsic responses to infection from indirect signaling-mediated effects 

(cloglog regression [55]) to compare virus-positive (infected) against virus-negative 

(bystander) AM (Figure S6I, Table S6). We observed induction of genes such as TNFAIP6, 

NFKB1 and IL1A as well as downregulation of the canonical AM marker FABP4 in SARS-CoV-2-

positive macrophages. Generally, gene induction in infected cells compared to bystanders was 

much less similar between the different viral strains than the response when comparing to 

uninfected control cells (Figure S6J).  

Subclustering of the macrophage fraction revealed 4 major cell populations for both explant 

and autopsy lungs (Figure 7A). Marker expression and pathway analysis (Figure 7B and 7C) 

showed an inflammatory subpopulation expressing high levels of cytokines, ISGs as well as 

classical alveolar marker genes such as FABP4 (inflammatory AM). A population of activated 

macrophages with high levels of TNFα signaling but weaker induction of other pro-

inflammatory genes (act. MΦ) was identified. The other two populations were assigned as 

classical alveolar macrophages (AM) and a more heterogeneous population of MERTK-positive 

monocyte-derived macrophages (MΦ) [56]. Interestingly, we identified rare cell doublets with 

mixed AM-AT2 phenotype in the SARS-CoV-2-infected lung explant scSeq data, more 

frequently than in the controls or the autopsy snSeq data, suggesting that such doublets might 

represent AT2 cells phagocytosed by AM (Figure S7A, see also Figure 5B). These doublets 



exhibited similar marker expression and pathway scores to the act. MΦ population (Figure 7B 

and 7C). Further, we cross-checked our results with multiepitope ligand cartography (MELC) 

data for the acute COVID-19 autopsy samples (11 days post symptom onset). Indeed, 

macrophages identified by the typical lineage marker CD68 revealed corresponding 

inflammatory markers such as S100A9 and C1Q, as well as CCR2, CXCR3, and HLA-DR-Q (Figure 

S7B).  

Inflammatory AM and activated macrophage subpopulations were underrepresented in 

autopsy samples but contained most virus-positive cells in explant lungs (Figure 7D) whereas 

MΦ in explant lungs were largely negative for SARS-CoV-2 (Figure S7C). We found a significant 

depletion of the AM population together with an expansion of inflammatory AM both in lung 

explants and in the acute autopsy samples (Figure 7E). Antiviral and inflammatory pathways 

as well as apoptotic genes were upregulated in inflammatory AM (Figure 7C). Regulatory 

network inference (SCENIC [57]) confirmed induction of IFN-regulated factors (IRF2, IRF3, 

IRF5) in inflammatory AM and NF-B/TNF signaling regulators in activated MΦ (Figure S7D).  

Finally, we compared expression patterns of the macrophage subpopulations identified here 

to published scSeq and snSeq data from lung autopsies as well as broncho-alveolar lavages 

(BAL) [27, 50, 58, 59] (Figure S7E and S7F). Besides the expected correspondences within more 

AM-like and more monocyte-like populations, we found high similarity between the 

inflammatory AM population identified here and some inflammatory macrophage subtypes 

described previously (Figure S7E). Within this group, dataset-specific gene expression, 

regarding cytokine induction, indicates differences between lung autopsy tissue, BAL samples, 

and explant models at different stages of infection (Figure S7F). In particular, we detected 

early induction of genes such as CCL3, CCL20, CXCL5, CXCL8 or IL1B in the inflammatory 

macrophages of the explant lungs, which seem not upregulated in later stages of infection in 

this macrophage subtype. 

Next, we corroborated these findings by ex vivo infection of isolated AM from human lungs 

(ACE2-/ACE2+) with SARS-CoV-2 or NL63-CoV, respectively [60], in order to separate gene 

expression changes due to productive infection or immune response. ScSeq data of about 

50,000 cells in 24 samples from two donors and two time points showed substantial 

differences between the conditions after accounting for variability between the donors 

(Figure S7G and S7H). ACE2+ macrophages showed increased viral load for both viruses (Figure 

7F). Although the levels were too low to reach statistical significance, we detect subgenomic 



viral RNA (Figure 7F), suggesting active viral replication when AM express apical ACE2 (Figure 

4C) [49]. We exploited the increased coverage of the viral genome to inspect the genomic 

distribution of reads (Figure 7G and S7I) and observed a 3' bias as expected from the poly(A) 

selection strategy employed in our sequencing protocol. However, within ACE2+ AM, we noted 

additional enrichment of reads near the 5' and 3' ends of the SARS-CoV-2 genome, confirming 

the presence of sub-genomic viral RNA [49]. A comparison of MERS-CoV versus SARS-CoV-2 in 

lung explants (Figure S7J), together with the pronounced differences in replication efficiency 

between MERS-CoV and SARS-CoV-2 (Figure 3B), also suggests productive infection in ACE2-

positive ex vivo AM only, in agreement with imaging data (Figure 4).  

While adenoviral ACE2+ induction by itself induced inflammatory response genes (Figure S7H), 

ACE2- AM depicted a transcriptional response to SARS-CoV-2 leading to IFN and TNFα signaling 

which was absent for NL63-CoV (Figure 7H, Table S7), corroborating our observations in lung 

explants and autopsy samples.  



Discussion 

The present study depicts that ACE2 is scarcely expressed in a minor AT2 cell fraction, which 

correlates with a limited ability of SARS-CoV-2 to propagate in the human alveolar 

compartment, inferior to IAV and MERS-CoV. Instead, our data from ex vivo infected human 

lung tissue as well as from autopsies suggest that SARS-CoV-2 virions reaching the alveolus are 

primarily endocytosed by AM leading to induction of different inflammatory phenotypes. In 

particular, expansion of activated MΦ and inflammatory AM is observed in lung explants and 

autopsy samples from acute COVID-19 cases, which may play different roles. Based on these 

results, we conclude that in severe COVID-19, virus-activated AM rather than virus-induced 

epithelial tissue damage is a central starting point of alveolar pathogenesis. Presumably, the 

patient-specific risk factors and also the absolute viral load play a role in determining whether 

a well- or dysregulated immune response develops. Moreover, our infection experiments of 

AM (ACE2-/ACE2+) indicate non-productive SARS-CoV-2 uptake along with induction of 

antiviral and inflammatory response pathways. 

Based on the study of Hamming et al. as well as some more recent studies, a constitutively 

high or comorbidity induced ACE2 expression should be expected within the alveolar 

compartment, leading to significant SARS-CoV-2 replication with resulting severe viral 

pneumonia and ARDS [12-18]. Interestingly, other recent studies revealed opposite findings 

and claimed a rather low alveolar ACE2 expression [11, 14, 19-21]. These contradictory 

findings have raised the question if and to what extent alveolar ACE2 matters for SARS-CoV-2 

pathogenesis [9-11]. Since several of these studies focused exclusively on ACE2 mRNA, which 

can be a hindrance to drawing definite conclusions, we carefully used several independent 

methods, models and tissue on both, mRNA and protein, to elucidate the alveolar role of ACE2 

[11, 20, 22-24].  

Our findings regarding ACE2 suggest four major conclusions: First, ACE2 mRNA expression 

does not necessarily mount into detectable ACE2 protein expression in pulmonary epithelial 

cells, which we demonstrate in human bronchial organoids as well as lung tissue. And only 

ACE2 surface positive cells were susceptible to SARS-CoV-2 infection, which we further 

validated by forced ACE2 expression in human alveoli and ACE2-positive alveolar organoids.  

Second, in line with recent studies such as by Ortiz et al., etc., we found no evidence of 

ACE2/ACE2 expression by other cells such as AT1 cells, endothelial cells, AM or monocytes but 

only low levels in AT2 cells [19-21, 61]. We could therefore achieve productive SARS-CoV-2 



infection only in AT2 cells and not, as described by other studies, in AT1 cells or alveolar 

macrophages [20, 25-27].  

Third, scarce and AT2 cell-restricted ACE2, despite abundantly expressed alternative receptors 

such as BSG/CD147, NRP1, KREMEN1, or ASGR1, limits alveolar SARS-CoV-2 infection and 

tissue damage as shown by ‘ACE2 gain of function’ experiments in bronchial organoids and 

lung tissue [40, 43, 52, 53]. Notably, only if ACE2 expression in lung tissue is forced by 

overexpression to various other cell types including AT1 cells, macrophages and endothelium, 

a broadened SARS-CoV-2 tropism as well as an increased alveolar damage similar to the level 

of MERS-CoV can be observed [46]. This is of particular interest suggesting that permissiveness 

for the virus should be judged against direct evidence for ACE2 protein. Thus, while IAV H3N2 

and MERS-CoV show substantial replication in human lung tissue, correlating with abundant 

corresponding receptor expressions, the low ACE2 expression limits permissiveness of the 

human alveolus for SARS-CoV-2 as well as SARS-CoV [45-47]. In further support of our 

hypothesis that it is primarily ACE2, and not alternative abundantly expressed receptors such 

as BSG/CD147, NRP1, KREMEN1 or ASGR1, that limit the tropism of SARS-CoV-2 in the human 

lung, a rapid saturation of the replication rate even for strongly increased viral load showed 

that the virus is not able to propagate in the human lung without sufficient ACE2 [8]. 

Fourth, although ACE2 mRNA was slightly induced by interferon (IFN)-, neither direct IFN 

stimulation nor indirectly induced IFNs by viral infection of IAV, SARS-CoV, SARS-CoV-2, or 

MERS-CoV could increase ACE2 protein in human lungs, as suggested by Ziegler et al. [18]. 

Likewise, no difference of ACE2 was found in autopsy lungs, which led us conclude that IFN-

driven ACE2 induction is unlikely to foster disease severity. This mismatch in slight ACE2 

induction without increase of protein expression could probably be explained by the finding 

of Onabajo et al. who demonstrated the truncated ACE2 receptor deltaACE2 as the actual ISG 

[62]. The deltaACE2 lacks several hundred amino acids at the N-terminus thereby abolishing 

S-protein binding and cellular-viral fusion. These data show that further in-depth studies are 

needed to determine isoforms, regulatory mechanisms and the definite role of ACE2 domains 

regarding course of COVID-19. 

Regarding the cellular tropism of SARS-CoV-2, spectral microscopic analyses of in situ 

hybridization and immunohistochemistry against N-/S-genes as well as corresponding viral 

proteins revealed very few virus-positive AT2 cells in lung explants and autopsy samples, 

which supports the findings of Hou et al. [20]. However, in contrast to Hui et al., the use of 



highly sensitive spectral imaging revealed a distinct punctuated pattern for SARS-CoV-2 in AM, 

including autopsy samples. This punctuate staining in wildtype AM, in contrast to the even 

cytosolic distribution in AT2 and ACE2+-AM, is a morphological indicator of non-productive 

versus productive infection and raises another question: if limited presence of ACE2 in human 

AT2 cells allows only few replicative niches for SARS-CoV-2 with only minor virus-induced 

tissue damage, which mechanisms trigger severe inflammation of this compartment [9]? 

Several studies so far detected SARS-CoV-2 in lung monocytes and macrophages arriving at 

different conclusions regarding immune activation and productive infection of these cells [27, 

50, 58, 59, 63-66]. Therefore, we tested the hypothesis that these cells adopt a very early pro-

inflammatory phenotype as result of viral uptake rather than productive infection. Results 

from lung explants and autopsy indicate that SARS-CoV-2 RNA is predominantly found in 

macrophages but rarely in other cell types, while IAV or MERS-CoV RNA is present in almost 

all cell types. Comparison of macrophages from acute COVID-19 individuals and the explant 

model showed consistent activation of several pathways including chemo-/cytokine 

production, IFN signaling and response, TNF/NF-B signaling and apoptosis. An in-depth 

characterization of macrophage subclusters in autopsy samples and explants further revealed 

a strong activated as well as inflammatory phenotype, which increase in abundance in the 

SARS-CoV-2 infected explants as well as in acute autopsy cases.  

Whereas activated MΦ seem to obtain their phenotype mainly by phagocytosis of infected 

and apoptotic AT2 cells, endocytosis of SARS-CoV-2 virions predominantly induces the 

inflammatory AM phenotype, which is not present after uptake of NL63-CoV. Interestingly, 

this inflammatory activation seems independent of productive SARS-CoV-2 infection since 

SARS-CoV-2 subgenomic RNA was only noticed by ACE2 overexpression (ACE2+-AM) and not 

in the wildtype AM population [64, 65]. In this regard, our conclusions differ from Grant et al. 

who used negative strand (antisense) viral RNA as indicator for productive infection. In our 

data, we found antisense RNA at similar levels in well-expressed housekeeping genes, likely 

due to limited strand specificity in library preparation. Likewise, infection neither with SARS-

CoV-2 or the well-replicating MERS-CoV resulted in an increase of viral antisense RNA above 

this technical background level. Additionally, our conclusion is supported by a Syrian hamster 

model, in which SARS-CoV-2 uptake without productive infection is frequently observed 

leading to strong activation of macrophages [67]. Experiments in mice indicate that the 

detection of SARS-CoV-2 spike protein may be important for AM activation [68], and co-



stimulation of AM with low fucosylated anti-spike IgG in early COVID-19 may further fuel 

subsequent development of lung damage [69]. Together, these data indicate that uptake of 

SARS-CoV-2 induces (next to activated MΦ) an inflammatory AM phenotype characterized by 

a subsequent pro-inflammatory response, although not driven by productive infection, 

probably contributing to severe lung and systemic inflammation dependent on underlying 

individual risk factors such as gender, age, and co-morbidities. 

Indeed, a drawback of the explant model is that infection and pro-inflammatory activation of 

AM does not allow for recruitment of further immune cells such as neutrophils or T cells. 

However, by analyses of intercellular receptor-ligand interactions in the acute and prolonged 

autopsy cases we identified several up- and down-regulated signaling pathways, which are 

probably the outcome of the pro-inflammatory activation [70]. The identified integrin/TGF 

axis in COVID-19 has been associated with triggering vascular leakage and its blockage could 

attenuate viral replication in the airway epithelium [71, 72]. In addition, the identified low 

CCL5 together with high viral load may direct to severe outcome in COVID-19 [73]. And 

although a benefit for the CCL5/CCR1 axis disruption for COVID-19 outcome has been 

described, its functional role is so far not elucidated [74]. These and other signaling pathways 

need to be considered and analyzed in detail in subsequent studies. 

Further factor specific analysis of SARS-CoV-2-positive AM revealed, compared to bystander 

cells, induction of endosomal TLR8 or the NLRP3 inflammasome activator P2X7 receptor 

(P2RX7), which may support subsequent cytokine and chemokine release [75, 76]. Notably, a 

recent study indicated NLRP3 inflammasome activation in human primary monocytes exposed 

to SARS-CoV-2 and CD14-positive cells in lung autopsy samples [76, 77]. In (virus-positive) 

macrophages, P2X7R is part of the STING signaling cascade [78], and SARS-CoV-2 seems to 

initiate cGAS-STING-related macrophage activation [79], which may contribute to COVID-19 

immunopathology [80]. Along those lines, detection of SARS-CoV-2 N-protein may 

furthermore aggravate inflammation by inflammasome activation [81].  

The observed upregulation of NF-B1 (nuclear factor kappa B subunit 1) could further 

detrimentally enhance inflammation since inhibition of this pathway reduced lung 

inflammation and increased survival in SARS-CoV infected mice [82]. Severe inflammation 

caused by macrophage expression of cyclooxygenase-2 (PTGS2) contributed to avian H5N1 

infection [83] and we noted pronounced PTGS2 up-regulation in SARS-CoV-2-positive AM. In 

line, upregulation of myristoylated alanine-rich C kinase substrate (MARCKS) may contribute 



to increased macrophage pro-inflammatory cytokine expression [84], and we indeed noted 

increased expression of interleukin-1 alpha (IL1A) [85]. Upregulated molecules such as 

MARCKS and proline-serine-threonine phosphatase-interacting protein 2 (PSTPIP2) may 

increase the directed migration of those cells [86]. In H1N1 IAV-infected mice fatty acid 

binding protein 5 (FABP5)-deficiency caused excessive inflammation and we noted reduced 

FABP5 presence in SARS-CoV-2-positive macrophages [87] indicating that down-regulation of 

genes in macrophages may also contribute to enhanced inflammation. On the other hand, 

augmented expression of TNF alpha-induced protein 6 (TNFAIP6) in SARS-CoV-2-positive AM 

may counter-regulate excessive inflammation, since deletion of this molecule in mice 

augmented inflammatory lung injury and mortality in an acute lung injury model [88]. 

Since several studies already reported monocyte/macrophage activation in COVID-19, we 

compared our annotated monocyte/macrophage datasets with that of the studies by Grant et 

al., Liao et al., Delorey et al., and Wendisch et al. [27, 50, 58, 59]. As expected, tissue-resident 

macrophages, monocytes and inflammatory macrophages are found with similar signatures 

in all datasets. However, relative comparison of inflammatory chemo- and cytokine induction 

in the inflammatory AM phenotype shows a different focus among the data sets. In particular, 

in the inflammatory AM of the explant lungs early induction of e.g. CCL3, CCL20, CXCL5, CXCL8 

or IL-1 was detected, which seem less upregulated in later stages of infection, thereby 

reflecting the very early (immediately after virus ingestion) response in AM probably 

responsible for recruitment of systemic immune cells and further activation [89-92]. 

Thus, the observed pro-inflammatory phenotype of macrophages observed in our study (and 

other reports) may contribute to severe COVID-19 by creating a strong local pro-inflammatory 

environment contributing to alveolar malfunction, including impaired barrier function and 

endothelial activation [77, 93, 94]. Subsequent endothelial activation fueled by the pro-

inflammatory macrophages may result in the reduction of thrombo-protective mechanisms, 

thereby promoting local coagulation [95, 96]. Indeed, increased expression of pro-coagulant 

markers, and chemokines in endothelial cells was noted in endothelium exposed to the culture 

medium of monocytes preincubated with SARS-CoV-2 spike S1 protein [97].  

Studies of autopsy specimens from deceased COVID-19 patients suggest complex activation 

of various pro-inflammatory phenomena, some of which are based on direct local tissue 

responses, which in turn are highly dependent on recruited cells or systemic factors (e.g. 

complement) [97, 98]. Of note, even within severe COVID-19 courses, there can be 



considerable variation in the manifestation of the disease [7] and it is still unclear why severe 

COVID-19 results in some specific disease features, such as the massive occurrence of 

microthrombi in small vessels, that do not occur in classical ARDS. Similarly, it is important to 

clarify why other diseases with comparable activation of AM have a different phenotype and 

which factors ultimately determine the specific susceptibility of patient subgroups to severe 

COVID-19. 

Collectively, our data strongly support our conclusion that, due to scarce alveolar ACE2 

expression, direct SARS-CoV-2 infection of AT2 cells and related tissue damage is most likely 

not the driving force for an overwhelming cytokine release and macrophage inflammation 

leading to severe courses of COVID-19. When significant amounts of SARS-CoV-2 viruses may 

reach the alveoli from the upper respiratory tract, their uptake by AM induces specific pro-

inflammatory phenotypes that appear to trigger the subsequent systemic responses. This 

presumably occurs without relevant viral replication, initial tissue damage and release of 

epithelial-derived danger-associated-molecular-patterns. However, the specific and strong 

induction of inflammatory macrophage phenotypes cannot alone explain which patients 

progress to severe disease. Therefore, individual risk factors in large cohorts need to be 

correlated with the specific activated pathways of macrophage subtypes.  
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Figure 1. ACE2 expression is scarce in human lungs and cannot be induced by interferon on 

the protein level 

(A) Schematic illustration of cell types of the investigated alveolar compartment as well as 

single-cell RNA sequencing (scSeq).  

(B) Annotation of cell clusters from scSeq and single-nucleus RNA sequencing (snSeq) of 

human lung tissue and autopsy material, respectively. Confirmation of major cell types by 

related marker gene expression is presented in Figure S1A and S1B.   

(C) Comparison of scarce ACE2 expression in AT2 cells with abundant KREMEN1, ASGR1, 

CD147/BSG, TMPRSS2 and FURIN expression by scSeq and snSeq. 

(D) Analysis of ACE2, CD147/BSG, TMPRSS2 and FURIN expression by qPCR on bulk RNA of 

normal human lung tissue, human bronchial organoids, and Calu-3 cells. Ct values are 

normalized to GAPDH expression to demonstrate absolute levels of ACE2 compared to other 

factors.  

(E)  Analysis of constitutive ACE2 expression by Western blot using the R&D AF933 antibody 

(left panel). Antibody evaluation is presented in Figure S1C. Shown are protein lysates from 

human kidneys (3 donors), human lungs (5 donors), human bronchial organoids (3 donors) 

and Calu-3 cells. Prolonged exposure time (30 sec) of membranes was carried out to 

demonstrate scarce ACE2 expression in lungs and bronchial organoids compared to kidneys 

and Calu-3. Exposure time of 1 sec is shown in Figure S1D. β-Actin served as loading control. 

Densitometric analysis shows semi-quantitative ACE2 expression normalized to β-Actin (right 

panel).  

(F) Human lung tissue was stimulated for 24 h and 96 h with IFNβ and ACE2, CD147/BSG, 

TMPRSS2, FURIN and Mx1 expression was analyzed by qPCR on bulk RNA.  

(G) Western blot analysis of ACE2 expression in IFNβ-stimulated human lung tissue after 24 h 

and 96 h of 6 donors (left panel) and corresponding densitometric analysis normalized to β-

Actin.  

Data are represented as mean ± SEM, * p < 0.05. 

  



 

 

 

Figure 2. Spectral imaging reveals scarce apical ACE2 on AT2 cells, less congruence with ACE2 

as well as abundant TMPRSS2 expression in AT1 and AT2 

Immunohistochemistry and in situ hybridization were analyzed in human lung tissue and 

organoids by spectral microscopy and linear unmixing. 



(A) Panel I shows single channel detection (to avoid antibody cross-reactivity) of ACE2 

immunostaining (green) on the apical surface of an AT2 cell (TII). AT2 / ACE2 expression was 

confirmed by dual-channel detection with AT2 marker HTII-280 (red) in panels IV-VI (white 

arrows). Panel II shows ACE2 mRNA (red) in an AT2 cell. Sequential immunostaining could not 

reveal ACE2 protein on the apical surface (white arrow). Lack of apical ACE2 protein in a 

fraction of ACE2 mRNA (red) positive cells is demonstrated by lentiviral over-expression in a 

human bronchial organoid in panel III. Parts of the cells show apical ACE2 (green) as well. Cell 

nuclei are visualized by DAPI stain (blue). Scale bar for lungs 5 µm and bronchial organoids 10 

µm.  

(B) Immunostaining for CD68 (AM, orange) and EMP2 (AT1, green) as well as in situ 

hybridization for TMPRSS2 (red, panel I) and HTII-280 (AT2, panel II, green) in human lung 

tissue shows TMPRSS2 positive in AT1 (inset) and AT2, but not vessels (V) or AM. Cell nuclei 

are visualized by DAPI stain (blue), scale bar 10 µm. 

ACE2 expression in Calu-3 cells and kidneys as well as ACE2 antibody tests are presented in 

Figure S2.  

  



 

 

 

Figure 3. SARS-CoV-2 shows low replication on human lung tissue which can be increased by 

ACE2 overexpression 

(A) Human lung tissue explants (5 donors) were infected with IAV (orange), MERS-CoV (blue), 

SARS-CoV (green) and SARS-CoV-2 (red) with 1*106 PFU and viral replication was assessed.  

(B) Human lung tissue explants (4 donors) were infected with IAV H3N2 (orange), MERS-CoV 

(blue), SARS-CoV (green) with 1*106 PFU and SARS-CoV-2 (red) with 30*106 PFU and viral 

replication was measured showing validation of Figure 3A for all viruses and loss of 

significance for SARS-CoV-2. External validation experiment of SARS-CoV-2 replication (3 

donors) is shown in Figure S3A. 

(C) Calu-3 cells were infected with IAV H3N2 (orange), MERS-CoV (blue), SARS-CoV (green) and 

SARS-CoV-2 (red) with MOI 0.1 and viral replication was assessed.  



(D) ACE2 expression (Western blot) in wildtype human bronchial organoids (wt), organoids 

with lentiviral transduction and overexpression of ACE2 (ACE2+) and Calu-3 cells. -Actin 

served as loading control.  

(E) ACE2 immunostaining (green) and in situ hybridization (red) in human ACE2+ bronchial 

organoids (left panel) showing abundant ACE2 mRNA expression with a sub-fraction of cells 

positive for apical ACE2 protein expression. The right panel demonstrates a partly apical 

expression of ACE2 in ACE2+ bronchial organoids as well as a congruency for SARS-CoV-2 S-

protein detection in these cells (16 h post infection, MOI 1). Cell nuclei are visualized by DAPI 

stain (blue), scale bar 10 µm.  

(F) Wildtype (wt, black) and ACE2 overexpressing (ACE2+, blue) bronchial organoids (4 

independent experiments) were infected with SARS-CoV-2 with MOI 1 and viral replication 

was measured after 0, 16, 24, 48 and 72 h depicting no permissiveness for SARS-CoV-2 when 

ACE2 is missing and increased permissiveness after ACE2 overexpression.  

(G) Wildtype (wt) alveolar organoids (6 independent experiments) were infected with SARS-

CoV-2 with MOI 1 and viral replication was measured after 0, 24, 48 and 72 h.  

(H) UMAP embedding of alveolar and bronchial organoid data shows cells positive for SARS-

CoV-2 (red). 

(I) ACE2 immunostaining (green, arrows show apical ACE2 expression in SARS-CoV-2 infected 

cells) and SARS-CoV-2 S-protein detection (red) in human alveolar organoids (24 h post 

infection, MOI 1, three independent experiments). Cell nuclei are visualized by DAPI stain 

(blue), scale bar 10 µm. 

Data are represented as mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

 

  



 

 

 

 



 

 



 

 

 



Figure 4. SARS-CoV-2 has a rare tropism to AT2 but is frequently phagocytosed by alveolar 

macrophages (AM) in ex vivo infected human lungs 

(A) In situ hybridization for N-gene of SARS-CoV-2 (red) in mock-infected (panel I) and SARS-

CoV-2 infected (30*106 PFU, panel II and III) human lung tissue. Black arrows indicate AT2 cells 

(TII) and red arrows AM. Cell nuclei are visualized by Hemalaun stain (blue). Scale bar 50 µm 

for panel I and II and 20 µm for panel III.   

(B) Spectral imaging of immunostained SARS-CoV-2 (N-protein, green) in mock-infected (panel 

I) and SARS-CoV-2-infected (30*106 PFU, panel II, III and IV) human lung tissue confirms rare 

AT2 tropism but punctuated viral staining pattern in AM. AT2 cells (TII) and AM are indicated 

in panel I, II and III. Pro-SPC staining (red) was used in panel IV as AT2 marker. Cell nuclei are 

visualized by DAPI stain (blue). Scale bars 5 µm for panel I, III and IV and 10 µm for panel II.  

(C) Overexpression of ACE2 (ACE2+, green) in human lung tissue results in broadening of ACE2+ 

cell types. ACE2-positive AT1 (TI, panel I), endothelial cells (EC, panel I and IV), AT2 (TII, panel 

II), bronchial epithelium (BE, panel III) and AM (panel V and VI) show correlation with SARS-

CoV-2 infection (red). Cell nuclei are visualized by DAPI stain (blue), scale bars 10 µm.  

(D) Occludin lining and loss (green) indicate virus-induced tissue damage, which is moderate 

at early and late stages of SARS-CoV-2 infection in human lung tissue (panels I and II). 

Overexpression of ACE2 (ACE2+) in human lungs leading to a broadened cellular tropism of 

SARS-CoV-2 (panel III) results in an increase of cellular damage at late stages of infection (panel 

IV), similar to MERS-CoV (panels V and VI). Cell nuclei are visualized by DAPI stain (blue), scale 

bars 5 µm. 

MERS-CoV immunostaining and in situ hybridization in human lung tissue and SARS-CoV-2 

immunostaining and in situ hybridization in Calu-3 cells as well as control staining for ACE2+ 

and occludin are presented in Figure S4. 

  



 

 

 



Figure 5. SARS-CoV-2 detection in AM and fewer AT2 cells in lungs of an early COVID-19 

death  

(A) In situ hybridization for N-gene of SARS-CoV-2 (red) in an autopsy lung 5 days after COVID-

19 diagnosis. Black arrows indicate AT2 cells and red arrows AM. Cell nuclei are visualized by 

Hemalaun stain (blue), scale bar 50 µm for panel I and 10 µm for II - XI. Additional donors of 

SARS-CoV-2-positive COVID-19 autopsy lungs and non-COVID-19 autopsy lung are shown in 

Figure S5. Infected areas show highly positive cells but lack of inflammatory cell infiltration 

indicated by free alveoli and well-shaped alveolar septs. 

(B) Immunolabeling of AT2 cells with HTII-280 (red, TII, panel I, II and III), AM with CD68 (red, 

AM, panel IV, V and VI) and SARS-CoV-2 (green, panel I - VI). Cytosolic staining pattern of AT2 

indicate productive infection, whereas the punctuated patterns in AM indicate viral uptake. 

Note that infected AT2 (TII) detach from the basal membrane (panel II) and get endocytosed 

by AM (panels III and VI). Cell nuclei are visualized by DAPI stain (blue), scale bar 5 µm.   

Control staining on autopsy material as well as all other cases are shown in Figure S5. 

  



 

 

 

Figure 6. Single-cell and single-nucleus RNA sequencing reveals uptake of SARS-CoV-2 by 

alveolar macrophages and inflammatory response 

Human lung tissue explants infected with IAV (orange), MERS-CoV (blue), SARS-CoV (green) at 

1*106 PFU and SARS-CoV-2 (red) at 30*106 PFU as outlined in Figure 3B was used for scSeq 

and combined with snSeq data from COVID-19 lung autopsy material. 

(A) ScSeq and snSeq of human lung tissue explants and autopsy lungs, respectively; UMAP 

embedding shows major cell types.   

(B) UMAP embedding shows lung explant cells positive for IAV, MERS-CoV, SARS-CoV, or SARS-

CoV-2, respectively; inset displays SARS-CoV-2-positive AT2 cells (red) overlayed on ACE2-

positive cells (blue).   



(C) Quantification of virus-positive cells per cluster (color key as in (A)). Upper panel: 

comparing results before and after ambient RNA filtering; lower panel: comparing lung 

explants to lung autopsy material. Error bars are standard deviation, Pearson correlation 

values are indicated. 

(D) Quantification of the host factors ACE2, CD147/BSG, NRP1, TMPRSS2, FURIN, and DPP4.  

Expression is averaged for all cells within one cluster of one sample, and then averaged across 

samples. Error bars indicate standard deviation. 

(E) Induction of antiviral and inflammatory pathways: gene expression scores for relevant 

pathways are averaged across all cells per cluster and condition; z-scores are computed 

separately for explant and autopsy data. 

Further analysis is presented in Figure S6.  

  



 

 

 

 

Figure 7. Single-cell RNA sequencing reveals inflammatory response of alveolar 

macrophages (AM) and non-productive uptake in the absence of ACE2 

Subclustering of macrophages from Figure 6, and analysis of isolated lung macrophages 

infected ex vivo with SARS-CoV-2 (30*106 PFU) and NL63-CoV (1*106 PFU). 

(A) Subclustering of macrophages reveals 4 subpopulations. Dashed lines serve as a guide to 

the eye. 

(B) Expression of the top 5 marker genes for each subcluster in (A).  



(C) Gene expression scores for marker-associated pathways from (B). Scores are averaged 

across all cells per subcluster and z-scores are computed separately for explant and autopsy 

data. 

(D) SARS-CoV-2-positive cells in macrophages from lung tissue explants. 

(E) Compositional changes of macrophage subclusters. P-values from a mixed-effects binomial 

model. *** p < 0.001, ** p < 0.01, * p < 0.05. 

(F) Ex vivo infected lung macrophages. Left panel: percentage of ACE2- or virus-positive cells 

infected with NL63-CoV or SARS-CoV-2 under mock treatment or ACE2 overexpression, 

respectively. Right panel: viral reads (as percentage of total) and subgenomic reads (as 

percentage of viral) for NL63-CoV and SARS-CoV-2, respectively. P-values from binomial 

model. *** p < 0.001. 

(G) Distribution of reads mapping to the SARS-CoV-2 genome for ex vivo infected AM under 

mock treatment or ACE2 overexpression. Top panel: coverage per million mapped reads 

smoothed with 10 nt moving average. Shaded area indicates mean ± SEM across replicates. 

Bottom panel: log2 ratio between ACE2 and mock conditions. 

(H) Differential gene expression and pathway analysis for mock-treated ex vivo infected lung 

macrophages. Left panel: log2 fold change for NL63-CoV vs. control plotted against log2 fold 

change for SARS-CoV-2 vs. control. Interferon-stimulated genes (adj. p-value < 0.01) are 

highlighted. Right panel: pathway enrichment analysis for the log2 fold changes values with 

tmod [98]. 

Further analysis is presented in Figure S7.  
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Methods

Cell cultures and lung tissue

All cell lines were incubated at 37°C and 5 % CO2 in a humidified atmosphere. Vero (African 

green monkey, kidney), Calu-3 (human, lung), LLC-MK2 (Rhesus monkey, kidney epithelial) and 

CaCo-2 cells (homo sapiens, colon adenocarcinoma) were incubated in Dulbecco’s modified 

Eagle medium (Gibco) supplemented with 10 % fetal bovine serum (Capricorn Scientific), 1x 

non-essential amino acid solution (10x stock, Gibco) and 10 mM sodium pyruvate (Gibco). 

MDCKII (Dog, kidney) cells were incubated in Minimum Essential Medium (Gibco) 

supplemented with 10 % fetal bovine serum (Capricorn Scientific) and 2 mM L-glutamine (Life 

Technologies). For seeding and sub-cultivation, cells were washed with phosphate buffered 

saline (PBS) and detached using trypsin/EDTA solution (PAN-Biotech). Fresh lung explants 

were obtained from 25 patients suffering from lung carcinoma (1 case metastatic osteo-

sarcoma), who underwent lung resection at local thoracic surgeries. Lung explants from 

healthy patients were obtained from the International Institute for the Advancement of 

Medicine (IIAM, Edison, NJ). Clinical data of donors are included in Table S1. The study was 
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approved by the ethics committee at the Charité clinic (projects EA2/079/13) and 

Ärztekammer Westfalen-Lippe and of the Westfälischen Wilhelms-Universität (AZ: 2016-265-

f-S). Written informed consent was obtained from all patients. Tumor-free peripheral lung 

tissue was dissected into small pieces by scalpel (0.5 x 0.5 x 0.5 mm, 1 - 2 mg) and incubated 

overnight in RPMI 1640 medium (Merck Biochrom) at 37°C with 5 % CO2 to wash off clinically 

applied antibiotics as described [1-3]. 

Primary alveolar macrophages (AM) were isolated by repeated perfusion of the human lung 

tissue with HBSS as described before [4]. Injected liquid was carefully pressed out of the tissue, 

collected and centrifuged (340 g, 12 min, RT).  AM were infected immediately after isolation 

or used for Lentiviral delivery of an ACE2 expression plasmid (BPS Bioscience). Cells were 

seeded in 12-well plates at 0.5 x 106 cells/well in RPMI 1640 medium (supplemented with 2 % 

FCS). 

Human ACE2 (kindly provided by Stefan Pöhlmann, DPZ Göttingen) was cloned into pAD-CMV-

V5-DEST using the Gateway cloning procedure by Invitrogen. The final expression clone was 

linearized by PacI-digestion and virus production was carried out in HER-911 helper cells. 

Purification was done by ultracentrifugation and the recombinant adenovirus (4 x 1013cfu/ml) 

was used to transduce human lung tissue explants or AM 24 h before infection using 

TransDux™ MAX Lentivirus Transduction Reagent.

Lung organoids

For generation of adult stem cell-derived lung organoids, primary cells were isolated from 

healthy parts of distal lung tissue obtained from lung cancer patients undergoing tumor 

resection surgery. The tissue was chopped with scissors into small pieces and transferred to 

an enzyme mixture containing 500 U/mL collagenase I (Gibco), 5 U/mL dispase II (Gibco) and 

1 U/mL DNase (Applichem) in HBSS supplemented with 10 µM Y-27632 dihydrochloride 

(Tocris). The minced tissue was incubated for 45-60 min in a shaking water bath at 37°C before 

being vigorously vortexed and passed through a sieve to remove undigested tissue residues. 

Subsequently, the cells were further filtered through 100, and 70 µm cell strainers. Cells were 

centrifuged (300 x g, 5 min), resuspended in red blood cell lysis buffer (Invitrogen) and 

incubated for 5 min at RT. Subsequently, cells were washed with ADF++ (Advanced DMEM/F12 

(Invitrogen) with 10 mM HEPES (Invitrogen) and 1x GlutaMax (Invitrogen)) supplemented with 

5% FCS (Capricorn Scientific).
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For the generation of alveolar organoids, HTII-280+ cells were isolated using FACS. Therefore, 

cells were resuspended in 500 µl staining buffer (ADF++ with 1x N2 (Invitrogen), 1x B27 

(Invitrogen), 5 mM nicotinamide (Sigma), 1.25 mM N-acetylcysteine (Sigma), and 10 μM Y-

27632) and incubated with mouse anti-HTII-280 IgM antibody (Terrace Biotech, TB-27AHT2-

280, 1:50) for 30 min on ice. Upon incubation, cells were washed with 2 ml ADF++ 

supplemented with 5% FCS, resuspended again in 500 µL staining buffer, and incubated for 30 

min on ice with the secondary goat anti-mouse IgG (H+L) A488 antibody (Thermo Fisher, A-

11017, 1:500). Control without primary but secondary antibody staining was kept in parallel. 

Subsequently, cells were washed with 2 ml ADF++ with 5% FCS and resuspended in DPBS 

(Gibco) supplemented with 10 µM Y-27632 dihydrochloride and 1x B27, before being passed 

through a 40 µm strainer into FACS tubes. Cell sorting was performed by the FACS Core facility 

using a BD FACSAriaTM II cell sorter (BD Biosciences). HTII-280 sorted cells used to generate 

alveolar organoids as well as unsorted cells used to generate bronchial organoids were seeded 

in Cultrex RGF BME (bio-techne) at a concentration of ~1000 cells/µL. After solidification of 

the gelatinous matrix, the following medium according to Sachs et al. [5] was added on top of 

the cultures to induce growth of lung organoids: ADF++ supplemented with 10 % R-spondin1 

conditioned medium (produced as described previously [6] using the 293T HA Rspo1-Fc cell 

line), 1x B27 supplement (Invitrogen), 1 x Primocin antibiotic mix (Invivogen), 1.25 mM N-

acetylcysteine (Sigma), 5 mM nicotinamid (Sigma), 0.5 µM SB202190 (Sigma), 1 µM SB431542 

(Merck), 100 ng/µl human Noggin (Peprotech), 100 ng/µl human FGF10 (Peprotech) and 25 

ng/ml human FGF7 (Peprotech). For alveolar organoids, the described medium was 

additionally supplemented with CHIR99021 (Sigma, 3 µM). Y-27632 dihydrochloride (10 µM, 

Tocris) was added only in the first week of culture. Organoids were kept in an incubator at 

37°C, 5 % CO2. Upon growth for 2-3 weeks, the organoids were expanded by enzymatic 

digestion. To do so organoids were released from Cultrex RGF BME (bio-techne) with cold 

ADF++, centrifuged (300 x g, 5 min), incubated in TrypLE Express Enzyme (Gibco) for ~5-6 min 

at 37°C and briefly vortexed. After washing with ADF++, cells were resuspended in Cultrex at 

a ratio of 1:4 to 1:6.

Lentiviral delivery of an ACE2 expression plasmid (BPS Bioscience) into bronchial organoids 

was based on a previous protocol [7]. In brief, organoids were collected with cold ADF++, 

pelleted and resuspended in TrypLE Express Enzyme (Gibco). After incubation for 10 min at 

37°C, organoids were vortexed and passed 5-10 times through a P1000 pipette tip to 
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completely break up the organoids.  The cells were washed with ADF++ containing 10 µM Y-

27632 dihydrochloride and after centrifugation resuspended in a small volume (~50 µL) 

organoid medium supplemented with 8 µg/ml polybrene (Santa Cruz).  Upon transfer to a 48-

well plate, virus was added to the cells (MOI 1) and the suspension mixed by pipetting. The 

plate was centrifuged for 60 min, 600 x g at 32°C. After incubation for another 4 h in the 

incubator (37°C), cells were collected in a microcentrifuge tube, pelleted, re-seeded in Cultrex 

and overlaid with organoid medium. 

Virus strains 

Infection experiments were carried out by two independent laboratories in Berlin (Robert 

Koch Institute and Charité) and one external collaboration partner (Wilhelms-University in 

Muenster). For infection experiments with SARS-CoV-2 (Munich 929 or BavPart1) [8] and 

rSARS-CoV (generated in the Drosten Lab by reverse genetics based on the SARS-CoV 

Frankfurt-1 strain, Accession Number FJ429166.1 [9]), the isolates were propagated in Vero 

E6 cells. The infection experiments at the Wilhelms-University in Muenster were performed 

with SARS-CoV-2 FI-200 isolate strain. rMERS-CoV (generated in the Drosten Lab by reverse 

genetics based on the MERS-CoV strain EMC/2012, Accession Number JX869059 [10]) was 

propagated in Vero B4 cells. HCoV-NL63 was propagated by growing the wild-type virus on 

Rhesus monkey kidney epithelial cells (LLC-MK2). Infection experiments were done in RPMI 

1640 medium supplemented with 10 % (or 2 % for AM) fetal bovine serum and 2 mM L-

glutamine at 37°C with 5 % CO2 under biosafety level 3 conditions with enhanced respiratory 

personal protection equipment.

The human seasonal influenza H3N2 virus A/Panama/2007/1999 (Pan/99[H3N2]) (further 

referred to IAV) strain was propagated using MDCK cells as described [3, 4]. Infection 

experiments were done in RPMI 1640 medium supplemented with 0.3 % bovine serum 

albumin and 2 mM L-glutamine at 37°C with 5 % CO2.

Kidney tissue

Kidney tissue was collected from tumor nephrectomies (ethics approval EA4/026/18) and cut 

into small pieces (max. 5 mm x 5 mm). Specimen were then stored for 24 h in RNAlater at 4°C 

and then put in -80°C until further processing and protein isolation.

Autopsy material
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25 cases of patients that had died after COVID-19 disease were included. In all cases, SARS-

CoV-2 infection was confirmed by PCR testing of material from nasal and pharyngeal swabs. 

In 22 cases, patients had been treated at Charité – Universitätsmedizin Berlin, while 3 cases 

were referred from Sana Klinikum Berlin. Autopsies were performed on the legal basis of §1 

SRegG BE of the autopsy act of Berlin and §25(4) of the German Infection Protection Act. This 

study was approved by the Ethics Committee of the Charité (EA 1/144/13 and EA2/066/20) as 

well as by the Charité-BIH COVID-19 research board and was in compliance with the 

Declaration of Helsinki. For histopathology, representative tissue samples of lungs were fixed 

in 4 % buffered formalin, dehydrated, paraffin embedded and sectioned with a thickness of 4 

μm. Paraffin sections were processed as described in section in situ hybridization as well as 

immunohistochemistry [11].

Infection experiments and infectious particle quantification

Calu-3 cells were either mock-infected with infection medium or challenged with SARS-CoV-

2, rSARS-CoV, rMERS-CoV or IAV (MOI 0.1) for 1 h at 37°C. After infection, cells were washed 

two times with PBS and DMEM medium was added before incubation at 37°C, 5 % CO2. 

Samples were taken at the indicated time points.

Lung tissue cultures were inoculated with control medium or 1 x 106 or 30 x 106 plaque-

forming units (PFU) (as indicated) of SARS-CoV-2, rSARS-CoV, rMERS-CoV or IAV for 1 h at 37°C. 

Infection was done in a 200 µl volume of infection or control medium per 100 mg lung tissue. 

Excess virus was removed by two washing steps with PBS and RPMI Medium was added before 

incubation at 37°C, 5 % CO2. Samples were taken at the indicated time points.

Mature human lung organoids were collected on ice to remove remaining matrix and broken 

up by repeated resuspension using a disposable syringe with needle (27G). Organoid 

fragments were either mock-infected with infection medium (Advanced DMEM/F12 with 10 

mM HEPES and 1x GlutaMax) or challenged with SARS-CoV-2 (MOI 1) for 1 h at 37°C. After 

infection, organoids were washed two times with PBS and resuspended in Cultrex. After 

incubation at 37°C, 5 % CO2 for 30 min organoid medium (as described above) was added.

AM were infected with control medium, SARS-CoV-2 or hCoV-NL63 (MOI 30) for 1 h at 37°C. 

Excess virus was removed by two washing steps with PBS and RPMI medium supplemented 

with 2% fetal bovine serum and 2 mM L-glutamine was added before incubation at 37°C, 5 % 

CO2. Samples were taken at the indicated time points.
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Infectious particles were quantified by plaque titration on Vero E6 cells for SARS-CoV-2 and 

rSARS-CoV, on VeroB4 cells for rMERS-CoV, on CaCo-2 cells for hCoV-NL63, and MDCKII cells 

for IAV. Briefly, cell monolayers were seeded in 24-well plates, incubated with virus-containing 

cell culture supernatants and overlaid with 1.2 % Avicel in appropriate medium. After 48 h (for 

IAV), 72 h (for SARS-CoV and SARS-CoV-2), 96 h (for MERS-CoV), or 120 h (for hCoV-NL63) cells 

were washed two times with PBS and plaques were fixed and visualized by staining with crystal 

violet.

IFN stimulation of lung tissue

Culture medium containing recombinant human IFNβ (100 U/ml) was injected into lung 

explants using a disposable syringe with needle (27G). Accordingly, control explants received 

control medium. The tissue was processed for RNA and protein analysis after additional 24 h 

or 96 h.

Isolation of total RNA, cDNA synthesis and qPCR

Human lung tissue explants were stored in RNAlater™ Stabilization Solution (ThermoFisher) 

at 4°C until further processing. For total RNA isolation the RNeasy Mini Kit (Qiagen) was used 

according to manufacturer`s instructions. Human lung tissue was transferred to Lysing Matrix 

D tubes (MP Biomedicals) in 500 μl RLT lysis buffer supplemented with β-mercaptoethanol. 

Tissue was lysed using FastPrep®-24 (MP Biomedicals) applying 4 rounds of tissue lysis at 

default settings (6 m/s, 30 s). Cells and organoids were directly lysed in 500 μl RLT lysis buffer 

supplemented with β-mercaptoethanol. Homogenates were centrifuged and RNA was 

purified from the supernatant. 0.5 µg RNA was reverse transcribed and quantitative PCR was 

performed using TaqMan assays on an ABI 7300 instrument. Viral genomes and the internal 

reference gene c-myc were measured as described elsewhere [12, 13]. Average Ct and ∆∆Cq 

values were calculated according to Livak et al. [14].

Bulk RNA sequencing and analysis

RNA from infected samples was purified as described above. PolyA(+) RNA sequencing 

libraries were constructed using the NEBNext Ultra™ II Directional RNA Library Prep Kit for 

Illumina (New England Biolabs) according to the manufacturer’s instruction, with 9 PCR cycles 

in the amplification steps, and sequenced on a Nextseq 500 device using 1x76 cycles single-

end sequencing.
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Reads were mapped using STAR (version 2.7.3a) with lenient parameters to detect non-

canonical splice junctions [15] (--outFilterType BySJout --outFilterMultimapNmax 20 --

alignSJoverhangMin 8 --outSJfilterOverhangMin 12 12 12 12 --outSJfilterCountUniqueMin 1 1 

1 1 --outSJfilterCountTotalMin 1 1 1 1 --outSJfilterDistToOtherSJmin 0 0 0 0 --

outFilterMismatchNmax 999 --outFilterMismatchNoverReadLmax 0.04 --scoreGapNoncan -4 -

-scoreGapATAC -4 --chimOutType WithinBAM HardClip --chimScoreJunctionNonGTAG 0 --

alignSJstitchMismatchNmax -1 -1 -1 -1 --alignIntronMin 20 --alignIntronMax 1000000 --

alignMatesGapMax 1000000). Control samples were mapped against the GRCh38 genome, 

infected samples against GRCh38 combined with the IAV (DQ487333.1), MERS-CoV 

(NC_019843.3), SARS-CoV (NC_004718.3) or SARS-CoV-2 (NC_045512.2) genomes, 

respectively. Gene expression was quantified with ‘feature Counts’ (version 2.0.0) using the 

Gencode v33 reference combined with viral transcripts extracted from the GenBank records. 

Bulk RNA sequencing differential expression analysis was performed in R (version 3.5.1) with 

DESeq2 (version 1.22.1), building a combined model for all 4 viral treatments and the control, 

donor identity as covariate, and "normal" shrinkage. A heatmap was created using regularized 

log-transformed counts for all differential genes in one of the 4 comparisons (adj. p-value < 

0.05), after removing systematic differences between donors with limma's 

‘removeBatchEffect’ function. Sub-genomic reads in the samples infected with MERS-CoV, 

SARS-CoV or SARS-CoV-2 were detected by counting reads that originate in the 5' leader 

sequence (defined as the first 120 nt) and have exactly one gap of at least 10 nt more than 

15nt away from the read ends.

Single-cell isolation and library preparation

Individual human lung tissue samples were minced and placed in digestion medium (500 U/ml 

collagenase, 1.5 U/ml dispase and 1 U/ml DNAse) for 1 h at 37°C. Cells were then filtered 

through a 70 μm strainer and enzymatic reaction was stopped by cold RPMI with 10 % fetal 

bovine serum and 1 % L-glutamine. Cells were washed with 50 ml cold RPMI with 10 % fetal 

bovine serum and 1 % L-glutamine and red blood cells were lysed using red blood cell lysis 

solution (MiltenyiBiotec). Finally, cells were filtered using a 40 µm Flowmi® Cell Strainer 

(Millipore) and re-suspended in PBS supplemented with 2 % fetal bovine serum at the 

concentration of 10,000 cells/μl for scRNA-Seq. AM were detached using a cell scraper, 

washed two times with PBS and fixed with methanol. After rehydration cells were filtered 

using a 40 µm Flowmi® Cell Strainer (Millipore) and re-suspended in PBS supplemented with 
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2 % fetal bovine serum at the concentration of 10,000 cells/μl for scRNA-Seq. The single-cell 

capturing and downstream library constructions were performed using the Chromium Single 

Cell 3′ V3.1 library preparation kit according to the manufacturer’s protocol (10x Genomics). 

Full-length cDNA along with cell-barcode identifiers were PCR-amplified and sequencing 

libraries were prepared. The constructed libraries were either sequenced on the Nextseq 500 

using 28 cycles for read 1.55 cycles for read 2, and 8 index cycles, or on the Novaseq 6000 S1 

using 28 cycles for read 1, 64 cycles for read 2, and 8 index cycles, to a median depth of 36000 

reads per cell.

Single-nucleus isolation and library preparation

Single-nuclei were isolated from snap-frozen autopsy samples as described before [16]. Briefly 

samples were homogenized with one stroke of “loose” pestle in citric-acid based buffer 

(sucrose 0.25 M, citric acid 25 mM, Hoechst 33342 1 μg/mL) using a glass dounce tissue 

grinder. The tissue was incubated on ice for 5 minutes and then homogenized with 5 more 

strokes. After further 5 minutes of incubation, tissue was homogenized with 3 strokes using 

the “loose” pestle and then 5 more strokes using the “tight” pestle. Homogenate was filtered 

through a 35-μm cell strainer and centrifuged for 5 minutes at 500 x g at 4°C. Supernatant was 

removed, nuclei were resuspended in of citric acid buffer and the centrifugation step was 

repeated. Nuclei were then resuspended in cold resuspension buffer (KCl 25 mM, MgCl2 3 

mM, Tris-buffer 50 mM, RNaseIn 0.4 U/μL, DTT 1mM, SuperaseIn 0.4 U/μL, Hoechst 33342 1 

μg/mL). Nuclei were counted, diluted to the desired concentration and immediately loaded 

on the 10X Chromium controller. The single-cell capturing and downstream library 

constructions were performed using the Chromium Single Cell 3′ V3.1 library preparation kit 

according to the manufacturer’s protocol (10x Genomics). Full-length cDNA along with cell-

barcode identifiers were PCR-amplified and sequencing libraries were prepared. The 

constructed libraries were either sequenced on a Nextseq 500 device, using 28 cycles for read 

1, 55 cycles for read 2, and 8 index cycles, or on a Novaseq 6000 S1 flowcell using 28 cycles for 

read 1, 64 cycles for read 2, and 8 index cycles, to a median depth of 36000 reads per cell 

nucleus.

Single-cell and -nuclei RNA sequencing and analysis

The Cell Ranger Software Suite (Version 3.1.0) was used to process raw sequencing data with 

the GRCh38 reference for the control samples, and GRCh38 augmented by the IAV 
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(DQ487333.1), MERS-CoV (NC_019843.3), SARS-CoV (NC_004718.3), SARS-CoV-2 

(NC_045512.2) or NL63-CoV (JX504050.1) respectively. Viral transcripts including 3'UTR 

sequences were extracted from the Genbank records and added to the Gencode v33 

reference. We used CellBender [17] to remove background RNA and scrublet [18] to identify 

doublets. Single-cell RNA sequencing data analysis was performed in R (version 3.6.3) with 

Seurat (version 3.2.1). Cells with at least 500 and less than 5000 detected genes and less than 

10% mitochondrial content were combined from each library and library depth (total number 

of UMIs) was regressed out when scaling data. For organoid and ex vivo AM data we 

additionally regressed out cell cycle scores calculated with Seurat's CellCycleScoring function. 

We then integrated samples from different donors using ‘IntegrateData’ for lung explant, 

autopsy, organoid and ex vivo AM data separately. After automated clustering, DoubletFinder 

[19] was used to again identify likely cell doublets, and cluster annotation was performed with 

Seurat's ‘TransferData’ workflow using the Human Lung Cell Atlas reference dataset, using 

only epithelial cells for the organoid data [20]. We finally combined explant and autopsy data 

in another round of data integration.

Differential gene expression was analyzed using DESeq2 [21] on aggregated "pseudobulk" 

counts for all cells from the same sample in a cluster, using "normal" shrinkage. For lung 

explants, we used a combined model for the viral treatments plus control with donor identity 

as covariate; for autopsy samples we compared acute or prolonged cases against the control, 

and for ex vivo AM data we analyzed mock and ACE2 samples separately, with combined 

models for the two viral treatments plus control, and donor and timepoint as covariates. 

Pathway analysis was performed using tmod [22] and the Hallmark, Reactome and Gene 

Ontology (BP) gene sets from MSigDB (version 7.2). Gene expression within pathways was 

quantified using Seurat's AddModuleScore function; z-scores were calculated for each 

pathway across clusters but separately for lung explant and autopsy data. Differential gene 

expression between virus-positive and virus-negative cells within infected lung explant 

samples was performed using cloglog regression as in Bost et al. [23]. Briefly, we binarized 

gene expression and built a generalized linear model with logarithmic library size as offset, 

donor identity as additional covariate and cloglog link function. We filtered all genes with 

significant intercept coefficient (p < 0.05) and used Benjamini-Hochberg p-value correction for 

the ‘infection’ coefficient. Changes in cellular composition were analyzed using a mixed-

effects binomial model, comparing the number of cells with a certain label between 
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conditions. Viral and subgenomic read percentages in ex vivo AM data were compared using 

a binomial model with timepoint as covariate. Intercellular signaling was analyzed with 

scDiffCom [24], comparing acute and prolonged autopsy cases against controls. We then 

selected signaling interactions differential between macrophages and T cells but few other 

cell types. AM-AT2 doublets were identified in lung explant scSeq data before removal of 

doublets predicted by DoubletFinder. We used cell type predictions based on the Human Lung 

Cell Atlas and classified cells with prediction scores > 0.05 for both AM and AT2 identity as 

AM-AT2 doublets. For the comparison of macrophage subtype expression profiles, we 

downloaded expression data for Delorey et al. [25] from the Broad Single Cell Portal and 

selected non-doublet nuclei with myeloid cluster identity; for Wendisch et al. [26] we obtained 

“BAL_macrophages.rds” from https://nubes.helmholtz-berlin.de/s/XrM8igTzFTFSoio and 

matched Ensembl gene ids to gene symbols; for Grant et al. [27] we obtained 

"GSE155249_supplement.h5ad.gz” from GEO, converted it into a Seurat object, and kept 

MoAM, Prolif. AM and TRAM clusters; and for Liao et al. [28] we downloaded h5 count 

matrices from GEO (GSE145926), filtered cells with less than 10% mitochondrial content, less 

than 50000 UMIs and at least 1000 but less than 6000 genes, regressed out library size when 

scaling data, integrated samples using `IntegrateData`, predicted cell types using the Human 

Lung Cell Atlas reference, selected monocytes and macrophages, performed another round of 

data integration followed by clustering, and assigned macrophage subcluster identity based 

on expression of marker genes in their Fig. S2E. We then determined variable genes in each 

dataset and used AverageExpression for all genes variable in at least 4 out of 6 datasets. We 

used limma (v3.42.4) to remove systematic technical variation between the different datasets 

and computed similarity from Pearson correlations between gene-wise z-scores.  SCENIC 

analysis was performed separately for macrophages from lung explants and autopsy data. We 

used arboreto with the grnboost2 method and transcription factors from HGNC to generate 

an adjacency matrix, followed by pyscenic ctx with hg38 refseq motifs and pyscenic aucell. We 

then calculated regulon specificity scores for the macrophage subclusters as described in the 

pySCENIC tutorial. The distribution of reads across the viral genome was inspected using 

coverage tracks created with bedtools genomeCoverageBed on the bam files produced by 

CellRanger. Coverage values were normalized by the number of reads mapping to the viral 

genome divided by 106, smoothed with a moving average in a 10 nt window, and then 
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averaged over different samples. SARS-CoV-2 and MERS-CoV were compared by linearly 

interpolating coverage values in 30000 evenly spaced positions.

Western blot 

For extraction of proteins, human lung explants and human kidneys were transferred into 

Lysing Matrix D tubes with RIPA buffer (Thermo Fisher Scientific), containing 1 x complete 

protease inhibitor cocktail (Sigma-Aldrich). Tissue was disrupted in a FastPrep®-24 

homogenizer applying 3 rounds of tissue lysis at default settings (6 m/s, 30 s). 

Organoids were washed with PBS, pelleted, lysed with RIPA buffer containing 1 x complete 

protease inhibitor cocktail and resuspended using a disposable syringe with needle (27G) to 

ensure proper lysis. Calu-3 cells and AM were harvested on ice by scraping with RIPA lysis 

buffer. Cell debris was removed by centrifugation. Lysates were subjected to Western blot as 

described previously [29]. Briefly, protein extracts were separated on a 7.5 % Mini-PROTEAN® 

TGX™ Precast Protein Gel (Bio-Rad) and transferred to a PVDF membrane (Merck Millipore). 

Gels were loaded with 100 g protein per lane. Membranes were blocked with Odyssey 

blocking buffer (LI-COR Inc.) and probed with antibodies against ACE2 and actin (as a loading 

control). For blocking/competition of ACE2 PA5-20046 antibody was combined with a five-fold 

excess of blocking peptide in a 500 µl volume of PBS, followed by 2 h incubation at room 

temperature. The antibody/peptide mixture was added into appropriate blocking buffer and 

incubated over night at 4°C. Proteins were detected by incubation with HRP-conjugated IgG 

antibodies and Amersham ECL Prime Western Blotting System (Cytiva) or Pierce ECL Western 

blotting Substrate (Thermo Fisher Scientific). The membranes from each experiment were 

exposed to Carestream Biomax Light Film (Sigma Aldrich) for 1 sec (Figure 3D, Figure S1C and 

S1D), 30 sec (Figure 1E and 1G) or 10 min (Figure S2C). Densitometric analysis was performed 

using ImageJ (Image processing and analysis in Java, open platform). The quantification was 

assessed as a ratio of each protein band relative to the lane’s loading control.

Immunohistochemistry

Human lung tissue samples were fixed in 4 % paraformaldehyde for 48 h, embedded in 

paraffin and routinely processed for histology and immunofluorescence staining as described 

before [1, 4, 29]. Three different SARS-CoV-2 antibodies were tested with equal results (SARS-

CoV-2 Nucleocapsid Antibody, Sino Biological; SARS-CoV-2 Spike Antibody, Sino Biological, 

SARS-CoV-2 Spike Protein, Novux Biologicals). For human lung tissue the SARS-CoV-2 
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Nucleocapsid Antibody was used and for the autopsy material, Calu-3 cells and the organoids 

the Novux Biologicals SARS-CoV-2 Spike Antibody. Primary antibodies detecting spike protein 

of SARS-CoV-2, MERS nucleocapsid, occludin and ACE2 were incubated overnight at 4°C, 

followed by labelling with corresponding secondary antibodies. For characterization of 

infected cells, the established cell markers HTII-280 (alveolar type II cells, AT2), EMP2 (alveolar 

type I cells, AT1) and CD68 (alveolar macrophages, AM) were used, followed by incubation 

with corresponding secondary antibodies. Nuclei were subsequently counterstained with 

DAPI (Sigma Aldrich). For ACE2 antibody specificity tests following antibodies were used: AF-

933; PA5-20046; GTX101395; HPA000288 and ab15348, followed by incubation with 

corresponding secondary antibodies (Alexa Fluor 488-conjugated anti-mouse or anti-rabbit 

IgG (H+L)). For blocking/competition of ACE2 PA5-20046 antibody was combined with a five-

fold excess of blocking peptide in a 500 µl volume of PBS, followed by 2 h incubation at room 

temperature. The antibody/peptide mixture was added into appropriate blocking buffer and 

incubated over night at 4°C. Immunofluorescence of human lung slices was analyzed by 

spectral confocal microscopy using a LSM 780 [(objectives: Plan Apochromat 63x/1.40 oil DIC 

M27 and Plan Apochromat 63x/1.40 oil DIC M27), Carl-Zeiss, Jena, Germany]. Based on a 

spectral image lambda stack, linear unmixing of tissue autofluorescence and overlapping 

spectra of fluorochromes were performed using ZEN 2012 software (Carl-Zeiss, Jena, 

Germany). To reveal lung and cell morphology, images were combined with Differential 

Interference Contrast (DIC). To count for ACE2- and HTII-280-positive cells representative 

fields of view, each lung slide was scanned (400x magnification, 5 x 5 tile scans [212.5 mm x 

212.5 mm each tile], ca. 1,129 mm2/lung). All image sets were acquired using optimal 

configuration regarding resolution and signal to noise ratio. Images were processed using ZEN 

2012. 

In situ hybridization

For RNA in situ hybridization (ISH), tissues were immersion fixed for 24 h in 10 % neutral 

buffered formalin, pH 7.0, and embedded in paraffin. Cells were suspended in 37°C 1.5 % 

agarose, cooled to room temperature, and similarly formalin-fixed and paraffin-embedded. 

Paraffin sections were cut at 2 µm and mounted on adhesive glass slides. 

ISH for the detection of SARS-CoV-2 and MERS-CoV was performed using the ViewRNA ISH 

Tissue Assay (Invitrogen by Thermo Fisher Scientific) following the manufacturer’s instructions 

(MAN0018633 Rev.C.0) as described [30]. Probes were designed by the manufacturer (Life 
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Technologies by Thermo Fisher) based on the N-gene and S-gene RNA of SARS-CoV-2 (NCBI 

database NC_045512.2, nucleotides 28,274 to 29,533, assay ID: VPNKRHM) and the N-gene 

and S-gene RNA of MERS-CoV (NC_019843.3, nucleotides 28,566 to 29,807; Assay No. 

VPRWENG), respectively. Commercially available probes for the human housekeeper 

elongation-factor 1a (EF1a; Thermo Fisher) and Bacillus subtilis dihydrodipicolinate reductase 

(dapB; Thermo Fisher) were used as positive or negative controls (data not shown). In 

addition, slides were incubated with the Probe Set Diluent QT (ViewRNA ISH Tissue Assay, see 

above) without probe to control for unspecific background staining. Human lung tissues were 

incubated at 95°C for 10 min followed by protease QF (kit content) digestion for 20 min. 

Embedded cells were incubated at 95°C for 5 min followed by protease QF digestion for 10 

min. Following the ISH procedure, slides were counterstained with hematoxylin for 45 s and 

mounted with Roti Mount Fluor-Care DAPI (Carl Roth).

Fluorescence RNA ISH was performed to localize mRNA encoding angiotensin converting 

enzyme-2 (ACE2) and transmembrane protease, serine subtype 2 (TMPRSS2) using the 

RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics, Bio-Techne) 

following the manufacturer’s instructions. Slides were incubated with commercially available 

probes for ACE2 (probe Hs-ACE2-C2; Advanced Cell Diagnostics) or TMPRSS2 (probe Hs-

TMPRSS2-C2). The 3-plex positive control probe detecting the human cyclosporine-binding 

protein PIPB (for channel two) and the 3-plex negative control probe detecting dapB (as above, 

all three channels) were also included. Human lung tissues and agarose embedded cells were 

incubated using standard (15 min heat, 30 min protease) or mild conditions (15 min heat, 15 

min protease), respectively, as described in the manufacturer´s guide. Slides were 

counterstained with DAPI for 30 s and mounted with Fluoromount-G (Invitrogen).

Slides of ex vivo human lung tissue and autopsy material used for ISH were entirely scanned 

using an Axio Scan Z1 Slidescanner (Zeiss) at 20x magnification [NA: 0.8] in bright field mode. 

Representative areas were chosen and depicted.

Image segmentation

From each COVID-19 (n = 4) and NON-COVID-19 (n = 4) HE-stained tissue slide, two regions of 

interest (15000 x 15000 and 20000 x 20000 pixel / 19360000 μm2 and 10890000 μm2, in total 

30.25 mm2) were extracted and the number of cell nuclei was determined. Cell nuclei were 

separated from background by manual thresholding of hue and brightness channels in an HSB 
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representation of the colored microscopy images. Cell nuclei were separated from each other 

by morphological filtering and distance transform watershed using the MorphoLibJ-Plugin 

[31]of Fiji [32].

Multiplexed histology

Cryopreserved human tissue was cut in 5 µm sections on cover slides coated with 3-

aminopropyltriethoxysilane (APES) using a MH560 cryotome. Tissue sections were fixed for 10 

minutes with 2% paraformaldehyde, permeabilized with 0,2% Triton X-100 in PBS for 10 min 

at room temperature and blocked with 10% goat serum and 1% BSA in PBS for 20 minutes. A 

fluid chamber was created using “press-to-seal” silicone sheets with a 10mm circular cut-out, 

which was attached to the cover slip surrounding the sample. 

The acquisition of multiplexed histology images was performed as previously published [33, 

34] using a modified Toponome Image Cycler® MM3 (TIC) originally produced by 

MelTec GmbH & Co.KG Magdeburg, Germany [35]. This robotic microscopic system consists 

of 3 main components: (1) an inverted widefield (epi)fluorescence microscope Leica DM IRE2 

equipped with a CMOS camera and a motor-controlled XY-stage, (2) CAVRO XL3000 

Pipette/Diluter (Tecan GmbH, Crailsheim, Germany), and (3) a software MelTec TIC-Control 

for controlling microscope and pipetting system and for synchronized image acquisition. A 

multiplexed histology run is performed as a sequence of iterative cycles, each consisting 

of four steps: (i) automated pipetting of the fluorescence-coupled staining antibody onto the 

tissue section, incubation and  subsequent washing; (ii) auto-focusing based on the cross-

correlation of phase contrast images and acquisition of the fluorescence images 3-D stack (+/- 

5 z-steps) in the according channels; (iii) photo-bleaching of the fluorophore; and (iv) a second 

auto-focusing step followed by the acquisition of a post-bleaching fluorescence image 3D 

stack (+/- 5 z-steps). Used antibodies are: DAPI (Roche, Cat# 10236276001), CCR2-PE (Miltenyi 

Biotec, Cat# 130-118-338), CXCR3-PE (Miltenyi Biotec, Cat# 130-101-379), CD68-PE (Miltenyi 

Biotec, Cat# 130-118-486), HLA-DR, DP, DQ-PE (Miltenyi Biotec, Cat# 130-120-715), C1q-FITC 

(Miltenyi Biotec, Cat# F0254), MRP14-PE (Miltenyi Biotec, Cat# 130-114-516). 

Image pre-processing was conducted as previously described [34]. In short, all acquired 

images were aligned by cross-correlation of the phase-contrast images. Afterwards, 

background elimination and illumination correction of the fluorescence images was 

performed by subtracting the bleaching image in each cycle and focal plane from the according 

fluorescence image obtained in the same cycle [35] in order to remove tissue auto-
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fluorescence and potential residual signal from the previous cycle. The “Extended Depth of 

Field” algorithm was applied on the 3D fluorescence stack in each cycle [36]. Images 

normalization was performed in Fiji by a rolling ball algorithm and fluorescence intensities 

were scaled to the full intensity range (16 bit => 216).

Statistical analysis

GraphPad Prism 6 software was used for the statistical analysis. Data are presented as mean 

± SEM of at least three donors within independent experiments. One-way ANOVA with non-

parametric Friedmann test was used to compare all groups in Figure 1F and G and Figure 3A, 

B and C. For comparisons between two groups in Figure 1E the Mann-Whitney U test or 

Kruskal-Wallis H test was used. Significances are represented as *p < 0.05, **p < 0.01, or ***p 

< 0.001.
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Supplementary figure legends 

 

 



 

Figure S1. Cell marker genes, ACE2 antibody evaluation and western blotting 

(A) Marker gene expression for cell type assignment in single-cell and single-nucleus RNA 

sequencing data of human lung tissue and autopsy material.   

(B) Detailed view of EPCAM (epithelium), CLDN5 (endothelium), FABP4 (AM), SFTPC (AT2), 

COL1A2 (fibroblasts) and ACTA2 (smooth muscle cells) gene expression for corresponding 

cell cluster validation.  

(C) Analysis of ACE2 expression by Western blot using 5 different commercial antibodies 

demonstrating R&D AF933 as most sensitive and specific antibody which was used for all 

Western blotting and immunohistochemistry analysis. Other antibodies showed either 

smeary bands or were insensitive until negative.  

(D) Short exposure time of the membrane (1 sec) for detection of ACE2 expression by 

Western blot revealed no signal in human lungs and organoids. Protein lysates from human 

kidneys (3 donors), human lungs (5 donors), human lung organoids (3 donors) and Calu-3 

cells were used. β-Actin served as loading control.  

(E) Analysis of ACE2 expression by Western blot. Shown are protein lysates from human 

kidney (1 donors), Calu-3 cells, human lung tissue explants from cancer patients (2 donors) 

and “normal” human lung tissue from transplant lungs, which were originally dedicated for 

transplantation (2 donors). β-Actin served as loading control. 

  



 

 

 

Figure S2. ACE2 antibody validation, specificity testing and determination of ACE2 in 

human lungs  

Immunohistochemistry and in situ hybridization were analyzed in human lung tissue by 

spectral microscopy and linear unmixing. 

(A) Panel I and II show Calu-3 cells, III and IV human kidneys, both embedded in paraffin. 

ACE2 immunostaining (green) and in situ hybridization (red) (panel I) and ACE2 

immunostaining (green) and TMPRSS2 in situ hybridization (red) (panel II) in Calu-3 cells 

depict specific signals. ACE2 immunostaining (green) and in situ hybridization (red, panel III) 

in human kidneys demonstrate coherent expression in cells of the proximal tubuli (PT), 

whereas vessels (V) and distal tubuli (DT) are negative. Panel IV shows again ACE2 

immunostaining (green, PT) and TMPRSS2 in situ hybridization (red) revealing that TMPRSS2 

is present in DT but not PT. Slight positive signal for ACE2 in squamous epithelium of the 

Bowman’s capsule (BC) around the glomeruli (GM). Cell nuclei are visualized by DAPI stain 

(blue), scale bars 10 µm.  



(B) Conventional, threshold based confocal microscopy of ACE2 immunostaining (green, 

panel I, II and III) and in situ hybridization (red) (panel IV) in human lung tissue. Panel I shows 

channel mode imaging with autofluorescence in green of the lung collagen backbone. Panel 

II shows the spectral mode imaging with the autofluorescence in white. Panel II shows weak 

ACE2 expression and panel IV no expression. ACE2-positive cells are marked by white 

arrows. Cell nuclei are visualized by DAPI stain (blue). Scale bar 5 µm for panel I and II and 10 

µm for panel III and IV.  

C) Immunostaining of ACE2 using the Thermo PA5-20046 antibody in human lung tissue. The 

left panel shows the unspecific antibody binding and the Western blot of 3 donor lungs a 

smeary expression pattern with multiple banding. The right panel shows the completely 

abolished ACE2 immunofluorescence and Western blot signal by use of a blocking peptide. 

Cell nuclei are visualized by DAPI stain (blue).  

D) Cancer lungs (explants, n = 3) as well as non-cancer lungs (transplants, n = 3) were stained 

and spectrally unmixed for ACE2 and HTII-280 (AT2 marker). Representative ‘fields of view‘ 

for each lung slide were scanned (400x magnification, 5 x 5 tile scans [212.5 mm x 212.5 mm 

each tile], ca. 1,129 mm2/lung) and counted for ACE2 (Alexa488) and HTII-280 (Alexa633) 

positive AT2 cells. A total of 566 cells were counted of which 30 were positive for ACE2 

(approx. 5.6 %). 

  



 

 

  



 

Figure S3. Independent external validation of low SARS-CoV-2 replication in human lungs  

(A) Human lung tissue explants were infected in an external, completely independent 

validation experiment with SARS-CoV-2 (red) at 1*106 PFU and viral replication was 

measured after 0 h, 16 h, 24 h, 48 h and 72 h showing a comparable result as Figures 3A and 

B.  

(B) Annotation of cell clusters from scSeq data of human alveolar (2905 cells in 6 samples) 

and bronchial organoids (23473 cells in 4 samples), respectively.  

(C) Marker gene expression for major cell types in (B).   

(D) Expression of ACE2, KREMEN, ASGR1, TMPRSS2, FURIN, CD147/BSG and NRP1 in alveolar 

and bronchial organoids. 

(E) Quantification of major cell types in (B), ACE2-positive and SARS-CoV-2-positive cells. 

(F) ACE2 immunostaining (green) in human bronchial wt organoids (left panel), ACE2+ 

bronchial organoids (middle panel) and alveolar wildtype organoids (right panel). Cell nuclei 

are visualized by DAPI stain (blue), scale bars 20 µm.  

Data are represented as mean ± SEM, * p < 0.01. 

  



 

 

 

Figure S4. Abundant detection of MERS-CoV infected human lungs; positive and negative 

control stainings for in situ hybridization and immunohistochemistry in Calu-3, expression 

of ACE2 after adenoviral transduction, and occludin control staining 

(A) In situ hybridization for N-gene of MERS-CoV (red) in mock-infected (panel I) and MERS-

CoV infected (1*106 PFU, panel II) human lung tissue showing the strong permissiveness for 

the virus. Cell nuclei are visualized by Hemalaun stain (blue). Immunostaining of MERS-CoV 

(green) infected (1*106 PFU, panel III) human lung tissue confirming the results from panel II. 



Arrows indicate AT1 (TI), AT2 cells are marked by TII. Cell nuclei are visualized by DAPI stain 

(blue), scale bar 10 µm.   

(B) In situ hybridization for N-gene of SARS-CoV-2 (red) in mock-infected (panel I) and SARS-

CoV-2 infected (MOI 1, panel II) in paraffin embedded Calu-3 cells. Cell nuclei are visualized 

by Hemalaun stain (blue). Immunostaining of SARS-CoV-2 (green) in mock-infected (panel III) 

and SARS-CoV-2 infected (MOI 1, panel IV) Calu-3 cells. Arrows indicate SARS-CoV-2-positive 

cells. Cell nuclei are visualized by DAPI stain (blue), scale bar 10 µm.   

(C) Immunostaining of ACE2 (panel I, green) in lung explants transduced recombinant 

adenovirus expressing human ACE2. Panel II showed expression of occludin (green) in 

control lung explants. Cell nuclei are visualized by DAPI stain (blue), scale bar 5 µm. 

  



 

 

  



 

 

  



 

 

 



 

  



 

 

Figure S5. In situ hybridization of SARS-CoV-2 COVID-19 autopsy lungs and control tissue  

(A)  In situ hybridization for N-gene of SARS-CoV-2 (red) in COVID-19 autopsy lungs (Patients 

P2 – P25 of which 17 were virus-positive qPCR). Positive virus detection could just be found 

in 1 further case (P2), all others remained negative. Red arrows indicate SARS-CoV-2-positive 

cells in P2. Cell nuclei are visualized by Hemalaun stain (blue), scale bar 20 µm.    

(B) In situ hybridization of SARS-CoV-2 in NON-COVID autopsy control lungs. Cell nuclei are 

visualized by Hemalaun stain (blue), scale bar 50 µm.   

(C) Nuclear segmentation of HE-stained autopsy lungs (4x NON-COVID / 4x COVID) in the 

upper panels demonstrate that a strong increase of inflammatory cells. The determined 

nucleus borders are illustrated by yellow lines in the top row. The lower left panel shows a 

SARS-CoV-2-infected area of COVID-19 case patient 1 (P1) as depicted in Figure 5A and B 

with conspicuous absent adjacent inflammation whereas other regions show strong 

inflammation as recognized (lower right panel). Cell nuclei are visualized by Hemalaun stain 

(blue), scale bar 20 µm.   

(D) Immunohistochemistry of ACE2 in the infected areas of the autopsy lung samples 

compared to kidney tissue was analyzed by spectral microscopy and linear unmixing. The 

upper panel shows the infected lung area (AS: alveolar septs; A: alveolar space, V: Vessel) of 

COVID-19 patient 1 (P1) demonstrated in Figure 5A and B. The lower panel shows kidney 

tissue from the same patient. ACE2 (green) was stained on for both tissues on the same 

slide. Whereas kidney tissue shows again high expression of ACE2 (green) in proximal 

tubules (PT) and no staining in distal tubules (DT), no staining for ACE2 could be revealed in 

the lung tissue, even by doubling of the laser power for fluorescence excitation. Cell nuclei 

are visualized by DAPI stain (blue), scale bar 10 µm.   

  



 

 

  



 

Figure S6. Bulk and single-cell RNA sequencing indicates low permissiveness for SARS-CoV-

2 and uptake  

(A) Human lung tissue explants were infected with IAV H3N2 (orange), MERS-CoV (blue), 

SARS-CoV (green) and SARS-CoV-2 (red) at 1*106 PFU. Shown are percentage of reads 

mapping to the respective viral genome, subgenomic RNAs as counts per million (CPM), as 

well as viral reads in qPCR and viral replication in PFU units.   

(B) Heatmap of regularized log-transformed expression values after removing inter-patient 

variability for 2969 genes differentially expressed in any of the 4 comparisons (adj. p-value < 

0.05). Up- and down-regulated genes are indicated by red or blue bars, genes within 

selected Hallmark pathways are indicated by black bars, and top 20 up- or down-regulated 

genes are highlighted.   

(C) Estimated log2 fold changes for interferon pathway genes (left) or ACE2, BSG, FURIN and 

TMPRSS2 (right) in human lung tissue infected with IAV H3N2 (orange), MERS-CoV (blue), 

SARS-CoV (green) and SARS-CoV-2 (red). Error bars are standard errors computed by 

DESeq2, * adj. p-value < 0.05. 

(D) Fraction of virus-positive cells in single-cell and single-nucleus data from lung tissue 

explants or COVID-19 autopsy material.  

(E) Proportion of macrophages in single-cell and single-nucleus data from lung tissue 

explants or COVID-19 autopsy material. P-value from mixed-effects binomial model. * p < 

0.05. 

(F) Dot plot of selected differentially expressed genes (adj. p-value < 0.05) in infected lung 

explants or COVID-19 autopsy data compared to the respective controls in major cell types 

of the human lung. Border marks autopsy samples. 

(G) Scatter plot of log2 fold changes for SARS-CoV-2-infected lung explant macrophages or 

MERS-CoV-infected lung explant macrophages, compared against control. Top 15 genes (adj. 

p-value < 0.01) are highlighted, and Spearman correlation is indicated.  

(H) Differential receptor-ligand signaling interactions specific to T cells and macrophages 

when comparing acute and prolonged autopsy samples against controls using scDiffCom. 

(I) Scatter plot of average gene expression in virus-positive vs. virus-negative lung explant 

macrophages infected with SARS-CoV-2. Color scale indicates regression coefficient from 

cloglog regression, top 20 genes (adj. p-value < 0.01) are highlighted. 



(J) Correlations of log2 fold changes (blue) from comparing infected lung explant 

macrophages against control macrophages, and of regression coefficients (orange) when 

comparing virus-positive against virus-negative explant macrophages. Color scale and text 

indicate Spearman correlation. 

  



 

 

 

Figure S7. Single-cell RNA sequencing reveals inflammatory induction of alveolar 

macrophages (AM) by SARS-CoV-2 

(A) Putative AM-AT2 doublets in lung explant scSeq data. Left panel: scatter plot of cell type 

prediction scores using the Human Lung Cell Atlas reference together with doublet 

prediction scores from DoubletFinder. Color indicates presence of SARS-CoV-2 RNA. Right 

panel: quantification of doublets with prediction scores for AM and AT2 identify both > 0.05. 

(B) Immunofluorescence images depicting CD68 (cyan), S100A9 (yellow), CCR2 (magenta), 

DAPI (white), C1Q (red), CXCR3 (green) and HLA-DR/DP/DQ (blue), in two representative 

fields of view (FOV) acquired in post-mortem lung tissue of a SARS-CoV2-infected donor (11 

days of disease duration). Scale bar 100 µm. Single channels are shown only for a region of 

interest in each FOV marked as a white square. Scale bar 20 µm. 

(C) Virus-positive cells in macrophages from lung tissue explants infected with IAV H3N2 

(yellow), SARS-CoV (green), MERS-CoV (blue), and SARS-CoV-2 (red). 

(D) Transcription factor regulons from a SCENIC analysis in lung explant and autopsy 

macrophages. Top 20 regulons with the highest specificity scores are included, AUC values 

are averaged across cells and z-scores are computed for explant and autopsy data 

separately.  



(E) Comparison of average gene expression profiles in macrophage subclusters from explant 

and autopsy data with macrophage subtypes described in Delorey et al., Grant et al., Liao et 

al., and Wendisch et al. [25-28]. 

(F) Heatmap of average gene expression profiles for top 100 variable genes among selected 

macrophage subclusters from (E). 

(G) Clustering of isolated lung macrophages infected ex vivo with SARS-CoV-2 or NL63-CoV, 

under mock treatment or ACE2 overexpression, and for two timepoints and two donors. Left 

panel: UMAP embedding colored by cluster identity; middle panel: UMAP colored by donor 

identity; right panel: subcluster composition for the different experimental conditions. 

(H) Top 5 marker genes for the clusters in (C).  

(I) Distribution of reads mapping to the NL63-CoV genome for ex vivo infected AM under 

mock treatment or ACE2 overexpression. Top panel: coverage per million mapped reads 

smoothed with 10 nt moving average. Shaded area indicates mean ± SEM across replicates. 

Bottom panel: log2 ratio between ACE2 and mock conditions. 

(J) Distribution of reads mapping to the viral genome for lung explants infected with MERS-

CoV or SARS-CoV-2, respectively. Top panel: smoothed coverage per million mapped reads 

smoothed with 10 nt moving average, genomic position is scaled to a common coordinate 

system. Shaded area indicates mean ± SEM across replicates. Bottom panel: log2 ratio 

between MERS-CoV and SARS-CoV-2 read coverage. 

  



Table S1. Meta-data of donors for human lung tissue used for ACE2 Determination and virus 

infection

Lung tissue used for infection was free of tumor and taken from unaffected areas which were 

histologically considered as “normal”. Concurrent medication from groups AT1-receptor 

antagonists and ACE-inhibitors were marked bold. Neither for ACE2 protein expression 

(Figures 1 and 2) nor for SARS-CoV or SARS-CoV-2 replication (Figure 3) could any correlation 

be drawn to age, sex, co-morbidities, or concurrent medication.

Abbreviations: AC: adenocarcinoma; AI: autoimmune; ASS: acetylsalicyl acid (aspirin); BC: 

bronchial carcinoma; HLP: hyperlipoproteinemia; HL: hyperlipidemia; IDDM: insulin 

dependent diabetes mellitus; NSCLC: non-small cell lung cancer; RA: rheumatoid arthritis.

sex age smoking primary 
diagnosis

secondary 

diagnoses

concurrent

medication

pfu load

(SARS-CoV-
2)

log fold change

(SARS-CoV-2)

ID

Figure 1E, S1D (Lungs)

m 70 n.d.

NSCLC,

squamous 
cell 

carcinoma

Atrioventricular block

Hypertensive & 
coronary heart disease

Chronic kidney failure

Hyperparathyroidism

Hypercholesterolaemia

IDDM II

Sigmoid colon cancer

Allopurinol

Aspirin

Atorvastatin

Candesartan

Cholecalciferol 

Forxiga

Jardiance 
Metformin

Pantoprazole 
Plavix

n.a. n.a. P1

f 82 no
Squamous 

cell 
carcinoma

none none
n.a. n.a. P2

m 70 yes NSCLC

Hypacusis post 
meningitis 

Lung emphysema

Aspirin

Atorvastatin n.a. n.a. P3
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Peripheral artery 
disease

m 76 yes
Squamous 

cell 
carcinoma

Aortic aneurysm 
Arterial hypertension

Coronary heart disease 
IDDM II 

Myocardial infarction 

Renal arterial stenosis

Aspirin

Atorvastatin 
Bisoprolol

Ramipril
n.a. n.a. P4

m 36 yes AC Bechterew’s disease
Palexia

Lorazepam
n.a. n.a. P5

f 68 no
healthy 
control

Cerebrovascular stroke n.a. n.a. P6

f 68 no
healthy 
control

Cerebrovascular stroke
n.a. n.a. P7

Figure 1D, F and G

m 73 no AC

Carotid stenosis 

Colon cancer

Hypertension

Aspirin

Atozet

Cholecalciferol 
Ramipril

n.a. n.a. P1

f 81 no NSCLC

Arterial hypertension 

Atrio-ventricular block

Depression

Dissociative aphonia

Hyperlipidemia

IDDM II

Trans-ischemic attacks

Aspirin

Insulin 

Losartan 

Metformin 

Metoprolol 

Nadroparin 
Pantoprazole

Torasemid

n.a. n.a. P2

f 60 no
Large cell 
carcinoma

Asthma

Chronic gastritis

Hypothyroidism

Cholecalciferol 
L-thyroxine

Pantoprazole
n.a. n.a. P3

- - - - See P1 in Figure 1E - - - P4

f 82 yes AC
Anaemia

Aortic valve stenosis

Atorvastatin 
Candesartan n.a. n.a. P5
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Arrhythmia

Arterial hypertension

Asthma

Cardiomyopathy

Cataract 

Depression 
Lipometabolic disorder 

Polyneuropathy

Cholecalciferol 
Citalopram

Diltiazem 

Ferrosanol 

Flecainid

Pantoprazole

Pregabalin

Symbicort 
Zopiclon

m 69 yes NSCLC

Arterial hypertension 

Myocardial infarction

Stroke

Vocal cord carcinoma

Aspirin

Amlodipin

Bisoprolol 
Fumarat

Ramipril

Simvastatin

n.a. n.a. P6

Figure 3A and C, Figure 6 

m 61 yes BC
Hypertension

Gut cancer

Candesartan 

Nebivolol
1x10^6 0.8 log P1

m 59 yes BC
Hyperlipoproteinemia

Hypertension

Atorvastatin 
Lercanidipin 
Ramipril 

1x10^6 1.1 log P2

f 57 no BC

Breast cancer

Asthma

Beclometason 
Formoterol 

L-thyroxine

1x10^6 2.0 log P3

f 67 yes BC

AI-thyreoiditis

Hypertension 

Rheumatoid arthritis 

Aspirin

Bisoprolol

L-thyroxine

Torasemide

1x10^6 1.7 log P4

f 70 yes BC

Atherosclercosis

Atrial fibrillation

Breast cancer Gastritis 

Hyperlipidemia 
Hypertension 

Myocardial infarction

Atorvastatin 
Clopidogrel 
Diltiazem 
Gabapentin 
Pantozol 
Ramipril 

Torasemide 

1x10^6 0.7 log P5
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Figure 1B, C, 3B and Figure 7, S7

- - - - See P2 in Figure 1D - 30x10^6 n.d. P1

m 79 yes NSCLC

Arterial hypertension

Benign prostate

Hypermetabolic thyroid 

Hyperplasia 

Brimica

Candesartan

Amlodipin

Finasterid

Tamsulosin

Pantoprazol

30x10^6 0.4 log P2

m 85 no
Squamous 

cell 
carcinoma

Arterial hypertension 

Chronic kidney failure

Hydrochlorothia
zide

Losartan

Torasemide 

30x10^6 0.2 log P3

w 67 yes NSCLC

COPD

Coronary heart disease

Osteoporosis

Aspirin

Pantoprazol

Ramipril

Salbutamol 
Umeclidinium~
Vilanterol

30x10^6 1.0 log P4

w 42 yes AC

Hyperthyreodism Folic acid

Pantoprazol

Olanzapin

Thiamazol

30x10^6 0.5 log P5

Figure S3

m 63 no
Osteo-

sarcoma

Arterial hypertension

Metastatic 
osteosarcoma 

Rosuvastatin 
Pregabalin 
Tamsulosin

1x10^6 2.3 log P1

m 69 no AC

Cardiomyopathy

Cardiac insufficiency

Chronic kidney failure 
Mitral regurgitation 
Parox. atrial tachycardia 

Pulmonary hypertonia 

Bisoprolol 
Entresto 
Eplerenon  
Glyceroltrinitrat 

Rivaroxaban 
Simvastatin 
Torasemide

1x10^6 1.8 log
P2
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w 61 no AC

COPD 

Uveitis 

Aciclovir 
Prednisolon

1x10^6 2.0 log P3

Figure 4, S4

w 64 yes AC COPD - 1x10^6 n.a. P1

m 84 no AC

Descending colon 
carcinoma

IDDM

Actrapid 

Sitagliptin 
Insulin 
Simvastatin 
Valsartan 

1x10^6 n.a. P2

w 74 no AC

Arterial hypertension

Breast cancer

Coronary heart disease

Hyperthyroidism

ASS 

Atorvastatin 
Metoprolol 

Ramipril 

1x10^6 n.a. P3

Abbreviations: AC: adenocarcinoma; AI: autoimmune; ASS: acetylsalicyl acid (aspirin); BC: bronchial 

carcinoma; COPD: chronic obstructive pulmonary disease; IDDM: insulin dependent diabetes mellitus; 

NSCLC: non-small cell lung cancer; RA: rheumatoid arthritis.  

Table S2. Meta-data of donors for COVID-19 autopsy lungs used for single-nucleus 

sequencing

Abbreviations: ALS: amyotrophic lateral sclerosis; ARDS: acute respiratory distress syndrome; 

CHD: coronary heart disease; COPD: chronic obstructive pulmonary disease; LAE: left atrial 

enlargement; LV: left ventricular; MOF: multi-organ failure.

sex age smoking 
history

Cause of 
death

secondary 

diagnoses

PMI Disease 
duration

Category ID

Figures 1, S2, 6, S6, 7 and S7

m 76 yes
COVID-19

Atherosclerosis 

Diffuse alveolar damage 

Hypertension

Ischemic cardiomyopathy

Sepsis 

30h 14d acute
P1

m 81 no COVID-19 Aortic aneurysm 3d 11d acute P2
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Atrial fibrillation

Cardiac amyloidosis 

Diabetes mellitus

Hypertension

LV failure

Sepsis

m 62 yes
COVID-19

ARDS 

CHD 

Cardiac failure 

Diffuse pulmonary bleeding 
Hypertension

Obesity

Pulmonary edema

Sepsis

10h 19d prolonged
P3

f 68 no
COVID-19

COPD 

Focal abscessing pneumonia 

Hypertension

Obesity

Pulmonary superinfection

Septic shock

16h 34d prolonged
P4

m 75 no COVID-19

ARDS 

Hypertension

Obesity

Obstructive sleep apnoea 

Septic MOF

6h 10weeks prolonged
P5

m 77 no COVID-19

Acute liver and renal failure 
Cholangitis

Gastric bleeding

Polyneuropathy

Sepsis

38h ≥12weeks prolonged
P6

m 77 no
Pulmonary 
embolism

ALS, LAE 1d - control P7
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f 68 no
Cerebro-

vascular stroke
- 1d - control P8

Abbreviations: ALS: Aayotrophic lateral sclerosis; ARDS: acute respiratory distress syndrome; CHD: 

coronary heart disease; COPD: chronic obstructive pulmonary disease; LAE: left atrial enlargement; LV: 

left ventricular; MOF: multi-organ failure.

Table S3. Cell type marker genes in single-cell RNA sequencing data of human lung tissue

Marker genes for the clusters shown in Fig. 1B. p_val and p_val_adj are unadjusted and 

adjusted (Bonferroni) p-values, pct.1 and pct.2 are fraction of cells expressing a gene in the 

respective cluster and all other cells, avg_logFC is the log fold change for the average 

expression between a cluster and all other cells.

Table S4. Differential expression analysis of Bulk RNA sequencing data

Differential expression analysis of bulk RNA sequencing data for human lung tissue infected 

with IAV, MERS-CoV, SARS-CoV and SARS-CoV-2. Sheets 1-4 contain DESeq2 output (padj < 

0.05; with "normal" shrinkage) when comparing each virus against the control.  

Table S5. Differential expression analysis of human lung single-cell and single-nucleus RNA 

sequencing data

Differential expression analysis of single-cell and single-nucleus RNA sequencing data for 

human lung explants infected with IAV, MERS-CoV, SARS-CoV or SARS-CoV-2, or autopsy 

material from acute and prolonged COVID-19 cases. Sheets 1 contains DESeq2 output using a 

pseudobulk strategy to compare gene expression in each cell type for infected samples against 

control explant samples. Sheet 2 contains DESeq2 output when comparing COVID-19 autopsy 

data against control autopsy data.

Table S6. Differential expression analysis of human lung single-cell RNA sequencing data  

Differential expression analysis using cloglog regression of single-cell RNA sequencing data for 

virus-positive against virus-negative lung explant macrophages.

Table S7. Differential expression analysis of ex vivo alveolar macrophages single-cell RNA 

sequencing data
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Differential expression analysis of single-cell RNA sequencing data for human lung 

macrophages infected with SARS-CoV-2 or NL63-CoV. Sheet 1 contains DESeq2 output for 

infected samples against control samples under mock treatment, sheet 2 contains similar 

DESeq2 output under ACE2 overexpression. Sheet 3 contains results of a pathway enrichment 

analysis with tmod.
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